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SUBJECT: Transmittal of Technical Report D-78-46

TO: All Report Recipients

1. The technical report transmitted herewith represents the results of
one research effort (Work Unit 6C09) initiated as part of Task 6C entitled
"Turbidity Prediction and Control" of the Corps of Engineers' Dredged
Material Research Program (DMRP). Task 6C, included as part of the
Disposal Operations Project of the DMRP, was concerned with investigating
the problem of turbidity and developing methods to predict the nature,
extent, and duration of turbidity generated by dredging and disposal
operations. Equal emphasis was also placed on evaluating both chemical
and physical methods for controlling turbidity generation around dredging
and disposal operations.

2. Although there are still many questions about the direct and indirect
effects of different levels of suspended solids on various aquatic
organisms, it may be necessary, under certain circumstances, to be able
to predict the dispersive nature of the dredged material resuspended by
a particular dredging or disposal operation as a means of evaluating the
necessity for different control measures. Field studies of the short-
term fate of dredged material slurry at open-water pipeline disposal
sites indicate that the vast majority of any discharged fine-grained
slurry descends rapidly to the bottom of the disposal site and forms a
fluid mud layer. Although field measurements have provided a general
indication of the physical nature and dispersive characteristics of this
fluid mud dredged material, a laboratory investigation of the dynamics
of fluid mud flows was undertaken to complement the field measurements
and expand the understanding of fluid mud accumulation and movement.

The primary objective of this study was to define the dynamics of the
mud system through laboratory flume tests and to quantify the primary
variables that control the behavior of the fluid mud including sediment
composition, slurry solids concentration, bottom flow rates, currents,
and surface waves. With a better understanding of the fluid mud system
and the effect of different environmental variables on its dispersal, it
is possible to better predict the dispersal patterns of fine-grained
dredged material slurry disposed at open-water pipeline disposal sites.
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3. This study addresses the generation of fluid mud flows around open-
water pipeline disposal operations and represents one of a series of
reports concerned with the dispersion of dredged material and the
control of water column turbidity. Other studies within Task 6C provide
information on silt curtains, submerged pipeline discharge, and the
formation and dispersal of fluid mud dredged material around actual
open-water pipeline disposal operations. All research results generated
by Task 6C are synthesized in Technical Report DS-78-13 entitled '"Pre-
diction and Control of Dredged Material Dispersion Around Dredging and
Open-Water Pipeline Disposal Operations."

JOHN L. CANNON
Colonel, Corps of Engineers
Commander and Director
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SUMMARY 1

Open-water pipeline discharge is a commonly used technique
for the disposal of dredged channel material in adjacent shoal areas.
In recent years its use has been curtailed because of the potential
threat of environmental damage. During open-water disposal operations
a small percentage of the dredged material becomes suspended in the
water column. The large remaining fraction of material settles to the
bottom where it forms a layer of fluid mud that may flow away from the
discharge point and spreads over the bottom as a dense, thick blanket.
This study focused on the fluid mud system for the purpose

of improving the basic understanding of its dynamics and quantifying
the effect of major system variables on its behavior. The study was
based on a laboratory test program in which two-dimensional mud flows 1
were generated in a test tank where their behavior was observed as a |
function of system variables. The test facility included a 32-ft-long 4
test tank (8 ft wide by 30 in. deep) equipped with several observation
windows on each side, a freshwater supply, a saltwater mixing facility,
a mud supply system, a water recirculation loop, and a wave generator.
The test matrix of 25 tests was organized so that each variable was
evaluated with respect to a reference test condition. Independent

i variables included salt and freshwater sediment, slurry solids concen-

% tration, bottom slope, slurry flow rate, water current velocity, and

surface waves. The fluid mud system was characterized by measuring

head wave velocity, cloud height, fluid mud layer thickness, suspended

solids concentration profiles, and bottom sediment deposition.

In general the behavior of the two-dimensional fluid mud

system depended on maintaining the solids concentration in the moving

head wave. If the settling rate of the material in the flow was 1
appreciable, the supply of sediment to the head wave continuously

i : diminished, the solids concentration decreased, and the head wave

velocity decreased until it finally stopped. When settling was |
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negligible (on downslopes greater than 0.75 degrees), the head wave 4
solids concentration was maintained and the motion of the fluid mud '
system was self sustaining. The control applied by slurry flow rate '
followed the constant densimetric Froude number relationship for the v
head wave. As the slurry flow rate increased the fluid mud system

thickened and the head wave travelled faster.

The behavior of the fresh and saltwater sediment systems )
was paradoxical in that the settling rate in fresh water exceeded
that in salt watgr. The effects of flocculation in salt water were
not apparent possibly because the sediment grain size was too large
to promote significant flocculation and the test time was too short i
to allow its effects to be seen, or the freshwater sediment could
have been flocculated by associated organics.

The head wave velocity of the fluid mud system was greatly :
enhanced by the presence of downslope. The concentration profiles
and head wave velocities indicated that beyond a threshold slope the 4
solids concentrations of the fluid mud layer became stable in time | )
and identical in space so that the system sustained itself. The criti-
cal downslope was found to be at least 0.75 deg or 1:76. At this
condition the gravity force component along the sloped bottom just
balanced the friction forces acting on the mud layer and reduced the &
net settling of the suspended solids to zero. i

Head wave velocity depended on slurry density as given by
the constant densimetric Froude number relationship (i.e. U = Ap ).

The slurry density influence was masked by the settling process so
that it was only evident in the starting region of horizontal tests
and at the terminal condition of downslope tests at or beyond the
critical slope.

A 6-fpm current velocity doubled the thickness of the
turbidity layer regardless of its flow direction (parallel or counter
flow). Counter flow is also parallel but in the opposite direction. The

counter current transported the turbid layer downstream and tended to




thin down the fluid mud layer. The parallel current transported the
turbid layer in the direction of the mud flow with no apparent thinning
of the mud layer.

Free surface waves generated orbital motion throughout the
water column. As the mud flowed down the test tank it took on the
oscillatory motion of the water column near the bottom; however, the
orbital motion imposed on the mud flow did not interfere with its net
forward motion. Above a threshold orbital velocity of 0.06 fps,
the wave motion promoted turbidity generation and both fluid mud and
turbidity layers thickened significantly.

