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SUBJECT: Transmittal of Contract Report D-76-5 

TO: All Report Recipients 

1. The contract report transmitted herewith represents the results of 
an investigation to develop a model for predicting the short-term fate 
of dredged material discharged in the estuarine environment. This study 
is one of the major efforts to be accomplished under Task 1B (Movements 
of Dredged Material) of the Corps of Engineers' Dredged Material Research 
Program (DMRP). Task 1B is part of the Environmental Impacts and Criteria 
Development Project of the DMRP, which is a broad, multi-faceted investiga- 
tion that includes the environmental impacts and other aspects of open- 
water disposal of dredged material. 

2. Regardless of the location or character of a disposal site, an 
integral part of the problem of assessing the environmental impact of 
open-water disposal operations is the ability to determine the spatial 
and temporal distribution of the dredged material following its dis- 
charge into the water. The description of the fate of material dis- 
charged into an estuary requires a model of considerable generality and 
complexity. The estuarine environment may include time-dependent cur- 
rents that vary significantly in three dimensions, density stratifica- 
tion, and depths variable in both time and space. The material itself 
may be a composite ranging from slow-settling extremely fine particles 
to fast-falling coarse particles and may include a solute fraction. All 
of these and many other factors contribute to the complexity of water 
quality impacts associated with the open-water discharge of dredged 
material. Modeling the physical fate of dredged material will be a 
significant aid in the prediction of these impacts. 

3. This report describes two numerical models developed during the 
study: one for instantaneous dumped discharge and one for fixed or 
moving jet discharge. The two models were developed from the Koh-Chang 
model that was originally designed for the barged ocean disposal of 
wastes. In each model, the appropriate short-term portion of the 
Koh-Chang model was modified and coupled to an extensive modification of 
a model for long-term diffusion of chemical wastes in an estuary. The 
models are capable of tracking up to 12 types of solid fractions and a 
fluid fraction through short-term dynamic phenomena and through long- 
term passive diffusion. The models do this for complex estuarine 
situations. 
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4. Important in the development of these models for full field utility 
is a comprehensive verification program. This field verification should 
take place in conjunction with actual discharges of dredged material and 
should include characteristics of the discharge, the ultimate deposition 
of the material discharged, and the ambient conditions during and following 
the discharge. Steps have already been taken under the DMRP to plan and 
implement field verification that will determine the confidence limits 
within which the model may be applied. 

5. It is anticipated that, after field verification, this model will be 
useful in the impact evaluation of major aquatic discharges encompassing 
several hundred thousand cubic metres of material. The model may also find 
use for those smaller operations where there is significant controversy 
about the physical fate of this material. The model would not be used on 
an "everyday" basis for smaller projects where impacts are considered 
minimal or are fairly localized and well documented. This is in fact due 
to the dependency on good quality data for ambient (disposal site) water 
current velocities and directions. While the model will accept fairly 
simplified input, those users striving for the most accurate results will 
need, to spend considerable time in determining the ambient current ve- 
locities. In fact, for highly stratified estuaries of complex geometry, 
almost the entire effort of a modeling program may be devoted to the 
determination of the hydrodynamic characteristics of the discharge site. 

G. I-I. HILT 
Colonel, Corps of Engineers 
Director 
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1. AssTRACT~c+ac&Ju mn.uY at* u m__yJ m4d ,donl,,, t.Y tdosx ““mb”) 
The Dredged Material Research Project (DMRP) has as one of its ob- 

sctives to provide more definitive information on the environmental aspects of 
redging and dredged material disposal operations. This study was conducted 
1 fill the need of that program for the capability of predicting the short-term 
ite of dredged material discharged in the estuarine environment. Two nurner- 
:a1 models were developed: one for the instantaneous dumpeti discharge and 
ne for fixed or moving jet discharge. The models account fo:r land bound- 
ries, depth (Continued) 
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variations in the estuary, ambient current variations in three dimensions and 
in time, and variations of ambient density profiles in time. The models are 
capable of tracking up to twelve classes of solid particles plus the fluid frac- 

tion of a discharge through convective descent, dynamic collapse, and passive 
diffusion phases. The models were developed by coupling the appropriate 
short-term dynamic portions of the Koh-Chang oceanic disposal model with an 
extensive modification of a model, originally developed by Fischer, for pre- 
dicting the fate of chemical wastes in an estuary. Although the models them- 
selves are extremely complex, the input data requirements for most cases 
are quite simple and should allow the first-time user to run a simple case in 
a few hours. The models have undergone limited testing and the results pro- 
duced are physically reasonable. A program of model exercise and testing 

is strongly recommended, however. When the models are used in cases in- 
volving complex ambient velocities, the models will be extremely dependent 

on good-quality velocity data. 
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METRIC (SI) UNITS OF MEASUREMENT 

U. S. customary units of measurement used in this report can be con- 

verted to metric (SI) units as follows: 
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1. INTRODUCTION 

This report presents the results of an teffort to de- 

velop a numerical model of the short-term fate of dredged material 

discharged into an estuary. The project was sponsored by t’he U.S. 

Army Corps of Engineers as part of Task 1B (Fate of Dredged 

Materials) of the Dredged Material Research Program (DMRP). 

That large interdisciplinary program is concerned with all aspects 

of t’he dredging and disposal problem, the present topilc being but 

a very small part. Nevertheless, it is an essential part for it 

addresses the fundamental question of where the material goes tihen 

discharged into the aquatic environment. Only when that question is 

answered can one proceed to evaluate, for example, the environ- 

mental impact of the discharge, the relative merits of alternate 

sites, and so forth. 

The description of fate of material discharged into 

an estuary requires a model of considerable generality and com- 

plexity. The estuarine environment may include time-dependent 

currents varying significantly in three dimensions, density strati- 

fication, and dept~hs variable in both time and space.. The material 

itself may be a composite ranging from slow-settling aextreme fines 

to fast-falling coarse particles and including a solute fraction. The 

mode of discharge might be a simple bottom dump from a barge or 

an extended jet discharge from a fixed or moving source, In either 

the dump or jet discharge case, one may be concerned with a wide 

range of discharge quantity, barge course and speed, discharge 

point depth, initial velocity of the disc’harge, and so on. 

In contrast to the complexity of the processes being 

modeled, the model itself must be as simple to use as possible. 



No matter ‘how accurate, a program either too costly or too un- 

wieldly would not be satisfactory. What is needed instead is a working 

toolsuitablefor practical application to a variety of conditions. It 

should not demand too muc’h from the user in the way of input requirements, 

but on the other hand, it should be capable of taking as much information 

as ‘he can supply in the fortunate event that a detailed description of the 

discharge and receiving environment is available. In large measure, 

such considerations have guided the form and content of the present work. 

The model developed here was not begun from scratc’h. 

Instead, the study had the great advantage bf building upon a model 

for ocean dumping developed at Tetra Tech by Koh and Chang (1973). 

The Koh-Chang model was identified by the Corps in their survey 

of available models (Johnson, 1974) as the most suitable basis for 

development of the more general estuarine model. In b:rief, the 

Koh-Chang model considers the ambient fluid to ‘have a steady 

current structure uniform in t’he ‘horizontal but varying in direction 

and speed with depth. Furthermore, the fluid is assumed to be 

density stratified with an arbitrary gradient uniform in the horizontal. 

The discharged material is taken to consist of a composite of 

discrete particle types, described by fall velocity and density, and 

a fluid fraction. 

The behavior of material after release is considered to 

divide into three p’hases: convective descent, during tihic’h the 

material tends to fall as a cloud under the influence of gravity; 

dynamic collapse, occuring w’hen the descending cloud either 

impacts the bottom or arrives at the level of neutral buoyancy at 

w’hic’h descent is retarded and horizontal spreading dominates; and 

long-term passive dispersion, commencing w’hen the cloud trans- 

2 



port and spreading is determined more by ambient currents and 

turbulence than by any dynamic character of its own. 

For the present development it has been possible to 

retain much o,f the structure of the first two phases of the Koh-Chang 

model. The major modifications are those needed to permit unsteady 

currents and current variations in the horizontal in addition to the 

vertical. However, the third phase has required a new treatment. An 

approach developed by Fischer (1972), whic’h is well suited to the present 

need,was adopted. Fisc’her’s model--developed for the two-dimensional 

vertically integrated case-- treats the convection and dispersion of a 

suspended material in an extremely efficient manner. Material con- 

centrations are defined on a rectangular mesh system and are computed 

at successive time intervals, which can be quite lar’ge. For the present 

application, it was necessary to incorporate vertical resolution of 

material concentrations, settling behavior, density gradients, and 

so forth. Nevertheless, the method remains very economical and 

well suited for coupling with the earlier phases treated ‘by the modified 

Koh-Chang model. 

Despite the relative complexity of the overall model, it 

is not difficult to run. Input is relatively simple, the major labor 

being that required to set up the long-term depth grid and velocity tape. 

Once these are established for a given site, any number of simulations 

may be performed with very simple input modifications. 

Two models are described in this report, one for a 

simple dump and another for a fixed or moving jet disc’h.srge. The 

model features are described in Chapters 3 (dynamic p~hases) and 4 

(passive phase); while Chapter 5 describes the numerical codes. 

3 



Chapter 6 presents sample cases. A summary and recommendations 

appear in Chapter 7. Detailed user’s manuals and p:rogram listings 

are contained in the Appendices. 



2. MODELING OF DREDGED MATERIAL DISCHARGED 
INTO THE ESTUARINE ENVIRONMENT 

2. 1 Characteristics of Dredged Material Discharges 

The parameters characterizing dredged material dis- 

charges fall into two categories: those describing the method of 

discharge and those describing the physical properties of the material 

discharged. 

According to Boyd et al. (1972), hydraulic pipeline 

dredges account for some 69 percent of annual dredged material 

volume, with hopper dredges accounting :for 24 percent,a.nd all other 

types accounting for 7 percent. 

Pipeline discharges may be characterized by flow 

rate of the dredged material slurry, depth of the discharge nozzle, 

the discharge angle below the horizontal,and the direction and speed 

(if any) of the discharging vessel. Hopper dredge disc’harges may in some 

cases be characterized in the same manner as pipeline d!ischarges 

(i.e. , a high flow rate for a short time). Hopper dredge discharges may 

also be assumed to be instantaneous disc’harges c’haracte!rized by volume 

o:f discharge and initial velocity of slurry cloud centroid. Table 2. 1 

shows the range of typical values for these parameters. 

The physical properties of dredged material enter into 

consideration in this report only to the extent that they influence the 

short-term fate of the material. Most dredged material is a mixture 

of various soils with fluid. A high proportion of the total volume is 

usually fluid. Other materials that may be included are rock, 

pieces of glass, metal, wood,and other debris. There it: at present 

no standard method for classification of dredged material. This 

5 



TABLE 2.1 

TYPICAL CHARACTERISTICS OF DREDGE DISCHARGES ” 

Site 

Eatons Neck, NY 

New Haven, CN 

Galveston, TX 

Ashtabula, OH 

* This information was compiled from personal. communications with B. W. Holliday, Environmental 
Effects Laboratory (EEL), and B. H. Johnson, Hydraulics ,Laboratory (HL), of the Waterways 
Experiment Station, Vicksburg, Missis~sippi. 

** A table of factors for converting U. S. customary units of measurement to metric (SI) units is 
presented on page xiii. 



material can be roughly divided into three different types: COarSe- 

grained, fine-grained,and organic material. The latter two types 

normally cause the water-quality problems associated .with dredging. 

P’hysical properties that must be considered in 

calculations of dredged material fate include: the bulk density of the 

dredged material slurry, the particle-size distribution, the particle 

densities,and the voids ratios. Table 2.2 summarizes these 

characteristics for a variety of dredged material disposal sites. 

