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ABSTRACT 

Laboratory experiments were conducted to observe the behavior of 
turbidity currents in the vicinity of the slope break between a submarine 
canyon and its associated depositional fan. 

Sediment-laden and saline hydraulic jumps were produced. The 
vertical structure of the currents was found to depend on flow regime. 
Velocity and sediment concentration profiles showed a good degree of 
similarity as the current evolved in the downslope direction. The grain 
size of the suspended sediment did not affect the vertical velocity 
distribution in weakly depositional flows. Grain size showed a clear 
tendency to decrease vertically. Smaller grains were more uniformly 
distributed vertically. The saline and turbid hydraulic jumps showed 
similar characteristics. The amount of water entrained by the flows while 
going through a jump was small. The change in flow regime caused a 
marked reduction of the bed shear stress downstream of the jump. The 
thickness of the deposit left immediately downstream of the jump increased 
as the ratio of the bed shear velocity downstream of the jump to the 
particle fall velocity decreased. 

A clear correlation between turbidite thickness and grain size was 
observed. The thickness of the turbidites was seen to decrease roughly 
exponentially with distance. Any increase in the thickness of the deposits 
near a canyon-fan transition will not be due to the break in slope itself 
but rather due to the hydraulic jump induced by the break. 

It was observed that a fine-grained turbidity current of sufficient 
strength can entrain substantial amounts of bed sediment into suspension. 
The rate of sediment entrainment showed a clear tendency to increase with 
current velocity. Prominent bedforms developed during the experiments. 
The bedforms were found to have an important effect on boundary shear 
stress. The effect of the bedforms was removed successfully by modifying 
the technique of Nelson and Smith (1989) for open channel flows. 

Two formulations to evaluate sediment entrainment rates were 
obtained using data from equilibrium open channel suspensions, one for' 
well.sorted sediment and the other for poorly.sorted sediment. 

An integral model for steady, spatially developing turbidity currents 
driven by poorly.sorted sediment was developed and used as a basis for the 
analysis of the experimental results. 
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CHAPTER 1. INTRODUCTION 

1.1 Sediment-Driven Flows: Turbidity Currents 

Turbidity currents are currents of water laden with sediment that 
move downslope in otherwise still bodies of water. Their driving force is 
obtained from the sediment, which renders the flowing turbid water heavier 
than the clear water above. A turbidity current initiated by a 
sediment-laden river flowing into a lake is illustrated in Figure 1.1 
(Lambert et al., 1976). 

Turbidity currents occur in the ocean (Inman et al., 1976), lakes 
(Weirich, 1984), and reservoirs (Chikita, 1989). They may be caused by 
the direct inflow of turbid water, as shown in Figure 1.1, by wave action 
(Shepard et aJ.., 1974), by subaqueous slumps induced by seismic or other 
disturbances (Dengler et al., 1984; EI-Robrini et al., 1985; Lambert and 
Giovanoli, 1987), by dumping of mining tailings (Normark and Dickson, 
1976a; Hay et al., 1982), or by dredging operations (Estourgie, 1988). 

Two types of turbidity currents can be distinguished: the 
discontinuous or surge-like currents and the continuous or plume-like 
currents. Discontinuous currents are usually generated by instantaneous 
sources of suspended sediment and therefore are events of limited time 
duration. The turbidity current generated by an earthquake at the Grand 
Banks of Newfoundland in 1929 (Heezen and Ewing, 1952), is a good 
example of a discontinuous current. On the other hand, continuous 
currents are produced by steady sources of suspended sediment and can last 
for hours and even days. The sediment-driven plume shown in Figure 1.1 
evolves into a continuous turbidity current downstream from the point 
where it plunges. 

Turbidity currents are characterized by a well defined front or 
"head", followed by a thinner layer known as the "body" of the current 
(Figure 1.2). Continuous turbidity flows are characterized by a body which 
is several times the length of the head, while in the case of pulse-like or 
discontiIl,llous currents the body reduces to a short "tail". 

Turbidity currents are members of a larger class of stratified flows 
known as gravity or density currents (Simpson, 1982). A simple density 
current is driven by density differences produced by salinity or temperature. 
Salt and heat are conservative contaminants; they may be advected or 
diffused, but their total amount in the flow is conserved. By contrast, 
sediment is in general a non-conservative contaminant; sediment can be 
entrained from, or deposited on, the bed, thus changing the total amount 
of sediment in suspension. 
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Fig. 1.1 Plunge point of the sediment-laden Linth River into Lake 
Walensee. A turbidity current forms downstream (from Lambert et aI., 
1976). 
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Fig. 1.2 Head of a turbidity current flowing downslope. The current is 
driven by 100 /1- crushed coal. 
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A turbidity current must generate enough turbulence to hold its 
sediment in suspension. If it is not able to do so, the sediment deposits 
and the current dies. This suggests that continuous and discontinuous 
currents can be subdivided into depositing and eroding types, depending on 
which one of the mechanisms, deposition or erosion, dominates. 

The extra degree of freedom, i.e. sediment entrainment and deposition, 
is what makes turbidity currents far more interesting than their simpler 
cousins, the conservative currents. Under certain conditions, a turbidity 
current might erode its bed, pick up sediment, become heavier, accelerate, 
and pick up even more sediment, increasing its driving force in a 
self-reinforcing cycle. 

1.2 Geological Implications of TUIbidity Flows 

Turbidity currents constitute a major mechanism for the transport of 
fluvial, littoral, and shelf sediments into deeper waters. These flows are 
considered to be responsible for the scouring of many, but not all, 
submarine canyons, which are often of massive proportions (Shepard and 
Dill, 1966). They may be eroded directly into deltaic deposits in the form 
of a delta-front trough,. or into the continental shelf as in the case of 
Scripps and La Jolla submarine canyons (Figure 1.3). Only flows of 
substantial velocity could accomplish this excavation. The conditions under 
which the generation of such swift, canyon-scouring currents becomes 
possible, have intrigued marine geologists and oceanographers for many 
years (Menard, 1964). 

Below the mouths of most canyons, turbidity currents form vast 
depositional fans which have many of the features of alluvial fans (Bouma 
et al., 1985). The sedimentary deposits created by turbidity currents, 
known as turbidites (Bouma, 1962), are a major constituent of the 
geological record (Pettijohn et al., 1987). Turbidite formation has a direct 
impact on the morphology and facies of submarine fans (Walker, 1980). 
Since submarine fans can constitute major hydrocarbon reservoirs 
(Shanmugam and Moiola, 1985), they have become one of the most studied 
depositional systems. As pointed out by Normark et al. (1983/84), there is 
a lack of common ground between models for modern and ancient turbidite 
deposits. In order to understand the mechanism of turbidite formation, it 
is necessary to develop a satisfactory model of turbidity currents which can 
relate the nature of this flows to the deposits. 

1.3 Engineering Significance of TUIbidity Flows 

Probably the most important impact of turbidity currents in ocean 
engineering practice is on the reliability of structures (Seymour, 1986). 
Heezen and Ewing (1952) re-examined the data from the Grand Banks 
earthquake of 1929 and based on the timing of the breaks in a large 
number of transoceanic telegraph cables, they deduced that the failures had 
been most likely produced by a turbidity current generated by the 
earthquake. More recently, similar cable failures due to the action of 
turbidity flows have been reported in Hawaii (Dengler et al., 1984) and 
Algeria (EI-Robrini et al., 1985). It is clear from these observations that 
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Fig. 1.3 Modeled Topography of Scripps and La Jolla submarine canyons 
(courtesy of Doug Inman, Scripps Institution of Oceanography). 

5 



swift currents are capable of both producing large drag forces and also 
undermining foundational supports for cables and pipelines. For example, a 
proposed ocean thermal energy conversion plant is to be located off the 
coast of Oahu, Hawaii (Niedoroda et al., 1985). An intake pipe with a 
diameter of about 10 m is to be built on steep slopes in deep water. The 
evidence for turbidity currents having speeds of up to 2 mls on this area 
(Dengler et al., 1984) suggests that the design of the foundation for this 
intake pipe will be a challenging engineering problem. 

Another important engi:q.eering aspect of turbidity currents has to do 
. with the impact these flows have on the water quality and sedimentation 
in lakes and reservoirs (Hakanson and Jansson, 1983; Bruk, 1985). 
Turbidity flows were observed in lakes and man-made reservoirs long before 
their occurrence in the ocean became apparent (Forel, 1885; Grover and 
Howard, 1938). A continuous turbidity current flowing into a laboratory 
reservoir is shown in Figure 1.4 (Bell, 1942). This situation usually occurs 
during flood periods when rivers carry a large amount of sediment in 
suspension (Graf, 1983). In China, where the suspended load in most 
rivers is very large, the venting of turbidity currents through bottom 
outlets to reduce the siltation of reservoirs has become common practice 
(Fan, 1985). Even though the bed slopes of lakes and reservoirs are orders 
of magnitude smaller than those in the ocean, turbidity currents are still 
capable of traveling very long distances without loosing their identities, e.g. 
more than 100 km in Lake Mead (Howard, 1953). 

The ability of turbidity currents to transport sediment has also been 
put to use for the disposal of mining tailings (Normark and Dickson, 
1976a) and ash from power station boilers (Jenkins, 1970). Environmental 
concern has reduced waste disposal into lakes, but in the ocean, the 
dumping of mining tailings continues (Hay, 1987a,b). 

1.4 Field Observations of Turbidity Flows 

Only a few direct observations of turbidity currents in the field have 
been made. Field measurements are rendered difficult by the need to work 
underwater, the substantial equipment requirements, and the tendency for 
swift currents to destroy the measuring apparatus (Inman et al., 1976). 
Most of the field work has been related to continuous turbidity currents. 
The reason for this is that the occurrence of discontinuous or surge-like 
currents is difficult to predict and thus more complicated to monitor. 

Table 1.1 summarizes the major field studies in the ocean to date. 
The first comprehensive observations of turbidity currents were made as 
part of a long-range program at Scripps Institution of Oceanography. In a 
landmark contribution, Inman et al. (1976) explained the development of 
sustained sand-driven turbidity currents in Scripps submarine canyon 
(Figure 1.5). Sand is supplied to the head of the canyon by littoral drift. 
During storms, a pattern of edge waves is set up along the shore, with an 
antinode at the head of the canyon. The waves action serves to stir up 
sand at the head and to induce a weak, oscillating down-canyon flow. The 
sediment-laden water starts to move downslope due to the action of gravity 

6 



-.:r 

Fig. 1.4 Continuous turbidity current flowing into a laboratory reservoir 
(after Bell, 1942). 
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TABLE 1.1 CHARACTERISTICS OF TURBIDITY CURRENTS IN THE OCEAN 

Site Mean Sediment Flow Flow Flow 
Bottom Size Speed Thickness Duration Observer 
Slope (mm) (m/s) (m) (hr) 

Scripps 0.08 0.15 1.90 < 5.0 2.50 Inman et al. 
. Canyon (1976) 

Rupert 0.04 0.03 0.30-1.20 2.0-5.0 < 1.0 Hay (1987) 
Inlet 0.04 0.03 0.20-D.60 15.0 ? 

Bute 0.01 0.30 0.15 > 4.0 2.5 Prior et al. 
Inlet (1987) 

Salt River 0.10 0.30-D.60 0.45-D.80 > 2.0 0.25-2.0 Vood et al. 
Canyon 0.10 0.30-D.60 1.50-2.40 > 2.0 0.10 (1984) 

Oahu 0.09 0.20 3.00 ? 0.50 Dengler et 
Hawaii al. (1984) 

on the suspended sand in discontinuous pulses. If the storm is of sufficient 
duration, the discontinuous pulses evolve into a strong, down--canyon 
current that continues to flow until it depletes the sand supply at the 
canyon head. This current is often stron~ enough to destroy the equipment 
installed to monitor it. Inman et al. (1976) report the measurement of 
nine such currents. They note the following: 

"On 24 November 1968 a sustained current of 190 cm/s was measured 
for 2-1/2 hours before losing the sensors. In all cases, instruments 
placed at site 1 (depth 44 m) were lost following the initiation of 
sustained downcanyon flows. The flows always begin with up- and 
down--canyon events or pulses that progressively become stronger in 
the down--canyon direction." 

More recently, Hay et aI. (1982) and Hay (1987a,b) used the Rayleigh 
scattering mechanism as a technique to avoid the loss or damage of 
conventional instrumentation. They obtained acoustic backscatter images to 
estimate the thickness and the excess density of both surge-like and 
continuous currents. The field experiments were conducted at Rupert Inlet, 
British Columbia, which serves as a receiving basin for tailings discharged 
by Island Copper Mine. 

Prior et aI. (1987) observed intense turbidity current activity in 
another British Columbia fjord. A year-long monitoring program was 
conducted within an elongated channel-fan system at Bute Inlet, which is 
supplied at its head by the Homathko and Southgate rivers. Measurements 
of bottom velocities and sediment collected in traps, as well as damage to 
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moorings and equipment, captured the signatures of frequent, energetic 
events. Maximum velocities were estimated to be about 3 mis, while flow 
thicknesses were on the order of 30 m or more. Coarse sand was lifted 6 
to 7.5 m above the sea floor. The turbidity currents travelled as far as 50 
km over bottom slopes of less than two percent. 

Wood et al. (1984) obtained continuous measurements of current 
velocities in the head of Salt river submarine canyon, St. Croix, U.S. 
Virgin Islands, during a six day period following the passage of hurricane 
Klaus. They were able to observe an intense down-canyon flow event that 
persisted for approximately thirty hours. A vera~e down-canyon current 
speeds during this event ran~ed from 45 to 80 cm/s. High velocity pulses, 
ranging from 1.5 to 2.4 mIs, occurred at irregular intervals. These high 
velocity pulses were associated with extremely large suspended sediment 
concentrations that reduced visibility conditions to zero. Large bed forms 
were seen to migrate downslope at rates estimated to be on the order of 
meters per hour. 

Indirect measurements of turbidity current speeds have recently been 
obtained by Dengler et al. (1984). Off southeast Oahu, Hawaii, an array 
of current sensors recorded four successive episodes of downslope 
displacement associated with high speed near bottom currents of up to 2 
m/s. These episodes coincided with the maximum storm effects of 
hurricane Iwa, suggesting that the turbidity current events were caused by 
a succession of slope failures. 

There have been also a number of observations of turbidity currents 
in lakes and reservoirs. It is easier to deploy sensors in these water bodies 
than in the ocean, and the occurrence of turbidity flow events can, in most 
cases, be determined beforehand. 

Normark and Dickson (1976a) observed turbidity currents produced by 
the discharge of taconite tailings into Lake Superior at Silver Bay, 
Minnesota. The sublacustrine fan formed by the currents covers an area of 

approximately 20 km 2 and extends to a water depth of 285 m (N ormark 
and Dickson, 1976b). The geometry, morphology, and sediment distribution 
on this small, man-made fan fit the characteristics of submarine fans 
remarkably well (Figure 1.6). 

Lambert et al. (1976) and Lambert (1982) measured the speed and 
direction of turbidity currents induced by two sediment-laden rivers flowing 
into Lake Walensee (Figure 1.1) and by the Rhine river flowing into Lake 
Constance, Switzerland. More recently, Lambert and Giovanoli (1987) 
observed channelized turbidity currents in Lake Geneva. During 72 days of 
current measurements, several river-indueed turbidity currents having 
velocities larger than 30 em/ s were recorded in the subaqueous canyon of 
the Rhone delta. The observed peak velocity was 90 em/so The 
detachment of instruments from their anchors was attributed to a major 
subaqueous slide that took place just after the peak discharge of the Rhone 
river. 
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Weirich (1984, 1986) has used a three-dimensional sensor network to 
monitor the occurrence and development of turbidity currents in a 
Canadian glacial lake. Weirich was able to collect detailed information on 
surge events having velocities of 1.1 m/s and continuous currents exceeding 
90 cm/s. 

Chikita (1980, 1989) has conducted an extensive program of 
measurements at Katsurazawa Reservoir, Sapporo, Japan, producing detailed 
information about the vertical structure of turbidity currents. Velocity, 
temperature, and sediment concentration profiles were measured at a 
number of locations within the reservoir. The flow measurements were 
complemented with grain size distributions of both suspended and bottom 
sediment samples. 

1.5 Previous Analytical and Experimental Work 

1.5.1 Analytical Studies 

Many attempts have been made to delineate the equations of motion 
for turbidity currents. Hinze (1960), Plapp and Mitchell (1960), Johnson 
(1962), and Chu et al. (1979) provide detailed analytical treatments. A 
characteristic of all of these studies is the difficulty in formulating the 
process of simultaneous entrainment of sediment from, and deposition onto, 
the bed. More recent treatments incorporate the possibility of erosion and 
deposition, thus advancing beyond the formulation for conservative density 
currents presented in the landmark paper of Ellison and Turner (1959). 

Pantin (1979) made a very important step forward by obtaining the 
first description ot a turbidity current that could either deposit or erode. 
He used a phase-plane analysis to show how a small disturbance can evolve 
into a sustained turbidity flow. 

Parker (1982) formulated a model similar to that of Pantin. He 
proposed that under certain circumstances, turbidity currents may "ignite II 
or self-accelerate to high velocities by means of sediment entrainment from 
the bed. Parker used his model to explain the generation of currents swift 
enough to scour submarine canyons. 

Pallesen (1983) tried to delineate the conditions needed for erosion 
and deposition using concepts developed by Pedersen (1977) for conservative 
density currents and obtained a modified Bagnold autosuspension criterion 
(Bagnold, 1962). 

Stow and Bowen (1980) developed a model for the transport and 
sorting of fine-grained sediment by muddy turbidity currents. Later, 
Bowen et al. (1984) used a similar approach to model turbidity currents in 
Navy Submarine Fan. 

Siegenthaler and Buhler (1985) and Buhler and Siegenthaler (1986) 
were able to obtain a description of turbidity currents and their deposits on 
inclined boundaries. Siegenthaler and Buhler (1986) also proposed a 
method to reconstruct the characteristics of surge-like turbidity currents 
based on hydromechanical parameters of the sediment deposit. 
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The models of Pantin (1979) and Parker (1982) were formulated for 
the rather unrealistic case of currents that are constant in space but 
developing in time. Parker, Fukushima, and Pantin (1986) extended the 
model to continuous currents that develop spatially. They used it to 
predict the generation of self-accelerating currents in Scripps submarine 
canyon (Fukushima et al., 1985), using information obtained by Inman et 
al. (1976). 

Akiyama and Stefan (1985) extended Ellison and Turner's model for 
spatially developing conservative currents to account for sediment erosion 
and deposition. They found that turbidity currents can be 
accelerating-erosive, decelerating-erosive, or decelerating-depositive, 
depending on the initial flow conditions, bed slope, water temperature, and 
sediment characteristics. Recently, Akiyama and Stefan (1988) extended 
their model to simulate eroding and depositing turbidity currents in a 
slightly diverging channel. 

Hay (1987b) developed a model for continuous turbidity currents 
which accounts for the effect of channel curvature and overs pill, and used 
it to provide estimates of tailings transport and deposition at Rupert Inlet, 
British Columbia. 

The majority of the theoretical models for turbidity currents are of..
the integral or depth-averaged type, i.e. the equations of motion are 
integrated in the vertical direction. Recently, Stacey and Bowen (1988a,b) 
developed a numerical model for unsteady, spatially uniform turbidity 
currents using a mixing-length model for turbulence. This constitutes the 
first attempt to compute the vertical structure of turbidity currents. 

1.5.2 Experimental Studies 

Most of the experimental work on gravity currents along inclined or 
horizontal boundaries has concentrated on conservative density currents 
(Ellison and Turner, 1959; Fietz and Wood, 1967; Wilkinson and Wood, 
1971; Simpson and Britter, 1979), while sediment-driven flows have received 
less attention. The main reason for this, besides experimental convenience, 
is that conservative currents cover a wide range of geophysical phenomena, 
e.g. katabatic winds, dust storms, saltwater intrusions in estuaries, 
convective currents in lakes and reservoirs, and the flow of methane along 
the roof of mines (Turner, 1973). 

Experimental studies by sedimentologists have emphasized depositing 
turbidity currents and associated turbidites (Kuenen and Migliorini, 1950; 
Middleton, 1967; Luthi, 1980, 1981). On the other hand, experimental 
studies conducted by hydraulic engineers concerned with problems associated 
with lakes and reservoirs have been devoted· to currents driven by fine 
sediment that neither deposit nor erode (Stefan, 1973; Ashida and Egashira, 
1975). 
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Among the earliest experimental studies is the work of Michon, 
Goddet, and Bonnefille (1955). They conducted experiments on continuous 
currents driven by fine sediment in two laboratory flumes and a field canal. 
Their main interest was in examining velocity, temperature, and sediment 
concentration profiles and evaluating the effect of roughness on the flow 
structure. 

Middleton (1967) performed one the most complete studies on 
turbidite formation by discontinuous turbidity currents. By releasing 
suspensions of plastic beads, graded beds were formed. The experiments 
indicated that the structure of the deposits was quite different, depending 
on the concentration of the initial suspension. More recently, Middleton 
and Neal (1989) conducted similar experiments using both glass and plastic 
beads. They studied the effect of sediment concentration, grain size, and 
mixture volume on turbidite thickness. 

Tesaker (1969) conducted experiments on continuous currents driven 
by clay. By adding different amounts of sand, the ability of the 
clay-driven currents to transport sand was tested. Due to the fact that the 
sand used was rather coarse, most of the flows were strongly depositional. 

Luthi (1981) was interested in modeling the formation of deltas in 
lakes. He performed experiments on non-channelized turbidity currents and 
their deposits. Using a fairly large tank, Luthi was able to reproduce some 
of the characteristics (e.g. depositional lobes) of turbidites in submarine 
fans (Normark, 1970). 

Siegenthaler and Buhler (1985) investigated continuous depositional 
turbidity currents in two laboratory flumes. Measurements of bulk flow 
properties, such as flow speed and thickness, and turbidite thicknesses were 
taken. The depositional currents were characterized by a dimensionless 
sedimentation number proportional to the rate at which buoyancy is lost; 
this number remained approximately constant during an experiment. 

Garcia (1985) carried out experiments on continuous turbidity currents 
driven by uniform sediment. The objective of these experiments was to 
generate self-accelerating turbidity currents by allowing the currents to 
entrain sediment from the bed. Because of the limited length of the 
experimental channel (20 m), the phenomenon of self-acceleration was not 
clearly manifested during the experiments. Numerical predictions coupled 
with the experimental observations suggested that a channel a few hundred 
meters long would be necessary to reproduce the "accelerating" currents 
envisioned by Parker (1982), Fukushima et aI. (1985), and Akiyama and 
Stefan (1986). . 
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1.6 Present Study 

1.6.1 Motivation 

As illustrated in Figure 1.7, submarine canyons have very steep slopes 
which are, in general, much larger than those encountered in submarine 
fans. The slope discontinuity is indicative of a transition from an overall 
erosive environment upstream (Inman et al., 1976) to an overall 
depositional environment downstream (Normark, 1970). This transition 
appears to be driven, at least in part, by a change in flow regime of 
turbidity currents from high-velocity supercritical flow to low-velocity 
subcritical flow (Komar, 1971). Aspects of such a transition are 
illustrated for the case of a current flowing through a reservoir in Figure 
1.4. 

It is well known from studies of subaerial open-channel flow 
(Rajaratnam, 1967) and density flows (Turner, 1973) that this change in 
flow regime is accomplished via a hydraulic jump. A bulk Richardson 
number Ri describing the flow has a critical value Ric near unity, such 

that the range Ri < Ric corresponds to the high-velocity regime upstream 

of the jump, and the range Ri > Ric corresponds to the low-velocity 

regime downstream. 

