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ABSTRACT

New phase diagrams for the dynamic structure of clay-laden open-channel flows are proposed. These
diagrams can be used to distinguish between turbulent Newtonian, transitional, and laminar non-Newtonian
flow behavior, on the basis of the balance between turbulent forces (approximated by the horizonta
components of flow velocity and turbulence intensity) and cohesive forces (approximated by the suspended
clay concentration and rheology). Stability regimes for five different flow types are defined using a
comprehensive series of laboratory flume experiments at depth-averaged flow velocities ranging from 0.13 m
s't0 1.47 m s, and at volumetric kaolinite clay concentrations ranging from 0.03% (= 0.8 g L™) to 16.7% (=
434 gL ™). Asclay concentration increases, five flow types can be distinguished: turbulent flow, turbulence-
enhanced transitional flow, lower and upper transitional plug flow, and quasi-laminar plug flow.

The turbulent properties of transitiona flows are shown to be considerably more complex than the common
notion of gradual turbulence damping. Turbulence-enhanced transitional flows display higher turbulence
intensity than turbulent flows of similar velocity, with such enhancement originating from development of a
highly turbulent basal internal shear layer within ~ 0.01 m of the bed. In lower transitional plug flows, the
basal internal shear layer separates alower region of high vertical gradient in horizontal velocity and strong
turbulence from an upper region of plug flow with a much gentler velocity gradient and lower turbulence
intensity. Kelvin-Helmholtz shear instabilities within the highly turbulent shear layer are expressed as distinct
second-scale oscillations in the time series of downstream velocity. Turbulence damping dominates upper
transitional plug flows, because strong cohesive forces, inferred to be caused by gelling of the high-
concentration clay suspension, start to outbalance turbulent forces. In quasi-laminar plug flows, gelling is
pervasive and turbulenceis fully suppressed, apart from some minor residual turbulence near the base of these
flows.

With very few exceptions, all flows pass through the same devel opment stages as clay concentration
increases, regardless of their velocity, but the threshold concentrations for turbulence enhancement, gelling,
and development of internal shear layers and plug flows are proportional to flow velocity. At flow velocities
below ~ 0.5 m s?, only low concentrations (< 0.75%) of kaolinite are required to induce transitional flow
behavior, thus potentially affecting many slow-moving and decelerating clay flowsin natural sedimentary
environments. However, at flow velocities above 1 m s?, clay concentrations of at least 6% are required in
order for flows to enter the transitional flow phase, but even at these vel ocities the transitional flow phases
make up a significant proportion of the flow phase space. By converting the experimental datato

nondimensional Froude number (momentum term) and Reynolds number (cohesive term), it is shown that



each boundary between the turbulent, transitional, and laminar flow phases can be described by a specific
narrow range of Reynolds numbers. Within the duration of the experiments, settling of clay particles occurred
only in plug flows of low flow velocity (and low Froude number), when the flows lacked the strength to

support the entire clay suspension load.



INTRODUCTION

It has been known since the pioneering work of Bagnold (1954) that the turbulence structure of flow can
be altered if the volumetric concentration of suspended sediment is sufficiently large. In particular, the
process of turbulence suppression in high-concentration flows with non-Newtonian, (pseudo-)plastic
rheology has been widely adopted by the sedimentological community. Examples of flows in which
turbulence has been assumed to be weakened, or suppressed entirely, are subaqueous mudflows and high-
density turbidity currentsin lakes and seas (e.g., Middleton 1967; Lowe 1982; Mohrig et a. 1999; L owe and
Guy 2000), hyperconcentrated flows and subaerial mudflowsin rivers (e.g., Wan and Wang 1994, Coussot
1995, 1997; Coussot and Meunier 1996), lahars in volcanic environments (e.g., Pierson and Scott 1985; Best
1992; Mgjor et al. 1996; Lavigne and Thouret 2000) and mobile fluid muds in estuarine and shelf
environments (e.g., Traykovski et al. 2000; Winterwerp and Van Kesteren 2004). Many of these types of
flow are catastrophic in nature, and their deposits constitute an important part of the geological record, thus
providing key reasons for gaining a better understanding of their internal structure and driving mechanisms.
However, such studies are rare, even in the laboratory, mainly because of technical problems of data
acquisition in opague, high-concentration flows. Therefore, most present knowledge of these flows is based
on conceptual models that lack quantitative support. These models assume arapid attenuation of turbulence
intensity as the concentration of sediment particles increases (e.g., Mulder and Alexander 2001; Winterwerp
and Van Kesteren 2004). However, this assumption has been challenged for flows laden with cohesive clay
particles, as shown by experimental work using montmorillonite clay (Wang and Larsen 1994; Wang and
Plate 1996; Wang et al. 1998), and by more recent laboratory flume experiments with kaolinite clay (Baas
and Best 2002, 2008).

Wang and Plate (1996) introduced the term “transitional flow” for flows with atransient turbulent
behavior. These transitional flows are characterized by strong turbulence in aregion near the bed and weak,
or atotal lack of, turbulencein alaminar layer immediately above the bed and in the upper layer within the
outer flow region. Baas and Best (2002) investigated the dynamic structure of kaolin-laden, unidirectional
flows moving over afixed, smooth bed at a depth-averaged velocity of ~ 0.33 m s™. They found that the
turbulence structure of the clay flows was modulated in a distinctive, previously largely unknown, manner at

avolumetric sediment concentration between ~ 2% and ~ 4%. The flows within this concentration range
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resembled the transitional flows of Wang and Plate (1996). Transitional flows of relatively low density were
characterized by strong enhancement of near-bed turbulence, inferred to result from the development of a
highly turbulent internal shear layer that separated alower zone of high vertical gradient in downstream
velocity from an upper zone in which that gradient was strongly reduced. Turbulence intensities in the upper
zone were found to be reduced compared to equivalent turbulent flows of low density, and Baas and Best
(2002) speculated that this reduction was due to the formation of cohesive electrostatic bonds between clay
particles that prevented the upward dispersion of turbulent eddies. Relatively high-density transitional flows
were described as plug flows, in which arigid fluid mass lacking turbulence moves over a shear layer with
reduced turbulence intensity (Baas and Best 2002). Wang and Plate (1996) and Baas and Best (2002)
suggested that it becomes increasingly difficult to break up the cohesive bonds between particles as clay
concentration increases within atransitional plug flow, until a pervasive network of permanently interlinked
clay particlesisformed, al turbulent energy is dissipated by the high effective viscosity, and the flow
becomes laminar.

It is evident from the work of Wang and Plate (1996) and Baas and Best (2002) that the dynamic structure
of transitional clay flows is more complex than the existing conceptual models portray. Furthermore, the
concentrations at which the transitional flows were stable are wide-ranging and well within the reach of
many natural clay flows. It should be emphasized, however, that the present knowledge of transitional flow
behavior is based on a severely limited set of flow conditions, and that a wider range of flow conditionsis
required to fully justify the essential step to identifying transitional flow behavior and its signaturein
sedimentary deposits under natural conditions. It may be expected that the boundary conditions for
transitional flow are controlled predominantly by applied stress, bed roughness (induced by grains and
bedforms), flow viscosity, and yield strength (related to, for example, clay type and the admixture of
noncohesive silt and sand; see Li and Gust 2000). The main objective of the present study was to determine
how the dynamic structure of transitional flowsis affected by changesin flow velocity, thus expanding the
work of Baas and Best (2002). This was achieved by investigating the changing turbulence structure of
kaolinite flows in a comprehensive set of |aboratory experiments. Depth-averaged volumetric clay
concentration and flow velocity ranged from 0.03% to 16.7% and from 0.13 m s to 1.47 m s, respectively,

thus simulating alarge number of possible flow conditionsin natural clay flows.



The specific objectives of the experiments were: (1) to verify if the turbulence enhancement and plug-
flow development typical of the transitional flows of Baas and Best (2002) occurs over awider range of flow
velocities; (2) to determine how the threshold clay concentrations for possible transitional flow behavior
change with changing flow velocity; and (3) to construct flow phase diagrams that can be used to delineate
the stability regimes of turbulent, transitional, and laminar clay flows. Severa examples are given of how

these phase diagrams can be applied to the analysis of natural clay-laden currents.

METHODOLOGY

The laboratory methods used in the present study were similar to those of Baas and Best (2002), but with
several notable modifications. Mixtures of pure kaolinite (median particle size: 0.009 mm) and fresh water
were circulated through a hydraulic flume by means of a variable-discharge slurry pump with a non-
destructive centrifugal screw mechanism (Fig. 1). The flume was 8.75 m long and 0.3 m wide. At the
upstream end of the flume, each flow moved underneath a wooden board set flush with the water surface,
through a turbulence-damping grid and then through a horizontal stack of pipes, in order to straighten flow at
the inlet. Downstream of the pipe stack, the flows moved over aflat, smooth, acrylic plastic floor. The
section in which most data were collected was located ~ 5.9 m from the flume inlet.