1
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PREFACE

This report presents the results of a laboratory study of
the behavior of mud flows that may be generated by open-water pipeline
disposal operations. The study was conducted by the JBF Scientific
Corporation, Wilmington, Mass., under Contract No. DACW39-76-C-0173,
dated 30 September 1976, under Dredged Material Research Program (DMRP)
Task 6C, "Turbidity Prediction and Control," Work Unit 6C09, "Labora-
tory Investigation of the Dynamics of Mud Flows Generated by Open-Water
Pipeline Disposal Operations.'" The DMRP was sponsored by the Office,
Chief of Engineers, U.S. Army, and was administered by the Environmental
Laboratory (EL), U.S. Army Engineer Waterways Experiment Station (WES).

The study was conducted by Messrs. George Henry, Robert W.
Neal, and Stephen H. Greene, of JBF Scientific Corporation. The contract
was monitored by Dr. William Barnard, Disposal Operations Project, EL,
under the general supervision of Mr. Charles C. Calhoun, Jr., Project
Manager, and Dr. John Harrison, Chief, EL.

Director of WES during the conduct of this study and the
preparation of this report was COL John L. Cannon, CE. Technical

Director was Mr. F.R. Brown.
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) i
UNITS OF MEASUREMENT '

U.S. customary units of measurement used in this report can be converted ’

to metric (SI) units as follows:

Multiply 5 . By To Obtain
inches i 0.0254 metres
feet 0.3048 - metres
fathoms 1.8288 metres
miles (U.S. statute) 1.609344 kilometres
miles (U.S. nautical) 1.852 kilometres

' feet per second 0.3048 metres per second
feet per minute 0.3048 metres per minute |
knots (international) 1.852 kilometres per hour
square feet 0.09290304 : square metres
gallons (U.S. liquid) 3.785412 cubic decimetres
gallons (U.S. liquid) per 3.785412 cubic decimetres

minute per minute




LABORATORY INVESTIGATION OF THE DYNAMICS
OF MUD FLOWS GENERATED BY OPEN-WATER
PIPELINE DISPOSAL OPERATIONS

CHAPTER I: INTRODUCTION

Background

4

1ig In U.S. Army Corps of Engineers dredging operations, open-water
discharge is a commonly used téchniqup for the disposal of dredged channel
material in adjacent shoal areaé.1 At the discharge point the interaction
between the flow of dredged slurry and ghe water column forces a small per-
centage of fine-grained material to be dispersed in a turbidity cloud or
plume, while the remainder of the dredged material descends to the bottom
where it forms a layer of relatively dense fluid mud. The turbidity
generated during open~water disposal operations has been a concern because
of the presence of suspended solids in the water column and the potential
release of pollutants. The fluid mud system that is created on the bottom
flows away from the discharge location and covers the bottom with a dense
layer of material with extremely low dissolved oxygen levels and high
levels of suspended solids. Mud flows observed by May,1 Nichols et. al.,2
and Johanson3 have all demonstrated thicknesses of up to 2 ft,* dissolved
oxygeﬁ contents of nearly zero, and solids concentration of 10 to 170 g/Ji.

2. The pumping rates for hydraulic pipeline dredges can develop
large-scale mud systems of high energy that are capable of travelling
thousands of feet before their energy is finally dissipated. These flows
are surprisingly dynamic in the manner in which they move over the bottom,
and they reflect many of the characteristics of natural submarine mud
flows.

3, In view of the highly dispersive nature of these mud systems,
it becomes essential to predict their spreading characteristics so that

the dredged material stays within the bounds of the designated disposal

* A table of factors for converting U. S. customary units of measurement
to metric (SI) units can be found on page 10.
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area and the impact of turbidity generation on the environment and !
community can be minimized. In any approach to the problem of predic-
tion, the first step must be that of determining the dynamic properties
of a fluid mud system whose source is continuous, and its behavioral
response to changes in dredging operational procedures and environmental

parameters. A program of this nature would be difficult to implement

in the field because of the lack of control over current, waves, and
slurry density. It is better suited to the laboratory where parameters

can be controlled and effects uncoupled.

Purpose

4. The objective of this program was to improve the basic under-
standing of the dynamics of fluid mud dispersion by assessing the effect
of certain system parameters on the dispersion process. The laboratory
program was performed in order to quantify the influence of sediment
composition, bottom slope, discharge velocity, slurry flow rate, salinity,
current, and waves, thereby providing data that would aid in the evalua-

tion and interpretation of field measurements of fluid mud behavior.

Scope

5. The objective of the project was accomplished by means of a
laboratory test program with the capability of generating reproducible

mud flows, varying environmental conditions, and measuring the resulting

behavior of the system. The test matrix was arranged so that the con-
trol of each variable was established with respect to a reference base-

line test condition. The independent variables included salt content of

the sediment, three slurry suspension concentrations, five bottom slopes ;
including upslope and downslope directions, three slurry flow rates,
three current conditions including flow direction, and four surface E

wave conditions. Measurements were recorded for head wave velocity,

12




cloud height, fluid mud layer thickness, suspended solids concentration,

and bottom sediment deposition. A total of twenty-five tests were

conducted to fulfill the program requirements.
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CHAPTER II: NATURE OF MUD FLOWS

6. A mud flow is a layer of fluid mud2 that travels along the bottom
of a body of water under the influence of gravity forces. It flows in the
downslope direction away from the point of deposition on the bottom. The
fluid mud is a mixture of sediment and water that is denser than the
surrounding water column. The fact that a sediment-laden mass of water
behaves as a homogeneously denser fluid was proposed by Forel in 1887 (in
Dunbar and Rogersb) as the reason why denser turbid river waters flowed
under the clear water of the lakes into which they discharged. 1In 1973
Kuenan5 demonstrated in the laboratory that a sediment layer under a less
dense water layer flows downslope under the forces of gravity. The sediment
slurry is miscible with water in the sense that it can entrain water and be
diluted if some degree of turbulence or agitation is provided to keep the
solid sediment grains suspended. In the absence of turbulence the suspended
sediment tends to settle to the bottom leaving the water column clear.

