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BACKGROUND:  The disposal of drilling muds from offshore oil platforms is of concern 
because of potential effects of pollution from these muds. A related problem is the concentration 
of pollutants from produced waters and other sources in bottom (especially fine-grained) 
sediments. Fine-grained sediments (silts and clays) are especially important because of their 
great capacity for adsorbing contaminants which are then transported with the sediments. Both 
drilling muds and fine-grained bottom sediments are similar in their general physical and 
chemical characteristics and can be studied by similar methods. 
 
In an accurate description of the transport of fine-grained sediments, it is essential to realize that 
(1) in a real mud sample, the particle sizes vary by more than three orders of magnitude, from 
less than one micrometer to several hundred micrometers, and (2) the effective particle size is a 
dynamic quantity which changes with time depending on the rates of aggregation and 
disaggregation (flocculation). Neither the parameters that govern these factors nor their influence 
on transport are well understood, but they were investigated as part of this project. 



Final Technical Summary – Lick and Huang 

 2

OBJECTIVES:  The purpose of this project was to quantitatively understand and be able to 
predict the transport of drilling muds and bottom sediments. This included a quantitative study of 
their resuspension, deposition, and flocculation. This project was similar to previous work that 
we have done on fine-grained sediments in both lake and oceanic waters. It emphasized 
laboratory experiments but also incorporated the experimental results into mathematical models 
of resuspension, deposition, and flocculation of drilling muds and sediments. 
 
DESCRIPTION:  Specific studies are (a) laboratory experiments on flocculation, particle sizes, 
and settling speeds of the flocculated particles; (b) resuspension experiments using our annular 
flumes in the laboratory and using the shaker to study resuspension of undisturbed sediments in 
the field; (c) numerical modeling of the resuspension, flocculation, and hence transport of muds 
and other finegrained sediments. 
 
STUDY RESULTS:   
 
Laboratory experiments on flocculation, particle sizes, and settling speeds:  It should be 
emphasized that the formation of flocs is a dynamic process with the state of aggregation at any 
particular location and time depending on the rates of aggregation and disaggregation. The fact 
that flocculation is a dynamic process also indicates that aggregate properties, such as the settling 
speed, also change in a dynamic manner. For example, as a particle settles in the water column, it 
may increase or decrease in size depending on the rates of aggregation and disaggregation. 
Corresponding to this increase or decrease in size, the settling speeds will also increase or 
decrease. 
 
Figure 1 shows the result of some of our work (Xu 1989) on the flocculation of bentonite, a 
major component of most drilling muds. In these experiments, bentonite was first disaggregated 
in a blender and then placed in a Couette flocculator. Initially, the median particle size was about 
4 microns but then increased with time and eventually reached steady state. This steady-state 
particle size depends on the shear stress and also on the particle concentration.  
 
Figure 1.  Time variations of median floc diameters for bentonite at a shear stress of 2 dynes/cm2. 
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A numerical model which describes these flocculation processes has been developed and shows 
good agreement with the experiments. In the original model, thousands of states were used in the 
description of the flocs, i.e., each state corresponded to a different number of particles making up 
the floc. Although this model was quite accurate, it also required a great deal of computer time. 
In order for this model to be included in transport calculations, the model must be made more 
efficient. This has now been done, and the computation times have been reduced by several 
orders of magnitude. 
 
The above experiments and analyses investigated the effects of an applied fluid shear on 
flocculation. As the applied fluid shear decreases, the flocs increase in size, and the settling 
speeds of these flocs also increase. As this happens, the induced fluid shear due to flow around 
the flocs as they settle through the water becomes more significant than the applied shear. To 
investigate this situation, flocculation experiments were done in a unique rotating fluid disk 
device, essentially an infinitely long settling tube. Flocculation at concentrations from 100 mg/l 
to 1 mg/l was investigated. 
 
Of course, in predicting transport, the most important particle property is its settling speed. This 
is dependent upon the size, or diameter, of the particle but not simply through Stokes’ law, for 
example. Results of direct measurements of settling speeds of flocculated bentonite are shown in 
Figure 2. These flocs were produced in the flocculator at a sediment concentration of 100 mg/l 
and a fluid shears of 100, 200, and 400 s-1. It can be seen that all of the settling speeds are 
considerably less than those predicted by Stokes’ law for a solid particle, some by almost a factor 
of 1000.  
 
Figure 2.  Settling speeds of bentonite flocs formed at a concentration of 100 mg/l and fluid shears of 1, 2, and 4 
dynes/cm2. 

 
 
 
Similar experiments to those described above have been done for barite, another major 
component of most drilling muds, and also for used drilling muds.  
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Laboratory resuspension experiments:  Drilling muds and effluents are generally disposed of 
from platforms by either discharging at or near the surface (for maximum dispersion) or by 
shunting to depths (to minimize dispersion). In either case, drilling muds are eventually 
transported to the bottom by a combination of density-driven flows, currents, turbulent diffusion, 
and settling of the particles relative to the surrounding waters. 
 
Here they may be buried and compacted by sediments and other particles being deposited over 
them, and they may also be processed and transformed by chemical reactions and benthic 
organisms. At some later time, depending on environmental conditions, they may be resuspended 
and again transported and dispersed by currents and wave action. This series of events will 
continue until the particles are buried deep enough so that they become a permanent part of the 
bottom sediments or until they are transported out of the region of interest. 
 
Considerable work has been done in general on the resuspension properties of fine-grained 
sediments, but nothing specifically on drilling muds previous to the present work. What is known 
in general about the resuspension of fine-grained sediments is as follows (Lick 1991). A 
sediment bed composed mostly of cohesive, fine-grained materials will be compacted with the 
compaction generally increasing with depth and time. Because of this, the sediments near the 
surface are relatively easy to resuspend while deeper sediments are more difficult to resuspend. 
Particle size variations also affect the resuspension since, at any particular shear stress, only the 
finer particles on the surface of the sediment bed can be resuspended while the larger particles 
are left behind and armor the bed. For both of these reasons, at any particular stress, only a finite 
and relatively small amount of sediment can be resuspended. This is in contrast to uniform-size, 
non-cohesive sediments where the resuspension rate is approximately constant with time. 
 
Numerical modeling of the transport of drilling muds:  As part of our previous modeling efforts, 
both two-dimensional vertically integrated time-dependent and three-dimensional, time--
dependent hydrodynamic and transport models have been developed (Lick 1976; Sheng et al 
1978; Lick and Ziegler 1988). These models have been coupled with a three-dimensional, time-
dependent model of the sediment bed and its properties. The sediment bed model is layered in 
the vertical direction with an arbitrary number of layers and arbitrary initial thickness. The 
properties of each layer depend on time after deposition and composition (relative fraction of 
medium and coarse sediments). Settling speeds and sediment resuspension parameters needed in 
the model have been determined by laboratory and field tests. 
 
SIGNIFICANT CONCLUSIONS:   
 
Laboratory experiments on flocculation, particle sizes, and settling speeds:  From this and related 
experiments, it can be shown that the median particle size decreases as the shear stress increases 
and decreases as the particle concentration increases. The rates of aggregation and 
disaggregation can also be deduced from these experiments. 
 
It is also clear that the settling speed of a floc depends on the conditions under which it was 
produced, i.e., flocs produced at low shears have lower settling speeds than do flocs produced at 
higher shears. It can also be shown that flocs produced at lower concentrations have lower 
settling speeds that do flocs produced at higher concentration (Burban et al 1990). 
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Laboratory resuspension experiments:  The experimental work on resuspension of bentonite, 
barite, and used drilling muds has determined the dependence of the resuspension rate and the 
total amount of sediment that can be resuspended at a particular stress as a function of (a) the 
turbulent stress at the sediment-water interface, and (b) the water content of the deposited 
sediments (or the time after deposition). 
 
STUDY PRODUCT: 
 
Huang, Hening.  1992.  Transport Properties of Drilling Muds and Detroit River Sediments.  

Ph.D. Dissertation, University of California, Santa Barbara.  191 pp. 
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ABSTRACT 
 

Transport Properties of Drilling Muds and Detroit River Sediments 
 

by 
Hening Huang 

 
The purpose of this study was to improve our understanding of the transport properties of drilling 
muds and Detroit River sediments. These properties include those of resuspension, flocculation, 
and settling speeds. 
 
From experiments in an annular flume, the resuspension properties of a drilling mud were 
obtained as a function of fluid shear stress and bed consolidation period; empirical expressions 
for these properties were also obtained. The drilling mud was found to be much easier to 
resuspend than lake sediments but more difficult than bentonite. 
 
From flocculation tests for the drilling mud in a Couette flocculator, the median diameter and 
standard deviation of the floc size distribution were obtained as a function of fluid shear and 
solid concentration; self-similar size distributions and three flocculation stages were observed. It 
is demonstrated by dimensional analysis that the effects of fluid shear and solid concentration 
can be accounted for in terms of a dimensionless parameter Fl, which is defined as the 
flocculation number. The data were found to be well correlated with the flocculation number, 
and semi-empirical equations for these relations were obtained. 
 
The validity of using disc flocculators to investigate flocculation due to differential settling was 
examined both theoretically and experimentally. The criteria for dynamic and collision similarity 
are presented. Compared with tests in the Couette flocculator, particles flocculated much slower 
in the disc flocculators, and floc sizes in the steady state were much larger. 
 
A preliminary investigation of the effects of organic coatings on flocculation was made by using 
sediments with the organic matter removed. For Detroit River sediments in seawater, treated 
samples flocculated faster than did untreated samples; in fresh water, treated samples flocculated 
faster at high concentrations but slower at low concentrations. Treated drilling muds flocculated 
much slower than did untreated samples. 
 
Settling speeds of flocs were measured in a settling tube by a double-exposure photographic 
method. The results show that the settling speed of a floc is a function of its size and the 
conditions at which the floc is formed. Empirical expressions for the settling speed-size 
relationships were obtained. Using the settling speed data and a floc settling speed model, 
effective densities of flocs were obtained. 
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1.  INTRODUCTION 
 
The general purpose of this study is to improve our understanding of the transport properties of 
fine-grained sediments, with specific applications to drilling muds and Detroit River sediments. 
The transport properties include those of resuspension, flocculation, and settling speeds and 
effective densities of flocs. These properties are essential in the quantitative prediction of the 
transport and fate of fine-grained sediments in natural water bodies. 
 
Drilling Muds 
 
The exploration for and development of offshore oil and gas resources have prompted concerns 
about the environmental impact of used drilling muds discharged into the ocean. Drilling muds 
are water-based or oil-based suspensions of clays. Only a water-based drilling mud will be 
considered here. The major components of drilling muds are barite (barium sulfate) and 
bentonite, whose functions are to increase density and viscosity respectively. To meet a variety 
of requirements for drilling operations, many kinds of chemicals are added, such as 
lignosulfonates to control filtration and flow properties, caustic soda and lime to control the pH, 
hydrated lime and amine salts to control corrosion, and bactericides to control bacteria. Various 
types of contaminants are adsorbed on or are part of drilling mud particles, including 
hydrocarbons and metals such as chromium, mercury, copper, zinc, lead, and cadmium, many of 
which are toxic to marine species. 
 
The main functions of drilling muds are (a) to remove and transport cuttings from the drill-hole, 
(b) to cool and lubricate the bit and drill string, (c) to insure controlled and efficient drilling 
through maintenance of well pressures and well properties of the borehole, and (d) to support the 
drill pipe and casing weight. 
 
During the drilling operation of a well, the drilling mud is pumped down the center of a rotating 
string of drill pipe where it exits through nozzles at the drill bit, picks up drill cuttings (rock 
fragments), and returns to the surface through the annulus between the drill string and the walls 
of the borehole and/or casing. Back at the surface, the drilling mud is passed through various 
mechanical devices (solid control equipment) that selectively separate cuttings from the drilling 
mud. Separated cuttings are then discharged into the ocean. This type of discharge is continuous 
in the sense that it occurs while drilling is on location. The separated mud goes back to the mud 
pits for recirculation. As time goes on, the concentration of fine particles in the mud continues to 
increase and eventually reaches a point where the mud becomes too viscous. At this time a 
portion of the mud is discharged and the remainder is diluted with water and appropriate 
quantities of mud additives to bring the concentration of fine solids back to an acceptable level. 
Bulk mud discharges may occur if a completely different type of mud is needed or if the mud 
becomes seriously contaminated. In addition, discharge of the entire mud occurs at the 
completion of each exploratory well. Typically, over the life of a well, some 3000 to 30000 
barrels of spent drilling muds are disposed of into the ocean (Ayers, 1983). 
 
Drilling muds are generally disposed of from platforms by either discharging through a pipe at or 
near the water surface or by shunting to depth. The discharged drilling muds encounter both 
short-term and long-term transport processes in the ocean. The short-term transport (also known 
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as near-field transport) includes the initial mixing and passive diffusion of drilling mud plumes 
(jets) and the initial sedimentation of mud solids. The long-term transport (also known as far-
field transport) includes the resuspension, dispersion, and deposition of drilling mud particles 
over longer periods of time. Flocculation will affect both the short-term and long-term transport 
processes (Fig.1-1). 
 

 
 

In order to assess the effects of drilling mud discharges on the marine environment, it is 
important to understand and predict the transport and fate of disposed muds. At the present time, 
the hydrodynamics of initial mixing and passive diffusion in the short-term is reasonably well 
understood (Lick, 1989), and some numerical models (e.g. the OOC model, Brandsma and 
Sauer, 1983) describing the motion of drilling mud plumes (jets) and initial sedimentation of 
drilling mud solids are available. However, an accurate prediction of the transport can not be 
made if the flocculation of drilling muds, the settling speeds, and the effective densities (known 
as the physical properties) of the resulting flocs are not well understood and not incorporated into 
the hydrodynamic model. This is because the solid particles in drilling muds are very fine, 
usually in the silt or clay range (a few microns in diameter); after being discharged into the 
ocean, these fine particles generally do not exist as individual particles, but rather as flocs. The 
sizes of flocs may be several hundred microns, and the settling speeds and effective densities of 
these flocs are quite different from the fine solid particles from which these flocs are made. Field 
tests of drilling mud discharges performed by Ayers et al (1982) indicated rapid flocculation and 
aggregate settling. It is obvious that both the short-term and the long-term transport of 
discharged drilling muds are greatly influenced by the flocculation process as well as by the 
settling speeds of the flocs formed in this process. 
 