One hundred and eighty-two experiments were conducted to examine the dynamics of turbulent,
transitional, and laminar flows at different combinations of downstream velocity and suspended clay
concentration (Table 1). Each flow was steady and uniform, with a constant depth of between 0.13 m and
0.16 m. The instantaneous component of horizontal flow velocity was measured using 2 MHz and 4 MHz
ultrasonic Doppler velocity profilers (UDVP; see Takeda 1991; Best et al. 2001 for details) with a diameter
of 8 mm. UDV Ps quantify flow velocity by determining the Doppler shift in ultrasound frequency as small
particles pass through a measurement volume, and are particularly well suited for measuring velocitiesin
opaque suspensions. Each UDVP acquired simultaneous velocity data along a profile of up to 128 points
aong the axis of the ultrasound beam, which in the present experiments extended up to 0.105 m from the
probe head. No velocities were recorded in the proximal 0.012 m, where the stagnation of flow by the UDVP
was found to be unacceptably large. The 4 MHz UDV Ps were used at velocities up to ~ 0.8 m s*, whereas

the 2 MHz probes were better suited for higher velocities.
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In flows moving at up to ~ 0.7 ms™, avertical array of four multiplexed UDV Ps was used to measure the
horizontal component of flow velocity, u, at closely spaced dimensionless heights (z/h, where z is the height
above the base and h is the flow depth). At higher flow velocities, the probe array was found to impede flow
through the measurement section, and a single UDV P was employed to solve this problem. Between
measurements, the UDV P frame was shifted vertically in order to obtain velocity data at 16 different heights
(between z = 0.005 m and z = 0.117 m) in the low-vel ocity flows and at least 9 different heights (between z =
0.005 m and z = 0.125 m) in the high-velocity flows. The multiplexed UDV Ps collected velocity data for
durations of 109-165 s at atemporal resolution of 8-11 Hz. The corresponding limits for the single probe
datawere 51-121 s and 83-195 Hz, respectively (Table 1). The temporal mean flow velocity, U , and its
standard deviation, RMS(u’) (RMS s the root-mean-square and u' is afluctuation in horizontal velocity,
equal to u-U ) were calculated from the time series of instantaneous velocity data at each measurement

height from:

n

2
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where n is the number of velocity measurements. A dimensionless measure for turbulence intensity was

defined as follows:

RMS(U'), = %(“') -100 )

For turbulent and part of the transitional flows, depth-averaged flow vel ocity, LT , was computed using a

curve-fitting procedure based on the logarithmic law of thewall (e.g., Van Rijn 1990):

= 1 " u z
U= j —*In(—j dz A3)
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where u- isthe shear velocity, k isthe von Kérmén constant (i = 0.4) and z is the reference height at which
U = 0. Equation 3 cannot be used for clay flows with strongly modulated turbulence, because the velocity
profile of these flows deviates from alogarithmic curve (Fig. 2). Instead, LT values for laminar and severd

transitional flows were calculated using the Coles wake function (Coles 1956; Wang and Plate 1996; Wang

et a. 2001):
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where U ., isthe maximum value of temporal mean velocity and W is the wake strength coefficient. The

ax
von Kérman constant is assumed to be independent of clay concentration in Equation 4. In the present study,
depth-averaged velocity ranged from 0.13 m s* to 1.47 ms* (Table 1).

At the end of each experiment, avertical rack of five siphon tubes (internal diameter: 0.006 m) was used
to collect suspension samples for measuring volumetric sediment concentration, ¢, through standard
weighing and drying. Vertical concentration profiles show that suspended sediment was distributed
uniformly through the water column (Fig. 3), except for depositional flows at low flow velocity and high
clay concentration (e.g., Run 1-7), as discussed below. Depth-averaged concentration, C, (Table 1)
calculated from the arithmetic mean of the concentration measurements, ranged from 0.03% to 16.7%.
Following Wan (1982). the dynamic viscosity, 7, of the kaolinite suspensions was approximated from the

measured suspended-sediment concentrations as follows:

C 1.68
=0.001+0.2060 — 5
7 6[100] )

PROFILESOF VELOCITY AND TURBULENCE INTENSITY

Results

Vertical profiles of downstream velocity (U ), root-mean-square of downstream velocity (RMS(U');
Equation 1) and dimensionless turbulence intensity (RM S(u')o; Equation 2) reveal systematic changesin the
dynamics of fluid flow as suspended clay concentration increases. With very few exceptions, described
below, the order of these changes was independent of velocity, with flow velocity merely controlling the clay
concentration at which each change takes place. Figures 4 to 7 show characteristic vertical profilesof U ,
RMS(u) and RMS(u'), for different narrow velocity ranges and for sets of clay concentration that represent

the variety of flowsin each velocity range.
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Figure 4 depicts profiles of velocity and turbulence intensity for flows with alow depth-averaged velocity
(L=J =0.129-0.172 m s*) and a progressive increase in concentration from 0.04% to 5.33% (Table 1). The
profiles for the flow carrying 0.04% kaolinite are characteristic of aturbulent, wall-bounded shear flow (e.g.,
Nezu and Nakagawa 1993), and exhibit alogarithmic increase in velocity and alogarithmic decreasein
dimensionless turbulence intensity with increasing height above the bed. At C = 0.34% and C = 0.74%, the
velocity profile retained its logarithmic shape, as supported by statistical goodness-of-fit calculations, yet
velocities progressively diminish, particularly close to the base of the flow (e.g., at zzh = 0.03 in Figure 4A).
This change closely resembles the evolution from turbulent to transitional flow behavior sensu Baas and Best
(2002). The decreasing near-bed velocity is accompanied by a progressive increase in RMS(u’) and
RMS(u')o, again in agreement with previous laboratory results (Wang and Plate 1996; Baas and Best 2002).
If it is assumed that the dilute flow with C = 0.04% is dynamically similar to a clay-free flow, turbulence
enhancement should start between C = 0.04 and C = 0.34% for the range in flow velocity shown in Figure 4.
Thetrends of decreasing near-bed flow velocity and increasing turbulence intensity persist until at C =
2.32% the near-bed downstream velocity is close to zero, and consequently RM S(u'), reaches a high
maximum value (Fig. 4C). Upon further addition of kaolinite, part of the clay beginsto settle out of
suspension, thus burying the UDVP at z’h = 0.03 within the typical flow duration of ~ 20 minutes. Clay also
settled in flows moving at ~ 0.3 m s™, but deposition appeared to be lacking within the duration of the
experiments at velocities greater than ~ 0.4 m s™*. Another distinctive change in flow structure is the gradual
development of aplug flow, asimplied by the progressive expansion of azone of low velocity gradient and
low turbulence intensity from the top of the flow downward, until velocity and turbulence intensity are
amost invariant with depth within the upper 80% of the 5.33% clay flow. At this clay concentration,
RMS(u) directly above the deposit is less than in any other flow in the selected vel ocity range. Nonetheless,
RMS(u) is only half of the mean downstream velocity, thus suggesting that the flow remained weakly
turbulent below the plug-flow region. The flow carrying 3.18% kaolinite is unique in the sense that
maximum RMS(u") occurs at z’h = 0.09 instead of at the base of the flow (Figure 4B; see also Figure 2C of
Baas and Best 2002).

Figure 5 shows profiles of velocity and turbulence for selected flows ranging in mean velocity from 0.405
ms'to 0.451 ms™. These velocities were high enough to prevent clay from settling within the duration of

the experiments, even at concentrations of 14.47%. Otherwise, the flows evolved in a manner similar to
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those of lower velocity, described above. This includes the progressive decel eration of near-bed velocity, the
initial enhancement of near-bed turbulence, and the subsequent devel opment of a plug-flow region moving
over athin layer of fluid with attenuated RMS(u") at C > 7.43% (e.g., run 3-22 in Figure 5). At these higher
vel ocities, the boundaries between the different flow phases are seen to shift to higher clay concentrations. It
isremarkable that turbulence enhancement commences at concentrations as low as ~ 0.26%, and that the
flows carrying 5.45% and 7.43% are significantly more turbulent than flows of lower concentration, both

near the bed and across the rest of the flow depth (Figs. 5B,C).
Figures 6 and 7 illustrate the changing velocity structure within high-concentration clay flows with ﬁ =

0.879-0.940 ms* and L=J =1.245-1.433 m s, respectively. In these flows, the different stages of plug-flow
development are particularly well defined. In Figures 6B and 6C, for example, the base of the plug is
positioned at zZh = 0.7 in the 11.53% clay flow, and expandsto z’h = 0.6 at C = 12.46% and thento zZh = 0.4
at C = 13.09%. The plug finally reaches down to z’h = 0.2 in the flow carrying 15.34% kaolinite. These
concentration-induced changes in dynamic flow structure in the high-velocity flows largely mirror those
found in the lower-vel ocity flows described above, although with two notable exceptions. First, turbulent

flows lacking near-bed flow deceleration and turbulence enhancement span an increasingly wider range of
concentrations in flows with F > 0.5 m s?, whereas these changes in near-bed flow structure start

consistently below C =~ 0.75% at U <0.5ms™ Infast movi ng flows (G > 0.9 ms™), turbulence modulation

does not begin before the clay concentration reaches 5%. Second, at al flow velocities greater than ~0.8ms

! the shift in maximum RMS(u) away from the bed persists after the plug is fully developed. At L=J <0.8m
s, however, maximum RMS(u') shifts back to the base of the flow well before the plug reachesiits

maximum thickness.