7. Natural sediment flows can be steady or they can be catastrophic.
An example of the former is the flow of the Colorado River into Lake Mead.
The sediment-laden river water discharges steadily into the upper end of
the lake where it forms a continuous flow over the bottom under the
clear, less dense lake water along the old river bed all the way to
Hoover Dam, 120 miles downstream. When the Colorado River is in flood,
the sediment flow moves at approximately 1.0 fps at the upper end
of Lake Mead, but slows to 0.25 fps as it approaches Hoover Dam.6
The classic example of a catastrophic mud flow or turbidity current
originated during the Grand Banks earthquake of November 18, 1929.7 The
quake apparently caused the downslope movement of enormous masses of loose
sediment. These masses entrained water and became dilute and fluid as
they travelled downslope. Many submerged cables crossing the area, were

severed by the leading edge of the turbidity current. From the recorded

14




break times and the cable locations investigators were able to trace
the movement and establish the velocity of the turbidity current as it
flowed down the slope from the continental shelf at 200 fathoms out
onto the abyssal plane at 2800 fathoms. During the descent the moving
sediment layer traversed a distance of more than 400 nautical miles in
13 hours. The leading edge travefled at 55 knots on the continental
slope, but slowed down to 12 knots as it reached the ocean floor. It
undoubtedly travelled many miles further before it finally came to
rest. The widely different behavior of the Colorado River sediment
flow and the Grand Banks turbidity current can probably be attributed
to the higher energy developed by the enormous mass of material in-
volved in the latter as well as the greater initial slopes.

8. The mud flows generated by an open-water pipeline disposal
operation can be characterized by several distinct features. The pipe-
line discharge configuration may impart a directional property to the
mud flow. If the discharge pipe is aimed vertically downward, the mud
spreads in a radially symmetrical pattefn from the point where it
impacts the bottom. If the pipe is initially horizontal and either
submerged or out of water, tre mud flows along the bottom in a highly
directional pattern that is centered on the azimuth angle of the pipe.
Beyond the immediate region of the impact point the sediment layer
comes under the influence of bottom slope and tends to flow in the
direction of steepest downslopes of the bottom surface. The leading
edge of the mud flow may form a distinct head wave immediately behind
which follows a mud flow of relatively uniform thickness. The spreading
and flowing phenomenon is somewhat analagous to that of light oil
pouring onto a flat plate. As the oil puddles at the point of impact,
the thickness of the puddle generates a hydrostatic pressure that can-
not be sustained by the edges of the puddle. Consequently, the bounda-
ries of the puddle move radially outward thereby reducing the hydro-
static pressure. If the plate is set at a slight angle, the oil will

flow down the plate due to gravity forces acting on the oil layer.
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The behavior of the mud layer on the bottom is similar except that the
equivalent gravity force is reduced by the buoyant force acting on the
mud layer.

9. The characteristics of the mud flow are controlled by the
internal flows that exist within the head wave and the uniform layer
that follows behind it. Previous mud flow studies conducted at JBF by
Neal and Henry8 demonstrated the nature of two-dimensional sediment flow
within the head wave. As the head wave moves forward, sediment that is
supplied to it sustains its motion. This sediment flows along the bottom
at a forward velocity exceeding that of the head wave. When the sediment
flow reaches the head wave, it rotates upward and over (Figure 1) as
if in reaction to the wall of water ahead of tﬁe wave. As the sediment
mixture rotates at the leading edge of the head wave, it opens to form
a miriad of approximately vertical folds between which water enters
the head wave envelope and becomes entrained. By the time the sedi-
ment reaches the top of the head wave its velocity is close to zero.
An overview of the head wave shows it laying downxén apparently sta-

tionary cloud behind it as it advances.

Stationary Cloud

Water Entrainment

o Between Folds
\
Head Wave
Sediment Supply - - —— Advance
to Head Wave — - - Velocity

LA J AT CEPE

Figure 1. Sediment flow through the head wave

Ay -y
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10. Underneath the stationary cloud and obscured by it is the
active fluid mud flow that transports sediment to the head wave and away b
from the source of mud supply. From the schematic of the head wave, |
Figure 1, the main flow of fluid mud to the head wave is along the
bottom so that velocity and concentration maximums occur within this
fluid mud layer. In connection with modelling studies on sediment den-
sity currents, Tesaker9 measured profiles in nearly uniform currents in
both the laboratory and the field that demonstrate these characteristics.
For illustration one set of Tesaker's profiles is reproduced in Figure

2 for a laboratory flow on a 1:10 slope.

30

T i Views ‘ TR T T

g <
o —~—- Concentration
g Velocity
& 20 E
Q
A
v Bottom Slope 1:10
2
< 10} = 1
k=]
-
0
o
B

0 B T\‘\i ‘

0 50 100

Velocitv, cm/s +
Concentration, g/% -

Figure 2. Profiles through a uniform mud flow (from Tesakerg)
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The motion of the mud layer over the bottom generates shear that results
in the development of a velocity boundary layer at the lower interface
as shown in Figure 2. A similar viscous shearing action occurs between
the moving mud layer and water column above it. This is indicated in
Figure 2 by the gradual diminution of velocity through the upper strata
of the mud layer. The combination of viscous effects at both interfaces
creates a maximum in the velocity profile at an intermediate height above
the bottom.

11. In addition to viscous effects, the settling characteristics
of the sediment play an important role in the behavior of the mud layer.
The sediment is characterized by a grain-size distribution which in
dredging operations may encompass sand (>0.62 mm), silt (0.0039 mm to
0.062 mm), and clay (<0.0039 mm) sizes. As the mud layer flows along
the bottom the larger particles or flocs tend to settle to the lower
portion of the layer because of their greater settling velocity. This
settling action raises the concentration in the lower portions and lowers
it in the upper portions of the layer. The effect is reflected in the
negative slope of the concentration profile in Figure 2. This settling
process also raises the percentage of coarse particles in the lower
levels of the mud layer, while fine-grained material dominates the upper
levels. 1If significant viscous shear is present at the upper interface,
it will generate fluid turbulence that drives the fine sediment higher
into the water column, thus increasing the height of the turbidity cloud.
As the coarse particles move along the bottom, they eventually fall
into the velocity boundary layer whereby further descent is accomplished
by horizontal deceleration of particles. Once the limiting velocity for
transport is reached, the particles settle out onto the bed. Partheniades
and Mehtalo established that a constant interaction takes place between

the processes of deposition and bed erosion so that, while particles

settle out from the fluid mud layer, other part ~y simultaneously

undergo erosion and become resuspended within - flow. When deposi-

tion and resuspension rates are equal, a sta* equilibrium exists and
18




the mud layer flows uniformly. If the deposition process dominates,

the concentration of sediment in the mud layer diminishes as the material
is deposited on the bed. If resuspension dominates, the sediment bottom

is eroded while a solid bottom promotes uniform mud flow. Steeper bottom
slopes raise the shear stress on the bed, thereby inhibiting the deposi-

tion process and enhancing rates of sediment resuspension.