Table 2. 3 gives more detailed information for several sites in the 

Great Lakes. 

Estuarine Ambient Conditions 

2.2. 1 Classification of Estuaries 

Pritc’hard (1967) defines an estuary as a semi-enclosed 

coastal body of water that has a free connection with the open sea 

and within which seawater is measurably diluted with fresh water 

derived from land drainage. The term “semi-enclosed.” in the 

definition indicates the strong influence of the lateral boundaries 

upon circulation patterns within the estuary. “Free connection” 

means that the estuary receives tidal energy and sea salts from the 

ocean. Estuaries in which freshwater drainage and precipitation 

exceed evaporation so that the salinity is less than that in the ocean 

have been termed positive estuaries. Negative estuaries are those in 

which evaporation exceeds freshwater inflow, leading to hypersaline 

conditions. Most estuaries are positive. 

Various investigators classify estuary types in differ- 

ent ways: by the geomorphology, by the dominant physici processes 

in movement and mixing within the estuary, and by the salinity 

7 



TABLE 2.2 

TYPICAL CHARACTERETICS OF DREDGED MATERIAL AT 

DISCHARGE * 

Site Average Average 
Solida Solids 
concentration Density 
(Volume Ratio) (gdcc) 

Eatons Neck, NY 1.3 I .19 2. 6 

New Haven, CN 1.3 .19 2. 6 

Galveston, TX N/A N/A 2. 67 

I $oiumbia River, 
I 

N/A 
I 

NIA 
I 

2. 72 

I Ashtabula, OH i 1 N/A 12.48 NIA 

Particle Size 
Description 

Mostly fine-grained material, 
mud, sand. silt 

Mud and organic silt 

Silty sand, sandy silt and 
sandy clay 

2% medium sand 
98% fine sand 

Sand, silt and clay 

* 
This information was compiled from personal communications with B. W. Holliday. Environmental 
Effects Laboratory (EEL), and B.H. Johnson. Hydraulica Laboratory (HL), of the Waterways 
Experiment Station, Vicksburg, Mimriasippi. 

,., -- - - - - I .,, _ ; -.- _ . ., 



TABLE 2.3 

GREAT LAKES DREDGED MATERIAL CHARACTERISTICS * 

Location 

Buffalo, NY 

ca1umet. MI 

Cleveland, OH 

Green Bay. WI 

Indiana, IL 

Rouge River. h4 

Sodus Bay. NY 

Toledo, OH 

Percent 
Solids 

37. 0 

40.7 

44. 9 

43.0 

35.2 

43. 7 

53. 1 

39. 0 

Average 
Density 
(gmlml) 

1. 27 

1. 33 

1. 36 

1. 37 

1. 23 

1. 28 

1. 51 

1.30 

Settling 
Velocity 
(ft /hr s/) 

0.068 

Average Percentane by Weight 
Gravel Sand S’l 

(d>2 mm) (63u<d<Zmm) !4ucd:t63p) 

0. 1 18. 4 70. b 10.7 

0. 144 0.2 

0.201 1. 9 

0.103 10. b 

0.150 1. 9 

0.290 1. 9 

0.506 0. 0 

0.023 0. 8 

20. 8 

9. 1 

29, 1 

! 
29. 2 

40.9 

50. 8 

10.9 

48. 5 31. 1 

72. 3 lb. 0 

26.2 34. 1 

53. 1 13. 8 

35.9 20.7 

41. 2 8. 1 

47.2 41. 1 

a/ Based on 30 minute settling - 

Average Bulk Density = 1.33 mlLL 
Average Solid Concentration = 40% 
Average Settling velocity = 0.5 x 10.’ ft/sec 

* From Clark et al (1971) 



structure. Geomorphological classifications divide estuaries into 

four types: (1) drowned river valleys, (~2) fjord-type estuaries, (3) 

bar-built estuaries, and (4) estuaries produced by tectonic processes. 

Classifications by physical processes divide estuaries into groups 

where the movement and mixing is dominated by winds or tides or 

river flow. Cameron and Pritchard (1963) have classified estuaries 

according to their salinity distributions and stratification character- 

istics. The four main types are: highly stratified or salt-wedge 

estuaries, fjords, partially mixed estuaries,and homogeneous 

estuaries. This last group is further divided into laterally and 

sectionally ~homogeneous types. 

There is some correlation among the results of 

classification by geomqrphology, physical processes,and salinity 

structure. 

2.2.2 Types of Estuarine Circulation 

In the present work, the most important estuarine charac- 

teristic is the pattern of water circulation. This is generally a function 

of the estuary type as characterized by its geomorphology and by the 

relative strengths of river flow, tides, and winds. Following is a 

discussion similar to t’hose by Bowden (1967) and Dyer (1973) on the 

circulation characteristics typical of estuaries. 

2. 2.2. 1 Strongly Stratified or Salt-Wedge Estuaries 

In an estuary where the freshwater inflow is the dom- 

inant process, the fresh water lies over a layer of sa1in.e water that 

extends as a wedge into the river. If there were no Eriction, the 

interface would be ‘horizontal and extend upriver to the point w’here 
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the bed is at sea level. Since there is a small amount of friction, 

the interface slopes slightly downward in the upstream direction. 

The steep density gradient at the interface greatly inhibits vertical 

mixing. Figure 2. 1 shows a section along a salt-wedge estuary with 

typical salinity and velocity profiles. 

3.2.2.2 Two-Layer Flow with Entrainment (Fjord Flow) 

This type of flow occurs when the velocity of the sea- 

ward moving layer of fresh water is great enough to cause breaking 

internal waves at the i n t e r f a c e . This breaking causes entrain- 

ment of salt water into the upper freshwater layer,w~hich results 

in a slow movement of salt water upward into the freshwater layer. 

In the ideal case, there is no corresponding movement of fresh 

water down into the saltwater layer. The salinity and volume of the 

water in the upper layer are increased by entrainment. The increased 

volume usually results in an increased flow velocity rather than an 

increase in the depth of the layer. The salinity of the lower layer 

is unchanged and there is a slow upstream movement to compensate 

for the entrained fluid. In the usual nonideal case, the:re is a certain 

amount of vertical mixing that results in low salinity water from the 

upper layer moving down into the lower layer. In this case the inter- 

face is replaced by a steep density gradient. This is th.e type of flow 

commonly occurring in fjords. Figure 2.2 shows the structure of 

two-layer flow with entrainment. 

2.2.2.3 Two-Layer Flow with Vertical Mixing 
(Partially Mixed Estuary) 

In a comparatively shallow estuary, tidal currents be- 

come increasingly important, causing vertical mixing through the 

entire water column. There is no sharp halocline, but the salinity 
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Figure 2.1 Cross Section of a Salt-Water Estuary with Typical 
Salinity and Velocity Profiles (after Bowden, 1967) 
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Figure 2. 2 Two-Layer Flow with Entrainment Showing Typical 
Salinity and Velocity Profiles (after Bowden. 1967) 
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increases steadily with depth. The maximum salinity gradient occurs 

near the level of no motion. The amount of mixing depends upon the 

ratio of tidal current amplitude to river flow. Since this ratio may 

vary widely, there is a similar variation in the degree of stratification 

to be expected. The variation in salinity from surface to bottom may 

range between 10% and 1%. The total flow volume in this type of 

estuary may be many times the river flow. Figure 2. 3 illustrates 

the characteristics of a partially mixed estuary. 

2.2.2.4 Vertically Mixed Estuaries 

Very strong tidal currents can provide sufficient 

vertical mixing to destroy any salinity gradient. Though there is 

essentially no variation in salinity from surface to bottom, there 

is some horizontal variation in salinity from the ‘head to the mouth 

of the estuary. Estuaries of this type ,are subdivided into laterally 

homogeneous estuaries and estuaries with lateral vaiia.tion. 

Lateral variations in salinity may occur in estuaries 

with a sufficiently large width-to-depth ratio. This variation is caused 

by the Coriolis force, and the salinity decreases to the right of an 

observer looking downstream (in the northern hemisphere). There is 

a net seaward flow of lower salinity water on the right-hand side (looking 

downstream) and a compensating: landward flow of higher salinity water 

on the left- hand side. 

If the width-to-depth ratio is small, there is frequently 

little variation in salinity across the channel. 
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Figure 2. 3 Two-Layer Flow with Vertical Mixing, Showing Typical 
Salinity and Velocity Profiles (after Bowden, 1967) 

15 



2.2.3 Approximation of Mixing in an Estuary 

Because of the extremely complicated :nature of the cir- 

culation in estuaries, tec’hniques for modeling these wa,ter bodies 

invariably involve some averaging process. These simplified models 

contain two types of terms describing the transport of suspended or 

dissolved material throug~h the estuary. Convective terms describe 

the gross movement.of materia.1, w’hile the dispersive terms lump 

together all the effects of averaging. The dispersive terms contain 

a coefficient known variously in the literature as a coefficient of 

turbulent or eddy dispersion, d.iffusion, or mixing. This variation 

in terminology has caused a certain amount of confusim; following 

is a brief digression to discuss, the meanings of t~hese terms. 

Spreading of a tracer patch associated with molecular 

action and with turbulence is properly called diffusion; while spreading 

associated with velocity variations across the patch is termed dis- 

pers ion. More rigorously, Halley (1969) has proposed the following 

definitions. Diffusion is spreasding in a given direction at a point in the 

flow due to the difference between true convection in that direction and 

the time average of the convection in that direction. Dispersion is the 

spreading in a given direction due to the difference between true con- 

vection in that direction and the spatial average in that direction. The 

magnitudes of these two effects may be seen to depend upon the temporal 

and spatial scales used in the a,veraging process. In comparison, t~he 

magnitude of molecular diffusion is very small and henceforth will be 

neglected. 

The perceptive reader will realize that dispersion or 

diffusion are more characteristic of the modeling techn,ique than they 

are inherent properties of the estuary being modeled. In other words, 
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if each point in a tracer patch could be convected with the velocity at 

that point alone and if this could be done very many times with very 

small time steps, then the spreading of the patc’h would be completely 

described by convective terms, and there would be no need for dis- 

persion or diffusion terms or the associated coefficient. Since this 

kind of detail is not feasible at present, it is necessary to resort to 

diffusion or dispersion coefficients. 

For convenience in the rest of this report, the term 

diffusion will be used to include the effects of both diffusion and dis- 

persion. 

2. 2.3. 1 Diffusion Coefficients for Lateral Mixing 

Experimental studies have shown that diffusion co- 

ef:ficients are not constant entities but rather depend upon the relative 

length scales of the cloud of diffusing material and the turbulent eddies 

and also on the gross current pattern. To amplify a little: a cloud of 

diffusing material sees an eddy very much larger than itself as a current 

convecting it along but not causing it to disperse; but when the cloud 

grows to a size comparable to the eddy, then the cloud sees the eddy 

as shearing currents acting to disperse it. 

Most studies of horizontal diffusion have concentrated 

on t’he ocean. These have consisted of the release of dye or some 

other tracer to form a cloud that was observed (at the surface) as 

it grew wit’h time. Horizontal diffusion coefficients were t’hen derived 

based upon some diffusion model and ignoring current shear and vertical 

currents. The values obtained in these studies are plotted in Figure 2.4, 

which s’hows an increase in the diffusion coefficient with the size of the 

diffusing patch. Although the data are fairly scattered, t’he general 
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trend follows a four-thirds power law: 

K 
x 

= ALI/’ (2.1) 

where Kx is the horizontal diffusion coefficient and AL is a con- 

stant called the dissipation parameter (ft 213 /SIX in fps system and 
2/3 cm /set in cgs system). The value of AL varied from 0.005 

to 0.00015 *t2’3/sec. Diffusion coefficients obtained in the ocean 

are not strictly applicable to the flow situations found in estuaries; 

however, they are useful in illustrating trends and magnitudes. 