Following the initial mixing and passive diffusion, though some particles will remain and be 
dispersed in the water column, significant amounts of drilling muds will generally deposit on the 
sea bed. This is called the initial sedimentation and results in a layer of drilling mud over the 
natural sediments. The thickness and covered area of this drilling mud bed depend on the local 
environmental conditions such as water depth, currents, waves, density stratification, discharge 
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conditions such as rate and total amount of discharges, and the dynamics of initial mixing, pas-
sive diffusion, flocculation, and settling. The drilling mud bed may later be resuspended due to 
the turbulent shear stress on its surface due to currents and waves. The resuspended particles will 
be transported away from the discharge site by ocean currents and will then generally deposit 
again depending on the local environmental conditions. Therefore, the resuspension properties of 
drilling mud beds are very important parameters in the prediction of the long-term transport. 
 
Although, as mentioned above, the transport properties of drilling muds are very important in the 
accurate prediction of both the short-term and the long-term transport of ocean disposed drilling 
muds, to our knowledge, no laboratory studies on this subject using real drilling muds have been 
reported. Only Xu (1988) has done some experiments using pure barite and bentonite, the major 
components of drilling muds. 
 
This study focuses on the transport properties of ocean disposed drilling muds. The material used 
in the study was a used drilling mud from a platform in the Santa Barbara Channel. Table 1-1 
shows the components of this drilling mud (Johnson, 1992). Excluding water, approximately 
65% of the mud is barite and 30% is bentonite, while the rest consists of small amounts of 
additives. The properties of resuspension, flocculation, settling speeds, and effective densities for 
this drilling mud were determined from extensive experiments using an annular flume, a Couette 
flocculator, disc flocculators, and a settling tube. 
 

 
 

The significance of the present work is an improvement of our understanding of the transport 
properties of drilling muds; one of the applications of the results is to provide some important 
parameters (such as the net resuspension, floc size distribution, and settling speeds) for the 
numerical modeling of the transport of drilling muds discharged from oil platforms in the Santa 
Barbara Channel and in the Gulf of Mexico as well as elsewhere. 
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Detroit River Sediments 
 
The transport properties of Detroit River sediments have been extensively studied by Lick and 
Lick (1988), Tsai et al (1987), and Burban et al (1989, 1990). However, they did not examine 
flocculation due to differential settling and the effects of natural organic coatings on flocculation. 
To extend their experiments, we performed experiments using disc flocculators in which 
flocculation was dominated by differential settling. In addition, some samples were treated using 
sodium hypochlorite to remove the organic coating. Both the treated and untreated samples were 
tested, so that the effects of the natural organic coating on flocculation and settling speeds, as 
well as on effective densities were examined. 
 
Outline 
 
In the following section, previous work is reviewed. Although, as mentioned above, no 
laboratory work on the transport properties of real drilling muds has been done before, many 
studies on the resuspension, flocculation of fine-grained sediments, and the settling speeds and 
effective densities of flocs have been made in many different fields such as natural sediment 
transport, water purification, and waste water treatment. Achievements from these studies 
provide useful information related to the present study. 
 
The description and findings of the present study are presented in Section 3 through Section 6. 
Section 3 describes the resuspension experiments performed in an annular flume. Section 4 
describes the flocculation experiments using Couette and disc flocculators. The effects of organic 
coatings on the flocculation properties of sediments are also discussed in Section 4. Section 5 
describes the experiments to determine settling speeds. Section 6 discusses the effective densities 
of flocs. Finally, Section 7 discusses and summarizes the main findings from the present study. 
 
 

2.  PREVIOUS WORK 
 
Resuspension 
 
Resuspension properties of fine-grained sediments are important in predicting the transport of 
these sediments. Fine-grained sediments are characterized by their cohesive nature which is 
strongly dependent on the attractive electro-chemical surface forces between particles; these 
forces are different from one sediment to another. Because of this, the transport properties of a 
sediment can not be predicted from physical properties such as particle size distribution and 
density of the sediment, and must be determined experimentally. 
 
In experimental studies of the resuspension properties of cohesive sediments in flumes or other 
devices, a sediment bed must be prepared in some manner. Two different kinds of sediment beds 
can be distinguished. One is called the placed bed and is produced by placing the sediment in the 
apparatus manually or by pouring a pre-prepared slurry. The shear strength of the placed bed 
remains relatively invariant over depth. 
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The other kind of bed is called the deposited bed and can be produced by allowing a fully mixed 
sediment suspension to settle and consolidate. The shear strength of the deposited bed varies 
more with depth, because the sediments near the surface are fine and less compacted, while the 
sediments further down are coarser and more compacted. For a constant applied shear stress, the 
rate of resuspension of such a bed decreases with time, and only a finite and relatively small 
amount of sediment can be resuspended (Massion, 1982; Tsai and Lick, 1987). Generally 
speaking, the upper portion of a sediment bed in natural water bodies can be represented by the 
deposited bed. 
 
For cohesive sediments from lakes or oceans, experimental work (Krone, 1962; Partheniades, 
1972; Mehta, 1973; Lee et al, 1981; Kusuda et al, 1984; Lick and Kang, 1987; Tsai and Lick, 
1987; MacIntyre et al, 1990; Xu, 1991) has revealed that the resuspension rate and the total 
amount of sediment that can be resuspended at a particular stress are a function of the turbulent 
stress at the sediment-water interface and the consolidation period (or the water content) of the 
sediments. In addition, other parameters such as temperature, salinity, cation exchange capacity 
(CEC), the sodium adsorption ratio SAR =Na+/ [0.5(Ca++ + Mg++)]1/2, and organisms also affect 
the resuspension properties (McCave, 1984), though their effects may be less important than 
those of stress and consolidation period. 
 
An empirical formula for resuspension as a function of fluid shear stress and bed consolidation 
period for a deposited bed was proposed by Lick (1989) as: 
  

 
 
where  is the resuspension in mg/cm2 ,  and   are the shear stresses of the flow at the water-
sediment interface and the effective critical stress respectively, both in dynes/cm2 , td is the 
consolidation period in days, and a0, m, and n are coefficients to be determined by experiments. 
The determination of these coefficients was discussed by Xu (1991). 
 
Although, as mentioned in Section 1, resuspension properties are very important for the 
prediction of the transport of drilling muds in the ocean, no experimental studies on these 
properties have been reported. Xu (1991) did resuspension tests in an annular flume using pure 
bentonite, one of the major components of drilling muds. However, usually only about 10 
percent of a drilling mud is bentonite. Therefore, the resuspension properties of drilling muds 
may not be dominated by bentonite. 
 
Flocculation 
 
General 
The study of the flocculation of fine particles is of significance in many fields, such as waste 
water treatment, water purification, ocean disposal of particulate wastes, and sediment transport. 
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Generally speaking, flocculation results when two or more particles collide and adhere. This 
means that flocculation involves: (a) fluid mechanic aspects, i.e. the transport mechanisms to 
bring particles into close proximity, leading to collisions between particles; and (b) coalescence 
mechanisms of physics, chemistry, and biology. 
 
The transport mechanisms involved in flocculation are: (1) Brownian motion, (2) fluid shear due 
to laminar or turbulent flow, and (3) differential settling of particles. Among these three 
mechanisms, Brownian motion is important only for particles less than about 1 µm, which is 
generally not the situation for typical fine-grained sediments (in the clay and silt size ranges). 
The importance of differential settling depends on the differences of settling speeds of particles. 
Fluid shear is often the dominant mechanism for typical fine-grained sediments. 
 
The coalescence mechanisms include short-range interfacial forces (such as hydrodynamic 
forces, electrostatic forces, and van der Waals’ force), steric interaction, and polymer bridging. 
 
At a fundamental level, flocculation can be analyzed by the collision rate theories originally 
developed by Smoluchowski (1917). Smoluchowski’s rate theory assumes binary collisions 
between particles and no break-up of flocs into discrete particles. The main parameters (rate 
coefficients or collision-frequency functions) in the floc growth expressions are well understood 
for each of the transport mechanisms (i.e. Smoluchowski, 1916, for Brownian motion; 
Smoluchowski, 1917, for laminar shear; Camp and Stein, 1943, for turbulence in the viscous 
subrange; Saffman and Turner, 1956, and Amirtharajah and Trusler, 1986, for turbulence in the 
inertial subrange; Findheisen, 1939, for differential settling). Because of the no breakage 
assumption, however, the rate theory is only valid for the early stage of flocculation, when the 
rate of floc break-up is very small in comparison with the rate of floc growth. 
 
In fact, flocculation is a dynamic process in which the growth of flocs as well as the breakage of 
these flocs continuously take place, particularly for the flocculation due to fluid shear. Argaman 
and Kaufman (1970) developed a floc break-up rate theory to model the flocculation and de-
flocculation process in a turbulent flow. This theory gives a floc break-up rate expression similar 
to the floc growth rate expression. More general dynamic equations incorporating floc growth 
and break-up have been given by several investigators, such as Jeffrey (1982), Tsai et al (1987), 
and Lick and Lick (1988) for flocculation due to fluid shear. However, the breakup rate 
coefficients in the break-up rate expressions are difficult to determine from experiments (Hunt, 
1986). 
 
Although the rate theory as well as its extensions provides a fundamental description of 
flocculation, the flocculation properties of a sediment are not predicted by the rate theory. This is 
because the coalescence mechanisms are strongly dependent on the type of the sediment and on 
the ambient water; these can not be determined without experiments. Therefore, experimental 
studies of flocculation are essential for understanding the flocculation properties of sediments. 
 
Experimental work on flocculation in the areas of sediment transport and sedimentation for 
natural sediments or sewage sludge has been conducted by many investigators such as Krank 
(1975), Edzwald et al (1974), McCave (1975), Krone (1978, 1986), Hunt (1980,1982), Hunt and 
Pandya (1984), Eisma (1986), Fancy and Morel (1986), Morgan and Lovorn (1986), Gibbs et al 
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(1986, 1989), Tsai et al (1987), Lick and Lick (1988), and Burban et al (1989). However, studies 
of the flocculation of drilling muds are almost nonexistent. Only Xu (1987) conducted some 
flocculation tests using a Couette flocculator for barite and bentonite, the main components of 
drilling muds. 
 
Flocculation due to Fluid Shear 
Fluid shear is often large near the sediment/water interface, in shallow, near-shore areas, and in 
drilling mud plumes (jets) during the initial mixing process. In these situations, among the three 
collision mechanisms (Brownian motion, fluid shear, and differential settling) involved in 
flocculation, fluid shear dominates the flocculation for medium size particles such as fine-
grained natural sediments as well as drilling muds. 
 
To study flocculation due to fluid shear, two kinds of flocculators are usually used. One is the 
Couette type flocculator. The other one is the blade type flocculator. The advantage of the former 
is that the fluid shear generated by this device is well defined and fairly uniform. The laminar 
flow in a Couette flocculator is usually maintained during a flocculation test, while most flows in 
the near shore regions of oceans or lakes are turbulent. However, as long as the floc size is less 
than the size of the smallest eddies, the flocculation properties in a laminar flow can be related to 
those in a turbulent flow by relating laminar shear to the effective turbulent shear Ge as follows 
(Camp and Stein, 1943): 
 

 
 
where  is the turbulent energy dissipation rate, v is the kinematic viscosity of the fluid, dp is the 
particle diameter, and η is the Kolmogorov microscale length defined by: 
 

 
For estuaries and coastal seas, the estimated smallest eddies are on the order of a few millimeters 
(Eisma, 1986). Since the sizes of flocs produced in the Couette flocculator in the present study 
are less than 500 µm, the above relation is generally valid and the results obtained from the 
Couette flocculator can be related to turbulent flows. 
 
On the other hand, the flow in a blade type flocculator is turbulent but far from isotropic with 
very high shears near the edges of blades which may dominate the flocculation and de-
flocculation processes. An average shear can be estimated using a similar relation to Eq.(2-2). 
 
Flocculation due to Differential Settling 
When fluid shear or turbulence is very low, for example in the open lake or ocean away from 
shore, differential settling may become the governing mechanism for flocculation. Although the 
flocculation due to differential settling can be significant, no experimental studies on it have 
been reported. This may be due to the difficulty in the design of an appropriate device to mimic 
and measure the flocculation purely due to differential settling. In other words, it seems that an 
infinitely long settling tube is needed, which makes it impossible in practice. 
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This difficulty has been recently solved by the design and use of disc flocculators, which will be 
described in detail later. Three disc flocculators with different sizes have been used in the present 
study. The fluid in a disc flocculator rotates as a rigid body. The particles in the disc flocculator 
keep settling due to gravity and at the same time are kept from settling out by the rotating fluid. 
To a good approximation, the particles are then settling in an infinitely long settling tube; the 
flocculation in a disc flocculator is governed by the differential settling of particles, and no 
applied fluid shear is involved. 
 
Effects of Organic Coatings on Flocculation 
Natural sediments are usually coated by some organic matter. Gibbs (1977) reported the 
existence of organic coatings on all the clay size fractions in rivers and estuaries. It is widely 
accepted that the surface electrical properties of aquatic particles are strongly affected by 
adsorbed organic compounds, particularly humic substances (Beckett and Ngoc, 1990). 
Subsequently, the electrical double-layer property of a particle undergoes changes. The van der 
Waals’ force between particles is also modified by the organic coating (Gregory, 1983). Both of 
these result in the change of the flocculation properties of sediments. 
 
The change of surface electrical properties of particles due to the natural organic coating has 
been studied by many investigators such as Neihof and Loeb (1972, 1974), Hunter (1980), 
Hunter and Liss (1982), and Beckett and Ngoc (1990). The electrophoretic mobility (or zeta 
potential) of particles is found to be low when the surfaces of these particles are coated with 
natural organic matter (Hunter and Lisa, 1982; Gregory, 1989; Beckett and Ngoc, 1990). 
 
Gibbs (1983) measured the effects of natural organic coatings on flocculation from tests in 
Couette and blade-type flocculators using Amazon River material with and without organic 
coatings. Jekel (1986) examined flocculation in the presence of humic acids from tests in a 
stirred cell using silica and kaolinite particles. These studies indicated that the coated material 
flocculated significantly slower than the uncoated samples. However, the effects of organic 
coatings on flocculation are not well understood at the present time and much work is needed to 
improve our knowledge in this area. 
 