12, With the fine-grained estuarine sediments encountered in main-
tenance dredging operations, settling characteristics are largely deter-
mined by the process of flocculation. Discrete particles are attached
to one another to form larger Eiocs which in turn may stick to other
flocs to form flocs of varying sizes. By virtue of its increased size,
the floc has a greater fall velocity and settles faster than the indi-
vidual particles. In estuarine environments flocculation of fine-grained
material with particle diameters less than 0.030 mm is enhanced by the
salinity of the water.11 At suspension concentrations less than 0.3 g/%,
flocculation may n?t be appreciable bgcause the particles are too widely
spaced and contacts are too infrequent. In the range 0.3 to 10 g/%, flocs
form but in limited number and size because of the relative scarcity of
sediment grains.12 The flocs behave as individual particles in that
they settle onto the bed and by resuspension take part in the continuous
interchange of bed and suspended materials. Turbidity clouds generally
fall in this concentration range up to 10 g/f and hence are typified by
the properties of these low concentration regimes. Above a solids con-

11,12 The

settling of the flocced sediment proceeds only as fast as the interstitial

centration of 10 to 15 g/%, flocs form a matrix of "fluff".

water between the flocs can migrate upward through the matrix.12 Because

the structure of the matrix inhibits the settling action,12 the process is
referred to as "hindered settling'. Since hindered settling occurs between
suspension concentration of 10 to 200 g/% ,12 the "hindered settling"
regime represents the properties and behavior of fluid mud. Beyond a

concentration of 200 g/% the floc matrix starts compressing under its

own weight followed by a gradual breakdown of the floc matrix/structure.13
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Throughout this transition phase, as interstitial water is released,

bulk density of the sediment increases and the sediment gradually develops

rigidity that prevents it from flowing as in the "hindered settling' phase.
13. Inasmuch as this laboratory study deals with the behavior of

dynamic mud systems, primary concern is with the settling regimes up to

and including "hindered settling'" since this encompasses "fluid mud".

Suspension concentrations of the pipeline slurry are maintained close to

the upper limit for this regime (200 g/%) while the maximum solids con-

centrations in the fluid mud layer are lower than the pipeline values by

a factor of approximately two. In the subsequent sections of this

report mud flow or mud system refers to the total mud layer comprised

of the upper turbidity layer and the lower fluid mud layer. The

turbidity layer or cloud is the upper layer of the mud flow extending

from the clear water boundary (0.0 g/%) down to the 10-g/% isopleth. In

this layer there is a constant interchange between material in suspen-

sion and in the upper levels of the fluid mud layer. The fluid mud

layer is the denser bottom layer of the mud system extending from the

10-g/% isopleth to the bottom. It reflects the properties of the "hin-

dered settling" regime.

20
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CHAPTER III: EXPERIMENTAL FACILITIES AND PROCEDURES

14. The test facilities that were utilized in this program included
a large laboratory test tank and several support systems required to ;
simulate the operating conditions and variables prescribed in the study.
The support system included a freshwater supply, a saltwater mixing
facility, a mud supply system, a recirculating curfent loop in the tank,
and a wave generator. Hardware was built for water sampling stations
and bottom sediment traps. Test procedures were developed for the
operation of these support facilities, and laboratory procedures were
designed for the evaluation of samples and sediment properties. The above

facilities and procedures are described in detail in this Chapter.

Experimental Facilities

Test Tank

15. The test tank was specially designed for mud flow studies.
It was constructed of wood and measured 32 ft long x 8 ft wide x 30 in.
deep. Three Plexiglas viewing windows, each 5 ft long » 30 in. high,
were installed in each side of the tank for visual access. Sump troughs
were located at each end of the tank across its full width to facilitate
filling, emptying, and cleaning procedures. External cross-over
plumbing permitted filling and/or emptying from either or hoth ends and
during emptying aiforded good control over turbalence that tended to
disturb the bottom sediment before the traps were removed. A portable
wooden partition was installed lengthwise down the center of the
tank to form two 4-ft-wide test sections. Previous studies showed
that the 4-ft width had little or no effect on the flow properties
of a unidirectional fluid mud system as compared to an 8-ft width. Use
of the partition reduced the water usage from 3500 gals/test to 1750
gals/test and reduced the per test expense of filling, emptying, and : |

cleaning the tank by the same factor. The two sides of the tank were |

isolated from each other by means of a pneumatic seal around the edges
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of the partition and plate seals in the troughs. For the sloped bottom [
tests a false bottom was installed on each side of the tank. On one
side the bottom was sloped at 1 degree and the other at 2 degrees so
that all of the sloped tests (upslope and downslope) could be run with

the two bottoms. Figures 3 and 4 show top and side views of the test

tank.
Water Supply '

16. The test plan required salt water of 10 ppt salinity for all
tests except the one that utilized freshwater sediment in fresh water.
The salt water was manufactured in the laboratory by dissolving enough
granular salt in the tank of fresh water to raise its salinity to 10 ppt.
Town water was used for the freshwater source although it contained such
high levels of suspended solids that underwater §isibility was too poor
for photographic purposes. Water clarity was greatly improved by fil-
tering during the filling cycle using a Purex filter, Model 2048
(Figure 5). This was a diatomaceous earth filter (48 sq ft) which in
series with the town supply delivered clear water at the rate of 100
gpm. The granular salt was first dissolved in 300 gals of water in a
brine tank that was equipped with an electric stirrer (Figure 6). The
brine solution was then pumped through the Purex filter to remove
undissolved solids, then directly into the clean empty test tank. Fresh-
water was then valved through the filter to the test tank until the
water depth reached 24 in. Underwater visibility exceeded tank length
(31 ft), and salinity was uniform throughout the water column.