There have been few investigations of diffusion co- 

efficients in tidal estuaries. Alsaffar (1966) performed a limited 

number of experiments in t’he tidal estuary of the San Joaquin River 

in California. His data were obtained by photographing floating 

particles. They were obtained wit’hin a relatively small region of 

the estuary. Analysis by Ric’hardson’s neighbor distribution hypothesis 

s~howed the data could be represented by a four-th~irds law. His 

results are plotted in Figure 2.4. Hetling et al.( 1965) estimated 

diffusion coefficients :for the Potomac River Estuary by three different 

methods: by a four-thirds law, by a random process analogy, and by 

a turbulent pipe flow analogy. The four-thirds law and the random 

process analogy formulas gave diffusion coefficients in the proper 

order of magnitude for the brackish portion of the Potomac Estuary. 

The four-thirds law results were verified by chlorinity data. These 

results are also plotted in Figure 2. 4. 

It can be seen that the estuary data lies right in the 

ocean data. This permits more confidence in applying a four-thirds 

law to the estimation of horizontal diffusion coefficients in estuaries. 
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2.2.3.2 Diffusion Coefficients for Vertical Mixing 

The presence of density stratification in an estuary 

tends to suppress vertical mixi.ng. The vertical diffusivity is expected 

to be a monotonically decreasing function of density stratification. 

Velocity shear tends to be a destabilizing influence with consequent 

increase in vertical mixing. Vertical diffusivity, then, can be expected 

to be a monotonically increasin.g function of velocity shear. Experiments 

have shown that vertical diffusi,vity is a monotonically nonincreasing 

function of the gradient Richardson number defined as: 

lx. = L 
du 2 

C-1 dy 

(2.2) 

This agrees with the intuitive notions stated above. 

Kent and Pritchard (1959) give the dependence of 

K 
Y 

on Ri as 

K = K 
Y 

y (l+BRi)-’ (2.3) 
0 

where K 
yo 

= KY for Ri = 0; a&d B is a constant wh,ich they 

determined to be 0. 276 from their James River data. They gave K 

YO 

for a vertically well-mixed estuary with no wind as 

K = 8.6 x 1O-3 Uz2 (h-z)2 

YO h3 
(2.4) 
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w~here U is the mean horizontal velocity; z is t’he depth of the point 

of interest; and h is the bottom depth. The maximum value, 

occurring at mid-depth,was found to be 5.4 x 10 -4 Ub. For a depth 

of 50 feet and mean velocity of 2 feet/set, the value 0.05 is suggested 

for K 
YO’ 

For cases where there is no velocity gradient, Pritc’hard 

(1960) defined a Richardson number to apply to the whole depth; it is 

R, = L 
U2 

( 1 0.7 T; 

(2.5) 

Numerous proposed relations between K 
Y 

and Ri are 

summarized in Table 2.4. The relationships all show correct trends, 

although magnitudes are different. The relations show the decrease 

of Ky with increasing Ri. The relations proposed by Holzman (1943) 

and Yammoto (1959) (both as given by Okubo, 1962) show a limiting 

value of Ri at which K vanishes. 
Y 

Experiments indicate that there is little vertical 

m&ing when the stability of the ambient water is greater than that 

corresponding to Ri = 4. If the simple relation of Holzman is employed, 

then the limiting Ri of 4 implies a value for B of 0. 25. This gives 

K = K 
Y (l - o’25Ri) y 0 

OSRis4 (2. 6) 

as a simple, physically reasonable estimate of the vertical diffusion 

coefficient. It must be emphasized t’hat this relation should be viewed 

wit’h skepticism and revised as soon as adequate data are available. 
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2.3 Requirements for Model 

A model to predict the fate of dredged material in an 

estuary should be capable of modeling the ,short-term dynamic be- 

havior of the types of discharges to be expected and be further 

capable of following fhe resultant cloud of material as it is passively 

diffused. This simulation s’hould be performed w~hile accounting 

for the ambient conditions of the estuary as they vary in three space 

dimensions and in time. In addition, the c’haracteristics of the 

dredged material should be accounted for. 

The ambient condition of primary importance is, of 

course, the velocity distribution. It should be possible to account 

(if only roughly) for any type of velocity situation to be encountered 

in an estuary (including reversing flows). Ambient density dis- 

tributions are of extreme importance in the initial, dynamic stages 

of discharge and of relatively small importance during passive 

diffusion.. During dynamic computations, the density distribution is 

a prime determinant of the equilibrium depth of the material cloud. 

This in turn strongly influences the distance w~hich settling particles 

can travel during passive diffusion. The ambient density distribution 

is of lesser importance in passive diffusion (assuming velocity 

distributions are known) because its only influence is on vertical 

diffusion. It should be possible to vary the vertical density distri- 

bution in time in the case of jet or pipeline discharges that continue 

for a long period of time. 

The model should be able to treat the discharge of any 

liquid-solid mixture and further be able to keep track of each Xass of 

solid particles in the slurry. This means that as different classes of 
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particles begin falling out of the main cloud or plume at different 

times and with different fall velocities, they are free to go their 

separate ways. 

T~he above paragraphs list the p’hysical requirements for 

a good simulation model. There are also user requirements to be 

satisfied. From the point of view of the user, the model should be 

versatile. That is, it should. be possible, with extensive preparation, 

to make a good simulation of an extremely complicated disc’harge 

situation; but the same model should be capable of accepting minimal 

input for those times w’hen th,e user just wants a “quick look” at some 

short-term effect. 

Added to all of the above requirements is a require- 

ment for clarity. Input data and output results should be clearly 

labeled. If it is possible for numerical problems to develop, then there 

s’hould be adequate diagnostics to warn the user and inform him of 

necessary corrective action. Finally the user’s manual should 

clearly s’how input requirements and include a discussion of possible 

trouble that may develop and suitable user response. 

In summary, a versatile model that is easy (or at 

least straightforward) to use even if ,the code itself is very complicated 

is needed. This objective is addressed in the following chapters. 
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3. DEVELOPMENT OF MATHEMATICAL MODELS FOR 
DYNAMIC COMPUTATIONS 

3. 1 Introduction 

This chapter outlines the mathematical treatment of the 

behavior of dredged material immediately after it is discharged from 

a barge or a pipeline. Two modes of disc’harge have been considered 

for analysis: instantaneous dumped discharge and jet disc’harge of 

arbitrary duration. In either case the material goes through three 

p’hases of motion: convective descent, dynamic collapse, and passive 

diffusion. The developments in this chapter are elaborations on 

t~hose presented by Koh and Chang (1973) for the first two phases. 

3.2 Instantaneous Dumped Discharge 

The simplest method of discharge is by instantaneous 

release of material from a hopper barge. The analysis assumes 

a single cloud that maintains its identity during convective descent 

by the formation of a vortex ring structure. The initial cloud is 

assumed to be a hemisphere simply because this is a convenient 

,figure with which to surround the vortex ring. If the initial cloud is 

not a hemisphere, it quickly becomes so because of the tendency of 

a vortex ring to draw fluid in from behind it. After release, the 

cloud of waste material will descend by virtue of its initial momentum 

and (negative) buoyancy. As it descends, it will displace the ambient 

fluid around it, experience drag from the flow field,and entrain some 

of the ambient fluid. Some of the solid particles contained in the cloud 

may settle out. In the presence of a stratified ambient fluid, the 

cloud may decelerate as it approaches the depth of neutral buoyancy, 

overshoot this point, rise above it, and then continue a decaying 

oscillation. At this point the vertical motion is much reduced and the 
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effects of density stratification become dominant. The cloud tends 

to collapse vertically and spread out horizontally seeking hydrostatic 

equilibrium with the ambient :fluid, since the ,fluid outside is stratified 

while the fluid inside is mixed by turbulence. Figure 3. 1 shows the 

phenomena modeled :for an instantaneous dump in deep water and 

Figure 3.2 illustrates the case for shallow water. 

3.2.1 Convective Descent 

The analysis is based upon the work of Scorer (1957) 

and Woodward (1959) in establishing the characteristics of the flow 

field in and around a buoyant thermal. Their work treated clouds 

composed entirely of fluid. Since the solids concentration in dis- 

c’harged dredged material is usually low, the cloud is expected to be- 

have as a dense liquid, and th.e buoyant thermal analysis is appro- 

priate. Figure 3.3 shows a schematic diagram for the descending 

hemispherical cloud. 

A mean radius and mean cloud velocity are defined as 

a(t) and e(t) where t is time elapsed since release. Let P(t) be 

the mean density of the element and Pa(y) the ambient density. Let 
2 
Ua(x,y,z,t) be the ambient cu.rrent,which is assumed to be horizontal 

and variable in three dimensions and in time. The characteristics of 

the cloud are assumed to rexmain similar at all stages of the convective 

descent. The various solid particles inside are assumed to have 

densities Pi, fall velocities vfi , and concentrations (volume ratio) 

‘si’ 
The equations governing the motion are those for conservation 

of mass, momentum, buoyancy, solid particles, and vorticity. 

The time rate Iof change of mass in the cloud is the rate 

of ambient fluid mass entrainment minus the rate of solids mass 

passing out of the cloud: 
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Figure 3.1 Idealized Instantaneous Dump of Dredged Material Described by the 
Mathematical Model Developed for Descent and Collapse in the Water 
Column of Section 3.1. Various classes of solid particles are 
illustrated settling out of the cloud at different times. 



Figure 3.2 Illustration of Idealized Bottom Encounter After Instantaneous Dump 
of Dredged Material 
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Figure 3.3 Diagram of Descending Hemispherical Cloud 
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-&- (VcP) = E Pa - f Si Pi (3.1) 

where the cloud volume is V =?“a. 
3 

c 3 

The time rate of change of momentum is equal to the 

buoyancy minus drag plus the rate of ambient fluid m~omentum 

entrainment minus the rate asf solids momentum passing out of the 

cloud: 

de -= 
dt 

Fj%E$a??a-; SiPi?? 
(3.2) 

The time rate of change of relative buoyancy is the 

rate of ambient fluid relative buoyancy entrainment minus the rate 

of solids relative buoyancy passing out of the cloud: 

dB 
- = Et”,(O) - Pa) - T @(pa(o) - pi)) dt 

The time rate of change of the solid volume of the 
ith 

component in the cloud is equal to the rate of the solids volume 

passing out of the cloud: 

dP. 
1 = -s. 

dt 1 (3.4) 

The equation for conservation of vorticity requires 

a more extended discussion and will be deferred until later. Several 

auxiliary equations are used for quantities in the above equations. 

