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ABSTRACT 

This dissertation includes two parts (designated A and B) that serve two separate 

but related research purposes. In Part A, coagulation rates between fractal aggregates 

(200-1000 (im) and small (1.48 nm) particles were studied for collisions induced by 

differential sedimentation and turbulent fluid shear. The collision frequency functions (P) 

between these aggregates and small particles were found to be lower than predicted by a 

rectilinear collision model but much higher than predicted by a curvilinear collision model 

for equivalent impermeable spheres. The collision frequencies decreased with the 

magnitude of aggr^ate fractal dimensions (D). Based on fractal geometry of aggregates 

and the comparisons between observed settling velocities and those calculated using 

Stokes' law, a semi-empirical correlation was derived to describe the permeabilities of 

settling fractal aggregates. A filtration model was used in conjunction with this fractal 

permeability correlation to predict capture rates and capture efficiencies of small particles 

by settling fractal aggregates. In the turbulently sheared fluid, it was demonstrated that 

the importance of the shear rate (G) on enhancing collision frequencies was dependent on 

the fractal dimension of aggregates. As D approaches 3, P became less sensitive to G as 

predicted by a curvilinear model. It was argued that flow through large pores formed 

betweai clusters within fractal aggregates contributed to high aggregate permeabilities and 

enhanced the coagulation between the aggregates and suspended small particles. 

In part B, fractal properties of microscopic particles (< 300 urn) occurring in 

marine systems were investigated. A new method, called the particle concentration 
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technique (PCX), was developed to calculate the average fractal dimension of all particles 

in a certain size range by the analysis of particle size distributions in terms of both solid 

volume and length. During a simulated algae bloom in a mesocosm, as coagulation 

proceeded the average fractal dimension decreased with time from D=2.52 to D=1.68, 

a value Qrpical of larger marine snow aggregates. Investigations in three eastern Pacific 

coastal areas suggested that the average fractal dimension indicated the importance of 

coagulation in determining local particle size distributions. The magnitude of the fractal 

dimoision is likdy associated with other factors, such as transparent exopolymer particles 

(TEP), affecting the coagulation rate of algae during a bloom in seawater. 
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PART A 

COAGULATION BETWEEN FRACTAL AGGREGATES 

AND SMALL PARTICLES INDUCED BY DIFFERENTIAL SEDIMENTATION 

AND TURBULENT FLUID SHEAR 
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CHAPTER A1 

INTRODUCTION 

Al.l Problem Statement and Research Objectives 

The capture of small particles by large porous aggregates is of interest in the 

description of particle transport in natural waters as well as in water and wastewater 

treatmoit systems. The kinetics of particle coagiilation for differential sedimentation and 

shear motion were originally formulated based on a rectilinear model. This widely used 

model, however, is known to ovopredict interparticle collisions since it does not account 

for hydrodynamic interactions and short range forces between particles (Adler, 1981b; 

Han and Lawler, 1992). These limitations have led to the development of various 

curvilinear models. Curvilinear models can be used to more accurately predict collision 

frequencies between impermeable particles; nevertheless, they may underestimate the 

collision frequency fimction for permeable aggregates Jackson and Lochmann, 1993). 

Highly porous aggregates can permit fluid to flow through their interior, resulting in 

higher collision frequencies between the aggregates and suspended particles compared to 

those predicted by the curvilinear model (Veerapaneni and Wiesner, 1996). 

Substantial research indicates that aggregates produced by coagulation are fractal 

(Jiang, 1993; Logan and Kilps, 1994), Fractal aggregates have a heterogeneous mass 

distribution, a structure resulting from the coagulation of small and more densely packed 

clusters into larger and overall less dense aggregates (Johnson et al., 1996). Due to large 

pores formed between these clusters, fractal aggregates will have much greater 



permeabilities than predicted using easting permeability models that assume the aggregate 

is composed of primary particles uniformly distributed throughout the aggregate. 

Although collision models have been modified to account for the effect of flow through 

the aggregate interior on the collision function of permeable aggregates, the new models 

woe still based on the assumption of homogeneous mass and pore distributions within the 

aggr^ate (Stolzenbach, 1993; Chdlam and Wiesner, 1993). Many important components 

of these models such as the aggregate permeability and the capture efficiency of 

suspended particles by the aggregate from the interior flow have not been well 

established, particularly through experiments, relative to the fractal properties of 

aggregates. 

In this study, coagulation between fractal aggregates and small particles were 

investigated for collisions induced by either differential sedimentation or turbulent fluid 

shear. The first objective of this research was to propose fractal collision models that 

incorporate the fractal nature of aggregates into the description of collision frequencies 

between large aggregates and small particles. The second objective was to develop a 

permeability correlation for fractal aggregates based on fractal mathematics and the 

comparison between observed settling velocities and those predicted by Stokes' law for 

equivalent impermeable spheres. The third objective was to use a filtration model to 

predict the capture efficiencies of small particles by settling fractal aggregates and 

experimentally evaluate the model predictions. Since the relationships between the 

collision frequency function and the fluid shear rate predicted by the rectilinear and 
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curvilinear models are quite different (Han and Lawler, 1992), the last objective of this 

study was to examine the importance of shear rate on enhancing coagulation rates between 

fractal aggregates and other particles. 

A1.2 Literature Review 

The kinetics of coagulation were first systematically described by von 

Smoluchowski (1917) and his research still serves as the foundation for understanding 

how particle size distributions are affected by coagulation. He proposed collision 

frequency functions for Brownian motion and fluid shear; subsequently, others defined 

a collision frequency Amction for differential sedimentation (Camp and Stein, 1943). 

These studies were based on a rectilinear collision model, which is known to overpredict 

particle collision frequencies to a great extent (Han and Lawler, 1992; O'Melia and 

Tiller, 1993). 

To overcome the limitations of the rectilinear model, various curvilinear collision 

models have been developed that account for hydrodynamic interactions and short range 

forces between approaching particles (Adler, 1981b; Batchelor, 1982; Valioulis and List, 

1984a, b; Han and Lawler, 1991, 1992). Curvilinear collision functions, however, are 

too complicated to be solved analytically. Some investigators proposed simplified 

solutions to estimate the collision frequency function (Pruppacher and Klett, 1978; Hill, 

1992). Others used computers to provide more accurate numerical solutions that were 

presented in a graphical form (Adler, 1981b; Han and Lawler, 1992). Curvilinear models 
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may properly describe collision frequencies between impermeable particles; however, 

flow through the interior of highly porous aggr^ates will produce more particle collisions 

than the curvilinear model predictions (Li and Ganczarczyk, 1988; Hill and Nowell, 

1990; Jackson and Lochmann, 1993; Veerapaneni and Wiesner, 1996). 

To calculate the rate of flow through the interior of a porous aggregate, the 

movement of the fluid around and through the aggregate was treated as the isothermal 

creeping flow of an incompressible, Newtonian fluid. Either Darcy's law or the 

Brinkman's extension of Darcy's law (Brinkman, 1947) has been used to describe the 

interior flow through the aggregate (Neale et al., 1973; Adler, 1981a). The fluid 

collection efficiency of the aggregate is found to be only the function of aggregate size 

and permeability (Adler, 1981a; Chellam and Wiesner, 1993). 

There are many models have been proposed to calculate the aggregate permeability 

(Lee et al., 1996; Veerapaneni and Wiesner, 1996). These permeability models assume 

a homogeneous distribution of primary particles throughout the aggregate and the 

aggregate permeabilities calculated using these models were normally negligible. Flow 

through aggregates is known to reduce the drag of the aggregates, resulting in faster 

settling velocities than predicted by Stokes' law for equivalent impermeable particles 

(Sutherland and Tan, 1970; Neale et al., 1973; Matsumoto and Suganuma, 1977). Based 

on homogeneous permeability models, however, the predicted increases in aggregate 

settling velocities (compared to Stokes' law) were insignificant in most cases (Logan and 

Hunt, 1987; Johnson et al, 1996), a prediction inconsistent with many experimental 
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observations. Aggregates can settle many times fiister than predicted by calculations for 

impermeable spheres (Chase, 1979; Kawana and Tanimoto, 1979; Hawley, 1982; Johnson 

et al., 1996), suggesting their different hydrodynamic properties than expected for 

homogeneously porous particles. 

Recent research indicates that aggregates produced by coagulation are fractal 

(Witten and Gates, 1986; Meakin, 1988; Li and Ganczarczyk, 1989, 1990; Logan and 

Kilps, 199S). Fractal aggr^ates have heterogeneous mass and pore distributions. Large 

pores formed between clusters within a fractal aggregate will permit greater interior flow 

through the aggregate (Johnson et al., 1996) and may therefore increase collision rates 

between the aggregate and suspended small particles. Despite recent studies on the 

hydrodynamic properties of fiiactal aggr^ates (Rogak and Flagan, 1990, Veerapaneni and 

Wiesner, 1996), the fractal structure of aggr^ates has not been properly incorporated into 

the description of aggregate permeabilities. 

Another concern for predicting coagulation rates between a permeable fractal 

aggregate and small particles is how to calculate the fraction of small particles captured 

by the aggregate from the interior flow. In many previous studies, it was assumed that 

all particles entering the aggregate were completely scavenged (HiU and Nowell, 1990; 

Hill, 1992; Veerapaneni and Wiesner, 1996). While this assumption is reasonable for 

large particles entering the aggregate or when the aggregate is densely packed, it is not 

necessarily true for small particles. Stolzenbach (1993) used a simplified filtration 

equation to estimate the particle removal efficiency of the aggregate. Since the calculation 
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was based on the assumption of homogeneously porous aggregates, his predictions may 

not be applicable for the capture of small particles by fractal aggregates. Therefore, in 

ord» to properly describe the coagulation kinetics of fractal aggregates, further research 

is needed. Both the permeability and small particle capture efficiency of fractal 

aggregates remain to be studied. 

A1.3 Fomiat of Part A 

This part of the dissertation includes my research performed in the Environmental 

Engineering Laboratory at the University of Arizona. My research efforts have produced 

the two manuscripts that are in Appendices A and B. These two manuscripts have been 

prepared for publication, although they have not yet been submitted. Both manuscripts, 

"Collision Frequencies of Fractal Aggregates with Small Particles by Differential 

Sedimentation" (Appendix A) and "Collision Frequencies between Fractal Aggregates and 

Small Particles in a Turbulently Sheared Fluid" (Appendix B), are the results of my 

research activities. With the instructive help from my adviser, Dr. Bruce Logan, I was 

responsible for developing the experimental systems used to measure the collision 

frequency functions between aggregates and small particles, conducting laboratory 

experiments, analyzing the results, and developing models to describe the collision 

kinetics for fractal aggregates, in addition to writing the manuscripts. Mr. Clifford 

Johnson designed the column section of the settling apparatus used in my settling-

coagulation experiments (Johnson et al., 1996). 
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CHAPTER A2 

PRESENT STUDY 

Collision fiequency functions between fractal aggregates and small particles were 

investigated for the collisions produced by differential sedimentation and turbulent shear. 

The methods, results, and conclusions of this study are presented in the manuscripts 

appended to this dissertation as Appendices A and B. In brief, large fractal aggregates 

generated from red-colored microspheres were introduced into a suspension of yellow-

green (YG) fluorescent microspheres in either a settling column or beakers in a Jar-test 

(paddle-mixing) device (Figure 1). After reaching the bottom of the settling column or 

/ 
/ 

/ 

/ 
/ 

/ YG bead 
/ suspension 

Column 1 aggregates  ̂ Settling 

> 

Settling Column 

aggregates with 
3d YG beads 

YGbead 
suspensio 

Paddle Mixer 

Figure I. Schematic Representation of Experimental Procedures 
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after a designated coagulation time in the paddle mixer, individual aggregates that had 

coagulated with YG microspheres were carefully collected and analyzed. The following 

is a summary of the most important results reported in the manuscripts. 

A2.1 Collision Frequencies of Fractal Aggregates with Small Particles by 

Differential Sedimentation 

Two groups of aggregates with fractal dimensions of 1.81+0.09 and 2.33±0.07 

were generated by coagulation of latex microspheres (2.85 /tm) in a paddle mixer. The 

collision fi^juencies between these finactal aggr^ates ^00-1000 ^m) and small (1.48 ^m) 

particles were measured for individual aggregates as they settled through a suspension of 

the small particles. The collision frequency functions were one order of magnitude higher 

than predicted by a curvilinear model, suggesting that flow through the fractal aggregates 

significantly increased collision frequencies between the aggregates and small particles. 

The c^ture efficiencies of small particles by the settling aggregates were <0.2% based 

on the total volume of water swept out by an aggregate in its pathway. Both collision 

frequencies and particle capture efficiencies of the aggregates decreased with the 

magnitude of fractal dimensions. 

Aggregates settled on average nearly three times faster than calculated using 

Stokes' law. The permeabilities of the aggregates derived from measured settling 

velocities were three orders of magnitude greater than predicted by a permeability model 

based on a homogeneous distribution of primary particles within the aggregate. Fluid 
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collection efficiencies of the aggregates were two orders of magnitude higher than the 

predictions based on the homogeneous permeability model. Using fractal geometry and 

permeabilities calculated from settling velocities, a fractal permeability correlation was 

developed as follows to modify Brinkman's homogeneous permeability model, 

K=4.3xio-V°" 3+—-3 
1-e \ 

8 

1-c 
-3 (1) 

where K is the permeability (cm^), d, the diameter (cm), and e the porosity of the 

aggregate. 

A filtration model was used in conjunction with the fractal permeability correlation 

to predict capture rates and capture efficiencies of small particles by settling fractal 

aggregates. With an adjusted particle collision efficiency (a), the predictions were in a 

good agreement with experimental measurements. Based on these experiments and 

models, it is argued that fractal aggregates were composed of relatively large, dense 

clusters. Flow through macropores formed between these large clusters within the 

aggregates contributed high permeabilities of fractal aggregates. However, these large 

macropores also permitted many small particles in the interior flow to pass through the 

aggregates without contacting the clusters comprising the aggregates, resulting in low 

particle capture efficiencies of fractal aggregates, as observed in the experiments. 
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A2.2 Collision Frequencies between Fractal Aggregates and Small Particles in a 

Turbulently Sheared Fluid. 

Three groups of aggregates with fractal dimensions of 1,89+0.06, 2.21+0.06, 

and 2.47±0.10 were generated by coagulation of latex microspheres (2.85 /im) in a 

paddle mixer. The collision frequencies between these fractal aggregates (2(X)-1(XX) fim) 

and small (1.48 /tm) particles were measured in the turbulent shear environment of the 

paddle mixer using flat paddles (7.6x2.5 cm^ at mean shear rates of 2.1, 7.3, and 14.7 

sCollision frequencies were five orders of magnitude higher than predicted by a 

curvilinear model and two orders of magnitude lower than predicted by a rectilinear 

model. The collision frequency function between fractal aggregates and small particles 

was inversely proportional to the fractal dimension of the aggregates. Based on 

experimental results, an empirical correlation was developed to describe the collision 

frequency function, P, between the fractal aggregates and small particles, i.e., 

P=0.01 X IQ-0-90D^33-0.62DQ i-OJSD ^2) 

where D is the fractal dimension of the aggregates and G the mean fluid shear rate. 

The importance of the shear rate on enhancing collision frequencies between 

fractal aggregates and small particles depended on the fractal dimension according to 

D-0, the aggregate becomes infinitely porous and this correlation 

approaches p-G' as described by the rectilinear collision model. As the aggregate 

becomes less fractal, and D-3, P is relatively insensitive to the magnitude of G as 
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predicted by a curvilinear model. 

Collision frequencies much higher than predicted by the curvilinear collision 

model were consistent with high permeabilities of fractal aggregates. However, the 

presence of large pores within the aggregates likely allowed most small particles to pass 

through the aggregates without being removed, as shown by measured particle capture 

efficiencies of <1%. For a given aggregate, the small particle capture efficiency, E, 

decreased with the mean shear rate according to the extension of a filtration model; 

/ \ 

1-exp c_ (3) 

where Cf and C are constants for a given aggregate and small particle suspension. This 

inverse relationship between E and G is likely a result of retardation effects of van der 

Waals forces between approaching particles. 



PARTB 

SIZE DISTRIBUTIONS AND FRACTAL PROPERTIES 

OF MARINE PARTICLES 
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CHAPTER B1 

INTRODUCTION 

Bl.l Problem Statement and Research Objectives 

Coagulation is an important mechanism of particle removal in natural waters since 

this process transforms many small, slowly settling particles into larger, faster settling 

aggregates. Mathematical descriptions of aggregate structures and coagulation processes 

have been total revised in the last decade because aggregates formed by coagulation are 

fractal (Jiang and Logan, 1991, 1996; Wiesner, 1992). The magnitude of fiactal 

dimensions has a significant impact on aggregate characterizations such as density, 

porosity, permeability, and strength. Coagulation theory has also been modified to 

incorporate the fractal nature of aggregates, as discussed in Part A. 

Aggregates formed by Brownian motion have fractal dimensions that are solely a 

function of particles stickiness. Highly sticky particles yield fractal dimensions of 

approximately 1.8 (JuUien et al., 1984; Lin et al., 1989), while less sticky particles 

produce aggregates with fractal dimensions between 1.9 and 2.2 (JuUien and Kolb, 1984; 

Meakin and Family, 1987). No such universality in the magnitude of fractal dimensions, 

however, has been found for other coagulation mechanisms such as fluid shear and 

differential sedimentation. Fractal dimensions ranging from 1.0 to 3.0 have been reported 

for aggregates of different types of primary particles formed by either shear motion or 

differential sedimentation (Jiang, 1993). 

In marine systems, the fractal nature of large (>0.5 mm) aggregates, known as 
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marine snow, has been established from experimental measurements (Logan and 

Wilkinson, 1990; Kilps et al., 1994). There is less known about fractal dimensions of 

particles smaller than marine snow. These smaller particles, including microorganisms 

such as algae and non-living materials, are a mixture of non-aggregated debris and 

aggregates composing all types of primary particles (Sheldon et al., 1972). In 

consideration of aggregates having lower fractal dimensions than solid particles, the 

magnitude of the average fractal dimension of all particles in certain size range may 

indicate the importance of coagulation in determining particle size distributions. 

Particle size distributions have long been used as tools to describe coagulation 

processes (McCave, 1984). Recently, theoretical studies suggest that the average fractal 

dimension of particles can be inferred by the analysis of size distributions of these 

particles (Jiang and Logan, 1991, 1996). However, proper methods were needed to 

conduct the measurement of fractal dimensions for relatively small particles in natural 

waters. 

In this study, fractal properties of microscopic (<300 fim) particles occurring in 

artificial and natural marine systems were investigated. These investigations were part 

of a multi-investigator program called SIGMA (Significant Interactions Governing Marine 

Aggregation) set up to study the development and fate of natural phytoplankton blooms. 

The first objective of the research included in this dissertation was to develop an method 

to determine fractal dimensions for bulk samples of marine particles from particle size 

distributions. The second objective was to measure size distributions and fractal 
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dimensions of microscopic particles in natural marine systems. The third objective was 

to interpret the fractal data in terms of particle coagulation status and some factors 

potentially affecting particle coagulation, such as the concentration of transparent 

exopolymer particles (TEP). 

B1.2 Literature Review 

Fractal geometry was first proposed by B. Mandelbrot (1982) to quantitatively 

describe objects and phenomena that were previously considered to be too complex and 

disordered. Evidence has been reported that many kinds of particles have fractal 

structures (Meakin, 1988). Examples include: soil aggregates (Tyler and Wheatcraft, 

1992); aerosol particles (Kindratenko et al., 1994); inorganic colloidal aggregates 

(Lindsay et al., 1987); and biological aggregates found in laboratory bioreactors (Logan 

and Wilkinson, 1991), in larger engineered systems (Li and Ganczarczyk, 1989, 1990), 

and in natural waters (Logan and Wilkinson, 1990; Kilps et al., 1994). A fractal 

dimension is the most important parameter for the description of a fractal aggregate 

structure. 

There is a universality of fractal dimensions for aggregates formed by Brownian 

motion since the magnitude of the fractal dimension is dependent only on particle 

stickiness (Meakin, 1988; Lin et al., 1989; Torres et al., 1990). Highly sticky particles 

that undergo fest cluster-cluster aggregation by Brownian motion form aggregates having 

fractal dimensions of approximately 1.8 (Jullien et al., 1984; Schonauer and Kreibig, 
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1985). Less destabilized particles that must collide many times before attachment yield 

fractal dimensions between 1.9 and 2.2 CTullien and Kolb, 1984; Weitz and Oliveria, 

1984; Meakin and Family, 1987). There is no evidence of a similar universality in the 

magnitude of ficactal dimensions for aggregates formed by other coagulation mechanisms. 

In wastewater treatment systems, for instance, fractal dimensions are 1.5-2.0 for activated 

sludge (Li and Ganczarczyk, 1989), 1.8 for floes in tricking filter effluent (Zahid and 

Ganczarczyk; 1990), and 2.1-2.8 for biofilms (Zahid and Ganczarczyk; 1994). 

In marine systems, the fractal dimensions of marine snow aggregates have been 

determined from measurements of aggregate properties such as settling velocity and 

porosity. Using data firom AUdredge and Ciotschalk (1988), Logan and Wilkinson (1990) 

calculated a fractal dimension of 1.39±0.15 for all Qrpes of marine snow aggregates (0.4-

20 mm) from the size and porosity relationship, and I.26±0.06 from settling velocity 

data. A larger value of 1.52 ±0.19 was calculated for large diatom aggregates (7-20 mm) 

using data from Logan and AUdredge (1989). Based on the assumption that two- and 

three- dimensional fractal dimensions were equal, Kilps et al. (1994) determined a fractal 

dimension of 1.72±0.07 for marine snow aggregates (1-60 mm) by the analysis of in-situ 

photographs. Despite these studies on fractal dimensions of marine snow, the fractal 

properties of relatively small (<3(X) ^m) particles have not been directly considered. 

Size distributions of these small particles have long been reported and used as tools 

to describe the aggregation of oceanic particles. The average shapes of particle size 

distributions in the ocean generally follow a power law function, an observation that 
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agrees with the prediction based on a coagulation model assuming steady state size 

distributions (Hunt, 1980; McCave, 1984). Size distributions have been measured 

primarily using electronic particle counters (Sheldon et al., 1972; McCIave, 1983; 

Longhust et al., 1992), while others have used microscopic analysis or camera systems 

(Harris, 1977; Lambert etal., 1981; Gardner etal., 1991). 

Fractal dimensions of smaller particles have been inferred by the analysis of size 

distributions. Jiang and Logan (1991) were able to calculate fractal dimensions from a 

single size distribution in terms of either solid volume or length, but their method was 

dependent on the assumption that the size distribution was at steady state. Such an 

assumption is not correct under more dynamic conditions. To overcome this limitation, 

they later proposed a new non-steady-state method that required the analysis of size 

distributions both in terms of solid volume and length (Jiang and Logan, 1996). This so-

called two-slope method, which has also been used by others (Tackson et al., 1995), did 

not require an assumption of steady state conditions; however, it did require that both size 

distributions should be fitted by a single power law distribution over the size range of 

interest. Since this requirement may not be met in many cases, proper methods need to 

be developed to calculate fractal dimensions of relatively small particles. 

Recent studies have demonstrated that in several systems (freshwater and seawater) 

the rapid formation of algae aggregates is driven by the coagulation of nearly invisible 

polysaccharide-rich particles called transparent exopolymer particles (TEP) (AUdredge et 

al., 1993; Logan et al., 1995). TEP are produced from polysaccharide exopolymers 
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excreted by phytoplankton and bacteria (Passow and Alldredge, 1995). It is argued that 

the formation of marine snow-sized aggregates can be significantly enhanced by the 

coagulation of TEP with each other. Aggregation proceeds at a rate dependent more on 

the abundance of TEP than on the concentration of particles such as algae cells (Alldredge 

et al., 1993; Passow et al., 1994; Logan et al., I99S). If TEP is a more critical factor 

for rapid aggregation than viable cell concentrations, there may be some relationship 

between TEP concentrations and ficactal dimensions. 

B1.3 FomiatofPMB 

This part of my dissertation is centered around my research performed as a 

member of the multi-university/institute SIGMA program in three group investigations 

and in the Environmoital Engineering Laboratory at the University of Arizona. Most of 

my studies are independent of the projects conducted by other SIGMA members. My 

research efforts have produced one paper that is in Appendix C and one manuscript 

(submitted) that is in Appendix D. 

The paper presented as Appendix C, 'Size Distributions and Fractal Properties of 

Particles During a Simulated Phytoplankton Bloom in a Mesocosm," was published in 

Deep-Sea Research II. I wrote this paper based on the measurements of size distributions 

and fractal dimensions of particles during a tank experiment conducted at University of 

California, Santa Barbara (UCSB). I was responsible for proposing the PCT method to 

calnilqffi fractal dimensions, conducting most laboratory measurements, and analyzing the 
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results. The mesocosm was maintained by the UCSB team. Mr. Clifford Johnson helped 

make microscopic slides and conduct the analysis of these slides using an image analyzer. 

The manuscript given in Appendix D, "Fractal Dimensions of Small (15 to 200 

fim) Particles in Eastern Pacific Coastal Waters," has already been submitted for 

publication. This manuscript summarized the observations from two field studies, one 

in Monterey Bay, CA and another in East Sound, WA. I was responsible for writing the 

macro program to carry out the PCT method, conducting most laboratory measurements, 

and analyzing the results. Cruise plans and sampling methods were determined by the 

leadm of the SIGMA team, including Dr. Alice Alldredge from UCSB and Dr. George 

Jackson from Texas A&M, based on discussions among SIGMA members. Dr. Bruce 

Logan helped make microscopic slides and conduct the analysis of these slides using an 

image analyzer in East Sound, WA. The UCSB team, particularly Dr. Uta Passow, 

measured TEP and chlorophyll a concentrations. The TEP aggregation hypothesis was 

originally proposed by Dr. Alice AUdredge, Dr. Uta Passow and Dr. Bruce Logan 

(1993). Both manuscripts in this part were finalized by Dr. Bruce Logan. 
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CHAPTER B2 

PRESENT STUDY 

Fractal properties of microscopic particles (<300 ^m) were investigated in 

artificial and natural marine systems. The methods, results, and conclusions of this study 

are presented in the papers appended to this dissertation as Appendices C and D. The 

following is a summary of the most important results reported in these papers. 

B2.1 Size Distributions and Fractal Dimensions of Particles During a Simulated 

Phytoplankton Bloom in a Mesocosm 

Concentrations of particles 2 to 300 fim in length were measured and presented as 

size distributions in terms of either solid volume (using a Coulter counter) or average 

length (using an image analyzer) during a simulated marine phytoplankton bloom in a 

laboratory mesocosm (1.4 m^). Both size distributions indicated particles were 

continuously coagulating throughout the bloom (7-13 days after inoculation) as evidenced 

by a greater increase in the concentration of larger particles (50 to 300 ^m) than smaller 

particles (2 to 50 nm). As coagulation proceeded, the slope of the size distribution in 

terms of the average length increased with time from -1.77 to -1.20. 

A new method, called the particle concentration technique (PCT), was proposed 

to calculate the average fractal dimension of all particles in the size range of 20-200 /xm. 

The PCT requires size distributions in terms of both solid volume and length on the same 

population of particles as input, and establishes the relationship between particle solid 
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volume and length from these size distributions. It was demonstrated that as coagulation 

of phytoplankton and other particles was in progress during the algae bloom, the average 

fractal dimensions of particles decreased from D=2.S2, a value close to the Euclidean 

value of 3 for a sphere, to Z?=1.68, a value typical of larger marine snow aggregates. 

The decrease in the fractal dimension agreed with the increases in the proportion 

and the size of aggregates observed in the tanlc, indicating that coagulation played an 

important role in determining the particle size distributions. The change of the fractal 

dimension with the coagulation process also suggests that although marine snow-sized 

aggregates appear to be dominated by non-fractal particles such as phytoplankton cells, 

they are primarily formed from many types of smaller aggregates that, on average, can 

have relatively low fractal dimensions. 

B2.2 Fractal Dimensions of Marine Particles in Eastern Pacific Coastal Waters 

Particle size distributions in terms of solid volume (using a Coulter counter) and 

length (using an image analyzer) were measured at two eastern Pacific coastal areas, one 

in Monterey Bay, CA (8 sampling days) and another in East Sound, WA (11 sampling 

days). Particle concentration profiles were primarily a function of location, but also 

changed widely with time. Particle concentrations generally decreased with depth. 

The average fractal dimensions of all microscopic particles 15 to 200 /tm in length 

were calculated using the PCT method. These fractal dimensions were highest in East 

Sound (D =2.59 ±0.17) during a phytoplankton bloom that had not aggregated, and 
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lowest at one site in Monterey Bay (D=1.77±0.34) where old diatom floes and marine 

snow-sized aggregates were observed. The subjective assessment of the importance of 

aggregate formation at these sites, based on diving and microscopic observations, 

indicated that aggregates were more abundant at sites with low fractal dimensions. 

The magnitude of fractal dimensions was to certain extent associated with the 

concentrations of transparent exopolymer particles (TEP), supporting the hypothesis that 

phytoplankton involved aggregation in seawater can be enhanced by the coagulation of 

TEP. Fractal dimensions were not related to concentrations of either total particles or 

chlorophyll a. While the average fractal dimension indicated the importance of 

coagulation in a particle system, TEP concentrations may be the most important indicator 

of whether nq)id aggregation is likely to occur during a algae bloom in waters off the west 

coast of the US. 
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Abstract 

Two groups of aggregates with fractal dimensions of 1.81 ±0.09 and 2.33 ±0.07 

were generated by coagulation of latex microspheres (2.84 ^m) in a Jar-test (paddle-

mixing) device. The collision rates between these fractal aggregates (200-1000 /im) and 

small (1.48 /tm) particles were measured for individual aggregates as they settled through 

a suspension of the small particles. Aggregate permeabilities calculated from measured 

settling velocities were three orders of magnitude greater than predicted by a permeability 

model based on a homogeneous distribution of primary particles within the aggregates. 