Mud Supply

17. A complete processing procedure was developed for the prepa-
ration, mixing, and delivery of the mud slurry to the test tank. The
consolidated in situ mud was initially weighed and a sample taken in
the center of the mud mass. In situ solids ratio and moisture content
were determined from the sample and along with the mud weight enabled
the determination of the amount of water to be added to obtain the pre- |

scribed solids ratio for each test. The mud and water were combined 1

22 |
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and stirred until the mixture was homogeneous. The slurry was passed
through a mesh screen to remove large debris and was then stored in a
400-gal reservoir tank. The tank was located outside the laboratory
because of the odor given off by the mud, and it was protected from the
weather by a temporary enclosure that was maintained at shop air temper-
ature. Approximately 350 gals of slurry was prepared at each mixing,
and this quantity was enough for at least four tests. The last step

in the slurry preparation was to add sufficient salt to the contents of
the tank to raise the salinity of the slurry to 10 ppt, equal to that
of the tank water. In shakedown tests it was found that lower salinity
slurry generated turbidity "fingers" that rose out of the turbidity
layer of the mud flow. The condition disappeared when the slurry
salinity was raised to or above the water salinity.

18. For a period of at least an hour before each test, the mud
slurry was stirred and recirculated continuously in order to keep the
solids suspended. The plumbing schematic for the system is shown in
Figure 7. The reservoir tank is shown in Figure 8; the transfer pump
and control plumbing are pictured in Figure 9. In the recirculation
mode valves A and B were open, valves C and D were closed. During
a test, valves A, C, and D were open and the slurry flow rate to the
tank was controlled by valve B. At maximum delivery valve B was closed
and the flow rate at the tank was 33 gpm. Immediately before each
test, valve B was adjusted and the flow rate was calibrated by timing
the volume of slurry discharged into a calibration barrel at the test
tank end of the system (valve B). The sampling valve was used to take
slurry samples before and after each test as a monitor on solids content.
After each test the contents of the delivery hose were drained back into
the reservoir tank.

Sediment Properties

19. Each of the two sediment types was analyzed for grain-size
distribution and total organic carbon. The Boston Harbor (saltwater) j

sample was a composite of samples taken from each of thirty-one 55-gal

25

AT il x



HOLVH3IN39

wa3sfs L1ddns pnu ‘>73eweyods S8urqunig °/ 2an81a

39V9
3YNSS3¥d

©

Sv9 00

_ ANVL HIOAN3S3IN
Al
3JAVA
SNFIdWVS o o __ N
| &
_ o~
AY¥NAS
_ mmz_mu
_ H3HYIIS
_
Y G
i i |
o | a3ns
ANO1VY08V _ ¥0001N0
_ Q31V3H
|
R N Iy




. ~ - -

STOI3UOD MOTJ pue juel 1roa1’sax LKiinTs g 3indry
dund 193jsuexy Lianyg °g 2and1g

Y

27




JUSBWIPSS (10qaey U0ISOg) 193EMITES 10J UOTINQTIAISTP SZTS-UTEIH

um ‘x33a3wmeld

I'0

‘0T 2an81g

I9ufgd 3Juadaad

° ° o ° . e
o o o ¢ ° © o ©o ©00¢ z iy
~N =3 & - *® ~N » L ® v ~ e » L BN ] °
T M T
s R . .- - ' i {
i dakl Eal as R R
SR Ly me 4 ; -
A¥ H
5 [t O i 1 115 P8 O o [y ¥ o
DL el B 2 181 2 Lo IS SWE R
5 — - P R — 4 - . -y - -+
BN A DRAS] T ) 0 i $-14 G
PO b 8 L 16 e s N + +-H
li..»v.f.y G NS B S L ) (18 e e |-~ : + 5 85 O 5.
e h B2 -4 - B e Rt B JLr - 1 o 1.Ti
o ] g O SR S BR i N TH
fde s ; | S S S0 ] el
—_— e e iV ..rl%;t 14 _— Lu
I [ S N R ) e = £ 0% IS0 E B S
- —~— - . . - ﬂl - - - 4.,lr ey - o J
HPRE | o 24 56 161 1 A ! LS G gl v
= A T H | TH
R I, 5} A & S 50, g4 H L4
s % A S Axx:*.. = B 8 4 e Inbea e Sl S S o B0 M o 0 .
NG i o 1 R B F! I (1
= i 4 & o [ e AT IR L J x& +44
{ ik 01 18 Ao ol g bad i1 Y & o
, i 409
1 el T B A N RS U N SRE3I A o b
= - L : 4+
‘ i i RBTH HHL e [ i
1 1 A, - -
-t ] 2 x T IO i D
| wd bl . % (i
4 — " 8 .A'[ ..... -
* 00 P e 1 B i 5 N Y I
. 08
i WAL " o
- v+ - - . - .- 4 =
| & g ikl Lo A
- + INE N .o i EERES Saaie SRR TS S e S NS R W O
. 4 44 M [ I S 4
SR - .4 g 4 fds L. 444
B W N 1 2 BN o 0 y
| ‘ 00l
— B S e - i = == 3 i iaa

28

o o DR W




Jusuwrpes (431D ueSTYOTR) I93EMysa1j I10F UOTINQTIIISTP 32TS-ureiy °TT 2an31jg

mn ¢ I1333WeT(q

Zoo®
€oo
|y oo’
§00

o0z

WWM =3 15 00, 9 1 SO A WO 5 5 [ 1 . . R Y 4T, 3 08 ¥
U ] IAI Un illxlﬁlft e L. S B ~
= g BN A S 39 T T o¢n
L s i o e VS EYTSS N TR o ) ) ¢ N -
s 5 S VORI GISIN SRSS B 5 o VL 4 S s o W
RSV SRR SR e HES) I 08 S o =l — — et 4
. =t
(¥
=
®
"

%A I ¥
P ) I\ o 6 TP 1O I LT B
- ~ _ m *r _M 110N B B T B I =
AR kT IS RS 1Ot S O
ol o el RS | i L s 08
& 9 TR W) 7 R
b . E
gly.—. LLX. -
]

@

el
o ¥
()

B & - awae pr oo




drums. The 31 samples were of equal volume and were taken at the center
of each drum. They were combined in a single container and stirred until
the mixture was homogeneous. The composite sample was then taken from
the mixture. In the case of the Michigan City (freshwater) sediment a
single sample was taken from the one drum of available material. The
particle-size analysis was performed in accordance with the ASTM standard
method14 using a 151 H ASTM hydrometer. A dispersed test was conducted
on each sediment using sodium metasilicate as the dispersing agent. A
nondispersed test was carried out on the Boston Harbor sediment in a
salt-water medium of 10 ppt salinity. Results of these analyses are
presented in Figures 10 and 11 for the Boston Harbor sediment and the
Michigan City sediment, respectively. The particle diameter range is
divided into sand (0.062 mm), silt (0.0039 to 0.062 mm), and clay

(0.0039 mm) categories. The percentages of sand, silt, and clay as
derived from Figures 10 and 11 were plotted on é!tErnary diagram that
contains twelve (12) distinct textural classes (Figure 12). The Boston
Harbor sediment was classified as a "silty mud" and the Michigan City

sediment as "clayey silt."