Settling Speeds of Flocs 
 
As mentioned in Section 1, the settling speeds of flocs are important in modeling the transport of 
fine-grained sediments. For solid spherical particles and low Reynolds numbers (Re < 1), the 
settling speed can be obtained from Stokes’ law. However, the settling speeds of flocs generally 
can not be predicted by Stokes’ law because the factors affecting settling speed, such as the floc 
density, surface roughness, and shape irregularity, are not included in Stokes’ law, are generally 
unknown, and are strongly dependent on the floc size as well as the conditions under which the 
flocs are formed. Therefore, the settling speeds of flocs must be determined experimentally. 
 
The settling speeds of flocs made from a variety of materials have been studied by many 
investigators, such as Gibbs (1985a) for flocs of illite, kaolinite, and montmorillonite; 
Matsumoto and Mori (1975) for bentonite and alum flocs; Li and Ganczarczyk (1987) for 
activated sludge flocs; Kajihara (1971), Kawana and Tanimoto (1976, 1979), Chase (1979), 
Hawley (1982), and Alldredge and Gotschalk (1988) for marine aggregates; Gibbs (1985b) for 
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estuarine flocs; Tambo and Watanabe (1979) for alum flocs; and Burban et al (1990) for river 
and lake sediment flocs. However, the study of the settling speeds of drilling mud flocs has not 
been reported. 
 
Usually, the data on floc settling speeds as a function of floc size are approximated by a power 
expression: 
 

 
 
where df is the floc size (diameter), and A and m are empirical constants which depend on the 
type of the materials from which the flocs are made and the conditions under which the flocs are 
formed (Burban et al, 1990). 
 
All studies mentioned above, except Burban et al (1990), do not consider the effects of floc 
formation conditions, such as fluid shear and sediment concentration, on the floc settling speeds. 
Burban et al (1990) have found that the settling speed of a floc is a function of fluid shear and 
sediment concentration as well as the size of the floc; for the same size, flocs formed at lower 
fluid shears and sediment concentrations have lower settling speeds than do the flocs formed at 
higher fluid shears and sediment concentrations. 
 
Effective Densities of Flocs 
 
Flocs typically have a tenuous and loose porous structure. Because of the highly porous 
structure, the average density of a floc is often much less than that of the solid particles from 
which the floc is made and often close to that of the ambient water. Moreover, the density of a 
floc is strongly dependent on the floc size. This makes the major contribution to the deviation of 
the settling speed-size relationship from Stokes’ law. 
 
In order to get some insight into floc structure, a determination of the average density of a floc is 
useful. However, to discuss the nature of floc density, the average relative density ∆ρf is more 
often adopted than the average density. The average relative density of a floc is defined as the 
excess value of the average density of the floc over that of the ambient water. That is: 
 

 
 
where ρf  is the average density of a floc and ρw is the density of the water. 
 
Experimental studies on the floc density-size relationship have been performed by many 
investigators for flocs formed from a variety of materials, such as Lagvankar and Gemmell 
(1968) for Fe2(S04)3 flocs; Matsumoto and Mori (1975) for bentonite and alum flocs; Magara et 
al (1976) and Li and Ganczarczyk (1987) for activated sludge flocs; Glasgow and Hsu (1984) for 
kaolin-polymer flocs; Gibbs (1985a) for clay flocs; Tambo and Watanabe (1979) for alum flocs; 
Weitz and Oliveria (1984) for gold colloid flocs; Klimpel and Hogg (1986) for pure quartz flocs; 
Gibbs (1985b) for estuarine flocs; and Kajihara (1971), McCave (1975) Hawley (1982), and 
Alldredge and Gotschalk (1988) for marine aggregates. These studies have shown that a power 
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law for the floc relative density-size relationship is approximately valid, but only over a limited 
range of floc sizes. 
 
In the experimental studies mentioned above, three methods were used in the determination of 
the floc density. One of these three methods is the equivalent density method (Lagvankar and 
Gemmell, 1968; Gibbs, 1985a, b). This method is based on the principle that if the density of a 
floc is equal to the density of the solution in which it is suspended, it will not sink or rise. 
However, this is not generally a usable method because the measurements must be made in a 
matter of seconds; the pore water of a floc is quickly replaced by the standard density solutions, 
thereby changing the floc density (Gibbs, 1985a, b). 
 
Matsumoto and Mori (1975) measured floc densities by using the Oden balance method and 
photo-extinction method simultaneously; this assumes that the relationship between the size and 
settling speed of flocs is known. However, this method has not been used by others. 
 
The most frequently used method for floc density measurements is an indirect method. The floc 
size and settling speed are first measured in a settling tube. Assuming that the settling of each 
individual floc satisfies Stokes’ law, an effective relative density ∆ρf of a floc is defined by and 
determined from: 
 

 
 
where ws is the floc settling speed, µ is the dynamic viscosity of water, and g is the gravitional 
acceleration (McCave, 1975; Magara et al, 1976; Tambo and Watanabe, 1979; Glasgow and 
Hsu, 1984; Gibbs, 1985a, b; Klimpel and Hogg, 1986; Li and Ganczarczyk, 1987). 
 
The density obtained in this way is an effective relative density (in short, called effective density 
hereafter). This effective density is only an approximation to the true relative density of a floc 
because Stokes’ law is only valid for solid (impermeable) spheres, while flocs are porous 
(permeable) particles. Since a floc is a highly porous structure, the ambient fluid will penetrate 
the floc; the settling speed of the floc is therefore higher than that of a solid particle with the 
same size and the same average density as the floc (Ooms et al, 1970; Neale et al, 1973; 
Matsumoto and Suganuma, 1977; Masliyah and Polikar, 1980). 
 
 

3.  RESUSPENSION 
 
The resuspension properties of a used drilling mud from a platform in the Santa Barbara Channel 
were determined from experiments in an annular flume. Although, as mentioned in Section 2, 
several parameters, such as temperature, salinity, CEC, SAR, organisms, as well as fluid shear 
stress and bed consolidation period, affect the resuspension properties, the latter two parameters 
are most important. Therefore, the emphasis here is placed on the effects of shear stress and con-
solidation period. 
 
 



Resuspension, Flocculation, and Transport of Drilling Muds and Fine-grained Sediments 
 

 19

In this section, we first describe the experimental methods and apparatus. Then we present the 
data, the empirical equation obtained by fitting the data, and the comparison of the resuspension 
properties of the drilling mud with those of Green Bay and Fox River sediments and bentonite. 
 

Experimental Methods 
 
Annular Flume 
 
The annular flume used in the resuspension experiments is 2 m in diameter; the annular channel 
is 0.15 m in cross-section and 0.21 m high (Fig.3-1). A rigid lid fits inside the channel and just 
touches the top of the water in the channel. The distance between the lid and the surface of the 
sediment bed on the bottom of the channel is adjusted to 7.62 cm. This lid is driven by an 
adjustable speed motor; a Couette-type turbulent flow is produced in the channel through the 
friction exerted on the surface between the rotating lid and the water. 

 
 

The fluid shear stress on the surface of the sediment bed can be determined from the velocity 
profile with the assumption that the flow is a fully developed turbulent flow with the average 
velocity varying only in the vertical direction; in this case, the logarithmic profile of velocity is 
valid and is given by: 
 

 
 
where uz is the horizontal velocity at a height z, v is the kinematic viscosity of the fluid, k is von 
Karman’s constant, and u*  is the friction velocity. The shear stress on the surface of a sediment 
bed is related to u*  by: 
 

 
 
where ρ is the density of the fluid. 
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This flume has been calibrated by MacIntyre et al (1990). They used a one-dimensional laser-
Doppler velocimeter (LDV) in backseatter mode to measure the velocity profiles and obtained a 
relationship between the shear stress and the rotation rate of the lid. 
 
It should be noted that, in the channel, the shear stress varies in the radial direction by as much as 
a factor of two at the higher rotation rates. The average value of the shear stress is used in the 
stress-rotation rate relationship (MacIntyre et al, 1990). In addition, a secondary flow is present 
in the channel. The circulation induced by the secondary flow is inward near the bottom, upward 
near the inner wall of the flume, outward near the lid, and downward near the outer wall. Dye 
and hot-wire experiments by Fukuda (1978) showed that the secondary flow is small compared 
to the primary azimuthal flow. Deardorff and Yoon (1984) performed extensive radial and 
azimuthal velocity measurements in an annular flume comparable in dimensions and operating 
principle to the flume used here. Their results support Fukuda’s contention that the contribution 
of the radial velocity to the bottom shear stress is minor. 
 
Procedure 
 
The first step in an experiment was to prepare the drilling mud bed. An appropriate amount of 
drilling mud was put in the channel and mixed with natural sea water (from the Santa Barbara 
Channel); the solids were fully resuspended and uniformly dispersed using a stirring disc. Then 
the suspension was allowed to settle and consolidate for a desired period (e.g., 1, 2, 3, 7, or 30 
days) to form a drilling mud bed. The height of this bed varied from 5 cm to 7 cm depending on 
the consolidation period. If a bed was higher than 7 cm, some drilling mud was taken out of the 
channel; if lower than 5 cm, some drilling mud was added. After this, the drilling mud was 
resuspended and allowed to settle again. The bed formed in this way is known as a deposited 
bed. 
 
To start an experiment, the lid was slowly accelerated to the rate of rotation corresponding to the 
desired shear stress on the bed and kept at this rate for a period of time (usually about 2 hours). 
During this period, several samples at different times were withdrawn from a port on the outer 
wall of the channel. These samples were filtered, dried, and weighed to determine the solid 
concentrations in the overlying water. At the beginning of the experiment, the solid 
concentration increased rapidly. However, as time went on, the rate of change of concentration 
decreased and the concentration eventually approached a constant value. Then the lid was 
accelerated to a higher rate and the same procedure was repeated. This kind of test is known as a 
multi-shear stress test; that is, a test at a higher stress is performed using the bed which has been 
already run at a lower stress. Tsai and Lick (1987) have demonstrated that the results of the net 
resuspension obtained from a multi-stress test are the same as those from a single-stress test for 
the same shear stress. 
 
In addition, all experiments were carried out at room temperature ranging from 23 to 26 C and 
with the salinity of the sea water at 33.4. 
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Results and Discussion 
 

Resuspension and Effective Critical Stress 
 
Fig.3-2 shows a typical plot of the time variation of solid concentration from the multi-stress test. 
Usually the solid concentration reached a steady state within 1 hour. To ensure that the steady 
state had been reached, we ran experiments for 1.5 to 2 hours at each shear stress. 
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Fig.3-3 shows the typical plots of the time variation of resuspension (t), where (t) is the 
amount of material in resuspension at time t per unit area.  is obtained from the following 
expression: 
  

 
 
where Cm is the solid concentration in the overlying water in the channel and h is the water 
depth. h is initially adjusted to 7.62 cm and changes little at low shear stresses. However, at high 
stresses, large amounts of sediment are resuspended and the bed height is reduced significantly. 
In this case, the change of h must be taken into account. 
 

 
 

We can see from Fig.3-3 that at the beginning, the rate of resuspension is very high. However, as 
time goes on, the rate of resuspension decreases, and eventually approaches zero as the steady 
state is reached. 
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Fig.3-4 and Table 3-1 show the data for the steady state resuspension s (i.e., the total amount of 
sediment resuspended per unit area). To a reasonable approximation, s represents the total 
amount of sediment which can be resuspended at a given stress (Tsai and Lick, 1987; MacIntyre 
et al, 1990). 
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From Fig.3-4 and Table 3-1, we can see that s is a strong function of shear stress and 
consolidation period. Generally speaking, the higher the shear stress and the shorter the 
consolidation period, the higher the resuspension. It is also noticed that no data were obtained for 
the 1 day consolidation beyond a stress of 3 dyne/cm2, for the 2 and 3 day consolidation beyond 
5 dyne/cm2, and for the 7, 14, 21, 30 day consolidation beyond 7 dyne/cm2. This is because in all 
these cases the drilling mud beds were either almost totally eroded or became very non-uniform. 
On the other hand, for the cases of 14, 21, and 30 day consolidation and a stress of 1 dyne/cm2, 
the solid concentrations in the overlying water were too small to distinguish them from the 
background concentration, though some particles on the bed were seen to have been moved by 
the flow. 
 
From Fig.3-4 we can estimate an effective critical stress by extrapolating a best fit line through 
the data points to the resuspension s = 0 axis; the corresponding value of the resuspension at 

s = 0 is considered to be the effective critical stress  (Fig.3-5). If this extrapolation is valid, 
the physical meaning of  is that, in a flume experiment, the solid concentration in the 
overlying water is just distinguishable from the background concentration at this stress. Some 
particles may have been resuspended even at a stress below , but this entrainment is too small 
to be considered of significance. 
 
The extrapolation for  (Fig.3-5) can be fitted by a power law as follows: 
  

 
 
where td is the consolidation period in days, and  is in dyne/cm2. With Eq.(3-4), we replot the 
data such that the resuspension at steady state is a function of the excess shear stress  -  
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(Fig.3-6). The power law is also employed to regress the data and the expression can be written 
as: 
  

 
 
where s is in mg/cm2 and stresses are in dyne/cm2 . The correlation coefficient is 0.9860. 
 
It should be noted that Eq.(3-5) pertains to the drilling mud used in this study. 
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Comparison 
 
To compare the resuspension of the drilling mud with that of other sediments, we plot the best fit 
lines for the data of resuspension of the drilling mud and for Xu’s (1991) data for Fox River 
sediments, Green Bay sediments, and bentonite (Figs.3-7 and 3-8). It can be seen from these 
figures that the resuspension of the drilling mud is less than that of bentonite by a factor of 2 to 
2.5 and larger than those of Fox River and Green Bay sediments by a factor of 5 to 10. In 



Resuspension, Flocculation, and Transport of Drilling Muds and Fine-grained Sediments 
 

 27

addition, we have found (data on the other sediments are not shown) that, at the same conso-
lidation period, the effective critical stress of the drilling mud is larger than that of bentonite but 
smaller than those of Fox River and Green Bay sediments. This suggests that the drilling mud is 
much easier to resuspend than the natural sediments but more difficult than bentonite. 
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We may not be surprised by such differences in the resuspension properties of these sediments, 
because, as mentioned in Section 2, the resuspension properties are strongly dependent on the 
type of sediments. Differences in the particle surface electro-chemical properties, which were 
neither determined in this study nor in Xu’s study, may make the major contribution to the 
differences in the resuspension properties of these sediments. Other factors, such as organic 
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matter, particle size and density, may also contribute to the differences (Table 3-2). We can see 
from Table 3-2 that, among these sediments, bentonite contains no organic matter and has the 
finest size and smallest density. This may account for the fact that bentonite is easiest to 
resuspend. Young and Southard (1978) have also found that in their experiments using natural 
marine muds, the effective critical stress increased with organic carbon content. 
 