Definition of Flow Phases

The experimental data presented herein reveal that the dynamic properties of clay-laden flows moving over a
flat boundary are strongly dependent on clay concentration, with the changes in dynamic structure being
predictable and largely independent of flow velocity. Five different flow phases can be defined within the

studied range of clay concentrations. These phases are, in order of increasing clay concentration: (1)
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turbulent flow; (2) turbulence-enhanced transitional flow; (3) lower transitional plug flow; (4) upper
transitiona plug flow; and (5) quasi-laminar plug flow. Each flow phase holds unique properties. The
turbulent flow is characterized by logarithmic profiles of downstream vel ocity that obey the law of the wall
for clay-free flows. In this phase, RM S(u'), decreases gradually as height above the bed increases. In the
turbulence-enhanced transitional flow, velocity decreases and turbulence intensity increases with increasing
clay concentration across the entire flow depth, while retaining the logarithmic relationship with flow height.
Thisisin contrast to the lower transitional plug flow, in which the velocity profile is described best by the
Coles wake function (Equation 4), because of the combined effect of decreasing near-bed velocity,
increasing near-bed turbulence, decreasing turbulence in the outer flow, and initial plug-flow development.
The boundary between lower and upper transitional plug flow is defined at the clay concentration where
maximum values of near-bed RMS(U'), are attained. As clay concentration increases within the upper
transitional plug flow, the plug-flow region gradually grows to its maximum thickness, near-bed velocity
continues to decrease, and turbulence intensity rapidly decreases. Initially, maximum RMS(U') is present at
the lowest measurement height, i.e., at zZ’h = 0.03. Thereafter, maximum RM S(u’) moves away from the bed
to z’h = 0.1. Lastly, the quasi-laminar plug flow is characterized by alaminar plug flow region moving on a
thin shear layer. The shear layer has a steep velocity gradient and usually possesses some residual
turbulence. The highest RMS(u') values are present at the top of the shear layer in the high-velocity quasi-
laminar plug flow, whereasin the low-vel ocity equivalents the location of maximum RMS(u') shifts to lower
heights.

The fact that nearly al flows go through the same development stages, regardless of their velocity,
rendersit possible to define standard profiles for velocity and turbulence intensity using ssimple

dimensionless parameters. In each flow phase, the vel ocity and turbulence data collapse well using relative

temporal mean velocity,U /U, and dimensionless turbulence intensity, RMS(u'),, plotted against

dimensionless height, zh (Fig. 8). Figure 8 shows the mean, standard deviation, and range of U /U _ and

RMS(u"), versus z/h, as well as best-fit equations, for turbulent flow (Fig. 8A), turbulence-enhanced

transitional flow (Fig. 8B), lower and upper transitiona plug flow (Figs 8C and 8D), and quasi-laminar plug
flow (Fig. 8E). U /U, and RMS(U'), for all turbulent flows collapse onto single logarithmic curves with

high coefficients of determination (R? valuesin Figure 8A), with the regression line for turbulent flows also
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being shown for comparison in Figures 8B-E. Since the transitiona flow types are subject to progressive
changein flow properties, albeit in asimilar dimensionless way for each velocity, each best-fit equation
should be regarded as the average for the transitional flow phase for which it was computed. This explains
the typically wide range of velocity and turbulence datain Figure 8, particularly near the base of the

transitional flow curves.

I nterpretation of Changing Flow Dynamics

Many clays suspended in water, including kaolinite, have cohesive properties, because molecular-scale,
electrostatic forces cause the particles to attract each other (e.g., Van Olphen 1977). The degree of cohesion
is dependent on the distribution of electrical charges at the particle surface, the distance between the
particles, and the fluid medium (e.g., fresh or saline water). The surface charge in turn is governed by
chemical composition, and hence by the type of clay. Two clay particles may collide and form alarger
particle, or floc, when the distance between the particles is sufficiently small (Krone 1963; Kranenburg 1994;
Merkelbach and Kranenburg 2004; Winterwerp and Van Kesteren 2004). Flocculation continues, and flocs
grow in size, until the number of particles becomes so small that the probability of particles colliding with
each other becomes negligible. Floc size tends to increase with increasing bulk suspended clay concentration
until the “gelling” point is reached, which is characterized by formation of a pervasive, volume-filling
network of particle bondsin the liquid. The particle bonds within gels can make a flow viscous and be strong
enough to cause the total suppression of turbulence in flowing clay suspensions. Alternatively, the bonds
between clay particlesin flocs and gels can be broken if turbulence within the flow is sufficiently strong
(e.g., Winterwerp and Van Kesteren 2004), in a process called de-flocculation. Thereisthus aclose
interaction between turbulent and cohesive forces that controls the dynamic structure of clay flows. Because
turbulence may be generated by shear at flow boundaries (e.g., the near-bed boundary layer) and within the
flow (e.g., free shear layers), it is essential to determine how the interplay between turbulent and cohesive
forces affects different regions within aflow. In the present experiments, cohesive forces were controlled
merely by clay concentration, because only one clay type (kaolinite) was used. Flocculation and gelling may
thus be expected to dominate at heights where turbulence intensities are low and clay concentration is high,

therefore resulting in a more laminar flow behavior. Conversely, flocculation and gelling should be reduced
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or absent in areas of strong turbulence and low clay concentration, where a more turbulent flow behavior
may be expected to prevail. At locations in which both turbulence and cohesion contribute significantly to
the flow dynamics, this force balance will dictate if, and how, turbulence modulates flow rheology and vice
versa. Flowsthat are transitional in behavior between Newtonian turbulent and non-Newtonian laminar may
form under such conditions.

It is evident from the UDV P datain the present smooth, flat-bed, boundary-layer flows that turbulenceis
generated near the bed in the turbulent flows, with turbulence intensity gradually decreasing away from the
boundary (Fig. 9A). This bed-generated turbulence continues to be important as clay concentration increases
through the transitional flow phases. Even in the quasi-laminar flows, the weak, yet distinct, velocity
fluctuations captured in the RMS(u") data (Fig. 9E) suggest that some residual turbulence is generated at the
bed.

RMS(u"), in the turbulence-enhanced transitional flowsis on average 17% higher than in the turbulent
flows (Fig. 8B). The origin of thislarge increase must lie in the higher clay concentration in the turbulence-
enhanced turbulent flows, since concentration is the only variable that distinguishes these two flow phases. It
is known that the physical presence of suspended sediment can cause modifications in dynamic flow
structure via either damping or enhancing turbulence at low and high ratios of particle diameter to turbulence
length scale, respectively (Gore and Crowe 1989; Elgobashi 1994; Best et a. 1997). Elgobashi (1994)
investigated turbulence modulation as a function of sediment concentration and the ratio between particle
response time, t, (i.e., the ratio between settling velocity and reduced gravity) and the turnover time of a
turbulent eddy, t. (i.e., the ratio between eddy length and RM S fluid velocity). Above alower threshold
concentration, particles are thought to dissipate turbulent energy if ty/te < 1, but produce additional turbulent
energy by wake shedding and inertial effectsif ty/te > 1. Moreover, Best (1998) showed how grain rotation
may enhance turbulence production around grains at low particle Reynolds numbers. However, according to
the model of Elgobashi (1994), above an upper threshold concentration particle interactions become
dominant and turbulence is suppressed (cf. Bagnold 1954). Elgobashi (1994) based the boundaries between
these regimes on data from gas flows, but the general principles of the model may also apply to water flows.
Settling velocity is part of the numerator of particle response time, and hence small particles have a shorter
response time than larger particles. Consequently, between the above threshold concentrations in many

agueous flows, sand and gravel grains will generate turbulence enhancement, whereas clay and silt particles
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should favor turbulence attenuation. Neither sand nor gravel was present in the turbulence-enhanced
transitional clay flows, so wake shedding and grain rotation can be ruled out as mechanisms responsible for
the high turbulence intensities measured. An alternative mechanism for turbulence enhancement, through the
development of a near-bed internal shear layer, is described below.