Collision ficequencies were one order of magnitude higher than predicted by a curvilinear 

model and about two orders of magnitude lower than predicted by a rectilinear collision 

model. The c^ture efficiencies of small particles by the settling aggregates were < 0.2 % 

based on the total volume of water swept out by an aggregate. Fluid collection 

efficiencies, collision frequencies, and particle capture efficiencies of the fractal 

aggregates decreased with the magnitude of fractal dimensions. A fractal permeability 

model was developed by incorporating fractal geometry to modify Brinkman's 

homogeneous permeability model. This model was used in conjunction with a filtration 

model to predict capture rates and capture efficiencies of small particles by settling fractal 

aggregates. Based on these experiments and models, it is argued that the high aggregate 

permeabilities and the low overall particle capture efficiencies of fractal aggregates can 

be explained by flow through macropores formed between large clusters within the 

aggregates. 
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bitroduction 

The capture of suspended small particles by £ast-settling porous aggregates is of 

interest in the description of particle transport in natural waters as well as in water and 

wastewater treatment systems. As these aggregates fall they may permit fluid to flow 

through their porous interior and some small particles in the internal flow will collide with 

and attach to the aggr^ates. Previous models have shown that flow through the interior 

of highly porous aggregates will increase collision rates, and therefore coagulation rates, 

between the aggregates and small particles (1-3). However, two important components 

of these modds have not been well established through experiments relative to the fractal 

properties of aggregates: models of the aggregate permeability during settling, and the 

capture efficiency of suspended particles by the aggregate during flow through the 

aggregate interior. 

Experimental measurements have demonstrated that aggregates settle much faster 

than predicted by Stokes' law (4-6), indicating that intra-aggregate flow reduces the drag 

for aggregates compared to that for the equivalent impermeable particles. These 

observations are inconsistent, however, with the settling velocities predicted using models 

based on the aggregates being composed of small spheres homogeneously distributed 

within the aggregates. These permeability models predict that aggregates would settle 

only slightly faster than predicted by Stokes' law (6-8). Thus, the permeability 

correlations used in previous studies must underestimate aggregate permeabilities and 

intra-aggregate flow rates. The failure of these models to describe the aggregate 
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permeability is likely due to the assumption of a uniform distribution of primary particles 

throughout an aggregate. 

Substantial research indicates that aggregates produced by coagulation are iiactal 

(9-11). Fractal aggregates have a heterogeneous mass distribution, a structure resulting 

from the coagulation of small and more densely packed clusters into larger and overall 

less dense aggregates (6). Macropores formed between these clusters within a fractal 

aggregate will permit greater interior flow through the aggregate, resulting in ^ter 

settUng velocity and much more suspended small particles flowing into the aggregate. 

Existing permeability models must be modified to incorporate this non-homogeneous 

(fractal) distribution of primary particles comprising the aggregate. 

The second consideration for describing particle capture by a permeable aggregate 

is that not all small particles in the fluid flowing through the aggregate will be captured 

by the aggregate. In many previous studies, it was assumed that all particles entering the 

aggregate were completely scavenged, that is, the removal efficiency of suspended 

particles was unity (1, 3, 12). While this assumption is reasonable for large particles 

entering the aggregate or when the aggregate is densely packed, it is not necessarily true 

for small particles. Large pores within a fractal aggregate may permit many small 

particles to flow through the aggregate without colliding with the material that forms the 

aggregate. This small particle capture efficiency of the settling fractal aggregate has not 

been previously investigated. 

In the present work, we report the first measurements of collision frequency 
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functions between settling fractal aggregates (200 to 1000 /tm) and small (1.48 fim) 

particles, and the capture efficiencies of these small particles by the aggregates. By 

comparing measured aggregate settling velocities with those predicted by Stokes' law, a 

fractal permeability correlation was derived. Using fractal mathematics and filtration 

theory, we proposed a fractal collision model to describe the capture of small particles by 

fast-settling fractal aggregates. 

Methods 

Elxperimental 

Generation of Fractal Aggregates. The aggregates used in settling-coagulation 

experiments were produce using red-<x)lored latex microspheres 2.85 /xm in diameter with 

a density of 1.05 g cm"^ (Polysdences). Aggravation of red microspheres (-10' ml"') was 

conducted in 200 ml of 2.0% NaQ solution in a Jar-test device (Model 7790-400, Phipps 

and Bird) using flat paddles (7.6x2.5 cm^) at 10 rpm. Four batches of aggregates (Al, 

A2, Bl, and B2) were produced under two different conditions by adjusting the solution 

pH using acids and bases. For the generation of Group A aggregates (batches Al and 

A2), 0.1 ml of HCl (0.95 M) and 1 ml of buffer (pH=2, Baxter, 7732-18-5) were first 

added into the solution, resulting in a stable pH-5. After 16 h, 0.3 ml of NaOH (0.66 

M) and 2.5 ml of buffer ^H=10, Fisher, SO-B-115) were added to raise the solution pH 

to -8.5; aggregates were then rapidly formed and were collected after 4 h of coagulation. 

Group B aggregates (batches Bl and B2) were generated by adding 0.3 ml of NaOH (0.66 
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M) and 2 ml of buffer ^H=10) into a solution, producing a stable pH-8.5; aggregates 

were formed more slowly and were collected after 20 h. Due to the relative rates of 

coagulation under these conditions, aggregates in Group A can be considered as being 

formed by fast coagulation relative to those in Group B. 

Settling Column and Settling-Coagulation Experiments. Settling-coagulation 

experiments were performed in a 20 cm long glass settling column 3.15 cm in diameter 

containing a retrieval well to allow the recovery of the aggregates. The colunrn was 

similar to the settling colunm previously used (6) except that an additional plate 1.2 cm 

in height, called a screen plate, was inserted between the column and the retrieval well. 

This screen plate contained an q)en channel 3.2 cm in diameter and was intended to keep 

the bulk particle suspension in the colunm separated from the liquid in the retrieval well 

as described below. All three separate sections (column, screen, retrieval well) of the 

settling apparatus can be slipped on and off. The apparatus was designed so that when 

the column was moved to one side it remained filled, while silicon lubricating grease was 

used to seal all contacting surfaces to prevent leakages. 

Three solutions were placed into the three sq)arate sections before each 

experimental run. The colunm was filled with a 2.0% NaCl solution containing 10® ml'' 

of yellow-green (YG) fluorescent latex microspheres 1.48 ^m in diameter (Polysciences). 

The solution had a pH of 8.5 and a density of 1.012 g cm"' at room temperature (22-23 

°C). The screen channel was filled with a pure 2.0% NaCl solution (without YG beads), 

while the retrieval well was filled with a slightly denser (2.6%) pure NaCl solution. 
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These three sections was then carefully slipped together to form a single concentric tube. 

This arrangement of different solutions in different sections permitted aggregates that 

settled through the YG bead suspension to pass through a bead-free screen zone before 

settling into a solution kept free of YG beads in the retrieval well. 

After the settling s^paratus was completely assembled, individual aggregates 

generated from red beads in the Jar-test device were gently transferred into the top of the 

settling column using a rubber dropper bulb with a 1-ml pipet tip cut midway between its 

ends. To assure that the water within the aggregate had exactly the same salinity and pH 

as the liquid in the settling column, the aggregate was transferred in series through three 

separate beakers filled with water identical to that placed in the column prior to being 

placed into the settling column. The time for the aggregate to transverse the 5 cm 

distance in the settling column at a depth of 19-24 cm below the release point was 

recorded to calculate the aggregate settling velocity, U. After the aggregate reached the 

bottom of the retrieval well, the column and the screen plate were slowly pushed to the 

side and removed, leaving die aggregate in the well for subsequent analysis. Aggregates 

that broke up during settling or any transfer step were discarded. 

Aggregate Characterization. The cross sectional area of an aggregate. A, was 

measured by placing the well base containing the aggregate on a microscope (Olympus 

BH-2) stand for sizing using an image analyzer (ScanArray H, Galai). Aggregate size 

was calculated as an equivalent diameter using d,=(4A/K)''̂ . The number of YG 

fluorescent beads captured by the aggregate, P„ was then counted using the fluorescent 
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microscope under blue light. 

After sizing and counting, the aggregate was transferred into a container 

containing 4 ml Isoton solution (Coulter) and sonicated for 2 hours to completely breakup 

the aggregate. A Coulter particle counter (Multisizer n, Coulter) was used to measure 

the total solid volume of the red beads, v., which composed the aggregate. 

Collision Efficiency (a) between the Red and YG Beads. The method to measure 

a between the red and YG beads was similar to that detailed in Jiang and Logan (13). 

Briefly, the experiment was conducted in the Jar-test device at the mean shear rate of 

G=20 s'̂  The same NaCl solution used in the settling column was used to prepare a 

particle solution containing Nr=3.6xlO® ml'̂  of red beads and =5xl(} ml^ of YG 

beads. At various time intervals (t^90 min), a 1 ml sample was withdrawn and filtered 

onto a 0.2 (im filter and viewed under a microscope using both white (for red beads) and 

blue (for YG beads) lights. Based on a rectilinear expression for the coagulation in 

turbulent shear (13, 14), a between the red and YG beads was calculated from the change 

rate of the singular YG bead concentration using 

(1) 
^YCHO) ° 

where d refers the diameter of respective beads and NYO® is the initial YG bead 

concentration. 

The rectilinear collision efficiency was determined as =0.0947. According to 
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the numerical solutions provided by Han and Lawler (15), in these experimental 

conditions the cuivilinear collision rate between the red and YG beads was only 0.4 x of 

the rectilinear prediction, or a=o^0.4=0.237. 

Theoretical 

Collision Frequency Function for Permeable Fractal Aggregates. For a 

heterodisperse particle suspension, a Smoluchowsld type description of the kinetics of 

particle aggregation can be expressed in the discrete form (16) as 

dN  ̂ \  ̂  ̂
S (2) 

at 2 , , = 1 

where N;, Nj, and are the number concentrations of particles of size classes i, j, and 

k, respectively, P(i, j) and P(i, k) are collision frequency functions between particles of 

the size classes indicated, and a(i, j) and a(i, k) are corresponding collision efficiencies. 

For a binary system composed of two sizes of particles, large aggregates of 

diameter d, and smaller particles of diameter dp, the first term on the right hand side of 

eq 2 can be dropped since there is no production of small particles. Initially, the rate of 

change in the small particle concentration, Np^ is 

dN 
-^=-CL(a,p) ̂ (a,p)N^Np-a(p,p) ̂ (p,p)NpNp (3) 

where a and p are subscripts referring to the aggregates and the smaller particles. The 
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first term on the right hand side of eq 3 describes the loss of the small particles by 

coagulation with the aggregates. The rate of these small particles captured by a single 

aggregate, R^, can be thus written as 

Rc'̂ o.{a,p)^(a,p)N^ (4) 

Several models have been developed to describe the collision frequency function, 

P, a function that is supposed to incorporate all physical factors affecting collisions 

between particles. In actuality, any inaccuracies in predicting P from a model are 

commonly included into a. In order to distinguish between these models a subscript is 

added to P when it is predicted by the rectilinear (P^, curvilinear (Peur)» and fractal (P^^ 

models, while P without a subscript will indicate a measured collision function. Only 

collisions generated by differential sedimentation are considered below. 

The collision frequency function between a large, f^-settling aggregate and much 

smaller, slow-settling particles according to the rectilinear model (17, 18) is 

(5) 

where U is the settling velocity of the aggregate. P^ is therefore the rate that fluid 

approaches the settling aggregate of diameter d,, and Pec is the number of small 

particles that approach the aggregate per unit time. 

The curvilinear collision model, in which hydrodynamic interactions and short 
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range forces between particles are taken into account, can be used to more accurately 

describe P for impermeable particles (IS, 16). The collision fi^uency calculated using 

the curvilinear collision function, is smaller than the rectilinear collision kernel by 

a factor or 

^cur=^cur^rec (6) 

Based on Han and Lawler's numerical solution (15), 

^ciir=®*P["3-^'^®-^21OG(Y)+^(3.5-1.21OG(Y))] (for Y<0.01) (T) 

where A,=dp/d„ Y=8A/(37iUd,^, and A is the Hamaker constant (assumed to be 4.06x10" 

erg). 

Flow through a highly porous firactal aggr^te can significantly increase collision 

frequencies between the aggregate and suspended small particles compared to those 

predicted by the curvilinear model. In ord» to derive a collision model for a fast-settling 

fractal aggregate, we introduce a fractal factor, e^^, to relate Pf^ to p^ as 

^frac~^frac^rec (8) 

Another ^tor ef is defined as the fluid collection efficiency of an aggregate, and 

is the ratio of the interior flow passing through the aggregate to the flow approaching it. 

Thus, the number of small particles contained in the fluid flowing through the aggregate 

interior per unit time is e^,JNp. Not all particles in the fluid entering an aggregate will 
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collide and attach to the aggregate. Defining Cp as the particle removal efficiency from 

the intra-aggregate flow, the rate of small particles captured by the aggregate can be 

written as 

Combining 4, 8, and 9, we obtain 

^frac=— (10) 
 ̂ a 

The ratio e^/a is actually the fraction of small particle in the flow through an aggregate 

collides with the aggregate. Since the a term will be incorporated into a filtration 

equation used to calculate a 1/a is left in eq 10 so that it will be removed from the 

general coagulation rate expression given in eq 4. The overall small particle capture 

efficiency by a settling aggr^ate, E, is calculated as the ratio of the particles captured by 

the aggregate to the total particles approaching it, or E=Re/(P„cNp). Substituting eq 9 for 

Rc produces 

The fluid collection efficiency, e^, can be obtained from previous theoretical work, 

in which the movement of the fluid around and through a porous aggregate was treated 

as the isothermal creeping flow of an incompressible, Newtonian fluid (19). When 

Brinkman's extension of Darcy's law is used to describe the interior flow, the fluid 

(9) 

(11) 
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collection efficiency of the aggregate is given (8, 20) by 

9 1-

2?+3 

tanhg 
g ) 

I' 5 j 

(12) 

where 5=I/(2k '̂̂ ) and k is the permeability of the aggregate. In order to use eq 12 for 

fractal aggregates, a proper permeability correlation needs to be developed. 

Fractal Aggregate Permeability. The permeability of a porous material is a 

flmction of porosis and the structure of the medium. Many models have been developed 

for the calculation of the aggr^te permeability, one of the most frequentiy used models 

for highly porous aggregates is Brinkman's permeability model (21), i.e., 

K =< 
Brinkman 

1-8 
-3 (13) 

where dpp is the diameter of primary particles within the aggregate and e the porosity of 

the aggregate. Brinkman's model, like other permeability models, assumes a 

homogeneous distribution of primary particles throughout an aggregate. This assumption, 

however, is not valid for fractal aggregates. 

In order to incorporate the heterogeneous structure of fractal aggregates in an 

expression of aggregate permeability, we will modify eq 13 by relating the pore 

distribution of a fractal aggregate with the aggregate size. For a fractal aggregate, its 
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solid volume, v„ is a function of its characteristic size, d„ according to 

(14) 

where D is a fractal dimension and c is a coefficient which can also be a function of D 

(22). The porosity of the fractal aggregate, e, is therefore 

For a closely packed Euclidean structure D=3, and the porosity is constant within 

an aggregate. In contrast, the primary particles within a fractal aggregate are not 

uniformly distributed; instead, they are distributed according to a hierarchical structure 

such as the self-similar structure shown in Figure 1. At each decreasing hierarchical 

level, the parts of a fractal aggregate are composed of successively smaller units 

(clusters). The size of the largest clusters, defined here as the principal clusters that 

directly form the aggregate, is on average related to the size of the whole aggregate. We 

assume here a general power law relationship between the sizes of the principal clusters, 

dc, and the aggregate d, as 

where b and s are empirical coefficients. 

Within any two- or three-dimensional fractal structure, there are increasingly 

larger gaps or pores formed by the clusters (9, 23). It is our hypothesis that the 

. 6c .D-3 e=l 
7C 

(15) 

(16) 
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penneability of these largest pores, or macropores, between the large (principal) clusters 

within an aggregate dictates the overall aggregate permeability. Replacing d^p of the 

primary particles in eq 13 with 4 of the principal clusters (assumed to be impermeable), 

the permeability of a fractal aggregate becomes 

2^26 s^d. 
f̂rae 72 

3-h—-3. 
I-e ^ 1-c 

-3 (17) 

According to this model, the pomeability of a f^tal aggregate is solely a function of its 

size, porosity, and distribution of the largest principal) clusters within the aggregate. 

Measuring k, d^ and e of a number of aggregates, coefficients b and s for these 

aggregates can be determined from a linearized form of eq 17, 

ilog 72 K 

4 3+—-3^ 
1-e \ 1-8 

-3 

= b Iog(</J+log(j) 
(18) 

Small Panicle Removal Efficiencies by Fraaal Aggregates from the Imerior Flow. 

There is no analytical solution of Bp for a fractal aggregate. However, as a first 

approximation for Cp we will use a model developed to describe particle filtration through 

a porous medium. According to the one-dimensional filtration equation of Yao et al. 

(24), the fraction of mono-sized small particles in the interior flow captured by the 

aggregate of size d, is 
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e^=l-exp (19) 

where is the diameter of the particles forming the porous medium, assumed to be the 

size of principal clusters, ii is the single collector efficiency, and is the particle 

sticking coefficient between the material comprising the aggregate (red beads) and the 

particles (YG beads) in the fluid flowing through the aggregate. Since oe^ incorporates 

any inaccuracies in predicting collector efficiency, may be different from the a 

measured in a coagulation test Three particle transport processes, division, interception, 

and sedimoitation, r^ulate the collector efficiency t]. Detailed derivation and analytical 

solutions for the calculation of r| are presented elsewhere (25, 26). Substituting eq 16 

into eq 19 produces 

Combining eqs 5, 8, 10, 12, 20, we obtain the expression for the collision 

frequency function between a fractal aggregate and small particles as 

(20) 

9Tidlu\ l-exp[ 
^ ) \ 2s 

(21) 

The fractal collision model is based on our assumption that the rate of collisions 
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between the aggr^ale and small particles occuiiing on the outer surface of the aggregate 

are negligible compared to that occurring within the aggregate interior. This assumption 

will be validated by demonstrating that the small particle capture efficiency of a settling 

aggregate is order-of-magnitude higha than expected from the analysis using a curvilinear 

model for the aggregate as an impermeable sphere. 

Calculation of Model Parameters from the Experiments. The permeability of a 

fractal aggregate was calculated from its settling velocity. Flow through the aggregate 

interior increases the aggregate settling velocity compared to the calculation from Stokes' 

law since the interior flow reduces the drag of the aggregate. The ratio of the actual 

settling velocity of the aggregate (U) to the predicted Stokes' settling velocity of an 

equivalent impermeable sphere (U^Bp) is given (7, 27) by 

U l—.± 
5-tanh(0 2^ 

(22) 

Thus, measurement of U, d, and v, for each aggregate results in a data set for 5 and ic 

using eq 22, and the fluid collection efficiency of the aggregate, using eq 12. 

Assuming that the rate of small particles captured by a falling aggregate, R^, 

described in eq 4 is constant over a short time t, where t=H/U (the time for an aggregate 

to settle a distance H at the velocity U), the number of the particles captured by the fiilling 

aggregate is thus Pc=Rct, or 
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U 
(23) 

In these experiments, the total height of YG bead suspension in the column was H=25 

cm (including a 5 cm introduction tube on the top of the column), a=0.237, YG bead 

concentration Np=10® ml'*. Thus the collision frequency fimction (cmP/s) between the 

aggregate and YG beads is calculated from eq 23 as 

During the settling of an aggregate from the top to the bottom of the settling 

column, the total number of YG beads approaching the aggregate is P,=(ir/4)d,^HNp. 

The overall small particle capture efficiency of the aggregate, E=Pe/P„ is therefore 

From eq 11, the removal efficiency of small particles by an aggregate fi-om the 

intra-aggregate flow is ep=E/ef, or 

5xlO"^P 
C 

P=1.7xl0-'̂ P^C/^ (24) 

(26) 
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Results 

Fractal Dimensions. A total of 210 latex microsphere aggregates generated in 

four separate batches were successfully recovered and analyzed. From the slopes of the 

regression lines in Figure 2a, the fractal dimensions were 1.80±0.13 and 1.85+0.14 for 

the aggregates in batches A1 and A2, respectively, and 2.37±0.09 and 2.33+0.12 for 

the aggregates in batches B1 and B2, respectively. Batches A1 and A2 aggregates 

produced under the same coagulation condition were not significantly different in terms 

of their fractal dimensions (slope comparison, p>0.79, 28). Therefore, they were 

combined into "Group A" aggr^ates, while batches B1 and B2 aggr^tes were combined 

into "Group B" aggregates for the same reasons (slope comparison, p>0.77). The 

overall fractal dimension of aggregates in Group A (0^=1.81 ±0.09) was significantly 

(slope comparison, p< 10^^ lower than that of aggregates in Group B (Db=2.33±0.07). 

The porosities of all aggr^ates were generally greater than 92% (Figure 2b). Aggregates 

in Group A had higher porosities than those in Group B and the differences in the porosity 

between these two aggregate groups became larger as aggregates increased in si2e. 

Permeabilities and Fluid Coliection Efficiencies of Fractal Aggregates. The 

observed settling velocities of aggregates in both Groups A and B were higher than 

predicted by Stokes' law for impermeable spheres of identical size and mass (Figure 3), 

an observation consistent with lower drag coefficients and higher permeabilities of fractal 

aggregates (6, 29). Group A aggregates on average had higher ratios (2.84± l.OO) 

than- Group B aggregates (2.39±0.79) (t-test, p<0.01) (Figure 4), suggesting that 
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aggregates with a lower firactal dimension had higher permeabilities than the similarly-

sized aggregates with a higher firactal dimension. 

The U/Ump ratios calculated from the original Biinkman's permeability model 

assuming a uniform porosity within aggregates were close to unity and significantly lower 

than the measured data (Figure 4). The difference between theoretical and observed 

U/U^ ratios indicates that the permeability correlations derived for a homogeneous 

distribution of primary particles in a porous medium incorrectly describe the permeability 

function of firactal aggregates. 

Aggregate permeabilities were calculated using data in Figure 4 and eq 22, as 

shown in Figure 5. The permeabilities of the aggregates in Group A increased with size 

more rapidly than those in Group B (slope comparison, p<0.01). On average, Group A 

aggregates had greater permeabilities, (2.7±2.5)xl0'* cm^, than Group B aggregates, 

(2.0±1.6)xl0'* cm^, although the permeability for a specific aggregate size varied 

widely. These permeabilities calculated from settling velocity data were nearly three 

orders of magnitude larger than those calculated using the original Brinkman permeability 

model. 

Based on the permeabilities derived from settling velocities, the two empirical 

coefficients in eqs 17 and 18 were determined as b=0.439±0.056 and s=0.056±0.(X)8, 

producing the fractal permeability function (cm^) for an aggregate of size d, (cm) as 

-^-3. 
3c \ 3c 

(27) 
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The average size of the principal clusters within the aggregate is related to the aggregate 

size by d^=0.056d,°**. 

Using the permeability data and eq 12, fluid collection efficiencies of the 

aggregates, ef, were determined to vary from 0.08 to 0.83 (Figure 6), indicating that a 

large fraction of the fluid approaching an aggregate flowed through the aggregate. On 

average, aggregates in Group A had greater ef values (0.54 ±0.14) than those in Group 

B (0.46i0.15) (t-test, p<0.01). 

CoUision Frequency F^inctions. Group A aggregates (Da=1.81) captured more 

than twice the number of YG beads than equally-sized Group B aggregates (Db=2.33) 

during settling tests (Figure 7a). As a result. Group A aggregates had a greater collision 

frequency with YG beads than Group B aggregates (Figure 7b). P for the aggregates in 

Group A increased with size more rapidly than that in Group B based on a comparison 

of slopes (p<0.05). 

Collision frequency functions between aggregates and YG beads were one order 

of magnitude higher than predicted by the curvilinear collision model and two orders of 

magnitude lower than predicted by the rectilinear collision model for the aggregates of 

identical sizes and settling velocities (Figure 7b), The rectilinear model overestimates P 

since it does not account for hydrodynamic interactions and short range forces between 

approaching particles. In contrast, the curvilinear model underestimate p since it does not 

include a mechanism for flow through the aggregate interior. 

YG Bead Removals (e^ and Overall YG Bead Capture Efficiencies (£) of 
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Fractal Aggr^tes. Not all YG beads in the fluid flowing through the interior of a 

fractal aggr^ate successfully attached to the aggregate. In fact, < 1 % of the beads in the 

intra-aggregate flow were removed by the aggregates (Figure 8a)- Group A aggregates 

generally had higher Cp than Group B aggregates. 

In order to reconcile the measured particle removals with the interior flow through 

the aggregates calculated firom the permeabilities derived from settling velocities, the 

filtration equation (eq 19) was used to estimate bead removal efficiencies, When the 

same collision efficiency of a =0.237 determined for red and YG beads in the shear 

coagulation experiment was used as the particle sticking coefficient, i.e., a^=0.237, the 

calculated bead removals were lower than those observed (Figure 8a). Flow through the 

aggregates can be reconciled with filtration theory by assuming a larger sticking 

coefficient of a=3. Previous studies have demonstrated that the filtration model 

underestimates the number of collisions occurring in porous media and greater than unity 

sticking coefficients have been observed for completely destabilized particles (26, 30, 31). 

When a=3 was used, there was a relatively good agreement between experimental results 

and filtration model predictions (Figure 8b). 

Based on the total volume of water presumably swept out by a settling aggregate, 

the overall bead capture efficiencies of the fractal aggregates, E, ranged from 0.0(X)24 to 

0.0017. Aggregates in Group A had greater E values than those in Group B (Figure 9). 

If a=3 was again used, the predictions based on the filtration model show apparently a 

good agreement with the measurements. 
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Discussion 

Measured collision frequencies between settling fractal aggregates and small 

microspheres were an order of magnitude greater than predicted by a curvilinear collision 

model that assumed the aggregates were impermeable spheres. The magnitude of the 

fractal dimension of aggregates had an inverse impact on the collision rates of the 

aggregates with small particles. The differences between the observed and predicted 

collision frequency functions, P and likely resulted from the high aggregate 

permeability produced by a heterogeneous fractal distribution of primary particles within 

the aggr^ates. As a fractal aggr^ate increased in size, macropores between the clusters 

forming the aggregate became larger, permitting greater quantities of flow through the 

aggr^ate interior than possible for an aggr^ate composed of primary particles uniformly 

distributed within the aggregate. This greater internal flow increased the collision 

frequency between the aggregate and suspended particles. 

The large quantity of interior flow through a fractal aggregate is evidenced by the 

increase in the aggregate settling velocity relative to an impermeable sphere of identical 

size and mass. The observed settling velocities of the aggregates formed from coagulated 

miciDspheies were on average nearly three times faster than calculated from Stokes' law. 

This is substantially larger than the 10% increase predicted by a permeability correlation 

based on homogeneous mass and pore distributions. Aggregate permeabilities calculated 

using Brinkman's permeability model would be around k» 10"' cm^, approximately three 

orders of magnitude lower than those derived from the observed settling velocities. The 
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predicted fluid collection efficiencies based on the homogeneous permeability model were 

around efs0.04, about two orders of magnitude lower than experimental measurements. 

Although greater permeabilities of f^tal aggregates increased the collision 

frequencies between the aggregates and suspended particles, the observed P's were stUl 

two orders of magnitude lower than predicted by the rectilinear model. For YG beads in 

the intra-aggregate flow, < 1% of the beads were removed by the aggregates, suggesting 

<4% beads in the internal flow eventually collided with the aggregates (based on 

a=0.237). Macropores can account for higher settling velocities of fractal aggregates 

than those of impermeable spheres, but the large sizes of these pores mean that most small 

particles in the intra-aggregate flow would pass through the aggregate without contacting 

with the clusters forming the aggregate. 

It was assumed in many previous theoretical studies that all suspended particles in 

the fluid flowing through an permeable aggregate would be captured by the aggregate, 

i.e., e^=l (I, 3, 12). Stolzenbach (2) used a simplified filtration equation to estimate the 

fraction of small particles scavenged by falling porous aggregates. However, his 

calculation based on a homogeneous distribution of primary particles within an aggregate 

produced e^-1 in most cases. These g values may be reasonable for suspended large 

particles or when the aggregates are densely packed, but they are inconsistent with the 

experimental data of ep«I calculated in this study. Thus, using values of ^=1 for fractal 

aggregates would overestimate the small particle removal efficiencies. 

To reconcile particle removal fractions with the intra-aggregate flow calculated 



from the observed settling velocities, it was necessary to increase o^n from (a=)0.237 to 

agt=3. Theoretically, these two a's should be equal since a only reflects particle surface 

chemistry, and not the physics of particle interactions. In practice, however, inaccuracies 

in either of the coagulation and filtration models would result in imperfect calculations of 

a. It is well known from experiments with porous media and completely destabilized 

suspended particles that the filtration model underestimates the collector efficiencies, T] 

(30). To incorporate the inaccuracies in models of r\, a's greater than unity have been 

used. For instance, Logan et al. (26) reported a=I.l between destabilized latex 

microspheres and quartz, and Martin et al. (31) measured maximum a's in the range of 

2-4 between quartz particles and bactma in high ionic strength solutions. The a=3 used 

in the present study is within the range of measured values. 

AnothCT fk:tor that may have contributed to the underpredictions of bead removals 

by falling aggregates was that the principal clusters within an aggregate were treated as 

impermeable medium granules. Due to the hierarchical structure of fractal aggregates, 

principal clusters are comprised of smaller clusters so that they likely also have fluid to 

flow through their interiors. From both experimental measurements and theoretical 

predictions (Figure 8a and b), the small particle removal efficiency from the intra-

aggregate flow increased as the aggregates decreased in size. Since the principal clusters 

within a fractal aggregate were many times smaller than the aggregate, these clusters 

might have greater particle removal efficiencies than had the aggregate. Althoug the 

quantity of flow through the interior of the principal clusters might not significantly 
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contribute to the overall permeability of an aggregate during settling, this flow may be 

important in filtration calculations. 

In summary, fractal aggregates were considered to be composed of relatively 

large, dense clusters. The measured settling velocities that were much faster than 

predicted by a homogeneous permeability model could be explained by flow through 

macropores formed between these clusters within fractal aggregates. Fluid flowing 

through the aggr^ates significantly increased collision fiequaicies between the aggregates 

and suspended small particles, and these collision frequencies decreased with the 

magnitude of the fractal dimension. Large macropores within the fractal aggregates also 

allowed a majority of small particles in the interior fluid to flow through the aggregates 

without contacting the aggregates. Thus, <0.2% of small particles in the fluid 

presumably swept out by a settling aggregate were captured by the aggregate. 
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Figure Legends 

Figure 1. Schematic representation of a simple deterministic self-similar fractal 

structure and the clusters within a two-dimensional aggregate where the 

smallest solid spheres can be viewed as primary particles. 