 
 
For the drilling mud used in this study, we have presented the empirical formula for the 
resuspension (Eq.3-5) and for the effective critical stress (Eq.3-4). These formula are now 
written in a general form as follows: 
 

 
 

 
 
where A, B, C, and D are experimentally determined constants mainly depending on the type of 
sediments. 
 
To examine the validity of these equations for other sediments, we plot Xu’s data for Green Bay 
sediments and bentonite (Figs.3-9 and 3-10) in the form of s versus  - . The effective 
critical stresses are determined as follows: 
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The best fit lines and the regression equations are also shown in Fig.3-9 and Fig.3-10. The 
correlation coefficients of the regression are 0.9807 for Green Bay sediment and 0.9265 for 
bentonite. 
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It should be mentioned that Eq.(3-6) is another version of Eq.(2-1) used previously. To use 
Eq.(2-1) to regress the data,  is usually taken as a constant. In Figs.3-11 to 3-13, we plot the 

data shown above in the form of (i.e.,  = 1.0 dyne/cm2). From these plots, we 
have determined the coefficients in Eq.(2-1); they are a0 = 3.75, 1.461, 15.604; n = 0.35, 0.50, 
0.57; and m = 2.5, 2.25, 2.68 for the drilling mud, Green Bay sediment, and bentonite 
respectively. 
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4.  FLOCCULATION 
 
This section contains three parts. The first part is concerned with tests in a Couette flocculator 
which were made in order to examine the flocculation properties of the drilling mud due 
predominately to fluid shear. The second part is concerned with tests in disc flocculators which 
were made in order to examine the effects of differential settling of particles on flocculation. 
Both the drilling mud and Detroit River sediment were used in the disc flocculator tests. The 
third part is on the effects of organic coatings on flocculation. Both the drilling mud and Detroit 
River sediment samples were treated to remove organic matter and then used in the disc 
flocculator tests. 
 
 

4.1  FLOCCULATION DUE TO FLUID SHEAR 
 
In this subsection, we first describe the experimental methods. Results of the tests are then 
presented and discussed. Finally, a dimensional analysis is performed for the fluid shear 
dominated flocculation at steady state; the relationship between the flocculation characteristics 
and a nondimensional number is demonstrated. 
  

Experimental Methods 
 
Couette Flocculator 
 
Fig.4.1-1 shows a schematic of the Couette flocculator used in this study. This flocculator 
consists of two concentric cylinders. The gap between the two cylinders is 2 mm. The diameter 
and length of the inner cylinder are 50 mm and 254 mm respectively, with a length to gap ratio 
of 125. 
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The detailed analysis for the flow field in this type of device (also known as a Couette 
viscometer) can be found in the references by Taylor (1923, 1936), Van Duuren (1968), and 
Iacobellis (1984). The outer cylinder rotates at a constant angular speed ω, while the inner 
cylinder is stationary. By solving the Navier-Stokes equations, the velocity gradient G’ across 
the annular gap can be obtained as: 

  

 
 
where R1 and R2 are the radii of the inner and outer cylinders respectively, and r is the radial 
coordinate. 
 
Intergrating across the gap, the mean velocity gradient G can be obtained: 
 

 
 
The limit for the flow field in a flocculator to remain laminar was found (Van Duuren, 1968) to 
be:  

 
 
For the flocculator used in this study, according to Eq.(4.1-3), ωlimit = 87 rad/s, which 
corresponds to a maximum average fluid shear of 1050 s -1 . Moreover, the red dye tests by 
Iacobellis (1984) showed that the transition to turbulence occurred when the fluid shear 
increased above 900 s -1 
 
Procedure 
 
The procedure for the flocculation experiments was similar to that by Tsai et al (1987), Burban et 
al (1989) and Xu (1991). Therefore, only a brief description is given here. 
 
The first step was to prepare the test sample suspension. To do this, 100 ml of the drilling mud 
slurry stored in an air-supplied container at a concentration of about 200 g/l was taken out and 
put into a 1-liter cylinder, and mixed with 900 ml of sea water (which was from the Santa 
Barbara Channel with a salinity of 33.4). The diluted slurry in the cylinder was then stirred and 
allowed to settle for 5 to 10 minutes. After this, 100 ml of the top portion of the mixture was 
removed and placed into a beaker with 350 ml of sea water. The concentration of the suspension 
in the beaker was then measured, and the suspension was diluted to a desired concentration. It is 
noted that due to the sedimentation method used in the test sample preparation, the sizes of the 
particles in test samples (6 µm in median diameter) were smaller than those of the original 
drilling mud solids (9 µm in median diameter). 
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In doing the experiments, the sample suspension at a known concentration was first 
disaggregated in a blender and was then put into the flocculator. The flocculator was run at a 
constant rotational speed to produce a uniform fluid shear in the flocculator. At certain time 
intervals (5, 10, or 20 minutes, depending on flocculation conditions), the flocculator was 
stopped, and samples were withdrawn from the flocculator for particle size analysis using a 
Malvern Particle Sizer 3600E. Then the flocculator was filled and run again. This procedure was 
continued until successive samples showed that the average median diameter over time 
approached a constant. It was then assumed that a steady state of flocculation had been reached. 
 
In order to examine the effects of flocculation conditions, we conducted the experiments at a 
variety of combinations of fluid shear and solid concentration. The fluid shears used in the tests 
were 25, 50, 100, and 200 s -1, and the solid concentrations were 5, 10, 25, 50, 100, 200, and 400 
mg/I. Tests on a total of 20 combinations were performed. 
 

Results and Discussion 
 
Variation of Size Distributions 
 
Before it is put into the flocculator, the particle suspension has been disaggregated at an 
extremely high fluid shear in a blender. Therefore, at the beginning of a flocculation test, it is 
assumed that all particles in suspension are the individual solid particles of test samples. A 
typical solid particle size distribution is shown in Figs.4.1-2 and 4.1-3 (t=0 curve). This 
distribution can be fitted with a log-normal distribution with a median diameter of 6 µm and a 
standard geometric deviation (σg defined by Eq.(4.2-17)) of 2.4. During a flocculation test, flocs 
are formed from the solid particles, and the floc size distribution changes with time. Figs.4.1-2 
and 4.1-3 show two examples of such size distribution variations during the flocculation tests. 
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To characterize a size distribution, some statistical quantities such as median diameter and 
standard deviation are necessary. Figs.4.1-4a to 4.1-4d show the floc median size (diameter) as a 
function of time for all combinations of fluid shear and solid concentration. From these figures 
we can see that the median size changes significantly during the flocculation processes, from the 
order of a few microns at the beginning of the tests to the order of hundreds of microns at the 
steady state. 
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Like the median size, the standard deviation of the floc size distribution also changes with time. 
The standard deviation σ(t) at time t is defined as: 

 

 
 
where dk and Pk(t) are the diameter and volume percent of floc k respectively, and dm(t) is the 
median diameter of flocs at time t. 
 
Now we define the normalized standard deviation σn as follows: 
  

 
 
We can plot the floc size distribution as the floc cumulative volume percent versus normalized 
size dƒ/dm(t). Two examples of such normalized floc size distributions are shown in Figs.4.1-5 
and 4.1-6, which correspond to the distributions shown in Figs.4.1-2 and 4.1-3 respectively. We 
can see from these figures that beyond a short period of early flocculation, the data of normalized 



Final Study Report – Lick and Huang 

 42

floc size distributions at different times fall into a single curve. This feature suggests that a self-
similar size distribution exists, and consequently, the normalized standard deviation is 
independent of time. 
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Since Malvern outputs the volume percent corresponding to floc groups within different size 
ranges, Eq.(4.1-5) can not be used to calculate σn. Instead, we calculate σn from the normalized 
floc size distribution, that is: 
  

 
 
where x = dƒ/dm(t), and F(x) is the normalized size distribution function (i.e., the best fit curve in 
Fig. 4.1-5 or 4.1-6). 
 
To obtain σn from Eq.(4.1-6), the Simpson integrating scheme for the integral and the 
Lagrangian interpolating scheme for the estimation of dF(x)/dx were employed. A computer 
program named SIGMA2.FOR (Appendix 1) was written to perform the calculation. 
 
Fig.4.1-7 shows σn for all combinations of fluid shear and solid concentration. We can see from 
this figure that σn is a very weak function of fluid shear and solid concentration. As a first 
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approximation, σn may be considered to be a constant as: 
  

 
 
for all combinations of fluid shear and solid concentration. 
 

 
 
 

Then the standard deviation of the floc size distribution for the drilling mud is related to the 
median diameter as: 
  

 
 
This equation is valid beyond the initial stage of flocculation (which will be defined later). 
 
Tables 4.1-1 and 4.1-2 show the steady state floc median diameter and the time to reach the 
steady state respectively. We can see from these tables as well as from Fig.4.1-4 that the 
flocculation process depends on the combination of fluid shear and solid concentration. For a 
fixed fluid shear, the higher the solid concentration, the faster the flocculation process, the 
shorter the time to reach steady state, and the smaller the floc median size at steady state. The 
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same can be seen for a fixed solid concentration at the higher fluid shear. This suggests that both 
fluid shear and solid concentration have the same effects on the flocculation time scale as well as 
the floc size distribution, and they can offset each other (Fair and Gemmell, 1964; Tambo and 
Watanabe, 1979). 
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Flocculation Stages 
 
From the experimental results, we can distinguish three stages of flocculation process. Let us 
take the test for a fluid shear of 50 s -1 and a solid concentration of 10 mg/l as an example to 
illustrate these stages. 
 
Stage I: This is the initial stage of flocculation. At this stage the floc growth rate is much higher 
than the floc break-up rate, but the floc size has not increased much. Large amounts of both flocs 
and solid particles exist in suspension (Fig.4.1-2, t = 10 mm curve). The size distribution is not 
self-similar as in stage II. We may distinguish the initial stage from stage II by dm(t) < 4dm0, 
where dm0 is the median diameter of primary solid particles. 
 
Stage II: This is the transition stage. At this stage, the floc size increases rapidly. On the other 
hand, the floc break-up rate increases and becomes comparable with the floc growth rate. Most 
of the particles in suspension are flocs and only a few solid particles exist (Fig.4.1-2, t = 10, 20, 
30 mm curves). The most important feature of this stage is that the floc size distributions are self-
similar. This means that the normalized floc size distributions at different times fall on a single 
curve (Fig.4.1-5), and the normalized standard deviation is independent of time. 
 
Stage III: This is the steady state. At this stage, the floc growth rate is equal to the floc break-up 
rate, i.e. a dynamic equilibrium is reached. The floc size distributions do not change with time, 
though they may have some small fluctuations (Fig.4.1-2, t = 80, 120 mm curves). 
 
We have noticed that for the combinations of low fluid shear and low solid concentration, these 
three stages are clearly distinguished. However, for the combinations of high fluid shear and high 
solid concentration, the flocculation takes place rapidly and the time to reach the steady state is 
too short to determine the initial stage from the size measurements. 
 
The three stages of flocculation have also been noticed by Koh et al (1986) in their study of the 
flocculation of scheelite in a stirring tank. Self-similar floc size distributions have been found 
experimentally or theoretically by Friedlander (1960a, b), Swift and Friedlander (1964), 
Kawashima and Capes (1974), Tambo and Watanabe (1979), Tsurui and Takamori (1981), Hunt 
(1982), and Koh et al (1986). Moreover, the steady state of flocculation in a laminar flow or in a 
turbulent flow has been demonstrated by Fair and Gemmell (1964), Argaman and Kaufman 
(1970), Boadway (1978), Hunter and Frayne (1980), Hsu and Glasgow (1983), Tsai et al (1987), 
Xu (1988, 1991), and Burban et al (1989). However, they do not give the details on the shifts of 
the size distributions at different flocculation stages. 
 

Dimensional Analysis 
 
In the following, we use the dimensional analysis method to correlate the characteristics of 
flocculation, such as the median size of flocs in the steady state, with the flocculation parameters 
(i.e. fluid shear and solid concentration) for the fluid shear dominated flocculation process at the 
steady state. 
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Considering the steady state of flocculation due to fluid shear, the floc median size dms at the 
steady state has the functional form: 
 

 
 
where dm0 and Cm are the diameter and concentration of primary solid particles respectively, G is 
the fluid shear in the flocculator, and µ is the dynamic viscosity of the fluid. 
 
It is readily shown that Eq.(4.1-9) can be written in the following non-dimensional form: 
  

 
 
Eq.(4.1-10) indicates that the floc median size at the steady state is correlated to a non-
dimensional number, which is defined as the flocculation number Fl : 
 

 
 
The experimental data for the steady state floc sizes are shown in Table 4.1-1. These values are 
plotted in Fig.4.1-8 in the form of Eq.(4.1-10). It is seen that a power law can be used to regress 
the data. Using the least-square method, we obtain a semi-empirical expression for the steady 
state median sizes of the drilling mud flocs as a function of the flocculation number as: 
 

 
 
The correlation coefficient is 0.9251. 
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To verify further the validity of the correlation between the steady state floc diameter and the 
flocculation number for other types of sediments, we plot the data from the studies by Tsai et al. 
(1987), Burban et at. (1989), Xu (1988), and Hunter and Frayne (1980) (Figs.4.1-9 to 4.1-13). 
 
Figs.4.1-9 and 4.1-10 show the dms /dm0  ~ Fl relationship for the Detroit River sediments in sea 
water and in fresh water respectively. The median sizes of the solid particles vary from 3.5 to 5.4 
µm. The experiments were conducted using a Couette flocculator similar to that used in this 
study. The applied fluid shears ranged from 100 to 600 s -1, while the solid concentrations ranged 
from 10 to 800 mg/l (Tsai et al, 1987; Burban et al, 1989). 
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Figs.4.1-11 and 4.1-12 show the dms /dm0  ~ Fl relationship for bentonite and barite in sea water 
respectively. The median size of the solid particles is about 6 µm. The experiments were 
conducted using a Couette flocculator similar to that used in this study. The applied fluid shears 
ranged from 100 to 400 s -1, while the solid concentrations ranged from 50 to 800 mg/l (Xu, 
1988). 
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Fig.4.1-13 shows the dms /dm0  ~ Fl relationship for poly (methylmethacrylate) (PMMA) lattices 
of a uniform size (238 nm in diameter) (here dms represents the steady state average diameter). 
The experiments were conducted in a variable-speed stirrer (IKARW18) at the equivalent fluid 
shears of 450 to 1800 s -1 and particle volume concentrations (Cvo) of 0.001 and 0.002 (Hunter 
and Frayne, 1980). 
 