The rate of entrainment in volume is the product of the surface area 

30 



of the hemisp’herical front (2na2), an entrainment coefficient (LX), 

and the magnitude of the velocity difference between the cloud and the 

ambient fluid : 

E = 2na2 a p - q (3.5) 

The entrainment coefficient will be discussed later in conjunction with 

the conservation of vorticity equation. The volume rate of solids passing 

out of the cloud of the i 
th 

component is the product of the vertically 

projected area of the cloud, the magnitude of the fall velocity, the 

volume fraction of t’hat component ‘in the cloud,and a settling coefficient: 

s. = L rra2 JVfi,[ csi(l -pi) (3.6) 

Several additional equations are necessary for the following: 

Momentum 

A 2 3- 
M = CmP -lTa U 

3 (3.7) 

Buoyancy force 

F = $rra3g (P - Pa) (3.8) 

Drag force in x-direction 

Dx = 0.5 PaCD(0.5na2)Ie-e 
al 

(u-u,) (3.9) 

Drag force in y-direction 

D = 
Y 

0.5 PaCDiTa (3. 10) 
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Drag force in z-direction 

DZ = 0.5PaCD(0.5rra2) p-3J (w-wzL) (3. 11) 

Buoyancy 

B = ; TTa3 (P,(O) - P) 

Solid volume of the i 
th 

component in cloud 

(3.12) 

P. = +3csi 
L (3.13) 

In the above equations, U is an entrainment coefficient; 
* 

pi is a settling coefficient; J LS the unit vector in the vertical 

direction; CD is a drag coefficient; C is an apparent mass 

coefficient; and Pa(o) is the density at the free surface. The drag 

coefficient 
cD 

is a function of Reynolds number and therefore 

depends on a and 1; - ;,i. The value of CD is suggested to be 

0. 5. The apparent mass coefficient, Cm, is suggested to be 

between 1. 0 and 1. 5. 

The last governing equation is that for vorticity. The 

total vorticity is the cloud’s identity-preserving mec’hanism, and it is 

also important in determining .the amount of entrainment. when a 

cloud of material is ejected int,o the ambient fluid, some initial 

vorticity is generated when passing throug’h the entrance boundary. 

Total vorticity is generated on:ly by shear forces at the fluid 

boundaries. Once a cloud is in the ambient fluid, there are two 

possibilities if the bottom is not encountered. In a uniform density 

ambient fluid, total vorticity is conserved, althoug’h cloud growth 

acts to diffuse the vortex strength. In a stratified fluid, the density 

gradient acts to decay the total vorticity according to: 
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dK 
dt= 

-AC (3.14) 

where K is vorticity; A is a dissipation parameter; and E is the 

density gradient as defined below: 

A = 
c& 

P,(O) 

d Pa E =- 
dy 

(3.15) 

(3. 16) 

C is a vorticity dissipation coefficient which is equal to 3 according 

to Turner (1960). The vorticity decay mechanism is vxy likely 

more complicated than is suggested by Eq. 3. 14, and the formulation 

is subject to change tihen better knowledge is acquired. Vorticity is 

of concern here only because it is thought to influence entrainment. 

The entrainment coefficient U should in fact be de- 

pendent upon the properties of the cloud, the properties of the ambient 

fluid,and the turbulence structure inside and outside the convecting 

cloud. In formulating an expression for an entrainment coefficient, 

it is necessary to account for the structure of the cloud as it changes 

from a vortex ring to a turbulent thermal. Scorer (1957) and 

Ric’hards (1961) experimentally determined the entrainment coefficient 

for turbulent thermals, ao, to be approximately 0. 25. In studying 

the motion of a vortex ring, Turner (1960) found an entrainment co- 

efficient: 
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by assuming similarity where Cl was found to be 0. 16; B is the 

buoyancy; and K is the total vorticity. As the cloud descends and 

its vorticity approaches zero, Turner’s assumption o,f similarity 

cannot hold. Since a is expected to approach UO found in turbulent 

t’hermals, Koh and Chang (15173) thought it reasonable to postulate 

that the dependence of 0. on B and K might be of t:he form: 

(3.18) 

Their only justification :for Eq. 3. 18 was that it tends to the correct 

limits: to Turner’s relation .when K is large and to “0 when K 

is small. In the absence oE any experimental work confirming or 

rejecting this relation, Eq. 3. 18 will be used in this report. 

Koh and Chang used dimensional analysis to s’how that 

the dimensionless mass rate of settling is a function of the ratio of 

t’he descending velocity of the cloud, v; t’he fall velocity of the solid 

particles, vfi~; the concentrat,ion of each group of particles, Csi; 

and total concentration. c: 

4 

vfi Pi a 
2 

= lTcsi (1 - Pi) (3.19) 

where tii is defined to be a settling coefficient which depends upon 

” 
- , Csi,and C. 
vfi 

Bi is expected to be between 0 and 1, 

representing the two cases of settling freely or co settling. The 

actual form of pi remains to be determined by experiment. Koh 

and Chang’s :formulation is retained here :for the settling coefficient: 
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I? < 1 
“fi 

(3.20) 

where @ is a constant which~ is assumed known. 
0 

Equations (3. 1 throug’h 3. 20) constitute a set of 

equations soluble by any of several numerical schemes, given a set 

of initial conditions. Discussion of the linkage of this computation 

with the dynamic collapse and long-term computations will be 

deferred until Section 5. 1 as will the details of specification of the 

variable velocity field and other details. 

3.2.2 Dynamic Collapse in Water Column 

As the waste cloud goes through the convective descent 

phase,it gains mass and momentum by entrainment. The horizontal 

velocity of the cloud tends to approach that of the ambient fluid. 

Coincidently, the waste material concentration is greatly reduced 

and the vorticity has become insignificant because of dissipation by 

ambient stratification and turbulence. If the cloud reaches the 

depth of neutral buoyancy, its momentum will tend to make it over- 

shoot beyond t~he neutrally buoyant point while the buoyancy force will 

tend to bring it back to t~he neutrally buoyant position. The combined 

action of t~hese forces will make the cloud undergo a decaying vertical 

oscillation. As the vertical motion of the cloud is being suppressed, 

the cloud tends to collapse vertically and spread out horizontally, 

seeking hydrostatic equilibrium within t~he stratified ambient fluid. 

As the cloud collapses, its cross section becomes elongated in the 

35 



horizontal,and another dimension is needed to describe the cloud 

&ape. If the cross section of t~he cloud is assumed to be elliptical, 

its shape may be c’haracterized by its semi-major and semi-minor 

axes, b and a, respectively (IFigure 3.4a). 

It is assumed that the cloud always retains the shape of 

an oblate sp~heroid. If coordin.ate axes are chosen to originate 

from the cloud centroid, the cross-sectional outline of the cloud 

(Figure 3.4a) may be represented by 

l 2 

%+ 
a 

fg =l (3.21) 

where a and b vary with time. The cloud is assumed to remain 

symmetrical,which in practice will only be true if there is no 

relative velocity between the cloud and the ambient fluid and there- 

fore no velocity shear. Following convective descent, the velocity 

difference between t~he cloud and the ambient fluid is expected to be 

small, and its influence on shape can be neglected. 

With the exception of vorticity, the conservation equa- 

tions used for convective descent still hold. Any differences are 

due to the additional dimension used to describe the cloud. The conser- 

vation equations are: 

Conservation of mass 

& (VcP) = E Pa - f Si Pi (3.22) 

where the cloud volume V 
2 

q : 
c 

+rrab. 
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Conservation of momentum 

d& 
dt= 

F; - D’ t E Pa;,. - 2 Si Pi ; 

Conservation of buoyancy 

dB 
dt= 

E (Pa(O) - Pa) - “Si (Pa(O)- Pi) 

(3.23) 

(3.24) 

C:onservation of solid particles 

dP. 
L = 

dt 
- s. 

1 
(3.25) 

The major auxiliary equations are those for entrain- 

ment of ambient fluid, for the settling of solid particles, and for the 

collapse of the cloud. 

The two contributions to entrainment come from move- 

ment of the entire cloud through the ambient fluid and from the 

additional velocity shear at the cloud boundary due to the cloud 

collapse. Each contribution is the product of the surface area of 

the cloud, an entrainment coefficient, and a velocity. The expression 

for the rate of entrainment of ambient fluid is: 

E = 21Tb2tn +n(E), (u I;-;altac$) 

(3. 26) 

w’here R=-; a is the entrainment coefficient for cloud 

motion; and 
I 

G-v’ 
al 

is the magnitude of the velocity difference. 
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a is introduced into the formulation to account for the entrainment 
c 

due to collapse,and g is the -velocity of the tip of the collapsing 

cloud. It is assumed that entrainment due to the cloud motion should 

die out as the cloud settles into the neutral buoyancy position. This 

may be done by letting the entrainment coe:fficient be: 

( ) 
2 

a = 
% aO 

(3. 27) 

where a0 is the entrainment coefficient for a turbulent thermal. 

This relation ‘has not been confirmed by experiment and is offered 

‘here merely as an effective and reasonable way to turn off entrain- 

ment due to cloud motion. 

As in the sectian on convective descent, the volume 

rate of solids settling out o:f t’he cloud is 

S. = irb2 
L 

I I 
Vfi csi (I- - Pi) 

where pi is a settling coefficient defined as before. 

The mechanism t’hat drives the collapse of the cloud 

is density differences between the inside and outside of the cloud. 

It is assumed t’hat, because of the turbulent mixing, the density 

gradient inside the cloud is less than that outside. Assume 

t’hat the cloud is resting at the level of neutral buoyancy and that the 

ambient density at this level is PO. Assume further th.at the different 

density gradients inside and outside of the cloud are of constant 

magnitude. Let c be the normalized ambient density gradient: 

1 hP 
c z a 

7 ay 
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The density gradient inside the cloud is assumed to be less than that 

y a0 in the ambient fluid by a factor - , where Y is a coefficient, 
a 

and a0 is ‘half the final radius of the convective descent cloud 

(Figure 3.4a) and a is the semi-minor axis of the collapsing 

cloud. Following these assumptions the ambient density in the region 

of the cloud is 

Pa = PO (1 - Ey’) = PO (1-E (a-y)) (3.30) 

and the density inside the cloud is 

aO 
P = Pg(l - y- 

aO 
a 

EYd) = PO (1-Y - a E (a-y)) (3.31) 

w’here y and y’ are as defined in Figure 3. 5. These density 

profiles are illustrated in Figure 3.4b. 

The centroid of .the collapsing slice of the cloud shown 

in Figure 3.4~ moves with respect to the centroid of the cloud. Con- 

sider the slice (of angular dimension dB) as a Eree body and integrate 

t’he pressures over the surfaces of the slice to obtain the radial force 

(acting at the slice centroid) driving the collapse of the slice. The 

pressures are assumed to be hydrostatic. The pressure on t~he rounded 

external surface of the slice is simply the pressure in the ambient 

fluid, p,(y), and it is integrated over the projected a.rea as shown in 

Figure 3. 5. 

y=a 

F = 
ext I 

P,(Y) r(y) de dy (3. 32) 

Y= 0 
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Figure 3. 5 Slice of Collapsing Cloud, Showing Integration Elements 
for Determining the Driving Force of Collapse 
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The pressure inside the cloud, p,(y, I), is a function 3f the vertical 

and radial position inside the cloud. This pressure is integrated over 

both side faces of the slice, and d8 is assumed small to give an 

expression for t’he radially outward directed force: 

Fint = P, (Y. r) de drdy (3.33) 

where R = 

Once the integrals (3.32) and (3. 33) are evaluated and the 

difference of Fint- Fext is taken, the radial force driving collapse 

is obtained: 

=0 

FD = nPo(l -Ya) Ega3b 
d8 (3.34) 

16 

1 a pa 
Since E =p F 

0 
the expression may be written for use in the code as 

FD = $ (1 -Y>) ( $‘) ga3bdB 

In forniulating the inertia of the slice and force 

resisting collapse,it is assumed that the horizontal velocities of the 

elements inside the slice are related to the radial dist:ance, r , from 

the centroid of the cloud and that the velocity of horizontal deformation 

is characterized by the velocity of the centroid of the slice segment. 