Figure 2. (a) Average fractal dimensions of aggregates in groups of A (batches A1 

and A2) and B (batches B1 and B2) calculated from the slopes of the 

regression lines, D=1.81 ±0.09 for Group A aggregates and 

D=2.33±0.07 for Group B aggregates; (b) porosities of aggregates in 

Group A and Group B. 

Figure 3. Settling velocities of aggregates in groups of A and B versus the 

predictions of Stokes' law (lighter Unes). 

Figure 4. Ratios of the aggregate settling velocities observed to those predicted from 

Stokes' law for impermeable spheres of the identical mass and size, 

U/Ui^. Solid lines are the averages for Group A, = 1.81 ±0.09, and 

Group B, Db=2.33±0.07, respectively. The lighter line represents the 

ratios of the aggregate settling velocities calculated based on Brinkman's 

permeability model to those calculated using Stokes' law. 

Figure 5. Permeabilities of aggregates in Group A and Group B as a function of 

aggregate size calculated from observed settling velocities versus the 

predictions of the permeability model assuming a homogeneous 

distribution of primary particles within the aggregate. 
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Figure 6. Fluid collection efficiencies of aggregates calculated firom the determined 

permeabilities, the solid lines are the averages for Group A and Group B, 

respectively. 

Figure 7. (a) Number of YG fluorescent beads captured by individual settling 

aggregates; (b) collision frequency functions between the aggregates and 

YG beads by differential sedimentation versus the predictions of the 

rectilinear model and the curvilinear model. The regression lines are for 

aggregates in Group A and Group B, respectively. 

Figure 8. Removal fractions of YG beads by the aggregates from the interior flow 

observed versus those (lighter lines) predicted from filtration theory (a) 

using the same particle sticking coefficient a=0.237, and (b) assuming a 

higher sticking coefficient, a=3.0. 

Figure 9. Overall YG bead capture efficiencies by settling fi^ictal aggregates, the 

light lines are the predictions of the model proposed in eq 11 combined 

with eqs 12 and 20 where a=3.0 was used. 
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Figure 5 
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Abstract 

Three groups of aggregates with firactal dimensions of 1.89+0.06, 2.21+0.06, 

and 2.47±0.10 woe generated by coagulation of latex microspheres (2.85 fim) in a Jar-

test (paddle-mixing) device. The collision rates between these fractal aggregates (200-

1000 fim) and small (1.48 fim) particles were measured in the turbulent shear environment 

of the paddle mixer at mean shear rates of 2.1, 7.3, and 14.7 s '. Collision frequencies 

were five orders of magnitude higher than predicted by a curvilinear model but two orders 

of magnitude lower than predicted by a rectilinear model. Collision frequencies much 

higher than predicted by the curvilinear collision kernel were attributed to significant flow 

through the interior of the fractal aggregates. The fluid shear rate (G) and the aggregate 

fractal dimension (D) affected the collision frequency function (P) between fractal 

aggregates and small particles, resulting in According to this relationship, as 

D-0, the aggregates become infinitely porous and P becomes proportional to G^ as 

described by a rectilinear collision model based on the aggregate sweeping out all fluid 

within their pathway. As the aggregates become less fractal, and D-S, P becomes 

relatively insensitive to the magnitude of G as predicted by a curvilinear model. 
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Introductioii 

The capture of suspended small particles by large porous aggregates is of interest 

in the description of particle transport in the turbulent environment of natural waters as 

well as water and wastewater treatment systems. The kinetics of particle coagulation by 

shear motion was originally formulated based on a rectilinear model in which collision 

aggr^ates are proportional to the mean shear rate (1, 2). The rectilinear model is known 

to ovopredict interparticle collisions since this model does not account for hydrodynamic 

interactions and short range forces between particles (3,4). These limitations have led 

to the development of various curvilinear models that predict that increases in the shear 

rate do not significantly enhance the coagulation rate (3, S). Since curvilinear models 

were established for solid particles and do not include a mechanism for the flow through 

permeable aggregates, they may underestimate the collision frequency function for highly 

porous aggregates (6-8). 

Aggr^ates produced by coagulation are fractal (9-11) and therefore, they have a 

non-uniform mass distribution, a structure resulting from the coagulation of small and 

more densely packed clusters into larger and overall less dense aggregates (12, 13). 

Large pores formed between these clusters within the aggregates permit more streamlines 

to cross the aggregate surface. According to a previous study, the aggregate 

permeabilities derived from observed settling velocities were three orders of magnitude 

greater than predicted by a permeability model assuming a uniform distribution of primary 

particles throughout the aggregate (13). As a result of significant flow through the 



75 

inteiior of the aggregates, the collision frequencies between the settling fractal aggregates 

and suspended small particles were much higher than predicted using a curvilinear 

collision model. 

In the present study, we measured the collision frequencies between f^tal 

aggregates and microspheres under turbulent shear conditions. The effect of the mean 

shear rate on collision frequencies between the fractal aggregates and small particles was 

experimentally tested by directly measuring the capture rates of microspheres by the 

aggregates at different shear rates. The importance of the fractal dimension of the 

aggr^ates on their collision frequency fimction was examined by correlating the collision 

frequency function with the aggregate size and mean fluid shear rate. 

Methods 

Experimental 

Generation of Fractal Aggregates. The aggregates used in shear coagulation 

experiments were generated from red-colored latex microspheres 2.85 /tm in diameter 

with a density of 1.05 g cm"' (Polysdences) in a Jar-test device (Model 7790-400, Phipps 

and Bird). Three groups (A, B, and C) of aggregates were generated under different 

coagulation conditions. Group A and Group B aggregates were formed by fast and slow 

coagulation, respectively, as previously described (13). Group C aggregates were formed 

through breakup and re-coagulation of Group B aggregates by rapidly stirring an 

aggregated suspension twice (2 min. each time) over a 2 hour period and then re-
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coagulating the suspension at a lower shear rate. Aggregates in Group C were expected 

to be doiser and have a higher fractal dimoision than aggregates in Groups A and B since 

they were formed by restructuring (14, 15). 

Coagulation Experiments. Coagulation experiments between aggregates and small 

particles were performed in 1000-ml beakers in the Jar-test device using flat paddles 

(7.6x2.5 cm^). During these experiments, each beaker was filled with 500 ml of a 2% 

NaCI suspension of fluorescent yellow-green (YG) latex microspheres 1.48 fim in 

diameter (Polysciences). This high ionic strength solution was used to destabilize the 

particles. The solution pH was kq}t at ~8.5 and the YG bead concentrations varied from 

10^ to 5 X10^ ml'' in order to adjust coagulation rates between the aggregates and beads. 

For each of three aggregate groups, coagulation experiments between aggregates 

and small particles were conducted at three different paddle rotation speeds (6, 15, and 

25 rpm), resulting in 9 data-sets. During each experiment, coagulation rates were 

measured at times of T=5, 10, 20, and 40 min. To begin a run of the coagulation 

experiment, a number of red-bead aggregates were introduced into the YG bead 

suspension using a rubber dropper bulb with a 1-ml pipet tip cut midway between its ends 

to provide a larger tip diameter. After a designated coagulation time, approximately 15 

aggregates that had coagulated with YG beads were recovered and transferred into a pure 

2% NaCl solution to prevent disaggregation. These aggregates were then individually 

collected and placed into another 2% NaCl solution in a well (0.8 cm deep and 3.2 cm 

in diameter) plate to minimize aggregate disruption during subsequent microscopic 
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examination. Aggregates that broke up during any transfer step were discarded. 

Aggregate Characterization. The characterization of each recovered aggregate 

included: measuring its equivalent (cross sectional area) diameter using a image analysis 

system (ScanAnay n, Galai); counting the number of YG fluorescent beads captured by 

the aggr^ate under the fluorescent microscope using blue light; measuring the total solid 

volume of the red microspheres that formed the aggr^ate using a Coulter particle counter 

(Multisizer n, Coulter) after breaking up the aggregate. Techniques used in these 

analyses are described in detail elsewhere (13). 

Mean Shear Rates in the Jar-test Device. The experimental setup to measure the 

mean shear rate in the Jar-test device with a flat paddle was similar to that described by 

Lai et al. (16), except that a 10(X)-nil round beaker, filled with 500 ml of 2% NaCl 

solution, was used instead of a 2000-ml beaker. The mean shear rate of the fluid, G, at 

a paddle rotation speed, S (ipm), can be calculated (16) using 

G= (1) 
^ 30|ir 

where V is the liquid volume in the beaker, r^ the beaker radius, AW the weight (measured 

by a balance) necessary to balance the torque produced by the paddle rotation, g 

gravitational constant (981 cm/s^), and n the fluid viscosity. For our experimental 

conditions, rb=5.38 cm, V=500 ml, and ^=0.0095 g/cm-s at 22.5 °C, producing 

G=0.341(AWS)'''. 
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The mean shear rate was a linear function of the paddle rotation speed after log-log 

transformation as expected from eq 1 (Figure 1). From the regression line, the three 

stirring speeds, 6, 15, and 25 rpm, used in this study yielded mean shear rates of 2.1, 

7.3, and 14.7 s"', respectively. 

Theoretical 

Collision Frequency Function for Permeable Fractal Aggregates. For a binary 

system composed of two sizes of particles, large aggregates of diameter d, and smaller 

particles of diameter dp, the rate of the small particles captured by a single aggregate, R^, 

can be written (13) as 

(2) 

where a and p are subscripts referring to the aggregate and the smaller particles, P(a, p) 

is the collision frequency function between the aggregate and small particles, a(a, p) the 

corresponding collision efficiency, and Np the concentration of the small particles. Several 

models can be used to calculate the collision frequency function. To distinguish between 

these models, a subscript is then added to P when it is predicted by the rectilinear (P^, 

curvilinear (Pc„,), and fractal (P^) models, whereas P without a subscript indicates a 

measured collision frequency function. 

According to the rectilinear model, collisions between large aggregates of size d, 

and much smaller particles in an isotropic turbulent fluid occur with a frequency (1) 



79 

P 8 
(3) 

While describes the average rate that fluid approaches an aggregate of diameter d, (1, 

17), the product P,K^p is the average number of small particles in the fluid approaching 

the aggregate per unit time. 

The curvilinear collision model can be used to more accurately calculate the 

collision fiequoicy function for impermeable particles since this model takes fluid fields 

and short range forces between approaching particles into account (3, S). The collision 

frequency calculated using the curvilinear collision function, Peur, is smaller than the 

rectilinear collision kernel by a factor e^^, or 

where A=dp/d„ Y=A/(187r^Gd,^, and A is Hamaker constant (assumed to be 4.06x10"'' 

erg). 

Highly porous fractal aggregates permit a significant quantity of fluid to flow 

through them, resulting in greater collision frequencies between the aggregates and small 

particles than predicted by the curvilinear collision model. can be related to P^ using 

(4) 

Based on Han and Lawler's numerical solution (5), 

exp[-4.5+3.51og(Y)+A.(20.7+11.51og(Y))] (for y<0.01) (5) 
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a fractal factor 6,^^ as 

According to our previous study (13), e^^ is a function of the fluid collection 

efficiency of the aggregate, Cf, defined as the ratio of the interior flow passing through the 

aggregate to the flow approaching it, the particle removal efficiency by the aggregate 

from the intra-aggregate flow, ep, and the collision efficiency, a, i.e., 

(7) 

Additionally, the overall small particle capture efficiency of the aggregate, E, defined as 

the ratio of the particles c^tured by the aggregate to the total particles approaching it, is 

(8) 

Calculation of Model Parameters from the Experiments. Assuming that the rate 

of small particles captured by an aggregate, R^, described in eq 2 is constant over a short 

time T, the number of particles captured by the aggregate is Pj=RcT, or =aPNpT. 

Therefore, the collision frequency fimction between the aggregate and small particles can 

be calculated using 

aTN^ 
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In our experiments, T varied from 5 to 40 min., Np varied from 10^ to 5 x 10® ml'S and 

a was measured in a separate experiment as 0.237 (13). 

During a time T while an aggregate was in a YG bead suspension, the total 

number of beads approaching the aggregate is P.=P,^pT, thus the overall small particle 

capture efficiency of the aggregate, E=?/P,, or 

1.3 Gd^TNĵ  

Results 

Fractal Dimensions of Aggregates. From the slopes of the regression lines in 

Figure 2a, the fractal dimensions of 435 red-colored latex microsphere aggregates were 

1.89+0,06, 2.21±0.06, and 2.47±0.10 for the aggregates in Groups A, B, and C, 

respectively. The fractal dimension of aggregates in Group A was significantly lower 

(slope comparison, p<10"*, 18) than that in Group B, and the fractal dimension of 

aggn^ates in Group B was significantly lower (slope comparison, p <0.02) than that in 

Group C. Aggregates formed by relatively fast coagulation had the lowest f^tal 

dimension and aggregates formed by restructuring had the highest fractal dimension. The 

aggregate porosity increased with size and was inversely proportional to the fractal 

dimension (Figure 2b). The porosities of all aggregates were greater than 0.9. 

Collision Frequency Functions and Small Particle Capture Efficiencies of 

Fractal Aggregates. The number of YG beads captured by the aggregates increased with 
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the aggregate size and coagulation time as shown by an example in Figure 3a (Group A 

aggregates, G=2.1 s"'). Based on these numbers in this case, the collision frequency 

functions between Group A aggregates and YG beads at G=2.1 s'' were calculated using 

eq 9 (Figure 3b). Applying the same approach, the collision functions were calculated 

for the other data-sets of different aggregate groups at three different shear rates (Figure 

4a, b, and c). For aggregates having the same fractal dimension, higher shear rates 

produced higher collision frequencies between the aggregates and beads. There is 

apparently a power law relationship between p and d„ and the slopes corresponding to 

different shear rates were not significantly different (slope comparison, p>0.32) as seen 

from the nearly parallel regression lines in the same aggregate group (Figure 4). 

Data for the representative aggregate sizes (300, 500, and 700 nm) were used for 

quantifying the impact of the fluid shear rate on the collision frequencies. These were 

chosoi since the size range of 300-700 /xm contained most (>90%) of the aggregates used 

in these experimoits. The P's for the aggregates of these three sizes were plotted in terms 

of aggregate groups as a function of G. There was a power law relationship between P 

and G, i.e., p-G", as evidenced by the straight lines after a log-log transformation for 

the data of the three aggregate sizes (Figure 5). The powers, m, for the nine lines in 

Figure 5 were obtained using the regression analysis and plotted as a function of the 

fractal dimension (Figure 6). The regression of m versus D produced m=0.97-0.31D, 

indicating that m decreased in proportion to D, Due to the limited number of data for 

fractal dimensions, we chose m=l-0.33D, resulting in 
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P^(jl-0J3D (11) 

Using this relationship P is propoitional to G* when the aggregate is infinitely porous, or 

D-0, as described by the rectilinear model, and p-G" when the aggregate is much denser 

and D->3, as predicted by the curvilinear model for impermeable particles. 

Experimratal results in Figure 4 indicate the existence of a power law relationship 

between the collision frequency function and the aggregate size with an impact of the fluid 

shear rate. It can be therefore assumed that P=nid.'Kj'', where nj and are empirical 

constants. To develop a final expression for the collision function, P was normalized for 

the mean shear rate using p/(G*'°^°)=nid,'''. The coefficients, Hj, and the powers, n,, for 

the nine lines in Figure 4 were calculated using the regression analysis and plotted as a 

function of the fractal dimension (Figure 7a and b). Both terms decreased with D 

according to log(ni)=-2.0-0.90D and n2=3.3-0.63D, respectively, producing 

P=0.01x IQ-0SD^^^-0-6JOqi-033D 

where P: [cmVs], d,: [cm], and G: [s'̂ ]. 

A comparison of measured collision frequency functions (eq 12) with those 

predicted by the rectilinear and the curvilinear models indicates that P's were five orders 

of magnitude higher than P^, but two orders of magnitude lower than P„ (Figure 8). The 

overpredictions of the rectilinear model were expected since this model does not account 

for hydrodynamic interactions between approaching particles. In contrast, the curvilinear 
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model underestimated P since it does not include a mechanism for flow through the 

aggregate. Note that the calculations from this curvilinear model indicate that for 

impermeable particles of the same size the collision firequency function did not increase 

with the mean shear rate. 

Measured collision frequency functions less than indicated that not all small 

particles in the fluid approaching an aggregate were captured by the aggregate. The 

overall small particle capture efficiencies, E, of the fractal aggregates used in this study 

were < 1 % and decreased with aggregate size (Figure 9). For a given size of an 

aggregate, E was inversely proportional to the fluid shear rate. 

Discussion 

Measured collision firequencies between large fractal aggr^ates and small particles 

in turbulent shear were more than five orders of magnitude greater than those predicted 

by a curvilinear collision model that assumed the aggregates were impermeable spheres. 

We hypothesize that the differences between measured (P) and predicted (P^^) collision 

frequency functions resulted from the significant permeabilities produced by the 

heterogeneous (fractal) distribution of primary particles within the aggregates. This 

hypothesis is based on similarly high collision frequencies (compared to curvilinear model 

predictions) observed for settling fractal aggregates having settling velocities faster than 

predicted by Stokes' law (13). The fester settling velocities of the fractal aggregates were 

attributed to aggregate permeabilities greater than those predicted to occur when the 
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primary particles of the aggregate were uniformly distributed throughout the aggregate. 

Our measurements in this study of P's much greater than P^ur under turbulent shear 

conditions were consistent with the high permeabilities of fractal aggregates. 

Using a curvilinear collision model, Han and Lawler (5) argued that increasing the 

shear rate would not appreciably enhance flocculation in turbulent fluid. Their argument 

that P does not increase with G was raised for collisions between solid spheres. In the 

same manna* as previous investigators (3,19), Han and Lawler used a trajectory analysis 

to calculate P and assumed retarded van der Waals forces the dominant attractive forces 

for particle contacts. While high shear rates produce high relative velocities between 

approaching particles, the time available for these particles to overcome hydrodynamic 

effects at higher shear rates becomes shorter. Before the water separating the particles 

can move out of the way while van der Waals forces pull these particles together, the 

opportunity for collisions and adherence may have passed. Therefore, in contrast to the 

description of the rectilinear collision model, higher fluid shear rates would not promote 

any increase in particle collision frequencies. 

The different predictions of the rectilinear and curvilinear models on the 

importance of the shear rate, however, can be resolved based on the magnitude of fractal 

dimensions. Han and Lawler's argument that the shear rate is not so important in 

coagulation was established only for solid spherical particles and is consistent with our 

prediction on the basis of the experimental results for non-fractal (D=3) aggregates. 

However, as a generalization for permeable fractal aggregates, the shear rate was 
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demonstrated to play an important role in increasing collision frequencies between the 

aggregates and small particles. 

In shear motion, the rate of flow approaching and passing through an aggregate 

is proportional to the fluid shear rate. As the shear rate is increased, there will be more 

fluid flowing through the permeable aggregate, producing higher collision frequencies 

between the aggregate and small particles than those at a lower shear rate. The 

importance of G on P, however, is affected by the magnitude of the aggregate fractal 

dimoision according to the empirical correlation obtained in this study of As 

D-0, aggregates become infinitely porous, the correlation between P and G approaches 

the rectilinear model prediction that p~G. It is a generally accepted theory regarding 

particle coagulation in water and wastewater treatment systems and in natural waters that 

G is an important parameter for enhancing coagulation (2, 20, 21). Our observations 

support this theory for the systems dominated by coagulated (fractal) particles. However, 

as D increases and the aggregates become denser and less permeable, our function 

approaches the same prediction as the curvilinear model that p-G° as discussed by Han 

and Lawler. 

Although higher shear rates increased P for permeable fractal aggregates, the 

overall small particle capture efficiencies by these aggregates (E) were not found to 

increase with G (Figure 9). It is necessary to analyze this inverse relationship between 

E and G, which is likely caused by retardation effects of van der Waals forces. As the 

shear rate increased, the average velocity of fluid along with YG beads flowing through 
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an aggr^ate increased proportionally. As argued by Han and Lawler (S), the increases 

in the relative velocity would present less time available for these beads to squeeze out the 

fluid film between the beads and the aggregate and allow contacts due to van der Waals 

forces. Therefore, lower particle capture efficiencies were observed at higher shear rates 

for aggregates in all groups. 

The inverse effect of G on E can be demonstrated using a filtration model that 

describes particle removal by a porous medium. In a previous study, the fraction of 

mono-sized small particles in the interior flow captured by a settling ftactal aggregate of 

size d, was successfully described (13) using 

where b is Ci are constants dependent only on aggregate properties such porosity, fractal 

dimension, T| is the single collector efficiency. For suspended small particles, r\ is 

r^ulated by the diffusion process and can be described as follows according to a previous 

analytical solution (22, 23), 

where C2 is a constant for a given aggregate and small particle suspension and U is the 

average velocity of fluid flowing through the porous medium such as a porous aggregate. 

In shear fluid, U is related to the mean shear rate as U=C3Gd„ where C3 is a coefficient. 

Substituting this function into eq 14 and then combining eqs 13 and 14 produces 

(13) 

2 
(14) 
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(15) 

Substituting eq 15 into eq 8 and letting C=-«CiC2C3'̂ d,''''̂ ''', we obtain the general 

expression for the particle capture efficiency of an aggregate of size d. in terms of its fluid 

collection efficiency (e^) and the mean shear rate as: 

Thus, for a given aggregate, its particle capture efficiency decreases with the shear rate. 

However, it should be noted that, despite of the certain decrease of E with G, the increase 

in the shear rate still resulted in a net increase in the collision frequencies between 

permeable firactal aggregates and small particles, as previously discussed. 

In summary, fractal aggregates were considered to have great permeabilities due 

to their non-uniform distribution of primary particles. Fluid flowing through the 

aggregates significantly increased the collision frequencies between the aggregates and 

small particles. The fluid shear rate played an important role in promoting coagulation 

between permeable aggregates and small particles, although the collision function was not 

linearly proportional to the mean shear rate as described by the rectilinear model. 

(16) 
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Figure Legends 

Figure 1, Mean shear rate in a 1000-ml beaker filled to 500 ml as a function of the 

paddle (7.6x2.5 cm^) rotation speed in a standard Jar-test device. 

Figure 2. (a) Average fractal dimensions of aggregates in groups of A, B, and C 

calculated from the slopes of the regression lines, 0^=1.89+0.06 for 

Group A aggregates, Dg=2.21 ±0.06 for Group B aggregates, and 

Dc=2.47±0.10 for Group C aggregates; (b) porosities of aggregates in 

groups of A, B, and C. 

Figure 3. (a) Number of YG fluorescent beads captured by individual aggregates in 

Group A at the shear rate of 2.1 s'' as a fimction of aggregate size and 

coagulation time; (b) collision fiequency function between Group A 

aggregates and YG beads at the shear rate of 2.1 s'̂  

Figure 4. Collision frequency functions between YG beads and aggregates in (a) 

Group A, Da=1.89±0.06, (b) Group B, Dg=2.21 ±0.06, and (c) Group 

C, Dc=2.47±0.10, respectively. Solid lines are the regressions in terms 

of mean shear rates of 2.1, 7.3, and 14.7 s'̂  

Figure 5. Relationship between the collision frequency function and the mean shear 

rate for the aggregates 300, 500, and 700 ^m in diameter in (a) Group A, 

(b) Group B, and (c) Group C. 

Figure 6. The power, m, in the power law relationship P-G" as a function of the 

fractal dimension. 
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Figure 7. (a) The coefficient, ni, and (b) the power, , in the power law 

relationship P/(G'""" '̂°)=n,d,"'as a function of the fractal dimension. 

Figure 8. Collision frequency functions between fractal aggregates and YG beads in 

turbulent shear observed versus predicted by a rectilinear model and a 

curvilinear model. 

Figure 9. Overall bead capture efBciencies of the fractal aggregates in (a) Group A, 

(b) Group B, and (c) Group C, respectively. Solid lines are regressions in 

terms of mean shear rates of 2.1, 7.3, and 14.7 s"'. 
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Marine snow aggregates (>S00 /im) composed primarily of phytoplankton are 

known to have fractal dimensions of 1.52 to 1.72 and ate assumed to form by the physical 

coagulation of smaller particles. In order to study the bulk fractal properties of these 

smaller particles during a coagulation event, concentrations of small particles (2 to 300 

urn) were measured during a simulated phytoplankton bloom in a laboratory mesocosm. 

Particle conc^trations were presented as size distributions in terms of either solid volume 

or average length. Both distributions indicated particles were continuously coagulating 

throughout the bloom as evidenced by a greater increase in the concentration of larger 

particles (50 to 300 ^m in average length) than smaller particles (2 to 50 /tm), and 

decreases in fractal dimensions. Average fractal dimensions of aU particles in the size 

range 20-200 fim were calculated using a new method called the particle concentration 

technique (PCT). The PCT required both solid volume and length size distributions on 

the same population of particles as input. As coagulation of phytoplankton and other 

particles in the tank proceeded during the phytoplankton bloom (7 to 11 d after 

inoculation), the average fractal dimensions of these particles decreased from 

£)=2.49±0.41, a value close to the Euclidean value of 3 for a sphere, to D=1.68±0.08, 

a value typical of larger marine snow aggregates. This suggests that although marine 

snow-sized aggregates can appear to be dominated by non-fractal particles such as 

phytoplankton, they are primarily formed from many types of smaller aggregates present 

in the water column that, on average, can have low fractal dimensions. 
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INTRODUCTION 

Coagulation is an important mechanism of particle removal in natural systems 

since this process can transform many small, slowly settling particles into larger, faster 

settling aggregates. Mathematical descriptions of aggregates and coagulation processes 

have been totally revised in last decade since aggregates formed by coagulation have 

fractal structures (WTTTEN and CATES, 1986; MEAKIN, 1988; LOGAN and 

WILKINSON, 1990). Aggregate properties such as mass and solid volume do not scale 

with size raised to an integer value of 3, but to Pactional powers called fractal 

dimensions, that can be significantly less than 3. 

Aggregates formed by Brownian motion have fractal dimensions that are solely a 

function of particle stickiness (MEAKIN, 1988; LIN et al, 1989; TORRES et al., 1990). 

Highly destabilized (very sticl^) particles that undergo ^t cluster-cluster aggregation by 

Brownian motion yield ftactal dimensions of approximately 1.8 (SCHAEFER et al., 

1984; JULLIEN et al., 1984; SCHONAUER and KREIBIG, 1985). Less destabilized 

particles that must collide many times before adhesion produce aggregates with fractal 

dimensions between 1.9 and 2.2 (WETTZ and OLIVERIA, 1984; JULLIEN and KOLB, 

1984; MEAKIN and FAMILY, 1987). No such universality in the magnitude of the 

fractal dimension, however, has been established by experimental observations for other 

coagulation mechanisms such as shear motion and differential sedimentation. Fractal 

dimensions ranging from 1.0 to 3.0 have been reported for aggregates of different types 

of particles formed by either shear motion or differential sedimentation (LI and 
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GANCZARCZYK, 1989a; LOGAN and WILKINSON, 1990, 1991; JIANG, 1993). 

In marine systems, the f^tal nature of marine snow has been established from 

measurements of aggr^ate properties such as settling velocity and porosity. LOGAN and 

WILKINSON (1990) calculated firactal dimensions of 1.39 ± 0.15 for all types of marine 

aggr^ates (0.4-20 mm) considered as a single class of aggregates, and 1.52 ± 0.19 for 

large diatom aggregates (7-20 mm). Using in-situ photographs, KILPS et al. (1994) 

calculated a firactal dimension of 1.72 for marine snow particles (1-60 mm) by assuming 

that two- and three-dimensional fractal dimensions were equal. 

Although seawater contains significant concentrations of smaller aggregated 

particles, defined here as microaggregates (<0.5 mm), previous research has not directly 

considered the fiactal dimensions of these microaggregates. Marine snow-like aggregates 

can be generated from smaller particles in rolling cylinders as described by SHANKS and 

EDMONDSON (1989). Laboratory studies on fluorescent microsphere aggregates 

generated in this device demonstrated that fractal dimensions of small aggregates (4-20 

/xm in length) were in the neighborhood of 1.6 (LOGAN and KILPS, 1995). Fractal 

dimensions of smaller marine particles, such as phytoplankton-dominated microaggregates 

formed during phytoplankton blooms, however, have not been reported. 

Particle size distributions have been used for more than three decades as tools to 

describe coagulation processes. The average shapes of particle size distributions in the 

ocean have been found to agree with predictions based on a coagulation model assuming 

steady state size distributions (HUNT, 1980; MCCAVE, 1984). Data used to test these 



107 

models have primarily been collected using electronic particle counters (SHELDON et al., 

1972; MCCAVE, 1983; LONGHURST et al., 1992), although others have used 

microscopic analysis or camera systems (HARRIS, 1977; LAMBERT et al., 1981; 

GARDNER et al., 1991). In most cases these observations provided basic information 

of size distributions in the ocean where the systems were at nearly steady conditions. 

However, these measurements have not considered particle size distributions under more 

dynamic conditions, for example during a phytoplankton bloom. 

In this study, a phytoplankton bloom was simulated in a mesocosm under well 

controlled conditions. We investigated changes in concentrations of particles less than 

300 fim in length by measuring size distributions using both a resistance particle counter 

and an image analysis system. Since aggregates formed by coagulation have fractal 

dimensions less than 3, we measured f^tal dimensions of particles in the size range of 

20 to 200 fim to see if they were within the range expected for aggregates formed by 

coagulation. Fractal dimensions were calculated using a new method, called the particle 

concentration technique (PCX), that required two measurements of particle sizes for the 

same population of particles. It was demonstrated that as phytoplankton increased in 

concentration, average fractal dimension of all particles became lower, eventually 

attaining a value of -1.7. 
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MATERIALS AND METHODS 

Mesocosm 

The coagulation experiment was conducted in a cylindrical fiberglass tank (1400 

1) set up in a temperature (12.5-13 controlled environmental chamber as described by 

ALLDREDGE et al. (1995). The tank was filled with 1150 liters of seawater from the 

Santa Barbara Channel, CaUfomia, which had been filtered through a subsand filter. 