Final Study Report – Lick and Huang 

 52

 
 
The data shown in Figs.4.1-9 to 4.1-13 can also be fitted by a power law: 
  

 
 
where a and b are constants which depend on the type of the sediment and the properties of the 
fluid in which the sediment is suspended. Using the least-square method, we have obtained a and 
b for the above data (see Table 4.1-3). We can see that the plots in Figs.4.1-9 to 4.1-13 also show 
a strong correlation between the steady state floc median size and the flocculation number. 
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It should be mentioned that, for the Detroit River sediment in fresh water, based on the 
experimental data of Tsai et al (1987), Lick and Lick (1988) presented an empirical equation for 
the steady state floc size as a function of fluid shear and solid concentration: 
  

 
 
where Gs is the fluid shear stress in dynes/cm2 , dms is in cm , Cm is the solid mass concentration 
in g/cm3, and α0 = l0-8gdynes/cm3. 
 
This equation can be rearranged as follows: 
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On the other hand, the semi-empirical equation obtained from the present study, using the same 
data and some additional data from Burban et al (1989), is: 
 

 
 
It is seen that Eqs.(4.1-15) and (4.1-16) are consistent. 
 
In addition, for the drilling mud used in this study, we have obtained the time to reach the steady 
state of flocculation as a function of fluid shear and solid concentration (see Table 4.1-2). 
Although the correlation between the time (Ts) to reach the steady state and the flocculation 
number can not be deduced from a dimensional analysis, we find that an empirical relationship 
of Ts with Fl exists. This relationship is shown in Fig.4.1-14. The empirical expression for this 
relationship is obtained by power regression as follows: 
  

 
 
where Ts is in min. The correlation coefficient is 0.9849. 
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4.2  FLOCCULATION DUE TO DIFFERENTIAL SETTLING 
 
In this subsection, we describe the experiments performed in disc flocculators. The validity of 
using disc flocculators to investigate flocculation due to differential settling is first examined and 
is followed by a description of the experimental procedures. Finally, the results of the 
experiments are presented and discussed. 
 

Experimental Methods 
 
Disc Flocculators 
 
Fig.4.2-1 shows a schematic of the three disc flocculators with different sizes used in the 
experiments. The big disc has a diameter of 1 m, the medium one 0.3 m, and the small one 0.2 m. 
The thickness of the big disc is 35 mm, while the thicknesses of the medium and small discs are 
26 mm. The volumes of these discs are 31, 2.1, and 0.84 liters respectively. The small and 
medium discs are driven by rollers which are connected to motors. The big disc is driven by 
gears connecting the axis of the disc to a motor. 
 

 
 
 
When a disc flocculator is rotated at a constant rate, after an initial transient of about two 
minutes, the fluid in the disc thereafter rotates as a rigid body. The particles in the disc 
flocculator keep settling due to gravity and at the same time are kept from settling out by the 
rotating fluid. We may use the disc flocculators to investigate the flocculation process purely due 
to differential settling. However, before the disc flocculators can be used for this purpose, we 
must answer three questions: (a) does dynamic similarity exist for the settling of a particle in a 
disc flocculator and in a settling tube? (b) is the collision coefficient for flocculation in the disc 
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flocculators the same as that in a settling tube? and (c) does the scale of the discs affect 
flocculation? We answer these questions in the following. 
 
Dynamical Similarity 
The first question means that dynamical similarity must exist for the settling of a particle in a 
disc floceulator and in a settling tube, as far as the forces acting on a particle are concerned. 
Fig.4.2-2 shows the free body diagram of the forces acting on a particle in a rotating fluid. These 
forces are FG, the gravity buoyancy force, FG = V(ρp - ρw)g; FD , the drag force,  

FD = ; FC, the centrifugal-buoyancy force, Fc = ω2r(ρp - ρw)V; FL, the lift 
force; and FP, the perturbing force (where ω is the rotation rate of the disc; ρp and ρw are the 
densities of the particle and the water respectively; d is the diameter of the particle; u is the 
velocity of the particle; V is the volume of the particle; and CD is the drag coefficient). For the 
settling of a small particle in a viscous fluid, the Reynolds number is very low, i.e., the viscous 
force is much larger than the inertial force. On the other hand, if the disc is rotated slowly, which 
will create only a very small pressure gradient, the lift and centrifugal-buoyancy forces may be 
much smaller than the first-order drag and gravity-buoyancy forces (Tooby et al, 1977). We may 
use the ratio of centrifugal-buoyancy and gravity-buoyancy forces as a criterion for dynamical 
similarity, i.e.: 
 

 
  
where r is the radius of the orbit of a particle which is assumed to have the maximum value of 
the radius of a disc. For the rotation periods of 30 s for the big disc and 25 s for the small and 
median discs, this ratio is 0.002 and 0.001 respectively. It is seen that the centrifugal-buoyancy 
force is very small and can be neglected. 
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Additionally, the perturbing force is even smaller than the lift and centrifugal-buoyancy forces. 
Therefore, the drag and the gravity-buoyancy forces are the dominant forces acting on a particle 
in a rotating fluid. This is the same situation for a particle settling in a settling tube or in a real 
water body. So that, dynamic similarity exists in these situations. 
 
Collision Similarity 
Although dynamical similarity exists, the motion of a particle in a disc is somewhat different 
from that in a settling tube. However, from the point of view of flocculation, the collisions (or 
relative motions) of particles need to be considered instead of the motions of individual particles. 
Therefore, for the flocculation process to be the same in two systems, the collision coefficients 
for flocculation in these two systems must be the same. We define this as collision similarity. 
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To examine the collision similarity, we first write the collision coefficient for flocculation due to 
differential settling in a settling tube (Findheisen, 1939): 
  

 
 
where di and dj are the diameters of particles i and j respectively, and ∆wsij is the settling speed 
difference, or the relative velocity of the two particles: 
 

 
 
In Eq.(4.2-2) or (4.2-3), Stokes’ law for the settling speeds of solid spheres is assumed. 
 
On the other hand, the collision coefficient for flocculation in a disc flocculator may be written 
as: 
 

 
  
where ∆urij is the relative velocity of particles i and j in the disc and is discussed in the following. 
 
Considering the two dominant forces, the drag and gravity-buoyancy forces acting on a small 
particle, the governing equation for the motion of the particle in a rotating fluid is written as: 
  

 
 
where Cd =3πµd is the Stokes expression for drag in a low Reynolds number flow. 
 
For a particle started at the point (x0, 0) on the horizontal plane through the disc axis, the 
solutions are (Tooby et al, 1977): 
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These solutions indicate that the motion of a particle in a rotating fluid follows a circular orbit in 
the vertical plane perpendicular to the disc axis with the center r0 at: 
 

 
 
For a given settling speed of the particle and the rotation rate of the disc, there is a family of 
circular solutions about the same orbit center, with the particular orbit radius determined by the 
initial conditions. These solutions correspond closely to observations (Tooby et al, 1977). 
 
From Eq.(4.2-6), the velocity of a particle is written as: 
 

 
 
Then, it is readily shown that the relative velocity between particles i and j is: 
  

 
 
Making use of Eq.(4.2-7) and considering the fact that when the two particles collide, the 
distance between them must be about the average of their size, Eq.(4.2-9) is rewritten as: 
 

 
 
This equation indicates that collision similarity between a disc flocculator and a settling tube 
may exist, as long as the first term of the right side of the equation is much smaller than the 
second term. 
 
Since we are dealing with fine-grained sediments which generally have a wide size distribution, 
and consequently a wide settling speed distribution, to evaluate collision similarity from Eq.(4.2-
10), we must consider the relative velocities between all particles. This is too complex, if not 
impossible. Instead, we can consider the average relative velocity ∆ur between particles. With 
the assumption of Stokes’ law for the settling speed of solid particles, we then have: 
  

 
 
where׀∆d׀ is the average difference of particle diameters and dm is the median diameter of the 
particles. 
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Now we have a criterion for collision similarity as follows: 
 

 
where 
 

 
 
The statistical meaning of ׀∆d׀  is similar to that of the standard deviation of a size distribution. 
However, the difference is that the standard deviation is measured relative to the median size, 
while ׀∆d׀  is measured relative to all sizes. Therefore, we may construct an expression to 
estimate ׀∆d׀ as follows: 
  

 
 
where Pi and Pj are the percentages of particles i and j respectively. 
 
Moreover, if a particle size distribution density exists, Eq.(4.2-14) can be replaced by the 
following: 
 

 
 
where x or y represents the particle diameter and p (x) or p (y) is the size distribution density. 
 
Most fine-grained sediments follow a log-normal distribution law: 
 

 
  
where σg is the standard geometric deviation defined by: 
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With the log-normal size distribution, it is not difficult to show that: 
  

 
 
To give quantitative results, we calculate ω/ωe assuming a log-normal size distribution with 
different dm and σg. In the calculation, we assume ρp = 2.65 g/cm3, ρw = 1.02466 g/cm3 and 
ω=2π/T with T=25 s. Results are shown in Fig.4.2-3. We can see from this figure that ω/ωe 

decreases as σg and dm increase. For the test samples of the drilling mud, dm =6 µm, and σg = 2.4, 
resulting in ω/ωe =0.011. For the test samples of the Detroit River sediment, dm =4.8 µm, and 
σg=2.3, resulting in ω/ωe =0.015. 
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The results shown in Fig.4.2-3 are meaningful for the initial stage of flocculation, when large 
amounts of solid particles are present in suspension. As the flocculation process goes on, more 
and more flocs are formed. Therefore, we also need to examine the collision similarity for the 
stages in which large amounts of flocs are present in suspension. We note that, in this case, 
Eq.(4.2-11) is no longer valid because it is based on Stokes’ law for the settling of solid particles. 
However, we can make use of the empirical expression for floc settling speeds which has a 
general form (see Section 5): 
 

 
 
where dƒ is the floc diameter, and A and m are experimental constants. 
 
Then the average relative velocity between flocs in a disc is written as: 
 

 
So that, 

 
 
To give quantitative results for ω/ωe, we use the empirical expression (Eq.(5-4)) for the settling 
speeds of drilling mud flocs from the disc flocculator tests, resulting in ωe =0.24 dm - 0.562 ׀∆d׀, 
and assume that the floc size distribution also follows the log-normal distribution law. The 
results for ω/ωe as a function of dm and σg are shown in Fig.4.2-4. For σg =4.0, estimated from 
the experimental data, ω/ωe ranges from 0.026 to 0.004 for the floc median diameter ranging 
from 30 to 2000 µm. 
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From the above analysis, we may conclude that for the low rotation rate (e.g., T =25 s) of the 
discs, collision similarity approximately exists for the whole flocculation process. 
 
In addition, collision similarity requires that the flocculation in a disc must be independent of the 
rotation rate of the disc. The above analysis has indicated that this will be true when the rotation 
rate is low. To examine this further, we did experiments in the small disc flocculator, using the 



Final Study Report – Lick and Huang 

 64

drilling mud at a concentration of 100 mg/l and at rotation periods of 25, 50, 100, and 160 s. The 
results are shown in Fig.4.2-5. We can see from this figure that the rotation rate does not have an 
effect on flocculation. This is consistent with the theoretical analysis. 
 

 
 
However, we noticed in the tests that, when flocs became bigger, they might settle down on the 
bottom of the disc if the rotation rate was too low. The criteria for choosing the rotation rate may 
therefore be stated as the rotation rate must be small enough to satisfy dynamical and collision 
similarity and large enough to avoid large flocs settling down on the bottom. Eventually, we 
chose rotation periods of 30 s and 25 s for the big disc and for the medium and small discs 
respectively. 
 
Scale Effects 
The third question is answered by doing experiments using the three discs with different sizes. 
Fig.4.2-6 shows data for the time variation of the floc median diameter at concentrations of 5, 10, 
and 100 mg/l using these three disc flocculators. We can see from this figure that, for these 
conditions, the scale of the discs has no effect on flocculation. However, when the concentration 



Resuspension, Flocculation, and Transport of Drilling Muds and Fine-grained Sediments 
 

 65

was as low as 1 or 2 mg/l, we found that there were differences in results between the big and 
medium or small discs. For the medium or small discs, only a few flocs were formed during the 
flocculation process and these flocs seemed to be smaller than those in the big disc. With only a 
few flocs, it was difficult to measure the median size or size distribution so as to obtain 
statistically meaningful data. Therefore, most of the tests were conducted using the small disc for 
solid concentrations greater than 5 mg/l , and the big disc was mainly used for concentrations of 
1 and 2 mg/l. 
 

 
 

Procedure 
 
The experimental procedures for the disc flocculator tests were essentially similar to those for the 
Couette flocculator tests. In doing the experiments, the sediment samples were mixed with 
filtered sea water (which was from the Santa Barbara Channel with a salinity of 33.4) or tap 
water at a known concentration. The sediments were first disaggregated in a blender, and were 
then put into a disc flocculator. The disc was run at a constant rotation rate. At certain time 
intervals (such as 10 or 20 minutes, or several hours, depending on the solid concentration), the 
disc was stopped and samples were withdrawn from the disc for particle size measurements 
using a Malvern Particle Sizer 3600E. Then the disc was filled and run again. This procedure 
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was continued until the floc median diameter reached about 100 µm, beyond which the Malvern 
could not be used to measure floc sizes. The reasons for this are that, first, when the flocs were 
big, the floc breakage became severe both during sampling with a pipette due to fluid shear and 
during the measurement in the cell of the Malvern due to stirring; second, when we stopped the 
disc to sample, big flocs settled down too fast to catch them; third, the size range that the 
Malvern can measure is 1 to 500 µm, corresponding to a maximum median diameter of about 
200 µm. In the disc flocculator tests, floc sizes may be as large as 1 mm in the steady state. 
Therefore, when floc median sizes were greater than 100 µm, the disc was kept running without 
sampling until the steady state was reached. During the steady state, pictures were taken using a 
microscope with either a 6.66- or a 4.6-fold magnification lenses. The floc median diameters at 
the steady state were then estimated by measuring floc sizes from the pictures, calculating the 
volumes of flocs, and performing a frequency analysis. 
 