The cloud tip velocity due to collapse (which will be called vl) is 

linearly related to the slice centroid horizontal velocity by 
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16 dc 

VI = -z-T z (3.36) 

The forces resisting the collapse of the slice are form drag, DD , 

and skin friction drag Ff: 

DD = 
ab 

‘drag ‘a 7 “1 I I 
v1 de 

Ff = C 
:fric ‘a 

b’ dB 
z “1 

where C 
drag 

is the drag coefficient for a wedge and Cfric 

is the friction coefficient for a flat plate, w’hich is a function of the 

kinematic viscosity (Hoerner, 1965). 

The horizontal inertia of the cloud slice is the time 

rate of change of the product of its mass and the velocitiy of the 

slice centroid: 

The dynamic equation is :formulated as the summation of the ex- 

ternal forces acting on the slice which is equated to the inertia 

force. d8 cancels out of all terms. 

I = FD - DD -Ff (3.40) 

The integral of equation 3. 39 over one time step is used to determine the 

value of v1 at the end of the time step. The integral of the left side, 

$ I& , is evaluated using Eq. 3.4,0 and the value of v1 at the start of the 

time step. 
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The effects of entrainment on mass, momentum, and 

buoyancy ‘have been considered previously. Entrainnxnt also influences 

the shape of the cloud cross section, whic’h is assumed. to remain 

symmetric. The rate of volume increase of the cloud due to entrain- 

ment is assumed to be accounted for by an increment in the tip 

velocity with the vertical dimension of the cloud held constant. This 

increment will be called v 
2’ 

The velocity of t’he slice tip of the 

collapsing and entraining cloud is: 

db 
TE = “1 + “2 

Equation (3.‘22), as it stands, accounts only for t’he gross amount of 

mass entrained. It may be rewritten under the,assumptions of 

constant cloud density and constant vertical dimension during each 

integration step to describe how entrainment adds to the growth 

of b: 

EP, - c SiPi 

v2 = 
1 

PGnab 

Several additional equations are used for: 

Momentum 

-t 
M = 

4 2’ 
CMp7rrab U 

Buoyancy force 

(3.42) 

(3.43) 

F = 4 nab’g ( P - Pa) (3.44) 
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Drag force in the x-direction 

D = 
x i P,CD 3 nab) 6 - Cal (u-u,) 

Drag force in the y-direction 

D = tp,C, nb 
2 

Y 4 I I 
;-da” 

Drag force in the z-direction 

DZ = i PaCD 3 nab 1 ; - ?J, 1 (w-w,) 

Buoyancy 

B = $ nab’ (Pa(o) - P) 

Solid volume of the i 
th 

compor1ent 

(3.45) 

(3. 46) 

(3.47) 

(3.48) 

Pi = +b2Csi (3.49) 

In the above equations, CM is an apparent mass coefficient, 

is the drag coefficient for a spheroidal wedge, and CD is the drag 
4 

coefficient for a circl;lar plate. Discussion of suggested numerical 

values for these and ot~her coefficients will be deferred until Section 5. 1. 

Equations (3.21) through (3.49) constitute a set of equations 

soluble by any of several numerical integration schemes, given a set 

of initial conditions w~hich are obtained from the solution for the con- 

vective descent phase described earlier. Discussion of the numerical 

solution and the details of computation will be deferred until Section 

5.1. 
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3.2.3 Dynamic Collapse on Bottom 

If the density stratification is not strong enough to 

arrest the vertical motion of t’he cloud, it will eventually hit the 

bottom. The cloud may then collapse on the bottom or it may rise 

off the bottom as it collapses~. In this section, a variation on the 

model for collapse in the water column to apply to coG~pse on the 

botto.m will be made. It is assumed that t~he shape of the cloud 

is changed to and maintained as a half ellipsoid as s’hown in the 

upper half of Figure 3.4~~. The equation for its shape is, as before: 

#2 >2 

++ 
AI.-- =l (Eq. 3. 21) 

a b2 

The cloud is assumed to remain symmetrical and velocity differences 

between the cloud, the bottom,, and the ambient fluid are allowed. 

The bottom is assumed to be horizontal in t~he region of t!w cloud. 

The situation is so close to that for collapse in the water column, 

that the same equations can be used, modified for t’he different 

geometry and to account for t’he reaction force at the bottom and 

the friction force at the bed. The governing equations are: 

Conservation of mass 

-& (VcP) = E{ - CSiPi (3.50) 

where the cloud volume V = 5 nab 
2 

C 
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Conservation of momentum 

d$ -z 
dt 

F; - 8 t- EPa :a - ; SiPi ;- gf 

Conservation of buoyancy 

dB 
- = E(Pa(o)-Pa) - TSi(Pa(0) - Pi) 
dt 

Conservation of solid particles 

dP. 
I= 

dt 
- s. 

1 

(3.51) 

(3.52) 

(3.53) 

The major auxiliary equations are those for the 

entrainment of ambient fluid, for the settling of solid particles, 

and for the collapse of the cloud. The entrainment function in this 

case is somewhat different than that Ear collapse in the water 

column. If the cloud remains an the bottom, it very quickly comes 

to rest with respect to the bottom. Since ambient velocity also 

must become small at the bottom, entrainment due to velocity 

differences between the cloud and t’he ambient has been. neglected. 

Entrainment in this case is due only to the collapse of the cloud 

and is the product of the surface area of t’he half ellipsoidal cloud 

exposed to the ambient fluid, an entrainment coefficient, and the 

tip velocity of the collapsing cloud: 

;a213 

where R=m; a 
c 

is the entrainment coefficient for collapse ; 

db 
and ‘;it- 1s the tip velocity of the cloud. 
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As before, the volume rate of solids settling out of 

the cloud is: 

S. = nb2 
I I I 

Vfi csi (l-Bi) (3.55) 

where pi is t’he settling coefficient defined in Section 3. 2. 

T~he reader is referred to Section 3. 2. 2 for a dis- 

cussion of the mechanism o:f cloud collapse. Aside from the 

difference in cloud shape, tIhere are no changes and the driving 

force of collapse of a slice of the cloud is given by: 

yaO a@ 
FD = -6(1 -7) (-$)ga3bdB (3. 56) 

As in Section 3. 2. 2, the cloud tip velocity due to co:llapse, v1 , 

is linearly related to the sli,ce centroid horizontal velocity by 

16 dc 
“1 = 

-- 
3rr dt 

(3. 57) 

The forces resisting the collapse of the slice are 

form drag, DD; skin friction drag, Ff ; and bottom friction force 

DD 
= c 

drag 
pa 9 ( v1 ( v1 d0 

b2 
Ff = ‘fric ‘a Za v1 v1 de 

I I 

Fbf 
= FbFfrictn F1 de/ 2rr 

(3.58) 

(3.59) 

(3. 60) 
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w’here Cdrag and C 
fric 

are defined as before. Ff is the reaction 

force at the bottom: Ffrictn is the bottom-cloud interface friction 

coefficient; and Fl is a modification factor used in co:mputing the 

resistance of the friction force to the collapse of an arc of a half 

ellipsoid. 

The horizontal inertia of the cloud slice is the time 

rate of c~hange of the product of its mass and the velocity of the 

slice centroid: 

I 
d z 
xi 

(3.61) 

The dynamic equation is formulated as the summation of the external 

forces acting on the slice,whic’h is equated to the inertia force, I ; 

I = FD - DD - Ff - Fbf (3.62) 

The tip velocity is the sum of contributions due to 

the collapse of the cloud (~1) and due to entrainment (v,): 

The value of vl at the next time step is obtained by computing the 

integral jIdt (using,Eq. 3.62 and the current value of ~1) and then 

solving Eq. 3. 61 for the new vl. The value of v2 is ob’tained by 

rewriting equation 3. 50 under the assumptions of constzant cloud 

density and constant vertical dimension during each inkgration step: 

EPa - csiPi 

v2 = 
p:nab 

(3.64) 
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Several additional equations are used for: 

Momentum 

i+d = C P gnab’; 
M 3 

Buoyancy force 

F = b”‘d~- pa,) 

Drag force in the x-direction 

Dx = + pa ‘D 3 Tlab 1 v’- ;,I (u-u,) 

Drag force in the y-direction. 

D =0 
Y 

Drag force in the z-direction 

D = 
z i pacD 3nab 1 u’ - $a 1 (w-w,) 

Resultant horizontal velocity 

Bottom friction force in the x,-direction 

FF = Fb Frictn dil 
x 

(3.65) 

(3.66) 

(3.67) 

(3.68) 

(3.69) 

(3.70) 

(3.71) 
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Bottom reaction force in the y-direction 

FF = -Fb = - $b’g(P- P,) t & [CM,Pfnab2v] 

Y 

t n.b2 ” vf, 

I I 

PiCsi (l-8,)v 
I 

Bottom friction force in the z-direction 

FF 
= Fb Frictn w/$ 

z 

Buoyancy 

B = + nab2 (P,(o) - P) 

Solid volume of t’he ith particle 

P. = ; 
L 

rrab2C . 
6, 

(3. 72) 

(3.73) 

(3.74) 

(3.75) 

One additional condition necessary for closure is that tile 

distance of the cloud centroid f,rom the base of the half ellipsoid 

is 3/8 of its vertical altitude. 

In t’he Ko’h-Chang model, the vertical vel.ocity of the 

centroid was computed from the dynamics and integrated to find 

the change in the vertical position of the centroid. Thifr led to 

numerical difficulties in many simulations of typical dredging 

situations . Suc~h difficulties have been avoided in the present model 

by use of the condition in the previous paragraph. 
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Equations (3. 50) through (3. 75) form a set 

of equations soluble by any of several numerical integration 

schemes, given a set of initial conditions which may be obtained 

from the solution for collapse in the water column or from the 

solution for convective descent. Discussion of the numerical 

solution and the details of computation will be deferred until 

Section 5. 1. 

3.3 Jet Discharge - 

A large number of dredging vessels discharge 

dredged material through openings at the bottom of -:he vessel by 

gravity or by pumping, while traveling at a certain :gpeed. The 

typical hopper dredge upon :reaching its dumping area will pump 

water jnto its ‘hopper to stir up the material before opening its 

hopper doors one-by-one. .Each hopper is mostly empty within 

a few tens of seconds (although co’hesive material can take much 

longer) and the entire dumping operation is complete within a 

few minutes. Another mode of discharge is a fixed pipeline in 

water. In either case the flow phenomenon near t’he discharge 

opening is that of a sinking jet in a crosscurrent. The jet 

entrains ambient fluid and momentum, and it may experience a 

drag force from the ambient: fluid due to pressure di.f:ferences 

between the upstream and downstream faces of the jet. As a 

result, the jet grows in size and bends over in the direction of 

the ambient current. The dredged material is diluted through 

entrainment of ambient fluid, and solid particles settle out of the 

jet as the situation allows. As the jet reaches further downstream, 

its centerline velocity approaches that of the ambient fluid; the 

influence of the ambient density gradient becomes dominant; and 

the jet begins to be’have more like a plume. The plume will tend 
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to spread out horizontally and collapse vertically, see:king a 

neutrally buoyant position in the ambient fluid. This sequence 

of events is illustrated in Figure 3. 6. 

3.3. 1 Convective Descent 

In what follows, the equations are formulated for a 

sinking jet in a stratified ambient fluid subject to a variable cross- 

current of arbitrary magnitude. Figure 3. 7 shows a round jet 

discharging with some flow rate, Q, into a crosscurrent. Assume that 

the jet cross section remains c:ircular and that velocity, density, 

and material concentration distributions may be apprmimated by 

“top-hat” profiles. T’hen the jet properties are described by its 

radius, b; its velocity, U ; its density, p ; the concentrations of the 

solid components, Csi; and t~he solid component densitimes, P.. 
L 

The solid components ‘have fall velocities vfi. The ambient density 

and ambient current are designated by P,(y,t) and Gz, (x,y,z,t). 