Fifty liters of unfilteted seawater were added as an inoculum for the tank. Artificial light 

was set at 14 h light: 10 h dark cycle, and illuminated at 1500 ^Em'̂ s'̂  (surface), 

decreasing to 87 /iEm''s'̂  10 cm above the bottom. Energy dissipation rates increased from 

0.0137 to 0.0206 cmV as water samples were withdrawn from the tank (ALLDREDGE 

et al., 1995), resulting in an average shear rate of 1.3 s"^ (range of 1.21 to 1.50 s"'). The 

tank experiment began on March 6, 1993 (day 0). Bulk 20 1 samples were obtained from 

the tank everyday at 9:(X) am through a spigot located 30 cm above the tank bottom. 

Particle Sizing and Counting Techniques 

Particle Size Distributions. Particle sizes in natural waters can be described using 

a size distribution function n(L), defined by dN = n(L)dL, where dN is the number of 

particles per unit water volume with size in the range L to L+dL (TWOMEY, 1977; 

HUNT, 1980). The characteristic length L can be any scale measure of size, e.g., 

volume, diameter, and.maximum or average length. In practice, particle counts are often 

acquired in such a way that the cumulative size distribution, N(L), the number 
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concentration of particles larger than a given size L, is commonly used, where N(L) = 

A" n(L)dL (TWOMEY, 1977; MCCAVE, 1984). 

Previous research on seawater has shown that suspended particles follow a power 

law distribution function over a large portion of a size range (SHELDON et al., 1972; 

MCCAVE, 1984), or 

N(J.) = kL» (1) 

where k and b are constants. The exponent b, which is the slope of size distribution on 

log-log plot (log(N(L)) vs. log(L)), is frequently cited to describe the shape of the curve. 

Volume Distributions. An electronic particle counter (Coulter Multisizer n. 

Coulter Corp.) was used to measure particle size distributions, N(Vj), in terms of solid 

volume V,. These size distributions were also expressed as N/d ), in terms of solid 

equivalent diameter based on calibration with precise-sized latex microspheres. This 

instrument can be used to count and size porous particles on the basis of changes in 

resistance caused by the passage of particulate matter across a small aperture, because the 

signal pulse from a particle passing through the aperture has been found to be proportional 

to the solid volume of the porous particle (TREWEEK and MORGAN, 1977; JACKSON 

et al., 1995). In this study, samples were analyzed using two apertures, 50 and 100 /tm, 

providing size ranges of 2 < J, < 30 (im and 4 < <4 < 60 /xm. Sample volumes were 0.1 

and 0.5 ml for the 50 and 100 urn. apertures, respectively. Seawater (-33 %o salinity) 

from the tank was filtered through polycarbonate filters (0.2 /tm; Poretics Corp.) and used 
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as electrolyte. Data was transferred &om the Coulter counter to a 80486 personal 

computer and analyzed using their software (AccuComp, Version 1.14, Coulter Corp.). 

Size distributions from the two orifices were combined into a single size distribution by 

overlaying the distributions and using data for 2<^,<9.5 /xm from the 50 fim orifice and 

9.5<<i^<60 urn from the 100 ftm orifice. Reported results are the average of three 

measurements. Sample volume used for analysis produced a minimum measurable 

particle concentration of 2 ml'' at the largest particle sizes for each orifice. 

Length Distributions. An image analysis system was used to generate particle size 

distributions, N(l), in terms of average length /. This system employs a computerized 

optical particle sizing and counting technique capable of transforming a gray level 

microscopic image obtained through a camera into a binary image. The image analyzer 

CUE n (Olympus Corp.) used in this study consisted of four components: a microscope 

(BH-2, Olympus Corp.), a CCD-video camera (XC-57, SONY) with a resolution of 510 

X 492 pixels, an image monitor (Trinitron, SONY), and a 80486 personal computer. 

Computer software (Cue-2, Version 3.0, Olympus Corp.) was loaded into the computer 

and used to analyze the image. The Ferret's average length of particles, obtained by 

measuring the particle length at four different angles (0°, 45°, 90° and 135°) was 

calculated by the system. All measurements were made at 4(X)X and based on the analysis 

of 100 fields corresponding to a measurable size of 3-3(X) ^m and a minimum detectable 

particle concentration of 10 ml"' for the largest particles. 

To prepare samples for the image analysis system, tank samples (5 ml) were 
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filtered onto a 0.2 fim black polycarbonate membrane filter (25 mm diameter, Poretics 

Corp.) and stained in the funnel with acridine orange at a high concentration (0.1 %) in 

order to stain all particles in the sample. After 5 minutes of staining, the sample was 

filtered through the membrane by vacuum at 2.5 psi (the lowest vacuum for our system). 

An additional backing filter (25 mm diameter, 5 ftm, Millipore Corp.) was placed behind 

the membrane to distribute particles on the membrane evenly. The dry membrane filter 

was placed on a glass slide with one drop of immersion oil on the top and covered by a 

cover glass. All samples were prepared in duplicate. The slides were stored at 4 °C and 

analyzed under blue light. 

Relationship Between Length and Solid Equivalent Diameter. Since solid 

spheres are used in the Coulto* counter calibration procedure to relate particle volume and 

size, porous objects have a greater size Qength) than implied by measurements of solid 

equivalent diameter (</,). As a result, the optical length I determined using the image 

analyzer is greater than produced by the Coulter counter. 

By comparing the properties of firactal and Euclidean objects, it can be see that for 

fractal aggregates / varies exponentially with d^. Assuming that primary particles have 

similar size or volume, the total solid volume of primary particles within an aggregate, 

Vj, can be related to the aggregate length scale I using the fiactal geometry expression, 

= aj.1^ (2) 

where Of is a constant (JIANG and LOGAN, 1991). 
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According to a Euclidean description of a porous aggregate, the solid volume of 

an aggregate is: 

V, = (3) 

where is a constant (a^ = jr/6 for a spherical object). The solid volume can be related 

to the encased volume by the porosity p, as 

V, = (4) 

where is the encased volume of the aggregate of actual size / (LOGAN and 

WILKINSON, 1991). Combining equations 3 and 4, the relationship between I and 

becomes: 

' = (5) 

where = (1- p)'̂ '̂ . Since porosity does not vary with particle size for Euclidean 

objects, bg is a constant and particle length is a linear function of solid equivalent 

diameter. 

For fractal objects, D is less than 3 and porosity is no longer constant due to the 

heterogeneous porous structure of fractal aggregates. Combining equations 2 and 3, the 

correlation between I and can be obtained as: 

/ = bfdl"' (6) 
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where bf = (a^ fa^ is a constant that is a function of characteristics of aggregates 

including fractal dimension, packing factor, shape coefficient, and size of primary 

particles (JIANG and LCXJAN, 1991). Since / shows a power law relationship with d,, 

where 3/D>l, the length of aggn^ates increases with much faster than predicted from 

the Euclidean-based relationship (Eq. 5). Therefore, the particle size represented by d^ 

obtained from the Coulter counter will be much less than I measured using the image 

analyzer as aggr^ates become larger. For example, assuming bg=2, bf = 1.5 and D=2, 

at dj=20 nm the average length is 40 fim for a Euclidean object while it is 134 ^m for 

fractal objects (Fig. 1). When d, is doubled to 40 fim, the corresponding average length 

will increase by only 100% to 80 /xm for Euclidean objects, but will increase by 184% 

to 380 ^m for fractal objects. 

Calculation of Fractal Dimensions 

JIANG and LCXJAN (1991) were able to calculate firactal dimensions from a single 

size distribution using dimensional analysis, but their method was dependent on the 

assumption that the size distribution was at steady state. To overcome this limitation, they 

later proposed a new non-steady state method that required the analysis of size 

distributions both in terms of y, and / (JIANG and LOGAN, submitted). Their method, 

called the two-slope method, did not require an assumption of steady state conditions but 

did require that both size distributions be able to be described by a single power law 

distribution over the size range of interest. 

. In the present study, we propose a modified approach which does not require a 
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single power law function for a particle size distribution. The technique, referred to here 

as particle concentration technique (PCI), defines the correlation between solid volume 

and length directly on the basis of cumulative particle concentrations from the two types 

of size distributions N(Vj) and N(l). An assumption is made that particles with solid 

volume greater than y,are the same population of particles with length greater than /, if 

die cumulative particle counts in terms of solid volume and length are equal, or 

Af(v,) = Nil) (7) 

In other words if particle concentrations produced by the Coulter counter and the image 

analyzer are the same, then that population of particles must have a relationship between 

the solid volume v, and average length I defined by Eq. 2. The two unknowns a^and D 

can be calculated &om a linear regression of matched v, and / data by linearizing Eq. 2 

using a log-log transformation, or 

log(v^) = log(fl^)+Dlog(/) (8) 

A series of values of y, versus I were obtained from the two size distributions, N(v^) and 

N(l) at solid volume intervals of Alog(dJ = 0.05 (the bin sizes on the Coulter counter). 

The first value of y, was defined by the first concentration of particles for which N(Vj 

)=N(l), and the last value was defined by the lowest detectable concentration for either 

instrument. The slope of the regression line of togfy,) vs. log(l) was the fractal 

dimension D. 
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RESULTS 

Particle Size Distributions. Particle size distributions, measured in terms of soUd 

equivalent diameter (2-50 fim) with the Coulter counter, indicated particle concentrations 

increased between days 7 to 11 (Fig. 2a). Concentrations of larger particles (dj>20 urn) 

increased faster than those of smalls particles. For example, the concentration of particles 

greater than 2 /xm increased less than a factor of 3 (25,0(X) ml"', day 7 to 65,000 ml"', day 

11), while the concentration of particles greater than 20 ftm increased more than one 

magnitude from 56 ml"' to 846 mf' (Table 1). After day 11, size distributions did not 

show any appreciable changes in shape indicating particle size distributions in the tank 

system were in a stationary, if not steady, state. 

Although particle concaitrations based on solid equivalent diameter indicated that 

the size distributions could be fitted by a power law function (Fig. 2a), the slopes of the 

size distributions gradually increased from -2.70 on day 7 to -2.18 on day 11 (Table 1). 

This change indicated that the percentage of larger particles increased with time and that 

the system was not at steady state. 

Size distribution slopes for smaller particles (<9.5 /tm) measured with only the 

1(X) /xm orifice were different than slopes for the same particle sizes measured using the 

50 ^m orifice (data not shown). On days 7 and 8, these slopes from 100 

measurement were also inconsistent widi the data obtained by others using a single orifice 

with an Elzone particle counter (see JACKSON et al., 1995). As described in methods 

section, however, for each example we overlaid the two size distributions measured using 
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the 50 and 100 /xm orifices at 9.5 /xm to produce a single daily size distribution and 

consequently, this combined size distribution, rather than the distribution from 100 fitn 

orifice measurement, was reported in this study. As a result, the combined size 

distributions are consistent with other size spectrum collected for these days (JACKSON 

etal., 1995). 

The size distributions provided by the image analysis system (Fig. 2b) exhibited 

the same general pattern with time as those obtained from the Coulter counter. The 

concentrations of larger particles increased much faster than smaller ones, causing the 

slopes to increase from b=-l.n to -1.20 (Table 1), and after day 11 also indicated an 

essentially stationary size distribution. It should be noted that the size scale represented 

by average length given by the image analyzer did not directly match solid equivalent 

diameter given by the Coulter counter due to the fractal nature of the aggregates. As 

previously discussed, the average length of fractal aggregates can be much larger than 

their solid equivalent diameter as aggregates become bigger, since the length scale 

increase exponentially with the solid equivalent diameter. Consequently, the slopes of the 

size distributions from the two methods of measurement were found to be much different 

from each other. 

Particle Volume and Mass. Although only a small fraction of the complete size 

distributions of aU particles in the tank was measured, increases in the total solid particle 

volume measured using the Coulter counter reflected changes in biomass concentrations 

in the tank. Based on the data of Coulter particle counting in the range 2-50 /tm, an 
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exponential growth phase was found &om day 7 to day 10 with maximum specific growth 

rate of 0.7 d"' (Fig. 3). By day 11, the total particle volume in this size range was 

constant. A comparison with total dry mass analysis over this same period by 

ALLDREDGE et al. (1994) demonstrates that the two curves represented by different 

parameters were remarkably similar. 

Fractal Dimensions. From log-log regressions using Eq. 8, fractal dimensions 

were determined for particles between 20 and 200 based on average particle length. 

Fractal dimensions decreased with time, from 2.49±0.41 on day 7 to 1.68±0.08 on day 

12 (Fig. 4), indicating the average porosity of all particles became higher. Because 

aggregates normally have lower fractal dimensions than non-coagulated single particles, 

the change in fractal dimension also reflected that the proportion of aggregates increased 

with time in the tank. After day 12, the fractal dimension did not demonstrate any 

significant change. The magnitude of the final value of D=1.68 was close to the fractal 

dimensions of marine snow previously reported (LOGAN and WILKINSON, 1990). 

DISCUSSION 

Previous field investigations have suggested that aggregation commences at the 

termination of a phytoplankton bloom when nutrients are depleted (KRANK and 

MILLIGAN, 1988; ALLDREDGE and GOTSCHALK, 1989). However, our 

measurements demonstrate that the formation of microaggregates is not closely linked to 

nutrient limitation. From day 8 to day 11, the concentration of particles > 100 pim 
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(average length), many of which were phytoplankton aggregates, increased from 

undetectable levels (<10 ml"') to 487 ml'S while nutrients were still relatively enriched 

(ALLDREDGE et al., 1995). The decreasing values of D measured throughout the study 

also supports our observations on continuous aggregation in the tank. These results 

suggest that although large concentrations of marine snow-sized aggregates may be 

observed after loss of nutrients following a phytoplankton bloom, significant amounts of 

microaggregates can be produced prior to nutrient depletion. This finding in our 

mesocosm study agrees with previous observations of a natural diatom bloom in the North 

Sea where microaggregate (<0.5 mm) formation occurred prior to nutrient limitations 

(RIEBESELL, 1991). 

Using a dimensional analysis, HUNT (1982) predicated that, under shear 

dominated conditions, particle size distributions produced by coagulation would have a 

slope of -3, in terms of solid volume, at steady state. His analysis required the 

assumption of a dynamic steady state implying that there would be a continuous source 

of primary particles that coagulated through the size distribution to form aggregates 

removed through sedimentation. This predication was supported by slopes in the range 

of -3 (-2.7 to -3.4) of microaggregate-sized marine particles assumed to have been 

formed by shear coagulation (HUNT, 1980). However, slopes of -2.2 to -2.7 in our 

mesocosm suggest that Hunt's approach is inappropriate for our study. The fractal nature 

of aggregates formed in the tank accounted for part of the difference between the 

measured values and the predicated slopes (JIANG and LOGAN, 1991). Nevertheless, 
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the disagreement between this experiment and the prediction was more likely due to the 

fact that the experimoital mesocosm never achieved steady state, and that particles could 

not settle, two conditions which violated critical assumptions of the dimensional analysis. 

Changes in particle size distributions measured during days 7 to 13 in the 

mesocosm reflected the total production of phytoplankton and their aggregation in the 

mesocosm, but not all particles measured in the tank were associated with phytoplankton. 

According to either solid volume or dry mass, total biomass grew from day 7 to day 11 

with a doubling time of approximately 1 d (Fig. 3). Although seawater particles 

introduced into the system were assumed to be primarily single particles mainly in the 

form of phytoplankton, by day 7 many of the particles in the size range measured in this 

study were not phytoplankton or even associated with phytoplankton. The abundance of 

non-phytoplankton particles can be seen by comparing the size distribution of 

phytoplankton particles reported by ALLDREDGE et al. (1995), which include 

individual cells, chains, and phytoplankton in aggregates, with total particle 

concentrations measured with our image analysis system (Fig. 5). Most of the larger 

particles (36 to 288 fitn) were enriched with phytoplankton, but there was a large fraction 

of smaller particles (2 to 36 iim) that were not phytoplankton. By the end of the bloom 

on day 12, all particle concentrations had increased but only 10 to 25 % of particles in 

each of the 3 smaller size classes (<36 fim) were enriched in phytoplankton. This 

indicated a large fraction of particles in the tank were something other than 

phytoplankton. These non-phytoplankton particles likely consisted of bacteria and 
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material that is usually unidentifiable and therefore classified as detritus. Non-

phytoplankton particles also likely included TEP particles that have been found to be 

important in driving coagulation in the mesocosm and other systems (PASSOW and 

ALLDREDGE, 1995; LOGAN et al., 1995). Since we used high concentrations of 

acridine orange to stain all particles, TEP particles were included in total image analysis 

particle counts due to the absorption of acridine orange by TEP and other particles 

enmeshed in TEP. 

Fractal Dimensions. Analysis of fractal dimensions demonstrated that 

microaggr^ate-sized particles ^0-200 /tm) in the mesocosm were fractal. However, the 

magnitude of fractal dimension decreased significantly from 2.49 on day 7 to 1.68 on day 

12 (Fig. 4). Although several tank characteristics such as shear rate and particle 

concentrations changed with time, and this might have produced some variation in fractal 

dimensions, a more likely explanation for the decrease in D is that the fractal dimensions 

reported in this work describe the average properties of all particles in the tank and not 

just aggregates. Since it was impossible using our methods to distinguish aggregates from 

other non-coagulated particles in the water colunm, some particles analyzed in the size 

range were not fiactal aggregates, but solid primary particles with a Euclidean structure 

(D=3). The inoculum used for the mesocosm likely contained few aggregates and by day 

7 the average of D=2.49 was only slightly less than 3. As coagulation proceeded in the 

tank, the coagulation of particles in the tank increased the proportion of firactal aggregates 

causing the average fractal dimension of all particles to decrease. Therefore, the overall 
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fractal dimension not only described the fractal nature of the particles, but also indirectly 

provided an indication of the extent of coagulation in the tank. 

The PCT approach used here to calculate fractal dimensions does not directly 

measure a fractal dimension for a single particle. Instead, it is a fitting parameter that 

resolves observed properties (size and mass) of the whole ensemble of suspended 

particles. It is similar to the approach used by JACKSON et al. (199S) in that both 

methods use D to resolve differences between particle size and mass spectra in the tank 

at any given time. It is different from the JACKSON et al. approach, however, in that 

JACKSON et al. compared particle spectra of different populations (sizes) of particles, 

while in this study the same population of particles was studied using two different 

particle counting techniques. This difference in approaches probably accounts for 

differences in fractal dimensions between the two studies. 

The final fractal dimension of 1.68 calculated in this study at the end of the 

phytoplankton bloom is close to values previously reported for much larger particles of 

marine snow. LOGAN and WILKINSON (1990) calculated = 1.39 ± 0,15 from size 

and porosity data and D = 1.26 ± 0.06 from settling velocity data for general marine 

snow, and D = 1.52 + 0.19 from size and porosity data for diatom-typed marine snow. 

Several factors contribute to differences between fractal dimensions determined in this and 

previous studies. First, particle size (<200 ^m) examined here are smaller than the size 

range of marine snow (>500 fim), and other investigators have noticed that fractal 

dimension of aggregates produced by shear coagulation may vary considerably with size 
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(LI and GANCZARCZYK, 1989b; JIANG and LOGAN, submitted). Second, previous 

calculations of fractal dimensions from settling velocity data may have underestimated 

fractal dimensions (KILPS et al., 1994). LOGAN and WILKINSON (1990) made an 

assumption in their calculations that aggregate settling velocities obeyed Stokes Law. 

This assumption was recognized as a limitation, however, since drag coefficients could 

not be derived firom in-situ settling velocities for marine snow aggregates (ALLDREDGE 

and GOTSCHALK, 1988). 

Another reason for differences in fractal dimensions in different studies is the 

definition of length scale. In this study we used average particle length, while some other 

studies have used maximum length. Due to the highly amorphous shapes of aggregates, 

fractal dimensions may have some variation with different types of length scales. The 

rdationship betweoi a fiactal dimension based on average length , defined as D(IJ, and 

D(l„) based on maximum /„, can be seen by taking the derivative of Eq. 8, either in terms 

of 4 as: 

(ilog(vJ 

rflog(/„) 

or in terms of L as: 

fi^log(vJ 
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From these two equations, we can write the equality 

LXl,) _ dXo l̂J 

D{IJ ' d\og{l,) 

In this study, we found that the slopes of log(l̂  ) vs. logO  ̂) for days 8 to 13 varied from 

1.01 to 1.17 with a average of 1.10, meaiangdlog(l„)/dlog(lJ = 1.1. Therefore, fractal 

dimensions based on average length would be 10% lower if maximum length had been 

used. 

In conclusion, the decrease of the average fractal dimension of particles 20 to 200 

/tm in length from 2.49 to 1.68 (between days 7 and 12) indicates that, on average, 

particles in the tank became more fractal as coagulation proceeded in the tank. Although 

marine snow-sized aggregates can be classified as phytoplankton-marine snow as a result 

of a large number of phytoplankton cells in the aggregate, our study suggests that smaller 

particles are also coagulating and become progressively more fractal, eventually reaching 

values similar to that of marine snow. The inclusion of these smaller fractal particles into 

larger aggregates likely helps explain the low fractal dimensions of marine snow. 
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Table 1; Summary of Particle Counting. Particle sizes represented by solid equivalent 

diameter are much smaller than their average length due to the fractal nature of 

aggregates. 

G)ulter Measurement Image Analysis 

Time Particle Counts (ml'̂ ) Particle Counts (ml'̂ ) 

(day) 
>2 

d, <50 (fun) 

>4 >10 >20 
Slope 

>4 

I <300 

>10 
Oan) 

>30 >100 
Slope 

7 25058 5191 484 56 -2.70 5064 1092 377 <10 -1.77 
8 34710 11866 962 152 -2.58 6529 2731 1043 <10 -1.67 
9 44634 17087 2409 441 -2.32 6877 2532 1038 36 -1.63 
10 53435 23379 ism 623 -2.25 9963 4568 2085 152 -1.40 
11 64600 25538 3599 846 -2.18 13257 7001 3773 487 -1.25 
12 64587 25570 3989 809 -2.19 13356 7348 3689 745 -1.21 
13 60541 23812 4384 817 -2.20 14498 6603 3575 688 -1.20 
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FIGURE LEGENDS 

Fig. I. Relationship between average length and solid equivalent diameter of 

particles. The example shown is between fractal (D=2) and non-fractal 

objects (D=3). 

Fig. 2. Cumulative particle size distributions during the phytoplankton bloom in 

the mesocosm: (a) in terms of solid equivalent diameter obtained using the 

Coulter counter; (b) in terms of average length obtained using the image 

analyzer. 

Fig. 3. Total solid volume of particles in the size range of 2^ ^,^50 /tm (Coulter 

counter data from this study) and total particulate dry mass (data from 

ALLDREDGE et al., 1994) in the mesocosm. 

Fig. 4. Average fractal dimensions for all particles in the size range of 20-200 fim 

(average length) in the mesocosm. 

Fig. 5. Abundance of phytoplankton (data from ALLDREDGE et al., 1995) and 

non-phytoplankton particles (image analyzer data from this study) in 

different size classes on days 7 and 12. 
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Fig. 2 

SoUd Equivalent Diameter (̂ m) 

Average Lengtli (imi) 



132 

Fig. 3 
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Fig. 5 
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Abstract 

Particles 3 to 300 fim (average length) in seawater include single cells, solid 

particles (such as fecal pellets), and a mixture of water column debris all of which can be 

present within an aggr^ate. While macroscopic marine snow-sized aggregates >0.5 mm 

in average diamet^ have been shown to firactal, relatively less is known about the average 

characteristics of smaller particles. We calculated the fractal dimensions of microscopic 

particles IS to 2(X) urn in length through simultaneous measurements of particle size 

distributions as a function of solid equivalent diameter (from solid volumes measured 

using a Coulter Counter) and average length (from image analysis of acridine-orange 

stained filtered particles). Particle size distributions were measured at two eastern Pacific 

coastal areas, one in Monterey Bay, CA and another in East Sound, WA. Average fractal 

dimensions of particles indicated that D was highest in East Sound {D=2.59±0.17) 

during a phytoplankton bloom that did not appear to be aggr^ating, and lowest at one site 

in Monterey Bay (P=L77±0.34) where old diatom floes and marine snow-sized 

aggregates were observed. Our subjective assessment of the importance of aggregate 

formation at these sites, based on diving and microscopic observations, indicated that 

aggregates were more abundant at sites with low firactal dimensions. Models of aggregate 

formation have suggested that particle coagulation is dominated by either cell-cell 

collisions or coagulation of transparent exopolymer particles (TEP). The lowest fractal 

dimensions (D <2) were measured at the site with the highest concentrations of TEP, but 

D was not related to either total particle concentrations or chlorophyll a. These findings 
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therefore provide additional support for the TEP aggregation hypothesis in Pacific coastal 

waters. 
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Introduction 

Large aggregates (>0.S mm) in marine systems, collectively known as marine 

snow, have been shown to be fractal using several different approaches. Three 

dimensional fiactal dimensions, D, range &om 1.39±0.15 (all types of marine snow) to 

1.52 ±0.19 (diatom aggregates) based on aggregate properties such as size and porosity 

(Logan and Wilkinson, 1990). When D<2 the fractal dimension of the three-

dimensional object imbedded in two-dimensions, Dj, is equal to D. Based on this 

assumption that D=D2, f^tal dimensions of marine snow aggregates ranging in size 

from 1-60 mm were calculated using in-situ photographs to range from 1.28±0.11 for 

aggregates containing large amounts of miscellaneous debris to 1.86±0.13 for large 

diatom aggregates (Kilps et al., 1994). When combined into a single group, 

D=1.72±0.07. Thus, there is good agreement using these different techniques that D <2 

for marine snow-sized particles. 

There is relatively less known about fractal dimensions of particles smaller than 

marine snow. Solid particles such as individual phytoplankton cells should have fractal 

dimensions close to three based on comparison to Euclidean objects such as cubes and 

spheres. Aggregates formed from coagulation of these particles and debris in the water 

column could have lower fractal dimensions, but if this occurs it is not obvious a priori 

at what size range the transition would occur from higher to lower fractal dimensions. A 

range of particle types must also be considered since less than half of the particulate 

organic carbon in seawater may be associated with living materials (Sheldon et al., 1972). 
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^thin the size range typical of phytoplankton, non-living particles are a mixture of non-

aggregated (i.e. fecal pellets) and aggregated debris. Even under conditions when the 

number of unattached cells can become large, for example during a phytoplankton bloom, 

viable cells may only account for a small fraction of particles. During a diatom bloom 

in a laboratory mesocosm (a relatively well controlled environment with little allocthonous 

material) diatoms accounted for only 15% to 30% of total particles in the size range of 

9 to 70 Atm (Li and Logan, 1995). 

Average fractal dimensions of smaller (<300 nm) particles have been inferred, 

but not directly measured, by the analysis of size distributions. Fractal dimensions 

calculated using these methods vary over a relatively wide range of 1.5 to >3 and it is 

not clear if it is the method or characteristics of the particles that cause this wide variation 

in D. Early estimates of D made from size distributions reported in the literature for 

particles > 2 ftm produced estimates of D fiom 1.61 to 3.75 based on the assumption that 

marine systems could be analyzed as steady state size distributions (Jiang and Logan, 

1991). D values consistently lower than 3 have been produced in more recent studies. 

During a phytoplankton bloom in a laboratory mesocosm a fractal dimension of 2.3 was 

derived by matching the size spectra obtained with particle counters for smaller (20 to 300 

^m) particles with those for larger (~0.1 to 10 mm) particles obtained using in-situ 

photographic and imaging systems (Jackson et al., 1995). An analysis of particles over 

a more restrictive size range of 20 to 200 /im in the mesocosm indicated that the average 

fractal dimension decreased from 2.49 at the start of the experiment, to 1.68 at the end 
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of the experiment coincident with the appearance of a large concentration (>10^ T') of 

marine snow sized particles (>0.5 mm). 

In the present study, we report the first measurements of the average fractal 

dimensions of naturally occurring small particles (size range of 15 to 200 ^m) using a 

recently developed particle concentration technique (PCT). The fractal dimensions of 

particles were made on samples taken at various depths over several days at two eastern 

pacific coastal areas, one in Monterey Bay, CA and another in East Sound, WA. We 

compared our calculated values of D with subjective assessments of large aggregate (by 

divers) and smaller aggregate (3 to 300 ^m) abundances to determine whether lower 

values of D (more fractal particles) were consistent with higher concentrations of 

amorphous particles, lliese field investigations were part of a multi-investigator program 

called SIGMA (Significant Interactions Governing Marine Aggregation) set up to study 

the developmoit and fate of natural phytoplankton blooms. It has been shown in several 

systems (freshwater, seawater and mesocosms) that the rapid formation of diatom 

aggregates is driven by the coagulation of nearly invisible polysaccharide-rich particles 

called transparent exopolymer particles (TEP) (AUdredge et al., 1993). Other theories 

suggest aggregates form in proportion to phytoplankton concentration (Jackson, 1990). 

In order to interpret our results within the context of factors potentially affecting particle 

aggregation, we compared the average fractal dimensions of small particles to the 

concentrations of TEP, chlorophyll a, and total particles at these sites. 
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Materials and methods 

Study sites and sampling - Field investigations were conducted in two pacific 

coastal areas, one in Monterey Bay, CA and another in East Sound, WA. In Monterey 

Bay, samples were taken from two sites, one -2 miles from land (MBl) that was subject 

to considerable near-shore wave processes, and one 8 miles from land (MB2) which was 

more ^cal of an open-water site. In East Sound (ES), all samples were taken at a single 

location in the center of a small bay (sqiproximately 2 miles wide and 8 miles long) where 

the wat^ was generally calm. The locations and dates of our field investigations and the 

descriptions of the three sampling sites were summarized in Table 1. An assessment of 

site conditions relative to aggregate abundance at these sites is based on in-situ 

observations made by experienced divers (A.L. AUdredge and C. Gotschalk, University 

of California, Santa Barbara, personal communication). 

Bulk water samples were collected each morning (7-9 am) at various depths using 

30 liter Niskin bottles deployed from the ships. Monterey Bay samples were analyzed 

immediately in the laboratory on board the RV Sproul. East Sound samples were brought 

back to the laboratory located on Friday Harbor Island and were analyzed within I hour. 