In the disc flocculator tests, the applied fluid shear is not a parameter, and the only flocculation 
parameter is solid concentration. In order to examine the effects of solid concentration on 
flocculation, we did tests at solids concentrations of 1, 2, 5, 10, 25, 50, 100, and 200 mg/l. Both 
the drilling mud and Detroit River sediment were used in the tests. Seawater was used in the 
drilling mud tests, while both seawater and fresh water were used in the Detroit River sediment 
tests. 
 

Results and Discussion 
 
Median Diameters 
 
Figs.4.2-7 to 4.2-9 show the time variation of floc median diameter for the drilling mud in 
seawater, and for the Detroit River sediment in seawater and in fresh water respectively. Due to 
the three reasons mentioned above, these time variation curves are limited to floc median 
diameters less than 100 µm. 
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For the Detroit River sediment, we have noticed from Figs.4.2-8 and 4.2-9 that flocculation takes 
place much faster in seawater than in fresh water. This is because the electric double layer of 
charges, which contributes to the repulsive forces between particles, becomes much thinner in 
seawater than in fresh water, and consequently, the positive potential energy is much reduced. 
Therefore, the probability of cohesion of colliding particles is greater in seawater than that in 
fresh water. 
 
Although the applied fluid shear (which is one of the main factors contributing to floc breakage 
in the Couette flocculator tests) is not present in a disc flocculator test, floc breakage could occur 
due to collisions between particles and due to fluid shear induced by the settling of flocs. 
Therefore, similar to the flocculation in a Couette flocculator, the flocculation in a disc 
flocculator is also a dynamic process in which floc growth and breakage continuously take place, 
and a dynamic equilibrium (i.e. steady state) will be eventually established. This is true 
particularly for tests at high solid concentrations such as 50, 100, and 200 mg/l. At very low con-
centrations such as 1, 2, or 5 mg/l, a quasi-steady state flocculation may exist. The data for the 
steady state floc median diameters were obtained and are shown in Table 4.2-1. 
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Time Scales 
 
The time to reach the steady state is a very useful time scale to characterize the flocculation 
process. In the Couette flocculation tests, the time to reach the steady state is determined from 
the time variation curves of floc median diameter. In the disc flocculator tests, because we could 
not use the Malvern to measure the floc sizes during the whole flocculation process, we only 
obtain the time variation curves for the median diameters less than 100 µm. Consequently, the 
data for the time to reach the steady state can not be obtained from these limited time variation 
curves but were estimated roughly by observations (Table 4.2-2). 
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On the other hand, data for two other flocculation time scales T10 and T1/10 can be obtained from 
the time variation curves of floc median diameter for the purpose of characterizing the 
flocculation process. T10 is defined as the time at which the floc median diameter becomes 10 
times that of the primary solid median diameter (dm0), that is: 
  

 
 
T1/10  is defined as the time at which the floc median diameter becomes one tenth of the floc 
median diameter at the steady state, that is: 
 

 
 
where dms is a floc median diameter at the steady state and is a function of the solid concentration 
Cm. Therefore, both T1/10  and dm (T1/10) vary with solid concentration. 
 
The data for T10 are shown in Table 4.2-3 and in Figs.4.2-10 to 4.2-12 and can be fitted by a 
power law as follows: 
 

 
 
where T10 is in hrs and Cm is in mg/l. The correlation coefficients are 0.9981, 0.9950 and 0.9984 
respectively. 
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The data for T1/10  are shown in Table 4.2-4 and in Figs.4.2-13 to 4.2-15 and can also be fitted by 
a power law as follows: 
 

 
 
where T1/10  is in hrs and Cm is in mg/l. The correlation coefficients are 0.9962, 0.9972 and 
0.9975 respectively. 
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We have noticed that in the Couette flocculator tests, the time to reach the steady state is about 
twice T10. This is also a good approximation for the disc flocculator tests at high solid 
concentrations such as 50, 100, 200 mg/l. We have also noticed that T1/10 is not much different 
from T10 for the disc flocculator tests, and within the experimental error, the time to reach the 
steady state is also about twice T1/10. 
 
In addition, in a test at a low solid concentration such as 1, 2, or 5 mg/l, only a few flocs were 
formed and the floc median diameters measured from the Malvern remained less than 10 µm 
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even though the test had been run for more than 10 days. In this case, neither the data for T10 nor 
for T1/10 were obtained. Instead, we determined another time scale T2 (see Table 4.2-5) by 
observations. T2 is defined as the time at which a floc with a diameter of 2 mm was observed. For 
comparison with T10 and T1/10, the data for T2 are also shown in Tables 4.2-3 and 4.2-4, and in 
Figs.4.2-10 to 4.2-15. It is interesting to note from Figs.4.2-10 to 4.2-15 that, T2 is very close to 
the extrapolation lines of T10 or T1/10. This may suggest that T2 is somewhat equivalent to T10 or 
T1/10. 
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Discussion 
 
The results from the disc flocculator tests have shown that the floc median diameter is a function 
of solid concentration as well as time. For each test, it can be seen that the median diameter of 
flocs increases relatively slowly for a period of time and then very rapidly. Compared with tests 
in the Couette flocculator where fluid shear is dominant, particles flocculate much slower in the 
disc flocculators, much longer times are needed to reach the steady state, and the floc sizes at the 
steady state are much larger. This is because the frequency of collisions between particles is 
much reduced when an applied fluid shear is not present. Moreover, the breakage of flocs in a 
disc is mainly due to collisions between flocs and the surface erosion of small particles (flocs) by 
the shear stress induced by the settling of the flocs. Collision effects on the breakage will become 
small as the solid concentration gets low. In this situation, floc sizes in the steady state may be 
dominated by surface erosion. 
 
For comparison, Fig.4.2-16 shows the steady state median diameters of the drilling mud flocs 
from both disc and Couette flocculator tests as a function of fluid shear with solid concentration 
as a parameter. Similar to Fig.4.2-16, Fig.4.2-17 shows a comparison of steady state median 
diameters of the Detroit River sediment flocs from both disc and Couette flocculator tests. We 
can see from these figures that fluid shear has a significant effect on floc size. As the applied 
fluid shear approaches zero (i.e., in the disc flocculator tests), floc size increases dramatically. 
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It should be noted that at very low concentrations such as 1, 2, or 5 mg/l, flocculation took place 
very slowly, very few flocs were formed in suspension, and large amounts of solid particles 
remained unflocculated even after they had been suspended in a disc for more than 10 days. This 
was determined both from direct observations and from measurements of the size distribution 
using the Malvern. These measurements showed that the median diameters of most suspended 
particles remained below 10 µm even for a running period of more than 10 days. On the other 
hand, a few very porous flocs were usually formed at these low concentrations. The sizes and 
densities of these flocs probably increased slowly by sweeping small particles as they were 
settling. After about 10 days of running an experiment, these flocs were as large as 5 to 8 mm 
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and still had a loose structure. The solid mass contained in these flocs was only a small portion 
of the total solid mass in the disc. The solid mass of a floc was determined by measuring the 
orbit of the floc in the disc and estimating the settling speed of the floc from ws =ωro (where ω is 
the rotation rate of the disc, ro is the distance from the orbit center to the axis of the disc); then 
the density of the floc was calculated by the method described in Section 6 using this settling 
speed. Table 4.2-5 shows some characteristics of flocculation in the disc flocculator tests at low 
solid concentrations. It is interesting to note from this table that, for all tests except the test for 
the drilling mud at a concentration of 2 mg/l, the solid mass in flocs was only 3.0 to 5.5% of the 
total solid mass in a disc; the volume of these flocs, however, was 81.8 to 98.9% of the total 
volume of all particles (flocs and solid particles) in the disc. 
 
From the results of all tests at solid concentrations ranging from 1 to 200 mg/l, we note that a 
change in flocculation properties occurred at certain concentrations. These concentrations were 2 
mg/l for the drilling mud, 5 mg/l for Detroit River sediments in seawater, and 10 mg/l for Detroit 
River sediments in fresh water. At concentrations equal to or lower than these values, large 
amounts of solid particles remained unflocculated even after they had been suspended in a disc 
for more than 10 days. On the other hand, at concentrations higher than these values, almost all 
solid particles could be flocculated and a steady state of flocculation could be eventually 
established. The former was demonstrated from size measurements using the Malvern. These 
measurements showed that in a test, when the floc median diameter reached about 100 µm, the 
volume of particles less than 10 µm were usually less than 3% of the total volume of particles in 
suspension. As time went on, these small particles would continually flocculate to form large 
flocs. So that, at the steady state, the volume of unflocculated solid particles might be much less 
than 3%. 
 
 

4.3  EFFECTS OF ORGANIC COATINGS ON FLOCCULATION 
 
The effects of organic coatings on flocculation were examined by doing experiments in disc 
flocculators using samples with the organic matter removed and then comparing these results 
with the previous tests where organic matter was naturally present. Both the drilling mud and 
Detroit River sediment samples were treated in this manner. The experimental procedures for the 
flocculation tests were the same as those described in subsection 4.2. In this subsection, we first 
describe the procedures for removing organic matter, then present the results from the tests using 
treated samples and compare them with the results from the tests using untreated samples 
(subsection 4.2). 
 

Removal of Organic Matter 
 
Organic matter removal was accomplished by treating samples with a sodium hypochlorite 
(NaOCl) solution. This method was proposed by Anderson (1963). He has demonstrated that this 
method is both efficient and rapid for the destruction of organic matter in samples, and 
accomplishes this without destruction of carbonates or removal of sesquioxide or silica coatings. 
Moreover, quantities of organic matter left in samples by this method are commonly less than 
remain after hydrogen peroxide (H202) treatment of samples (Anderson, 1963; Lavkulich and 
Wiens, 1970). 
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The sodium hypochlorite solution used in the treatment was obtained from the Fisher Scientific 
Company and contained 4 to 6% available chlorite. The treatment includes two steps as 
described in the following:
 
Step 1, oxidation of organic matter: A 20 ml sodium hypochlorite solution was added to an 8 g 
sediment sample in a 50 ml centrifuge tube. The pH of the solution was adjusted to 9.5 using 
hydrochloric acid. The tube was placed in a boiling water bath for 15 min, then centrifuged for 8 
min at 800 rpm. The solution was decanted, and the treatment was repeated at least three times. 
 
Step 2, washing and dispersing: A 40 ml 2 percent sodium carbonate-sodium bicarbonate 
solution with a pH of 9.5 was added to the sample in the centrifuge tube. The solution was stirred 
and heated in a boiling water bath for 10 min to promote flocculation. Then the tube was 
centrifuged for 10 min at 800 rpm. The solution was decanted, and the treatment was repeated 
for a total of three treatments. After the final decantation, the sample was shaken for 12 hr with 
distilled water. Finally, the samples were washed using filtered water (the same water as that 
used for flocculation tests) with the same procedures as above for the sodium carbon-sodium 
bicarbonate solution. 
 
To examine the effectiveness of the NaOCl treatment on the removal of organic matter, samples 
were treated consecutively up to 6 times. At the end of each treatment, a small amount of the 
sediment was withdrawn from the centrifuge tube and later used for a CHN (C--carbon, H--
hydrogen, N--nitrogen) analysis. The CHN analysis was performed by the Marine Science 
Institute (at UCSB) Analytical Lab using a Control Equipment Corporation Model 240XA. 
 
Tables 4.3-1 and 4.3-2, and Figs.4.3-1 to 4.3-3 show the total CHN (including organic and 
inorganic CHN) contents of the drilling mud and Detroit River sediment after the consecutive 
NaOCl treatments. From these data, we can see that the CHN contents are significantly reduced 
at the end of the first treatment; as the treatment time increases, the CHN values approach 
constant values, which are considered to be the inorganic CHN contents in the sediments. 
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Table 4.3-3 shows the organic CHN contents of the drilling mud and Detroit River sediment. 
From this table we can see that the Detroit River sediment contains 1.99 percent (by weight) 
organic matter (the sum of the organic carbon, hydrogen, and nitrogen); this is believed to be 
natural organic matter such as humic substances. The drilling mud contains 1.77 percent organic 
matter which are probably due to added polymers and organic matter from drilling cuttings. 
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Results and Discussion 
 

Drilling Mud 
 
Fig.4.3-4 shows the time variation of the floc median diameter for the treated drilling mud in the 
disc flocculator tests. Fig.4.3-5 shows the comparison of the time variation of the floc median 
diameter for the treated and untreated samples. The data for the floc median diameters less than 
100 µm were from the Malvern Particle Sizer measurements and are very accurate. The curves 
shown in Fig.4.3-5 are approximate and are determined by fitting the data for floc median 
diameters less than 100 µm and the data for floc median diameters in the steady states. The floc 
median diameters at the steady states are determined from the photographs as described in 
subsection 4.2 and shown in Table 4.3-4. The time to reach the steady state were estimated by 
observations and are shown in Table 4.3-5. The data for T10 are shown in Table 4.3-6 and can be 
fitted by a power law as follows: 
 

 
 
where T10 is in hrs and Cm is in mg/l. The correlation coefficient is 0.99997. 
 

 



Final Study Report – Lick and Huang 

 88

 
 

 
 



Resuspension, Flocculation, and Transport of Drilling Muds and Fine-grained Sediments 
 

 89

 
 
 
 
 

 
 
 



Final Study Report – Lick and Huang 

 90

 
 

 
The data for T1/10 are shown in Table 4.3-7 and can also be fitted by a power law as follows: 
 

 
 
where T1/10 is in hrs and Cm is in mg/l. The correlation coefficient is 0.9996. 
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The comparisons of T10 and T1/10 for treated and untreated samples are shown in Figs.4.2-10 and 
4.2-13 respectively. 
 
We can see from Figs.4.3-4 and 4.3-5 that, for the drilling mud, the treated samples flocculated 
slower than did the untreated samples, and the floc sizes at the steady state of the treated samples 
were much smaller than those of the untreated samples. This is probably due to small amounts of 
polymers such as drispac (a polyanionic cellulose polymer) contained in the drilling mud. 
Polymers at a very low concentration have the function of enhancing flocculation of mineral 
particles by a bridging mechanism (e.g., Gregory, 1989). After treatment by sodium hypo-
chlorite, these polymers were removed. 
 