The submerged hydraulic jump so hypothesized and the resultant 
sedimentary deposits have been the subject of considerable speculation. 
Menard (1964) argued that the development of levees bordering deep-sea 
channels was caused by the thickening of a turbidity current after a 
hydraulic jump. Van Andel and Komar (1969) posited the occurrence of 
hydraulic jumps in order to interpret the characteristics of sediment 
deposits in enclosed basins. Mutti (1977) suggested that turbidity currents 
going through a change in slope drop excess sand and form particular 
turbidites at the mouth of submarine channels. Ravenne and Beghin 
(1983) observed that certain characteristics in the sedimentary record of 
debris flows, e.g. strong local deposition, may indicate the location of a 
jump. 

The hydraulic jump itself remains unobserved in the field, in part due 
to the depth at which it is inferred to occur (greater than 1000 m in the 
ocean). Likewise, the several experimental studies conducted to date on 
depositional turbidity currents have not included the change in slope 
necessary to induce a hydraulic jump. 

Internal hydraulic jumps associated with stratification due to salt or 
temperature (as opposed to sediment) have been studied extensively (Yih 
and Guha, 1955; Wood, 1967; Wilkinson and Wood, 1971; Stefan and 
Hayakawa, 1972; Wood and Simpson, 1984; Baddour, 1987; Rajaratnam et 
al., 1988). These studies, along with several existing theories of eroding 
and depositing turbidity currents (Fukushima et al., 1985; Akiyama and 
Stefan, 1985; Parker et al., 1986), have motivated the work presented 
herein. 
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1.6.2 Objectives 

The objectives of this study were to examine the hydraulics, 
depositional characteristics, and erosive capabilities of turbidity currents in 
the proximity of a slope change. To accomplish this an experimental study 
was conducted. The experimental work aimed at investigating the following 
aspects: 

i) 

ii) 

iii) 

iv) 

v) 

vi) 

the characteristics of continuous, saline and turbidity currents in 
different flow regimes (Le. supercritical and sub critical) , 
the degree of similarity between internal hydraulic jumps in 
underflows driven by salt and sediment, 
the role of the hydraulic jump in the mechanics of sediment 
deposition and flow dilution by water entrainment from above, 
the effect of sediment characteristics, such as sediment fall 
velocity and non-uniformity on the spatial pattern of deposition, 
turbidite thickness, and longitudinal and vertical sorting. 
the conditions under which the slope discontinuity is clearly 
reflected in the depositional record, and 
the ability of currents driven by fine sediment to entrain bed 
sediment into suspension and carry it to deeper waters. 

In Chapter 2, the equations of motion for a dilute suspension are 
presented and an integral model for turbidity currents driven by 
poorly-sorted sediment is developed. 

In Chapter 3, the experimental apparatus and procedure are described. 

In Chapter 4, the experimental results on conservative saline currents 
are presented. 

In Chapter 5, the experimental results on depositional turbidity 
currents are presented. 

In Chapter 6, the experimental results on sediment-entraining saline 
currents are presented. 

In Chapter 7, several existing relationships for computing sediment 
entrainment rates in open channel flows are tested and two new 
formulations are obtained. 

In Chapter 8, a summary and conclusions are presented. 
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CHAPTER 2. THEORETICAL BACKGROUND 

2.1 Governing Equations for a Dilute Suspension 

The situation described in Figure 2.1 is considered. A steady, 
continuous turbidity current is flowing downslope through a quiescent body 
of water, which is assumed to be infinitely deep and unstratified except for 
the turbidity current itself. The cross-section is taken to be rectangular, 
with a width many times longer than the underflow thickness, so that 
variations in the lateral direction can be neglected. The bed has a 
constant, small slope S and is covered with sediment; the x coordinate is 
directed downslope tangential to the bed, and the z coordinate is directed 
upward normal to the bed. The suspension is made up of a mixture 
having N size ranges, and is assumed to be sufficiently dilute so that 
collision between grains and hindered settling can be neglected. The 
submerged specific gravity of the sediment is denoted by R = (Ps/p - 1), 
where Ps is the density of the sediment and p is the density of the clear 
water. The local components of the flow velocity, averaged over the 
turbulence are u(x,z) and w(x,z) in the x and z directions respectively; 
Ci(X,Z) denotes the local component of volumetric concentration of sediment 
in the ith size range, averaged over the turbulence; p(x,z) denotes the 
deviation of the pressure from its clear-water hydrostatic value, averaged 
over the turbulence. The fluctuating components (i.e. instantaneous minus 
average) of the velocity in the x and z directions are u' and w', 
respectively, and Ci' is the fluctuating volumetric concentration of sediment 
in the ith size range. The total volumetric concentration of suspended 
sediment at a given point, is given by c = ~ Ci. The conditions c < < 1 
and Rc « 1 are assumed to be satisfied everywhere within the flow, 
justifying the assumption of a kinematic viscosity 11 equal to the value for 
clear water. The same assumptions also justify the use of the Boussinesq 
approximation; that is, density differences affect only body forces. The 
density of the suspension is thus taken to be equal to p everywhere, except 
when multiplied by the gravitational acceleration in which case is to be 
p(1+Rc). Since the slope is taken to satisfy the condition S « 1, the 
components of the gravitational acceleration g in the x and z direction can 
be approximated as gS and -g respectively. It is assumed that within the 
turbidity current, the seatings u » wand a/az » a/ax hold (i.e. the 
slender flow or boundary layer approximation). The turbidity current is 
assumed to be fully turbulent, with all viscous terms negligible. Under 
these constraints, the equations of motion averaged over the turbulence take 
the following form: 

Mean fluid mass balance 

au + aw - 0 ox- oz-
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Fig. 2.1 Turbidity current flowing downslope through a quiescent body of water. 



Mean momentum balance in the x and z directions 

Du2 Duw = __ 1_ IJp + g R c S + _1_ Dr ox + 8z p ox p oz 

O=-...L~-gRc p oz 
Mean sediment mass balance for the material in the ith size range 

DUCi + DWCi = _ D (F' - v c.) --ox- ---oz- Oz 1 Si 1 

(2.2) 

(2.3) 

(2.4) 

where r = - p u'w' is the Reynolds stress, Fi = Ci'W' is the Reynolds 
sediment flux, and v Si is the fall velocity of the sediment in the ith size 

range. 

The upward component of the mean momentum balance (2.3) can be 
reduced to 

00 

p=pgRf cdz 
z 

(2.5) 

corresponding to the component of hydrostatic pressure due to the weight 
of the sediment. After taking the derivative of p with respect to x in 
(2.5), and upon substitution into (2.2), the downslope component of mean 
momentum balance reduces to 

~ + Duw = _ g R D foo c dz + R c S + _1_ Dr (2.6) 
ux 8z ox z g p fJZ 

2.2 Vertically Integrated Balance Equations 

For the geometry of Figure 2.1, equations (2.1), (2.4), and (2.6) can 
be integrated in the z direction to yield the follOwing relations: mean 
momentum balance, 

d 00 d 00 00 00 a:x f u2 dz = - g R -a:x f f c dz'dz + g R S f c dz - ul (2.7) 
o 0 z 0 

where ul = rl jp = - u'w'l denotes an approximation of the 
z=b z=b 

kinematic bed shear stress rl z=o, u* is the bed shear velocity, and z = b 

denotes a level very close to the bed but outside any range where viscous 
effects are important. The parameter u* denotes the bed shear velocity. 

The equation of mean fluid mass balance (2.1), integrates to yield 
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d 00 

<IX J u dz + Woo = 0 
o 

(2.8) 

where w is a fictitious velocity needed by the nature of the boundary 
00 

layer approximation. For boundary layers of the type shown in Figure 2.1, 
it is common to set w = Oh/Ot - w , where the first term on the right 

00 e 
represents the time rate of growth of the layer thickness h, and we is an 

entrainment velocity. For the steady current being considered herein Oh/Ot 
= 0, and equation (2.8) reduces to 

d 00 

"(IX"" J u dz = we 
o 

(2.9) 

The equation of mean sediment mass balance for the material in the ith 
size range (2.4) integrates to yield 

(2.10) 

where cbi denotes the near-bed concentration of the sediment in the ith 

size range, and Fbi = ci'w'lz=b denotes the near-bed volumetric upward 

normal Reynolds flux of sediment in that size range, in both cases 
evaluated at a distance z = b above the bed. The term Fbi represents 

the rate of entrainment of sediment from the bed into the suspension by 

turbulence. A dimensionless entrainment rate E;i can be defined such that 

Fbi = VSi E;i' so that (2.10) takes the form 

(2.11) 

Thus vSi(E;i - cbi) denotes the difference between the erosion rate of 

sediment from the bed and the deposition rate of sediment on the bed. 
That is, it denotes the net rate of incorporation of bed sediment of the ith 
size range into the flow. The equation of sediment balance for a turbidity 
current driven by a mixture of sediment is obtained by summing (2.11) 
over all sizes; 

(2.12) 
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2.3 Similarity Assumption and Slab Approximation 

In order to allow for a tractable model, it is necessary to make some 
assumptions concerning the vertical structure of the flow. As it is done in 
most integral models, the assumption of similarity is introduced. The 
parameters u and Ci are assumed to maintain approximately similar profiles 
in the z-direction as the current develops in the downslope direction. That 
is, the following similarity laws are assumed to hold 

i=1...N (2.13) 

where 
z 

71 = n 

In the above equations, Di denotes the mean diameter of the suspended 
sediment in the ith size range, and Dsg denotes a geometric mean size of 
the suspended sediment given by 

(2.14) 

The layer-averaged velocity U and volumetric concentration Ci) and also 
the layer thickness h, are defined via a set of moments (Ellison and 
Turner, 1959): 

00 

Uh = f u dz 
o 

00 

uCih = f u Ci dz i=1...N 
o 

[fOO{u d71 = 1] 
o 

(2.15) 

[fOO efi d71 = 1] 
o 

(2.16) 

(2.17) 

The follOwing relations are obtained with the aid of (2.13) IV (2.17): 
The equation of fluid mass balance, (2.9) becomes; 

dUh 
CIX = we (2.18) 

The equation of sediment mass balance, (2.12) integrates to; 

n n 

L L (2.19) 

1=1 i=l 
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where cbi is evaluated at z = b - 0.05 h or 1/ = 0.05. Equation of 

momentum balance, (2.7) becomes; 

where ai and Pi are shape factors defined as follows 

(I) 

ai = f eci(1/,Oi) d1/ (2.21) 
o 

(I) (I) 

Pi = 2 f f eci(1/,Oi) d1/'d1/ 
o 1/ 

(2.22) 

These order one shape factors will be evaluated later with the aid of the 
experimental data. A reasonable approximation, however, can be obtained 
by introducing the so-called "top hat" (Turner, 1973) or IIslab" (Pantin, 
1979) assumption, according to which the shape functions have one constant 
value inside the turbidity current, an another outside it. For a turbidity 
current moving under clear, still water, the assumption can be phrased as 
follows: 

for 0<1/<1} 
for 1/ > 1 

(2.23) 

With the aid of (2.23), equation (2.20) reduces to 

dX:h = g R C h S - + g R ~C h2) - u~ (2.24) 

where 
(2.25) 

denotes the sum of the layer-averaged concentrations corresponding to each 
sediment size range. 

2.4 Closure for Theoretical Model 

The model derived for steady, continuous turbidity currents driven by 
a mixture of sediment consists of the equations of fluid mass, sediment 
mass, and momentum balance, i.e. (2.18), (2.19) and (2.24). This model is 
an extension of the three-equation models proposed by Fukushima et al. 
(1985), Akiyama and Stefan (1985), and Parker et al. (1986) to describe 
the development of turbidity currents driven by uniform sediment. The 
theoretical model proposed herein must be appropriately closed with 
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algebraic laws for we' u*, E;i' and cbi' as functions of U, Ci, and h. 
Although some of the parameters concerning the closure relationships will 
be obtained with the data gathered during the experiments, a tentative set 
of relationships is introduced at this point. The relation for water 
entrainment is taken to be 

w = e U e w (2.26) 

where ew is a water entrainment coefficient known to be a function of the 

bulk Richardson number Ri (Ellison and Turner, 1959), which is defined as 

R. = gRCh 
1 

(2.27) 

There are a number of empirical relationships in the literature for ew(Ri)· 
For example, the following expression 

0.075 (2.28) 

was obtained by Garcia (1985) using data for turbidity currents and 
conservative saline currents. According to (2.28), as Ri approaches zero, 
ew approaches a value of 0.075, which is appropriate for non-stratified 

flows, and as Ri increases, ew decreases rapidly. 

It is customary to take the bed shear stress to be proportional to the 
square of the velocity (Turner, 1973), so that 

(2.29) 

where CD is a bed friction coefficient. In general, CD can be expected to 

be a function of boundary layer parameters. The values of CD for 

turbidity currents have been found to vary between 0.002 and 0.05 (GarCia, 
1985); the lower values correspond to observations in reservoirs, and the 
higher values are associated with laboratory experiments. In principle, CD 

can be taken to be constant for a given current in order to simplify the 
analysis. 

The near-bed concentration cbi can be related to the layer-averaged 

concentration Ci by a parameter rOj; 

(2.30) 
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where 
(2.31) 

In (2.31), ro = cblC is a shape factor denoting the ratio between the 
near-bed concentration and the layer-avera~ed concentration for the case of 
uniform sediment (Parker, 1982), and go(Oi) is a function that accounts for 

the non-uniformity of the sediment size. The experiments of Parker et al. 
(1987) indicate that ro is almost a constant, equal to about 2.0, for a wide 

range of dimensionless shear velocities u*/vs' Information concerning the 

function go( Oi) will be obtained later in the light of the experimental 
results. 

The sediment entrainment coefficient E~i can be evaluated as 

(2.32) 

where Pi denotes the fraction of material in the ith size range present in 
the bed, and ESi is the entrainment coefficient for a bed fully covered by 

sediment in the ith size range. ESi is expected to be a function of the bed 
shear stress and the sediment characteristics. The characteristics of the 
entrainment function are treated later in more detail. 

With the aid of (2.26), (2.29), (2.30), and (2.32), equations (2.18), 
(2.19), and (2.24), are reduced to 

n 

L 
i = 1 

dUh - e U a:x- w 

n 

L 
i = 1 

(2.33) 

(2.34) 

dU 2h 1 d 2 2 ox = g R C h S - 2 g R ax:(C h) - CD U (2.35) 

2.5 Spatial Development of Turbidity Currents 

The equations of motion (2.33), (2.34), and (2.35), can be cast in the 
following form 
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h dU _ e dh --u- --ax - w - ax (2.37) 

(2.38) 

where 

(2.39) 

is the volumetric sediment discharge per unit width of the turbidity 
current, and 

Pi Es. U h 
.~ _ 1 

"e· r 
1 0i 

(2.40) 

corresponds to the equilibrium value of the sediment discharge of material 
in the ith size range ¢i, (i.e. the value at which erosion and deposition 
balance) for the existing values of flow velocity U and thickness h. 

Equations (2.36), (2.37), and (2.38) may be called the "backwater" 
relations for turbidity currents, since they are equivalent to the equations 
describing slowly varying flows in open channels (Henderson, 1966). In 
fact, they provide a remarkable unification of a wide variety of flows. In 
their full form, they describe turbidity currents that spatially develop as 
they erode and deposit sediment. In the limit as v s/U tends to zero, it is 
seen from equation (2.38) that the buoyancy transport gRlj becomes 
constant; equations (2.36) and (2.37) thus describe (for order one shape 
factors) the simple conservative density underflows of Ellison and Turner 
(1959). In this case, an equilibrium (normal) state exists, for which the 
Richardson number Ri and velocity U are constant, and the current 

thickness increases linearly with distance due to water entrainment. 

If the product RC is set equal to unity in the definition of the 
Richardson number, and ew and vs/U are taken to vanish, equation (2.36) 

describes water surface profiles in open channel flows. In this case 

Ri = 1 / F2, where F = U / .;-;,h is the Froude number, and h is now 
the water depth. An equilibrium (normal) state exists, for which U, F, 
and h are all constant. 

If Ri and v s/U are allowed to vanish, the integral equations for the 

clear water wall jet are obtained (Rajaratnam, 1976). In this case, no 
constant equilibrium exists; U decreases, and h increases, in the downstream 
direction. 

The set of equations (2.36)-(2.38) can also be used to model currents 
driven by density differences induced by both a conservative contaminant 
(e.g. temperature) and a non-conservative contaminant (e.g. sediment). 
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2.6 Supercritical and Subcritical Flows 

The bulk Richardson number Ri (equation 2.27) is an important 
parameter governing the behavior of stratified, slender flows such as 
turbidity currents. This parameter has a critical value Ric near unity, 

such that the range Rj < Ric corresponds to a high-velocity supercritical 

flow regime, and the range Ri > Ric corresponds to a low-velocity 
subcritical flow regime. In the supercritical regime, disturbances are unable 
to propagate upstream; thus super critical flows are controlled from 
upstream. On the other hand, in the subcritical regime where disturbances 
are able to propagate in the upstream direction, flows are controlled from 
downstream. For subcritical flows, the entrainment of water from above 
becomes small and we can be taken to vanish (Turner, 1973). 

In the ocean, turbidity currents are expected to be supercritical as 
they move downslope in submarine canyons, which are characteristically 
steep (Komar, 1971). Once such a current flows onto the submarine fan, 
it tends toward the subcritical regime due to the decline in slope. 

To predict the development of supercritical currents, equations 
(2.36)-(2.38) can be integrated numerically starting at the canyon head and 
marching stepwise in the downslope direction. In the case of sub critical 
currents, the situation is far more complicated due to the fact that it is 
necessary to specify the flow parameters at some point located at the 
extremities of the fan or abyssal plain, from where the backwater relations 
can be integrated in the upstream direction. However, these boundary 
conditions are not known beforehand since they depend on how the current 
develops until reaching such a point. 

2.7 Internal Hydraulic Jump 

The change from supercritical flow to subcritical flow is accomplished 
via a hydraulic jump (Turner, 1973) as illustrated in Figure 2.2. Therein a 
turbidity current undergoes a hydraulic jump induced by a change in bed 
slope in the proximity of a canyon-fan transition. To simplify the 
analysis, the fan is assumed to be horizontal, bed friction in the jump 
region is neglected, and water entrainment from above due to the jump is 
considered negligible. Under these assumptions, fluid mass is conserved and 
(2.33) reduces to 

q = Uh = constant (2.41) 

through the jump; here q is the flow discharge per unit width. 
Furthermore, it is assumed that the rate of sediment entrainment is equal 
to the rate of sediment deposition within the jump, thus sediment mass is 
conserved and (2.38) reduces to 

~ = constant (2.42) 
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Fig. 2.2 Transition from supercritical flow to subcritical flow through a hydraulic jump. 



Under these constraints, the sum of the momentum flux and the pressure 
force is conserved (Wilkinson and Wood, 1971; Stefan and Hayakawa, 
1972), that is 

IU2h + (3 + g R C h21 = IU2h + (3 + g R C h21 

1 2 

(2.43) 

where the term in the left side represents the flow force evaluated at 
section 1 just before the jump, and the term in the right side is the flow 
force at section 2 just after the jump. The shape factor (3 can have 
different values on each side of the jump, but assuming that the "slab" 
approximation is valid for both supercritical and subcritical currents (Le. (31 
= (32 = 1), and using the following relationships 

(2.44) 

(2.45) 

obtained with the aid of (2.27), (2.41), and (2.42), equation (2.43) can be 
reduced to 

(2.46) 

In addition to the trivial solution h1 = h2, this equation has the following 
solution 

~ = + [j 1 + 8 Ri: - 1] (2.47) 

The above relation was originally obtained by Yih and Guha (1954), while 
studying hydraulic jumps in two-layer flows. For a known pre-jump 
Richardson number Ril, this equation gives the ratio of the sequent or 

conjugate current thickness h2 to the initial current thickness h1. It is 
important to realize that the current thickness h2 is determined by the 
sub critical . flow, which is regulated by some type of control acting further 
downstream. Therefore, if the control produces a current thickness h2 
which satisfies equation (2.47) then a jump will form; otherwise it will not. 
It should also be clear that the subcritical flow influences the location of 
the jump, which furthermore controls the length of the water-entraining 
supercritical flow upstream of the jump. This in turn influences 
downstream conditions. In laboratory experiments, the downstream 
boundary conditions are usually imposed by the experimenter (e.g. weir, 
sluice gate, outfall) due to the finite length of experimental facilities. In 
the ocean, where a current may travel several hundred kilometers without 
losing its identity, it is expected that .the control of the flow will be 
through sediment deposition and bed friction. 
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2.8 Bed Variation due to Sediment Erosion and Deposition 

The bed elevation of submarine canyons and fans where turbidity 
currents occur rather frequently can be expected to change over time due 
to sediment erosion and deposition. If the amount of sediment transported 
as bedload is neglected, the condition for conservation of sediment mass for 
a bed completely covered by sediment is given by 

(2.48) 

where Zb is the bed level, t is the time, .;\ is the bed porosity, x is the 
downstream distance, and ¢ is the volumetric discharge of suspended 
sediment per unit width. With the help of (2.19) and (2.39), equation 
(2.48) reduces to 

(2.49) 

from which the following conditions can be discerned 

for => aggrading bed 

for => degrading bed 

These conditions clearly indicate that in active submarine canyons, where 
erosion may often prevail over deposition, the bed of the canyon will 
degrade over time. On the other hand, in submarine fans where turbidity 
currents are often too weak to entrain sediment, sediment deposition will 
dominate and the fan surface will aggrade over time. 
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CHAPTER 3 EXPERIMENTAL APPARATUS 

AND PROCEDURE 

3.1 The Flume 

The experiments were conducted in the flume shown in Figure 3.1. 
The channel was 30 cm wide, 78 cm in depth, and 11.6 m in length. The 
slope transition was modeled in a simple one--dimensional configuration. A 

5 m long inclined bed with a slope of 0.08 (4.6°) modeled the canyon and 
was adjoined to a 6.6 m long horizontal bed modeling the associated 
abyssal fan. The model canyon head, where the currents start to flow 
downslope, consisted of a submerged sluice gate. 

The facility could be used to generate a sediment-driven current or a 
conservative s'aline c1l;Irent as desired. A mixing tank with a maximum' 
capacity of 2000 liters was used to prepare the dense fluid, by either 
mixing sediment and water or by dissolving salt in water. After filling the 
experimental flume with uncontaminated tap water, the dense fluid was 
pumped up to a constant head tank~ from where it was piped to the model 
canyon head (submerged sluice gate) with the help of a system of valves 
and a calibrated orifice flow meter. In this fashion, a saline' or 
sediment-laden bottom current of known density could be delivered at a 
known rate. 

The density difference between the underflow and the uncontaminated 
water above it acted to drive the current downslope. After traveling the 
length of the flume, the current emptied into an end tank. The level of 
the contaminated fluid in the end tank was kept below the channel bed by 
means of a bottom drain. This caused the downstream end of the channel 
to act as a submerged free overfall, preventing the reflection of the current 
from the end tank back upstream. Uncontaminated water was supplied to 
the end tank through a manifold placed at the surface to make up for the 
ambient water entrained by the underflow. An overflow weir served to 
maintain a constant water level in the flume. Proper operation of the 
flume and end tank allowed for the maintenance of sustained bottom 
currents for as long as one hour. In this way, it was possible to measure 
the flow in detail and to model the formation of rather thick turbidites in 
spite of the fact that only dilute suspensions were considered. 
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Fig. 3.1 Schematic of the experimental facility. 