Concentrations of chlorophyll a in seawater were measured by standard 

fluorometric methods (Parsons et al., 1984) using a Turner Model 111 fluorometer. TEP 

concentrations were measured using a new spectrophotometric technique (Passow and 

AUdredge, 1995a). Briefly, seawater samples were gently filtered, stained with alcian 

blue,.and the filters soaked in 80% sulfuric acid for 2-3 hours to re-solubilize adsorbed 
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dye. The amount of dye was measured by absorbance at 787 nm after substraction of a 

blank. Colloidal gum xanthan particles were used as a calibration standard. TEP have 

been found to range from 50 to 3S0 fig 1*' (xanthan equivalents) in coastal Pacific surface 

waters, with higher concentrations (>271 fig 1'̂ ) associated with flocculating diatom 

blooms (Passow and AUdredge, 1995a). 

Particle distributions were measured either as solid volume distributions using a 

particle counter (Coulter Multisizer n, Coulter Corp.) or as size distributions using an 

image analysis (Scanarray-2, Galai). Details of the procedures have been described 

elsewhere (Li and Logan, 1995). Briefly, particle solid volumes, v„ are measured and 

converted to solid equivalent diameters, d„ using d^=(6vjTt)^^. Volume distributions 

were measured using orifices with two different diameters (100 and 400 /xm) providing 

size ranges of 2.4<</,<60 fim and 12<i4<240 fitn, respectively. Data from the two 

orifices (2 to 3 measurements per sample) were combined into a single size distribution 

by overlaying the distributions. This resulted in data being used from the 100 fim orifice 

for 2.9<d^< 19 nm and 19< J,<200 (im fixjm the 400 nm orifice. Sample volumes used 

for analysis produced a minimum measurable particle concentrations of 0.01 ml'̂  in 

Monterey Bay and 0.05 ml"' in East Sound for the largest particles. 

To prepare samples for analysis using the image analysis system, seawater samples 

(15 ml in Monterey Bay and 10 ml in East Sound) were filtered onto 1.0 /xm (pore 

diameter) black polycarbonate membrane filters (25 mm diameter, Poretics Corp.) and 

stained in the funnel with acridine orange. Samples were illuminated with blue light (BH-
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2, Olympus Corp.) and analyzed using the system software for particle number and area. 

Projected area A was converted to length I using l=(4A/n)^. Fifty fields (equivalent to 

1/5 sample filtration area) were analyzed at 100 x for each sample, resulting in a 

measurable size range of 7-300 ^m and minimum particle concentrations for the largest 

particles of 0.3 ml*' in Monterey Bay and 0.5 ml*' in East Sound. 

Fractal dimensions using the PCT. Fractal dimensions of particles were calculated 

using the particle concentration technique (PCT) previously described (Li and Logan, 

1995). The PCT is more widely applicable than the 'two slope" method (Logan and Kilps, 

1995; Jiang and Logan, 1996) since the PCT can be applied to curved size distributions. 

Briefly, the PCT method requires that the same population of particles be described in 

terms of solid volume (or solid equivalent diameter) and length which can be 

accomplished using two different instruments. According to fractal geometry, these 

properties are related by 

V, = (1) 

where a is a constant that can be a function of the fractal dimension (Jiang and Logan, 

1991). Based on our definition of v,=7rd,'/6 , we can similarly write 

(2) 

where b is a new constant. 

Two typical size distributions of the same sample are shown in Fig. lA. These 
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distributions are presented in terms of and N(/), where N is the total number 

concentration of particles greater than the indicated size. Because the Coulter counter 

measures the solid volume of a particle, d, is a measure of the size of the particle if all the 

water in the particle were removed (i.e. if the particle had a porosity of 0); therefore 

d, < /. Based on the PCT assumption that we are measuring the same population of 

particles the cumulative particle concentrations in terms of solid volume and length are 

equal, or 

Eq. 3 allows us to identify which particle solid volume (or diameter) measured with the 

particle counter matches the length measured using the image analysis system. In other 

words, at any particle concentration where N(J,) =N(0, 4 corresponds to /. For 

example, in Fig. lA we see that at a particle concentration of N=30 ml"', a particle with 

a solid diameter of d,=54 /tm will have an equivalent length of /»76 /xm. 

To calculate the D we take the logarithms of both sides of eq. 2, producing the 

linear equation 

(3) 

(4) 

D can be calculated from the slope in eq. 4 from a linear regression of a matched set of 

I versus d, data produced over a wide range of I. 

Due to the large number of data sets, calculation of D was performed using a 
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spreadsheet (Quattro-Pro v.5.0) macro program. The macro began by comparing the 

highest count for the N(l) distribution with those from the N(dJ distribution to search for 

the number N(d^ which was closest to N(l). On this basis, the first pair of d, and I were 

identified. The macro then used successive particle numba concentrations, N(l), sq)arated 

into length scale intervals of Alog(l) = 0.047, each time identifying a particle 

concoitration N(dJ closest to N(l). This produced a series of d^ versus / data such as the 

one shown in Fig. IB. In order to minimize the errors arising from the least accurate 

portions of the data sets (at the two extremes of the sizes) the first five and the last three 

data pairs were usually omitted fix)m the r^ression analysis. Thus the fractal dimensions 

calculated from our data typically apply to particles 15-200 /tm in length. 

An exact match of d, and 1 is not necessary as long as the slopes of size 

distributions are constant since only the slope of the paired data sets are used to calculate 

D. It is more important that values be accurately paired when the size distributions are 

curved. The effect of curved distributions on the calculation of D is usually small, as 

shown in Fig. 1. At particle sizes / of 50 to 80 ^m, the sudden change in slope in Fig. 

lA did not produce substantial deviations in the slopes used to calculate D as shown in 

Fig. IB. Since most of the data were obtained from constant slope portions of the data, 

there is litfle contribution of this curved portion of the data to the overall calculation of 

D. 

Fractal dimensions using other techniques. We compared our results using the 

PCT to two other methods: a method assuming the particle size distributions are at steady 
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state, and the two slope method. If a size distribution undergoing coagulation reaches a 

steady condition where the slope of the size distribution is constant, then the fractal 

dimension can be calculated from either a length distribution (Jiang and Logan, 1991) as 

Di (iSS) = -2S[ -  3 (5) 

or from the solid equivalent diameter distribution as 

= 5  ̂ (« 

where S, and are the slopes of cumulative particle concentration obtained from log-log 

plots of N as a function of 1 or d,, and D, and are the corresponding fractal dimensions. 

When size distributions for the same population of particles are measured in terms of 

length and solid equivalent diameter, the fractal dimension can be calculate from the two 

slopes (Logan and Kilps, 199S; Jiang and Logan, 1996) as 

Results 

Concentration Profiles. Particle concentrations varied by orders-of-magnitude at 

some sites, but generally were highest at Monterey Bay Site 1 (MBl) and lowest at 

Monterey Bay Site 2 (MBl). Average particle concentrations (±SD) measured with the 
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Coult^ counter (binned into three size classes) are shown as a function of depth in Fig. 

2 for the entire study period. Total particle concentration for all particles (2.9 < </, < 2(X) 

fiwi) at MBl varied widely fiom 4,500 to 27,400 ml*^ (average of 15,900 ml '). At MB2 

total particle counts were generally lower than those at MBl, ranging from 2,500 to 7,600 

ml** (average of 5,100 mt'). While MBl had more smaller particles (> 2.9 ^tm) than 

MB2, the opposite was true for the larger particles (> 84.5 fim). 

Total particle concentrations in East Sound ranged from 4,600 to 16,200 ml'* with 

an average of 10,400 ml*'. Particle counts in these three size classes decreased only 

slightly with depth. Compared to the particle profiles in Monterey Bay, concentrations 

of larger particles (>84.5 ^m) in East Sound were higher in surface waters. In general, 

there appeared to be less variations in particle concentrations in East Sound than in 

Monterey Bay despite the longer study period in East Bay. 

Fractal dimensions. Slopes of the size distributions produced with the Coulter 

counter were not constant over time and were highest at the Monterey Bay sites. Slopes 

ranged from -2.8 to -3.8 (average of -3.33±0.48) at MBl, and from -2.3 to -2.9 (average 

of -2.59 ±0,26) at MB2 (Table 2). In East Sound, the slopes were lower and less variable, 

ranging from -2.2 to -2.8 (average of -2.49±0.27). When combined with data from the 

image analysis system, the slopes of the two size distributions produced lower fractal 

dimensions of particles at the Monterey Bay sites than in East Bay (Table 2). Daily 

average fractal dimensions of all particles 15 to 2(X) /xm in length are shown in Fig. 3. We 

found no significant change in D with depth at the three sites. Average fractal dimensions 
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calculated using the PCT were lower at the two Monterey Bay sites with 1.77+0.34 

(range 1.1 to 2.5) at MBI and 2.12±0.16 (range 1.9 to 2.5) at MB2. Fractal dimensions 

were significantly higher in East Sound waters than in eitho^ MBl or MB2 samples (t-test, 

P<0.(X)1), ranging firom 2.2 to 2.9 with an average of 2.59±0.13. 

On average, fractal dimensions calculated using the two-slope technique were 

similar to those calculated using the PCT at the East Sound and MBl sites (Table 2). The 

firactal dimension of D(TS)=1.71 ±0.22 at MB2, however, was smaller by more than one 

standard deviation than that of D=2.12±0.13 calculated using the PCT. Fractal 

dimensions calculated assuming the size distributions represented a coagulating system 

that was at steady state varied over an impossible range of Di(SS)= -0.01 to 

Dd(SS)=5.35. The lack of meaningful fractal dimensions (and their wide variation) 

indicates that these sites could not be considered as coagulating systems at steady state. 

TEP and chlorophyll a in surface waters (̂ 10 m). Since only surface waters were 

analyzed for TEP and chlorophyll a, average fractal dimensions were recalculated based 

only on the surface water samples. D values for surface waters were not different (±SD) 

than those produced by averaging all samples over the whole water column (Table 3). 

In Monterey Bay, TEP concentrations were nearly 70% higher on average at MB2 

(176±95 /4g r^) where divers observed a larger concentration of macroscopic aggregates, 

than at MBl (104±24 /xg 1'*) where there were relatively fewer aggregates observed. 

Similarly, chlorophyll a concentrations were higher at MBl (6.1 ±2.2 ng 1"') than at MB2 

(2.4±0.9 ng r'). 
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Chlorophyll a concentrations in the East Sound (8.2±6.0 /xg 1"') were on average 

only slightly higher than those from the Monterey Bay sites, but they steadily increased 

during the last 9 days of our field study (April 16 to 24) in East Sound by nearly an order 

of magnitude from 2.3 ng T' to 22 ^g 1^ (Fig. 4). This increase in chlorophyll a was 

attributed primarily to the bloom of the Thalassiosira sp. TEP concentrations in East 

Sound (89 ±24 /ig T') were the lowest among the three study sites despite having the 

highest concentrations of chlorophyll a. Since microscopic particles at this site also had 

the highest fractal dimension, this suggests that TEP concentration and D are inversely 

related. 

Discussion 

Fractal dimensions significantly less than three demonstrate the fractal nature of 

the total population of small marine particles (15-2(X) nm in length). Since the fractal 

dimension of an amorphous aggregate is lower than that of a solid particle, such as a 

single diatom, the magnitude of the average fractal dimension for this size range of 

particles indicates whether or not a majority of the particles in this size range are 

amorphous particles formed by coagulation. Based on fractal dimensions of particles 

measured in a mesocosm study, we previously proposed that the av^ge fiactal dimension 

reflected the aggregation state of a phytoplankton bloom (Li and Logan, 1995). In the 

mesocosm experiment the average fractal dimension decreased from D=2.5, at the 

beginning of the phytoplankton bloom, to D=1.7 (typical of marine snow) when 
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aggregates were highly abundant at the end of the bloom. The magnitude of D was 

therefore consistent with the observed abundances of larger aggregates in water samples. 

A comparison of the mesocosm experiment with the East Sound data (D=2.59 ±0.13) 

suggests that the sampling site in East Sound was either a non-coagulating system or it 

was coagulating very slowly. It may be that the phytoplankton bloom in the East Sound 

eventually coagulated at a time after our study was concluded. 

In contrast to East Sound results, in Monterey Bay the fractal dimensions of small 

particles at MBl averaged 1.77 (range 1.1 to 2.5). These values are close to Z)=1.7 

measured in the mesocosm experiment for similarly-sized particles after the phytoplankton 

bloom coagulated, and are in the range of values reported for larger marine snow 

aggregates (Logan and Wilkinson, 1990; Kilps et al., 1994). This comparison suggests 

that many of the particles present in the smaller size range of 15 to 200 ^m at MBl were 

formed by coagiilation. These measurements of D at these sites indicate that there is no 

sudden shift in the fractal nature of particles as the size changes from the smaller range 

to the larger size range. Low fractal dimensions were found for smaller particles under 

conditions where we observed higher concentrations of marine snow, and higher fractal 

dimensions w^ typical of sites where there were few marine snow aggregates and likely 

slower aggregation rates. 

The sampling and analysis procedures we used may have affected the measured 

particle size distributions, but the PCT method of calculating D was still accurate even 

if there were changes in the size distributions. The transport of water samples from the 
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site to the laboratory can induce particle breakup, but because fractal aggregates are self-

similar the fractal dimension of an aggregate will be preserved even if the size of the 

aggregate changes. Filtering particles onto a surface could also affect the apparent length 

of some portions of amorphous particles, but we used an average length based on the 

whole cross sectional area of the particle which minimizes the contribution of any portion 

of the aggregate to the overall size. It is possible that measured using the Coulter 

Counter could be inaccurate due to breakup in the orifice or inaccurate translation of 

measured resistance to solid volume. Breakup is generally thought to be minimized when 

particle sizes are less than 50% of the orifice size. We only used data for particle sizes 

with £(,<100 ftm (/<200 ^m), a range well within the 50% criterion for the 400-/tm 

orifice used here. In addition, D is calculated from many data relating d, and /, and 

therefore most of the data used to calculate/? were for particles substantially smaller than 

the orifice. An analysis by Jackson et al. (1995) indicates that measured by resistance 

particle counters is relatively accurate (<25% error). Even if our estimates of v, or d, 

were slightly inaccurate, the calculation of D was still accurate in linear portions of the 

size distribution where most of our data were takoi to calculate D as shown in Fig. 1. The 

best evidence that sampling did not affect fractal dimensions is the consistent relationship 

between D and amorphous particles at the three sampling locations. Fractal dimensions 

of particles measured using the PCT in Monterey Bay are within the same range measured 

for marine snow particles using different techniques, and high values of D in East Sound 

are consistent with decreased aggregate abundances. 
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The magnitude of the fractal dimensions calculated using the PCT are consistent 

with our subjective evaluation of aggregate abundances, indicating that these fractal 

dimension D is not just a random number generated from mathematical manipulation of 

size distributions. Large aggregate concentrations, evaluated by divers with extensive 

experience in sampling marine snow, indicated that macroscopic aggregate concentrations 

decreased in the order MBl > MB2> ES. This ordering was supported by our observations 

of acridine orange-stained slides because the fewest micro-aggregates were present in East 

Bay samples. As the fractal dimension increases particles become more spherical less 

tenuous and amorphous in appearance (Witten and Gates, 1986; Kilps et al., 1995). This 

ordering suggested by increasing concentrations of micro and macro aggregates is 

therefore consistent with the ordering for fractal dimensions MBl <MB2 <ES. 

The importance of particle aggregation in defining die size spectra of particles at 

a site is usually inferred from the presence of marine snow. High aggregate abundances 

can not be simply predicted just from high total particle concentrations at a site. While 

aggregate abundances decreased in the order MBl >MB2>ES, particle concentrations 

decreased in the order MB1>ES>MB2 (15,900 particles ml'̂ > 10,400 particles ml' 

>5,100 particles ml'S respectively) indicating aggregate abundances did not covary with 

total particle concentrations. Chlorophyll a concentrations were similarly not consistent 

with our ranking of the importance of aggregation in the system according to large 

aggregate abundances. Although we measured higher chlorophyll a concentrations in East 

Sound than in Monterey Bay, there was little evidence of particle aggregation in East 
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Sound as shown by low aggr^ate abundances and consistently high fractal dimensions of 

smaller particles during the 10 day study. Thus, neither chlorophyll a or total particle 

concentrations were predictors of active aggregation at these sites. 

If particle concentration is not a determining factor in the presence of aggregates 

at a site, what is? The critical fiactor is likely the efficiency of particle collisions, or 

particle stickiness. Fractal dimoisions of aggr^ates formed by Brownian motion (Witten 

and Gates, 1986) and shear coagulation (Li and Logan, 1996) when all particles are 

destabilized (sticky) are lower than those formed more slowly with more stable (less 

sticky) particles. Thus, low fractal dimensions result from rapid coagulation which can 

only occur if particles readily stick to one another. If particles are not sticky, even high 

concentrations of particles will not produce rapid aggregation. Recent studies have 

suggested that aggregation of diatom blooms in Pacific waters proceeds at a rate 

dependent more on the concentration of TEP than on the concentrations of phytoplankton 

and other particles (AUdredge et al., 1993; Logan et al., 1995). TEP are formed from 

polysaccharide exopolymers excreted by phytoplankton and bacteria. These 

polysaccharide materials are referred to as bioflocculants because they enhance particle 

aggregation kinetics (Bar-Or and Shilo, 1987; Bender, 1994), Thus, TEP is likely a more 

critical factor for whether rapid aggregation occurs at a site. TEP either makes particles 

at a site sticky (Jackson, 1995), or the TEP themselves coagulate and sweep other 

particles from the water colunm in a manner less dependent on the concentration of 

particles. Since the particle concentrations in marine environments are normally too low 
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(even during a phytoplankton bloom) to produce massive marine snow aggregates from 

cell-cell collisions on time scales of days (as reported by Alldredge and Gotschalk, 1989 

and Rid)esell, 1991), the presence of high concentrations of TEP that coagulate with each 

other may be critical to the rapid formation of large aggregates (Passow et al., 1994; 

Passow and Alldredge, 1995b; Logan et al., 1995). 

On a comparative basis, higher TEP concentrations should indicate a greater 

possibility for particle aggregation, and therefore result in a greater proportion of 

aggr^ated particles in the water column, while lower TEP concentrations would suggest 

that particles in the system are aggregating very slowly. When TEP data in the current 

study is combined with previous data from a laboratory mesocosm experiment, we see 

that TEP concentrations and D are consistent with our assessment of the relative 

contribution of aggregation to particle size distributions. At Monterey Bay site MBl, 

where a numb^ of aggregates were observed, the mean fractal dimension was as low as 

1.77, indicating the high fraction of aggregates. The relatively low concentration of TEP 

(104 /ig/l) suggests little continued potential, however, for further particle aggregation. 

In East Sound, the fractal dimension was greater than 2.5, but TEP abundance was so low 

(89 fig/l) that it was unlikely many particles were being product by aggregation. In the 

mesocosm experiment, the fractal dimension was as low as 1.7 and when TEP 

concentrations were higher than 350 /ig/1, aggregation occurred rapidly (Li and Logan, 

1995; Alldredge et al., 1995; Passow and Alldredge, 1995b). Thus, sites having high 

TEP concentrations will either already have particles with low average fractal 
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dimensions, or have the potential to aggregate and could soon produce aggregated 

particles. 

This assessment of the importance of aggregation based on the average fractal 

dimensions and TEP is obviously a simplified approach. There are many factors affecting 

the absolute rates of aggregation such as the shape and sizes of particles forming the 

aggregate, fluid shear rate, particle concentration, the size of primary phytoplankton 

species, particle stickiness, and disaggregation (Jackson 1990, 1995; Logan et al., 1995). 

Moreover, the presence of TEP also may not be sufficient to explain the aggregation of 

all phytoplankton blooms since not all species of phytoplankton stick to TEP (Ki0rboe and 

Hansen, 1993; Passow and AUdredge, 1995a). Despite the complex nature of aggregation 

kinetics and marine environments, our results suggest that for eastern Pacific coastal 

waters the potential for aggr^ate formation is consistent with the magnitude of the fractal 

dimension and TEP concentrations. 
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Table 1. Locations, dates and site depths of the field investigations, and qualitative 

assessment of aggregation at three different study sites. 

Site Cruise Date Depth 
(m) 

Aggregation assessment 
based on diver observations* 

Monterey Bay- MBl 
{WSS' N, 121 "Sd' W) 

July 23-28, 31, 
1993 

-25 High concentration of large (up 
to several cm) diatom flocs; 
floes appeared old. 

Monterey Bay- MB2 
(Se^SO N, 121 "54' W) 

July 29, 30, 
1993 

-55 Some marine snow-sized flocs, 
aldiough relatively less than at 
MBl. 

East Sound 
(48°40' N, 122*'54' W) 

April 14-24, 
1994 

-25 Water appeared green due to a 
phytoplankton bloom, but few 
aggregates observed relative to 
both MBl and MB2. 

* A.L. Alldredg  ̂and C. Gotschalk (Personal communication). Old floes are characterized on the 
basis of having a (as 0{^)0sed to green or brown) color, few identifiable viable particles, eroded 
fecal pellets, and a highly amorphous appearance (Alldredge and Gotschalk, 1990). 
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Table 2. Fractal dimensions measured from the average slopes of particle size distributions 

using different techniques (SS=steady state-one slope, TS=two slope, and PCT=particle 

concentration technique). 

Average Slopes Fractal dimensions 
Site 

-s, -Sa D,(SS) Di(SS) D(TS) D(PCT) 

Monterey Bay-1 1.83 ±0.25 3.33 ±0.48 0.66 ±0.49 2.61 ±0.58 1.67±0.28 1.77 ±0.34 

Monterey Bay-2 1.49±0.14 2.59±0.26 -0.01 ±0.27 4.02 ±0.54 1.71 ±0.22 2.12 ±0.16 

East Sound 1.96±0.23 2.49±0.27 0.93 ±0.46 5.35 ±2.33 2.42 ±0.18 2.59 ±0.17 
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Table 3. Compaiisoti of site characterisics of sur£u» waters (< 10 m) in terms of 

average fractal dimension and concentrations of TEP and chlorophyll a. 

Site N(>2.9/un) 
(#/inl) 

TEP 
Oigl-') 

Chlorophyl a 
Oigl-') 

Fractal 
Dimension, D 

Monterey Bay-1 15,900± 1,300 104±24 6.1 ±2.2 1.82 ±0.15 

Monterey Bay-2 5,100±500 176±9S 2.4±0.9 2.05 ±0.05 

East Sound 10,400±1,600 89 ±24 8.2 ±6.0 2.54±0.13 
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Table 4. Potential for aggregate formation simimarized as a function of average fractal 

dimensions (D) and TEP concentrations based on aggregate abundances at the sites 

rqx>rted and observations of aggregate formation in a mesocosm reported in Li and 

Logan (1995). 

Low TEP G)ncentratioa High TEP Concentrations 

Low D 

Futicles an dominated by old broken 
floes, high aggregate fncdon; low 
potential of aggregation. 

/Site 1 in Monterey Bay\ 

Particles are dominated by fresh floes, 
high aggregate fraction; aggregation is 
in progress or nearly over. 

[Mesocosm eiqierimait] 

HighZ) 
Particles are dominated by single 
particles; low potential of aggregation. 

[East Sound] 

Puticles are currently dominated by 
single particles; bloom likely in 
progress that will likely aggregate. 
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Figure Legends 

Fig. 1. (A) Cumulative particle size distributions in terms of solid equivalent 

diameter (</,) measured using a Coulter counter and equivalent length (/) 

measured using an image analysis system; (B) The relationship between 

d, and / established using the particle concentration technique (PCT). This 

sample was taken &om the sur&ce water in East Sound on April 21, 1994. 

Fig. 2. Vertical profiles of particle concentrations in Monterey Bay, CA (•: Site 

1; •: Site 2) and East Sound, WA (•) averaged over the entire sampling 

period. Particles were measured using a Coulter counter and particle size 

is represented in terms of solid equivalent diameter (d^. Particles are 

grouped into 3 different size classes where the maximum d^ is 200 fim for 

all size classes (Error bars represent +SD for sampling period). 

Fig. 3. Average fractal dimensions of all (aggregated and non-aggregated) 

particles in the size range of 15-200 /tm (in length) as a function of depth 

and location, Monterey Bay (#: Site 1; •: Site 2) and East Sound (A) 

(Error bars are ±S.D.). 

Fig. 4. Daily changes in fractal dimensions of particles (15-200 fim in length) (A), 

TEP (B) and chlorophyll a (C) in surface waters (slO m) in Monterey 

Bay (•; MB2 days 7 and 8, MBl other days) and East Sound (A). 
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APPENDIX E 

Macro Programs of the Particle Concentration Technique (PCT) 
for Calculating Fractal Dimensions 



Quattro Pro for Windows 5.0 Spreadsheet Macro Program 

Image Macros-analyze size distributions fiom the image analyzer 

image_equ 

*equ-length' 

imagejnax 

*max-length' 

(SdectBlocIc ImageA} 
{BlocicInsertColuinfls Image:A3itiie} 
(SelectBlodc Image:N2-N2} 
{/ BIack;Copy).(END) {DOWN}-
{ettd}{teft}{Ieft)-
{Sele^lock Image:Bl.Jl} 
{/ Block;ense).(end) {down} {end) {rigfat}-
(SdectBlock bnage:A2-A2) 
jPutCell 'Equjengtli} 

{bfiDch uini(soft_size)} * 
{tetum} 

(SelectBlodc ImageA) 
(BlocklnseiLCoiunins Iniage^A,Eatiie} 
(SclectBlock ImageiC2-K2} 
(/ BIack;Copy}.{END) {DOWN}-
(end}{Ieft){Ieft}-
(SelectBtock Image:Bl^I} 
{/ Block;eiise}.{end} {down} {end} (rigfat}~ 
(bnneb uini(soit_size)} 
jretura} 

unage_avg 

'avg-length' 

uim(soit_size) 

{SclectBlock Imaged} 
{BlocklnsettColunms Image:A,Entite} 
{SclectBlock lmage:1.2 1.7,} 
{/ BIock;Copy}.{END} {DOWN)-
{end}{left){Ieft}-
{Sele^lock Image'̂ I.BI} 
{/ Block;eiise}.{eiid} {down} {end} {right}-
{brancb uim(soRjrize)} 
(return} 

(SclectBlock Image:A3_A3} 
{/Soct;Reset} 
{/SoftlBlock}. (end} {down}-
(SoitKeyJ a3} 
{/Soft;Co} 
(bnnch uiin(dist_cum)} 
(return} 

mm(sae_jale) (SclectBlock Image:F60..G60} 
{EditCopy) 
{SelectBIo^ Image:B60.360} 
{EditPaste} 
(SelectBlock Inuge-361^61} 

•• Lmin-7.8um (PutCeU ^.S"} 
{SclectBlock Image:C6UC6l} 
{PutCell"-log(B«l)"} 
(SclectBlock Iniage:C62-C62} 

d(loga))-0.047 (PutCell "-C6I+0.04r) 
(SelectBlock tnuge362^2} 
(PutCelI"-l(m2*) 
(SclectBlock Iniage362~C62} 
{EditCopy} 
(SelectBlock Image:B63_Cl 10} 
{EditPaste} 
{SelectBlo^ Image-361.^I} 
{/ BIock;Value3}.{end} {down}— 
(SelectBlock Ima^C61..C6I} 
{/ Block;erase}.{end} {down}-
{SelectBlock Image:B6I_B150} 
(Setptopetty Numeric Fonnat,*Fixed,r) 
(SelectBlock Image:Bi60_B60} (beep 3} 
(branch uim(selec_size)} 
{tetum} 

uim(dist_cum) (SelectBlock Iniage:B3.^3} 
(PutCell"!"} 
{/ Black;Copy}~{down} 
.{left} {end} {down} {rigjit}-
{SelectBlock Imag^2J}2} 
(PutCell Cum_num} 
(SelectBlock Image:C3..C3} 
@sum({left}.(end) (down})K 
(SelectBlock IniageJ33.J}3} 

-N* 19.1/3.94/10 (PutCell "-C3*l9.1/3.94/10") 
{/Block;Copy}.{left}-{down} 
.{left} (left} {eal} {down} {right}-
(SelectBlock Im^:D} 
(EditCopy) 
(SelectBlock Iinage:B} 
(PasteSpecial Propetties,Values,"".""} 
(SelectBlock Image:CJ}} 
(Editaear) 
(SelectBlock ImagetA2..A2) 
(/ Block;move}.(right) (end) {down)~ 
(right 5} (down 58}-
(bnnch uim(size_sca]e)} 
(cetum) 

uini(selec_size) {SelectBIockImage:b6I..b6l} 
{BlockName.Create q,Image:B6I) 
{if q<-0} (beep 3} (branch uim(d^_diS)) 
{SelectBlock Iniage:fSI..f61} 
(BlockNam&Create mJmage:F61} 
(if nK^} (branch uim(move_size)} 
(if in>q) (branch uim(copy_num)} 
(if nrc-q} (bnmch uim(match_size)} 
(return) 

uim(n]atch_size) (SelectBlock Iniage:i62J52} 
{BlockName-Create pJmage:F62} 
(if p«>0} (branch mm(savejnmi)} 
{if p<q} {branch uini(del_num)} 
(if p>~q} (branch uim(save_num)} 
(return) 

uini(move_size) (SelectBlock Image:BI~Cl) 
(BlockDeleteJlows Iniage:Bl..ClJ'attial} 
(branch uim(selec_]ize)} 
{return) 

uini(del_num) (SelectBlock Image:F61..G61} 
(BlockOeleteJlows Image:F6I..G6lJ>aitial) 
(branch uim(match_size)) 
(letutn) 

uim(save_num) (SelectBlock Image:G6t..G6I) 
(EditCopy) 
(SelectBlo^ bnage:C6I..C6I) 
(EditPaste) 
(SelectBlock Image:F6I..C61) 
(BlockOeleteJlows [mage:F6l„G6Ifailial) 
(branch uim(move_size)) 
(return) 
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>i>i»(copy_nara) (SdectBlock Iniage:C60„C60} 
{EditCo|9} 
(SdectBIo^ Ia>age:C61_C61} 
{EdilPiste} 
{biiach uiin(move_stze)} 
{retiini} 

uini(dist_diff) {SdectBlock Imigef-G} 
(Editaev) 
(SelectBloA TnwgrBlO^ClO) " 'down 3* 
(BlockMbve Iniage:B10„C10Jnuge:B8„CS} 
{SelectBlock Iiiu8e:B9^9} 
{PiitCeU'(uni)} •• "upS" 
{SdectBlock Inia8e:C9-C9} 
{PutCdlWml)} 
(SdectBlock Iiiiage:08_D8) 
{PutCdlDiCr mim} 
{SdectBlockbnageJMJM} 
{PiitCen'(«/mlura)) 
{SdectBlock Inug^l 1-011} uini(inikr_gripli) 
{PutCdl '-(CI l-CI2y(BI2-Bn)"} 
{/Block;Copy}-{down} 
.{left} {end} {down} {rigiit}-
{SdectBlock InHgrO) 
{EditCopy} 
(SdectBlo^ bnagetD} 
{PtsteSpecial Piopeitiei,Vilues."."} 
{SdectBlock ImagerOm}! 1} 
{end} {down} 
{QeiiContentsO) 
{SdectBlock Iniage:B.i>} 
{Setpropetty Coluiiin_Widtli,'Set Width,! 140,1*) 
{SdectBlock InugeJ}m>26} 
{Setproperty Numeric Fotniat,*Fixed,l*} 
{SdectBlock ImageJ}27J}60} 
{Setpropetty Niiineric_Fonnat,*FixedJZ'} 
{SelectBlo^ Image:} 
{Setproperty "FoiitTypeFace*,Times New Roman} 
{SdectBlock Image:B8.£9} 
{Setpropetty Foiit,Times New Roman,12Jfo,No,NoJfo'} 
{SelectBlock Image:B8 J39} 
{Setproperty Alignment,Cemer) 
{SelectBlock Image:AI..AI} 
{BlocklnsettColumns Image:AJ},Entite} 
{branch iiioi(do_reg)} 
{return} 

uim(do_reg) {SdectBlock Image:A8~A8) 
{PutCdllogG)} 
{SdectBlock Image:B8.38} 
{PutCeiriog(N)} 
{SdectBlock Image:Al l~\l!} 
{PutCeir-logCFll)"} 
{EditCopy} 
{SdectBlock ImageiB 11.311} 
{EditPiste} 
{/ Block;copy}. {left)-{down} {left} 
. {right 6} {^} {down} {left S}-
{RegtessionJleset} 