Figures 9C and 9D show schematically how the near-bed flow structure and the plug-flow region evolve
asafunction of clay concentration in the lower and upper transitional plug flows. Initialy, the vertical
gradient of turbulence intensity increases dramatically, with very strong turbulence near the bed and
development of arelatively thin plug flow almost devoid of turbulence near the top of the flow. It isinferred
that turbulence induced by shear at the bed is strong enough to withstand gelling of the clay suspension near
the base of the flow. However, near the top of the flow the effect of bed shear is minimal (where the velocity
gradient is smallest), and cohesive forces outbal ance turbulent forces, because the high clay concentration
prevents near-bed turbulent fluid from reaching this height. This thus resultsin gelling and formation of the
plug flow. Within the remainder of the flow, no pervasive network of particle bonds exists, and turbulence is
damped, but not fully suppressed. Maximum near-bed dimensionless turbulence intensity is reached at the
boundary between the lower and upper transitional plug flow phases, where RMS(U') typically is~ 65%
higher than in the turbulent flows. Within the upper transitional plug flows, cohesive forces become
increasingly dominant over turbulent forces, which is expressed by decreasing RMS(U') in the entire flow
and downward expansion of the plug-flow region. Moreover, the level of maximum RMS(uU) moves away
from the bed. Baas and Best (2002) explained this upward shift in turbulence production through the
presence of an internal shear layer that separates a near-bed region with steep velocity gradient from the
plug-flow region with alower velocity gradient. Kelvin-Helmholtz instabilities were proposed as the
principal source of turbulence within the shear layer. Wang and Plate (1996) showed that the height of
maximum turbulence intensity within transitional flows gradually moves away from the bed with increasing
clay concentration as aresult of expansion of what they termed alaminar sublayer. In low-density and high-
density flows, Wang and Plate (1996) found the region of maximum turbulence at z < 0.5 mm (z’h < 0.05)
and z=8 mm (z/h = 0.2), respectively, which is of the same order of magnitude asin the present study (Figs
4-7). However, the vertical resolution in the present study is insufficient to establish a similar relationship
between concentration and the height of maximum turbulence. The level of maximum turbulence intensity

(and thus the internal shear layer) in the lower transitional plug flows may well have been located closer to
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the bed than in the upper transitional plug flows. It can also be speculated that the increased turbulence
production in the turbulence-enhanced transitional flows may be caused by an internal shear layer well below
the lowermost UDV P probe, instead of by wake shedding behind clay flocs (see above). Upward dispersion
of the stronger turbulent eddies from this shear layer may then explain the increased turbulence in the middle
and upper regions of the turbulence-enhanced transitional flows. Such reduction of the near-wall velocity
gradient and growth of a viscous sublayer was aso found in drag-reducing flows containing kaolinite by

Best and Leeder (1993) and Li and Gust (2000). Furthermore, Best and Leeder (1993) recorded an increase
in the height of the turbulence maximum above the bed with thickening of the viscous sublayer, and this
finds parallelsin the trends found in the present experiments.

Under conditions of quasi-laminar plug flow, the yield stress within most of the flow is high enough to
prevent any turbulence from breaking up the electrostatic bonds between clay particles, except perhaps near
the bed where the gel is occasionally broken up by minor bed-generated turbulence. Thisresultsin athick
rigid plug moving over athin shear layer that is predominantly laminar but occasionally becomes weakly

turbulent (Fig. 9E).

EXPRESSION OF FLOW PHASESIN VELOCITY TIME SERIES

Each clay flow phase comprises unique time series of the horizontal component of flow velocity, with
progressive changes in the character of these time series being a function of both clay concentration and
height above the bed. Representative examples of these time series for each flow phase are provided below.

In the turbulent flows, the time series of downstream velocity are characterized by quasi-random vel ocity
fluctuations at time-scales ranging from several tenths of a second to several seconds (Fig. 10A). The
amplitude of the velocity fluctuations decreases with increasing height above the bed, but there are no
obvious changesin their frequency distribution. The time series of the turbulence-enhanced transitional
flows are largely similar to those of the turbulent flows, although there is some organization of sub-second-
scale velocity fluctuations superimposed on the rising and falling limbs of second-scale fluctuations (e.g., at
z/h = 0.03 in Figure 10B).

With the development of the incipient plug flow in the lower transitional plug flows (Fig. 11), the

amplitude of velocity fluctuations near the top of the flow becomes small (typically only 4% of the mean
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downstream velocity), with periodicities almost exclusively at a sub-second scale. The amplitude of velocity
fluctuations near the bed continues to rise, thus explaining the high RMS(u') and RM S(u'), values at that
location. Most remarkable, however, is the development of aregular pattern of asymmetrical “saw-tooth” -
shaped velocity fluctuations (cf. Baas and Best 2002), which consist of a phase of rapid flow acceleration
followed by alonger phase of flow deceleration, with a periodicity of up to 10 s (Fig. 11). The saw-tooth
patterns are most evident in the upper part of the lower transitional plug flows, where large-amplitude, high-
frequency velocity fluctuations, which partly obscure the longer-term trends in the lower part of that flow
phase, are rare. Thus, sub-second-scale velocity fluctuations are gradually suppressed as concentration
increases within the lower transitional plug flows, while second-scale fluctuations persist (cf. Wang and

Plate 1996). Figure 12 shows the evolution of selected near-bed vel ocity time series (z’h = 0.03) as a function

of concentration in supercritical flows (Fr > 1) with LT ~ 1.4-1.5ms™. The partial obscuration of the saw-
tooth patterns is confirmed by the time series of the flow with 14.45% kaolinite. At progressively higher clay
concentrations, the frequency and amplitude of the asymmetrical velocity fluctuations gradually decreases,
until rare, weak fluctuations punctuate a pattern of nearly constant velocity at C = 16.67%. Baas and Best
(2002) proposed that the near-bed, asymmetric, saw-tooth-shaped velocity fluctuations are caused by Kelvin-
Helmholtz instabilities associated with an internal shear layer present within the lower part of transitional
clay flows (Fig. 13). In their model, velocity time series at z’h > 0.30 are characterized by short negative
excursions in downstream velocity that interrupt atrend of more or less constant velocity. The spikes of low-
downstream-velocity fluid were shown to correlate with upward-directed components of vertical velocity.
Thisled Baas and Best (2002) to conclude that packets of low-velocity fluid are periodically shed as Kelvin-
Helmholtz instabilities off the top of the internal shear layer, and advected into the outer flow region, where
they gradually dissipate. Similar low-velocity packets were found in the present study (e.g., at Zh=0.43in
Figure 11A and zzh = 0.21 in Figure 11B) and also support the earlier findings of Wang and Plate (1996).
The aternation of periods of low and high velocity at intermediate heights (e.g., at zZh = 0.11 in Figures 11A,
B) aso agrees with the model of transitional flow proposed by Baas and Best (2002). Considering the wider
range of flow conditions investigated herein, it can be concluded that an internal shear layer possessing

Kelvin-Helmholtz instabilities is a universal feature of lower transitional plug flows.
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Flows with an internal shear layer in their lower region span the boundary between the lower and upper

transitional plug flow (Fig. 12). Across this boundary, the shear layer appears to move away from the bed, as

the level of maximum RMS(u’) shifts from z/h = 0.03 to z’h = 0.06 in low-velocity runs (U <0.8ms?) and

to zzh = 0.10 in high-velocity runs (lT >0.8ms?). Figure 14A shows that long-period velocity fluctuations
are present in the lower region of the upper transitional plug flows. The amplitude of these fluctuations
increases slightly with height above the bed to z/h = 0.10. In the remainder of the flow, both the amplitude
and periodicity of the fluctuations gradually decrease away from the bed until they disappear altogether when
entering the plug region. No appreciable sub-second-scale vel ocity fluctuations are present in the time series
of upper transitional plug flows, because the small eddies that cause the fluctuations are quickly attenuated
by the viscous flow in this flow phase. In the quasi-laminar plug flows, even the long-term velocity
fluctuations have disappeared and the downstream flow component is more or less constant due to the strong

network of clay particles (Fig. 14B).
FLOW PHASE DIAGRAMS
Dimensional Plot of Velocity Against Concentration

Depth-averaged flow velocity and clay concentration are the principal physical parameters that control the
dynamics of clay flows in the present study. In general, the boundaries between the turbulent, transitional
and laminar flow phases move to higher clay concentrations as depth-averaged velocity increases. At these
higher velocities, turbulence generated by boundary shear becomes greater and the flows are able to prevent
flocculation and gelling. In order to alow predictions to be made of the internal dynamics of clay flows, the
position of the phase boundaries has been plotted in phase diagrams that contain all the experimental data of
depth-averaged flow velocity (derived from Equations 3 and 4) versus depth-averaged kaolinite
concentration (Fig. 15). An additional boundary on the left hand side of Figure 15 separates depositional
from nondepositional clay flows.
Figure 15A clearly shows that transitional flows occupy the greater part of the phase diagram, and that

most transitional clay flowsin the range from ~ 0.2 m s* to ~ 0.8 m s* are turbulence-enhanced. In fact,
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below lT =0.4ms" “classical” turbulent flows are expected to occur only in flows with clay concentrations
of much less than one percent (see Figure 15B). The turbulent flows are dominant above ~ 0.8 m s*, but
even here transitional and laminar flows occupy a significant area of the phase diagram. The lower
transitional plug flows are stable across a wider range of concentrations than the upper transitional plug
flows. This effectively means that once atransitional plug flow has reached its maximum near-bed
turbulence intensity, adding more clay quickly resultsin quasi-laminar flow behavior, as exemplified for
flows moving at 0.40-0.45 m s* and 0.94-1.05 m s* (Fig. 16).