The jet can flow in any direction from the nozzle, 

depending upon its initial momentum and the ambient current. 

In Figure 3. 7a, the coordinate axes are fixed on the disc’harging 

vessel: s is in the direction of the jet trajectory; 81,02, and e3 

are its direction angles; 6 
1 

and 6 3 xre t~he directions the re- 

sultant ambient current at position s makes with respect to the x 

and z axes, respectively; and Y is the angle in a vertical plane 

between s and the resultant ambient current. 

Near the discharge nozzle, the flow is very similar 

to that in a momentum jet. As the jet slows down and lxnds over in 

the direction of the ambient current, the rise and fall o:E the plume 
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Figure 3. 6 Idealized Jet Discharge From Moving Vessel Which is Described by the 
Mathematical Model Developed in Section 3.2. Cross sections are shown 
at three stages of the plume. A heavy class of particles is depicted 
settling out of the plume at an early stage. 
settling during the collapse phase. 

Lighter particles are shown 
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Figure 3~. 7 Definition Sketch for Round Jet 
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is approximated by the behavior of a two-dimensional thermal. 

The equations governing the motion are t’hpse for 

conservation of mass, momentum, buoyancy, and so1i.d particles. 

In momentum jet theory, variations in the above quantities vary 

only with distance along the jet axis, s , and so rates, of change of 

the above quantities are written as derivatives with respect to s. 

The rate of change of mass flux along the jet axis is 

equal to the rate of ambient fluid mass entrainment per unit jet 

length minus the rate of solid!3 mass passing out of the jet per 

unit length. 

(3.76) 

The presence of a drag term in the momentum equation 

is necessary to account for the action of the ambient current in 

bending the jet. A gross drag force is introduced to account for 

the action of the unbalanced pressure field around the jet caused by 

the ambient current seen by the jet. This drag force is proportional 

to the square of the velocity component of the oncoming ambient fluid 

normal to the jet axis. Referring to Figure 3. 7~, the magnitude 

of the force is: 

= cDpab ( 5, 
I I 

2 

FD 
sin y ) (3.77) 

where C D is the drag coefficient. This drag force may be resolved 

into components in the x, y, and z directions as: 
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FD = 
x 

FD = 

Y 

FD = 
z 

cos 6 
1 

- ‘20s y cos 9 
1 

FD 
(3.78~1) 

sinY 

- cos y co.9 e 

’ FD 
- 

s iny 

(3. 78b) 

-cosycose3 t cos 63 

sinY FD (3.78~) 

The rate of change of momentum flux along the jet axis is equal to 

buoyancy force per unit length plus the rate of ambient fluid 

momentum entrainment per unit length minus the rate of solids 

momentum passing out of the cloud per unit length: 

d Pb2P)+J) = B~+E%$a-C~i+;D xi 

(3.79) 

where 7 is the vertical unit vector. 

The rate of change of relative buoyancy flux along 

the jet axis is equal to the rate of ambient fluid relative buoyancy 

entrainment per unit length minus the rate of solids relative 

buoyancy passing out of the jet per unit length: 

+s (~b2U(Pa(0) - P,) = E({(O) - $' - LSi(~'a(0) - pi) 

(3.8Oj 
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.th 
The rate of change of the flux of the L solid 

component along the jet axis is equal to the rate of solids volume 

passing out of the cloud per unit length: 

(3.81) 

Several auxi:liary equations are used for quantities 

in the above equations. FoLllowing Abraham (1970), it is assumed 

that the entrainment mechanism depends upon the lc~cal mean 

flow and is the sum of contributions due to momentum jet entrain- 

ment and due to a two-dimensional thermal type of (entrainment. 

Momentum jet entrainment is proportional to the perimeter of 

the jet and the velocity difference between the jet and the velocity 

component of the ambient fluid in the direction of jet travel: 

E m = 2nbal ( IU I- 1 Ua lcosy) (3. 82) 

Entrainment experienced by a two-dimensional thermal is pro- 

portional to tbe perimeter of the thermal and the ve:locity of the 

thermal. The equation is formulated by visualizing the plume as 

moving horizontally with the ambient fluid but with a vertical 

velocity Ua sinY: 

ET = 2nbU21Uaisiny (3. 83) 

In the above equations, al and a2 are entrainment coefficients. 

The total entrainment is assumed to be represented by 
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E = Em t ET sin82 (3. 84) 

where s in82 is arbitrarily introduced as a convenient way to turn 

off the thermal type of entrainment when the jet approaches the 

vertical. 

As seen from Koh and Chang (1973), the settling of 

solid particles from a jet is a most complicated phenomenon. The 

solid particles in the jet tend to settle out by gravity; however, 

they are also kept in the main stream by the turbulence of the jet. 

A settling coefficient, 8 1, is introduced into the formulation just 

as in Section 3.2. 1. Then the rate of the volume flux bf the i 
th 

solid component out of the jet per unit length is: 

s. = 1 2b 1 Vfi ( csi (1 - Ri) (3. 85) 

where vfi is the settling vel.ocity; Csi is the solid concentration 

(volume ratio); and pi behaves as described in Section 3. 2. 1. 

Several additional equations are necessary for: 

Momentum flux 

I$ = nb2PU: 

Buoyancy force per unit length 

F = nb’g(P- Pa’ 

(3.86) 

(3.87) 
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Buoyancy flux 

B = n bz U ( Pa( 0) -’ P) (3.88) 

Flux of ith solid 

P. = 
L 

nb2 U Csi (3.89) 

The geometric relationship must also be introduced: 

2 
cos 8 

1 
t cos2 $ t cos283 - 1 (3.90) 

The locus of the jet centerline may be found by integrating the 

direction cosines: 

dx 
z = 

cos 8, 

2 = cos e2 

dz 
aF= 

cos e 
3 

(3.91a) 

(3.91b) 

(3.91c) 

Equations (3. 76) through (3. 90) constitute a set of equations 

soluble by any of several numerical integration schemes, given a 

set of initial conditions for U(O), b(O), p(O), Csi(0), B,(O), B,(O), 

and 8,( 0). Discussion of the linkage of this computation with the 

dynamic collapse and long-term computations will be deferred 

until Section 5. 2 as will discussion of program details. 
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3.3.2 Dynamic Collapse in the Water Column 

When the jet plume is far downstream from the 

nozzle,its velocity approaches that of t’he ambient fluid and it no 

longer behaves like a jet. If the jet does not encounter the bottom, 

it will seek its level of neutral buoyancy. At this point, stratification 

of the ambient fluid will dominate the motion, and the jlet plume 

will tend to spread out horizontally and collapse vertically, seeking 

hydrostatic equilibrium. The jet plume is here expected to behave 

more like a two-dimensional thermal than like a jet. 

In what follows, a mathematical formulation is pre- 

sented to account for the convection and collapse of the dredged 

material plume. The cross section of the two-dimensional 

thermal is assumed to have the shape of an ellipse as shown in 

Figure 3. 8a. If a coordinate system x’y’ is fixed with origin 

on the centroid of the thermal, the outline of the thermal is 

described by: 

82 

++ 
a 

$=l (3.21) 

where a and b are the semi-.minor and semi-major axes, rC?.S- 

pectively, of the ellipse and both of w’hich vary with time. 

A portion of the plume of length L w’hic:h behaves as a 

two-dimensional thermal will now be considered. The conservation 

equations are formulated as the time derivatives of the conserved 

quantities. 
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Figure 3. 8 Geometry of the Collapsing Jet Plume 
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The time rate of c’hange of mass in element L equals 

the rate of ambient fluid mass entrainment minus the rate of solids 

mass passing out of element L : 

&, (PnabL) = EP, - :SiPi (3.92) 

The time rate of change of momentum of the element 

L equals the buoyancy force (if present) minus the d:rag force plus 

t’he rate of ambient fluid momentum entrainment minus the rate 

of solids momentum passing out of the cloud: 

d& 
dt= By- 6 t EPa8a - T Sipi (3.93) 

where : is the vertical unit vector. 

The time rate of c’hange of relative buoyancy of the 

element L equals the rate of ambient fluid relative buoyancy 

entrainment minus the rate of solids relative buoyancy passing out 

of the element: 

dB 
dt= E(P,(O) - Par - f Si (P,(O) - ‘i) (3.94) 

th 
The rate of change of the volume of the I COIlI- 

ponent in the element L equals the rate of solids volume passing 

out of the cloud: 

dP. 
-.-l= 

dt -s. 1 (3.95) 
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The collapse of the plume proceeds in a manner 

exactly analogous to that described in Section 3. 2. 2 for the single 

cloud. As before, t~he ambient density distribution seen from the 

plume centroid is: 

P = 
a PO (I- EY’) (3.96) 

and t~he density inside the plume is: 

yaO 
P = P,(l-- a cY’ ) (3.97) 

where PO is the ambient density at the level of neutral buoyancy; 

aO 
is the radius of the plum~e at the end of convective descent; 

y is a coefficient; and 

(3.98) 

By exactly the same m&hod as is presented in Section 3.2.2, the 

force driving the collapse of the quadrant of the element L illustrated 

in Figure 3. 8b may be found, as: 

F,, = 

The forces resisting the colk~pse are form drag: 

Da = +C 
drag ‘a La v2 

I I 
“2 

(3.99) 

(3.100) 
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and skin friction: 

*f 
= Cfric iLv2 (3.101) 

These forces all act at the centroid of the quadrant of the element 

L, and their resultant is equated to the inertia of the quadrant 

to get the dynamic equation: 

I = FD - DD - Ff (3.102) 

The ‘horizontal inertia of the quadrant is the time rate of changeof 

the product of its mass and the horizontal velocity of its centroid: 

I = &((LPVl) 

The tip velocity of the quadrant is: 

db 
dt= v1 + v3 

(3.103) 

(3.104) 

In equations (3.101) and (3. 104), vl is the quadrant tip velocity 

due to collapse (obtained by finding the integral jIdt, using the old 

value of v 1 , and solving the integral of equation 3. 103 for the new 

value of vl), and v 2 is the combination of the tip velocity due to 

collapse and that due to the stretching of the element L (obtained by 

assuming that the minor axis a is kept constant and that no entrain- 

ment occurs at that moment): 

b dL 
v2 = v1 - L dt (3.105) 
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Stretching or squeezing of the element L arises because of the 

following set of conditions. As the buoyant element wlocity 

approaches the ambient velocity, it will be either spe’eding up or 

slowing down due to the entrainment of ambient momentum and by 

drag forces applied to it. Since the supply of material is continuous 

from the jet, the element s’hould be able to be stretched or squeezed 

so that the trajectory of one element will be capable of representing 

the steady picture of a continuous plume. To estimate the stretching 

of L, it is assumed that: 

(3. 106) 

v3 
is the contribution to tip velocity due to entrainment. Its mag- 

nitude is obtained by solving Eq. 3.92 for v3 when P, a, and L 

are instantaneously ‘held constant: 

EP - a c SiPi 

y3 = (3.107) 
PlTaL 

Entrainment in the above equations is assumed to be 

the sum of contributions due to convection of the element through t’he 

ambient fluid and to the collapse of the element. Each type of en- 

trainment occurs over the surface area of the element L. The 

total entrainment is given by: 

E (3. 108) 
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where a 3 and a 
4 

are the entrainment coefficients for convection 

and collapse, respectively. 

The rate of settling of the ith solid component out of 

the cloud is: 

s. = 1 2bL (vfi ( csi (,l-Bi) (3.109) 

w’here pi is a coefficient which behaves as described in Section 

3. 2. 1. 