'down 3* {/ RegiessianUndependent) {down 3} {left} 
'up 5" .{end} {down} {up S}-

'down 3* {/ RegiessionJ}ependent} {down 3} 
'up 5" .{end}{down}{upS)-

{RegteS5ion.Output ImageJ37} 
{RegressioiLGo} 

{SelectBlock InugeJ48.J48} 
{PutCeU-Slope(N-l>-} 
{SdectBlock ImageJC48.JC48} 
{PutCdl "-1*144"} 
{Setpropetty Numeric_Format,'Fixed,2"} 
{SdectBlock Iniage:Cl 1_C11} 
{PutCdl '-$mS38+$lS44>An'} 
{/ Block;Copy}~{down} 
.{left} {end} {down} {right}-
{SdectBlock Dnagea)l4_014) 
{PutCeU "-10X14"} 
{/ BIock;Copy }-{down} 
.{left} {end} {down} {right} {up 5}-
{SdectBlock ImagrJ>l 1-060} 
{Setpropetty Numeric_Fonnat'Fixed,2"} 
{SdectBIo^ ImageiAl-Al} {beep 3} 
{branch uira(make_giaph)} 
{tetum} 

{GraphOeiete image-dist} 
{GtaphNew image-dist} 
{FloatCreale Gr«phJmageJ14.0,;25.Image:034,945,22S.iniage-dist) 
{SeriesJJataJUnge XAxisLahelSeriesJnuige:FI 1..F60} 
{SeriesJ)ata_Range IJtaiage:GIl_G60.1} 
{SeriesJ>ataJUnge 2Jniage:DI 1_060,1} 
(SeriesJlataJUnge LegendSeriesJtaiage:C6} 
{Series.Go} 
{GraphSettings.Type "XY,2-D") 
{GtaphEdit image^iist} 
{SdectOtqect GSXI Axis} 
{Setpropetty Scale,'Log,Yes,800,0,200, IJ^o"} 
{Setpfopetty TickjOptions.'Above, YesJ4o3*} 
{Setpropetty Text_Font,"Times New Roman, 12J^oJ^oJ4oJ^o"} 
{SdectOfeject GSXl Axis} 
{Setpropetty Numeric_Foimat,*Fixed,0*} 
{SdectObject GSYlAxis} 
{Setpropetty Scalc,*Log.Yes,700,0,100,l Jlo") 
{Setproperty Nunieric_Fom)at,*Sdentific,0*} 
{Setpropetty Text_Font,"Times New Roman.I2J4oJ4oJ4o,No*} 
(Setproperty Mqor Grid Style,'S5Wl,0,0,0"} 
(SdectObject 'GS '̂es^]"} 
(Setproperty Marker Style.'MOO,0,0*) 
(SdectObject "G$S<^es(l,91"} 
(Setpropetty Line_Style,SSWI} 
{Setpropetty Marker_Style,'MOOJ,0"} 
(GiaphSettings.Titles " "} 
(SdectObject GSXlTitle} 
(Setproperty Text Font.'Times New Roman. 12.Yes,NoJ4o,No*) 
(SdectObject GSYlTiUe) 
(Setpropetty Text Font,"TimesNewRoman.l2,YesJ<oJ^oJ<o') 
(SdectObject GSiitle} 
(Setproperty Text_Font."Times New Roman.l6,YesJ^oJ^oJfo'} 
(Setproperty Subtitle_Font,'Times New Roman,14.YesJ4oJ4oJ>[o"} 
{SelectOiqect GSPane} 
{Resize 322,408,1571.1194,0,0} 
{SdectObject} 
(Setproperty Box_TypeJfo box) 
(SelectObject GSLeg^) 
(MoveTo is00,400} 
(Setproperty Text_Font,"Times New Roman.l2J4oJ4oJ4oJ4o'] 
(Setpropetty BoxJTypeJ^o box) 
(WindowOose) (beep 3} {beep 3} 
(branch coulter) 
(return) 
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Coulter MicTO-iDilyze ii2S duDibutiaa* from the Coulter counter 

coulter (SelectBlock Coiiilc>:A44_G44) 
{BIockDcleieJlowi CoallerA44„C44J>Btial) 
(BlockDelcteJlowi Cdiiiter4_40,Eiitire) 
{SdectBlock CoaltBrAl„C3} 
{BIockMove QiolterAl-O.CoaltcrBl-OS) 
{SetectBlock CoulterA} 
{BladiDelc(e.Coliiiimf CoQllcrA,Eiiltie) 
{SdectBlock CouitcrGUO) 
(BIockMove CaaiterCU3,CoaIterHl-J3} 
(SdectBlock CoolterC) 
{BlockDdcte.ColniDii CooiterC^EntirB} 
(bnach vca(gel_caiic)( 
{retm} 

vca(get cooe) (SelectBlock ConltcrJ?J7} 
-N/20ml (PuiCdl "-H7/20"} 

(SelectBlock ConlttrK? JCT) 
-NOOml (PoCeU *-17/20*} 

(/ Block;Copy}.{ld)-(<knni) 
. (left) (left) (e^) {dom) (righ)-
(SdactBlock CoiiiterJ7JC3S) 
(EdhCopy) 
(SdectBlock CoalterHT^ 
(PuteSpedil ftopem'ei.Vtluefc**.'*) 
(bmeli vcc(camb_iae)} 
(leboa) 

vco(caiiib_itze) (SdectBlock CoullerCIOJOS) 
&e4/17um (EditCopy) 

(SdectBlock CoijiterA27-A27) 
(EditPniB) 
(SdectBlock CoulttrJQ^) 
(BIockMove CoiillerH2_H3.Caulter.C2-C3) 
(SdectBlock CoulterFX) 
(CleaContenli 0) 
(SdectBlock CoulterAI-Al) 
{btmcb vca(gei_din)} 
{tcnan} 

vco(gctjiist) (SdectBlock Coalttr07.i>7) 
@siiiB((Ieft 2).{cnd) (down))-
(/ Blo^Copy)-{doiirD) 
.(left 2) (end) (down) (right)-
(SdectBlock CbulterE7..E7) 
(PuiCeU "(D7-D8)/(A8-A7)") 
(/ BIock;Capy)-(down) 
.(left) (end) (down) (rigfat)-
(/ Block;valaet).(left) (end) (down)-
(Ieft3)-
(SdectBlock CouIlerD-P) 
(Editaear) 
(SdectBlock Coulter) 
(Setpropetty "Fom.TypeFice".Time« New Ro 
(SdectBlock Coulter.A7..Cg) 
(BlockDdete.Rows CoulterAT-CSJ'aitid) 
(SdectBlock CoulterA) 
(Sctpnperty Nunieric_Fannit,'Fixed,r) 
(SdectBlock CoulterB7„C60} 
(Setpropexty Numeric Fonnsi.Tuced.t*) 
(SdectBlock Coulter A4..C4) 
(DaiContenti 0) 

(SdectBlock CoulterA4..A4) 
(PluCdlSED) 
(SdectBlock CoalterB4_B4) 
{PutCcII Cum_auni} 
(SdectBlock CoulterC4..C4) 
(PntCell DiCFjiuni) 
(SdectBlock CooIterA5..A5) 
(PutCell turn)) 
(SdectBlock CoallerB5„BS) 
{PuiCeU'X*/ml)) 
(SdectBlock CoulterCS.CS) 
(PutCdl 'X'Mnl um)) 
(SdectBlock Cbnlter6} 
(EditOev) 
(SdectBlo^ Coulter:A..C) 
(SctpnpcRyCalmmi W;dtfa.'SelWidtii.1140,1*) 
(SdectBlock CoulterA4-C5) 
(Setpiupaty AIigiment,Center) 
(Setpropaty FoatTtmei New Rxiaian,12,No,No,NoJfo") 
(SdectBlock CoullcrA3_A3) (beep 3) 
(SdectBlock CaiillerA4_C7) 
(BlocklueitJlowt CouIterA4-C7J>inid) 
(BlockIniat.Colunins conltertA R.Fjitire) 
(Inncb vco(do_reg)) 
(rctum) 

vca(do reg) (SdectBlock coultcr:A8..A8) 
(PutCdl 1og(v)) 
(SdectBlock coullerB8..B8) 
(PutCdnog(N)) 
(SdectBlock coulter A! 1.AI I) 
(PutCdl --logCgpi'Fl r3/6)") 
(SdectBlock c^terBI l-Bl 1) 
(PutCdl "-Iog(Gll)"} 
(/ BIock;copy).(left)-(dawn) (left) 
.(rigia 6) (end) (down) (left 5)-
(RegreniaaJleiet) 

'down 3* (/ Regmiinn;rn(>fpendeBl) (down 3) (left) 
'up 5* .(end) (down) (up 3)~ 

'down 3* {/Regi^oii;Dq)endent){dawn3) 
'up 5" .(end) (down) (up 5)-

(RegreuiaB.C>ulput coulterJSS) 
(RegRnian.Go) 
(SdectBlock coulterJ49.J49) 
(PutCdl'Slopc<N-v>-) 
(SdectBlock coulterK49..K49) 
(PutCdl "-l«I45') 
(Setpfopcity Numeric_Fo(mat,'Fixed,2') 
(SdectBlockcoullerCll.cn) 
(PutCdl '-SoiS39<-$l$45* At 1') 
(/ Block;Cbpy)-(down) 
.(left) (end) (down) (right)-

'down 3' (Sde^lock coulter D14. J} 14) 
(PutCeU '-10^:14") 
(/ Block;Copy)-(<i<>^} 

"upS" .{left)(cnd}(down)(rigiit}(upS)~ 
(Sde^lo^ coulterDl 1.JX0) 
(Setpcopaty Nunieric_Fo(mat,'Fixed,2') 
(SdectBlock coulter A1..A1) 
(bcincfa vco(make_gnph)) 
(letuRi) 
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Fnctal MacTMHleicniime fiictai diniaisioDi 6ao dw two size diiuibuiioni 

vco(nuice_grBpii) (GnphDeicte coultersfin) 
(GcipiiNew coultCTHiiitl 
(FIiMtCteale Gnph,Caulta:JI4,0,225,Coulter03434SJ25,coultcr^iiit| 
{Seriet.Oatti_Raige XAaiL.ibelSerie(,CoallerFI 1^60} 
{SeriesJJMiJtaige l.CbalterGll-CfiO,!) 
|SeriefJ}Mi_Range 2,CaiillerOU-OCO,I) 
{ScriciJ)ila_Raige LcgtodScriei,Caolier.G£} 
jSerieLCo} 
(GcipiiScltiii8i.Type 'XYJ-D') 
(GnphEdit conlter^itt) 
{SeleoCXqect CSXIAjdi) 
(S<t|inpenyScale.-L(«,Yei,ni0.0J00.1J4o-) 
(Scl|iropeny Tick_0|idaiif.*Abave,YeiJ4oJ*} 
(SetpnpatyText Faal,Taatt Sem RcaaB,I2JioJ4oJloJlo'} 
{SdeaObjeetOSXIAxut 
(Sdpcapcity Numeric FoRiut,*Fixed,0') 
{SdectCX^CSYIAzii) 
(Scipnp«ty Scale.lof.Yci.700.0.100.1J<o'} 
(SctiKopaty Ninieric_FcniiM.'Scicatific,0*} 
(SmiiupBty Text.FanC.Taiiei New RoauB.I2J^oJ4oJ4oJ(a*} 
(Setpropoty Mqor Grid Style.'SSWI.O.O.O*} 
{SeleclOi  ̂-GSScriei^r} 
(Setptopcfty Mirinr_Slyle,-MOO.O,0*} 
(SdeciOi  ̂'GSScriei{13]*} 
(Setptopeny UiieJStyle^JWl) 
(Setptopoty MBfcer_StyIe,-MOO J,0*) 
{GnphSeClingi.T!tle( * •.* " "} 
(SeleciObject CSXlTitle) 
(Setpnpcny Text_Fom,''Tunei New Raiiiii.l2.YesJ4oJ4o>fo') 
(SdectObjectCSYITitle) 
(SctpcopenyText FoDt.'TuiKt New Roai«n,12.YesJloJ4oJlo'} 
{SdectOI^CSTille} 
jSelptoperty Text.Foat.'Timei New Roiiuii.l6,YefJ^oJ4o^o*} 
{Setpfoiicny Siifalille_Foat.*Tuiics New Roauii.l4,YesJ4a^oJ<o'} 
jSelectObject CSPme) 
(Renie 322.40S,I57I.l 194.0,0} 
{SdectOtgect) 
{Setptopeny BoxJTypeJ^o box} 
(SeleaObject CSLeg^) 
{MoveTo 1500,400} 
{Setptopeny Teitt_Fonf.'Time« New Raiiim,I2,NoJ4o,NoJ4o*} 
(Setpiopeity Box_Type,No box} 
{Windowaoie} (beep 3} (beep 3} 
(btmch fiicol} 
(retum} 

Sactal (SdectBIock ImigeiHS-HS} 
(BlodcCopy Iauge;FS.if70/nctil:B58) 
(SdectBIock CoiillerH8-H8} 
(BlockCopy CoalterFS_H64 Jtacial:HS8} 
(BlockCopy FractakHSS JS9 Jnctd:ES8} 
(SdectBIock Ffictil;I58-I58} 
(btmch wfi(iiiaa_iizs)} 
(remiB} 

wfi<inin_>i2s) (SdectBIock &ictal:c6Uc61} 
(BIockNmie.Cic«te q,fiactal:c6l} 
{if (fCH)} (beep 3} (brmch wfi<valjaigth)} 
{SdectBIock fiactil:i6U6I} 
(BIocfcNmie.Cre«ie iii,fiictal:i61) 
(ifiit<H)}(btmch wfi(iiiove_size)} 
(if in>q} (btnch wfi<iiutch_mim)} 
(if (btnch wfi(copy_na)} 
(renra} 

wfi(initch_iium) (SdectBIock fiKtal:i62-i62} 
(Bl0GkNiiDe.Cicate p,frKtd:i62} 
(if p<X} (btmch w^i>ve_iize)} 
(if p<q} (btmch wfi(we_size)} 
(if p>~q} (btmch wfi(<]d_iium)) 
(tcnim} 

wfr(movc_si2e) 

wfi<dd_iiiim) 

wfr(Mvc_!izc) 

(SdectBIock 6actil:BUGl} 
(BlodcDdete-Rows &actaI:BI~CI,Pattial} 
(btmch wfi<iiim_sizs)} 
{ictuni} 

(SdectBIock &actalJi6Uj6l} 
{BlockDdete.Rawi &ical:li6I_j6IJ>titiil} 
(bnnch wfi(match_aum)} 
(return} 

(SdectBIock &ictiUi6I„j6I} 
(BfitCopy} 
(SdectBIodc 6Ktil:E61.̂ I} 
(EditPtste} 
(SdectBIodc 6Ktil;h6I-j61} 
(BIockDdeteJtows 6ictil:b6I„i6I J>aitial} 
(btmch wfi(inove_size)} 
(return) 

wfi(copy_ii2e) (SdectBIock &ictal:E60„G60} 
{EditCapy} 
(SdectBIock fiactil:E6I.E6I} 
(EditPaste) 
(brmch wfi<move_size)} 
(return} 
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wfi(voiJeii8th) (SdectBlocfcFnctiUlJJrac«iUa<} 
(QeaCaatmli 0} 
(SelectBlock FncnkGI} (End) (Down) 
(/ Block;Capy).{End} (Uft) (Eod) (Down 3) (Eod) (Down)-
(Up) (End) (Up) (Rigta) (Down 7)-
(SelectBlock Fnctii:A_G/nciaL-Gl) 
(QeaCoattBli 0) 
(BlockCopy Fnclil:U~19JiictiI:BS) 
(BlockCopy FncaUU JSJ'tictiUM) 
(BlockCopy FticliUC8-K9,FticliI:E8) 
(SclectBlock Fnc>il:Ft^) 
(PntCeU "SoUdVoL-) 
(ScleOBIock Fiiclil:F9 J^) 
(PuCeU-Cun^)) 
(SdectBIock Fnoii:BU-Bll) 
(PntCeU •HHI+LIiyi") 
(SdectBIock FncukDl I-DI1) 
(PiitCai"-l*Hir) 
(SdectBlcdc FncukEU-EI I) 
(PutCen "-I'Kll-) 
(SdectBIock Fnctil:FI I-FII) 
(PutCdl •-(gptf6«Ell''3*} 
{SdectBkcfc Fnciii:B IU 
(/ Block;Capy).(Rigta 2) (End)(Rigbl)-
{Dawn).{Ead) (Righ) (Ri^} (End) (Down) (Left 3)-
{ScIectBlockFnctil:B_F) 
(EditCopy) 
(PioeSpedai nopettiei.Viliiet,'',*') 
(SdectBIock FncukG^) 
(CleHCoBienti 0) 
(BlockMove Fnctil:B,Fnctd:C) 
{Blockliuett.Caliiniiis FiictiliA D.Fntiie) 
(fanoch wfi(do_re()) 
(tenini) 

wfi(do reg) (SdectBIock FncnlrAS.̂ ) 
(PinCeUlogO)) 
(SdectBIock Fnctil:B8.3S) 
(PutCeU1og(v)) 
(SdectBIock FnctiI:Al I^ll) 
(PulCdI"-tog(HU)") 
(SdectBIodc FcictakBU-BlI) 
(PutCeU*-log(Jll)") 
(/ Block;capy).(left)-(down) (left) 
.(right 6) (end) (down) (left 5)-
(RegieiaaaJl^) 

"down 6" (/ Regrtm"nn;lndrpgideBt) (down 6) (left) 
'upl* .(end)(down)(iip2)-

*down6' (/ Regrrwicn-.Depeiidait) (down 6) 
"up 2* .(end) (down) (up 2)-

(Re8iesiion.Oiit  ̂FnctakU?) 
(Regieaiaii.Go) 
(SdectBIock Ftictil:L48..L4S) 
(PinCell' Ffictal DiinensioD-) 
(SdectBIock Fnctil:N4g..N4S) 
(PiitCdl --1*N44") 
(Setpropetty Numeric Fonnit,*Fixed,2') 
(SdectBIock Fnctal:Cl 1..CI 1) 
(PutCdl --$0$38+INS44«Al I") 
(/BIock:Copy)-(down) 
.(left) (end) (down) (ri^)-

-down6' (SdectBlodcFnctiLDIT-DIT) 
(PutCdl "-i(rcir) 
(/ Block;Cbpy)~(dawn) 

'up 2' .(Ieft)(end){down)(ri|jit)(up2)-
(SdectBlockFfictatDII-DfiO) 
(Setpropetty Numeric Faima.*Fixed,2*} 
(SdectBIock Fnctd:ra8-045) 
(Setptopeity Nnmeric_Fonnat,"GencnL2') 
(SdectBIock Fractal:) 
(Setpropeny Foot.Timei New Raaian,IOJioJ<o,NoJ4o*} 
(SdectBIock FtactaliAS J9) 
(Setpropeny Faot.Timef New Ramaii.l2J^oJ<oJ<oJ<o'} 
(SdectBIock Fiactaia^8X4S) 
(Setpropetty Foot.'Time* New Roman,12J4oJ4oJ^oJ^o') 
(SdectBIock Fractal;Al_Al) (beep 3) 
(branch wfi<niaks_graph)) 
(tenon) 

wfi(niaks.graph) (SdectBIock Fiactal:Bl) 
(GraphDdetB voiame-lcnglh) 
(GraphNew voliaiie-leogdi) 
(FloatCteate Graph^FractalO-11.0  ̂JractaI:Q33^5,22S.valume-laigih) 
(ScrieOata.Rjnge XAnsLabelSeriei,FiactaI:HI I JIM) 
{S<riei.O«a_Range l,Fiactaii)IU60,I) 
(ScrieLOataJtange 2iFracial:DI I J>60,1) 
(SerieLOata.Range LegaidScries,FiactaI:G6) 
{Serics.Go} 
(GtaphSertingiType -Xr^-D') 
(GraphEdit volnm^englfa) 
(SdectOiqect GSXI Axia) 
(SetprapeRy Scale.-Log.Yes.l00.0,200,I,No-) 
(Setpropetty rick.Opcians.* Above, Yef,No3*) 
(Setpropetty Text Foiit.'TimeaNewRamaii,12J<o,NoJ4oJ4o') 
(SdcctCN  ̂GSXI Axil) 
{Setpropetty Numeric Fatmat,*Fixed.O') 
(SdcctOtjectGSYlAxii) 
(Setpropetty ScaIe.'LoB,Yef,700,0,I00,I J4o*) 
(Setpropeny Numeric_Faniiat,*Scieiitific,0'') 
(Setpropetty Text Fort.Tnnes New Roman, I2J4aJ4o,NoJ4o*) 
(Setpropeny Majar_Grid_StyIe,-S5WI,0,0,0-) 
(SdectObjea -GSSerieaP,?]-) 
(Setpropeny Marker Style,*M00,0,0*) 
(SdectOtdect -GSS^ea(l,9]-) 
(Setpropetty Une_Style,S5WI) 
(Setpropetty Marker_Style,'M003,0*} 
{GtaphSettiiigt.TiUe» " V V ") 
(SdectObjectGSXITitle) 
(Setpropetty Text Foot,''Tunea New Roman,12,Yes,NoJ^o.No'} 
(SdectObjectGSYlTide) 
(Setpropetty Text.Font'limea New Raman,12,Yes,NaJ^oJ4o'} 
(SdectObject GS^tle) 
(Selpttipetty Text_Font,'Times New Roman,16.Yei,No,NoJ<o*} 
(Setptopeity SublilIe_Fant,*Times New Roman.l4,YesJ^oJ4o,No*} 
{SdectObject GSPane) 
(Resiis 322,408.1571,1194.0,0) 
(SdectOlgect) 
(Setpropetty Box_Type,No box) 
(SdectObject GSLeg^) 
(MoveTo 1565,472) 
{Setptopeity Text_Foot,'Timei New Raman,I2JloJ4o.No.No") 
(Setpropetty Box_TypeJ(o box) 
{Wtndowao«) (be  ̂3)(beep 3) (beep 3) 
{return) 
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File Maao-nve results 

Jsne-file {SdectBlock CaalterAI_M57) 
{EditCdpy} 
{SdectBlock Temp'32^2} 
{EditPsste} 
{SdectBlock Imife:A7_N6I} 
{EditCopy} 
{SdectBlock Temp-J<l-B6l} 
{EditPiste) 
(SdectBlock Fncial:A8-PS2> 
(EditCo|iy) 
(SdectBlock Tem|KB12I.3I21) 
{EdHPiOe} 
(SdectBlock Temp-J}I2J}I2} 
(PutCeD -+$NS4(H-SMS46*B12-} 
(BfitCopy) 
(SdectBlock Temp-.OI3-DS() 
(EdttPuie) 
(SdectBlock TempJXS. JXS) 
(PutCdl *+SNS92+SMS98*B6r} 
(EdilCopyJ 
(SdectBlock TempOXe J}l 14} 
(EditPMte} 
(SdectBlock TempJ)I24 J)124} 
(PutCen "+$PSI5I+$0$157*B124"} 
(EditCopy} 
(SdectBlock TempJ}i2S_OI67} 
(EditPute} 
(FaeOpen •CVFHCRUISEAESULTSWTEMP.WBI'] 
(ActivMe 'MAdJB.WBI-} 
(SdectBlock Temp:AI_UI70} 
(EditCopy} 
(Acthnte *FTEMP.WBI'} 
(SdectBlock A:A1-Al} 
(EditPiste} 
(return} 
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Table F-l(l): Data of Settling-Coagulatioii Experiments - Batch A1 

Settling Velocity 
Sample No. Size, da Time U(5-10 cm) #YG Beads Solid Volume Collision Function 

0cm 5 cm 10 cm T(5-10 cm) Captured, Pc Vs beta 
(um) (sec) (sec) (sec) (sec) (cm/sec) (10"6 um"3) (10"-6 cm"3/s) 

JllCOl 340 0 142 289 147 0.034 35 0.98 0.20 
J11C02 410 0 192 347 155 0.032 32 1.47 0.17 
J11C03 647 0 76 168 92 0.054 51 2.38 0.47 
JUC04 S02 17 97 188 91 0.055 57 1.93 0.53 
I11C05 510 0 61 137 76 0.066 34 3.16 0.38 
J11C06 599 53 128 202 74 0.068 72 2.92 0.82 
J11C07 446 0 84 195 111 0.045 34 2.08 0.26 
J11C08 513 0 83 178 95 0.053 47 2.48 0.42 
J11C09 690 0 49 99 50 0.100 74 3.82 1.25 
JllClO 575 0 62 130 68 0.074 47 1.73 0.58 
JllCll 758 0 58 126 68 0.074 103 3.72 1.28 
J11C14 652 0 72 150 78 0.064 66 2.67 0.71 
J11C15 522 8 83 152 69 0.072 46 1.88 0.56 
J11C16 399 0 100 196 96 0.052 33 1.71 0.29 
J11C17 421 21 118 199 81 0.062 33 1.01 0.34 
J11C18 484 0 101 180 79 0.063 42 1.38 0.45 
J11C19 520 26 134 238 104 0.048 52 1.65 0.42 
J11C20 677 0 65 134 69 0.072 69 4.74 0.84 
JHC21 596 0 75 149 74 0.068 43 4.07 0.49 
JI1C22 442 24 139 228 89 0.056 50 1.98 0.47 
JHC23 368 61 153 255 102 0.049 36 1.30 0.30 
J11C24 346 20 126 263 137 0.036 24 1.25 0.15 
J11C25 529 0 78 162 84 0.060 36 3.59 0.36 
J11C26 453 0 106 228 122 0.041 42 2.22 0.29 
niC27 458 4 146 265 119 0.042 51 2.23 0.36 
J11C28 309 0 145 260 115 0.043 31 0.89 0.23 
J12C34 326 24 136 269 133 0.038 24 0.99 0.15 
J12C35 456 0 135 292 157 0.032 47 1.48 0.25 
J12C36 607 0 55 117 62 0.081 45 4.12 0.61 
J12C37 468 22 101 188 87 0.057 46 2.80 0.45 
J12C38 614 0 67 141 74 0.068 89 4.06 1.01 
J12C40 452 0 78 187 109 0.046 47 1.92 0.36 
J12C41 459 0 81 176 95 0.053 33 2.52 0.29 
J12C42 550 0 78 171 93 0.054 81 2.17 0.73 
J12C43 437 0 110 231 121 0.041 37 2.58 0.26 
J12C44 293 50 112 248 136 0.037 22 0.88 0.14 
J12C45 261 0 101 277 176 0.028 20 0.63 0.10 
J12C46 262 0 92 236 144 0.035 18 0.79 0.11 
N17C01 909 0 42 87 45 0.111 141 7.28 2.64 
N17C02 577 0 108 210 102 0.049 101 2.96 0.84 
N17C03 490 0 101 206 105 0.048 69 2.90 0.55 
N17C04 453 0 158 324 166 0.030 54 1.41 0.27 
N17C05 369 170 301 437 136 0.037 32 1.39 0.20 
N17C06 360 0 163 328 165 0.030 26 1.57 0.13 
N17C07 370 0 180 367 187 0.027 38 0.89 0.17 
N17C08 469 0 130 271 141 0.035 68 1.76 0.41 
N17C09 405 240 374 512 138 0.036 43 1.86 0.26 
N17C10 283 0 156 320 164 0.030 21 0.65 O.ll 
N17C13 493 0 111 232 121 0.041 39 1.68 0.27 
N17C14 544 0 78 159 81 0.062 67 3.36 0.70 
N17C15 465 0 97 198 101 0.050 57 2.17 0.48 
N17C16 352 20 128 296 168 0.030 25 0.97 0.13 
N17C17 416 0 117 239 122 0.041 54 1.64 0.37 
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Table F-l(2): Data of Settling-Coagulatioii Experiments - Batch A2 

Sealing Velocity 
Sample No. Size, da Time U(5-10 cm) iffYG Beads Solid Volume Collision Functio 

0cm 5 cm 10 cm T(5-10 cm) Captured, Pc Vs beta 
(um) (sec) (sec) (sec) (sec) (cm/sec) (10'6 um"3) (10"-6 cm'3/s) 