3.2 Measuring Instmmentation 

3.2.1 Flow Velocity Measurements 

The instrument used to measure flow velocities was a 3 mm diameter 
Shinozuka model SV-3 micropropeller, which has a measuring range of 2 
cmls to 100 cmls and a reported accuracy of :I: 10 % (Figure 3.2). This 
instrument operates by generating a periodic signal with a frequency which 
is proportional to the angular velocity of the rotating propeller. This 
angular velocity is in turn linearly related to the velocity of the moving 
fluid. The miniature current meter was periodically calibrated in a 12 m 
long towin~ tank which could produce constant speeds ranging from 1 cmls 
to 25 cm/s. A typical calibration curve is shown in Figure 3.2. The 
micropropeller was mounted on a movable gage in order to measure flow 
velocities at different depths. Even though the current meter was 
originally designed for use in uncontaminated water, it was found that with 
proper care the miniature meter withstood the unfavorable conditions 
associated with saline or turbidity current experiments. Four different 
probes were used during the experimental study. 

3.2.2 Suspended Sediment Concentration Measurements 

3.2.2.1 Well-8orted Sediment 

To measure sediment concentrations of suspended sediment with 
uniform size, a Kenek model PM-206 optical light probe was used (Figure 
3.3). The measuring range of the probe decreases with sediment size. The 
operating principle of this instrument is based on the attenuation of light 
due to the presence of suspended sediment. A photodetector determines 
the amount of light passing from a light source through a suspension and 
generates a signal proportional to the amount of light attenuated. Both 
the light receiver and the light source have a diameter of 2 mm, and the 
measuring gap between them is 10 mm long. By relating the light 
attenuation to the concentration of sediment in the suspension, 
instantaneous measurements of sediment concentration are obtained. This 
instrument was calibrated for use with the different types of sediment 
employed during the experiments. The calibration consisted of submerging 
the probe in a container with a suspension of known sediment concentration 
and recording the associated signal from the photodetector. In each 
calibration, the range of sediment concentrations between clear water and 
the maximum concentration expected in an experiment was covered. A 
typical calibration curve is shown in Figure 3.3. The probe was placed 
side by side with the micropropeller. In this way, the point gage holding 
both probes could be displaced vertically to obtain sediment concentrations 
and flow velocities at different locations within the flow. 

3.2.2.2 Poorly-Sorted Sediment 

Since the amount of light attenuation caused by a large sediment 
particle can be the same as that caused by a number of smaller particles, 
it was not possible to use the optical light probe to measure concentrations 
of poorly-sorted sediment. The more traditional method of measuring 
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sediment concentrations by means of siphons was employed instead. A 
rake of point samplers (Figure 3.4) was built for each measuring station 
taking into account the possible differences in flow thickness along the 
model canyon and fan. The samplers were made from 5 mm O.D. brass 
tubing. A streamlined shape was given to the tip of the samplers to 
minimize any perturbation of the flow. Each sampler was connected to a 
plastic hose allowing for sampling using a siphon arrangement. The 
samples were collected in 1000 ml glass beakers and were later analyzed to 
determine the averaged volumetric sediment concentration at each 
measuring point. Some of this samples were also used to determine the 
size distribution of the suspended sediment. 

3.2.3 Salinity-Density Measurements 

The optical light probe used to measure turbidity was also used to 
measure density differences due to salt content. This was done by 
introducing a certain amount of blue dye into the mixing tank during the 
preparation of the saline solution. A sample of the solution in the mixing 
tank was diluted to produce several reference samples of known dye and 
salt concentration. These samples were then used to calibrate the light 
probe (Figure 3.5). The density difference between the fluid in the mixing 
tank and the uncontaminated water in the flume was obtained by weighing 
samples having the same volume from both water bodies. The blue dye 
was used as a tracer during an experiment, and the measurements of dye 
concentration within a current were converted into values of excess 
fractional density. 

3.3 Instrumentation Set-up and Data Collection 

The point gage holding both the micropropeller and the light probe 
was mounted on a trolley (Figure 3.6). The trolley could be moved over 
rails which extended along the side of the flume, allowing for positioning of 
the instrumentation at any desired location within the model canyon and 
fan. Once the trolley was positioned at a measuring station along the 
centerline of the flume, the point gage could be moved up and down to 
measure velocity and sediment concentration (or excess density in the case 
of saline currents) profiles in the vertical direction. Additional trolleys 
were used to position the rakes of siphons during the experiments with 
poorly-sorted sediment. 

The analog signals generated by the micropropeller and the light 
probe during an experiment were monitored by a microcomputer via an 
analog to digital converter card. In the case of the micropropeller, the 
analog signal was amplified before the conversion to take full advantage of 
the range of the AID converter. The digitized signals were then used to 
calculate the mean flow properties of interest. 
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3.4 Panicle Size Analyzer 

To determine the size distribution of the different sediment materials 
employed during the experiments, a model TA II Coulter Counter was used 
(courtesy of Pillsbury Co.). This instrument determines the number and 
sizes of particles suspended in a conductive liquid by forcing the suspension 
to flow through a small aperture. Electrodes are immersed in the 
conductive fluid on both sides of the aperture. As a particle passes 
through the aperture, it changes the resistance between the electrodes. 
This produces an electric current pulse of short duration having a 
magnitude proportional to the particle volume. The series of pulses is 
electronically classified by size and counted. The Coulter Counter is 
calibrated by running a test with a suspension of glass spheres of known 
size. The size distribution obtained when analyzing a sediment sample 
with this instrument thus corresponds to that for spheres with same volume 
as the sediment particles. Probably the most outstanding feature of this 
instrument is its capability to provide size distributions for very small 
sediment samples (a few milligrams). By using different aperture sizes, the 
Coulter counter model TA II can be used to analyze particles with sizes 
varying from O.4Jh to 800Jh. 

3.5 Sediment Materials 

A variety of sediment materials were used during the experimental 
study. To classify the different types of sediment, it is useful to introduce 
the ¢ scale for sediment size. This scale, which is commonly employed by 
sedimentologists, is defined as 

(3.1) 

where D is the diameter of the sediment in millimeters. In this scale, the 
smaller sediment diameters correspond to larger values of ¢. A value of ¢ 
= 0 corresponds to a coarse sand, while a value of ¢ = 9 corresponds to a 
very fine silt. The mean value of ¢ is given by 

(3.2) 

and the standard deviation on the ¢ scale is given by 

IT¢ = ~ (¢i - 1)2 fi (3.3) 

where ¢i = - In(Di)/ln(2), Di is the diameter of the sediment in the ith 
size range, and fi is the fraction of material in that size range. For a 

completely uniform sediment (J ¢ = o. The parameters 1 and (J ¢ are related 

to the more familiar geometric mean size Dsg and its standard deviation 
(Jsg, by the following relations: 

Dsg = 2 -1 (3.2) 
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(3.3) 

In Figure 3.7, typical cumulative frequency curves for the different 
sediments employed to generate turbidity currents are shown. Three grades 
of silica and two grades of glass were used for the turbidity current 
experiments, while two grades of crushed coal were used for the sediment 
entrainment experiments. The characteristics of these sediments are 
summarized in Table 3.1. 

TABLE 3.1 CHARACTERISTICS OF SEDIMENT MATERIALS 

Material 1 (J~ Dsg (jJ.) (Jsg R = Ps/p-l vs(cm/s) 

Novaculite 8.05 0.47 4.0 1.38 1.65 0.002 

Daper 6.80 0.63 9.0 1.55 1.65 0.008 

Glass A 5.10 0.56 30.0 1.47 1.50 0.085 

Glass B 3.95 0.37 65.0 1.29 1.50 0.350 

Novaculite 200 5.21 1.00 27.0 2.00 1.65 0.060 

Coal A 3.32 0.64 100.0 1.56 0.35 0.190 

Coal B 2.47 0.66 180.0 1.51 0.35 0.620 

note: sediment fall velocity Vs estimated at 20°C. 

To estimate the fall velocity v s associated with the different sediment 

materials, the empirical relation developed by Dietrich (1984) was used. 
This equation is given by 

(3.4) 
where 

log(W *) = -3.7617 + 1.92944 log(D*) - 0.09815 (log(D*))2 

- 0.00575 (log(D*))3 + 0.00056 (log(D*))4 (3.5) 

42 



,. 

Here g is the acceleration of gravity, R is the submerged specific gravity of 
the sediment, Dsg is the geometric mean size of the sediment, and 1/ is the 
kinematic viscosity of the water. The fall velocities estimated with (3.4) 
are included in Table 3.1. 

3.6 Experimental Procedure: Conservative Saline Currents 

3.6.1 Dense Fluid and Flume Preparation 

Prior to each experiment, the mixing tank and the flume were 
cleaned and then filled with city water. After this, table salt was added 
to the mixing tank until the desired fluid density was achieved. Once the 
dense fluid was ready, it was recirculated with a pump through the 
constant head tank system. A calibrated orifice meter, a manometer, and 
a valve were then used to adjust the desired flow rate (Qo)' After 

preparing the dense fluid, but a few minutes before starting a run, the 
damping tank at the end of the flume was set by drawing water through 
the bottom drain. At the same time, water was supplied through the 
surface manifold so that the level of uncontaminated water in the flume 
remained constant~ The amount of city water supplied by the manifold 
(Qm) to the end tank was measured with a calibrated orifice meter; and it 

was usually set to be twice as lar~e as the flow rate set up previously in 
the mixing tank (Qm = 2 QoJ to account for the entrainment of 

uncontaminated water by the current. 

Standard mercury thermometers were used to measure fluid 
temperatures in the mixing tank and in the flume. This was done to ensure 
that the only source of density difference was the salt (or sediment for the 

turbidity currents). A temperature difference of 1 °c gives a density 

difference on the order of 10-4 gjcm3, which is only 1.5 % of the average 
density difference generated during the experiments. This estimate indicates 
that the difference in water temperatures would have to be fairly large to 
have any significant influence on the dynamics of the underflows. 

3.6.2 Preparation of Measuring Instruments 

After preparing the dense fluid and the flume, the trolley with the 
instrumentation was placed at a selected measuring station. Then the 
point gage was lowered until the sensors were about 0.6 cm above the bed. 
At this time, the calibration curves for the micropropeller and the light 
probe were supplied to a computer program used for data collection. 
Usually, a few trial measurements were made to ensure that the 
instrumentation was working well before starting the run. 
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3.6.3 The Run 

Most of the runs involved the participation of two people, one in 
charge of the measuring instrumentation, and the other in charge of the 
data collection. 

A typical run was started by delivering the recirculating dense fluid 
to the flume with the help of butterfly valves. After this operation, the 
manometer reading was checked and the sluice gate flow rate (Qo) was 

readjusted if necessary. The underflow emanating from the sluice gate was 
allowed to develop until it reached the end tank. At this point, the 
surface manifold flow discharge was adjusted to provide a small overspill 
through a "morning glory" weir placed in the end tank ensuring a constant 
water surface. Immediately after this, the measurements were commenced. 

The operator in charge of the trolley with the instruments placed the 
sensors at different locations above the bed with the help of the point 
gage. Sampling duration varied from 10 to 20 seconds, and the sampling 
rate was five samples per second. Once the computer finished with the 
sampling and the computation of local flow properties (i.e. mean velocity 
and excess fractional density), the operator moved the sensors to the next 
measuring point and positioned them with the help of the point gage. 
This methodology allowed the computer operator to select the spacin~ of 
the measuring points depending on the location within the flow l e.g. 
velocity gradients). Once the measurements at the different locations in 
the vertical direction were completed, the resulting velocity and excess 
fractional density profiles were displayed on the computer monitor. This 
provided a first view of the local structure of the flow and helped uncover 
any possible errors or irregularities associated with the measurements. 
After this, the trolley was moved to the next measuring station, and the 
measuring process started again. The location of the sensors along the 
centerline of the flume was established by a one-dimensional coordinate 
system marked on the glass wall of the flume. 

The number of stations surveyed during an experiment was directly 
related to the duration of the run. The main limitation was imposed by 
the size of the mixing tank. In some cases, the density of the fluid in the 
tank was doubled and the dense fluid was diluted with city water just 
before entering the flume in order to maintain a continuous current for a 
longer period of time. Proper operation of the facility resulted in fairly 
long runs (30 to 60 minutes), allowing for measurements at up to ten 
stations along the centerline o( the flume. . 

After the run was completed, the data collected were analyzed to 
evaluate integral parameters of the flow (e.g, layer-averaged velocity, 
Richardson number, etc.), at the measured locations. 
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3.7 Experimental Procedure: Turbidity Currents 

3.7.1 Currents Driven by We1l-Sorted Sediment 

The procedure followed to generate and monitor the turbidity currents 
was exactly the same as the one for the saline currents. The only 
differences were that the dense fluid was prepared by mixing sediment and 
water instead of salt and water, and the light probe was used to measure 
sediment concentrations instead of density differences. For all of these 
experiments, the bed of the flume was initially free of sediment. 

The turbidity currents had initial conditions similar to those of the 
saline currents. In these experiments, the fall velocity of the sediment 
driving the motion was varied by using different sediment materials of 
relatively uniform size. The sediments used to generate the turbidity flows 
were novaculite, daper, glass A, and glass B. Their characteristics are 
summarized in Table 3.1. 

After each experiment, the water was kept ponded in the flume to 
avoid disturbing the bed, and the sediment deposits (model turbidites) were 
sampled. A plexiglas tube with a diameter of 10 cm was placed on the 
bed and used to limit the area of the bed to be sampled. A small hose 
was then used to siphon out the bed sediment surrounded by the plexiglas 
tube. Bed samples were collected every 100 cm along the centerline of the 
channel and placed in 1000 ml glass beakers. These samples were- saved 
and later used to determine the amount of sediment deposited per unit 
area. 

3.7.2 Currents Driven by Poorly-Sorted Sediment 

The experimental procedure for these experiments was similar to the 
one followed to generate the turbidity currents driven by uniform sediment. 
Again, the flume bed was initially free of sediment. An important 
difference concerns the measurements of suspended sediment, which for 
these runs was done with the rakes of siphons described in section 3.2.2. 
Two sampling rakes were used, one along the model canyon and the other 
one along the model fan. During each experiment, flow in the siphons was 
started long before the commencement of the current. Once the current 
had developed, samples were collected in 1000 ml glass beakers. No 
particular effort was made to sample isokinetically. After finishing with 
the collection of samples at two stations along the inclined bed and two 
stations along the horizontal bed, the trolleys holding the rakes of siphons 
were moved away. Velocity profiles were then measured at these stations. 

In these runs, novaculite 200 was used as the model sediment (Table 
3.1). The suspended sediment samples collected with the siphons were used 
to determine volumetric concentration. Some of these samples were also 
analyzed with the Coulter counter to determine the vertical distribution of 
sediment particles of different sizes. 

45 



As was done in the previous set of experiments, bed samples were 
collected after the run without emptying the flume to evaluate the amount 
of sediment deposited along the canyon and fan. These samples were also 
analyzed with the Coulter counter to evaluate longitudinal sorting of the 
sediment. 

3.8 Experimental Procedure: Eroding Saline Currents 

For this special set of experiments, the bed of the flume was modified 
to provide an erodible bed along a portion of the model canyon (Figure 
3.8). The sediment used to model the erodible bed was crushed coal. The 
characteristics of the two grades used (coal A and coal B) are described in 
Table 3.1. 

These experiments involved the generation of saline currents, as was 
done in the first set of experiments. In this case, however, the dense 
fluid was not mixed with any kind of dye, and therefore, the generated 
currents were practically transparent. The light probe was calibrated to 
measure suspended sediment concentrations of coal. By running the saline 
currents over the erodible bed, an attempt was made to isolate the 
phenomenon of sediment entrainment into suspension. 

The measurement of velocity profiles and concentration profiles of 
resuspended sediment (When present) was done in a way very much like 
that in the previous sets of experiments. The measuring program took 
place along the erodible portion of the bed. 
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CHAPTER 4 

EXPERIMENTAL RESULTS: CONSERVATIVE SALINE CURRENTS 

4.1 Purpose of the Experiments 

The main purpose of these experiments was to obtain information on 
the characteristics and behavior of conservative saline currents in the 
proximity of a break in slope. Such observations would provide both data 
on density currents driven by sediment with zero fall velocity, and also a 
benchmark· against which to compare the effects of sediment deposition on 
the flow mechanics. 

4.2 Overview of the Experiments 

After a number of preliminary tests that were necessary to adjust the 
experimental facility and measuring technique, approximately thirty 
experiments were conducted. Considerable emphasis was placed on the 
ability to reproduce a given flow, so for each set of inlet conditions the 
experiment was repeated until the quantity and quality of the data were 
considered acceptable. For all the experiments, the inlet current thickness 
ho was set at 3 cm with the help of a sluice gate. The inlet flow rate per 

unit width qo was set at 33 cm3/s, thus giving a inlet layer-averaged 
velocity U 0 (= qo/ho) of 11 cm/s. The inlet buoyancy discharge per unit 

width to = gAoqo, and the inlet Richardson number R. =! IU 3 were 
10 0 0 

varied by changing the inlet fractional density A 0 (= RC for sediment) of 
the current in excess of the uncontaminated water in the flume. The 
ranges covered for these various parameters were as follows: 

0.002 < Ao < 0.015 

68 cm3/s 3 < to < 480 cm3/s 3 

0.05 < R. < 0.36 
10 

As denoted above, the inlet Richardson numbers R. were sufficiently lower 
10 

than unity to ensure the generation of downslope developing supercritical 
flows. Since several experiments were conducted for the same initial 
conditions, for the present analysis only one experiment representative of 
each set of initial conditions was selected. The inlet conditions of these 
experiments are shown in table 4.1. Therein, Tin denotes the temperature 
of the salt-water solution in the mixing tank, and Tn denotes the 
temperature of the uncontaminated water in the flume. 
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TABLE 4.1 INLET CONDITIONS OF SELECTED EXPERIMENTS 

Run Uo(cm/s) ho(cm) Ao 'o( cm3 / S3) R. 
10 

Tin (oC) Tn(OC) 

SAL26 11 3 0.0021 68 0.05 26.0 26.3 

SAL27 11 3 0.0040 129 0.10 27.0 26.7 

SAL28 11 3 0.0080 259 0.19 27.5 28.0 

SAL29 11 3 0.0120 388 0.29 27.5 27.9 

SA111 11 3 0.0130 420 0.32 24.0 25.0 

In all the experiments the inlet Reynolds numbers Reo = Uoho/v was 

larger than 3000, ensuring turbulent flow conditions at the inlet. The ratio 
of the sluice gate opening (ho = 3 em) to the water depth at the inlet 
(greater than 30 em) was about 0.1 or less during the experiments, thus 
avoiding the possibility of significant recirculation due to depth limitation. 

4.3 Flow Measurements 

In each experiment, as the dense flow entered the sloping region, the 
leading edge of the current formed a front similar to the one shown in 
Figure 4.1. The measurements were concentrated on the body of the 
current; they were started a few minutes after the front had reached the 
end tank. During each run, several vertical profiles of downstream velocity 
and excess fractional density were measured along the centerline of the 
flume. Usually the measurements started along the sloping region, and 
continued along the horizontal region. In Figure 4.2, local mean velocity u 
and excess fractional density 8 are plotted as functions of distance above 
the bed at two different locations for a typical run, one upstream and the 
other downstream of the break in slope. As shown therein, the velocity 
profiles have a characteristic velocity distribution resembling that of a wall 
jet. The point along the vertical at which the maximum velocity occurs is 
seen to move up and away from the bed while going from the model 
canyon to the model fan, indicating a clear deceleration of the flow. 
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Fig. 4.1 Density current front. The flow is from left to right. 
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-4.4 Layer-Averaged Flow Parameters 

The velocity profiles measured along the centerline of the channel 
during an experiment were used to determine the current thickness hand 
the layer-averaged velocity U at each measuring station, with the aid of 
equations (2.15) and (2.16) as follows 

00 f u 2 dz 
U = ---.:o~ __ _ 

00 f u dz 
o 

[foo u dz r 
h = _--'0'"--___ _ 

00 f u 2 dz 
o 

(4.1) 

(4.2) 

In the case of a saline density current the buoyancy discharge tI is 
conserved, and the bulk Richardson number of the flow at a given location 
can be readily obtained if the current velocity is known, 

R. = ~ = _iI_ 
I US US 

( 4.3) 

Such a current quickly reaches a normal or equilibrium state at which the 
current velocity U becomes constant and the current thickness h grows 
linearly with distance due to water entrainment from above (Ellison and 
Turner, 1959). The normal Richardson number Rin associated with the 

normal velocity Un, has a constant value for a given slope and bed 
roughness. This is illustrated in Figure 4.3, where the layer-averaged 
velocities computed from the measurements taken at 300 cm from the inlet 
during the experiments are plotted against the buoyancy discharge t. A fit 
of the data points therein gives a value of Rin = 0.25. The plot also 

indicates the range of layer-averaged velocities that can be expected along 
the model canyon, and illustrates clearly how modestly the current velocity 
increases as the buoyancy discharge is increased. 

4.5 Spatial Development of the Underflows 

The supercritical currents generated at the inlet reached equilibrium 
within the first 150 em from the inlet. According to equation (2.37), the 
rate of thickening at equilibrium is given by 
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dh 
---:r=- = e (R. ) 

uX W In 
( 4.4) 

The linear growth displayed by the currents along the sloping portion of 
the bed is illustrated in Figure 4.4. The fits shown therein indicate values 
of the water entrainment coefficient ew ranging from 0.0055 to 0.0092. As 

implied by (4.4), ew should in principle be the same for all the currents. 

The differences might be attributed to the fact that the Reynolds number 
was not always large and viscous effects could have been important. In 
spite of these differences, the values of ew observed herein are in good 

agreement with the data in the literature on dense bottom currents. This 
is illustrated in Figure 4.5 where the water entrainment coefficient is 
plotted as a function of the bulk Richardson number measured in each 
experiment. 

In Figure 4.6, the velocity profiles measured along the centerline of 
the channel during a typical run are shown. The current thickness h at 
each location is also denoted in the figure, as well as the visual interface 
determined with the help of the light probe. The bulk Richardson numbers 
computed at each station indicate that the underflow is supercritical (Ri > 
1) along the sloping bed and sub critical (Ri < 1) along most of the 

horizontal bed region, thus showing the existence of a hydraulic jump. The 
supercritical flow is controlled by the inlet conditions, and the subcritical 
flow is controlled by the condition imposed by the critical section (Le. 
outfall) at the end of the channel. The hydraulic jump is seen to take 
place at a point very near the slope discontinuity. The underflow thickness 
h is doubled, and its velocity U is halved, in going through the jump. 
The measurements also indicate that the specific flow discharge q increases 
smoothly along the supercritical flow region, but remains fairly constant 
after the jump, along the subcritical flow region. 

4.6 Characteristics of the Hydraulic Jumps 

In the Table 4.2, information concerning the characteristics of the 
observed jumps is provided. The hydraulic jumps are relatively weak, as 
suggested by the ratio of the current thickness after the jump h2 to the 
current thickness before the jump h1, which is seen to take values between 
2.0 and 2.4. In all cases the flow velocity of the current is almost halved 
after going through the jump. 

The degree of stratification of the subcritical portion of the flows, as 
indicated by the post jump Richardson number R. , is seen to increase with 

12 
the buoyancy discharge. The amount of water entrained by the jumps, 
quantified by the ratio q2/ ql in Table 4.2, is found to be rather small. 
For 
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the sake of comparison, the ratio of the current flow rate before the jump 
. q to the inlet flow rate q is included in the table . As shown therein the 

1 0 
amount of water entrained by the currents before the jump is on the 
average seven times larger than the amount of water entrained by the 
currents while going through the jump. 