Several additional equations are necessary for: 

Momentum of the element 

G = CM PTT abL 3 

Buoyancy force 

F z nabl (P- pa)g 

(3.110) 

(3.111) 

Drag force in the x-direction 

Dx = i CD 2aL sincp Pa 3 - Ga (u - ua) 

- 0.5cYfricP, vFpT-7, L 1 6 - da (2 case 

(3.112) 

where Cp is t’he angle between the surface projection of the element 

centerline with the x-axis; and 81 is the angle between the element 

centerline and the x-axis. 



Drag force in the y-direction 

D = $C 2bLP 
Y D4 

- 0.5 CfricPalq/&T) L luTa12 cose2 

(3.113) 

where 8 2 is the angle between the element center line and the y-axis. 

Drag force in the z-direction 

DZ = +c 
D3 

ZaLcosrp Pa ?J-Ga (w-w,) 
I I 

- 0.5 Cfric Pa” l/m L l;-fia 1 cos El3 

(3.114) 

where 0 
3 

is the angle between the element center line and the z-axis. 

Buoyancy 

B = TabL (Pa(O) - P) (3.115) 

Solid volume of the i 
th 

solid component in the element 

P. = 
L 

nabLCsi (3.116) 
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The trajectory of the two-dimensional buoyant element is furnished 

by: 

dx 
Tic = u 

de 
ar= w 

(3.117a) 

(3. 117b) 

(3.117c) 

In equations 3. 112 and 3. 114, C 
D3 

is the drag coefficient for a 

two-dimensional streamlined wedge. In equation 3. 113, C 
D4 

is 

the drag coefficient for a two-dimensional plate. Cfric is a skin 

friction coefficient. Discussion of suggested numerical values for 

these and other coefficients will be deferred until Section 5. 2. 

Equations 3. 92 throug’h 3. 116 constitute a set of 

equations soluble by any of several numerical integration schemes. 

The initial conditions are obtained from the information for the end 

of the convective descent. Note that the numerical integration for 

collapse in the water column is carried out with respect to an 

element of the plume length, ds, and not with respect to dt. Since 

the derivatives in the conservation equations are with respect to 

time, a special treatment is required. Discussion of this and other 

details will be deferred until Section 5. 2. 

3.3.3 Dynamic Collapse on the Bottom 

If the density stratification is not strong enough to 

arrest the vertical motion of the plume or if the discharging 

vessel is moving too slowly, the plume may ‘hit the bottom in the 
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short term. A mathematical model will be presented here whic’h 

is an extension of the model of Section 3. 3. 2 for applkation to a 

plume collapsing on the bottom. 

It is assumed that the shape of the plume cross section 

is changed to, and maintained as, a semi-ellipse as shown in the 

upper ‘half of Figure 3.8a. This shape is described by 

(Eq. 3.21) 

Velocity differences are allowed between the plume element L , 

the bottom, and the ambient fluid. The bottom is assumed to be 

horizontal in the region of the plume. The situation is so close to 

t’hat for collapse in the water column that the same equations, 

modified for the different geometry and to account for the reaction 

force at the bottom and the friction force at the bed, can be used. 

The governing equations are: 

Conservation of mass 

s (i pnabL) = EPa - ; siPi 

Conservation of momentum 

(3.118) 

&(+CMPnabL6 = F~-i;+EPa~~-~Sipii;-~F 

(3.119) 

70 



Conservation of buoyancy 

-$ (fnabL(P,(O)-P)) = E (Pa(o) - Pa) - ~si(Pa(o) - Pi) 

(3.120) 

Conservation of solid particles 

dP. 
1 = -s 

dt 
i 

(3.121) 

The equation for the dynamic collapse of a quadrant of the semi- 

elliptical cylinder is: 

I = FD - DD - FF -Fbf 

where the inertial force is 

d ab 
I = -& (TLPVl) 

the driving force of collapse is 

ap 
FD = i gL(1 -Y>) (-$) a3 

the form drag is 

DD = *C 
drag a a 

P L v2 v2 
I I 

(3.122) 

(3.123) 

(3.124) 

(3.125) 
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the skin friction is 

Ff = ‘fric 

t’he friction force on the bottom is 

(3. 126) 

(3. 127) 

These forces all act at the centroid of the quadrant of 

the element L. The tip velocity of the quadrant is: 

db 
-&. = v1 + v3 (3. 128) 

The tip velocity due to collapse, vl, is obtained by solving the 

integral of Eq. 3. 123 for the new value vl. The integral results 

from the integration of the summation of forces (3. 124) throug’h 

(3. 127), evaluated using the old vl. v2 is the combination of 

the tip velocity due to collapse and that due to the stretc’hing of 

the element L. v2 is obtained by assuming that the minor axis, 

a, is kept constant and that no entrainment occurs at that moment: 

b dL 
v2 = “1 -Lx 

The stretching of the element L is estimated from: 

A2 = constant 

(3. 129) 

(3.130) 
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v3 
is the contribution to tip velocity due to entrainment: 

EPa - %SiPi 

"3 = 
(3.131) 

PnaL 

Additional equations are necessary as follows: 

Entrainment volume 

E = \I? L (a3 I;- da I+ a4 -$ (3.132) 

Settling rate of the i 
th 

solid component 

Si = 2bL 
I I 

Vfi csi (l-8,) (3.133) 

where Bi is a coefficient w~hich behaves as described in Section 

3.2.1 

Momentum 

; = + CM PnabL ; 

Buoyancy force 

F = +nabL (P-Pa) g 

(3.134) 

(3.135) 
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FF = Fb Frictn (u-q /JI (3. 136) 
x 

Bottom friction force in the x-direction 

Reaction force at the bottom 

FF = - Fb = -F t +t (&PnbLv) t CSiPiv 

Y 

(3.137) 

Bottom friction force in the z-direction 

FF = Fb Frictn (W-W,) I jr (3. 138) 
z 

Resultant velocity difference between the plume element and the bed 

t (w-wb)2 (3.139) 

Drag force in the x-direction 

Dx = +C 
D3 

aL sinep P 

+ ~ ‘fric ‘a n&&F) L/G-da/2 c:oscp 

(3. 140) 

Drag force in the y-direction 

D = 
Y 

frC 
D4 

2bL PaI ??-‘Gal v (3. 141) 
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Drag force in the z-direction 

D = 
z 

+C 
D3 

aL sincppa 3-TJa 
I I 

(w-w,) 

(3. 142) 

Buoyancy 

B = $nabL(Pa(O) - P) 

Volume of the ith component in the element 

(3.143) 

P. = 
1 

fnabLC 
81 

(3.144) 

Forces that occur in the momentum equation in 

the y-direction are presented for completeness. However, to 

avoid numerical problems that sometimes occur and to achieve 

a certain simplification, the position and vertical velocity of the 

element centroid are determined by geometry as long as the 

element contacts the bottom. The vertical velocity is related to the 

tip velocity due to collapse by: 

4 
” 2” 

=3n.b 1 (3.145) 

In equations (3. 136), (3. 138), and (3. 139), ub and 

Wb 
are velocities of the bottom wit’h respect to a coordinate 

fixed on the discharging vessel. 
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As before, the trajectory of the plume may be 

determined by 

dx 
FE= u 

(Eq. 3. 117a) 

g=v (Eq. 3. 117b) 

dz 
aF= w 

(Eq. 3. 117~) 

Equations (3. 118) through (3. 145) comtitute a 

set of equations soluble by any of several numerical integration 

schemes. The initial conditions are obtained from the information 

for the end of the convective descent. Note that the numerical 

integration for collapse on the bottom is carried out with 

respect to an element of the plume length, ds , and not with 

respect to dt. Since the derivatives in the conservation equations 

are with respect to time, a special treatment is required. Dis- 

cussion of t’his and other details will be deferred until Section 5. 2. 
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4, DEVELOPMENT OF MODEL FOR PASSIVE 
DIFFUSION 

The final phase to be incorporated into the model 

begins when cloud behavior is determined more by ambient currents 

and turbulence t’han by any dynamic character of its own. In this 

phase, then, the cloud is considered passive, its fate being dependent 

upon features of the ambient fluid. The treatment of this phase 

in the Koh-Chang ocean dumping model was somewhat simplified by 

the assumptions of horizontally uniform, steady currents and 

absence of lateral boundaries. In that case, it was possible to 

apply a method of moments to solution of t’he diffusion equation 

eliminating x and z as independent variables. Significant informa- 

tion regarding the cloud history could be found very economically 

from the first few moments. 

In the present application, nonuniform currents, 

lateral boundaries, and unsteady flow combine to make adoption 

of such a method of solution unsatisfactory. T’he straightforward 

approac’h would involve solution of t~he convection-diffusion equation 

by :finite differences. However, this technique is prohibitively 

expensive if a three-dimensional treatment is needed for routine use. 

Instead, this study’has adapted and extended a scheme developed by 

Fisher (1970, 1972), w’hich overcomes these difficulties, is extremely 

economical and efficient, and--while originally developed for the two- 

dimensional vertically integrated case- -permits the necessary 

generalization required ‘here. Fischer’s approach will Eirst be out- 

lined in order to convey most clearly the fundamental conceptual 

features of the present model. 

Consider an unbounded, steady, uniform mean flow, 

The concentration of a conservative substance at any point and time 
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can be found from 

c (x,z,t) = l C(5,r(,O) (z-wt-q)2 
5 

tq DZ 

dSdn 

(4.1) 

where D and D are horizontal diffusivities ; u and w are 
x z 

(constant) vertically averaged velocity components ; and the inte- 

gration extends cwer the entire plane. This convolution integral 

states that the concentration at any point at time t is related 

to the initial (and arbitrary) distribution at an earlier time (taken 

to be zero) as the summation of contributions from every point in 

the fluid. This is seen by noting that under the assumptions, 

x - ut and z - wt are simply the initial coordinates of the fluid 

now residing at (x,2); call these (to, I’+,). The terms like 

(5,~5? are then simply related to the distances between the source 

location of the element of interest and all other points. The new 

concentration at (x,2). C (x,z,t), is the summation of contributions 

from points surrounding (5,, qo), each having an influence dependent 

upon separation, diffusivity, and time. 

Fischer’s approach to the nonuniform, nonsteady 

(but vertically averaged) case was to approximate the processes 

implicit in equation 4. 1 as follows. Firstly, the terms like x-ut 

are replaced by 

t 5, = x- 
0 

udt FJ ~$1 ui6t (4.2) 
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in which bt is a small fraction of the interval t (at = t/N) and the 

ui are velocity components--assumed given--at each time sub- 

interval. The particle is simply followed backward in, time in 

small straight-line segment steps. 

The double integral in equation 4. 1 is approximated by 

a simple averaging of concentrations found in the vicinity of 

(50,qO). Adopting a computational grid as shown in Figure 4. la 

with space step Ax, consider the point (I, J) at time t. At some 

earlier time the fluid of (I, J) was located at, say, (M,N) and the 

earlier concentrations at grid points around (M-N) are known. 

Consider t’he expression: 

CNEW (1, J) = 4 C(M,N) t C(Mtl,N) t C(M-I,N) 
1 

+ C(M,Ntl) t C(M,N-1) OLD 
> 

(4. 3) 

which is a simple average of the five old concentrations around the 

sowce of (I, J). Such an averaging constitutes an effective diffusion 

which, as shown by Fischer, is equivalent to a diffusion coefficient 

of 0. 2 (Ax)~/ At where Ax is the mesh spacing and At is the total 

time interval for passage from (M, N) to (I, J). 