Detroit River Sediment 
 
Figs.4.3-6 and 4.3-7 show the time variation of the floc median diameter for the treated Detroit 
River sediment in the disc flocculator tests in seawater and in fresh water. Figs.4.3-8 and 4.3-9 
show the comparison of the time variation of the floc median diameter for the treated and 
untreated samples. The curves in Figs.4.3-8 and 4.3-9 are obtained in the same way as that for 
the curves in Fig.4.3-5. The data for the steady state median diameters are shown in Table 4.3-4. 
The estimated time to reach the steady state are shown in Table 4.3-5. The data for T10 are shown 
in Table 4.3-6, and for T1/10 in Table 4.3-7. The empirical expressions for T10 and T1/10 are as 
follows: 
 

 
 
with correlation coefficients 0.9970, 0.9978, 0.9991, and 0.9935 respectively. T10 and T1/10 are in 
hrs and Cm is in mg/l. Additionally, the comparison of T10 and T1/10 for both treated and untreated 
samples are shown in Figs.4.2-11, 4.2-12, 4.2-14, and 4.2-15. 
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We can see from Figs.4.3-6 and 4.3-8 that, for the Detroit River sediment in seawater, the treated 
samples flocculated faster than did the untreated samples at all solid concentrations tested. In 
fresh water (see Figs.4.3-7 and 4.3-9), however, the treated sediment flocculated faster at high 
concentrations (100 and 200 mg/l), and slower at low concentrations (e.g., 25 mg/l). 
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5.  SETTLING SPEEDS OF FLOCS 
 
The settling speeds of the drilling mud flocs and Detroit River sediment flocs produced from the 
flocculation tests in the Couette and disc flocculators were measured in a settling tube by a 
double-exposure photographic method. The effects of floc formation conditions (mainly fluid 
shear and solid concentration) on the settling speeds of flocs were examined. 
 
In this section, we first describe the experimental methods, including the experimental apparatus 
and procedures. Results and a discussion of the results are then presented. 
 

Experimental Methods 
 
Experimental Apparatus 
 
Fig.5-1 shows the apparatus used in the floc settling speed measurements. The settling tube made 
from plexiglass is 1 m high and l0xl0 cm wide in cross-section. The outer surfaces of this tube 
are covered by a layer of 0.5 cm styrofoam board to reduce heat transfer between the air in the 
room and the water in the tube. Such heat transfer may produce convection currents in the 
settling tube and affect the settling of flocs. Three windows (one for photography, the other two 
for flashing) are located at a distance of 35 cm below the water surface in the tube; at this 
distance, flocs will have reached their terminal settling speeds. A horizontal-axis Nikon SMZ-2T 
microscope-camera system is mounted against the photography window. The magnifications of 
this microscope-camera system can be 4.6-, 6.7-, 16-, or 20-fold. A flash for exposing films is 
placed either on the opposite side of the tube from the camera (in the case that flocs were small 
and the 16- or 20-fold magnification lens was used) or beside the camera (in the case that flocs 
were large and the 4.6- or 6.7-fold magnification lens was used). A lantern always accompanies 
the flash, lighting up the flocs in the tube for observation and focusing from the microscope. 
Polaroid 667 Coaterless black-and-white, professional instant pack films were used for 
photography. 
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Procedure 
 
The flocs used in the settling speed measurements were produced in the Couette and disc 
flocculator tests. When the steady state of flocculation in a test had been reached, a small amount 
(1 to 3 ml) of suspension containing flocs was taken using a pipette from the flocculator and 
immediately introduced into the settling tube for the settling speed measurement. It should be 
noted that, at high concentrations such as 100 and 200 mg/l, the suspension may contain too 
many flocs. In this case, the suspension must be diluted prior to being introduced into the settling 
tube to minimize the effects of the interactions between flocs during their settling on the settling 
speeds of these flocs. 
 
In performing measurements, the suspension containing flocs was poured gently into the water 
surface in the settling tube. Then the flocs began to settle down. As one (usually more than one) 
floc arrived in the scope of the camera, two flashes were consecutively lighted with a time 
between the flashes varying from 1 to 5 seconds, depending on the settling speed of the floc. 
This resulted in two positions of a floc shown on one photograph. This is called a double-
exposure photographic method. For each test, eight to fourteen such double-flash, single-frame 
photographs were taken, and about 10 to 20 flocs were shown on these photographs. 
 
The settling speed of a floc was determined by the distance between two successive positions of 
the floc on the photograph and the time interval between the two flashes. The size of a floc was 
measured by averaging its long and short axis from the photograph. 
 

Results and Discussion 
 
Drilling Mud Flocs from Couette Flocculator Tests 
 
The settling speeds and sizes of a total of 216 drilling mud flocs from the Couette flocculator 
tests were measured. These flocs were in the size range from 30 to 300 µm. Flocs larger than 300 
µm were difficult to catch due to their fast settling speeds and the high magnification (20-fold) of 
the lens used. On the other hand, the sizes of flocs less than 30 µm could not be determined 
accurately from the photographs. 
 
Figs.5-2a through 5-2e show the floc settling speeds as a function of floc size with fluid shear as 
a parameter for the solid concentrations of 10, 50, 100, 200, and 400 mg/l respectively. From 
these figures we can see that the fluid shear at which the flocs are formed has a significant effect 
on the floc settling speeds. Although some scattering exists, the overall tendency of the data 
suggests that for the same size, the flocs formed at higher shears have higher settling speeds than 
do the flocs formed at lower shears. The main reason for this is that the flocs formed at higher 
fluid shears are more compact and more dense than those formed at lower fluid shears. 
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In order to examine the influence of solid concentration, the other main parameter of floc 
formation, on the settling speeds of flocs, we plot the settling speeds as a function of floc size 
with solid concentration as a parameter for the fluid shears of 50, 100, and 200 s -1 respectively 
(Figs.5-3a, b, c). We can see from Figs.5-3a, b, and c that the concentration at which the flocs are 
formed has no distinguishable effects on the floc settling speeds. This suggests that for the same 
size, the flocs formed at different solid concentrations but at the same fluid shear, probably have 
the same density. 
 
 

 
 
 



Final Study Report – Lick and Huang 

 102

 

 



Resuspension, Flocculation, and Transport of Drilling Muds and Fine-grained Sediments 
 

 103

We can also see from these figures that the data for any combination of fluid shear and solid 
concentration can be fitted by a power law: 
 

 
 
where A and m are the constants to be determined experimentally. 
 
Since solid concentrations have no distinguishable effects, we do the power regression for each 
fluid shear for all solid concentrations. Using the least-square method, we determine that m = 
0.59, 0.58, and 0.52 for fluid shears of 50, 100, and 200 s -1 respectively with corresponding 
correlation coefficients of 0.92, 0.91, and 0.90. 
 
Since the slopes, m, at different fluid shears are nearly the same, we set m = 0.56 for all the fluid 
shear conditions. By this slight adjustment, we find that the constants A in Eq.(5-1) are 14.61, 
17.32, and 19.24 for the fluid shears of 50, 100, and 200 s -1 respectively. The fitted lines of the 
power regressions are shown in Fig.5-4. 
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In order to obtain an empirical expression for the floc size-settling speed relationship including 
the effects of fluid shear, we plot A versus fluid shear G (Fig.5-5) and find that the data can also 
be fitted by a power expression: 
 

 
 

where G is in s -1. 
 

 
 
Then combining Eq.(5-2) with Eq.(5-1) and substituting m =0.56 , we obtain an empirical 
expression for the settling speeds of drilling mud flocs as a function of floc size and the fluid 
shear at which the flocs are formed: 
 

 
  
where ws is in µm s -1 and dƒ is in µm. 
 
Drilling Mud Flocs from Disc Flocculator Tests 
 
In the steady state, the flocs produced in the disc flocculator tests were very large, in the size 
range of 0.08 to 1.8 mm. Therefore, the lens with the magnification of 4.6 fold was used for 
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photography. A total of 129 measurements were made, including flocs made of untreated and 
treated samples. 
 
It should be mentioned that because the flocs were very large and fragile, breakage of these flocs 
during sampling from the flocculators and introducing them into the settling tube became a 
critical problem. To prevent flocs from breakage, a big pipette with a tube of 4 mm in inner 
diameter was used. With this big pipette, we found that no significant breakage occurred when 
samples were withdrawn from the discs very slowly. However, no matter how careful we were, 
flocs broke when they were introduced into the settling tube by pushing the pipette. By trying 
many times, we solved this problem by simply hanging the pipette over the settling tube, with the 
end of the pipette just beneath the water surface. In this way, the flocs in the pipette settled out 
into the settling tube due to gravity, and no applied fluid shear was involved. So that, the 
breakage of flocs was minimized. 
 
Figs.5-6 and 5-7 show the settling speeds of drilling mud flocs made from untreated and treated 
samples respectively. Some differences in settling speeds are observed from these two figures. 
This may reflect the effects of organic matter (1.77 % by weight in the drilling mud) on settling 
speeds. 
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We also see from Figs.5-6 and 5-7 that the solid concentration at which flocs were formed does 
not have a strong effect on the settling speeds of flocs. This is consistent with the results for the 
flocs from the Couette flocculator tests. 
 
Furthermore, using the least square method, empirical expressions for the settling speed-size 
relationship are obtained and are as follows: 
  

 
 
where ws is in µm/s and dƒ is in µm. The correlation coefficients are 0.9362 and 0.9631 
respectively. 
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Detroit River Sediment Flocs from Disc Flocculator Tests 
 
A total of 202 measurements were made for the settling speeds of Detroit River sediment flocs 
from the disc flocculator tests. The sizes of these flocs ranged from 0.06 to 0.8 mm 
 
Figs.5-8 and 5-9 show the settling speeds of flocs made from untreated and treated Detroit River 
sediment in seawater. Figs.5-10 and 5-11 show the settling speeds of flocs made from untreated 
and treated Detroit River sediment in fresh water. Similar to the drilling mud flocs, differences in 
settling speeds of flocs made from untreated and treated samples are also observed. Moreover, 
the settling speeds of flocs formed in fresh water are found to be larger than those of flocs 
formed in seawater. 
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The power regressions are also used for the data shown in Figs.5-8 to 5-11. The resulting 
empirical expressions are: 
 

 
  
where ws is in µm/s and dƒ is in µm. The correlation coefficients are 0.9765, 0.9228, 0.9505 and 
0.9687 respectively. 
 

Table 5-1 summarizes all experimental constants in the settling speed-size relationship  
for the drilling mud and Detroit River sediment flocs from the disc flocculator tests. 
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Discussion 
 
From all experimental data shown above, we have noticed that the settling speeds of flocs show 
large deviations from Stokes’ law: 
  

 
 
where µ  is the dynamic viscosity of the water, dp is the diameter of a solid sphere, and ρp and ρw 
are the density of the solid sphere and water respectively. 
 
Although several factors, such as the relative density, permeability, roughness of surface, and 
shape of a floc, may affect the settling speed of the floc, the main cause of this deviation is that, 
the floc has a smaller average density (due to its porous structure) than that of a solid particle 
with the same (effective) diameter as that of the floc, and this density is not a constant but a 
function of the floc size. The average relative density is defined as (Tambo and Watanabe, 
1979): 
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where ρƒ is the average density of a floc and is defined by: 
  

 
 
where Ms and Mw are the masses of solid and water in the floc respectively, and Vƒ is the volume 
of the floc. Vƒ can be defined in several ways. In this study, we define Vƒ as: 
  

 
 
where dmax and dmin are the long and short axes of the floc shown in a photograph. 
 
To obtain a better understanding of the structure of flocs, we will discuss the densities of flocs in 
detail in the following section. 
 
Fig.5-12 shows a comparison of settling speeds of drilling mud flocs from both disc and Couette 
flocculator tests as a function of fluid shear and with solid concentration as a parameter. These 
settling speeds correspond to the flocs with median diameters and formed at certain conditions 
(i.e., fluid shear and solid concentration). In the numerical modeling of sediment transport, it is 
often convenient to use the settling speed corresponding to the floc with median diameter as a 
characteristic settling speed. From this figure, we can see that for fluid shears ranging from 25 to 
200 s -1 and solid concentrations ranging from 25 to 50 mg/l, the settling speed decreases as fluid 
shear decreases. As the fluid shear approaches zero (i.e., in the disc flocculator tests), however, 
the settling speed increases dramatically. This is because, in a disc flocculator test, the steady 
state floc median diameter becomes as large as about 1 mm. Such a floc has a much larger 
settling speed than that of a floc formed in a Couette flocculator test and with a diameter about 
100 µm, though the latter is more dense than the former. 
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Similar to Fig.5-12, Fig.5-13 shows a comparison of settling speeds of Detroit River sediment 
flocs from both disc and Couette flocculator tests. The same tendency as seen in Fig.5-12 is 
observed. 
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6.  EFFECTIVE DENSITIES OF FLOCS 
 
The effective densities of flocs from the Couette and disc flocculator tests were determined using 
settling speed data. A floc settling speed model (Brinkman, 1947a, b) as well as Stokes’ law was 
employed in the calculation of the floc effective density. Unlike Stokes’ law, the floc settling 
speed model applies to permeable particles, because the effect of the creeping flow through a 
floc on its settling speed is considered in the model. 
 
In the following, we first describe the floc settling speed model. Then the effective densities of 
drilling mud and Detroit River sediment flocs are presented. 
 

A Floc Settling Speed Model 
 
The problem of the creeping flow relative to a floc was initially studied theoretically by 
Brinkman (1947a,b) and later by Sutherland and Tan (1970), Ooms et al (1970), Neale et al 
(1973), Epstein and Neale (1974), and Adler (1981). It should be pointed out that the term “floc” 
was originally used by Brinkman (1947a, b) in his analysis, and actually referred to an isotropic 
porous sphere. 
 
In Brinkman’s analysis, Darcy’s law (which applies to a low porosity medium) was extended to 
describe the flow through a floc which is of high porosity. The resulting equation is: 
  

 
 
where k is the permeability of the floc, µ is the dynamic viscosity of the fluid, p is the pressure, 
and V is the velocity of the flow. 
 