TABLE 4.2 CHARACTERISTICS OF HYDRAULIC JUMPS 

Run h1 h2 U1 U2 R. 
11 

R. 
12 h2/h1 U2/U1 q2/q1 Ql/qO 

SAL26 11.1 22.5 6.9 3.9 0.21 1.15 2.00 0.56 1.16 2.30 

SAL27 9.7 20.0 8.2 4.6 0.23 1.32 2.05 0.56 1.15 2.43 

SAL28 7.6 16.3 10.1 5.9 0.25 1.26 2.14 0.58 1.25 2.34 

SAL29 7.1 15.7 11.3 6.4 0.27 1.48 2.20 0.57 1.24 2.45 

SALll 6.4 15.1 11.8 5.9 0.25 2.04 2.36 0.50 1.19 2.28 

note: h1 and h2 are in centimeters and U1 and U2 are in centimeters 
per second 

The observation of the currents through the glass wall of the flume 
usually indicated that the transition from one regime to another took place 
very close to the break in slope. This is illustrated in Figure 4.6, where 
the interface of the current, as detected by the light probe, is seen to jump 
before the position at which the hydraulic jump is located according to the 
measurements. An attempt was made to expose the structure of the 
transition by generating a current colored with green fluorescent dye, and 
injecting blue dye in the proximity of the bed just before the break in 
slope. The resulting flow visualization is shown in Figure 4.7. Therein the 
upper green layer is seen to jump before than the lower blue layer, 
suggesting that the wall-bounded layer has more momentum than the upper 
jet-like layer and therefore is able to drive further into the pressure wall 
imposed by the subcritical portion of the flow. Interestingly, the position 
at which the wall-bounded blue layer jumps is about where the "nose" of 
the velocity profiles moves away from the wall. 
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·4. 7 Variation of Bed Shear Stress 

The bed shear stress Tb along the centerline of the channel, or its 

surrogate the bed shear velocity u~ = Tb/ p, can be estimated in different 

ways with the help of the measured profiles. One way is to apply the 
momentum balance equation (2.24) between two measuring stations. An 
alternative is to estimate the bed shear velocity using the velocity 
measurements in the proximity of the bed in conjunction with the 
logarithmic law 

( 4.5) 

in which u denotes the mean flow velocity at a distance z above the bed, 
u* denotes the bed shear velocity, If, is Von Karman's constant (=0.4), zo 

is the zero-velocity level taken as 0.11(v/u*)+0.033ks' and ks is the 

equivalent bed roughness (Van Rijn, 1984). Using the velocities below the 
maximum velocity point of the profiles measured along the supercritical 
flow region, the value of ks can be estimated. In Figure 4.8, the variation 

of the bed shear velocity along the centerline of the channel obtained with 
the help of (4.5) and measurements from run SALll, are shown. It is seen 
that the beel shear stress decreases remarkably after the current has gone 
through the jump. 

4.8 Similarity of Profiles and other Characteristics 

In Figure 4.9, velocity profiles for a number of runs are plotted in 
normalized form with the help of the corresponding current layer-averaged 
velocity U and the current thickness h. The similarity collapse is quite 
good for both supercritical and subcritical flows. In the case of 
supercritical flows, the boundary layer extending up to the maximum 
velocity point covers a small portion of the current thickness, while the 
unbounded layer entails approximately 75% of flow. On the other hand, 
the wall-bounded layer covers a larger portion of the flow in the case of 
subcritical currents, where the "nose" or maximum velocity point is located 
farther away from the wall. 

In Figures 4.10, excess fractional density profiles are presented in 
normalized form. The similarity collapse is good for the supercritical flow 
profiles and fair for the subcritical flows. In the case of supercritical flows, 
the excess fractional density is seen to decrease monotonically in the 
vertical direction. A different structure is observed in the case of 
subcritical flows, which shows a layer of almost constant excess fractional 
density that extends up to the maximum velocity point followed by a 
decreasing excess fractional density in the upward direction. 
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Fig. 4.7 Flow visualization of internal hydraulic jump. 
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An important characteristic of the velocity profiles is that they show 
an almost linear variation above the maximum velocity point. This is 
consistent with Turner (1973) who states that in the upper region of the 
flow, where turbulence is locally generated, the only parameters that are of 
importance in determining the velocity and density gradients are the local 
velocity scale AV and buoyancy scale AB at the edge of the plume. 
Using dimensional analysis Turner obtains the following 

( 4.6) 

where Ql and Q2 are constants. The above equations predict linear profiles 
simply because no external length scale is relevant in the upper portion of 
the flow. The maintenance of the turbulence is usually quantified by a 
gradient Richardson number (Harleman, 1969) 

R. = - g dp/dz cos fJ 
Z P (du/dz)2 

(4.7) 

where fJ is the bed slope angle (for this study cos fJ ~ 1). For values of 
Ri > 0.25 turbulence can not be maintained (Monin and Yaglom, 1971). 

Substitution of (4.6) into (4.7), yields 

Ri = ~~ = constant (4.8) 

indicating that R. should be constant above the maximum velocity point. 
Z 

For the profiles measured in the experiments, Ri is seen to take values in 

the range 0.13 - 0.23, with a mean value of 0.16 for the supercritical 
flows, while the range is 0.54 - 0.84 with a mean value of 0.64 for the 
subcritical flows. These values clearly indicate that the subcritical flows 
were highly stable. 

In Figure 4.11, shape factors for a number of excess fractional density 
profiles measured during the experiments are plotted against the 
corresponding local bulk Richardson number. These shape factors are 
equivalent to those defined in Chapter 2, and are defined by 

( 4.8) 

(4.9) 

where 1J = z/h. The shape factors for both supercritical and subcritical 
flows are seen to have in general values close to unity. 
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4.9 Conclusions 

The experiments have shown several important characteristics of 
conservative currents in the proximity of a break in slope. 

The observations clearly indicate that water entrainment from above 
is most important along the supercritical region of the flow, and is almost 
negligible along the subcritical region of the flow. The water entrainment 
coefficients estimated along the sloping region are in good agreement with 
the data in the literature. 

The amount of water entrained by a current while going through a 
jump was found to be rather small, particularly when compared with the 
amount of water entrained by the current before the jump. Even though 
the facility did not allow for a wide variation of flow conditions at the 
break in slope, the observations made seem to be supported by the work of 
several researchers concerned with the dilution of heated water discharged 
at relatively low Richardson numbers (i.e. Ri < 0.05). These studies 

indicate that most of the water entrainment occurs in the jet-like region 
before the jump itself (Wilkinson and Wood, 1971; Stefan and Hayakawa, 
1972; Baddour, 1987). The hydraulic jumps associated with plume-like 
flows (Ri > 0.1) can be expected to be rather weak. This was the case 

for the flows observed herein. For example, equation (2.47) gives for Ri = 

0.25, which is the normal Richardson number of the sloping region, a 
thickness ratio h2/h1 = 2.37. This value is very close to those measured 
during the experiments as illustrated in Table 4.2. 

Probably the most important effect of the transition on the flow 
characteristics is the marked reduction of bed shear stress downstream of 
the the hydraulic jump. This suggests that the capacity of a given current 
to transport sediment should be reduced substantially due to the jump. 

The measured velocity and excess fractional density profiles revealed 
different vertical structures for supercritical and subcritical flows, but for 
both flow regimes the profiles showed a fair to good similarity collapse. 

In the upper portion of the flow, above the maximum velocity point, 
the velocity profiles showed a linear variation with distance above the bed. 
This agrees well with the observations made by Turner (1973). In the case 
of the excess fractional density profiles, an almost linear trend could be 
discerned but it was no so clear as for the velocity profiles. The 
computation of the gradient Richardson number for the upper portion of 
the flows, indicated that the vertical mixing was completely inhibited by 
the density gradients in the case of subcritical flows. The values of Ri 

computed for the supercritical flows are found to be in very good 
agreement with those obtained numerically by Stacey and Bowen (1988). 
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The computation of shape factors produced values close to unity, 
suggesting that the top-hat or slab approximation can give reasonable 
results for both supercritical and subcritical conservative currents. 
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CHAPTER 5 

EXPERIMENTAL RESULTS: DEPOSITIONAL TURBIDITY CURRENTS 

5.1 Currents Driven by Well-Sorted Sediment 

5.1.1 Purpose of the Experiments 

These experiments were conducted to investigate the effect of 
sediment size on the spatial development and vertical structure of the 
currents. Of particular interest was the nature of the deposits upstream 
and downstream of a hydraulic jump, and the conditions under which the 
slope discontinuity is clearly manifested in the depositional record. 

5.1.2 Overview of the Experiments 

An effort was made to generate turbidity currents having inlet 
conditions similar to those set in the experiments with saline currents. 
The inlet current thickness ho was kept at 3 cm, and the inlet flow rate 

per unit width qo was set at 25 cm2/s for half of the experiments and at 

33 cm2/s for the rest, resulting in inlet layer averaged velocities Uo of 8.3 
cm/s and 11 cm/s, respectively. The inlet buoyancy discharge per unit 

width 41 0 = gRCoqo, and the inlet Richardson number R. =! IU 3 were 
10 0 0 

varied by changing the inlet excess fractional density RC o. The ranges of 
inlet values covered were as follows: 

0.0013 < Co < 0.0086 
0.0021 < RCo < 0.014 

52.3 cms/ss < to < 389.5 cmS/s 3 

0.05 < R. < 0.6 
10 

The geometric mean size Dsg of the sediment used to generate the 
underflows was varied between 4 f.£ and 65 f.£, resulting in sediment fall 
velocities Vs in the range 0.0016 cm/s N 0.40 cm/s. As in the case of 

saline currents, the inlet Richardson numbers were kept bellow unity to 
ensure the generation of supercritical currents. The inlet Reynolds number 
were always larger than 2700. In Table 5.1, the inlet conditions and other 
characteristics of each particular experiment are described. 
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TABLE 5.1 INLET CONDITIONS AND OTHER CHARACTERISTICS 
OF THE EXPERIMENTS 

Run Uo ho Co·l03 to R. 
10 

Dsg v 1 
s Tin Tn Run Time 

(em/s) (cm) (cm3/s 3) (J.I,) ( cm/s) (oC) (oC) (min) 

NOVAl 8.3 3 1.30 52.3 .09 4 .0016 25.5 25.5 40 
NOVA2 8.3 3 2.48 99.8 .17 4 .0016 25.0 25.0 40 
NOVA3 8.3 3 2.48 99.8 .17 4 .0016 26.0 25.5 38 
NOVA4 11.0 3 4.30 229.4 .17 4 .0016 25.0 25.0 27 
NOVA7 11.0 3 7.30 389.5 .29 4 .0016 25.5 26.0 22 
NOVA8 11.0 3 7.30 389.5 .29 4 .0016 25.0 26.0 28 
DAPERl 8.3 3 1.43 57.6 .10 9 .0083 26.0 26.0 40 
DAPER2 8.3 3 1.33 53.5 .09 9 .0083 26.0 26.0 40 
DAPER4 8.3 3 2.95 118.8 .21 9 .0083 26.5 26.5 33 
DAPER5 8.3 3 4.29 172.7 .30 9 .0083 26.5 26.0 36 
DAPER6 8.3 3 3.72 149.8 .26 9 .0083 25.5 25.5 40 
DAPER7 8.3 3 8.60 346.3 .60 9 .0083 23.0 23.0 30 
GLASSAl 8.3 3 1.52 55.6 .10 30 .0840 25.5 25.5 33 
GLASSA2 8.3 3 3.39 124.1 .22 30 .0840 26.0 26.0 30 
GLASSA4 8.3 3 2.84 104.0 .18 30 .0840 26.0 26.0· 30 
GLASSA5 8.3 3 3.94 144.2 .25 30 .0840 26.0 26.0 33 
GLASSA6 11.0 3 4.49 217.8 .16 30 .0840 25.5 26.0 30 
GLASSA7 11.0 3 2.66 129.0 .10 30 .0840 26.0 26.0 30 
GLASSA8 11.0 3 5.79 280.9 .21 30 .0840 26.5 26.0 28 
GLASSA9 11.0 3 6.62 321.1 .24 30 .0840 26.5 26.5 30 
GLASSBl 11.0 3 3.00 145.5 .11 65 .3950 25.0 25.0 28 
GLASSB2 11.0 3 6.00 291.1 .22 65 .3950 23.5 23.5 27 
GLASSB3 11.0 3 1.50 72.8 .05 65 .3950 23.0 23.0 28 

(1) estimated for a temperature of 26°C 
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5.1.3 Flow Measurements 

During each experiment, several vertical profiles of downstream 
velocity u and volumetric suspended sediment concentration c were 
measured along the centerline of the channel. The measurements 
concentrated in the body of the currents. The profiles were then used to 
compute the current velocity U and thickness h at different locations, with 
the help of equations (4.1) and (4.2). In the case of turbidity currents, 
the buoyancy discharge ! = gRCUh can change in the downstream 
direction due to sediment erosion and deposition, and hence the following 
integral must be evaluated to determine this parameter at different 
locations 

00 

!=gR!ucdz 
o 

(5.1) 

The buoyancy discharge can then be used to compute the Richardson 

number Ri = ! jU3 and the layer-averaged concentration C at each 
location. 

5.1.4 Spatial Development of the Currents 

The turbidity currents driven by 4 J.L sediment showed little tendency 
to deposit either in the model canyon or on the model fan; their spatial 
development thus resembled that of the saline currents. In Figure 5.1, the 
observations made for a typical run are shown. The current thickness 
calculated from the measurements is also included. Therein the transition 
from the canyon to the fan is seen to take place through a hydraulic jump. 
The measurements locate the jump between 550 and 800 cm from the inlet. 
In Figure 5.2, the flow characteristics before and after the jump are 
compared for the cases of a saline current and a turbidity current with the 
same inlet conditions. It is seen that the structure of the saline underflow 
and the turbidity current laden with 4 J.L sediment are almost identical. In 
particular, the same sharp decrease in bed shear stress can be inferred. 

The turbidity currents driven by 9 J.L sediment were weakly 
depositional along the canyon and the fan. The spatial development of 
these currents thus resulted, as in the case of currents driven by 4J.L 
sediment, in supercritical and subcritical flow regions with an intervening 
hydraulic jump. This is illustrated in Figure 5.3, where the measurements 
taken along the centerline of the flume during a typical run are shown. 
The jump is seen to take place between 600 and 800 em from the inlet. 

The turbidity currents driven by 30 J.L material showed a clear 
tendency to deposit sediment from their very inception. The more dilute 
currents often dissipated shortly after reaching the fan. Those currents 
that were dense enough to reach . the downstream end of the flume 
continuously decelerated and thickened after the break in slope. The 

70 



50.0 
....----. 
E 40.0 0 

-'-../ 

0 30.0 0 

o 20 (cm/s) 
I I 

Velocity 
:;JQ) 
1-0 20.0 (l)e 

>0 
-:r -+J 10.0 (f) t-' .-

""(J 

0.0 . 
O. 100. 200. 300. 400. 500. 600. 700. 800. 900. 1000. 

Distance from inlet (cm) 

Fig. 5~1 Observations for a turbidity current driven by 4 /l sediment (run NOVA3). 



Fig. 5.2 

25 
CURRENT DISTANCE 

TYPE FROM INLET -E 20 SALINE ---. 300 em 
0 -
w 
() 
Z ;:; 
en 
Cl 

-' « 
() 

J-
a: 
W 
> 

SALINE 0-0 800 em 
TURBID t:r-6 300 em 
TURBID .....-.. 800 em 

15 

10 

5 

o 5 10 15 20 

MEAN VELOCITY (em/s) 

Velocity profiles before and after the jump, for a saline current 
(SAL29) and a turbidity current driven by 4 P. sediment 
(NOVA7). Both currents have the same inlet conditions. 

. 72 



50.0 ..--.... 
E 40.0 0 

-"-./ 

0 30.0 U 

o 20 (cm/s) 
I I 

Velocity 
:..;:i()) 
I-U 20.0 Q)c 
>0 

-;r ...f-J 

10.0 ~ ~ c,..:) (f) .-
"D 

0.0 , .-. , , , , 

O. 100. 200. 300. 400. 500. 600. 700. 800. 900. 1000. 

Distance from inlet (cm) 

Fig. 5.3 Observations for a turbidity current driven by 9 It sediment (run DAPER2). 



calculated Richardson numbers indicated that the currents reached the end 
of the flume without going through a jump. 

The turbidity currents generated with 65 Jl sediment were so strongly 
depositional that they were not able to preserve their identity; they rapidly 
disintegrated as they moved downslope. In one of the experiments, 
sediment deposition in the proximity of the inlet was so strong that the 
flow conditions in that location were far from being constant. 

5.1.5 Characteristics of the Hydraulic Jumps 

In Table 5.2, information concerning the characteristics of the jumps 
is summarized. The jumps are relatively weak, as indicated by the ratio of 
the current thickness after the jump h2 to the current thickness before the 
jump hi! which is seen to take values between 1.4 and 2.15. The amount 
of water entrained by the currents while going through the jumps, 
quantified by the ratio q2/qi! is seen to be rather small. In Figure 5.4, 
the thickness ratio h2/h1 is plotted against the pre-jump Richardson 
number R.. The data for saline-currents and the relation given by 

11 
equation (2.47) for non-entraining jumps (Le. q2/q1 = 1), are also included. 
The observations for saline currents and turbidity currents driven by 4 and 
9 Jl sediment, are seen to agree fairly well with the behavior predicted by 
equation (2.47). 

TABLE 5.2 CHARACTERISTICS OF HYDRAULIC JUMPS 

Run h1 h2 U1 U2 R. 
11 

R. 
12 h2/h1 UdU1 qdq1 qt!qo 

NOVAi 8.6 14.2 4.3 3.3 0.56 1.45 1.64 0.77 1.24 1.49 

NOVA2 6.7 14.2 5.6 3.1 0.31 2.41 2.11 0.55 1.17 1.50 

NOVA3 6.5 13.8 5.8 3.6 0.38 2.21 2.12 0.62 1.33 1.51 

DAPER1 12.6 18.1 3.9 3.2 0.64 1.45 1.43 0.82 1.16 2.00 

DAPER2 10.9 18.4 4.3 3.0 0.51 1.93 1.68 0.70 1.17 1.88 

DAPER4 8.7 15.0 5.9 2.8 0.61 3.89 1. 72 0.47 1.00 2.07 

DAPER5 7.2 11.3 7.9 6.0 0.45 1.22 1.57 0.76 1.19 2.29 

note: h1 and h2 are in centimeters and U1 and U2 are in centimeters 
per second. 
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5.1.6 Vertical Structure of the Currents 

As shown in Figure 5.2, the vertical structure of the currents driven 
by fine-grained sediment is quite similar to that of the saline currents. 
This is illustrated further in Figures 5.5 and 5.6, where velocity and 
sediment concentration profiles for currents driven by 4 j.], material have 
been normalized with the corresponding layer-averaged values of velocity 
and sediment concentration, and current thickness. Similar plots for 
currents driven by 9 j.], and 30 j.], sediment are shown in Figures 5.7, 5.8, 
and 5.9. The supercritical flow profiles were measured at 300 and 400 cm 
from the inlet, while the subcritical flow profiles correspond to 
measurements taken at 900 and 1000 cm from the inlet. The similarity 
collapse is seen to be quite good for supercritical flows. In the case of 
subcritical flows, where information is available only for currents driven by 
4 and 9 j.], material, the collapse of the data does not indicate a good 
similarity of the profiles. 

For the case of supercritical flows, an attempt to quantify the effect 
of sediment size on the vertical structure of the flow can be made by 
introducing some profile parameters, as denoted in Figure 5.10. They are: 
the ratio urn/U of the maximum downstream velocity to the current 
velocity, the ratio zrn/h of the distance above the bed to the point of 
maximum velocity to the current thickness; the ratio zn/h of the distance 
above the bed at which u = 0.5 Urn to the current thickness; the ratio 
cb/C of the near-bed concentration measured at z = 0.05 h to the current 
layer-averaged concentration; and the ratio zc/h of the distance above the 
bed at which c = 0.5 cb to the current thickness. Estimates of the above 
parameters are summarized in Table 5.3. The values therein were obtained 
by adjusting a line by eye to the normalized profiles in Figures 5.5 N 5.9. 
These values indicate that the grain size does not seem to have any 
discernible effect on the vertical distribution of velocities. On the other 
hand, it appears that the grain size has a more noticeable effect on the 
vertical distribution of suspended sediment. It is seen that as the grain 
size increases, progressively more of the suspended sediment tends to be 
located in the lower portion of the flow. 

5.1. 7 Turbidites Deposited from Suspension 

In Figure 5.11, the downstream variation in sediment mass deposited 
per unit bed area is plotted for turbidity currents driven by sediment of 
different sizes. The turbidites generated by deposition of 9 j.], sediment 
have an almost uniform thickness along the model canyon and fan. On the 
other hand, a roughly exponential decrease in turbidite thickness with 
distance from the inlet can be inferred for the 30 and 65 p, material. The 
break in slope does not seem to cause any discontinuity in the depositional 
pattern of the currents driven by 30 P, material. 
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TABLE 5.3 CHARACTERISTICS OF SUPERCRITICAL FLOW PROFILES 

4 

9 

30 

Um/U 

1.40 

1.40 

1.37 

Zm/h 

0.15 

0.15 

0.15 

Zn/h 

0.72 

0.70 

0.70 

1. 78 

1.97 

2.00 

zc/h 

0.47 

0.35 

0.30 

In the case of currents driven by 4 and 9 '" sediment, for which a 
jump was clearly observed in all the experiments, no marked change in the 
rate of deposition or thickness of the deposits was manifested in the 
vicinity of the jump. It thus follows that a sudden drop in bed shear 
stress associated with a jump does not necessarily leave a discernible 
signature in the depositional record immediately downstream. The physical 
reason for this can be interpreted in terms of the fall velocity Vs of the 

material available for deposition from suspension. Based on estimates of 
fall velocities of 0.002 and 0.008 cm/s for 4 and 9 '" material, respectively, 
and a typical post jump current velocity of 5 cm/s, a particle in suspension 
would fall between 0.4 and 1.6 mm per meter travelled downstream of the 
jump. Insofar as the model fan is only 6.6 m in length, it follows that 
little of the suspended sediment can settle out in response to even 
markedly reduced shear stress upstream of the end of the flume. 

5.1.8 Turbidites Deposited from Bedload 

Even though a turbidity current is driven by suspended sediment, it 
may be easily competent to move rather coarse material as bedload. It is 
possible that this coarser material would respond more quickly to the 
reduced shear stress across the jump. 

In order to test this idea, the quantitative equivalence between saline 
and fine-grained turbidity currents illustrated in Figure 5.2 was exploited. 
In each of several experiments, a saline current colored with green 
fluorescent dye was generated. Upon establishment of a developed flow, a 
small but continuous supply of white plastic particles 3 mm in diameter 
was established at the inlet. These particles had a specific gravity of 1.05 
and an estimated fall velocity of 4 cm/s. 
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The behavior of the plastic particles was clearly visible through the 
green dye. The particles were transported almost exclusively as bedload 
down the model canyon) with no tendency to deposit. The case thus 
modeled up to the jump was that of supply-limited transport of bedload 
particles. Upon traversing the jump) the particles deposited in quantity. 
A discontinuous jump in turbidite thickness was thus realized in response 
to markedly reduced bed shear stress on the downstream side of the jump. 
The observed sediment deposit is shown in Figure 5.12. 

5.1.9 Discussion and Conclusions 

Variation of the sediment size used to generate turbidity currents 
allowed for the observation of different flow behaviors and depositional 
patterns. The currents driven by fine material (Le. 4 and 9 J.L) behaved 
very much like conservative currents. A great degree of similarity between 
the flow structure before and after the hydraulic jump was found. The 
amount of water entrained by the flows while going through the jump was 
in general rather small. The strength of the jumps (Le. h2/h1) was seen to 
take values fairly close to those predicted by the relation for non-entraining 
jumps (2.47). 