The depositional phase comprises flows that do not have sufficient strength to support the entire clay
suspension load within the duration of the experiments. The high gradient of the line separating the
depositional phase from nondepositional phases (Fig. 15) implies that flows with velocities higher than ~ 0.4
m s* arelikely to be stable within the duration of the experiments, except perhaps at clay concentrations and
flow durations that are well above the maximum values used in the present study. A progressive decrease in
clay concentration due to deposition is accompanied by a change in internal flow structure until new
equilibrium conditions are reached. Further experimental work is required to obtain a better understanding of

the changing dynamics of such depositional clay flows with time-varying transient behavior.

Dimensionless Phase Diagram using Froude and Reynolds Numbers

Figure 17 presents the experimental data collected in the present study in dimensionless form, using the
Froude number, Fr, and the flow Reynolds number, Re, which represent momentum and cohesive terms,

respectively. The Froude number is given by

Fr= (6)

é“cu
0

where U isthe depth-averaged flow velocity, h isthe flow depth, and g is the accel eration due to gravity
(Table 1). The Reynolds number was calculated from (Migniot, 1968, 1989; Ricardo Silva-Jacinto, personal

communication):

()



19

where p isthe flow density, 7 isthe dynamic viscosity of the flow, and z, is the thickness of the flow region
below the base of the plug flow. In Equation 7, z, is used instead of flow depth, because the largest length
scales of turbulence within the transitional and laminar clay flows are limited by the distance between the
lower flow boundary and the base of the plug-flow region (Ricardo Silva-Jacinto, personal communication).
In other words, at a specific boundary shear and flow viscosity, the position of the base of the plug flow
region is considered to be independent of the flow depth, because turbulent energy cannot extend to z> z,. In
turbulent flows and turbulence-enhanced transitional flows, in which plug-flow regions are absent, the
following length scale is used in Equation 7:

Z=h )
In Figure 17, the phase boundaries for al flow types are given by a narrow range of Reynolds numbers,
which suggests that the changing balance between turbulent and cohesive forces is captured well for the
studied range of Froude numbers. The mean Reynolds number for the boundary between turbulent flow and
turbulence-enhanced transitional flow is 55,000 (standard deviation: 20,000), while lower transitional plug
flow falls between Re = 12000 (standard deviation: 3400) and 28,100 (standard deviation: 6100). The
boundary between upper transitional plug flow and quasi-laminar flow is at Re = 7000 (standard deviation:
2400). The variation in mean Reynolds number, given by the standard deviation, may be caused by
uncertaintiesin the viscosity model used for the present experiments.

The experimental data of Wang and Plate (1996; for all flows deeper than 0.03 m) are used to plot aFr-Re
phase diagram for turbulent, transitional, and laminar montmorillonite clay flows in Figure 18. Although
Wang and Plate (1996) defined only one type of transitional flow and no turbul ence-enhanced flow type,
thereis sufficient correspondence between the montmorillonite and kaolinite datasets to suggest that the
Froude and Reynolds number criteria, as given in Equations 6 and 7, are suitable dimensionless parameters
to collapse datasets based on clay types with different rheological properties. Specifically, the phase
boundary between turbulent and transitional montmorillonite flow lies between Re = 12,000 and Re =
40,000, which corresponds reasonably well with the boundary between the turbul ence-enhanced transitiona
flow and the lower transitional plug flow phases in kaolinite-laden flows (Re = 28,100 + 6100). Moreover,
the phase boundary between transitional and laminar montmorillonite flow is mimicked in the present
kaolinite flows by the boundary between upper transitional plug flow and quasi-laminar plug flow (i.e., Re =

7000 £ 2400 for the kaolinite flows versus Re = 5500 for the montmorillonite flows). The distinct vertical
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separation of flow types for the montmorillonite clay at high Froude numbers (Fig. 18) substantiates the
earlier conclusion that phase boundaries can be characterized by a single Reynolds number, or a narrow
range of Re values, for all Froude numbers. In velocity-clay concentration space, such as Figure 15, the
phase boundaries for montmorillonite flows would be at lower concentrations than the phase boundaries for
kaolinite flows moving at the same velacity, because montmorillonite has a higher yield strength than
kaolinite at any given concentration. In other words, montmorillonite-laden flows experience turbulence

modulation at even lower concentration than kaolinite-laden flows.

COMPARISON BETWEEN FLOWSIN THE LABORATORY AND IN NATURAL

ENVIRONMENTS

The flow phase diagrams proposed herein are based on laboratory experiments conducted with shallow,
steady, uniform, fresh-water flows transporting pure kaolinite clay, moving over afixed, smooth, flat bed.
Thisis an oversimplification of most natural clay-laden flows in three principal aspects. Firstly, kaolinite has
weaker cohesive strength than most other clay minerals, such asillite and smectite, which are thuslikely to
show transitional flow behavior at lower concentrations. The salinity of water in marine basins also promotes
cohesion by aiding flocculation (Li and Gust 2000), therefore also lowering the concentration required for
turbulence modulation. Secondly, the smooth, fixed beds used in the present experiments can be regarded as
an analogue for erosion-resistant muddy surfaces formed by suspension settling. In contrast, increased
turbulent mixing at oose boundaries with grain and bedform roughness may cause a shift in the phase
boundaries shown in Figure 15A to higher concentrations (Wang et al. 1996). Lastly, natural flowstypically
transport mixtures of cohesive, noncohesive, and organic material, but the effect that such mixtures have on
the fluid dynamicsis poorly known at present (Wang and Larsen 1994). More experimental research isthus
clearly required to permit accurate quantitative predictions of the dynamics of many natural clay-laden flows.
However, from a qualitative point of view, vauable comparisons can be made, provided that these
comparisons are conducted for flows with high ratios of clay to silt/sand. Baas and Best (2002) discussed
possible implications of transitional flow dynamics for the depositional properties of these flows, such as
presence or absence of vertical size grading and the origin of silt-mud coupletsin turbidites. Here, the

discussion focuses on the potential importance of transitional flows in natural environments through use of a
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selection of published data from various sedimentary environments and other laboratory flume data. The
comparison with the present laboratory datais achieved by plotting data from past studies in the U -C phase
diagram, and by calculating Re values, where possible. The phase boundaries of quasi-laminar flow, upper
transitional plug flow, and lower transitional plug flow are assumed to be independent of flow depth
(Equation 7), but the Reynolds number for the boundary between turbulent flow and turbulence-enhanced
transitional flow increases with increasing flow depth through Equations 7 and 8. Hence, Re = 55,000 £
20,000 can be regarded as a minimum value for the lower boundary of turbulence-enhanced transitional
flow, since most natural flows are deeper than 0.15 m, for which this Re value was determined.

The dominance of transitional flows at low flow velocities isimportant from two perspectives. First, the
present experiments suggest that natural clay flows that move at < ~ 0.4 m s may experience turbulence
enhancement at clay concentrations that would previously have been considered to have no effect on the
flow dynamics. Second, even if aturbulent clay-laden flow moves at a higher velocity (or a high Froude
number), it eventually decelerates and has a high probability of passing through the transitional flow phases,
where it is subjected to turbulence modulation. Since the settling rate of clay particlesislow, even if the clay
settles en masse, decelerating flows are prone to be oversaturated with clay, which further increases the
likelihood of turbulence modulation. Turbulence enhancement in the near-bed flow region may be
accompanied by increased bed erosion, and thus by increased sediment transport rates and changesin
bedform properties (Baas and Best 2008). Such increased bed erosion may result from the powerful,
instantaneous vel ocity fluctuations produced in turbulence-enhanced transitional flows (Fig. 10B) and lower
transitional plug flows (Fig. 10B), but also by a general increase in the mean bed shear stress, as calculated
using energy slope, flow depth, and flow density, across the phase boundary between turbulent and
turbulence-enhanced transitional flow (Table 1). These processes may be recorded as pronounced scour
surfaces within sedimentary deposits.

The key question that arises iswhat proportion of natural clay-laden flows can be expected to experience
transitional flow behavior. The motive for this question is that the dynamics of transitional flows may just be
acuriosity if most natural flows do not contain enough clay to exhibit turbulence enhancement or damping.
Traykovski et a. (2000) described a fluid-mud layer on the continental shelf off the Eel river estuary in
Cdlifornia, which was formed by a gravitationally forced, bottom-hugging density flow moving out of the

estuary during aflood event. The fluid-mud layer was between 0.05 and 0.15 m thick, sediment
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concentration within the layer was at least 0.8% and possibly up to 3% by volume, and it moved at a velocity
of ~ 0.3 ms™. These conditions are likely within turbulence-enhanced transitional flow or lower transitional
flow behavior (Figs 17 and 19), with Reynolds numbers ranging from ~ 10,000 to ~ 40,000 (using the
viscosity of kaolinite as a first-order approximation). Traykovski et al. (2000) recognized waves at the top of
the lutocline, which were speculated to arise through either Kelvin-Helmholtz instability or parametric
resonance at thisinterface of steep vertical density gradient. The instabilities in the mobile fluid mud may be
similar to those inferred to exist at the internal shear layer within transitional plug flows (Fig. 13). The fluid-
mud layer of Traykovski et al. (2000) plots in an area of the phase diagram where near-bed turbulence
enhancement is expected to occur (Figs 17 and 19). If density currents, such as those recorded from the Eel
river, do undergo turbulence enhancement, this may provide an additional mechanism to help maintain the
flow momentum through erosion of bed sediment and subsequent increase in the density of the underflow,
thus promoting autosuspension (cf. Parker et a. 1986).