100

20 cLAYEY

75 SILT

Figure 12, Textural classificationdf§ test sediments
(after Shepard )
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Total organic carbon content (TOC) is noted in Figures 10 and 11 for

each sediment. TOC was determined by the combustion-infrared method

as outlined in Standard Met:hods.16

Mud Flow Generator

20. The mud flow generator was the last component on the end of
the mud delivery system (Figure 7); its function was to transform
the pipeline slurry flow into a mud flow that propagated along the
bottom of the test tank. From previous research on submerged dis-
charge designs for open-water disposal operations,8 it was known that
the characteristics of the resulting mud flow reflected the design of
the discharge system. Thus, a near horizontal pipe discharge, sub-
merged just above the bottom, produces a high-velocity, thick head
wave that exhibits some wall effects and generates excessive water
column turbidity in the region around the impact point. The sediment
concentration also suffers an order of magnitude dilution due to

water entrainment as the sediment flows through the free jet, impinges

on the bottom, and stabilizes in the direction of'mud flow. A vertical

discharge pipe, submerged but above bottom, produces an axially

symmetric mud flow that is slow moving, thin, and turbidity free. It

_ displays minor wall effects and a back flow that rebounds off the

end wall and travels back to and through the discharge area. A
vertically oriented conical shroud with circumferential bottom
opening produces an axisymmetric mud flow with medium head wave
velocity and thickness equivalent to the height of the bottom opening.
21. In accordance with previous experience the design require-
ments for the mud flow generator were specified as follows:
a. Slurry density will be maintained and controlled prior

to discharge from the mud flow generator to ensure that_

the concentration of the discharged fluid mud layer
will be known. Specifically, the slurry will be con-
tained within the mud flow generator to prevent contact

with the water column with attendant mixing and entrain-

ment.
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b. The fluid mud flow will be two dimensional at the dis-
charge of the generator (i.e., it will be uniform across
the width of the test channel) in order to eliminate
wave reflections off the sides of the test tank.

Ce The fluid mud system will be directed down the tank in
one direction thereby eliminating back flows and end
wall reflections.

d. The design will incorporate an adjustable discharge

slot to control the thickness of the fluid mud system.
The specifications required that the two-dimensional fluid mud system
be formed inside the mud flow generator so that upon discharge it would
be of the proper physical size and configuration and its average den-
sity closely related to that of pipeline slurry. The best of several
designs that were built and tested in the tank was the final design
shown in Figures 13 and 14. It consisted of a flat box 36 in. long x
18 in. wide x 4 in. high that was closed except for the discharge slot
along the bottom edge of the 36-in. side. The slurry was pumped verti-
cally downward into the box through four 0.5-in. pipes that were equally
spaced along the back edge of the box. The forward edge was adjustable
so that the slot opening could be varied, and it was fitted with a
curved cylindrical nozzle piece that smoothed the discharge flow. The
flow path of the slurry through the box can be seen from the section
view shown in Figure 14. The slurry flowed down through the four 0.5-in.
pipes and into the box whereupon it impinged on the bottom, turned
tbward the open slot, and flowed out through the cylindrical nozzle along
the bottom of the tank. Several shakedown tests were conducted in the
test tank from which the baseline or reference operating conditions were
established at a 2-in. slot height, a 22-gpm slurry flow rate, and a
15-pcs (percent solids) ratio. This combination produced a fluid mud
flow of significant height (2 to 3 in.) and head wave speed that allowed
a test period of approximately 3 minutes. The slurry flow rate was
comfortably within the capability of the mud delivery system and the mud
inventory.
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Figure 14.

Section of mud flow generator box
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Water Current Generator

22 Water current was generated in the test tank by recirculating
water from one end to the other. A portable 375-gpm diesel pump drew
the water from the downstream ond of the tank and discharged it at the
upstream end through a perforited header box that distributed the flow
evenly over the cross-sectional flow area of the tank. At full power
the recirculating system produced a maximum water current of 6 fpm over
the 4-ft-wide x 2-ft-deep test channel. The current was measured by
timing the travel velocity of a drogue.

23. In planning the current tests two limftations of the recir-
culating system had to be borne in mind. The discharge header box,
although distributing the flow over the cross-7ectiona1 area, created
a region of high turbulence that extended approximately 8 ft downstream.
When the mud flow moved into this region it was immediately resuspended
throughout the water column and visibility fell to zero. The other
limiting condition occurred when sediment was drawn into the suction
of the recirculation system. In a matter of seconds the sediment
passed through the pump loop, out the discharge header, and into the
turbulence region where it was dispersed throughout the water column
and obscured the test area. In the parallel flow test the mud generator
box had to be located 10 ft downstream of the discharge header box to
avoid the turbulence region. This shortened the available test length
to 16 ft. In the counter flow test the generator box had to be posi-
tioned 12 ft upstream of the recirculation suction and 16 ft downstream
of the discharge header. With this arrangement the head wave reached
the upstream turbulence region at about the time the turbidity in the
counter current reached the recirculation suction.

Wave Machine

24. The surface wave conditions were generated by a wave machine
that was mounted at the same end of the tank as the mud flow generator
box so that the waves travelled in the same direction as the mud flow.
A sloped beach was constructed of rubberized hair and mounted at the

downstream end of the tank to eliminate reflections. The wave machine
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consisted of a 42-in.-wide vertical paddle that was submerged 12 in.
and hinged along its bottom edge. The paddle was driven by a rotating
crank assembly that was powered by an air-driven reduction gear and an
adjustable belt and pulley drive. The period of the wave was set by
the rpm of the crank which could be controlled by adjusting both air
pressure to the air motor and the reduction through the pulley drive.
Wave amplitude was controlled by adjusting the length of the crank arm.
A wave gauge was painted on the partition wall to indicate wave height.