Outside of the floc, the governing equation for the flow is: 
 

 
 
By solving Brinkman’s flow equation (Eq.(6-1)) in a floc and Stokes’ flow equation (Eq.(6-2)) 
outside of the floc and coupling them on the floc surface, Brinkman obtained Ω, the ratio of the 
resistance experienced by a floc to an equivalent solid sphere which has the same diameter and 
the same density as those of the floc: 
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where β is the normalized floc radius given by: 
  

 
 
and where k is the permeability of the floc. This permeability can be estimated by the 
following expression (Brinkman, 1947): 
  

 
 
where dp is the diameter of the solid particles in the floc and e is the porosity of the floc. 
Assuming that a floc consists only of two parts, solid particles and water, then according to the 
mass balance in the floc, the floc porosity can be related to its density by the following 
expression: 
 

 
 
where ρp is the density of the solid particles in the floc, and ρƒ and ρp are the densities of the floc 
and water respectively. 
 
Then the settling speed of a floc can be expressed as follows: 
 

 
 
where CD is the drag coefficient for a solid sphere. 
 
The effective density of a floc can be obtained from Eq.(6-7): 
 
 

 
 

For a Reynolds number (Re =wsd/v) less than unity, the drag coefficient is expressed as: 
 

 
 
 

(6-7) 
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For a Reynolds number larger than unity, there are well over 30 equations in the literature 
relating the drag coefficient to the Reynolds number (Haider and Levenspiel, 1989). Here we 
adopt an expression developed by Concha and Almendra (1979): 
 

 
 
Experimental results for settling speeds of steel wool porous spheres (Reynolds number < 0.6, 
Matsumoto and Suganuma, 1977) and of porous spheres made from semi-rigid plastic foam slab 
(Reynolds number ranges from 0.2 to 120, Masliyah and Polikar, 1980) are in excellent 
agreement with Eq.(6-7). Therefore, Eq.(6-8) may be more reasonable than Eq.(2-6) for 
determining the floc effective density and is used in this study. However, it should be noted that, 
in Brinkman’s model, an implicit assumption is that the permeability of the flocs is uniform; this 
is cerntainly not true for flocs in general and only an approximation for real flocs. The accuracy 
of this approximation can not be determined. 
 
Since the effective density is a function of the permeability which is also a function of the floc 
effective density, a numerical method must be used to solve for the effective density. A computer 
program named PF.FOR (Appendix 2) was written to perform the calculation. 
 

Results and Discussion 
 
Drilling Mud Flocs from Couette Flocculator Tests 
 
During the settling speed experiments, the settling speeds and sizes of 216 drilling mud flocs 
from the Couette flocculator tests were measured. The sizes of these flocs were in the range from 
30 to 300 µm, and the settling speeds in the range from 95 to 550 µm/s, corresponding to 
Reynolds numbers ranging from 0.003 to 0.165. 
 
In the calculation of the floc effective densities, we assume that v=0.01 cm2/s, ρp=2.65 g/cm3, and 
ρw=1.02466 g/cm3 (which corresponds to sea water from the Santa Barbara Channel at a salinity 
of 33.642 and a temperature of 16.0 C). dp is assumed to be 6 µm, the median size of the 
disaggregated drilling mud particles. 
 
Figs.6-la to 6-le show the floc effective density-size relationships with fluid shear as a parameter 
for the solid concentrations of 10, 50, 100, 200, and 400 mg/l respectively. From these figures, 
we can see that the fluid shear at which the flocs are formed has a significant effect on the floc 
effective density. Although some scattering exists, the overall tendency of the data suggests that 
for the same size, the flocs formed at higher shears have higher effective densities than do the 
flocs formed at lower shears. These results are in agreement with the concept of “mechanical 
syneresis” introduced by Yusa (1977). In addition, the number of the large flocs decreases with 
the increased fluid shear, and the lower the fluid shear, the more the large flocs. 
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In order to examine the influence of solid concentration, the other main parameter of floc 
formation, on the floc effective density-size relationship, we replot the data with the 
concentration as a parameter for fluid shears of 50, 100, 200 s -1 respectively (Figs.6-2a, 2b, and 
2c). We can see from these figures that the solid concentration at which the flocs are formed has 
no distinguishable effects on the floc effective density. The overall tendency of the data suggests 
that for the same size, the flocs formed at different solid concentrations but at the same fluid 
shear, have the same effective density. 
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We can also see from these figures that for any combination of fluid shear and solid 
concentration, the floc effective density-size relationship over the whole size range tested can be 
fitted by the power expression: 
  

 
 
where A and m are the experimentally determined constants. 
 
Since solid concentrations have no distinguishable effects, we do the power regression for each 
fluid shear for all solid concentrations. Using the least-square method, we determine that m = 
1.36, 1.39, and 1.47 for fluid shears of 50, 100, and 200 s -1 respectively with corresponding 
correlation coefficients of 0.97, 0.98, and 0.98. 
 
Since the slopes (-m) at different fluid shears are nearly the same, we set m =1.4 for all the fluid 
shear conditions. By this slight adjustment, we find that the constants A in Eq.(6-11) are 17.96, 
22.00, and 24.86 for the fluid shears of 50, 100, and 200 s -1 respectively. The fitted lines of the 
power regressions are shown in Fig.6-3. 
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In order to obtain an empirical expression for the floc effective density-size relationship 
including the effects of fluid shear, we plot A versus fluid shear G (Fig.6-4) and find that the data 
can also be fitted by a power expression: 
  

 
 
where G is in s -1. 
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Then combining Eq.(6-12) with Eq.(6-11), we obtain an empirical expression for the effective 
density-size relationship of drilling mud flocs, with fluid shear as a parameter at which the flocs 
would be formed: 
  

 
 
where dƒ is in µm and ∆ρƒ is in g/cm3. 
 
As mentioned in Section 2, Stokes’ law which applies to nonporous spheres, is used by many 
authors in the calculation of floc effective densities. For comparison, we also calculated effective 
densities using Stokes’ law for the same settling speed data. The empirical expression obtained 
is: 
  

 
 
Comparing Eq.(6-14) with Eq.(6-13), 15 to 35% differences for the floc size range tested are 
observed between the results obtained from Stokes’ law and from the floc settling speed model. 
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Drilling Mud Flocs from Disc Flocculator Tests 
 
A total of 129 measurements were made of the sizes and settling speeds of the drilling mud flocs 
produced in the disc flocculator tests. These flocs included those made from untreated and 
treated samples. The sizes of these flocs ranged from 0.08 to 1.8 mm, while the settling speeds 
ranged from 300 to 8000 µm/s, corresponding to Reynolds numbers ranging from 0.02 to 13.4. 
 
Figs.6-5 and 6-6 show the effective densities of drilling mud flocs made from untreated and 
treated samples respectively. Some differences in effective densities are observed from these two 
figures. This may reflect the effects of organic matter (1.77 % by weight in the drilling mud) on 
the densities. We also see from Figs.6-5 and 6-6 that the solid concentration at which flocs were 
formed does not have a distinguishable effect on the effective densities. This is consistent with 
the results for the flocs from the Couette flocculator tests. 
 

 
 
 



Resuspension, Flocculation, and Transport of Drilling Muds and Fine-grained Sediments 
  

 127

 
 

We have noticed that the data shown in Figs.6-5 and 6-6 are more scattered than the data for 
flocs from the Couette flocculator tests (Figs.6-1 and 6-2). One possible reason for this is that in 
the disc flocculator tests, some flocs hit the bottom of the disc more often and became more 
compact than did other flocs. Nevertheless, the data suggest that the floc effective density 
decreases as the floc size increases. 
 
Detroit River Sediment Flocs from Disc Flocculator Tests 
 
A total of 202 measurements for the sizes and settling speeds of Detroit River sediment flocs 
from the disc flocculator tests were made. The sizes of these flocs ranged from 0.06 to 0.8 mm, 
while the settling speeds ranged from 60 to 4000 µm/s, corresponding to Reynolds numbers 
ranging from 0.01 to 3.1. 
 
Figs.6-7 and 6-8 show the effective densities of flocs made from untreated and treated Detroit 
River sediment in seawater. Figs.6-9 and 6-10 show the effective densities of flocs made from 
untreated and treated Detroit River sediment in fresh water. Similar to the drilling mud flocs, 
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differences in effective densities of flocs made from untreated and treated samples are observed. 
Moreover, the effective densities of flocs formed in fresh water are found to be greater than those 
of the flocs formed in seawater by as much as a factor of 2. 
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7.  CONCLUSIONS 
 
In the present study, extensive experiments on the transport properties of a drilling mud and 
Detroit River sediments were conducted. The main findings from this study are summarized in 
the following: 
 
1. From experiments in the annular flume, resuspension properties of the drilling mud were 
obtained as a function of fluid shear stress and bed consolidation period. Based on the 
experimental data, an empirical expression for ç, the amount of sediment resuspended, was 
obtained. Compared with bentonite, Fox River, and Green Bay sediments,  for the drilling mud 
was less than that of bentonite by a factor of 2 to 2.5 and larger than those of Fox River and 
Green Bay sediments by a factor of 5 to 10. The drilling mud was therefore much easier to 
resuspend than the natural sediments and more difficult than bentonite. The organic matter in the 
sediments and the particle size and density of the sediments may be factors contributing to these 
differences. 
 
2. From flocculation tests for the drilling mud in the Couette flocculator where fluid shear is 
present, the characteristics of flocculation (such as the median diameter, the standard deviation 
of the floc size distribution, and the time to reach the steady state) have been obtained as a 
function of fluid shear and solid concentration. Self-similar size distributions and three 
flocculation stages (initial stage, transition stage, and steady state) were observed. It was 
demonstrated by dimensional analysis for the flocculation at the steady state that the effects of 
fluid shear and solid concentration can be accounted for in terms of a dimensionless parameter 
Fl, which is defined as the flocculation number. The data on the median size at the steady state 
are well correlated to the flocculation number. A semi-empirical equation for this relation was 
obtained by power regression. The validity of the correlation was also demonstrated for other 
sediments. 
 
3. Flocculation due to differential settling was studied using disc flocculators where no applied 
fluid shear was present. The validity of using disc flocculators to investigate flocculation due to 
differential settling of particles as in a settling tube or in a water body was examined. It was 
demonstrated both theoretically and experimentally that dynamic and collision similarity will 
exist and the flocculation in a disc will be independent of the rotation rate of the disc, as long as 
the rotation rate of the disc is low. The criteria for dynamic and collision similarity were 
presented. From the experiments, it was found that flocculation characteristics such as the floc 
median diameter are a function of solid concentration as well as time. Compared with tests in the 
Couette flocculator where fluid shear is dominant, particles flocculate in disc flocculators much 
slower, much longer times are needed to reach the steady state, and the floc sizes in the steady 
state are much larger. 
 
4. Some preliminary experiments were conducted to examine the effects of organic coatings on 
flocculation. Sediments were treated using sodium hypochlorite to remove the organic coating, 
and then used in the disc flocculator tests. It was found that, for Detroit River sediments in 
seawater, treated samples flocculated significantly faster than did the untreated sediments at all 
solid concentrations tested; in fresh water, however, treated samples flocculated faster at high 
concentrations (100 and 200 mg/l), but slower at low concentrations (e.g., 25 mg/l). In contrast, 
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the treated drilling muds flocculated much slower than did the untreated mud at all 
concentrations tested. This was probably because the untreated drilling mud contained polymers; 
however, after treatment, these polymers had been removed. 
 
5. Settling speeds of the drilling mud flocs produced from flocculation tests in the Couette and 
disc flocculators were measured in a settling tube by a double-exposure photographic method. 
The results show that the settling speed of a floc is not only a function of its size, but also of the 
conditions at which the floc is formed. Of the two main parameters of floc formation, fluid shear 
has a significant effect on the floc settling speed and must be taken into account, while solid 
concentration has no distinguishable effect in the present tests. Using the data for the drilling 
mud flocs from the Couette flocculator tests, an empirical expression for the settling speed as a 
function of floc size and fluid shear at which the flocs are formed is presented. Using the data for 
the drilling mud and Detroit River sediment flocs from the disc flocculator tests, empirical 
expressions for the settling speed-size relationships were obtained. 
 
6. Effective densities of flocs were obtained using the settling speed data. A floc settling speed 
model was employed in the calculation of the floc effective density. For the drilling mud flocs 
from the Couette flocculator tests, the results show that the flocs formed at higher fluid shears 
are more dense than those formed at lower fluid shears, while solid concentration has much less 
of an effect on the floc effective density. An empirical expression for the effective density-size 
relationship with fluid shear as a parameter was obtained. For comparison, the effective densities 
of drilling mud flocs from the Couette flocculator tests were also calculated using Stokes’ law. 
15 to 35% differences in the results are observed between these two models. Effective densities 
of drilling mud and Detroit River sediment flocs from the disc flocculator tests were also 
obtained. 
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The Department of the Interior Mission 
 
As the Nation's principal conservation agency, the Department of the Interior has responsibility for most 
of our nationally owned public lands and natural resources.  This includes fostering sound use of our 
land and water resources; protecting our fish, wildlife, and biological diversity; preserving the 
environmental and cultural values of our national parks and historical places; and providing for the 
enjoyment of life through outdoor recreation. The Department assesses our energy and mineral 
resources and works to ensure that their development is in the best interests of all our people by 
encouraging stewardship and citizen participation in their care.  The Department also has a major 
responsibility for American Indian reservation communities and for people who live in island territories 
under U.S. administration. 

 
 
 
The Minerals Management Service Mission 
 
As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) primary 
responsibilities are to manage the mineral resources located on the Nation's Outer Continental Shelf 
(OCS), collect revenue from the Federal OCS and onshore Federal and Indian lands, and distribute 
those revenues. 

 
Moreover, in working to meet its responsibilities, the Offshore Minerals Management Program 
administers the OCS competitive leasing program and oversees the safe and environmentally sound 
exploration and production of our Nation's offshore natural gas, oil and other mineral resources.  The 
MMS Royalty Management Program meets its responsibilities by ensuring the efficient, timely and 
accurate collection and disbursement of revenue from mineral leasing and production due to Indian 
tribes and allottees, States and the U.S. Treasury. 

 
The MMS strives to fulfill its responsibilities through the general guiding principles of:  (1) being 
responsive to the public's concerns and interests by maintaining a dialogue with all potentially affected 
parties and (2) carrying out its programs with an emphasis on working to enhance the quality of life for 
all Americans by lending MMS assistance and expertise to economic development and environmental 
protection. 

 

 
 

 

 
 
 
 

 

 

 