DAlAl 678 0 125 238 113 0.044 87 3.03 0.65 
DA1A2 613 28 154 281 127 0.039 68 2.95 0.45 
DA1A3 726 29 86 146 60 0.083 91 5.23 1.28 
DA1A4 453 0 110 224 114 0.044 66 1.86 0.49 
DAIBI 734 0 48 145 97 0.052 104 5.14 0.90 
DA1B2 577 16 60 188 128 0.039 55 2.99 0.36 
DA1B3 595 0 85 215 130 0.038 67 3.40 0.43 
DA1B4 453 70 165 271 106 0.047 49 2.10 0.39 
DAICI 707 0 62 136 74 0.068 73 4.09 0.83 
DA1C2 498 55 179 330 151 0.033 43 3.27 0.24 
DA1C3 678 0 98 209 111 0.045 107 3.21 0.81 
DA1C4 477 135 268 412 144 0.035 42 1.59 0.25 
DAIDI 600 0 81 167 86 0.058 79 4.15 0.78 
DA1D2 395 65 202 346 144 0.035 29 1.47 0.17 
DA1D3 471 80 177 287 110 0.045 39 1.37 0.30 
DA1D4 377 0 140 311 171 0.029 35 1.43 0.17 
DA1D5 357 170 311 464 153 0.033 27 0.73 0.15 
DAlAl 584 0 57 132 75 0.067 53 3.26 0.60 
DA2A2 626 0 131 215 84 0.060 63 3.39 0.63 
DA2A3 433 0 102 211 109 0.046 55 1.43 0.43 
DA2A4 342 190 402 579 177 0.028 35 0.83 0.17 
DA2A5 355 0 145 303 158 0.032 32 0.88 0.17 
DA2B1 742 0 68 144 76 0.066 103 4.70 1.14 
DA2B2 559 25 99 186 87 0.057 60 1.59 0.58 
DA2B3 514 32 190 335 145 0.034 50 3.08 0.29 
DA2B4 308 0 150 370 220 0.023 22 1.16 0.08 
DA2BS 381 0 160 358 198 0.025 46 1.20 0.20 
DA2B6 577 100 166 242 76 0.066 84 3.90 0.93 
DA3A1 999 0 44 91 47 0.106 151 7.53 2.71 
DA3A2 456 0 118 222 104 0.048 50 2.11 0.41 
DA3A3 394 0 155 301 146 0.034 40 1.27 0.23 
DA3A4 544 6 100 199 99 0.051 69 3.86 0.59 
DA3A5 560 40 185 312 127 0.039 58 2.74 0.39 
DA3A6 272 0 215 435 220 0.023 22 0.83 0.08 
DA3A7 292 88 270 450 180 0.028 28 0.92 0.13 
DA3B1 895 0 60 117 57 0.088 109 6.37 1.61 
DA3B2 566 1 48 126 78 0.064 52 3.53 0.56 
DA3B3 528 0 55 173 118 0.042 44 1.78 0.31 
DA3B4 572 14 64 163 99 0.051 57 1.71 0.49 
DA3B5 545 90 148 226 78 0.064 53 2.80 0.57 
DA3B6 603 139 201 275 74 0.068 56 1.99 0.64 
DA3C1 596 0 88 185 97 0.052 73 4.40 0.64 
DA3C2 519 8 89 188 99 0.051 50 3.00 0.43 
DA3C3 561 58 128 205 77 0.065 72 2.23 0.79 
DA3C4 529 0 77 159 82 0.061 66 2.18 0.68 
DA3C5 335 12 150 349 199 0.025 37 1.13 0.16 
DA3D1 844 0 80 152 72 0.069 124 6.74 1.45 
DA3D2 681 7 90 163 73 0.068 71 2.18 0.82 
DA3D3 601 0 118 245 127 0.039 54 2.44 0.36 
DA3D4 491 0 97 185 88 0.057 66 1.08 0.63 
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Table F-l(3): Data of Settling-Coagulation Experiments - Batch B1 

Velociiy 
Sample No. Size, da Tune U(5-10 cm) inrG Beads Solid Volume Collision Function 

0 cm 5 cm 10 cm T(5-10 cm) Captured, Pc Vs beta 
(um) (sec) (sec) (sec) (sec) (cm/sec) (10"6 um"3) (10 -̂6 canis) 

N16D01 579 0 31 69 38 0.132 27 5.40 0.60 
N16DQ2 576 0 40 85 45 0.111 21 4.16 0.39 
N16D03 840 0 27 58 31 0.161 33 13.82 0.90 
N16D04 589 0 36 82 46 0.109 23 5.15 0.42 
Nieoos 393 0 56 136 80 0.063 16 1.75 0.17 
N16IX)6 727 0 41 84 43 0.116 28 8.76 0.55 
N16D07 268 0 109 251 142 0.035 14 0.62 0.08 
N16D08 706 0 48 101 53 0.094 34 7.24 0.54 
N16D09 751 0 30 61 31 0.161 42 9.40 1.14 
N16D10 402 0 72 151 79 0.063 18 2.92 0.19 
N16D11 415 62 104 158 54 0.093 22 2.19 0.34 
N16D12 734 0 34 72 38 0.132 36 7.63 0.80 
N16D13 655 0 59 125 66 0.076 31 5.98 0.40 
N16D14 628 0 57 116 59 0.085 34 6.66 0.49 
N16D15 419 0 47 103 56 0.089 24 1.93 0.36 
N16D16 282 0 102 248 146 0.034 17 0.99 0.10 
N16D17 469 0 76 157 81 0.062 20 3.86 0.21 
N16D18 730 0 36 71 35 0.143 31 11.27 0.75 
N16D19 523 0 72 147 75 0.067 32 3.29 0.36 
N16D20 473 0 94 179 85 0.059 28 1.92 0.28 
N16D26 512 0 38 91 53 0.094 24 4.64 0.38 
N16D27 581 0 49 100 51 0.098 32 4.07 0.53 
N16D28 356 0 119 241 122 0.041 14 1.64 0.10 
N16D29 618 0 64 132 68 0.074 29 6.21 0.36 
N16D30 373 0 78 167 89 0.056 27 1.82 0.26 
N16D31 583 0 53 102 49 0.102 26 5.22 0.45 
N16D32 497 0 66 141 75 0.067 22 3.30 0.25 
N16D33 295 0 111 228 117 0.043 12 1.20 0.09 
N16D34 296 0 122 251 129 0.039 15 1.54 0.10 
N16D35 589 0 54 114 60 0.083 27 5.94 0.38 
N16D36 523 0 71 146 75 0.067 18 4.41 0.20 
N16D37 491 0 85 175 90 0.056 25 3.13 0.23 
N17D01 630 0 36 83 47 0.106 37 6.47 0.66 
N17D02 387 0 58 118 60 0.083 18 2.92 0.25 
N17D03 327 0 127 262 135 0.037 21 1.36 0.13 
N17D04 254 0 140 328 188 0.027 15 0.70 0.07 
N17D05 283 0 128 306 178 0.028 14 1.00 0.07 
N17D06 679 0 33 70 37 0.135 29 4.56 0.66 
N17D07 682 0 40 82 42 0.119 36 9.11 0.72 
N17D08 478 0 80 167 87 0.057 22 3.35 0.21 
N17D09 435 0 88 185 97 0.052 19 2.44 0.17 
N17DI0 357 0 121 252 131 0.038 23 1.02 0.15 
N17DH 687 0 31 70 39 0.128 29 6.58 0.63 
N17D12 721 0 50 102 52 0.096 29 7.72 0.47 
N17D13 507 0 48 102 54 0.093 18 3.65 0.28 
N17D14 402 0 86 181 95 0.053 19 2.06 0.17 
N17D15 372 48 137 244 107 0.047 18 1.62 0.14 
N17D16 575 0 49 99 50 0.100 34 5.23 0.57 
N17D17 636 0 44 96 52 0.096 27 6.88 0.44 
N17D18 381 0 54 121 67 0.075 17 1.23 0.21 
N17D19 305 0 92 231 139 0.036 13 0.84 0.08 
N17D20 415 0 84 172 88 0.057 16 2.23 0.15 



Table F-l(4); Data of Settling-Coagulatioii Experiments - Batch B2 
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Sample No. Size, da Time U(5-10 cm) ilTG Beads Solid Volume Collision Function 
Ocm 5 cm 10 cm T(5-10cm) Captured, Pc Vs beta 

(um) (sec) (sec) (sec) (sec) (cm/sec) (10^6 um'3) (lO'-e cm"3/s) 

DBlAl 555 0 59 132 73 0.068 38 4.89 0.44 
DB1A2 822 43 84 129 45 0.111 46 10.74 0.86 
DB1A3 414 0 85 175 90 0.056 21 2.35 0.20 
DBIBI 708 0 35 89 54 0.093 40 5.24 0.63 
DB1B2 549 58 110 200 90 0.056 24 3.26 0.23 
DB1B3 518 0 57 154 97 0.052 38 3.56 0.33 
DB1B4 467 32 116 207 91 0.055 22 3.71 0.20 
DB1B5 527 0 81 181 100 O.OSO 36 2.92 0.30 
DBICI 867 0 32 73 41 0.122 48 8.82 0.99 
DB1C2 639 6 58 138 80 0.063 44 6.55 0.46 
DBica 760 0 51 103 52 0.096 38 9.83 0.62 
DB1C4 532 0 55 122 67 0.075 33 3.60 0.42 
DBIDI 447 0 77 173 96 0.052 26 1.49 0.23 
DB1D2 489 2 55 153 98 0.051 33 2.94 0.28 
DB2A1 724 0 34 98 64 0.078 35 8.51 0.46 
DB2A2 517 0 38 116 78 0.064 26 4.48 0.28 
DB2A3 403 90 150 255 105 0.048 21 1.65 0.17 
DB2B1 731 0 31 76 45 0.111 33 7.23 0.62 
DB2B2 830 0 30 82 52 0.096 41 11.68 0.67 
DB2B3 445 0 59 183 124 0.040 25 2.37 0.17 
DB2C1 543 0 87 175 88 0.057 26 2.74 0.25 
DB2C2 379 0 128 264 136 0.037 19 2.65 0.12 
DB2C3 437 0 97 199 102 0.049 22 1.58 0.18 
DB2D1 527 0 80 174 94 0.053 27 2.76 0.24 
DB2D2 578 0 76 155 79 0.063 34 5.29 0.36 
DB2D3 392 0 129 260 131 0.038 24 1.35 0.15 
DB2E1 627 0 55 123 68 0.074 28 4.16 0.35 
DB2EZ 591 0 67 143 76 0.066 32 4.08 0.36 
DB2E3 604 0 77 159 82 0.061 31 5.05 0.32 
DB3A1 739 0 55 119 64 0.078 33 9.07 0.44 
DB3A2 519 0 76 154 78 0.064 31 2.58 0.34 
DB3A3 547 4 105 215 110 0.045 36 4.45 0.28 
DB3B1 639 0 58 121 63 0.079 42 3.89 0.56 
DB3B2 518 0 79 171 92 0.054 35 3.52 0.32 
DB3B3 332 2 122 257 135 0.037 18 1.55 0.11 
DB3C1 604 0 57 121 64 0.078 39 5.35 0.51 
DB3C2 525 36 121 210 89 0.056 36 3.29 0.34 
DB3C3 265 0 162 354 192 0.026 14 0.56 0.06 
DB3C4 405 0 111 246 135 0.037 28 1.91 0.18 
DB3C5 370 165 355 502 147 0.034 19 1.11 O.ll 
DB3D1 655 0 61 134 73 0.068 37 6.93 0.43 
DB3D2 659 0 65 133 68 0.074 38 5.59 0.47 
DB3D3 342 0 135 320 185 0.027 23 1.58 0.10 
DB3D4 503 5 134 255 121 0.041 32 3.42 0.22 
DB4A1 621 0 75 150 75 0.067 35 8.25 0.39 
DB4A2 597 0 68 144 76 0.066 35 4.75 0.39 
DB4A3 340 0 167 347 180 0.028 25 1.42 0.12 
DB4B1 601 0 53 145 92 0.054 44 5.09 0.40 
DB4B2 486 0 76 170 94 0.053 35 2.82 0.31 
DB4B3 437 24 no 262 152 0.033 28 2.69 0.16 
DB4B4 403 0 ICQ 315 215 0.023 21 1.72 0.08 
DB4C1 597 0 95 200 105 0.048 29 4.29 0.23 
DB4C2 585 0 145 245 100 0.050 37 5.46 0.31 
DB4C3 565 95 185 281 96 0.052 30 5.48 0.26 
DB4C4 337 0 159 315 156 0.032 18 1.75 0.10 



Table F-2 (1): Data of Shear Coagulation Experiements - DaGl 
YG Bead Concentration: 300000 /ml. rpin=6 

Sample No. Size, da 
(um) 

Time 
(min) 

#YC Beads  
Captured, Pc 

Solid Volume Collision Function 
Vs beta 

(10*6 um*3) (10 -̂6 (̂ "3/5) 

A1 620 5 20 5.12 0.94 
A2 616 5 24 5.62 1.13 
B1 435 5 10 2.10 0.47 
B2 S68 5 11 3.89 0.52 
CI 535 5 9 3.00 0.42 
C2 817 5 29 6.58 1.36 
D2 452 5 13 2.50 0.61 
El 448 5 14 3.49 0.66 
E2 442 5 7 2.24 0.33 
F1 311 5 5 1.47 0.23 
F2 382 5 5 2.00 0.23 
F2 493 5 11 2.84 0.52 
A1 561 10 24 5.84 0.56 
A2 546 10 26 4.92 0.61 
B1 552 10 31 3.99 0.73 
B2 603 10 29 4.54 0.68 
CI 495 10 19 2.60 0.45 
C2 715 10 32 6.00 0.75 
D1 557 10 23 4.88 0.54 
D1 493 10 18 3.77 0.42 
D2 543 10 20 4.39 0.47 
El 612 10 31 6.51 0.73 
E2 389 10 13 1.71 0.30 
F1 336 10 8 1.57 0.19 
A1 719 20 118 6.06 1.38 
A2 808 20 129 5.14 1.51 
B1 500 20 64 4.72 0.75 
B2 417 20 31 2.61 0.36 
CI 356 20 14 1.73 0.16 
C2 414 20 38 2.24 0.45 
D1 680 20 91 5.66 1.07 
D2 668 20 78 4.56 0.91 
El 400 20 28 1.96 0.33 
E2 464 20 58 2.86 0.68 
F1 386 20 24 1.86 0.28 
F2 468 20 61 2.91 0.71 
A1 639 40 129 6.50 0.76 
A2 532 40 103 4.50 0.60 
B1 661 40 99 6.52 0.58 
B2 417 40 67 2.31 0.39 
CI 731 40 217 8.31 1.27 
C2 393 40 42 2.06 0.25 
D1 544 40 86 4.60 0.50 
D2 476 40 68 3.08 0.40 
El 669 40 146 3.76 0.86 
E2 446 40 74 2.40 0.43 
PI 385 40 65 2.14 0.38 
F2 358 40 40 2.40 0.23 



Table F-2 (2): Data of Shear Coagulation Experiements - DaG2 
YG Bead Concentration: 200000 /ml, rpin=IS 

Sample No. Size, da Time #YG Beads  Solid Volume Collision Function 
(um) (min) Captured, Fc Vs 

(10*6 um'̂ ) 
bea 

(10*-6 cm"3/s) 

A1 435 5 10 2.12 0.70 
A2 479 5 16 2.81 1.13 
B1 603 5 30 4.49 2.11 
B2 362 5 7 1.37 0.49 
CI 489 5 9 3.30 0.63 
CI 707 5 35 4.68 2.46 
C2 567 5 22 4.88 1.55 
D1 506 5 17 3.59 1.20 
El 498 5 12 2.85 0.84 
E2 421 5 5 1.98 0.35 
F1 351 5 6 1.32 0.42 
F2 314 5 5 1.40 0.35 
A1 455 10 8 3.20 0.28 
A2 598 10 34 4.23 1.20 
B1 512 10 23 3.16 0.81 
B2 514 10 18 2.92 0.63 
CI 371 10 8 1.49 0.28 
C2 476 10 16 2.88 0.56 
D1 616 10 50 5.94 1.76 
D1 333 10 16 1.32 0.56 
El 330 10 8 1.62 0.28 
E2 362 10 15 1.40 0.53 
F1 571 10 26 4.09 0.91 
F2 468 10 17 2.38 0.60 
A1 553 20 74 3.64 1.30 
A2 577 20 81 3.79 1.42 
B1 555 20 59 3.45 1.04 
B2 487 20 36 3.23 0.63 
C2 445 20 35 2.96 0.62 
D2 501 20 34 2.64 0.60 
D2 333 20 19 1.23 0.33 
D2 489 20 34 2.67 0.60 
El 304 20 12 1.14 0.21 
E2 265 20 17 1.01 0.30 
F1 297 20 25 1.55 0.44 
F2 463 20 52 2.93 0.91 
A1 615 40 127 3.12 1.12 
A2 290 40 30 1.05 0.26 
B1 375 40 38 1.43 0.33 
B2 471 40 84 2.65 0.74 
CI 422 40 68 1.86 0.60 
C2 548 40 92 4.83 0.81 
D1 486 40 85 2.98 0.75 
D2 508 40 96 2.36 0.84 
El 307 40 37 1.07 0.33 
E2 320 40 44 1.28 0.39 
F1 461 40 73 1.72 0.64 
F2 431 40 61 2.29 0.54 



Table F-2 (3); Data of Shear Coagulation Experiements - DaG3 
YG Bead Concentration: lOOOOO /ml. rpm=25 

Sample No. Size, da Time IVa Beads  Solid Volume Collision Function 
(um) (min) Captured, Pc Vs 

(10^6 um'̂ ) 
beta 

(10 -̂6 cnn/s) 

A1 561 5 6 3.15 0.84 
A2 505 5 6 3.54 0.84 
B1 440 5 10 2.71 1.41 
B2 701 5 14 4.97 1.97 
CI 396 5 8 1.96 1.13 
C2 446 5 7 2.02 0.98 
D1 573 5 7 4.08 0.98 
D2 526 5 10 2.61 1.41 
El 287 5 2 1.25 0.28 
E2 386 5 4 1.78 0.56 
F1 529 5 8 3.58 1.13 
F2 505 5 8 3.21 1.13 
A1 459 10 14 3.35 0.98 
A2 663 10 31 6.04 2.18 
B1 460 10 12 2.07 0.84 
B2 447 10 18 2.21 1.27 
CI 410 10 9 2.05 0.63 
C2 376 10 10 2.06 0.70 
D1 395 10 14 2.33 0.98 
D2 341 10 7 1.51 0.49 
E2 425 10 8 2.05 0.56 
F1 631 10 26 4.52 1.83 
F1 431 10 12 2.17 0.84 
F2 502 10 19 2.82 1.34 
A1 520 20 45 3.67 1.58 
A2 462 20 31 2.00 1.09 
B1 560 20 51 4.56 1.79 
B2 542 20 41 3.01 1.44 
CI 428 20 25 2.45 0.88 
C2 449 20 29 3.05 1.02 
D1 537 20 43 3.50 1.51 
D2 359 20 18 1.40 0.63 
El 398 20 19 1.83 0.67 
E2 551 20 42 3.08 1.48 
F2 457 20 26 2.62 0.91 
A1 390 40 42 1.92 0.74 
A2 517 40 54 2.76 0.95 
B1 377 40 33 1.94 0.58 
B2 466 40 50 2.42 0.88 
CI 405 40 34 1.88 0.60 
CI 491 40 45 2.70 0.79 
D1 478 40 55 2.49 0.97 
D2 532 40 69 2.81 1.21 
El 322 40 23 l . I l  0.40 
El 431 40 48 1.57 0.84 
E2 405 40 39 1.55 0.69 
F2 269 40 13 1.06 0.23 



Table F-2 (4); Data of Shear Coagulation Experiements - DbGl 
YG Bead Concentranon: 500000 /ml. rpm=6 

Sample No. b'lze, da Tuw # YG Beads Solid Volume Collision Function 
(um) (min) Captured, Pc Vs beta 

(10*6 um*3) (10 -̂6 < '̂3/8) 

A1 460 5 14 2.71 0.39 
A2 690 5 25 7.15 0.70 
B1 896 5 36 14.12 1.01 
B2 492 5 13 4.27 0.37 
CI 415 5 9 2.67 0.25 
C2 376 5 15 1.98 0.42 
C3 620 5 31 4.76 0.87 
D1 646 5 35 9.66 0.98 
El 479 5 12 3.24 0.34 
E2 334 5 7 1.73 0.20 
E3 459 5 12 2.83 0.34 
Fl 596 5 U 4.86 0.68 
F2 415 5 11 2.09 0.31 
F3 265 5 5 1.45 0.14 
A1 312 10 16 1.55 0.23 
A3 433 10 15 2.49 0.21 
B1 653 10 61 8.14 0.94 
B3 255 10 15 1.17 0.21 
CI 556 10 41 6.25 0.58 
C2 714 10 61 8.74 0.86 
D1 421 10 19 2.45 0.27 
D2 526 10 47 6.44 0.66 
El 626 10 82 9.20 1.15 
E2 525 10 41 4.75 0.58 
Fl 524 10 36 4.77 0.51 
F2 258 10 10 1.09 0.14 
A2 375 20 41 2.69 0.29 
A3 310 20 25 1.31 0.18 
B2 797 20 169 12.29 1.19 
CI 264 20 35 0.99 0.25 
C2 503 20 54 2.65 0.38 
D1 315 20 21 1.17 0.15 
D2 559 20 107 5.73 0.75 
D3 509 20 82 3.84 0.58 
El 521 20 68 3.76 0.48 
Fl 420 20 51 2.45 0.36 
F2 467 20 52 2.23 0.37 
F3 447 20 61 2.53 0.43 
A1 303 40 51 1.34 0.18 
B1 715 40 286 8.08 1.01 
B2 476 40 111 4.08 0.39 
CI 345 40 72 1.64 0.25 
C2 378 40 102 1.91 0.36 
C3 279 40 69 1.14 0.24 
D1 378 40 67 1.53 0.24 
D2 852 40 427 15.20 1.50 
D3 443 40 117 2.87 0.41 
El 495 40 142 3.95 0.50 
E2 457 40 151 3.60 0.53 
E3 674 40 366 10.21 1.29 
Fl 331 40 67 2.17 0.24 
F2 296 40 62 1.17 0.22 
F3 586 40 227 7.54 0.80 



Table F-2 (5): Data of Shear Coagulation Experiements - DbG2 
YG Bead Concentration: 200000 /ml. rpm= 15 

Sample No. Size, da Time IVG Beads  Solid Volume Collision Functioa 
(um) (min) Captured, Pc Vs beta 

(10*6 um'S) (10"-6cm"3/s) 

A1 518 5 10 4.28 0.70 
A2 593 5 13 4.74 0.91 
B1 625 5 18 7.10 1.27 
B2 483 5 12 2.37 0.84 
C2 584 5 11 5.12 0.77 
D1 443 5 6 2.68 0.42 
D2 440 5 7 4.04 0.49 
El 331 5 6 1.71 0.42 
E2 506 5 12 5.06 0.84 
E2 455 5 8 2.64 0.56 
Fl 321 5 4 1.32 0.28 
F2 400 5 6 2.51 0.42 
A1 469 10 17 4.22 0.60 
A2 337 10 8 1.94 0.28 
82 692 10 46 7.73 1.62 
CI 455 10 12 2.28 0.42 
CI 524 10 18 3.90 0.63 
CI 566 10 22 5.68 0.77 
DI 408 10 14 2.65 0.49 
El 602 10 32 6.18 1.13 
El 474 10 17 3.79 0.60 
Fl 363 10 9 1.64 0.32 
F2 359 10 II 1.49 0.39 
A1 473 20 33 2.41 0.58 
A2 553 20 54 4.55 0.95 
El 622 20 53 5.13 0.93 
82 682 20 65 6.69 1.14 
CI 332 20 14 2.54 0.25 
C2 230 20 8 0.63 0.14 
C3 349 20 21 1.70 0.37 
Dl 477 20 32 3.79 0.56 
D2 391 20 21 2.08 0.37 
E2 516 20 37 3.67 0.65 
E3 310 20 17 1.11 0.30 
Fl 412 20 24 2.62 0.42 
F2 453 20 30 3.55 0.53 
A1 318 40 46 1.85 0.40 
A2 568 40 103 5.60 0.91 
B1 474 40 76 4.44 0.67 
81 426 40 78 2.50 0.69 
82 669 40 167 8.51 1.47 
CI 332 40 49 1.75 0.43 
C2 564 40 121 4.93 1.06 
C3 496 40 72 4.88 0.63 
Dl 331 40 39 2.23 0.34 
D2 380 40 64 1.62 0.56 
D3 324 40 45 1.55 0.40 
E2 321 40 35 1.15 0.31 
Fl 427 40 63 2.95 0.55 
F2 478 40 84 2.59 0.74 



Table F-2 (6): Data of Shear Coagulation Experiements - DbG3 
YG Bead Concentration: 100000 /ml. rpni=25 

Sample No. Size, da Time #YG Beads  Solid Volume Collision Function 
(um) (min) Captured, Pc Vs beta 

(10^6 um'̂ ) (10 -̂6 

A1 507 5 6 4.63 0.84 
A2 441 5 5 2.73 0.70 
B1 572 5 8 6.23 1.13 
B2 628 5 9 6.76 1.27 
CI 483 5 5 4.01 0.70 
C2 268 5 2 0.88 0.28 
C3 381 5 3 2.70 0.42 
D1 356 5 4 2.06 0.56 
D2 492 5 7 3.34 0.98 
El 366 5 7 5.23 0.98 
E2 383 5 5 2.35 0.70 
F1 459 5 7 3.00 0.98 
F2 395 5 4 2.13 0.56 
A1 442 10 11 2.36 0.77 
A2 462 10 9 3.17 0.63 
B1 464 10 8 3.23 0.56 
B1 359 10 10 1.88 0.70 
82 419 10 11 2.13 0.77 
CI 327 10 8 1.58 0.56 
C2 376 10 8 1.76 0.56 
D1 415 10 7 2.62 0.49 
D2 329 10 6 1.43 0.42 
D3 265 10 4 0.95 0.28 
El 427 10 16 2.32 1.13 
F1 310 10 7 0.97 0.49 
F2 385 10 4 1.69 0.28 
A1 452 20 17 3.24 0.60 
A2 342 20 8 1.69 0.28 
32 363 20 12 2.02 0.42 
CI 294 20 8 1.16 0.28 
C2 430 20 16 2.68 0.56 
D1 359 20 13 1.64 0.46 
El 381 20 14 2.01 0.49 
E2 347 20 11 1.96 0.39 
F1 375 20 15 2.02 0.53 
F2 367 20 11 1.74 0.39 
A1 389 40 21 1.93 0.37 
A2 393 40 24 2.41 0.42 
81 365 40 25 2.10 0.44 
82 429 40 26 2.31 0.46 
CI 300 40 23 1.46 0.40 
C2 292 40 11 1.03 0.19 
D2 314 40 20 1.50 0.35 
El 368 40 14 1.56 0.25 
E2 389 40 19 2.41 0.33 
E2 359 40 21 2.09 0.37 
F2 374 40 21 1.96 0.37 



Table F-2 (7): Data of Shear Coagulation Experiements - DcGl 
YG Bead Concentration: 500000 /ml. rpm=6 

Sample No. Size, da 
(um) 

Time 
(min) 

#YG Beads  
Captured, Pc 

Solid Volume 
Vs 

(10*6 um'̂ ) 

Collision Function 
bea 

(10*-6cm"3/s) 

A1 376 5 10 2.11 0.28 
A2 642 5 17 6.26 0.48 
B1 438 5 9 2.96 0.25 
B2 553 5 11 5.86 0.31 
CI 518 5 7 3.42 0.20 
C2 594 5 21 8.28 0.59 
D2 410 5 10 2.61 0.28 
El 469 5 12 3.64 0.34 
E2 335 5 10 1.10 0.28 
F1 400 5 8 2.30 0.23 
F2 279 5 5 1.49 0.14 
A1 675 10 51 9.71 0.72 
A2 673 10 40 8.28 0.56 
B1 705 10 42 18.20 0.59 
B2 464 10 24 4.01 0.34 
CI 409 10 17 2.86 0.24 
C2 811 10 48 12.94 0.68 
D1 387 10 20 2.57 0.28 
D2 629 10 50 6.39 0.70 
El 388 10 15 2.64 0.21 
E2 449 10 21 3.43 0.30 
F1 439 10 19 3.31 0.27 
F2 551 10 39 5.72 0.55 
A1 447 20 46 2.89 0.32 
A2 686 20 97 11.05 0.68 
B1 642 20 81 9.11 0.57 
B2 442 20 54 3.99 0.38 
B3 276 20 18 0.86 0.13 
CI 520 20 119 3.70 0.84 
C2 489 20 109 3.93 0.77 
D1 353 20 24 1.87 0.17 
D2 329 20 34 1.58 0.24 
El 423 20 37 2.56 0.26 
E2 410 20 58 2.20 0.41 
F1 423 20 61 2.41 0.43 
F2 619 20 124 5.84 0.87 
A1 640 40 197 5.56 0.69 
A2 833 40 281 15.01 0.99 
B1 433 40 92 3.66 0.32 
B2 655 40 194 8.09 0.68 
CI 371 40 67 1.92 0.24 
C2 441 40 78 3.08 0.27 
D1 604 40 136 5.71 0.48 
D2 622 40 184 6.84 0.65 
El 533 40 152 5.31 0.53 
E2 447 40 75 3.93 0.26 
F1 370 40 64 2.38 0.23 
F2 638 40 216 8.40 0.76 



Table F-2 (8): Data of Shear Coagulatioii Experiements - DcG2 
YG Bead Concentration: 300000 /ml, rpin= 15 

Sample No. Size, da Time #YG Beads  Solid Volume Collision Function 
(um) (mtn) Captured. Pc Vs beta 

(10"6um'3) (10'-6 cm*3/s) 

A1 513 5 8 2.87 0.38 
A2 538 5 9 10.17 0.42 
B1 786 5 22 17.94 1.03 
B2 413 5 10 3.82 0.47 
CI 491 5 12 4.43 0.56 
C2 609 5 17 8.31 0.80 
D1 380 5 6 1.68 0.28 
D2 360 5 7 2.60 0.33 
El 447 5 8 2.89 0.38 
E2 395 5 10 2.24 0.47 
F1 469 5 8 3.35 0.38 
F2 359 5 4 2.38 0.19 
A1 666 10 27 15.12 0.63 
82 422 10 18 3.29 0.42 
CI 415 10 23 3.09 0.54 
C2 527 10 21 6.18 0.49 
D1 429 10 24 3.33 0.56 
D1 636 10 28 7.08 0.66 
D2 462 10 26 3.04 0.61 
D2 342 10 7 2.98 0.16 
El 410 10 11 2.79 0.26 
E2 402 10 13 2.41 0.30 
F1 482 10 25 3.49 0.59 
F2 458 10 28 4.88 0.66 
A1 479 20 30 4.75 0.35 
A2 314 20 24 1.57 0.28 
A2 462 20 51 4.01 0.60 
B1 423 20 29 2.39 0.34 
B2 435 20 32 5.89 0.38 
CI 638 20 80 10.57 0.94 
C2 645 20 51 7.95 0.60 
Dl 526 20 55 4.11 0.64 
El 333 20 16 2.12 0.19 
E2 480 20 42 3.70 0.49 
F1 416 20 50 2.66 0.59 
F2 452 20 43 3.14 0.50 
A1 453 40 72 3.04 0.42 
A2 454 40 97 3.48 0.57 
B1 488 40 78 5.41 0.46 
81 429 40 81 2.29 0.47 
CI 283 40 22 1.14 0.13 
C2 540 40 97 7.14 0.57 
D2 485 40 104 3.56 0.61 
El 389 40 63 2.11 0.37 
E2 530 40 105 5.15 0.62 
PI 440 40 88 3.63 0.52 
F2 379 40 52 2.96 0.30 



Table F-2 (9): Data of Shear Coagulation Experiements - DcG3 
YG Bead Concentratiop: 300000 /ml, rpm=25 

Sample No. Size, da Time ill Vfi Beads Solid Volume Collision Function 
(um) (mln) Captured, Pc Vs beta 

(10"6um'̂ ) (10*-6 cm"3/s) 

A1 509 5 16 5.66 0.75 
A2 445 5 11 3.73 0.52 
B1 312 5 7 1.89 0.33 
B1 393 5 8 1.81 0.38 
CI 654 5 26 13.36 1.22 
C2 461 5 9 3.17 0.42 
D1 261 5 4 0.71 0.19 
D2 378 5 9 1.44 0.42 
El 392 5 5 2.01 0.23 
E2 414 5 9 2.49 0.42 
F1 416 5 8 1.54 0.38 
Fl 301 5 11 1.44 0.52 
A1 508 10 31 5.89 0.73 
A2 415 10 20 2.27 0.47 
B1 375 10 15 3.10 0.35 
B2 439 10 15 4.88 0.35 
CI 572 10 40 8.97 0.94 
C2 429 10 18 1.68 0.42 
D1 423 10 16 4.26 0.38 
D2 377 10 17 2.16 0.40 
El 401 10 15 2.57 0.35 
E2 313 10 14 1.62 0.33 
Fl 322 10 11 2.15 0.26 
A1 348 20 33 3.56 0.39 
A2 361 20 38 3.05 0.45 
B1 669 20 81 10.61 0.95 
B2 361 20 26 2.80 0.30 
CI 319 20 18 2.05 0.21 
C2 395 20 49 5.28 0.57 
D1 530 20 61 7.49 0.71 
D2 341 20 26 2.02 0.30 
El 400 20 42 3.23 0.49 
E2 342 20 23 1.66 0.27 
F2 408 20 37 0.92 0.43 
F2 416 20 40 2.84 0.47 
A1 419 40 77 2.26 0.45 
A2 383 40 75 1.77 0.44 
B2 393 40 64 1.83 0.38 
B2 433 40 88 2.83 0.52 
CI 481 40 102 3.26 0.60 
C2 274 40 49 0.94 0.29 
Dl 399 40 61 2.00 0.36 
D2 490 40 115 4.08 0.67 
El 463 40 72 5.42 0.42 
E2 433 40 83 2.74 0.49 
Fl 318 40 43 1.26 0.25 
F2 449 40 79 2.59 0.46 
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Table F-3: Concentration Profiles and Average Fractal Dimensions 
of Particles in Monterey Bay, CA. 