The wave machine is pictured in Figure 15.

Tank Markers

25. A series of vertical yardsticks was employed to indicate
downrange distance and the heights of the head wave and the turbidity
cloud. The yardsticks were positioned at 4-ft intervals along the
center of each test tank starting at the origin (0 ft). They were
located at ranges of 0, 4, 8, 12, 16, 20, and 24 ft, and stripes were
painted on the bottom at 1-ft intervals for purposesAof interpolation.
The yardsticks were made from sheet metal and were thin so that when
placed edge-to-the-flow they did not disturb the flowing mud nor did
the mud move them. The scale on the yardsticks waé color-coded to

aid in reading heights. The range of each marker was marked clearly

on the yardsticks so that it appeared in the photographic data.

Water Sampling System

26. The water sampling system was organized around the use of a
sampler gssembly that took four samples simultaneously at a fixed
location. The assembly mounted four 50-cc syringes that were outfitted
with 0.25~in. suction tubes. These were shaped and cut to lengths such
that the samples were drawn horizontally at tube centerline heights of
3/16, 1/2, 3/4, 1-1/2 in. above the bottom of the tank. The syringe
assembly is shown in Figure 16. The assembly was mounted on a vertical
rod such that, when the end of the rod rested on the bottom, the tube
ends were at their proper heights above the bottom. The lengths of the

tubes were set so that the syringes were well above the turbidity cloud

and did not interfere with the motion of the mud system. The plunger




Figure 15. Wave machine
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of each of the four syringes was connected to a single pneumatic cylinder
that simultaneously actuated all four plungers of the sampler assembly
as shown in Figure 17.
27. A total of six water sampler assemblies, distributed at
three locations along the tank, were actuated at three times during
the test according to the progress of the head wave. These locations
and the timing sequence are outlined in detail in Appendix C. The
air lines to each sampler assembly were connected to a common manifold
that incorporated shutoff valves and pressure gauges (Figure 17).
At each sampling time the appropriate sampler assemblies were actuated

by opening a single valve that pressurized their cylinders simultaneously.

Bottom Sediment Samples

28. As an outgrowth of earlier testing, bottom samples of settled
sediment were obtained with a thin-walled sediﬁent trap that sat on
the bottom of the tank. The trap had the shape of a shallow channel and
was formed by bending up opposite sides of a piece of sheet brass. The
sides were aligned parallel to the flow direction to cause least distur-
bance to the motion of the mud system. Traps were located at every
distance marker (4-ft intervals) over the 24-ft test length.
Photographic Equipment

© 29. Each test was visually recorded using both still and motion

. photography. The still photography was conducted with two 35-mm Nikon

cameras, one hand-held and the other motor-driven and actuated auto-
matically by an electronic timing control. The hand-held camera was
used to follow the head wave as it moved down the tank, while the
automatic camera was set up to monitor the discharge of the mud flow
genérator. The motorized camera and the electronic camera timing
control are shown in Figures 18 and 19, respectively. Motion photog-
raphy was obtained with a Nikon 8X Super 8 camera and was used
exclusively for side coverage of the fluid mud system, particularly
the head wave. Since the film was used as a timing device, each roll

was time-calibrated by photographing a stopwatch, and once started the
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Figure 18.

Figure 19.

Motorized camera in position

Camera timing control
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camera ran continuously to the end of the test. A bank of high-inten- '

sity flood lights provided top lighting of the test tank.

Test Procedures and Methods

30. After a number of preliminary tests, a standard operating
procedure evolved for the preparation and conduct of a test and for the
laboratory analysis of test samples. The procédure is described below
in terms of the chronological sequence of operations. Where warranted
individual procedures are outlined in greater detail in subsequent

sections as are the laboratory methods and procedures pertaining to test
samples.

Sequence of Operations

31. Starting with the test tank and all éncillary equipment in a
clean state, the operations were performed in the order given below.
The sediment slurry was prepared according to the procedure described
in paragraph 17 and was stirred and recirculated continuously to main-
tain the sediment in suspension. The 300 gals of brine solution was
prepared and pumped into the empty test tank, and the test tank was
then filled with filtered fresh water (see paragraph 16) to a depth of
24 in. The partition seal was pressurized, and the plate seals were
installed in the troughs. The range yardsticks were then placed in
position at 4-ft intervals from the origin, and the bottom sediment

traps were placed at each range marker. The water sampler assemblies

" were submerged and secured to the tie rods of the tank., Prior to

submergence the syringe plungers were retracted to purge the barrels
and tubes with air. Once installed the plungers were depressed to the
bottom leaving the syringes armed and the tubes free of water that

would otherwise contaminate the samples. The mud flow generator box

N

was installed on the bottom and suitably weighted. Salinity readings
were then taken in the tank water and sediment slurry to ensure that

each was in the range of 10 to 11 ppt. The slurry flow rate was then

40 %




s o AT s R .

set according to the procedure described in paragraph 18 after which a
pretest slurry sample was taken for solids content. The connection
between the slurry hose and the mud flow generator was made underwater
to eliminate air pockets in the supply line. If the test were to be
run with current, the recirculation system was then installed and the
pump started. Water current speed was measured by timing the travel
of a drogue. If the test required waves, the wave machine was set at the
rpm corresponding to the prescribed wave period and the amplitude of
the paddle was adjusted until the requirei wave height was obtained.
After all tank preparations were completed the cameras were then loaded
and mounted and the bank of flood lights was turned on. The test was
started by first opening valve C followed by valve D in the mud supply
system (Figure 7). Value B was immediately adjusted to bring the
pressure gauge reading to the value recorded at the time of flow rate
calibration. The cameras were started as the head wave discharged
irom the mud flow generator box. When the head wave passed through
the first sampler array ("A" station) the AA sample set was taken.
As it passed "B" station, AB and BB sample sets were taken. Sets AC,
BC, and CC were obtained as the head wave passed the '"C" station.
The detailed locations of the sampling stations and tubes are given
in Appendix C. Upon completion of the test the water samples were
discharged from the syringes into coded sample bottles. The second
side of the tank was then prepared for the next test by following the
same setup and test procedure as for the first side.