Van Kessel and Kranenburg (1996) replicated mobile fluid muds in a sloping laboratory flume, using a
series of kaolinite suspensions with concentrations between 2.2% and 14.6%, flow vel ocities between 0.12 m
s'and 0.34 ms* (Fig. 19), and flow depths between 0.025 m and 0.065 m. Experimental and numerical data
analyses showed that the flows changed from turbulent to laminar with plug flow regions at C = 8.8 %. This
sediment concentration agrees well with the boundary between the transitional plug flow and quasi-laminar
plug flow phases, where turbulence was fully suppressed, in the present study. According to their positionin
the phase diagram, most low-density flows documented by Van Kessel and Kranenburg (1996) may have
been turbulence-enhanced, in particular near to the bed. Corresponding Reynolds numbers, estimated using
mean flow velocity, initial flow density and total flow depth, are of the order of 6000 to 14,000. These Re
values are somewhat lower than expected, because of the relatively small depths of the experimental flows of
Van Kessel and Kranenburg (1996). The high-density kaolinite flows of Kessel and Kranenburg (1996) plot
in the depositional region (Fig. 19), but the short duration of the flows negates any significant effect of clay
deposition on the dynamic flow structure. The base of the plug-flow region in one of these flows was present
at z,= 0.02 m (Figure 3B of Van Kessel and Kranenburg 1996). Using this height for all high-density flows
in Equation 7 yields Reynolds numbers ranging from 400 to 600, and thus well within the laminar-flow

phase space of Figure 17.
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Another kaolinite-laden density underflow was investigated by Felix et al. (2005). This flow was
characterized by ahigh initial velocity, an initial clay concentration of ~ 15.5%, and a nondepositional
character, and it possessed internal waves, particularly in the lower regions of the flow. The flow history at
the measurement height nearest to the bed (i.e., a z= 23 mm) was characterized by a steady phase followed
by awaning phase (Fig. 19), with superimposed vel ocity fluctuations on a scale of ~ 5 s. The amplitude and
frequency of these low-frequency fluctuations, the height at which they occurred and the scarcity of high-
frequency fluctuations, closely resemble the velocity time seriestypical of the upper transitional plug flow in
the present study. Felix et a. (2005) suggested that the vel ocity fluctuations were associated with internal
waves generated at a shear layer above the level of maximum velocity. The present study suggests that they
more likely may have been associated with a near-bed internal shear layer within an upper transitional plug
flow, especialy since the waves appear to become less pronounced closer to the velocity maximum at z= 41
mm (Figure 2 of Felix et a. 2005). Felix et a. (2005) contended that the influence of bed shear did not
extend as far upward as z = 23 mm, although no near-bed data were presented to support this. Although the
flow-history curve passes through the lower and upper transitional plug flow phases several times, it mostly
resides within the quasi-laminar flow phase (Figure 19; Re = 2000-10,000 with the height of the velocity
maximum chosen as approximate length scale). This phase-space position appears in contrast with the
transitional flow dynamics suggested by the velocity time series. However, the stability regimes for density
flows may not coincide exactly with those of open-channel flows, because of differencesin flow structure
and turbulence generation, particularly at the upper flow boundary. For the density flow to be classified as an
upper transitional plug flow, the boundary with quasi-laminar flow has to shift to higher concentrations,
effectively meaning that turbulent forces need to increase with respect to cohesive forces. Thisisa
reasonabl e assumption, because turbulence near the top of density flows (generated as “billows’ through
Kelvin-Helmholtz instability) is stronger than near the free surface of hydrodynamically equivalent open-
channel flows. Finally, it is worthwhile mentioning that the non depositional nature of the flow studied by
Felix et al. (2005) is predicted well by the path of the flow history curvein the phase diagram (Fig. 19).

Scarlatos and Wilder (1990) conducted lock-exchange experiments with subagueous hyperconcentrated
flows transporting kaolinite and natural mud. The natural mud was composed of organic matter (43%), silt
(42%), and sand (15%). At initial concentrations of ~ 8% and ~ 16%, both sediments behaved in a similar

manner (Fig. 19), which inspires confidence that kaolinite is a reasonable analogue for natural fine-grained,
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cohesive sediment. All flows were laminar in a layer 0.01-0.05 m thick above the bed, where the effect of
shear at the upper boundary was negligible, and they were also depositional. This agrees well with their
position in the flow phase diagram (Fig. 19) and with typical Reynolds numbers well within the quasi-
laminar flow phase (100 < Re < 4000). Huang and Garcia (1998) used kaolinite to investigate the runout
distance of subaerial mudflows in a laboratory channel. From the changing spreading rate of a flow laden
with 13.05% clay (Fig. 19) and the presence of an internal shear layer at z= 0.02-0.04 m, it can be deduced
that the flow was laminar along its entire flow path with 400 < Re < 3000. This is consistent with the
assumption of Huang and Garcia (1998).

Wan (1982) presented velocities and sediment concentrations of hyperconcentrated flows at the
confluence of the Yellow River and the Wei River in China. The rivers were about 6 m deep and carried mud
with a clay component dominated by illite. Typical flow velocities were between 1 m s* and 2 m s?, and
concentrations decreased from ~ 20% near the river bed to ~ 2% near the water surface. Mean concentrations
in the center of the rivers were 12.1% and 8.7% just downstream of the confluence (Fig. 19). If the kaolinite
flow phase diagram is used as guideline, these flow conditions suggest that the flows recorded by Wan
(1982) were laminar near the bed, transitional at mid-depth, and turbulent near their top, However, since
illite has a higher yield stress than kaolinite and the flows contained large amounts of noncohesive silt-size
sediment as well, these complications inhibit further comparisons at present with the physica models for
transitional flow proposed herein.

Lastly, it is worthy of note that Schieber et al. (2007) have recently reported on the production of clay
floccules in low-velocity laboratory water flows transporting mud- and silt-grade sediment. These mud
floccules were found to generate small mud ripples that were argued to be of great potential importance in
the formations of mudrocks, although such ripples were formed only at low flow velocities. Under such low-
velocity, depositional conditions, with typical Froude and Reynolds numbers of, respectively, 0.3-0.4 and
10,000-20,000, the production of a reduced-velocity zone near the bed, such as that quantified in the
transitional flows studied herein, may provide a region in which such floccules can form. This would thus
provide an increased period of time for formation of such clay floccules under conditions in which the mean
flow velocity of the upper flow may be too high to suggest that clay floccules and floccule ripples could
exist. The formation and nature of transitional flows may therefore be critical in alowing the formation of

larger clay particles, and in influencing the formation of many mudrocks.
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CONCLUSIONS

The results of flume experiments with kaolinite-laden open-channel flows reveal predictable changesin
the dynamic structure of flow with increasing suspended-sediment concentration. At flow velocities typical
of many natural environments, flows pass through five phases as clay concentration increases: (1) turbulent
flow; (2) turbulence-enhanced transitional flow; (3) lower transitional plug flow; (4) upper transitional plug
flow; and (5) quasi-laminar plug flow. The dynamic structure of these flow typesis controlled by turbulent
forces, related to internal shear stresses and shear stress at the flow boundaries, and cohesive forces,
associated with increased viscous stress when clay particles form turbulence-modulating gels. Turbulence is
pervasive in the turbulent flows, with the amount of clay particles being insufficient to affect flow
conditions. The turbulent clay flows thus behave in a manner identical to that of flows free of clay. Flowsin
the turbulence-enhanced transitional flows are strongly turbulent throughout the flow depth, with turbulence
enhancement resulting from development of an internal shear layer close to the base of the flow. This phase
may be similar to that envisaged in past studies of drag reduction caused by suspended clay, which has been
shown to cause an increase in the thickness of the viscous sublayer. Cohesive forces start to influence the
flow structure in lower transitional plug flows, where electrostatic bonding between clay particlesinitiates a
plug-flow region without, or with avery low, vertical gradient in streamwise velocity and alack of
turbulence. This plug-flow region expands downwards as clay concentration increases. At the same time,
turbulence intensity continues to increase near the base of the flows, where an internal shear layer produces
additional turbulent energy. The turbulent flow structures produced within this shear layer dissipate quickly
as they advect upwards into the outer flow. Viscous stresses become dominant in upper transitional plug
flows, as evidenced by a genera decrease in turbulence intensity and a further expansion of the plug flow.
Theinternal shear layer persists, but it quickly losesits turbulent character with increasing clay
concentration, eventually leading to formation of a pervasive gel in quasi-laminar plug flows. In this phase,
shear ceases to produce sufficient turbulence to break up the bonds between clay particles, and alaminar
plug flow riding on athin layer with a high velocity gradient is generated. Slow flows in the transitional and

quasi-laminar plug flows are depositional, because they are oversaturated with sediment.
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Stability analysis of these clay flow phases reveals that many natural clay-laden flows should exhibit a
transitional flow behavior, even if the fundamental, smplified nature of the laboratory experimentsis taken
into account. The different processes of turbulence modulation identified herein are expected to have major
implications for the dynamics and distribution of clay-rich flows and their depositional products, with

transitional flows probably occurring in afar wider range of aguatic environments than previously thought.
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FIGURE CAPTIONS

Table 1. — Experimental parameters for the experiments described in the present paper.