Coulter Counter Measurement 
Date Depth particle conc. #/inl (ds<200um) slope 

(My, 93) (m) ds>2.9um >5.7 um >11.0 um >22.3 um >43.4 um >84.5 um 

24 am 2 36830.8 2267.8 298.8 29.0 8.6 -3.05 

7 33099.8 2198.8 269.8 12.3 0.9 0.1 -4.08 

12 33781.1 2163.1 202.1 23 0.1 -4.92 

25 am 1 264952 26182 2842 29.8 8.1 0.3 -3.42 

3 26822.7 2192.7 286.7 34.8 6.6 0.7 -321 

5 27046.9 1941.9 261.9 272 3.0 0.3 -3.38 

7 24570.4 1561.4 205.4 20.1 1.7 02 -3.65 

12 5756.0 770.0 80.0 172 4.0 0.4 -2.93 

26 am 3 25328.6 1630.6 202.6 37.4 1.3 0.1 -3.77 

10 29408.5 1937.5 160.5 28.5 1.5 0.1 -3.72 

27 am 10 14831.9 1493.9 157.9 192 1.8 0.3 -328 

20 7793.9 1076.9 85.9 9.4 1.0 0.1 -3.65 

28 am 10 4381.8 566.8 74.8 92 1.1 02 -3.18 

28 pm 3 235622 14392 1232 17.1 1.4 02 -3.45 

7 2679.1 299.1 46.1 11.7 1.4 0.5 -2.73 

12 3454.9 282.9 38.9 82 0.8 02 -2.99 

15 35072 3072 352 9.3 1.0 02 -2.98 

20 8238.6 644.6 55.6 15.3 1.9 0.5 -3.03 

23 10365.3 737.3 51.3 8.8 0.9 0.1 -3.56 

29 am 3 4970.9 466.9 63.9 19.1 3.8 02 -2.90 
10 4465.0 478.0 81.0 19.7 4.6 0.9 -2.48 
15 5820.5 283.5 50.5 202 4.1 I.O -2.44 
20 11495.6 492.6 55.6 13.9 22 0.4 -2.72 
30 4067.7 194.7 32.7 14.3 2.5 02 -2.67 
50 8009.6 321.6 34.6 12.6 2.5 0.8 -2.54 

30 am 10 8701.1 1228.1 169.1 542 6.1 1.8 -2.55 
40 3731.0 470.0 73.0 26.4 3.9 0.3 -2.84 

30 pm 5 3364.4 541.4 71.4 282 4.3 0.7 -2.59 30 pm 
10 3521.5 550.5 90.5 42.8 52 02 -2.77 
15 3693.4 530.4 82.4 39.0 5.4 0.5 -2.65 
20 1805.8 237.8 33.8 13.7 4.9 2.6 -2.02 
25 2313.8 277.8 43.8 16.4 4.0 1.8 -2.11 
40 4865.6 542.6 66.6 17.4 2.3 02 -3.01 

31 am 2 11560.9 1937.9 175.9 20.5 32 0.3 -3.40 

5 8292.9 1131.9 118.9 17.8 3.1 0.5 -3.05 

10 5283.9 821.9 126.9 20.7 3.7 0.6 -2.82 

15 3835.5 687.5 111.5 21.8 4.9 0.5 -2.78 

20 5402.0 834.0 135.0 26.1 4.5 0.4 -2.85 
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Table F-3 -continued 

Image Analysis Fractal Dimension 
Date Depth panicle conc. #/mi (l<300uin) slope 

(July, 93) (m) 1 >5.1 um >7.8 um >13.4 um >25.7 um >44.1 um >84.4 um >144.5 um (two-slope's) (PCTs) 

24 am 2 490.6 212.0 80.5 16.8 3.9 1.6 0.6 -2.08 2.04 2.47 
7 519.7 148J 38.1 8.4 3.6 OJ -2.10 1.54 1.51 
12 635.4 271J 84.4 20.4 5.2 1.9 1.0 -2.13 130 1.10 

25 am 1 591.1 215.6 61.1 15.5 5.2 1.9 13 -2.04 1.79 2.16 
3 560.4 286J 82.4 2Z9 7.8 23 1.9 -2.00 1.87 2.20 
5 483.5 259.5 84.0 20.4 7.1 2.9 1.6 -1.98 1.76 1.64 
7 426.9 235.9 82.7 233 7.4 23 1.0 -1.87 1.53 1.51 
12 243.7 109.6 45.6 15.8 6.1 32 2.6 -1.62 1.66 1.82 

26 am 3 277.6 98.6 30.4 9.7 3  ̂ 1.6 0.6 •1.68 133 1^8 
10 786.0 290.5 372 8.7 29 1.0 0.6 -236 1.90 1.79 

27 am 10 386.2 170J S5S 19.7 5.8 23 03 -1.79 1.63 1.71 
20 138.0 68.8 3S2 16.8 6.1 23 0.6 -1.54 1.27 1.48 

28 am 10 144.5 99.5 48J 14.5 5.5 1.9 13 -1.79 1.69 1.70 
28 pm 3 272.8 92.1 32.0 12.6 6.5 29 03 -1.41 1.23 1.24 

7 3442 161.6 423 6.8 2.6 1.0 1.0 -231 2.53 2.52 
12 110.9 57.8 32.0 12.0 4.2 IJ 0.6 -1.70 1.71 1.79 
15 199.1 992 34J I I J  35 23 0.6 -1.68 1.69 1.70 
20 228.8 68.8 27.1 13.9 5.8 1.9 0.6 -1.47 1.45 1.61 
23 461.8 136.4 45.2 12.9 4.8 IJ 1.0 -1.86 1.56 1.66 

29 am 3 119 J 79.8 34.9 11.0 5.5 2.6 13 -1.47 1.52 2.03 
10 167.1 105.7 55.9 19.7 6.1 23 l.O -1.72 2.08 2.15 
15 204J 113.1 52.7 16.8 5.5 3.2 1.9 -1.50 1.84 2.46 
20 168.4 100.5 48.5 17.8 6.5 3.6 23 -136 1.50 1.94 
30 106.6 70.8 343 14.5 6.1 23 1.6 -1.40 1.58 220 

50 220.7 134.4 72.7 27.1 14.2 5.8 13 -134 1.58 1.96 
30 am 10 I69J 107.6 64.6 28.4 5.8 1.9 0.6 -1.71 2.01 2.01 

40 204.9 137.4 75.6 34.6 10.7 4.5 32 -1.46 1.54 2.19 
30 pm 5 

10 
15 

20 

25 
40 

31 am 2 231.1 132.8 50.1 14.5 4.5 1.9 1.0 -1.73 1.53 1.83 
5 292.5 173.9 66J 19.4 5.8 32 13 -1.74 1.71 2.03 
10 292.5 182.9 72.1 223 6.1 23 1.0 -1.71 1.81 1.94 
15 180.7 128.6 60.4 18.1 7.4 1.9 0.6 -1.81 1.95 2.00 
20 292.5 177.4 87.9 33.6 \23 5.5 1.9 -1.52 1.60 1.73 



Table F-4: Concentratioii Profiles and Average Fractal Dimensions 
of Particles in East Sound, WA. 

Coulter Counter Measurement 
Date Depth particle conc. #/ml (ds<200um) slope 

(April, 94) (m) ds>2.9 um >5.7 um >11.0um >223 mn >43.4 um >84.5 um 

14 am 2 16609.S 27033 318.5 39.7 5.9 0.4 -3.02 
IS am 0 9236.1 1541.1 191.1 43.1 9.7 0.6 -2.54 

5 8069.0 1370.0 193.0 45.8 10.1 03 -2.82 
12 6930.1 1173.1 160.1 46.1 11.7 0.8 -239 
16 7316.5 1073.5 176J 34.0 73 03 -2.50 
21 8439.2 1369.2 224.2 493 9.9 0.4 -2.45 

16 am 0 12748.0 2159.0 223.0 31.6 6.5 02 -2.89 
5 5957J 1092J 2083 50.8 113 0.8 -2.46 
8 U 142.1 1930.1 224.1 36.6 83 0.7 -2.71 
12 9148.0 1339.0 182.0 43.8 7.7 0.4 -2.54 
21 11491.4 1533.4 156.4 392 7.4 03 -2.64 

17 am 0 8970.5 1249.5 190.5 42.6 8.7 0.4 -2.55 
5 6579.4 1064.4 161.4 45J 8.6 0.5 -2.44 
8 8036.6 1246.6 149.6 36.4 6.0 0.1 -2.60 
12 9538.0 1575.0 200.0 42.6 6.1 03 -2.74 
21 8736.0 1433.0 188.0 42.9 5.0 02 -2.74 

17 pm 0 12299.0 1872.0 191.0 31.4 63 0.6 -2.90 17 pm 
5 6826.1 1212.1 182.1 43.4 7.7 03 -2.54 
8 8204.9 1331.9 192.9 42.6 5.9 0.5 -2.82 
12 9758.7 1475.7 182.7 44.1 7.0 03 -2.78 
21 11323.7 1819.7 219.7 36.6 5.2 O.l -2.88 

18 am 0 12932.1 1874.1 236.1 49.1 14.1 0.5 -2.50 
5 9729J 15213 2583 60.4 20J 1.0 -238 
8 7374.1 1363.1 226.1 53.8 13.6 0.7 -232 
16 8728.4 1657.4 214.4 47.2 8.5 0.5 -2.58 
21 8337J 14813 2233 46.9 9.6 0.4 -2.51 

19 am 0 19222.9 2651.9 290.9 54.0 113 0.6 -2.72 
4 10778.6 1266.6 234.6 75.8 23.8 0.6 -2.63 
7 6805.4 1214.4 233.4 73.9 292 0.9 -235 
12 8051.4 1402.4 248.4 42.2 12.5 0.5 -2.45 
21 10454.7 1728.7 181.7 38.0 4.8 02 -2.85 

20 am 0 10588.7 1519.7 335.7 97.7 33.0 0.7 -2.18 
6 6827.4 1341.4 270.4 88.2 37.6 0.8 -2.02 
12 6806.4 1187.4 166.4 38.5 9.7 0.5 -2J7 
16 7935.6 1437.6 160.6 42.1 7.5 0.5 -2.60 
21 10536.6 1665.6 222.6 58.7 17.0 0.6 -235 

21 am 0 13357.7 2220.7 389.7 105.7 44.6 12 -2.09 
5 5893J 1234J 2203 652 23.2 0.5 -2.04 
12 6910.0 1244.0 187.0 43.8 13.4 0.7 -234 
17 7916.2 1295.2 180.2 37.9 6.6 03 -2.64 
21 8056.5 1452.5 198.5 49.1 123 0.6 -2.40 

22 am 0 35577.8 2704.8 475.8 107.8 13.8 03 -2.79 
5 12884.0 1949.0 429.0 141.1 51.1 0.9 -2.23 
16 7700.5 1464.5 292.5 75.7 173 0.6 -225 

21 8477.5 1514.5 297.5 85.1 24.1 0.6 -2.48 
23 am 0 38724.9 3242.9 469.9 973 14.9 0.6 -2.78 

6 9840.9 2082.9 371.9 116.9 51.0 1.0 -2.00 
10 8279.3 1790J 2983 105.7 45.5 0.9 -1.94 
16 7843.9 1296.9 167.9 42.7 10.4 0.4 -2.47 
21 9997.9 1491.9 245.9 59.9 18.9 0.5 -2.29 

24 am 0 13020.7 2897.7 485.7 165.4 81.9 2.4 -1.99 
6 9658.8 2330.8 431.8 165.7 87.0 1.7 -1.80 
12 9091.8 1782.8 257.8 56.7 15.8 0.5 -2.38 
16 7035.8 1217.8 173.8 41.9 9.8 0.4 •2.50 

21 8051.2 1285.2 179.2 40.7 11.0 0.5 -2.44 
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Table F-4 —continued 

Image Analysis Fractal Dimension 
Date Depth particle conc. #/ml (I<300um) slope 

(April, 94) (m) 1 >7.8 um >13.4 um >25.7 um >44.1 um >84.4 um >144.5 um (two-slope's (PCTs) 

14 am 2 326.7 1923 85J 21.8 6J 1.0 -231 230 236 
IS am 0 809.1 214J 68.4 31.5 14.1 35 -1.73 2.04 230 

5 322.9 150J 41.2 19.4 6.8 1.0 -1.99 2.12 235 
12 640.4 209.9 76.1 29.1 10.2 1.5 -1.89 238 2.60 
16 510.5 191J 68.4 19.9 5.8 IJ -1.93 231 2.55 
21 609.8 1963 70J 223 5J 1.0 -1.97 2.41 2J3 

16 am 0 985J 292.8 59.6 17.0 5.8 15 -2.13 2.21 2.42 
5 431.4 197J 562 17.0 2.4 1.0 -2.22 2.71 2.75 
8 919.1 307.8 59.6 17.5 4.4 1.0 -222 2.46 2.65 
12 550.7 261J 69.8 22J 63 1.9 -1.97 233 2.51 
21 472.2 269.0 107.1 29.1 5.8 1.0 -2.24 2M 2.70 

17 am 0 
5 
8 
12 
21 

17 pm 0 
5 
8 
12 
21 

18am 0 623.0 237.4 73.9 26.7 15.1 2.4 -1.75 2.09 221 

5 747.8 281.0 92.7 39.4 15.1 2.4 -1.90 239 2.55 
8 938.9 426.8 121.8 51.5 12.7 4.2 -1.97 2.55 2.84 
16 323.7 I65J 612 33.9 7.9 1.8 -1.88 2.19 222 
21 460.7 174J 46.7 18.2 3.6 1.2 -2.14 2.56 2.61 

19 am 0 833.8 303.5 97.4 28.1 5.8 1.0 -2.11 232 2.66 
4 673.8 437.7 298.1 90.7 12.1 2.4 -236 2.70 2.93 
7 523.6 288.0 120.7 572 20.4 1.9 -1.94 2.48 2.65 
12 444.1 199.2 64.5 17.9 63 0.5 -1.94 238 2.56 
21 395.6 201.2 69.8 19.4 2.9 -2.15 226 2.65 

20 am 0 682.6 292.8 100.8 44.1 16.5 1.9 -1.88 2.59 2J3 
6 470.2 243.4 84.4 31.5 8.7 -1.75 2.60 2.74 
12 367.9 209.9 81.0 22.8 2.9 1.0 -2.18 2.55 2.77 
16 365.0 185.2 57.7 15.5 1.5 -2.23 2J8 2.90 
21 620.5 246J 85.8 32.0 73 0.5 -1.91 2.43 2.81 

21 am 0 561.9 272.9 126.0 55J 17.0 1.5 -1.68 2.42 2.53 
5 372.8 227.8 82.9 29.6 53 -1.73 2.55 2.87 
12 268.6 144.5 58.2 18.4 53 -1.80 231 2.71 
17 237.1 130.9 427 7.8 2.4 0.5 •222 2.53 2.61 
21 232.7 132.8 49.4 15.5 3.9 -1.77 2a 1 2.54 

22 am 0 918a 327.2 97.9 20.4 5.8 2.4 -2.25 2.41 237 
5 663.7 280.7 93.1 42.7 10.7 1.5 -2.02 2.72 2.50 
16 459.1 250.6 91.1 32.5 4.8 1.0 -2.00 2.66 2.61 
21 621.5 326J 97.9 34.4 3.4 IJ -2.28 2.76 2.61 

23 am 0 1263.8 418.8 109.1 29.1 6.8 1.5 -2.24 2.42 239 
6 449.9 240.0 88.2 44.1 6.8 0.5 -1.54 230 2.45 
10 506.1 315.6 135.7 68.8 14.1 1.9 -1.49 229 2.77 
16 364.5 189.1 70.8 29.6 53 0.5 -1.75 2.13 2.64 
21 334.5 187.1 71J 27.6 92 0.5 -1.68 220 2.55 

24 am 0 797.4 354.4 128.9 60.1 11.6 1.0 -1.55 234 2.44 
6 667.0 381.5 139.6 87.7 16.0 1.9 -1.52 2.53 2.47 
12 348.1 205.5 69.8 26.7 5.8 1.0 -1.99 2.51 2.64 
16 344.7 185.2 45.1 12.6 3.9 1.0 -2.10 2.52 2.57 
21 318.0 172.6 55.3 18.4 3.9 -2.03 2.49 2.81 



REFERENCES 

193 

Adler P.M. (1981a) Streamlines in and around porous particles. /. Collide Interface Sci. 
81:531-535. 

Adler P.M. (1981b) Heterocoagulation in shear flow, J. Collide Interface Sci. 83:106-
115. 

Alldredge A.L. and Gotschalk C. (1988) In situ settling behavior of marine snow. 
Limnol. Oceanogr. 33:339-351. 

Alldredge A.L,, Passow U. and Logan B.E. (1993) The abundance and significance of 
a class of large transparent organic particles in the ocean. Deep-Sea Res. 40:1131-
1140. 

Batchelor G.K. (1982) Sedimentation in a dilute polydisperse system of interacting 
spheres, Part 1. General theory. J. Fluid Mech. 119:379-408. 

Brinkman H.C. (1947) A calculation of the viscous force extended by a flowing fluid on 
a dense swarm of particles. Appl. Scient. Res. Al:27-34. 

Camp T.R. and Stein P.C. (1943) Velocity gradients and internal work in fluid motion. 
J. Boston Soc. Civ. Eng. 30:219-237. 

Chase R.R,P. (1979) Settling behavior of natural aquatic particulates. Limnol. Oceanogr. 
24:417-426. 

Chellam S. and Wiesner M.R. (1993) Fluid mechanics and fractal aggregates. Water Res. 
27:1493-1496. 

Gardner W,D., Richardson J., Walsh I.D, and Berglund B.L. (1991) In-situ optical 
sensing of particles for determination of oceanic processes. Oceanogr. 3:15-24. 

Han M. and Lawler D.F, (1991) Interactions of two settling spheres: settling rates and 
collision efficiency./. Hydraid. Eng. 117:1269-1289. 

Han M. and Lawler D.F. (1992) The (relative) insignificance of G in flocculation, J. Am. 
Water Works Assoc. 84(10):79-91. 

Harris J.E. (1977) Characterization of suspended matter in the Gulf of Mexico-H. Particle 
size analysis of suspended matter from deep water. Deep-Sea Res. 24:1055-1061. 



194 

Hawley N. (1982) Settling velocity distribution of natural aggregates. J. Geophys. Res. 
87:9489-9498. 

Hill P.S. (1992) Reconciling aggregation theory with observed vertical fluxes following 
phytoplankton blooms. J. Geophys. Res. 97:2295-2308. 

Hill P.S. and Nowell A.R.M. (1990) The potential role of large, fast-sinking particles in 
clearing nepheloid layers. Philos. Trans. R. Soc. London A, 331:103-117. 

Hunt J.R. (1980) Prediction of oceanic particle size distributions from coagulation and 
sedimentation mechanisms, in Particulates in Water, Kavanaugh, M.C. and J.O. 
Leckie, editors, American Chemical Society, Advances in Chemistry Series, 189, 
p243-257. 

Jackson G.A. and Lochmann S.E. (1993) Modeling coagulation of algae in marine 
ecosystems, in Environmental Panicles, Vol. 2, van Leeuwen H.P. and Buffle J., 
editors. lUPAC Environmental Analytical and Physical Chemistry Series, Chelsea, 
MI:Lewis Publishers, p387-414, 

Jackson G.A., Logan B.E., AUdredge A.L. and Dam H. (1995) Combining particle size 
spectra from a mesocosm experiment measured using photographic and aperture 
impedance (Coulter and Elzone) techniques. Deep-Sea Res. II, 42:139-157. 

Jiang Q. and Logan B.E. (1991) Fractal dimensions of aggregates determined from 
steady-state size distributions. Environ. Sci. Technol. 25:2031-2038. 

Jiang Q. (1993) Fractal Structure of Aggregates Induced by Shear Motion. Ph.D. 
Dissertation, University of Arizona, Tucson, AZ. 

Jiang Q. and Logan B.E. (1996) Fractal dimensions of aggregates produced in laminar 
and turbulent shear devices. J. Am. Water Works Assoc. 88(2): 100-113. 

Johnson P.C., Li X. and Logan B. E. (1996) Settling Velocities of Fractal Aggregates. 
Environ. Sci. Technol. 30:1911-1918. 

Jullien R. and Kolb M. (1984) Hierarchical model for chemically limited cluster-cluster 
aggregation. J. Pf^s. A, 17:L639-L643. 

Jullien R., Kolb M. and Botet R. (1984) Aggregation by kinetic clustering of clusters in 
dimensions d>2. /. Phys. Lett. 45:L211-L216. 



195 

Kawana K. and Tanimoto T. (1979) Suspended particles near the bottom in Osaka bay. 
J. Oceanogr. Soc. Japan, 35:75-81. 

Kilps J.R., Logan B.E. and Alldredge A.L. (1994) Fractal dimensions of marine snow 
aggregates determined from image analysis of in situ photographs. Deep-Sea Res. 
41:1159-1169. 

Kindratenko V.V., van Espen P.J.M., Treiger B.A. and van Grieken R.E. (1994) Fractal 
dimensional classification of aerosol particles by computer-controlled scanning 
electron microscopy. Environ. Sci. Technol. 27:539-547. 

Lambert C.E., Jehanno C., Silverberg N., Brun-Cottan J.C. and Chesselet R. (1981) 
Log-normal distributions of suspended particles in the open ocean. J. Mar. Res. 
39:77-89. 

Lee D.J., Chen G.W., Liao Y.C. and Hsieh C.C. (1996) On the free-settling test for 
estimating activated sludge floe density. Water Res. 30: 541-550. 

Li D. and Ganczarczyk J. (1988) Flow through activated sludge floes. Water Res. 
22:789-792. 

Li D. and Ganczarczyk J. (1989) Fractal geometry of particle aggregates generated in 
water and wastewater treatment processes. Environ. Sci. Technol. 23:1385-1589. 

Li D. and Ganczarczyk J. (1990) Structure of activated sludge floes. Biotech. Biocng. 
35:57-65 

Lin M.Y., Lindsy H.M., Weitz D.A., Ball R.C., Klein R. and Meakin P. (1989) 
Universality in colloid aggregation. Nature, 339:360-362. 

Lindsay H.M., Lin M. Y., Weitz D.A., Sheng P., Chen Z., Klien R. and Mealdn P. 
(1987) Properties of fractal colloid aggregates. Faraday Discuss. Chem. Soc. 
83:153-165. 

Logan B.E. and Hunt J.R. (1987) Advantages to microbes of growth in permeable 
aggregates in marine systems. Limnol. Ocearwgr. 32:1034-1048. 

Logan B.E. and Alldredge A.L. (1989) The increased potential for nutrient uptake by 
flocculating diatoms. Mar. Biol. 101:443-450. 

Logan B.E. and Wilkinson D.B. (1990) Fractal geometry of marine snow and other 
biological aggregates. Limnol. Oceanogr. 35:130-136. 



196 

Logan B.E. and D.B. Wilkinson D.B. (1991) Fractal dimensions and porosities of 
Zoogloea ramigera and Saccharomyces cerevisae aggregates. Biotech. Bioeng. 
38:389-396. 

Logan B.E. and Kilps J.R. (1995) Fractal dimensions of aggregates formed in different 
fluid mechanical environments. Water Res. 29:443-453. 

Logan B.E., Passow U,, Alldredge A.L., Grossart H.-P. and Simon M. (1995) Rapid 
formation and sedimentation of laige aggregates is predictable from coagulation rates 
(half-lives) of transparent exopolymer particles (TEP). Deep-Sea Res. II, 42:203-
214. 

Longhurst A.R., Koike L, Li W.K.W., Rodriguez J., Dickie P., Kepay P., Partensky 
F., Bautista B., Ruiz J., Wells M. and Bird D.F. (1992) Sub-micron particles in 
northwest Atiantic shelf water. Deep-Sea Res. 39:1-7. 

Mandelbrot B.B. (1982) The Fractal Geometry of Nature. Freeman and CO., New York. 

Matsumoto K. and Suganuma A. (1977) Settling velocity of a permeable model floe. 
Chem. Eng. Sci. 32:445-447, 

McCave LN. (1983) Particulate size spectra, behavior and origin of nepheloid layers over 
the Nova Scotian Continental Rise. J. Geophys. Res. 88:7647-7666. 

McCave I.N. (1984) Size spectra and aggregation of suspended particles in the deep 
ocean. Deep-Sea Res. 31:329-352. 

Meakin P. and Family F. (1987) Structure and dynamics of reaction-limited aggregation. 
Phys. Rev. A, 36:5498-5501. 

Meakin P. (1988) Fractal aggregates. Adv. Colloid and Interface Sci. 28:249-331. 

Neale G., Epstein N. and Nader W. (1973) Creeping flow relative to permeable spheres. 
Chem. Eng. Sci. 28:1865-1874. 

O'Melia C.R. and Tiller C.L. (1993) Physicochemical aggregation and deposition in 
aquatic systems, in Environmental Particles, Vol. 2,, van Leeuwen H.P. and Buffle 
J., Eds. lUPAC Environmental Analytical and Physical Chemistry Series, Chelsea, 
MI:Lewis Publishers, p353-386. 

Passow U., Alldredge A.L. and Logan B.E. (1994) The role of particulate carbohydrate 
exudates in the flocculation of diatom blooms. Deep-Sea Res. 41:335-357. 



197 

Passow U. and AUdredge (1995) A dye binding assay for the spectrophotometric 
measurements of transparent exopolymer particles (TEP). Limnol. Oceanogr. 
40:1326-1335. 

Pruppacher H.R. and Klett J.D. (1978) Microphysics of Qouds and Precipitation. D. 
Reidel, Dordrecht, the Netherlands. p714. 

Rogak S.N. and Fiagan R.C. (1990) Stokes drag on self-similar cluster of spheres. J. 
Colloid Interface Sci. 134: 206-218. 

Schonauer D. and Kreibig U. (1985) Topography of samples with variably aggregated 
metal particles. Surface Sci. 156:100-111. 

Sheldon R.W., Prakash A. and Sutcliffe W.H. (1972) The size distribution of particles 
in the ocean. Limnol. Oceanogr. 17:327-340, 

von Smoluchowski M. (1917) Versuch einer mathematischen theorie der 
koagulationskinetik kolloider losungen. Z. Pkys. Chem. 92:129-168. 

Stolzenbach K.D. (1993) Scavenging of small particles by fast-sinking porous aggregates. 
Deep-Sea Res. 40:359-369. 

Sutherland D.N. and Tan C.T. (1970) Sedimentation of a porous sphere. Chem. Eng. Sci. 
25:1950-1951. 

Torres F.E., Russel W.B. and Schowalter W.R. (1990) Floe structure and growth 
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