32, After both sides of the tank were utilized, cleanup operations
were carried out. The tank was emptied by first pumping down to a
6-in. water depth through the drain troughs. The remaining turbid water
was carefully drained out by gravity in order not to disturb the bottom
sediment. The bottom sediment traps were then lifted and their contents
flushed into coded sample bottles with distilled water. The tank was
then washed down and all hoses and plumbing flushed until clean. All

water samples and bottom sediment samples were sent to the laboratory

for analysis.
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Sample Processing

33. Sediment slurry samples that were taken from the mud supply
system before and after each test were analyzed for solids content.

The sample was first analyzed for salinity using a conductivity-type

salinometer with automatic temperature correction. It was then thoroughly

mixed, and a volume of approximately 20 cc was poured into a drying dish
(of known tare) and weighed. After drying at 106 deg C to a constant
weight, the system was weighed again. The solids weight was corrected
for salt content, and the solids content was determined by the following
relation:

Weight of solids
Weight of mixture

x 100 = percent solids (pcs)

34. The water samples taken with the syringe assemblies were
analyzed for suspended solids. Salinity of the sample was measured to
enable correction for salt content. A measured volume of well-stirred
sample mixture was filtered to remove excess liquid then weighed in the
moist state. The filter and residue were then dried to constant weight
at 106 deg C. The solids weight was corrected for salt content and
ratioed to the measured volume to determine the g/l concentration of
suspended solids in the mixture. The relativeiy few samples with
high solids content were analyzed in the same manner except they were
dried directly without filtering.

35. Bottom sediment samples were analyzed for suspended solids
content per unit of bottom area. The salinity of the sample was
measured for the purpose of salt content correction. The sample was
allowed to settle and the clear supernatant was decanted. The sediment
was transferred to a drying dish, settled, and decanted again. The
sample was dried at 106 deg C to a constant weight. The solids content
was determined by the ratio of solids weight over the sediment trap

area and was expressed in the units of g/cmz.

Timing Procedures
36. A time base was required in each test in order to determine
the speed of the head wave and to establish the time relationship of

events that occurred during thé test. The primary standard was a Heyer
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320 microsplit stopwatch that was manually operated by an observer who
walked with the head wave and noted the time at which it intercepted
each yardstick. The splitter function enabled these times to be read
to 0.01 sec. As a backup for the stopwatch method, the movie film
was used as a time base. The movie film was calibrated by filming a
stopwatch for a period of 15 secs at the start of each roll. Time
intervals between filmed events were determined by counting frames of
the developed film (with the aid of an editing viewer and frame
counter) and applying the calibrated speed in frames per second. A
third timing base was provided in the form of a large-faced clock that
was located in the start window of each test. The clock provided the

day, date, hour, minute, and second timing information.




CHAPTER IV: EXPERIMENTAL PROGRAM

Purpose and Scope

37. The purpose of the experimental program was to explore the
behavior of a fluid mud flow in the laboratory and to evaluate the
influence of basic physical and dynamical parameters as well as certain
environmental conditions on this behavior. In this chapter analytical
relationships are outlined which aid in understanding the mechanism of
a fluid mud flow, the test plan is presented, and the experimental re-

sults are presented and discussed.

Analytical Model of Mud Flows

38. Although the behavior of a mud flow is complex and the theory
of its behavior not fully developed, simplifying assumptions can be made
that permit an analytical solution and provide insight into the influence
of various parameters on the results of the laboratory test progcram. The
assumptions, while circumventing the exact conditions, still represent
a reasonable approximation of the physical problem. The system is assumed
to be two layered with the mud forming the denser bottom layer whose
excess density is related to suspended sediment cﬁncentrations. The sus-
pended sediment is gniformly distributed throughout the mud layer so
that its density is constant. The less dense upper layer represents the
saltwater column whose depth or thickness is large compared to the thick-
ness of the mud layer. The analytical model incorporates a downsloping
bottom and a steady, uniform, two-dimensional mud flow. The analysis
outlined below follows that presented in Streeter17 for two-layer flow.

39. When the mud is supplied at a constant flow rate to a sloping
bottom, the bottom layer reaches a state of steady, fully developed

flow in which the momentum is unchanging and forces along the stationary

bottom surface and the moving interface between layers are just balanced




by the gravity force component acting parallel to the bottom. The flow B
condition is shown schematically in Figure 20 below. If a control volume

is drawn around a length, df% , of the bottom layer, the momentum equation

Figure 20. Steady uniform flow in bottom layer with bottom slope

can be written for the mud layer. Figure 21 shows the control volume {

and the forces acting on it. For two~dimensional {low
Apg sin ¢ h2 e - (To +~Ti) de =0 (1)

where: Ap = (p2 —pl)

p, = density of upper layer
P, = density of mud layer =
¢ = slope angle

s = slope, sin ¢

-2
[}

thickness of bottom layer
= downslope distance

T , T, = shear stress at bottom surface and upper interface,
respectively

U= average velocity in the fluid mud layer

) de
} T B T e ﬂ|.,-Contr:ol Volume
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Figure 21. Control volume around bottom layer

R e




——— —

The shear stress may be expressed in terms of a friction factor, f,

according to

fo -ﬁz
B e s ]
To 4 B3 73 (2a) j
f =2
Sk e e
Ti g 4 92 2 (Zb) )
(f + £,)
0 i =2
and (To + Ti) et oty U (3)
Substitution of equation 3 into equation 1 yields
P4
W arer i
o i I
where: g' = Lo g (5)
P2
The shear stresses may be expressed in terms of their ratio as
9
T f
e (6)
To o
so that (fo + fi) = fo(l + a)
and
= . 8 b K 1 7

The friction factor, fo’ is a function of the Reynolds number Re using §
¢ : the hydraulic radius, 4h2, as the length parameter. The friction factor

is obtained from the correlation for fully developed pipeline or open-

channel flow. According to Stteeter,l7 @ is 0.64 for laminar flow
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(Re < 1000) when the properties of the two layers. are approximately the
same. For turbulent flows up to Re = 105, o is 0.43.
40. The form of equation 7 makes no allowance for the fact that

at zero slope the bottom layer flows away from a constant source. Since
there is no gravitational force component to balance friction, the energy
of the bottom layer is eventually dissipated and the flow never becomes
steady and fully developed. Over short distances where degradation is
small, it is expected that the form of equation 7 would apply for flat
bottom co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>