Fig. 1. - Schematic diagram of the experimental setup. UDVP = ultrasonic Doppler velocity profilers.

Fig. 2. — Vertical profile of time-averaged downstream velocity, U , for an upper transitional plug flow (run
5-20; black dots). Regression analysis show that the wake function of Coles (1956) (continuousline) yields a

better fit than the logarithmic law of the wall (dashed line).

Fig. 3. - Representative vertical profiles of volumetric suspended sediment concentration. ¢ = suspended

sediment concentration at height z, h = flow depth.

Fig. 4. - Representative vertical profiles of A) dimensionless downstream velocity, U /U B) root-mean-

max
sguare of downstream velocity, RMS(u"), and C) dimensionless turbulence intensity, RM S(u'),, for aflow

velocity range between 0.129 m s™* and 0.172 m s™ and suspended-sediment concentrations increasing from
0.04% to 5.33%. Abbreviationsin legend denote flow types discussed in the text and summarized in Figure

15A.

Fig. 5. - AsFigure 4, but for avelocity range between 0.405 m s* and 0.451 m s* and suspended-sediment

concentrations increasing from 0.15% to 14.47%.

Fig. 6. - AsFigure 4, but for avelocity range between 0.879 m s* and 0.940 m s* and suspended-sediment

concentrations increasing from 0.85% to 15.34%.

Fig. 7. - AsFigure 4, but for avelocity ranging between 1.245 m s* and 1.433 m s™* and suspended-sediment

concentrations increasing from 7.45% to 16.67%.
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Fig. 8. - Normalized vertical profiles of dimensionless downstream flow velocity, U , (left) and turbulence
intensity, RMS(u),, (right) for A) turbulent flows, B) turbulence-enhanced transitional flows, C) lower
transitiona plug flows, D) upper transitional plug flows, and E) quasi-laminar plug flows. Horizontal lines
represent the range of data at the given height; open circles denote mean values; and short vertical lines
represent standard deviations. Best-fit curves for turbulent flowsin Part A are aso shown for comparison in
Parts B-E. Best-fit equations are based on mean vel ocities and mean turbulence intensities. R? = coefficient

of determination; z = height in flow; h = flow depth.

Fig. 9. - Schematic models for the five different clay flow types defined in this paper. The graphs to the left
of the models denote characteristic velocity time series at various heightsin the flows. The graphsto the

right of the models represent characteristic vertical profiles of dimensionless downstream vel ocity

(U/ LTmax ), root-mean-square of downstream velocity (RMS(u')) and dimensionless turbulence intensity

(RMS(U)o).

Fig. 10. - Characteristic time series of downstream velocity, u, at different dimensionless heights, z/h, in A)
turbulent flows and B) turbulence-enhanced transitional flows, for runs 5-3 (C = 0.40%) and 5-9 (C = 4.82%)
respectively. Arrows denote sub-second-scale vel ocity fluctuations superimposed onto the rising and falling

limbs of second-scale fluctuations in the turbulence-enhanced transitional flow. t = time.

Fig. 11. - Characteristic time series of downstream velacity, u, at different dimensionless heights, zZ/h, in
lower transitional plug flows. A) run 2-10, C = 5.36%, B) run 4-17, C = 10.69%, C) run 7-20, C = 13.11%.
Velocitiesin Run 7-20 were recorded at a higher frequency than in Runs 2-10 and 4-17 (Table 1). Short gaps
in the time series of Run 4-17 correspond to short periods in which the UDV P was unable to record velacity
data. Arrows denote short periods of low velocity, which are inferred to have shed off the top of Kelvin-

Helmholtz instabilities in the near-bed shear layer of the lower transitional plug flows. t = time.

Fig. 12. - Concentration-induced changes in velocity time series at z’h = 0.03 in flows with a depth-averaged

velocity of ~1.4-1.6 ms™. C = depth-averaged clay concentration; t = time; u = downstream vel ocity.
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Fig. 13. - Schematic model for clay-laden flow of transient turbulent behavior moving over aflat, fixed
boundary (modified after Baas and Best 2002). Flow isfrom left to right. The flow sketch depicts
streamlines. Typical vertical profiles of time-averaged horizontal velocity, u, and its root-mean-square value,
RMS(u") are shown to the right of the model. The insets below the model denote characteristic time series of
horizontal velocity at three different heightsin the flow. Note that the transitional flow has an internal shear
layer that separates alower region of high velocity gradient from an upper layer of reduced shear.
Turbulence is strongest in the shear layer, along which Kelvin-Helmholtz instabilities are developed. From
the shear layer, packages of low-velocity fluid are g ected into the outer flow region. Downward-directed,
high-velacity events produce asymmetric downstream-vel ocity traces near the base of the flow. z=height in

flow; t = time; x = horizonta distance.

Fig. 14. - Characteristic time series of downstream velocity, u, at different dimensionless heights, z/h, in: A)
upper transitional plug flows (run 6-20; C = 13.09%) and B) quasi-laminar plug flows (run 6-24; C =

15.34%). t = time.

Fig. 15. - A) Phase diagram for kaolinite flows moving over aflat, smooth, fixed boundary. The phase space

for turbulent, transitional, and laminar flows is shown as a function of depth-averaged flow velocity, U , and
depth-averaged clay concentration, C. Note the depositional phase, in which the flows fail to support clay
particles. B) Inferred continuation of phase boundaries (dashed lines) at very low velocities and clay

concentrations.

Fig. 16. - Near-bed RMS(u') plotted against mean clay concentration, C, in narrow velocity ranges between
0.94ms*and 1.05 m s* (Runs 7-1 to 7-24) and between 0.40 m s* and 0.45 m s (Runs 3-1 to 3-22),
showing agradual increase in turbulence intensity (turbulence-enhanced transitional flows and lower

transitional plug flows) followed by arapid decrease in turbulence intensity (upper transitional plug flows).
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Fig. 17. - Phase diagram for kaolinite flows moving over aflat, smooth, fixed boundary, plotted using the
Froude number, Fr, and flow Reynolds number, Re. Note that this diagram is valid only for flow depths

between 0.13 m and 0.16 m.

Fig. 18. — Fr-Re phase diagram for montmorillonite flows moving over a smooth boundary, based on the
experimental flows with h > 0.03 m reported by Wang and Plate (1996). Also shown are the phase

boundaries between turbulent, transitional, and laminar flow types from the present study.

Fig. 19. - Clay flow phase diagram superimposed with data from selected literature sources. See Figure 15A

for explanation of abbreviations.
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A) Upper transitional plug flow (run 6-20)
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Table 1 - Experimental parameters