An increase in sediment size caused an increase in the tendency of 
the flow to deposit sediment. The currents driven by 30 J.L material 
decelerated continuously) while depositing sediment along the canyon and 
fan. On the other hand, the currents generated with 65 J.L sediment were 
so strongly depositional that the flows disintegrated within a rather short 
distance from the inlet. In both cases, an exponential decrease in turbidite 
thickness with distance could be discerned. The break in slope did not 
seem to cause any discontinuity on the depositional pattern of those 
currents that were capable of reaching the downstream end of the fan. 

A good similarity collapse of the velocity and suspended sediment 
concentration profiles was observed in the case of supercritical flows. The 
similarity of this profiles was further exploited to quantify the effect of 
grain size on the vertical structure of the flow. A rather crude analysis 
using some average profile characteristics showed no apparent effect of the 
grain size on the vertical distribution of velocities for the sizes ranging 
from 4 to 30 J.L. On the other hand, the profiles of normalized suspended 
sediment concentration showed, as expected, a tendency for the finer 
sediment to diffuse farther into the water column than the coarser 
sediment. 

The sharp decrease in bed shear stress experienced by the fine-grained 
currents after the jump did not cause any change on the rate of deposition 
from suspension. The following argument can be used to provide a 
physical explanation for this observation. In a current having a post jump 
velocity U 2 and thickness h2, a sediment particle with fall velocity v s 

located at a distance 0.5 h2 above the bed, will reach the bed in a 
characteristic time to given by 
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Fig. 5.12 Deposit of plastic particles right after the hydraulic jump undergone by a saline (green) current. The flow is from left to right. 
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(5.2) 

The longitudinal distance l covered by the particle during the depositional 
process will be 

(5.3) 

The ratio of (5.3) to (5.2) yields 

l _ 1 U 2 

Ii2 -"2--V; (5.4) 

which can be rewritten with the help of (2.29) as 

l = _1_ C _ 005 u* 
-Ii2 2 D Vs 

(5.5) 

Smaller values of l imply a tendency for a stronger depositional signature 
to be left in the depositional record immediately downstream of the jump.' 
The above simple expression indicates that the strength of the signature 
from the jump tends to increase as the ratio u*/v s of the bed shear 
velocity immediately behind the jump to the particle fall velocity decreases. 

The above conclusion is supported by the experimental observations. 
An. inspection of the data indicates that for the currents driven by 4 and 9 
j}, sediment, the ratio u*/v s took values on the order of 200 and 50 
respectively. For a typical post jump thickness h2 = 20 cm and bed 
friction coefficient CD ;::::: 0.004, equation (5.5) yields settling distances of 

approxim.ately 32 and 8 m for the 4 and 9 j}, material, respectively. This 
indicates that the model canyon was too short to observe any change in 
the depositional pattern due to the jump. On the other hand, for the 
plastic particles that moved as bedload and reacted immediately to the 
drop in shear stress the ratio u*/vs took a value of 0.1. The type of 

sediment deposit generated with the plastic particles (Fig. 5.12), is in close 
analogy to that observed in an open-channel flow laden with coarse 
material downstream of a hydraulic jump (Jopling and Richardson, 1966). 
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5.2 Currents Driven by Poorly-Sorted Sediment 

5.2.1 Purpose of the Experiments 

The overall objective of these experiments was to obtain information 
on the characteristics of turbidity currents driven by poorly-sorted sediment. 
Of particular interest were the vertical sorting of suspended sediment and the 
variation of turbidite thickness and grain size with distance from the source. 

5.2.2 Overview of the Experiments 

The currents generated were in general made to be denser than the 
turbidity currents driven by well-sorted sediment. This was done in an 
attempt to generate turbidites that would extend along the whole length of 
the flume. The material used was novaculite 200. Size distribution is shown 
in Figure 5.13. As in the previous experiments, the inlet current thickness ho 
was kept at 3 cm. The ranges of inlet values covered were as follows: 

33 cm2/s < qo < 43.3 cm2/s 

11 cm/s < U 0 < 14.4 cm/s 

0.00364 < Co < 0.0218 

0.006 < RCo < 0.036 

234.8 cm3/s3 < to < 1512.2 cm3/s 3 

0.10 < R. < 0.52 
10 

Here Co = ~CiO is the inlet layer-averaged sediment concentration of the 
sediment mixture, and CiO is the inlet layer-averaged concentration of 
sediment in the ith size range. The size ranges are defined in Table 5.4. 

At the two measuring stations located along the inclined bed, samples 
of suspended sediment were collected at 0.8, 2.0, 4.5, 7.0, and 9.5 cm above 
the bed, while at the two stations located along the horizontal region, 
samples were taken at 1.0, 3.5, 6.5, 11.0, 16.0, and 23.6 cm above the bed. 
These samples were then used determine the volumetric concentration of 
suspended sediment c at each measuring point, as well as the size 
distribution. 

As in the previous experiments, the inlet Richardson numbers were 
sufficiently lower than unity to ensure the generation of downstream 
developing supercritical flows. The inlet Reynolds number Reo = U oho/ v was 

always larger than 2500. In table 5.5, the inlet conditions and other 
characteristics of each particular experiment are shown. 
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Fig. 5.13 Typical size distribution of the sediment used in the experiments. 
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Run 

MIXl 
MIX2 
MIX3 
MIX4 
MIX5 
MIX6 
DEPOl 
DEP02 
DEP03 

TABLE 5.4 SEDIMENT SIZE RANGES 

4 /1 - 6.35 /1 

6.35 /1 - 10.08 /1 

10.08 /1 - 16.00 /1 

16.00 /1 - 25.40 /1 

25.40 /1 - 40.30 /1 

40.30 /1 - 64.00 /1 

64.00 /1 - 101.60 /1 

5.0 /1 

8.0 /1 

12.7 /1 

20.2 /1 

32.0 /1 

50.8 /1 

80.6 /1 

TABLE 5.5 INLET CONDITIONS AND OTHER CHARACTERISTICS 
OF THE EXPERIMENTS 

Uo ho Co·l03 to R. 
10 

Tin Tn Run Time 

(em/s) (em) (em3/s 3) (oC)" (oC) (min) 

13.3 3 3.64 234.8 0.10 17.0 16.5 45 
13.3 3 7.28 469.7 0.20 4.0 15.0 43 
13.3 3 7.28 469.7 0.20 7.5 7.5 34 
11.0 3 6.42 342.6 0.26 6.5 7.0 20 
11.0 3 7.28 388.5 0.29 6.0 7.0 30 
11.0 3 10.90 581.6 0.44 4.5 5.0 30 
13.3 3 3.64 234.8 0.10 6.0 7.0 40 
14.3 3 21.80 1512.2 0.52 6.8 7.5 24 
14.3 3 10.90 756.1 0.26 6.0 6.0 24 
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5.2.3 Flow Characteristics 

All the currents were strong enough to reach the downstream end of 
the flume. In Figure 5.14, the observations made for a typical current are 
shown. The layer-averaged values obtained from the measurements show 
that the flow is supercritical at the two stations along the sloping region 
and subcritical at the two stations along the horizontal region, thus 
indicating the existence of a hydraulic jump. This flow configuration was 
observed in most of the runs. 

5.2.4 Vertical Sorting of Suspended Sediment 

As a current evolves with distance, it can be expected than the 
suspended sediment will manifest itself within the water column as different 
vertical distributions for different size ranges. This in turn will determine 
the characteristics of the turbidite deposited by such a current. In Figure 
5.15, the size distribution of suspended sediment samples taken at different 
locations above the bed are plotted. A clear tendency for the sediment 
size to decrease in the vertical direction can be discerned. 

The product of the sediment size distribution times the total sediment 
concentration c at each measuring point was used to obtain the volumetric 
concentration Ci for each size range. This information can then be used to 
construct the vertical distribution of material in the different size ranges. 
In Figure 5.16, the resulting profiles for a typical measuring station are 
shown. The data indicate that the finer grains are distributed more 
uniformly in the vertical direction than the coarser grains. The plot also 
illustrates clearly the variation in rates of deposition that can be expected 
for a sediment mixture. 

5.2.5 Variation of Turbidite Thickness and Grain Size 

All flows showed a tendency to deposit sediment along the model 
canyon and fan. As illustrated in Figure 5.17, the variation in turbidite 
thickness with distance from the inlet was roughly exponential in most of 
the experiments. As was the case with well-sorted sediment, the break in 
slope did not seem to cause any discontinuity in the depositional pattern. 

The mean grain size of the suspended sediment driving a depositional 
current can be expected to decrease with distance from the inlet due to 
deposition of the coarser fraction. This suggests that the grain size of the 
turbidite originated by such a current should decrease in the downstream 
direction. This is illustrated in Figure 5.18, where the median grain size 
Dso (i.e. the grain size for which 50% of the sediment is finer) of the bed 
samples collected during several the experiments is plotted as a function of 
distance from the inlet. Because of the way this samples were collected 
(i.e. by means of a siphon), the median grain size of each bed sample 
represents a bulk value of turbidite grain size. 

91 



co 
t.) 

25 

20] x - 200em ] x - 400em 

15 

,.--... 

------~ E 10 
\ '\ ....... 0-0 

() 

o -0 '--" 

~o __ o ___ \ --0__. "D 5 
o~ ~--o-o_ (J) ~ 0 __ 

..0 
0 __ 0 o---oC?o ° ___ 0 0-[iE 

(J) 0 > 

~ 
0 

X = 700em X - 900em ..0 
0 20 

+-' 
.c 
01 I, -
(J) 

I 

o I 

5-1 \~/ G-€I U (cm/s) 
G--tl ex 1 03 

0 
0 5 10 0 5 10 15 

Fig. 5.14 Observations made for a typical current at two stations along the sloping region and two stations along 
the horizontal region (run DEP03). 



co 
~ 

Fig. 5.15 

100.0 I [ [ 1 I 1 1/ 

G-0 z = 0.8 em /;1; 90.0-1 G-EI Z = 2.0 em 
/!r-t::,. z = 4.5 em /;/;; 80.0-1 ~ z = 7.0 em 

70.0-1 ~ z = g.? em /;1; " *-7< Base size 

L 60.01 Iltf/ Q) 

c - 50.0 LL 

~ 40.0 

30.0J Ij/ ' 
~!J/ 20.0-1 !Ill 

10.0-1 P ~~ 
0.0 I .;til"" 

'I' I I • 

1.0 5.0 10.0 50.0 100.0 

Sediment size (microns) 

Size distribution of suspended sediment samples taken at different locations above the bed. The size 
distribution of the suspended sediment at the inlet (base) is also included. The data correspond to the 
measurements taken at 400 em from the inlet during run DEP03. 



10 
G--0 5/vl 
E&--tB 8/vl 
e-e 1 3 /vl 

8 G-EJ 20 /vl 
E8-EEI 32 /vl 

6 

o 

N 
4 

2 

O~~~~~~~~~~~~~~-r~ 

O.OE+OO 1.0E -03 2.0E -03 

c· I 

Fig. 5.16 Vertical concentration profiles for different grain sizes. Data from 
run DEP03 at x = 400 cm. 

94 



4 
G-€> MIX3 

~ 

N 
.-. MIX4 

E G---f] MIX5 
o 3 
~ IB---ffi M I X 6 

01 
'-..-/ Lr-b DEP01 
4-' 

(f) 

[ 2 
(J) 

0 
(0 4-' 
C1t C 

(J) 

E 1 
-0 
(J) 

(f) 

0 , 

0 1 2 3 4 5 6 7 8 9 10 1 1 

Distance From Inlet (m) 

Fig. 5.17 Depositional patterns produced by currents driven by poorly-sorted sediment. 



50 
r--. 

C 
0 
I.-

40 u -
E 

'---/ 

.~ 30 
(/) 

c -
0 

20 l.-

cc 0 
0) 

<U 
-+-' 

~ DEP03 -0 10 ..Q G--EI DEP02 
I.-
::J .-. MIX6 f-

0 
G-€l MIX4 

, 

0 1 2 3 4 5 6 7 8 9 10 1 1 

Distance From Inlet (cm) 

Fig. 5.18 Variation of turbidite median grain size D50 with distance from the inlet. 



co 
--l 

Fig. 5.19 

100 

90 x 250 em x = 450 em 

80 

70 

60 

50 

40 

30 

20 

L 
Q) 10 
C 

l.L 0 _9':::::::::: 

~ 90 x = 650 em x = 950 em 

80 

70 

60 

50 

40 

30 

20 

10 

0 
,::;::::::::' _Iii 

5 10 50 1 00 5 1 0 

.. . Sediment Size (microns) 
Grain size distribution in turbidites along the model canyon (x = 250 and 450 
= 650 and 950 em). Data from run DEP02. 

- Top 
8-El Middle 
~ Bottom 

50 100 

em) and the model fan (x 



In some of the experiments, the turbidites generated were thick 
enough to allow for the sampling of sediment at different locations in the 
vertical direction. The samples were usually taken from the base, the 
middle, and the top of the deposit. In Figure 5.19, the size distributions 
obtained from turbidites deposited at two locations along the canyon and 
two locations along the fan are shown. The two canyon samples show 
upward fining. One fan sample displays upward coarsening and the other 
one displays little vertical stratification. 

5.2.6 Similarity of Velocity and Sediment Concentration Profiles 

The velocity profiles measured during the experiments show a 
structure very much like that of the currents driven by well-sorted 
sediment. This is illustrated in Figure 5.20, where a number of velocity 
profiles measured along the model canyon and fan are plotted in normalized 
form in terms of the current thickness and layer-averaged velocity. The 
similarity collapse of the data is quite good for the supercritical region of 
the flows. On the other hand, the data for the subcritical region of the 
flows shows a similar shape but with a fair amount of -scatter. 

The vertical distributions of suspended sediment displayed in Figure 
5.16 are plotted in normalized form in Figure 5.21. The volumetric 
sediment concentrations Ci for each size are normalized with the 
corresponding layer-averaged concentration Ci. The plot clearly indicates 
that the finer grains tend to distribute more uniformly in the vertical 
direction than the coarser grains. In Chapter 2, the parameter Ci was 
assumed to maintain approximately similar profiles in the vertical direction 
obeying the following similarity law (2.12) 

c· -cl = eci(1J,8i) i=1...N (5.6) 

where 1J = z/h and 8j = Di/Dsg. The geometric mean size of the 
suspended sediment Dsg is determined with the layer-averaged 
concentrations Ci for each size range, according to equation (2.14). A 
plausible form of the similarity function eci can be obtained with the help 
the closure relationship given by equation (2.30) 

(5.7) 

and the following similarity relationship 

where Zci is the distance above the bed at which Ci - 0.5 cbi. 

Substitution of (5.7) into (5.8) yields 
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,. 

(5.9) 

A convenient expression for Zci is given by 

Z • -f = g*(Oi) (5.10) 

From (5.6), (5.9), and (5.10) the following relationship is obtained 

c i _ f (Z -1) --cJi - r 0 go 0 n g* (5.11) 

As illustrated in Figure 5.22, a good similarity collapse is observed 
when the' concentration profiles for the different grain sizes are normalized 
in terms of the following parameters: the near-bed concentration cbi 
measured at z = 0.05 hj and the distance Zci above the bed at which Ci = 
0.5 cbi' This supports the similarity relationship implied by equation (5.8). 

A fit of the data provides the following expression 

~i = 1.05 e-O'68 Z/Zci 
bi 

(5.12) 

The data obtained during the experiments at a station located at 400 cm 
from the inlet are used to test. the relationship implied by (5.10). In 
Figure 5.23, the values of ZCi/h are plotted against the corresponding values 
of Oi. The data are seen to collapse into two groups. The lower group 
indicates an almost constant and low value of Zci/h (= 0.2) for all 
sediment sizes, while the upper group indicates that zci/h decreases when Oi 
increases. The lack of variation with sediment size shown by the lower 
group does not seem to be correct. On the other hand , the trend 
displayed by the upper group is supported by the observations made during 
the experiments which indicate that the finer grains tend to be more 
uniformly distributed than the coarser grains. Furthermore, the values of 
zci!h in the proximity of Oi = 1 are seen to fall within the range 0.30 < 
zci!.h < 0.47 observed during the experiments with uniform material (Table 
5.3). The following expression fits the data reasonably well 

(5.13) 

The data plotted in Figure 5.21 show that the values of cb/Ci increase 

with sediment size. This is illustrated in Figure 5.24, where the values of 
~/Ci are plotted against the corresponding values of Oi. Only the data 

from those experiments that showed a variation of zci/h with grain size are 

101 



6.0 

5.0 0 

+ 
/::,. 

0 

4.0 
~ u 

N & 

~ + 
N 

3.0 /::,. 
Ql + 

+ 
+ 

~c5 
/::"0 + 

2.0 /::,. ~+ 
aD t 
0 
~ 
~~t 

<5- + 
1.0 

0.0 
0.0 

'+ 

0.5 

o DEP01 
+ DEP03 
~ MIX3 

~+~~ 
~ 

1.0 

Ci/C bi 

1.5 

Fig. 5.22 Similarity collapse of concentration profiles for different grain 
sizes. Data from measurements taken at x = 400 cm during 
runs DEPOl, DEP03, and MIX3. 

102 



..... 
0 
CJ,) 

Fig. 5.23 

1.0 

0.9 

0.8 

0.7 

0.6 
.-C .---~ 0.5 '0 
N 

0.4 

0.3 

0.2 

0.1 

0.0 I 

0.1 

o 
------ $ 

$ ~----~ $ 

'V 
o 'V o 

0.5 

o '-...'-...b. 

0'"', 
'V o 'V o 

1.0 

Di/Ds9 

$ DEP01 
o DEP03 
o DEP02 
b. MIX3 

v MIX5 

, 
{).,. "'" 0 

'Vmb. ""'~ 

" '-...--

5.0 
----

10.0 

Plot of zCi/h versus the corresponding values of 6i = Di/Dsg. Data from sediment concentration profiles 
measured at x = 400 em. 



..... 
0 
tIl:o-

10.0 

9.0~ 0 DEP01 
0 DEP03 

8.0~ • MIX3 
7.0~ D.. Well-sorted sediment 

6.0 
U 
~ 5.0 

:0 
U 4.0 

3.01 _/0 0 I'L 

2.0 

1.0 

0.0 , , , 

0.1 1.0 10.0 

Di/Ds9 

Fig. 5.24 Plot of ~/Ci versus the corresponding values of 6i = Di/Dsg. Data from sediment concentration profiles 
measured at x = 400 cm. 



' .... 
Q:l. 

~ 

~ 

t) 

..... 
0 
CIt 

3.0~----~----~~~~~~~~----------~----~ 

2.5 

2.0 

1.5 

1.0 

0.5 

Alpha 
Beta 

O.O;I----~--~--~~~~~~--------~--~ 

0.2 0.4 0.6 0.8 1.0 2.0 

Di/Ds9 

Fig. 5.25 Values of the shape factors (ti and {3i as a function of Di = Di/Dsg. 



included. For the sake of comparison, the average values of ~/C observed 

in the experiments with we1l-sorted sediment (Table 5.3) are also included 
in the plot. The data for poorly-sorted sediment is seen to match well the 
values associated with well-sorted sediment in the proximity of the point 01 
= 1. The following fit approximates the behavior displayed by the data: 

(5.14) 

Since for uniform sediment ro ~ 2, it follows from (5.7) and (5.14) that 

following relationship for go( Oi) can be obtained 

g = 0.20 8i1-64 + 0.82 o (5.15) 

The shape factors (}i and {ii defined by equations (2.21) and (2.22) 
can be estimated with the help of equation (5.11) and the approximate 
expressions given by (5.12), (5.13), (5.13), and (5.14). In Figure 5.25, the 
values of the shape factors are plotted against 8i = Di/Dsg. The values of 
(}i are close to unity, while {ii is seen to take values in the range 0.4 rv 

2.1. 

5.2.7 Conclusions 

All the underflows were strong enough to traverse the model canyon 
and fan without losing their identities. In most of the runs, the 
measurements allowed for the detection of supercritical and sub critical flow 
regions with an intervening hydraulic jump. 

The measurements of suspended sediment indicated a clear tendency 
for the sediment to decrease in size in the vertical direction. On the other 
hand, the sediment concentration profiles for grains of different sizes 
indicated that smaller grain sizes were more uniformly distributed in the 
vertical. Increased sediment size thus implies an increased depositional rate 
for the same layer-averaged value Cf. 

The thickness and median grain size of the turbidites deposited by 
the currents were seen to decrease with distance from the inlet. No effect 
of the hydraulic jump on the rate of deposition and turbidite grain size 
could be discerned. 

When it was possible to analyze the vertical structure of the deposits, 
the turbidites showed in most cases upward fining along the model canyon. 
Along the model fan, upward coarsening or no size stratifica.tion were 
typically observed. 
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The velocity profiles showed a good similarity collapse in the case of 
supercritical flows and only a fair collapse in the case of subcritical flows. 
At the same time, the analysis of several profile parameters indicated that 
the vertical distribution of sediment having different sizes can be expected 
to be approximately similar as a current evolves in the downslope direction. 

The expressions developed to evaluate profile parameters cannot be 
considered universal. However, the trends displayed by such relationships 
can be expected to be similar for turbidity currents in natural 
environments. 

The similarity function obtained with the help of the data allowed for 
a direct evaluation of the shape factors resulting from the vertical 
integration of the equations of motion. The shape factors have values of 
the order of unity in the case of ai, and take values between 0.4 and 2 in 
the case of fA This indicates that the top hat assumption constitutes a 
crude but reasonable approximation. 
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CHAPTER 6 

EXPERlMENTAL RESULTS: SEDIMENT-ENTRAINING CURRENTS 

6.1 Purpose of the Experiments 

The direct measurement of the erosion caused by sand-driven 
turbidity ·currents constitutes a difficult problem. In the field, the 
measurements are rendered difficult due to the necessity of working in deep 
water, and the tendency in some cases for swift currents to destroy 
measuring instrumentation (Inman et al., 1976). In the laboratory, the 
amount of bed sediment that can be entrained by a turbidity current is 
relatively small; thus making the evaluation of the entrainment difficult and 
inaccurate (Garcia, 1985). 

In these experiments, the similarity observed previously between saline 
currents and turbidity currents driven by fine sediment was exploited. The 
main objective was to test the ability of saline currents to entrain bed 
sediment into suspension. The advantage of using salt rather than 
sediment, is that the occurrence of entrainment can be directly observed 
and measured. The analogy of relevance consists of the entrainment of 
sediment into a turbidity current driven by silty clay. However, the 
results should also be of relevance to the problem of sand entrainment by 
sand-driven currents. 

The flow configuration under consideration is illustrated in Figure 6.1. 
A saline underflow emerges from a bottom inlet in a basin of fresh water 
at x = 0, and flows down a fixed sloping bed. After some distance, the 
fixed bed gives way to a bed covered with a layer of fine, loose, 
non-cohesive sediment. Under appropriate conditions, this sediment can be 
suspended and entrained into the saline underflow, thus increasing its 
buoyancy driving. 

6.2 Overview of the Experiments 

For these experiments, the bed of the flume was modified as described 
in Figure 3.8. The fixed bed region was 200 cm long. The erodible bed 
region was 4 em deep and 200 cm long. The same type of sediment used 
for the erodible bed was glued to the fixed bed upstream. As in the case 
of river models, the use of light-weight material was necessary to reproduce 
suspension at a small scale. Crushed coal with a specific gravity of 1.35 
was chosen as the model material. Two grades, with geometric mean sizes 
of 100 and 180 J.t (Table 3.1), were used. 
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A number of preliminary experiments were conducted to detect the 
conditions under which sediment erosion could be visible. During this 
process, the need to generate relatively dense currents in order to observe 
sediment resuspension became apparent. As in the previous experiments, 
the inlet current thickness ho was fixed at 3 cm. The inlet flow rate per 

unit width qo was set at 33 cm2/s for all the experiments, except two for 

which it was set at 40 cm2/s. The inlet excess fractional density Ao was 
varied between 0.004 and 0.025, and the buoyancy discharge per unit width 

ranged from 130 em3/s 3 to 809 em3/s3• The inlet Richardson number Rio 

varied between 0.10 and 0.61; thus all the generated currents were 
supercritical at the inlet. For one-half of the experiments, 100 p, material 
(coal A) was used; 180 p, material (coal B) was used for the rest of the 
experiments. The current generated in each experiment was sustained for a 
period of time no shorter than twenty-five minutes. The experimental 
conditions for the different runs are tabulated in Table 6.1. 