Run Duration T C C n h z, f(UDVP) U U max Th Fr Re Slope Flow
(s) (eC) (vol%) (gL (Nsm?x10% (m) (m) (Hz) (ms?h ms?H (Nm? () () x10°  regime
1-1 165 20.1 004 1.2 1.000 0.150 - 8 0.142 0.164 - 0.12 21281 0.00 TF
1-2 165 20 015 4.0 1.004 0.149 - 8 0.138 0.162 - 0.11 20590 0.00 TETF
1-3 165 199 034 88 1.014 0.149 - 8 0.129 0.151 - 0.11 19107 0.00 TETF
1-4 165 19.9 0.74 194 1.055 0.149 0.117 8 0.160 0.184 - 0.13 17979 0.00 LTPF
1-5 165 19.8 153 39.8 1.184 0.151 0.077 8 0.172 0192 - 0.14 11476 0.00 LTPF
1-6 155 199 232 604 1.371 0.153 0.058 8 0.161 0.181 - 0.13 7065 0.00 UTPF
1-7 165 20 318 827 1628 0.154 0.036 8 0.152 0.176 - 0.12 3531 0.00 QLPF(d)
1-10 165 20.1 533 1385 2.494 0.158 0.036 8 0.149 0.169 - 0.12 2334 0.00 QLPF(d)
2-1 156 20 005 14 1.001 0.149 - 8 0.294 0.338 0.26 0.24 43853 0.18 TF
2-2 156 20 017 45 1.005 0.148 - 8 0.289 0.333 0.26 0.24 42691 0.18 TETF
2-3 156 199 039 101 1.018 0.148 - 8 0.276 0.321 0.26 0.23 40435 0.18 TETF
2-4 156 19.9 0.82 213 1.064 0.148 - 8 0.309 0.355 0.27 0.26 43533 0.18 TETF
2-5 156 19.8 1.62 422 1.203 0.151 - 8 0.300 0.344 0.28 0.25 38586 0.18 TETF
2-6 156 199 243 633 1.401 0.152 - 8 0.292 0.336 0.28 0.24 32952 0.18 LTPF
2-7 156 20.1 327 850 1.658 0.154 - 8 0.275 0.318 0.29 0.22 26890 0.18 LTPF
2-8 156 20 410 106.6 1.962 0.155 - 8 0.272 0.313 0.29 0.22 22889 0.18 LTPF
2-9 156 20 414 107.8 1.980 0.155 0.117 8 0.269 0.313 0.29 0.22 16955 0.18 LTPF
2-10 156 20.1 536 1394 2510 0.158 0.107 8 0.292 0.335 0.30 0.23 13531 0.18 LTPF
2-11 156 20.2 6.45 167.8 3.063 0.158 0.090 8 0.293 0.333 0.31 0.24 9500 0.18 UTPF
2-12 156 21 739 1921 3.588 0.158 0.050 8 0.281 0319 0.31 0.23 4378 0.18 QLPF(d)
31 135 20 005 1.2 1.000 0.145 - 9 0.439 0504 0.26 0.37 63599 0.18 TF
3-2 165 19 015 4.0 1.004 0.157 - 8 0.416 0.457 0.45 0.34 65256 0.29 TF
3-3 165 20.1 037 96 1.017 0.155 - 8 0.414 0.458 0.44 0.34 63473 0.29 TETF
3-4 156 187 073 189 1.053 0.154 - 8 0.416 0.459 0.28 0.34 61563 0.18 TETF
35 156 206 154 40.0 1.185 0.156 - 8 0.413 0.455 0.28 0.33 55711 0.18 TETF
3-6 135 199 254 659 1.429 0.150 - 9 0.438 0.499 0.28 0.36 47847 0.18 TETF
3-7 135 20.1 337 87.6 1.692 0.152 - 9 0.415 0.475 0.28 0.34 39256 0.18 TETF
3-8 135 20 422 109.6 2.008 0.155 - 9 0.413 0.466 0.29 0.34 34052 0.18 TETF
39 135 20 423 109.9 2.013 0.153 - 9 0.402 0.462 0.29 0.33 32655 0.18 TETF
3-10 135 20.1 545 1418 2.553 0.153 - 9 0.419 0.478 0.30 0.34 27323 0.18 TETF
3-11 135 20.2 650 168.9 3.086 0.155 - 9 0.424 0.487 0.30 0.34 23485 0.18 LTPF
3-12 135 21  7.43 1931 3.611 0.155 0.117 9 0.405 0.469 0.31 0.33 14691 0.18 LTPF
3-13 135 212 824 2141 4.107 0.158 0.090 9 0.408 0.453 0.32 0.33 10120 0.18 LTPF
3-14 135 214 887 230.7 4.520 0.159 0.058 9 0.416 0.455 0.32 0.33 6096 0.18 LTPF
3-15 135 215 957 248.7 4.994 0.155 0.036 9 0.430 0.470 0.32 0.35 3574 0.18 UTPF
3-16 135 199 10.11 262.8 5.382 0.156 0.058 9 0.417 0.473 0.32 0.34 5221 0.18 UTPF
3-17 135 205 10.83 281.6 5.922 0.157 0.032 9 0.453 0501 0.33 0.37 2872 0.18 UTPF
3-18 135 21 1153 299.7 6.465 0.159 0.036 9 0.427 0.459 0.33 0.34 2816 0.18 QLPF
3-20 135 23 13.03 3388 7.714 0.156 0.027 9 0.444 0.471 0.33 0.36 1878 0.18 QLPF
3-22 118 247 14.47 376.2 9.006 0.155 0.022 11 0.451 0.468 0.34 0.37 1357 0.18 QLPF
4-1  156-165 145 0.03 0.8 1.000 0.147 - 8 0.593 0.667 0.42 0.49 87176 0.29 TF
4-2 156 19.1 0.16 4.0 1.004 0.154 - 8 0.559 0.618 0.44 0.46 86023 0.29 TF
4-3 156 20 038 98 1.017 0.151 - 8 0.557 0.620 0.43 0.46 83182 0.29 TF
4-4 156 186 0.74 193 1.054 0.152 - 8 0.557 0.617 0.44 0.46 81301 0.29 TF
4-5 156 205 156 40.6 1.190 0.152 - 8 0.553 0.615 0.44 0.45 72356 0.29 TETF
4-6 156 19.7 232 604 1.371 0.152 - 8 0.546 0.617 0.45 0.45 62834 0.29 TETF
4-7 156 221 332 863 1675 0.149 - 8 0.551 0.634 0.45 0.46 51669 0.29 TETF
4-8 156 199 4.18 108.7 1.995 0.148 - 8 0.553 0.635 0.45 0.46 43806 0.29 TETF
4-9 118 19.8 4.26 110.8 2.027 0.150 - 11 0.565 0.640 0.46 0.47 44689 0.29 TETF
4-10 118 20 549 1428 2572 0.152 - 11 0.553 0.628 0.47 0.45 35566 0.29 TETF
4-11 118 20.2 654 170.1 3.111 0.154 - 11 0.564 0.643 0.48 0.46 30869 0.29 TETF
4-12 118 21  7.47 1942 3.637 0.154 - 11 0.544 0.625 0.49 0.44 25780 0.29 TETF
4-13 118 212 828 2153 4.136 0.154 - 11 0.536 0.614 0.50 0.44 22607 0.29 LTPF
4-14 118 214 893 2321 4558 0.156 0.117 11 0.542 0.610 0.51 0.44 15909 0.29 LTPF
4-15 118 215 961 249.9 5.028 0.154 0.117 11 0.547 0.617 0.50 0.44 14679 0.29 LTPF
4-16 118 19.9 10.17 2644 5.427 0.154 - 11 0.547 0.623 051 0.45 18064 0.29 LTPF
4-17 118 204 1069 277.9 5.814 0.154 0.117 11 0.581 0.650 0.51 0.47 13681 0.29 LTPF
4-18 118 20.9 1154 299.9 6.472 0.156 0.090 11 0.597 0.664 0.52 0.48 9834 0.29 UTPF
4-19 118 233 1240 3224 7.178 0.147 0.058 11 0.621 0.674 0.50 0.52 6014 0.29 QLPF
4-20 111 23.3 13.02 3384 7.702 0.154 0.032 11 0.598 0.643 0.53 0.49 3002 0.29 OQLPF
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1.467
1.490
1.385

3.72
3.80
3.86
3.94
4.05
3.96
4.18
4.27
4.36
4.50
4.43
4.61
4.57
4.50
4.76
4.81
4.84
4.76
5.11
5.20
5.24
5.33
5.33
5.58
5.22
5.61
5.54
5.52
5.56
5.63
7.06
6.92
6.95
6.95
7.09
7.35
7.43
7.58
7.63
7.71
7.92
8.00
8.10
8.18
8.14
8.43
8.35
8.20
8.28
8.41
8.44
8.56
8.93
9.58
10.12
11.87
11.74

0.83
0.83
0.82
0.80
0.79
0.76
0.96
0.89
0.88
0.89
0.90
0.90
0.91
0.92
0.91
0.90
0.91
0.92
0.87
0.87
0.87
0.86
0.85
0.83
0.82
1.18
1.19
1.20
1.19
1.20
1.18
1.18
1.18
1.17
1.18
1.17
1.17
1.16
1.16
1.19
1.18
1.18
1.18
1.19
1.19
1.19
1.21
1.25
1.22
121
1.21
1.19
112
1.15
1.12
1.12
1.04

20743
16458
12277
8776
8373
4150
122957
95617
82000
72823
62260
56115
49185
42067
40806
37150
32645
29127
29591
27477
20952
13156
12248
8156
5667
184092
180172
177550
170308
153190
200683
193683
191239
180021
164050
142520
122959
105227
89358
80554
70739
63209
55868
51468
45979
41897
37624
36921
33210
31332
21421
12498
11392
11180
7386
7018
6362

2.11
2.11
2.11
211
2.11
2.11
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
4.24
4.24
4.24
4.24
4.24
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.03
5.52
5.52
6.47
6.47

LTPF
LTPF
UTPF
UTPF
QLPF
QLPF
TF
TF
TF
TF
TF
TF
TETF
TETF
TETF
TETF
LTPF
LTPF
LTPF
LTPF
LTPF
UTPF
UTPF
QLPF
QLPF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TF
TETF
TETF
TETF
LTPF
LTPF
LTPF
UTPF
UTPF
UTPF
UTPF

The numbering of runs is based on 10 narrow velocity ranges, sorted from low to high velocity (numbers before hyphen), and 27 ranges

in clay concentration, sorted from low to high concentration (numbers after hyphen). This numbering system facilitates comparison of
flows with similar depth-averaged flow velocity and flows with similar suspended clay concentration.

T = mean fluid temperature; C = depth-averaged concentration; 7 = dynamic viscosity; h = flow depth; z,, = height of base of plug flow

region; f(UDVP) = (range of) UDVP transducer frequency; U = depth-averaged velocity; U o, = maximum velocity in vertical profile;

7, = mean bed shear stress; Fr = Froude number; Re = Reynolds number; TF = turbulent flow; TETF = turbulence-enhanced transitional

flow; LTPF = lower transitional plug flow; UTPF = upper transitional plug flow; QLPF = quasi-laminar plug flow; (d) = depositional flow
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