TABLE 6.1 EXPERIMENTAL CONDITIONS 

Run Uo( cm/s) ho( em) Ao to(cm3/s 3) R. 
10 

Dsg(p,) Tin(oC) Tn(C) 

TO 11.0 3 0.004 129.4 0.10 100 ? ? 

Tl 11.0 3 0.008 258.8 0.20 100 ? ? 

T3 11.0 3 0.015 485.1 0.36 100 5.0 5.5 
Al 11.0 3 0.015 485.1 0.36 100 5.5 5.5 
A2 13.3 3 0.015 586.5 0.25 100 5.0 6.0 

A3 13.3 3 0.017 664.7 0.28 100 4.0 6.5 
A4 11.0 3 0.025 808.5 0.61 100 3.5 6.5 
A6 11.0 3 0.015 485.1 0.36 100 4.0 6.0 

B2 11.0 3 0.025 808.5 0.61 180 3.0 6.0 

B3 11.0 3 0.021 679.1 0.51 180 3.5 5.5 
B4 11.0 3 0.017 550.0 0.41 180 3.5 4.0 
B5 11.0 3 0.025 808.5 0.61 180 3.0 5.5 
B6 11.0 3 0.021 679.1 0.51 180 2.5 5.0 

C1 11.0 3 0.022 711.5 0.53 180 3.5 6.0 

C3 11.0 3 0.020 646.8 0.48 180 4.0 6.5 
D1 11.0 3 0.017 549.8 0.41 180 4.0 6.0 
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6.3 Observations of Sediment Entrainment into Suspension 

The observations through the glass wall of the channel inclicated that 
for low buoyancy discharge the flows were capable only of moving the 
secliment as bedload. As the buoyancy discharge was increased, so clid the 
ability of the saline underflows to entrain secliment into suspension. This 
is illustrated in Figure 6.2, where the volumetric sediment transport rate 
per unit width UCh evaluated from the measured profiles at the 
downstream end of the eroclible region, is plotted against the buoyancy 
clischarge of the saline underflows. In spite of the scatter, the plot clearly 
shows that the capacity of the underflow to entrain and to transport 
secliment increases rapidly with its driving force. The sediment entrained 
on the two meter reach, increased the buoyancy discharge by as much 10 
~. ' 

In Figure 6.3, measurements taken along the erodible bed region 
during a typical run are shown. It is seen that the current, which initially 
had no suspended load, is capable of entraining a substantial amount of 
secliment into suspension while running over the erodible bed. The velocity 
profiles indicate that the flow tends to decelerate after entering the erodible 
portion of the channel. This may be due to the fact that in most of the 
runs where resuspension was clearly evident, well-defined bedforms usually 
developed. A most interesting feature of the data is the fact that the 
suspended secliment concentration drops drastically above the point of peak 
mean velocity. This suggests that suspended sediment is transported only 
with clifficulty from the wall-bounded layer to the free jet-like layer of the 
underflow. 

For some of the runs, only near-bed concentrations cb were measured 

at apprOximately 0.7 cm above the bed. In Figure 6.4, a plot of cb as a 

function of clistance along the centerline of the channel for two runs having 
different inlet conclitions is shown. In both cases, the tendency of the flow 
to entrain sediment into suspension is clearly seen. The near-bed 
concentration first increases very rapidly, but then tends to approach a 
nearly constant value with clistance. 

6.4 Evaluation of Sediment Entrainment 

Assuming that the erosion process takes place in a quasi-steady state, 
the sediment mass balance relation given by equation (2.34) should apply. 
In the case of uniform secliment, equation (2.34) can be written as 

(6.1) 

111 



Fig. 6.2 

,---..... 
10 (f) 

I I 

'" N 

E 
u 

'-./ 0 

0 8- -
0 
~ 

* 
Q) 

6-~ -
0 

0::: 0 
0 

~ 
0 1-. 

0 0 
Q. 

4- @ 
(f) -
c 
0 
l-

f- 0 0 
~ 

c 0 
Q) 2- 0 0 -
E 

""0 
Q) 

if) 

u 0- 0 0 -
I-
~ 

Q) 

E 
::J -
0 -2 > I I 

100 500 1000 

Inlet Buoyancy Discharge (cm3/s3) 

Volumetric sediment transport rate UCh at the farthest 
downstream measuring station versus saline current buoyancy 
discharge i o. 

112 



..... ..... 
CA) 

c c x 10 3 

o 3 6 
10 iii 

z 
(cm) 

5 

x = 250 cm 

... ~ --01 1 -....... 1 

'0 

3 3 3 c cx10 C cx10 [J ex10 

o 3 60 3 60 3 6 
iii ii' iii 

x = 300 em x = 350 em x = 400 cm 

.... / -_ ..... 
o 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 

Fig. 6.3 

o u(cm/s) o u(cm/s) o u(cm/s) o u(cm/s) 

Velocity and sediment (coal) concentration profiles along the centerline of the erodible bed region. Data 
from run 01. 



c b 

I-' 
I-' 
II>-

Fig. 6.4 

10-2 

o RUN B3 
• RUN B4 

0 

0 

0 
0 0 0 

0 0 0 

0 

10-3 f-
• 

i • 
0 

• • • • • • • 

~ 
FLOW 

0 

--.. 
0 

0 • • 

0 • 

o 

10 .. 4 ~77j>1'~'I"" ,..l., ....... ,,! .... ~ ~L .• ;.,.._} .... ,A ...... t .. t .... &; ................ J.. )s;;. .. ~ ... 3~. J...o....-' .J ,," (J. • "---I, '. ! ... ~ ... ,' .J, '._.u t. ".l ),_",_ t,.· .... .1 •• , )P" .' -.[,.77 7':, 7:; J 

200 250 300 350 400 

X (eM) 

Near-bed concentration along the centerline of the erodible bed region. The horizontal distance x is 
measured from the inlet. 



'From the measurements at each station, the layer-averaged values U and 
0, the current thickness h, and the near-bed concentration cb' defined as 

the value of c at z = 0.05h, were evaluated. The sediment entrainment 
coefficient Es can then be estimated by writing (6.1) in finite difference 

form: 

E = s 
1 UOh I i+1 - UOh Ii 1 
------ + -2 (cb· + cb·) v s Xi+1 - x i 1+1 1 

(6.2) 

where the subscript i increases downstream. The range of values of Ax = 
Xi+1 - Xi varied from 30 to 200 cm. The values of Es back-calculated 

from the measurements and the reach (Xt,X2) considered in each case, are 
summarized in Table 6.2. They are seen to vary between 0.001 and 
0.0043. The rather narrow range of sediment entrainment rates observed is 
to be expected, since the velocity of the flows changes only slightly for 
even rather large increments of the buoyancy discharge. On the other 
hand, the rate of sediment entrainment is found to increase rapidly with 
the velocity of the saline current. This is illustrated in Figure 6.5, where 
the values of Es summarized in Table 6.2 are plotted against the 

layer-averaged current velocity U just upstream of the erodible region. 

6.5 Determination of Bed Shear Stress 

The resistance experienced by the underflows while moving over the 
erodible bed is due to combination of skin friction and form drag. The 
skin friction is the component responsible for the movement and 
entrainment of the sediment. The bed shear stress 7b can then be 

expressed as 

(6.3) 

where 7b is the shear stress due to grain (skin) roughness, and 7b' is the 

shear stress due to the form drag associated with the low pressure in the 
lee of the bedforms. With the help of equation (2.29), the bed shear stress 
is related to the current velocity by 

(6.4) 

Here u* is the shear velocity, p is the density of the uncontaminated water 

above, and 0D is the bed friction coefficient. Similar expressions can be 

used for the skin friction and form drag components, 
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(6.5) 

(6.6) 

where u4: and u4: I are the grain shear velocity and the bedform shear 
I I , 

velocity, respectively, CD is a skin friction coefficient, and CD is a 

bedform drag coefficient. 

As in the case of the sediment entrainment coefficient, the 
measurements are used to back--calculate the bed shear velocity u*. For 

this purpose, the momentum equation (2.35) is written in finite difference 
form as follows: 

where 

(6.8) 

(6.9) 
and 

t = g(RC + Il) Uh = t s + ! 0 (6.10) 

In the above equation, !s = gRCUh is the buoyancy discharge due to the 
suspended sediment and to = gil Uh is the buoyancy discharge due to the 
salt. For the computations, the shape factors are set equal to one. The 
estimated values of u* and CD along the erodible region are shown in 

Table 6.2. It is speculated that the large values of CD are mostly due to 

the presence of bedforms. Sidewall effects can be expected to be small 
since the ratio of current thickness to the channel width was always on the 
order of 0.15. 

I 

An estimate of the skin friction coefficient CD can be obtained from 

the inlet flow conditions (x = 0) and the measurements taken just before 
the erodible region (x = 200 cm), since the bed of the channel between 
those two sections was "painted" with the same material as that used for 
the erodible bed. An inspection of the computed skin shear velocities u4: 
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TABLE 6.2 PARAMETERS IN THE ERODIBLE BED REGION 

I I I 

Run Reach U h E .103 CD CD CD Re u* u* s 

(Xt, X2) (cm/s) (cm) (cm/s) (cm/s) 

T3 300-360 10.1 5.6 1.1 0.029 0.011 0.018 3757 1.72 1.05 
Al 250-300 8.6 4.6 2.0 0.027 0.029 0.000 2635 1.44 1.47 
Al 300-390 9.9 5.5 1.0 0.046 0.012 0.034 3663 2.12 1.07 
A2 250-300 11.5 6.0 4.3 0.055 0.013 0.042 4584 2.71 1.30 
A2 300-400 10.4 6.1 2.7 0.042 0.008 0.034 4250 2.13 0.92 
A3 250-300 10.2 5.1 2.8 0.047 0.013 0.034 3512 2.23 1.17 
A3 300-350 10.4 5.8 2.1 0.053 0.009 0.044 4014 2.40 0.99 
A4 250-400 8.7 5.0 2.4 ·0.088 0.023 0.065 2871 2.58 1.31 
B2 300-350 8.7 5.3 3.0 0.085 0.019 0.066 3068 2.53 1.20 
B3 200-400 10.5 5.0 1.3 0.036 0.013 0.023 3531 2.00 1.20 
B5 300-400 10.0 5.1 1.8 0.051 0.014 0.036 3400 2.25 1.20 
B6 290-390 10.8 5.6 2.0 0.038 0.009 0.029 4013 .2.10 1.02 
Cl 250-300 9.3 4.8 1.8 0.077 0.022 0.056 2942 2.57 1.35 
Cl 300-350 8.2 5.8 4.2 0.069 0.025 0.044 3149 2.12 1.30 
Cl 350-400 8.0 6.1 4.3 0.089 0.024 0.065 3274 2.39 1.25 
C3 270-300 8.4 5.5 1.8 0.080 0.018 0.061 3108 2.37 1.13 
C3 300-340 8.8 5.7 3.2 0.052 0.015 0.038 3351 2.03 1.08 
Dl 350-400 9.8 6.1 1.2 0.032 0.009 0.023 3978 1. 75 0.94 

Note: U and h are average values for a given reach. To compute 
Re = Uh/v, a value of v = 0.015 cm2/s corresponding to a temperature 

of 5°C, is used. 
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shows that turbulent smooth flow conditions (i.e. u* ks/ v < 5, where ks 
is the equivalent bed roughness) prevailed in that region. In Figure 6.6, 

I 

the skin friction coefficient CD is plotted as a function of the current 
I 

Reynolds number Re = Uh/v. A clear tendency for CD to decrease with 
Re can be discerned. A best-fit of the data gives 

(6.11) 

The above relationship and the flow measurements are then used to 
evaluate the skin friction velocity u* within the erodible portion of the bed. 
The estimated values are presented in Table 6.2. 

In Figure 6.7, the values of the sediment entrainment coefficient are 
plotted against the dimensionless shear velocity uUv s' where v s is the 
sediment fall velocity. The sediment fall velocities used for the 100 J1. and 
180 jJ. coal were 0.13 cm/s and 0.42 cm/s, respectively (Dietrich, 1984). A 
tendency for Es to increase rapidly with uUv s can be discerned for the 180 
jJ. material. The data for the 100 jJ. material seems to follow the similar 
trend but with a more pronounced scatter. On the other hand, the 
observed tendency for the values of Es to be of the same order for both 
sediment sizes is rather unexpected, since one might presume that the finer 
material should be entrained with more ease. A plausible explanation for 
this behavior might be that the viscous sublayer lubricates more effectively 
the finer material, thus reducing the amount of entrainment. A similar 
behavior has been observed in the problem of the initiation of motion 
(Shields diagram), where as the sediment size increases the shear stress 
necessary to put a particle in motion increases (Vanoni, 1975). 

From (6.3), (6.4), (6.5), and (6.6), it follows that the bedform friction 
coefficient is given by 

(6.12) 

The values estimated with (6.12) are shown in Table 6.2. It is seen that 
the friction coefficients associated with the bedforms are in general larger 
than the corresponding skin friction coefficients. This indicates the 
importance of removing the effect of the bedforms from the bound~ry shear 
stress. 
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TABLE 6.3 PARAMETERS IN THE FIXED BED REGION 

I 

Run Reach U h CD u:i: u:i:ks/v Re 
(Xt,X2) (em/s) (em) (em/s) 

T3 0-200 11.1 3.8 0.020 1.55 1.03 2777 

Ai 0--200 10.4 3.3 0.034 1.81 1.21 2301 

A2 0-200 11.8 4.0 0.016 1.61 1.07 3192 

A3 0-200 13.0 4.1 0.013 1.47 0.98 3562 

A4 0-200 9.9 3.4 0.055 2.08 1.39 2255 

B2 0-200 11.2 3.4 0.041 2.27 2.72 2527 

B3 0-200 11.1 3.4 0.027 1.84 2.21 2516 

B5 0-200 11.4 3.4 0.037 2.26 2.71 2546 

B6 0-200 11.3 3.5 0.031 2.04 2.45 2659 

Cl 0-200 10.9 3.6 0.036 2.07 2.48 2628 

C3 0-200 11.3 3.5 0.028 1.94 2.33 2599 

Dl 0-200 11.0 3.4 0.028 1.83 2.20 2493 

Note: U and h are the average values for the reach. The roughness 
height ks is set equal to the mean geometric diameter of the sediment 

Dsg , and 11 = 0.015 em2/s. 

6.6 Characteristics of Bedforms 

The geometry of the bedforms varied from nearly two-dimensional to 
essentially three-dimensional (Figure 6.8). In most cases, the bedforms 
were asymmetrical in shape and had a well-defined slip face beyond which 
the flow separated for a certain length. The height of the bedforms A b 
was on the order of 1 to 2.5 cm, and the wavelength ib ranged between 10 
and 16 cm (Figure 6.9). The height of the bedforms was relatively large 
when compared to the thickness of the currents, as indicated by the 
parameter Ab/h which took values between 0.2 and 0.5. The observations 
through the glass wall indicated that the bedforms migrated in the 
downstream direction at speeds in the order 1 em/min. The fact that the 
flow was supercritieal for all the experiments and the prominent size of the 
bedforms, suggest that the bedforms were most likely anti dunes (Vanoni, 
1974). Antidunes may migrate either upstream or downstream. In open 
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channel flows, the potential-flow criterion dividing upstream-migrating 
antidunes from downstream-migrating antidunes is given by (Engelund, 
1970) 

F~ = 1 
k tanh(k) 

(6.13) 

where 

(6.14) 

Here F* is a limit Froude number, k is a wavenumber, and H is the depth 

of the flow. Values of the Froude number larger than F * are associated 

with downstream-migrating antidunes. If the Froude number is substituted 

by the densimetric Froude number F = (Ri)-o.5, and the flow depth H is 

replaced by the current thickness h, the criterion given by (6.13) can be 
applied as a crude but reasonable approximation for the present underflows. 

The bedforms were measured or photographed during five of the 
experiments. In Table 6.4, the characteristics of the bedforms observed are 
summarized. Also shown in the table, are the average current thickness 
and densimetric Froude number F for a given reach, and the densimetric 
Froude number F * estimated with (6.13). In all cases the observed Froude 

number is larger than the value given by the potential-flow criterion (6.13), 
indicating that the bedforms were anti dunes migrating in the downstream 
direction. 

Downstream migrating anti dunes may be an artifact of the small scale 
of the experiments. The value of the ratio Ab/h can be expected to be 
much smaller in the field, perhaps precluding strong coupling between 
bedforms and the density interface. In this case the dominant bedform will 
be expected to be the ripple. 

6.1 Removal of Bedform Effect 

The formulation proposed by Nelson and Smith (1989) to remove the 
effect of bedforms in open channel flows was modified to deal with the 
underflows of the present study. The Nelson-Smith approach builds up on 
the work of Smith and McLean (1977), and is very similar to the method 
proposed independently by Kikkawa and Ishikawa (1979). 

For a two-dimensional bedform, the bed shear stress due to form 
drag can be expressed as follows: 

1 C Ab U2 Tb' = "2" P f tb r (6.15) 
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Fig. 6.8 Top view of two-dimensional bedforms originated by the passage of 
a density current. The flow was from right to left. 
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TABLE 6.4 BEDFORM CHARACTERISTICS 

Run Reach h(cm) Ab(cm) lb(cm) F2=1/R. 
1 

k Fl=l/(k tanh(k» 

A3 250-300 5.1 1.5 15.0 1.60 2.14 0.48 

A3 300-350 5.8 1.4 14.0 1.69 2.60 0.39 

B2 300-350 5.0 2.5 12.0 1.13 2.62 0.39 

B3 200-400 5.0 1.5 15.0 1. 70 2.10 0.49 

B5 300-400 5.1 1.8 13.0 1.24 2.46 0.41 

Here Cf is a drag coefficient set equal to 0.21 (Nelson and Smith, 1989), 

and Ur is an appropriate reference velocity. The reference velocity is 
defined as the average velocity that would exist if the bedform were not 
present. For hydraulically smooth flow conditions, the velocity distribution 
near the bed is given by (Schlichting, 1979) 

uU' = _1_ In(9 u* z I v) 
* K, 

(6.16) 

Integrating the above equation over the bedform height A b, an expression 
for the reference velocity can be obtained as follows: 

Ur = u* ~ [1n(9 u* Ab I v) - 1] (6.17) 

Substitution of (6.6) and (6.1.7) into (6.15) yields 

U*,2 = + Cf 1: K,-2 [In(9 u* Ab I v) - If U*2 (6.18) 

With the help of (6.5) and (6.6), the above equation can be rewritten as 

C~' = + Cf 1: K,-2 [In(9 C~ 0·5 U Ab / v) -1] 2 C~ (6.19) 

An expression for the skin friction coefficient can be obtained by 
substituting (6.19) into (6.12), 
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C~ = [1 + + Cf ~~ ",-2 [In(9 C~ 0·5 U Ab /1/) - 1] 1-1 CD (6.20) 

For given values of Ab, ib, U, 1/, and CD' the value of the skin friction 
I 

coefficient CD can be obtained by solving (6.20) iteratively. 

In Table 6.5, skin friction coefficients predicted with (6.20) and the 
information summarized in Tables 6.2 and 6.4, are compared with the 
values predicted for each reach with the resistance relation given by (6.11). 
As illustrated in Figure 6.10, the agreement is in general very good. 

TABLE 6.5 COMPARISON OF SKIN FRICTION COEFFICIENTS 

I I 

Run Reach CD CD Relative 

with (6.11) with (6.20) Error 

A3 250-300 0.013 0.014 7 7. 
A3 300-350 0.009 0.016 57 7. 
B2 300-350 0.019 0.013 38 7. 
B3 200-400 0.013 0.011 17 7. 
B5 300-400 0.014 0.014 15 7. 

6.8 Conclusions 

The observations made during the experiments demonstrate 
conclusively that a conservative current of sufficient strength can entrain 
substantial amounts of bed sediment. The sediment entrained on a 
two-meter reach increased the buoyancy discharge by as much 10 %; in a 
submarine canyon several kilometers in length, much more entrainment 
could be realized. This suggests that in addition to the purely sand-driven 
currents analyzed by Fukushima et al. (1985), currents of silty mud could 
also entrain substantial amounts of sand and carry it to. deep water. 

Since for a given slope the velocity of a saline current increases 
modestly with buoyancy discharge, the range of flow velocities covered was 
rather narrow. However, a clear tendency for the rate of sediment 
entrainment to increase with flow velocity was indicated by the 
measurements. A similar tendency was observed, albeit with some scatter, 
when the skin friction was used as the independent variable. The range of 
sediment entrainment rates observed was rather small; thus no attempt was 
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made to obtain an empirical sediment entrainment function from the data. 
The observations are instead compared in the next chapter with data from 
open channel flows. 

The data collected during the experiments allowed for an approximate 
decomposition of the bed shear stress into components associated with skin 
friction and form drag. The results indicate the importance of accounting 
for the presence of bedforms. 

An analysis of the bedform characteristics suggested that 
downstream-migrating anti dunes were the predominant bedform during the 
experiments. It is suspected that the formation of anti dunes was due to 
the small scale of the experiments. In the field, where the flow thickness 
is likely to be much larger than the height of the bedforms, it is expected 
that the dominant bedforms will be ripples. 

While there are several techniques that allow to remove the effect of 
bedforms in open channel flows (e.g. Einstein and Barbarossa, 1952; Yalin, 
1964; Engelund and Hansen, 1967; Smith and McLean, 1977), no 
counterpart has been proposed for the case of turbidity currents. The 
Nelson-Smith formulation modified for smooth flow conditions provided an 
effective way for removing the boundary shear stress associated with 
bedforms. It is expected that similar results can be obtained at field scale, 
provided that some characteristic dimensions of the bedforms are known. 
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CHAPTER 7 

SEDIMENT ENTRAINMENT FUNCTIONS 

7.1 Introduction 

As observed previously, the phenomenon of sediment entrainment 
takes place in response to bed shear stresses generated by a given flow. It 
can be argued that the rate of sediment entrainment associated with a 
given grain (skin) shear stress should be the same whether the flow is 
driven by the action of gravit1. on the fluid phase (i.e. open channel flows) 
or on the sediment phase ti.e. turbidity currents). Herein data from 
equilibrium open channel suspensions are used to test the predictive ability 
of various sediment entrainment functions in the literature. U sing the 
same data set, a new empirical relationship for computing the entrainment 
of sediment into suspension from a bed covered with uniform material is 
obtained. Using field data, the empirical relationship is adapted to handle 
entrainment from a bed covered with poorly-sorted sediment. Finally, the 
relationship developed for uniform material is tested with the data collected 
during the experiments with sediment-entraining currents. 

7.2 Problem Formulation 

For a steady, two-dimensional open channel flow (Figure 7.1), the 
depth-averaged sediment conservation equation takes the form: 

(7.1) 

where qs is the suspended sediment discharge per unit width; x denotes the 
downstream direction along the channel; ca denotes the near-bed sediment 

concentration, and Fa denotes the near-bed upward normal Reynolds flux 

of sediment, in both cases evaluated at a small distance "a" above the bed. 
A dimensionless coefficient of sediment entrainment Es is defined such that 

(7.2) 

At equilibrium conditions, then the sediment discharge qs is constant 

and the sediment entrainment rate equals the sediment deposition rate. 
Therefore 
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E - c s ae (7.3) 

where cae denotes the value of ca at equilibrium. 

This simple equation indicates that Es can be deduced from 

experiments and field data approximating equilibrium conditions (Parker, 
1978, Ikeda and Nishimura, 1985). A functional relationship obtained in 
this way can eventually be used to estimate the upward sediment flux Fa 

in moderate disequilibrium conditions, i.e. cases for which qs is not 

constant. 

Various formulae can be found in the literature that give the 
equilibrium near-bed concentration cae (= Es)' as a function of flow 
parameters and sediment characteristics. Most of the relationships are of 
the following type 

(7.4) 

where Tb is the bed shear stress due to grain (skin) friction, and u* is the 

associated shear velocity. The power P takes values between 1 and 15, 
depending on whose formulation is considered (Figure 7.2). It is clear that 
estimates of equilibrium near-bed concentration cae or sediment entrainment 

Es can be quite different depending on which relationship is used. 

7.3 Previous Functions 

7.3.1 Einstein (1950) 

The Einstein bed load function relates two parameters, which are the 
dimensionless bed load transport 9 and the dimensionless bed shear stress 
()', both defined below. The form of B = f( ()') can be found in many 
sediment transport books (e.g. Graf, 1971). Once the bedload discharge per 
unit width qb is obtained, it can be used for the computation of the 

volumetric suspended sediment concentration cae' at a distance a = 2 D s 

above the bed, using the following expression: 

(7.5) 
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where 

(7.6) 

and 

(}f = u~ 2 / (g R D s) (7.7) 

In the above equations, u~ is the shear velocity associated with grain (skin) 

friction, R is the submerged specific gravity of the sediment, g is the 
acceleration of gravity, and Ds is the mean diameter of the sediment. 

7.3.2 Engelund and Fredsoe (1976) 

The value of cae at a distance a = 2 D s above the bed is given by 

c = 0.65 
ae (1 + Ai/)3 

(7.8) 

where 

A = [ (}f-.06 - f3 P 11" / 6] 0·5 
b 0.027 S (}f 

(7.9) 

In (7.9), (}f = U~2 / (g R Ds)' s = R + 1 denotes the specific gravity of 

the sediment, and the quantity p is computed from the relation 

p = [1 + [ f3 11" / 6 ]4]-0.25 
(}f_ 0.06 

(7.10) 

The parameter f3 was originally set equal to 0.51 (Engelund and Fredsoe, 
1976), but later it was modified to 1.0 (Engelund and Fredsoe, 1982). 

7.3.3 Smith and McLean (1977) 

The near-bed volumetric sediment concentration is given by 

cae = 0.65 'Yo So / (1 + 'Yo So) 
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where 10 is a constant equal to 2.4 x 10-3, and So is a normalized shear 

stress given by 

(7.12) 

where Bc = u*~ / (g R Ds)' and u*c is a critical shear velocity associated 
with the initiation of sediment motion. 

I 

This formulation assigns the sediment concentration computed with 
(7.11), to a point situated at a distance 

(7.13) 

above the bed, where no is equal to 26.3, and ks is the equivalent 

roughness height for a fixed sediment bed. 

7.3.4 Itakura and Kishi (1980) 

The volumetric sediment concentration cae is evaluated at a distance 
a = 0.05 H, where H is the water depth; it is given by 

where 

and 

n 

B 

{l = +. [k. + [ exp(-A') I s: exp(-(') d( l]- 1 

k3 
A=---k4 

B 

(7.14) 

(7.15) 

In the above equations, u* is the bed shear velocity; () = u* 2 / (g R D s); 
kl, k2, kg, and k4 are constants with values of 0.008, 0.14, 0.143, and 2.0, 
respectively; and v s is the sediment fall velocity. 
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7.3.5 Van Rijn (1984) 

The sediment concentration at a reference level "a" above the bed, is 
given by 

Cae = 0.015 

where 

S 1·5 
o (7.16) 

(7.17) 

In the above equation, v denotes the kinematic viscosity of water. The 
reference level "a" is assumed to be equal to half the bed-form height Lh. 
If the dimensions of the bedforms are not known, the equivalent roughness 
height ks is taken as the reference level. A minimum value for a is 0.01 

H , where H is the water depth. 

7.3.6 Ce1ik and Rodi (1984) 

The mean transport concentration em' i.e. suspended sediment flux 

divided by volume flux, is given by 

(7.18) 

where Um is the mean flow velocity, and the rest of the parameters are as 
defined previously. Using (7.18), the sediment concentration at a distance 
a = 0.05 H from the bed can be obtained with the following relationship 

(7.19) 

where 

f 1 [1 1/ 
I = -1/- / 

·05 

(7.20) 
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In (7.20), '1/ = z/H, where z is the vertical distance from the bed, and "'a 

= 0.05. In (7.19), ko is a constant equal to 1.13 which relates the 

transport concentration Cm to the average concentration obtained by 

integrating the sediment concentration distribution in the vertical direction 
and dividing this value by the water depth. 

7.3.7 Akiyama and Fukushima (1985) 

The sediment entrainment coefficient Es ( = cae) at a distance a = 

0.05 H above the bed is determined from the relation 

where 

for Z < Z c 

for Zc < Z < Zm 

for Z > Zm 

(g R D )0.5 D 
R = s s 

p v 

(7.21) 

(7.22) 

The parameter Zc denotes a critical value of Z for suspension, and Zm 

denotes an upper bound for Z. These parameters are equal to 5 and 13.2, 
respecti vely. 

7.4 Data Selection 

In selecting the data used to check previous relations and develop a 
new one, emphasis was placed on obtaining experimental observations of 
suspended sediment distributions associated with equilibrium or 
near-equilibrium conditions. In those cases where it was not clear that 
equilibrium had been reached, the data were left out of the analysis (e.g. 
the excellent set of data for high sediment concentrations collected by 
Einstein and Chien, 1955). The data selected were those due to Ashida 
and Michiue, 1964; Ashida and Okabe, 1982j Barton and Lin, 1955j Brooks, 
1954j Coleman, 1969, 1981j Ismail, 1951j Kalinske and Pien, 1943; Lyn, 
1986j Straub et al., 1958j and Vanoni and Nomicos, 1960. 
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As seen in the previous section, the different formulations in the 
literature associate the computed concentration cae to a certain reference 

level II a" . The methods used to select the length scale "a", can be 
summarized as follows: 

a) Take lIa li as a fraction of the flow depth (H) (e.g. Itakura and 
Kishi, 1980; Celik and Rodi, 1984; Akiyama and Fukushima, 1985). 

b) Take "a" as proportional to the sediment grain size (Ds) (e.g. 

Einstein, 1950; Engelund and Fredsoe, 1976). 

c) Take lIa" as a fraction of the bedform height (Lh) (e.g. Van Rijn, 
1984). 

d) Take "a" as proportional to the thickness of the saltation layer 
(e.g. Smith and McLean, 1977). 

From a practical point of view, it is very difficult to measure in the 
proximity of the bed. It would seem that of all the methods proposed to 
define "a", the alternative of selecting "all as a fraction of the water depth 
is the only one that can be subjected to physical verification. An 
inspection of the observed sediment concentration profiles indicated that in 
most cases it was possible to obtain the value of the near-bed sediment 
concentration at a level a = 0.05 H above the bed, either by interpolation 
or with a minimum of extrapolation. This reference level is close enough 
to the bed so that equation (7.1) should hold there, and at the same time 
is sufficiently far from the bed to allow for the neglect of any viscous 
effect. In light of these considerations, the measured sediment 
concentration profiles were used to directly obtain the values of cae at five 

percent of the water depth. 

The values of cae at a = 0.05 H and the experimental conditions 

under which they were obtained, are summarized in Appendix A. 

7.5 Predictions versus Observations 

To compare the predictions made by the different relationships with 
the observations, an effort is made in each case to use the methodology 
proposed by the author or authors of the formula. Before using the data 
to do any computations, the side-wall correction procedure proposed by 
Vanoni and Brooks (Vanoni, 1975) is used to remove wall effects and to 

obtain the bed shear velocity u* = (g Rb S)0.5, where g is the acceleration 

of gravity, Rb is the hydraulic radius with respect to the bed, and S is the 

energy slope. Some of the details concerning the application of the 
different formulae are explained in the following text. 
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In Figure 7.3, a plot of predicted versus observed values of cae 

obtained using Einstein's formula (equation 7.5) is shown. The 
Einstein-Barbarossa (1952) method is used to obtain the grain shear 
velocity 
u,f. = (g Rb 8)°·5, where Rb is the hydraulic radius with respect to the 

grains. In this method, the parameter Rb is obtained by solving the 

following equation 

Rb= u~ 
g S [5.75 log(12.27 Rb x / Ds)]-2 (7.26) 

iteratively, where U m is the mean flow velocity, and x is a correction factor 
for viscous effects. Herein Ds is taken as the mean sediment diameter. 

The sediment concentration cae at a = 0.05 H is obtained by extrapolating 

from the computed concentration cae at a = 2 D s' with the help of the 
Rousean distribution 

vs 

[H-.05H a ]0'4U* 
cae = cae . 05 H H - a (7.27) 

In Figure 7.4a, a plot of predicted versus observed values of cae 
obtained using Engelund and Fredsoe's formula (equation 7.8) is shown. 

The grain shear velocity u,f. = (g Rb 8)°·5 is computed using the method 

of Engelund and Hansen (1967). In this method, the parameter Rb is 

obtained by solving the following equation 

(7.28) 

iteratively, where ks = 2 Ds is the hydraulic roughness. The sediment 

concentration cae at a = 0.05 H is obtained by extrapolating from the 

computed concentration cae at a = 2 Ds' with the help of the Rousean 

distribution as described by equation (7.24). The parameter {J in equation 
(7.8) is set equal to one. 
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Fig. 7.4a,b 
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In Figure 7.4b, a plot of predicted versus observed values of cae 
obtained using Smith and McLean's formula (equation 7.11) is shown. Due 
to the insufficient information about the bedform dimensions in most the 
experimental data sets, the method proposed by these authors to remove 
the effect of the bedforms can not be used. Instead, the Engelund-Hansen 
(1967) method (equation 7.28) is used to compute the grain shear velocity 
u~. The concentration cae at a = 0.05 H is obtained by extrapolating 

from the computed concentration cae' with the help of the following 

relationship 

where a = ao (8' - 8) Ds + ks' ao = 27.3, ks = 2 Ds' and 

u* = (g Rb S)0.5. 

(7.29) 

In Figure 7.5a, a plot of predicted versus observed values of cae 
obtained using Itakura and Kishi's formula (equation 7.14) is shown. This 
formulation does not take into account the effect of bedforms, and uses the 

bed shear velocity u* = (g ~ S)0.5 as the independent variable. 

In Figure 7.5b, a plot of predicted versus observed values of cae at a 

= 0.05 H obtained using Van Rijn's formula (equation 7.16) is shown. In 
this formulation the grain shear velocity u~ is obtained by means of the 

following relationships 

u,," = (gO.5 / C/] Um 

C' = 18 log(12 Rb / 3 Ds) (7.30) 

where g is the acceleration of gravity, and Um is the mean flow velocity, 
Rb is the hydraulic radius associated with bed shear stress. Van Rijn uses 

for D s the sediment diameter for which ninety percent of the material is 

finer. Herein, Ds is set equal to the mean diameter, as the material in 

question is essentially uniform in size distribution. 
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In Figure 7.6a, a plot of predicted versus observed values of cae at a 

= 0.05 H obtained using Celik and Rodi's relationship (equation 7.19) is 
shown. The constants in this formulation were obtained using data from 
open channel suspensions without the presence of bedforms, for which u* = 
u.. Therefore, only the data obtained under flat bed conditions are used 

to test this formula. The roughness height ks is set equal to two times 

the mean sediment diameter. 

In Figure 7.6b, a plot of predicted versus observed values of cae 

obtained using Akiyama and Fukushima's relationship (equation 7.21) is 
shown. This formulation does not take into account the presence of 

bedforms and uses the bed shear velocity u* = (g Rb D s) o· 5 to measure 

the strength of the flow. Also there is no need to extrapolate since it 
gives directly the value of cae at a = 0.05 H. 

To quantify the performance of each relationship, two estimators are 
used. They are the mean of the discrepancy ratio 

(7.23) 

where 

no 

b1 = !o L log(caep/caeo) 
i = 1 

and the mean absolute deviation of the discrepancy ratio 

(7.24) 

where 

no 

b2 = !o L IIOg(Caep/Caeo) - b11 
i = 1 

Here caep/caeo is the discrepancy ratio between predicted and observed 

values of cae' and no is the number of data points. It follows that perfect 

agreement is indicated by Me = 1 and Ad = 1. As shown in Table 7.1, 

the formulations of Smith and McLean (P = 1), and Van Rijn (P = 1.5) 
predict the observed concentrations quite well. 
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TABLE 7.1 PERFORMANCE OF VARIOUS FORMULAE 

Formula Me Ad 

Einstein (1950) 1.37 3.45 
Engelund-Fredsoe (1976) 0.50 5.30 

Smith-McLean (1977) 0.88 2.42 

Itakura-Kishi (1980) 6.70 2.22 

Van Rijn (1984) 1.31 2.19 

Celik-Rodi (1984) 2.57 2.03 
Akiyama-Fukushima (1985) 0.12 8.15 
Present Study 1.00 2.12 

7.6 Proposed Entrainment Function for Uniform Sediment 

As suggested by the formulations reviewed previously, the 
dimensionless sediment entrainment rate Es should be a function of the 

fluid forces acting on a bed covered with loose sediment and the 
characteristics of the bed sediment itself. The general dimensional analysis 
of Parker and Anderson (1977), suggests the following functional relation 

(7.31) 

where Tb is the bed shear stress due to grain friction, g is the gravitational 

acceleration, D s is the mean sediment diameter, R = (p / p s -1) is the 

submerged specific gravity of the sediment, p is the water density, ps is the 

sediment density, H is the depth of the flow, Rp = (g R DS)O.5 Ds / 1) is 

a particle Reynolds number, and 1) is the water kinematic viscosity. 
The sediment in most laboratory flumes and in nearly all rivers has a 

specific gravity of 2.65; thus R can be taken to be a constant equal to 
1.65 and equation (7.31) reduces to 

(7.32) 
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or its equivalent form 

(7.33) 

Here u~ = ('fbi p) O· 5 is the bed shear velocity due to grain friction, and v s 

is the sediment fall velocity. 

The data summarized in Appendix A are used to obtain the 
functional relationship implied by equation (7.33). The values of u~ = (g 

Rb S)Q.5 are computed with the Engelund-Hansen method (equation 7.28). 

The data selected covers the following ranges of the variables in (7.33): 

2.10-4 < E = c < 6.10-2 
s ae 

0.70 < u~/vs < 7.50 

240 < H/Ds ~ 2400 

3.50 < Rp < 37.00 

An inspection of the data shows no clear dependence of Es (= cae) on the 

values of the relative roughness H/D s' On the other hand, a clear 

correlation between E (= c ) and the dimensionless shear velocity u/t./vs s . ae 
is found as shown in Figure 7.7. The scatter of the data in this figure, 
motivates the search for a similarity variable to collapse the data. 
Following the lead of Akiyama and Fukushima (1985), the similarity 
variable is chosen as 

(7.34) 

Plots of Es against Zu with the power "n" varying between 0 and 1 show 

the best collapse of the data for a value of n near 0.6 (Figure 7.8). An 
inspection of Es versus Zu with n = 0.6, indicates that 

E N Z5 
S U 

(7.35) 

It has been suggested that cae (= Es) should not exceed a value of 

0.3 for the sediment-water mixture to be a true suspension (Engelund and 
Fredsoe, 1976). The data used herein do not permit the detection of any 
particular trend for high sediment concentrations. To account for the likely 
existence of an upper limit, the following relationship is proposed 
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E = A Z 5 I (1 + OA3 Z 5 ) S U . U 
(7.36) 

where the constant A is found by enforcing the condition Me = 1, with 
Me as defined by equation (7.23). In Figure 7.9, equation (7.36) with A = 
1.3.10-7 is plotted along with the data used in the derivation. For this formulation Ad = 2.12. For the sake of comparing with the equivalent 
plots the previous formulae, predicted versus observed values are plotted in Figure 7.10. The present formulation is seen to perform better than those of Van Rijn and Smith and McLean, but this should be expected since the data used to test the formulation is the same data used for its derivation. 

7.7 Entrainment Function for Non-Uniform Sediment 

Natural sediment deposited by flows often has a wide size distribution. It would be of interest to extend the formulation obtained in the previous section for uniform sediment to the case of non-uniform sediment. 

For the case of a bed covered by a sediment mixture having N size ranges, such that Pi is the fraction of bed material with a mean size Di contained in the ith size range, equation (7.33) can be generalized to 

u l 

E - f [ * H R Di] Si - 4 v Si' --USo' Pi' Uso (7.37) 

where ESi denotes the sediment entrainment rate for the ith sediment size 
range, Dso denotes the median grain size of the mixture, vSi denotes the 
fall velocity of the sediment having a grain size Di, and RPi = (gRDi)o.5 
Dil v. 

The steady sediment conservation equation for the ith size range of sediment mixture takes the form 

dq 
~ - v (p. E - c ) - s· 1 s· a' dx 1 1 1 

(7.38) 

where qSi is the volumetric suspended sediment discharge for the ith size 
range, and caidenotes the value of ca for the ith size range. The product 
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Pi ESi gives the actual sediment entrainment rate for the sediment in the 

ith size range, based on the amount available of this sediment size in the 
bed. For equilibrium conditions, equation (7.38) gives 

c 
E = aei 

Si Pi 
(7.39) 

where ca denotes the equilibrium value of c . As indicated by equation 
~ ~ 

(7.39), to obtain a functional relationship for ESi it is necessary to have 

both measured sediment concentration profiles for the different size ranges 
and the size distribution of the bed material. Herein{ field data for two 
reaches on the ilia Grande (Nordin and Dempster, 1963) are used to obtain 
a functional relationship for ESi' Three grain size ranges are used as 

follows: 

Range 1: 0.0625 mm < Ds < 0.125 mm, Di = 0.088 mm 

Range 2: 0.125 mm < Ds < 0.250 mm, D2 = 0.180 mm 

Range 3: 0.250 mm < D s < 0.500 mm, Ds = 0.350 mm 

Here Db D2, and Ds denote the geometric mean of the end points for each 
grain size range. The values of Pi and D50 for the two reaches in question 
are found to vary from day to day. Averaged values for the two reaches 
are shown in Table 7.2. 

TABLE 7.2 CHARACTERISTICS OF BED SEDIMENT 

Rio Grande: Bernalillo Rio Grande: Socorro 

D50 0.310 nun 0.190 rom 

Pi 0.046 0.129 

P2 0.297 0.484 

Ps 0.484 0.218 

All the data are summarized in Appendix A. As in the case of laboratory 
suspensions, the Engelund-Hansen method (equation 7.28) is used to 
compute the values of the grain shear velocity u~. The data for the two 

reaches cover the following ranges of the variables in equation (7.37): 
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1.10-4 < Cae/Pi = ESi < 0.165 

0.60 < uUvSi< 12.1 

1000 < H/D so < 3000 
2.7 < R < 32 

Pi 
0.25 < Di/D50 < 1.40 

The above values show a good overlap with the data for uniform material. 

In Figure 7.11, a plot of ESi versus the dimensionless grain shear 

velocity u~/v Si shows a trend similar to the one observed in the equivalent 

plot for uniform sediment (Figure 7.7). At the same time, the relative 
roughness H/D50 seems to play a secondary role, as was the case for the 
uniform sediment. The similarity variable used previously is generalized to 
the case of non-uniform sediment as follows 

u' m 
Zm = -*- R o· 6 [ D i ] 

v Sf Pi lY50 
(7.40) 

A remarkable collapse of the data is obtained for m = 0.2, as shown in 
Figure 7.12. It is interesting to see that the data follow a line parallel to 
the trend given by the relationship developed for uniform sediment. It is 
clear that any fit of the non-uniform sediment data will give estimates of 
ESi smaller than the value one would obtain for the same flow conditions 

and sediment size with equation (7.36) developed for uniform sediment. To 
solve this, a parameter ). is used to obtain an effective similarity variable 
as follows 

(7.41) 

The value of ). is obtained by fitting the non-uniform sediment data to the 
entrainment relationship for uniform sediment (Figure 7.13). The best fits 
for the Bernalillo and Socorro data, give ). values of 0.847 and 0.775, 
respectively. The follOwing relationship can then be used to predict 
sediment entrainment from a bed covered by non-uniform sediment 

ESi = 1.3 10-7 Z~ff / (1 + 4.33 10-7 Z~ff) (7.42) 

This relation reduces to equation (7.36) when the bed sediment is uniform 
(i.e. ). = 1). 

The value of the straining parameter ). has been evaluated herein in 
only two specific cases. It can be expected that this parameter 
characterizes the non-uniformity of the sediment. The standard deviation 
of the sediment (J' ~ on the phi-scale can be expressed as 
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Fig. 7.12 Plot of entrainment coefficient ESi versus similarity variable Zm 
with m = 0.2. The line is that of the proposed formulation for 
uniform sediment (7.36). 
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where 

¢ = - In(Di)/ln(2) ; 1 = E ¢ Pi 

For (J ¢ = 0 (Le. uniform sediment), and one would expect A 
simple linear relation for A versus (J ¢ might look like 

A = 1 +..!J.. (A - 1) 
fJ¢o 0 

(7.43) 

(7.44) 

1. A 

(7.45) 

Here Ao and (J ¢o are reference values introduced to normalize the straining 

parameter A, so that for (J ¢ = (J ¢o' A = Ao' These reference values are 
computed by taking the average of the values of A and (J ¢ obtained for 

Bernalillo (A = 0.847, fJ¢ = 0.731) and Socorro (A = 0.775, IJ¢ = 0.615), 

resulting in Ao = 0.811 and (J ¢o = 0.673. Substitution of these values into 
equation (7.41) yields 

A = 1 - 0.288 (J ¢ (7.46) 

To test the ability of the relationship obtained for non-uniform 
sediment (7.42) an independent source of data from the Niobrara river 
(Colby and Hembree, 1955) is used. For this data, (J ¢ = 0.686. 
Substitution of this value into (7.46) yields A = 0.802. In Figure 7.14, a 
plot of predicted values using (7.42) with A = 0.0802 versus observed 
values is shown. The agreement is found to be fair. 

7.8 Comparison with Data From Sediment-Entraining Currents 

In Figure 7.15, the sediment entrainment rates back-calculated during 
the experiments with sediment-entraining density currents are plotted along 
with the formulation obtained herein for uniform sediment in open channel 
flows. The values of Rp used for the 100 Jj and 180 Jj coal, are 1.23 and 

3.0, respectively. The trend displayed by the data for density currents is 
consistent with that given by the sediment entrainment function for open 
channel flows. However, it is clear that the sediment entrainment data for 
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density currents do not collapse when plotted as a function of the 
similarity variable Zu' Since the sediment entrainment function for uniform 

sediment was obtained with data having particle Reynolds numbers Rp (3.5 

to 37) larger than those associated with the 100 and 180 p. coal, it is 
possible that the lack of collapse may be due to a grain size effect. To 
explore this further, the similarity variable Zu can be written in a more 

general form as 

u* 
Z =-f(R) u v 0 p s 

(7.47) 

where 

f = A R 0·6 
o P 

(7.48) 

Here A itself could be a function of Rp' For the open channel flow data A 

= 1, and fo = R~·6. An inspection of the data in Figure 7.15 indicates 

that the 100 and 180 p. coal data collapse into the line given by (7.36) for 
values of A of 0.68 and 1.23, res:pectively. In Figure 7.16, these values are 
used to plot fo as given by (7.48). Included in the figure is the relation fo 

= R~·6 for the open channel data, plotted over the range of values of Rp 

covered. Based on the two available points for Rp < 3, the plot suggests 

that fo decreases more rapidly with sediment size than implied by the 

relation fo = R~' 6 in that range. This in turn should result in reduced 

sediment entrainment rates as the sediment size decreases. This behavior 
supports the considerations made previously concerning the role of viscous 
effects as grain size decreases. The implication here is that the open 
channel formulation is not necessarily wrong; rather, the functionality in Rp 

may not longer satisfy the relation fo = R 0·6 for R < 3. 
P P 

7.9 Conclusions 

Of all the various formulae in the literature, the relationships put 
forward by Smith and McLean (1977), and Van Rijn (1984), are found to 
be the best in predicting the observations for uniform sediment. Van 
Rijn's formulation involves a power of 1.5 of the bed shear stress, while in 
the case of Smith and McLean the power takes a value of 1.0. This latter 
result indicates that the rate of sediment entrainment varies almost linearly 

with the excess grain shear stress p(U*2 - u*~). 
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The relationship obtained herein with the help of data employed to 

test the existing formulations uses the similarity variable Zu = u~/vs R;·6 
to collapse the data; it involves a power of 2.5 of the grain shear stress. 
The extension of the formulation to handle sediment mixtures also supports 
the trend displayed by the data for uniform material. Both empirical fits 
should provide reasonable estimates of the sediment entrainment coefficient 
for sediment in the size range 95 p, < D s < 450 p,. 

The formulation obtained with open channel data was found to show 
some consistency with observations made in the experiments with 
sediment-entraining density currents. This consistency should prove useful 
for the development of predictive relations for sediment entrainment by 
turbidity currents. 

In the absence of better information, the formulations of 
Smith-McLean, Van Rijn, and the one proposed herein, should provide 
reasonable estimates of sediment entrainment rates associated with turbidity 
currents flowing over an erodible bed. Besides being useful in the realm of 
one-dimensional, integral models, these formulations can eventually be used 
to compute near-bed boundary conditions in two-dimensional models. 
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8.1 Summary 

CHAPTER 8 

SUMMARY AND CONCLUSIONS 

An experimental study of continuous turbidity currents was conducted in a laboratory flume modified to simulate a submarine canyon and its associated abyssal fan. The experimental program included the study of conservative saline currents, turbidity currents driven by well-sorted sediment, turbidity currents driven by poorly-sorted sediment, and sediment-entraining saline currents. 

An integral model for steady, spatially developing turbidity currents driven by poorly-sorted sediment was developed and used as a basis for the analysis of the experimental results. The model is an extension of the three-equation models proposed by Fukushima, Parker, and Pantin (1985), and Akiyama and Stefan (1985) for turbidity currents driven by well-sorted sediment. 

Several existing relationships for computing sediment entrainment rates in open channel flows were tested using data from equilibrium open channel suspensions. The same data were used to obtain a new sediment entrainment function for well-sorted sediment. Using field data, the empirical relationship was adapted to handle entrainment from a bed covered with poorly-sorted sediment. 

8.2 Conclusions 

8.2.1 Flow Characteristics 

The vertical structure of the currents was found to depend on flow regime. Supercritical flows were characterized by a relatively thin boundary layer extending up to the maximum velocity point and an outer jet-like layer that covered most of the current thickness. The boundary layer covered a larger portion of the current thickness in the case of subcritical flows, where the "nose" or maximum velocity point was located farther away from the bed. In both flow regimes, the velocity profiles showed a linear variation above the maximum velocity point. 
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The vertical structure of saline and fine-grained turbidity currents 
having similar inlet conditions was found to be approximately the same 
before and after the hydraulic jump. 

Velocity, sediment concentration, and excess fractional density profiles 
showed a good degree of similarity, in particular for supercritical flows. 
This has important theoretical implications since the similarity assumption 
was invoked during the development of the integral model. 

The grain size did not affect the vertical distribution of velocities in 
those currents that were not strongly depositional. 

Grain size showed a clear tendency to decrease in the upward 
direction from the bed. Smaller grains were more uniformly distributed in 
the vertical. Consequently increased sediment size resulted in increased 
depositional rates for the same layer-averaged concentration Ci. 

The vertical distribution of sediment having different sizes was found 
to be approximately similar as the current evolved in the downstream 
direction. 

8.2.2 Hydraulic jump 

The saline and turbid hydraulic jumps showed similar characteristics. 
The amount of water entrained by the flows while going through the jump 
was found to be small. Most of the water entrainment was seen to take 
place along the supercritkal region of the flow extending between the inlet 
and the jump. The water entrainment from above was negligible along the 
subcritical region after the jump. 

The strength of the jumps, quantified by the ratio of the current 
thickness after the jump to the current thickness before the jump, was seen 
to take values fairly close to those predicted by the relation for 
non-entraining jumps. 

Even though the present study was limited to a single canyon slope, 
the general characteristics of the observed hydraulic jumps are expected to 
be representative of similar events in the field. This is suggested by the 
llichardson numbers associated with supercritical turbidity flows which 
indicate that if the current experiences a hydraulic jump, the jump can be 
expected to be weak, in agreement with the observations presented herein. 

The most important effect of the change in flow regime was a marked 
reduction of the bed shear stress downstream of the jump. 

It was found that the thickness of the sediment deposit left 
immediately downstream of the jump tends to increase as the ratio u*/v s 
of the bed shear velocity immediately behind the jump to the particle fall 
velocity decreases. 
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These observations suggest that a continuous, channelized turbidity 
current driven by fine material experiencing a hydraulic jump in the 
proximity of a canyon-fan transition will drop most of its bedload 
immediately downstream of the jump. The suspended load can be expected 
to respond more gradually to the change in flow regime, with the resulting 
deposit spread out over hundreds of meters to kilometers. 

8.2.3 Sediment Deposits: Turbidites 

A clear correlation between turbidite thickness and grain size of the 
sediment driving the flow was observed. For similar inlet conditions, the 
currents laden with coarser sediment generated thicker turbidites. The 
thickness of the turbidites was seen to decrease roughly exponentially with 
distance from the inlet. 

The median grain size of the turbidites deposited by currents driven 
by poorly-sorted sediment was found to decrease with distance from the 
inlet. In those cases when analysis was possible, the vertical structure of 
the deposits also showed some weak grain size stratification. Upward fining 
was observed along the model canyon, while upward coarsening or no size 
stratification was observed along the model fan. 

The break in slope did not seem to cause any discontinuity in the 
pattern of deposition from suspension. 

It can be concluded that any sudden increase in the thickness of the 
deposit associated with a dilute turbidity current near a slope change is not 
due to the break in slope itself, but rather to the hydraulic jump induced 
by the break. 

The fan deposits generated in the experiments were two-dimensional 
because the currents were not able to spread laterally. Many turbidite 
environments do involve significant lateral flow, but there are a number of 
cases where turbidity flows are fairly two-dimensional over significant 
distances. For instance, the major channel of the Rhone river fan 
(Bellaiche et al., 1981) shows significant spillover from the channels to the 
sides, but the channel has remained in the same place for thousands of 
years of deposition, being simply displaced vertically. 

8.2.4 Sediment Entrainment 

The observations indicated conclusively that a conservative current of 
sufficient strength can entrain substantial amounts of bed sediment into 
suspension. 

The amount of sediment entrained OVeL a two-meter reach increased 
the buoyancy discharge by a modest amount (not more than 10 %). It 
can be expected that in a submarine canyon several kilometers in length, 
much more entrainment could be realized. 
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The results also suggest that in addition to the purely sand-driven 
currents analyzed by Fukushima et al. (1985), currents driven by silty mud 
could also entrain substantial amounts of sand and carry it to deep water. 

A clear tendency for the rate of sediment entrainment to increase 
with flow velocity was observed. 

An approximate decomposition of the bed shear stress into skin 
friction and form drag components indicated the importance of accounting 
for the presence of bedforms. 

Bedforms that developed during the experiments were found to be 
downstream-migrating antidunes. They are believed to have been induced 
by the small scale of the experiments. In the field, the ripple is expected 
to be the dominant bedform. 

The method developed by Nelson and Smith (1989) to remove the 
effect of bedforms on the boundary shear stress in open channel flows was 
modified to be applied in the present study. A comparison with values 
obtained using an empirical skin friction relation indicated a remarkable 
agreement. 

8.2.5 Sediment Entrainment Functions 

Of all the various formulae in the literature, the empirical 
relationships proposed by Smith and McLean (1977) and Van llijn t1984) 
were found to be the best in predicting reference suspended sediment 
concentrations of uniform sediment. Probably the most important finding 
related to this is the fact that sediment entrainment rates are seen to 
increase roughly linearly with excess (above critical) skin shear stress. 

A similarity collapse was used to obtain a new empirical sediment 
entrainment function for uniform material. Field data were then used to 
extend the formulation to handle mixtures. A test with data from the 
Niobrara river showed a fair agreement between observed and predicted 
values. 

The formulation derived from open channel data was found to show 
some consistency with the results of sediment-entraining density current 
experiments. The formulation can be expected to provide reasonable 
estimates of sediment entrainment by turbidity currents. 

8.2.6 Modeling Considerations 

The observations made during the experiments suggest that the 
similarity assumption used in the development of the integral model for 
mixtures is in most cases a good approximation. 
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The evaluation of shape factors showed that the top-hat or slab 
assumption is a crude but reasonable approximation, particularly if the size 
range of the suspended sediment is not too wide. Some indication of the 
error involved in this approximation is provided by Henderson-Sellers 
(1981) for the case of a plume. 

The analysis of the sediment concentration profiles for different grain 
sizes produced relationships that cannot be considered universal. They can, 
however, be expected to be representative of turbidity currents in natural 
environments. 

The one-dimensional model for steady, spatially developing turbidity 
currents developed herein can be used to predict the downstream variation 
of flow parameters, suspended grain size, and turbidite thickness. The data 
collected in the experiments could be used to test and calibrate the model. 
Once calibrated, the model could be verified at field scale. In Appendix B, 
the equations and input required to perform such computations are 
summarized. 
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APPENDIX A 

In this appendix, the laboratory and field data used in Chapter 7 are 
presented in tabulated form. 
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I 
Dsg:0.018em 

I 
Dsg:0.035em 

H U Slope e50 U· U*' T Nu I Cae Coe/p Rp Vs Zm Cae Coe/p Rp V. Zm Ca. Coe/p Rp VS Zm 
(em) (em/s) (em) (em/s)(em/s) ( C) (emUs) (em/s) (em/s) (em/s) 

........................ '" ......... 0 •• " ............................................................................................................ __ ....................... ___ ...... __ ............. _ ............. _ .. __ ........................ _ ......... _ ... _a .............. _ .. _ ........ 
R I ~ Grande (Nordi n and De<rpl ter, 1963) 
Ucrnolillo 
6-2- 53 A2 78.0 94.8 0.00083 0.032 7.96 4.53 21.7 0.00976 0.000326 0.00959 3.4 0.63 11.7 0.000328 0.00138 9.7 1.87 8.4 0.000108 0.00018 27.5 4.B4 7.0 
6·4·53 A2 15.6 95.1 0.00083 0.033 7.83 4.55 16.7 0.01102 0.000213 0.00666 3.0 0.57 12.0 0.000204 0.00067 8.6 1.73 8.4 0.000025 0.00000 24.3 4.55 6.9 

A 51.5 89.6 0.00083 0.030 6.46 4.30 16.9 0.01043 0.000287 0.00574 3.2 0.59 11.4 0.000396 0.00147 9.1 1. 79 6.1 0.000057 0.00000 25.7 4.68 6.7 
C 71.9 71.0 0.00083 0.042 7.62 l.69 21.7 0.00976 0.000162 0.010BO 3.4 0.63 9.0 0.000193 0.00128 9.7 l.B7 6.5 0.000067 0.00016 27.5 4.B4 5.4 
E 15.l 82.0 0.00083 0.026 7.80 3.94 21.1 0.00989 0.000138 0.00354 3.4 0.62 10.6 0.000262 0.00067 9.6 1.86 7.6 0.000023 0.00000 27.1 4.81 6.3 

4013'54 B 43.3 59.7 0.00082 0.026 6.07 3.08 16.7 0.01102 0.000381 0.00320 3.0 0.57 8.5 0.000536 0.00161 8.6 1.73 6.0 0.0000B2 0.00016 24.3 4.55 4.9 
C 44.2 66.1 0.00082 0.037 6.16 3.46 17.2 0.01088 0.000196 0.00377 3.1 0.57 8.9 0.000299 0.00081 8.7 1.74 6.3 0.000020 0.00000 24.6 4.58 5.1 
0 46.6 n.6 0.00082 0.029 6.28 3.02 17.2 0.01088 0.000215 0.00437 l.1 0.57 8.1 0.000381 0.00117 8.7 1.74 5.7 0.000128 0.00029 21, .6 1,.5B 4.7 
E 60.4 70.1 0.00083 0.031 7.13 3.55 16.7 0.01102 0.000237 0.00484 3.0 0.57 9.5 0.000382 0.00129 8.6 1.73 6.7 0.000185 0.00041 24.3 4.55 5.4 

5'19·54 B 40.5 76.5 0.00086 0.031 5.85 3.81 20.0 0.01016 0.000236 0.00513 3.3 0.61 10.0 0.0003311 0.00116 9.3 1.83 7.1 0.000123 0.00026 26.4 4.74 5.9 
C 59.7 57.9 0.00086 0.027 7.10 3.01 27.8 0.00850 0.000283 0.00786 3.9 0.70 7.8 0.000343 0.00130 11.1 2.05 5.7 0.000117 0.00026 31.S 5.19 4.9 
0 45.7 71.6 0.00086 0.031 6.22 3.62 27.8 0.00850 0.000174 0.00561 3.9 0.70 9.1 0.000143 0.00046 11.1 2.05 6.7 0.000021 0.00000 31.5 5.19 5.7 
E 59.4 83.8 0.00086 0.030 7.10 4.09 21.1 0.00989 0.000270 0.006.1,3 3.4 0.62 10.7 0.000381 0.00120 9.6 1.86 7.7 0.000123 0.00023 27.1 4.Bl 6.4 

Socorro 
4·10·54 Al 46.6 79.2 0.00076 0.017 5.43 3.60 12.8 0.01220 0.000611 0.00466 2.7 0.52 11. 1 0.000849 0.00165 7.8 1.61 1.7 0.000000 0.00000 22.0 4.31 6.2 

A2 30.5 88.4 0.00076 0.017 4.76 4.00 14.4 0.01169 0.000702 0.00447 2.9 0.54 12.2 0.000966 0.00143 6.1 1.66 8.5 0.000000 0.00000 22.9 4.1.1 6.9 ;,y. B 20.1 71.9 0.00098 0.016 4.38 3.44 20.0 0.01016 0.000615 0.00312 3.3 0.61 10.3 -0.000354 0.00058 9.3 1.63 7.3 0.000000 0.00000 26.4 4.74 6_ 1 
81 43.9 73.2 0.00098 0.021 6.49 3.59 22.2 0.0096.1, 0.000574 0.00692 3.5 0.63 10.0 0.000406 0.00071 9.8 1.89 7.2 0.000073 0.00027 27.8 4.B7 6.0 W 5.21.54 A I 35.4 105.2 0.00084 0.019 5.39 4.70 20.6 0.01001 0.001170 0.00873 3.3 0.61 13.5 0.001550 0.00259 9.5 1.84 9.7 0.000000 0.00000 ?'6.7 4.78 8.0 AZ 36.5 97.8 0.00084 0.016 5.52 4.36 19.4 0.01031 0.001960 0.01170 3.2 0.60 13.1 0.002750 0.00413 9.2 1.81 9.3 0.000000 0.00000 26.0 4.71 7.7 B 32.6 76.2 0.00100 0.015 5.67 l.59 22.8 0.00951 0.000509 0.00251 3.5 0.6.1, 10.7 0.000370 0.00061 10.0 1.91 7.7 0.000000 0.00000 28.2 4.91 6.4 81 27.7 76.5 0.00100 0.019 5.21 l.69 23.9 0.00927 0.000996 0.01110 3.6 0.65 10.4 0.002110 0.00311 10.2 1.94 7.6 0.000000 0.00000 28.9 4.97 6.3 8·17·S4 Al 70.1 185.0 0.00086 0.024 7.63 7.65 22.2 0.00964 0.005060 0.06930 3.5 0.63 20.6 0.008300 0.02030 9.8 1.89 15.0 0.00261;0 0.00644 ?'7.8 4.87 12.5 A2 n.5 194.2 0.00086 0.025 7.80 -7.80 24.4 0.00916 0.008410 0.16500 3.6 0.66 20.9 '0.020800 0.05120 10.3 1.95 15.1 0.004340 0.00070 29.2 5.00 12.7 

Niobrara (Colby .nd He<rbree, 1955) 
)·)·50 97 45.7 119.8 0.00170 0.029 Il.n 5.111 5.0 0.01520 0.000204 0.00510 2.2 0.43 11.3 0.000547 0.00144 6.2 1.38 7.9 0.000102 0.00030 17.6 3.01 6.7 109 51.8 144.2 0.00170 0.029 9.29 6.15 5.0 0.01520 0.000445 0.01110 2.2 0.43 13.1 0.002410 0.00634 6.2 1.38 9.1 0.000506 0.00g9 17.6 3.81 7.8 120 54.9 137.2 0.00170 0.029 9.56 6.49 5.0 0.01520 0.000252 0.00630 2.2 0.43 12.6 0.0009n 0.00248 6.2 1.3B 6.8 0.000325 0.00096 17.6 3.BI 7. S 129 67.1 127.4 0.00170 0.029 10.60 6.11 5.0 0.01520 0.000182 0.00460 2.2 0.43 11.8 0.000426 0.00112 6.2 1.36 8.3 0.000102 0.00030 17.6 3.Bl 7.1 141 73.2 86.6 0.00170 O.O~ 11.00 4.48 5.0 0.01520 0.000115 0.00440 2.2 0.43 8.7 0.000396 0.00104 6.2 1.38 6.1 0.000000 0.00000 17.6 3.61 5.2 4· 27· 51 14 73.2 93.9 0.00168 0.031 11.00 4.80 14.4 0.01170 0.000121 0.00610 2.9 0.S4 10.8 0.000128 0.00040 8.1 1.66 7.5 0.000000 O. 00000 22.9 4.40 6.5 25 76.2 123.1 0.00163 0.031 11.20 5.96 14.4 0.01170 0.000317 0.01590 2.9 0.54 13.4 0.000626 0.00196 8.1 1.66 9.4 0.000906 0.00174 22.9 4.40 B.O 41 61;.0 159. I 0.00163 0.031 10.30 7.34 14.4 0.01170 0.000442 0.02210 2.9 0.54 16.5 0.001790 0.00559 8.1 1.66 11.5 0.000192 0.00037 22.9 4.40 9.9 46 57.9 136.6 0.00163 O.Oll 9.70 6.48 14.4 0.01170 0.000479 0.02400 2.9 0.54 14.5 0.001730 0.00541 8.1 1.66 10.2 0.000000 0.00000 22.9 4.40 8.7 59 51.8 121.9 0.00163 0.031 9.20 5.91 14.4 0.01170 0.000324 0.01620 2.9 O. S4 n.3 0.000502 0.00157 B.l 1.66 9.3 0.000000 0.00000 22.9 4.40 B.O 6·19·52 12 6.1,.0 118.9 0.00125 0.028 8.90 5.59 16.7 0.01100 0.000083 0.00830 3.0 0.57 13.3 0.000128 0.00032 8.6 1.73 9.3 0.000032 0.00000 24.3 4.55 7.9 22 67.1 154.2 0.00125 0.028 9.10 6.91 16.7 0.01100 0.000039 0.00390 3.0 0.57 16.4 0.000121 0.00030 8.6 1.73 11.4 0.000066 0.00013 24.3 4.55 9.8 32 54.9 150.0 0.00125 0.028 11.20 6.15 16.7 0.01100 0.000047 0.00470 3.0 0.57 16.0 0.000336 0.00084 8.6 1.73 11.2 0.000100 0.00020 24.3 4.55 9.6 45 61.0 93.9 0.00125 0.0211 11.60 4.62 16.7 0.01100 0.000015 0.00140 3.0 0.57 10.9 0.000868 0.00217 8.6 1.73 7.6 0.000000 0.00000 24.3 4.55 6.6 ... ~ ................................................................................................ ' ..................................................................................................................................................................................................................................................... 





APPENDIX B 

In this appendix, the equations and input needed to predict the 
spatial development of supercritical turbidity currents driven by 
poorly--sorted sediment are summarized. 

B.I Equations 

1) Backwater relationships 

where 

and 

where 

Pi Es. U h 
.k _ 1 

I"e· - r 
1 0i 

2) Water Entrainment Coefficient (Garcia, 1985) 

e = 0.075 
w {1+718 R~·4)O.5 

1 

. R - gRCh 
i - U2 

B.1 

(2.38) 

(2.39) 

(2.40) 

(2.28) 

(2.27) 



and 

3) Near-bed volumetric sediment concentration 

where 

and 

where 

and 

r = 0.40 b}·64 + 1.64 
Oi 

4) Sediment Entrainment Coefficient 

u* [D.]O.2 Z - RO· 6 1 

m - V;i Pi --uso 

A = 1 + i (A - 1) 
(J'~o 0 

AO = 0.81, (J' ~o = 0.73 

5) Bed friction coefficient 

B.2 

(2.25) 

(2.30) 

(5.14) 

(7.42) 

(7.41) 

(7.40) 

(7.45) 

(2.29) 



( 

6) Skin Friction Coefficient 

, 
CD = U~2 / U2 

= [1 + + Cf 1~ K,-2 [In(9 C~ 0·5 U Ab /11) - 1 rr1 CD (6.20) 

where Ab and ib are bedform height and wavelength, respectively, and Cf 
is a drag coefficient equal to 0.21. This formulation is appropriate for 
turbulent smooth flow conditions. For rough flow conditions the original 
Nelson-Smith formulation can be used. 

7) Geometric Diameter of Suspended Sediment 

(2.14) 

8) Bed Variation 

(2.49) 

where A is the bed porosity. 

9) Sediment Fall Velocity (Dietrich, 1984) 

vSi = (g R 11 W*)l/S (3.4) 

where 

log(W*) = -3.7617 + 1.92944 log(D*) - 0.09815 (log(D*))2 

- 0.00575 (log(D*))S + 0.00056 (log(D*))4 (3.5) 

D* = g R Di / 112 (3.6) 

B.3 



B.2 Input Requirements 

1j Upstream values of U, h, and Ci for i = L.N. 
2 Initial bed slope and elevation (S, Zb). 
3 Characteristics of suspended (upstream) and bed sediment (Di' Pi, 
(}'~, and R). 
4) Bed friction coefficient (CD)' 

5j Bed porosity ().). 
6 Bedforms characteristics (lh, ib). 
7 Kinematic viscosity of water (vJ. 

B.3 Numerical Computations 

To predict the development of a steady, supercritical turbidity 
current, equations (2.36)-(2.38) have to be integrated numerically starting 
at the canyon head and marching stepwise in the downslope direction 
(Fukushima et al., 1985). 

If a turbidity current is sustained long enough, the bed elevation 
might change substantially due to sediment erosion and deposition thus 
affecting the flow behavior. The bed variation with time can be computed 
with the help of equation (2.49). The computational procedure should be 
as follows: 

Step 1: compute flow characteristics along the canyon-fan length. 
Step 2: compute bed variation for a given time increment At. 
Step 3: update bed elevations. 
Step 4: go back to step 1. 

BA 