Certain boundary conditions are necessary. If the 

backward convection process carries the marker particle to a 

boundary of t’he computational grid located in water, t~he new con- 

centration at (I, J) is set equal to an arbitrarily c’hosen background 

concentration. If the backward convection should carry the marker 

particle to a land boundary (possible since the integral of velocity 

is approximated by a discrete summation), the backward marching 



BACKWARD CONVECTlON 

b) TYPICAL CONCENTRA-rlON 
PROFILE AT A GRID POINT. 

C) FIVE POINT GRID PATTERN 
3SED FOR 3IM”LATING 
DIFFUSION. THE POINT NUMBERS 
CORRESPOND TO SUBSCRIPTS 
USE0 IN THE TEXT. 

Figure 4. 1 Aspects of Passive Diffusion 
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is stopped and the new concentration at (I, J) is chosen to be the old 

concentration at the water point nearest the landfall point. 

It is seen, then, that one can select the diffusion 

coefficient by simply selecting appropriate values of Ax and At. 

The simplicity of Equations 4. 2 and 4. 3 and the fact that At 

can be chosen quite large (up to several hours, in fact) are re- 

sponsible for the extreme efficiency and economy of the approach. 

For purposes of this study, it was necessary to make 

extensive modifications to the above sc’heme; chief among w’hich were: 

additional parameters to describe the locations of various dredged 

material constituent clouds: improvements in the treatment of 

‘horizontal passive diffusion ; addition of vertical diffusion; pro- 

vision for settling of solid particles; provision for recording the 

cumulative distribution of material settled to the bottom; generaliza- 

tion of the diffusion scheme to allow variations in time and space 

steps; and, finally, provision for smooth transition from the short-term 

dynamic computations to the long-term passive diffusion. The 

term “long-term” here and in what follows is taken to mean a time 

duration ranging Erom several to many ‘hours. The various modifi- 

cations are described below. 

Fischer’s model treated constituents as well mixed 

from surface to bottom. Since dredged material particles will 

tend to segregate themselves according to fall velocity, in effect 

leading to the formation of layers, it was necessary to add param- 

eters to describe these layers. Eac’h dredged material constituent 

is allowed to exist at eac’h grid point with a “top-‘hat” profile, similar 

to that shown in Figure 4. 1 b. Each constituent layer is described 

by its submergence dept’h, its thickness, and the concentration of 
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t’he constituent within the layer, all of w’hich may vary with time 

and horizontal position within the estuary. In the absence of other 

effects to be discussed later, the constituent layer will settle towards 

the bottom with the settling velocity of the particles it contains. 

The expedient of assigning the marker particle 

location after backward convection to t~he nearest grid point has 

caused mass conservation difficulties at land boundaries and 

psuedo-dispersion in open-water locations. To remedy this, the 

“nearest gridpoint” scheme was replaced by the following procedure. 

Once the origination point of the marker particle has been found, it 

lies in a box defined by the :four surrounding grid points. Interim 

concentrations are found at each corner of the box by a 5-point 

averaging formula. Then the concentration at the marker particle 

is found by interpolating among thefour points. Actually, the 

diffusion procedure is somewhat more complicated because of the 

additional variables introduced into the cloud description. The 

complications arise mainly from possible differences in the thick- 

ness of a constituent layer at adjacent grid points. It is not reason- 

able to average the layer thicknesses, even if the resultant mass 

conservation difficulties are ignored. It does seem reasonable 

to allow the thinner layer to smear out so that its thickness is equal 

to that at the adjacent point. T~he concentration of t~he thinner layer is 

adjusted accordingly to conserve mass and called the (effective 

concentration. Each five-point average is found by determining the 

greatest layer thickness, adjusting the thickness and c:oncentration 

of the other Iour points,and then averaging the concentrations. The 

thickness is the adjusted thickness. The submergence depth is 

determined by t’he average submergence depth of the points con- 

tributing mass. 
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The convection of the above scheme is exclusively in 

the horiqontal direction. It hardly seems reasonable for a slowly 

settling dredged material cloud to be convected horizontally to 

plow into a sloping bottom. Physically one would expect the cloud to 

drift upward as it passed over the sloping bottom before ultimately 

settling out. To account for this in roug’h fashion, the vertical 

position of the concentration “top-hat ” is modified according to the 

depths at the initial and final positions of clouds and the initial 

relative depth of the cloud with respect to the bottom. 

When the stratification in the ambient fluid is weak 

or nonexistent, vertical growth of the dredged material clouds, 

due to turbulent diffusion, may be expected. To account for this 

a simple vertical diffusion law was introduced as follows. 

Assuming that the concentration profile is Gaussian in the vertical 

and that vertical spreading is governed by the simple form: 

ac = K 
a2 -2 

at Y 
aY2 

(4.4) 

where K 
Y 

is the representative vertical diffusivity, one finds 

do2 
dt = 2K 

Y’ 

which is the rate of growth of thickness of a Gaussian cloud. For t~he 

top-‘hat profile that has been assumed, the distance :from the centroid 

to an upper or lower boundary is taken as 5 $5 2 0. Approxi- 

mating the derivative, putting the expression into terms of 5, and 

solving for the growth of one boundary, AC ,in time increment 

At gives: 
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Ac: = 2dT (4.6) 

T~his is the expression used to estimate the vertical growths of 

t~he upper and lower boundaries of dredged material clouds. 

Tennekes and ~;umky (1972) stress t’hat the eddy 

diffusivity is an artifice which may or may not represent the 

effects of turbulence faithfully. Neve,rt~heless it is nec~essary to 

make scnne determination of K . For this purpose the formulas 

developed in Section 2. 2. 3. 2 are used. 

The settling of cloud particles is treated very simply. 

During each step of passive diffusion, clouds of simi1a.r solid 

particles are assumed to fall a distance through the water column, 

which is the product of the fall velocity of the solid particles and 

the time elapsed during the step. If the cloud at any grid point 

encounters the bottom during the settling stage, an appropriate per- 

centage of the solid mass it contains is transferred to a separate 

array that keeps track of bottom accumulation. 

To allow greater latitude in the selection of space 

steps and time steps in the passive diffusion phase, it was necessary 

to generalize the diffusion parameter used in the five-point 

averaging equation. Figure 4. Ic shows the five-point grid pattern 

used in the diffusion process. The cloud thicknesses and the con- 

centrations at the five points have been adjusted as discussed 

above. The rate of mass exchange between grid points is the pro- 

duct of a diffusion coefficient, a cross-sectional area through 

which the transfer occurs,and a concentration gradient. The rate 

of mass transfer between point 1 and an outside point, say point 2, is: 
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I$ = E*(T.Ax). cl - c2 
(4.7) 

AX 

where E is the diffusion coefficient ; T is the cloud thickness; 

Ax is the grid point spacing;and Ci denotes concentration. The 

change of concentration in grid point 1 due to interaction with 

grid point 2 during a time increment At is : 

AC = = (Cl - C2) 

(Ad2 
(4.8) 

If the original concentration at grid point 1 is Cl, the new con- 

centration , C’ 1 , after a time increment, At ,is found by summing 

the concentration changes due to each of the surrounding four points: 

, 
Cl = Cl _ AlAL (4Cl 

(Ad2 

- (C2fC3tC4+C5)) 

(4.9) 

It is of interest to compare 4. 9 with Fischer’s 

original expression 4.3. Rewriting t~hese equations to be identical 

in form except for the diffusion parameters and equating these 

parameters and rearranging, gives: 

E = 
0. 2 (Ax)~ 

At 
(4.10) 

The term on the right is Fisc’her’s effective diffusion coefficient 

when the numerical value of the diffusion parameter is 0.2. T’his 

equation shows t’hat Fischer’s diffusion coefficient depends entirely 
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on his choices for space step Ax and time step fit. T~he present work 

seeks to be able to model an estuary using some value for the diffusion 

coefficient that is deemed appropriate. It is desirable to do this 

independently of the Ax and At that is chosen. For this reason, then, 

equation 4. 9 was derived. With a constant diffusion coefficient, equation 

4.9 will reduce the exc’hange between grid squares as At decreases and 

the equation will increase the exchange as Ax decreases. This behavior 

is as expected. Numerical stability does require that an upper limit 

be placed upon the diffusion parameter, E * At/(Ax)2. This upper limit 

must be 0.2 since any higher value allows transfer of more material 

from the central square than is originally present. 

It remains to determine an appropriate value :for the 

diffusion coefficient, E. The diffusion coefficient is generally taken 

to be a :function of a characteristic length to some power. In the ocean 

it is fairly well established that the lengt~h is that of a d.iffusing cloud 

and t’he power is 4/3. In estuaries, such a relation has not been well 

established. The limited experimental data for diffusion in estuaries 

(Figure 2.4) suggests that a four-thirds law is not an unreasonable 

way to estimate diffusion coefficients. Because a choice must be 

made, the following relation is c’hosen: 

E = AhL413 (4.11) 

where Ah is a dissipation parameter and L is a c’haracteristic length. 

Any power law formulation relies on the assumption that turbulent 

eddies of all sizes are available to make a diffusing cloud grow. In 

t’he present model, any eddy larger than the grid size Ax is treated as 

part of the mean flow and so it makes no contribution to diffusion. Only 

eddies up to the size of Ax contribute to diffusion between grid boxes. 

These arguments lead to the choice of Ax as the characteristic length 

and give : 
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E = Ai (Ax)~‘~ (4.12) 

There is one last matter to be considered before 

the above technique for passive diffusion can be implemented. 

How does one make the transition from the end of short-term dynamic 

computations to passive diffusion? The results of short-term 

computation (either jet discharge or instantaneous dump) are inter- 

preted as producing a series of small clouds containing segregated 

sets of solid particles that are ready to enter passive diffusion 

at different times. If these clouds are substantially smaller than 

the grid spacing used for the passive diffusion computation, intro- 

ducing them directly into the passive diffusion grid would lead to 

an undue amount of numerical diffusion. To avoid this, each cloud 

is tracked separately, being convected by ambient currents, diffused 

horizontally and vertically according to the simple diffusion laws 

discussed above, and settled according to the fall velocity of its 

particle type. This process continues for each cloud through each 

passive diffusion step until the cloud grows to the size of the passive 

diffusion grid, when it is injected into the grid. 



5. DESCRIPTION OF COMPUTER REALI:ZATIONS 
OF MODELS 

This c’hapter discusses the structure of each of the 

two computer codes in detail. The chapter is divided into sections 

for the instantaneous dump model and the jet discharge model. Each 

section includes a description of the model, the criteria for transition 

between computational phases, a block diagram, discussion of the 

idiosyncracies of individual routines, discussion of diagnostic param- 

eters that are produced, and finally the computational situations that 

are expected to be troublesome. The notation in this chapter will 

use the, conventions of the FORTRAN language. 

5. 1 Computer Code for Instantaneous Dun2 

The dump model is formulated within the framework 

of longer term passive diffusion. The estuary (or portion of it) of 

interest is described on a rectangular grid of variable depths spaced 

at constant intervals in both directions. This constant interval is 

denoted DX in the code. Passive diffusion computati.ons are carried 

out on this grid wit’hin successive time steps of uniform duration that 

must be longer than the total time for short-term dynamic 

phenomena to be completed. The grid is allowed to have arbitrary 

areas of land (zero depth) within it, and the boundaries may be land 

or water. The coordinate axes for the estuary are X and Z, 

and these are oriented as s’hown in Figure 5. 1. Grid points are 

identified by a coordinate numbering system. A particular gi+d 

point is identified by its coordinates (N,M) where N is in the Z- 

direction and M is in the X-direction. The upper left corner grid 

point is (1, I), and under this system the origin of coordinates is 

(0,O). Distances of any grid point from the origin are related to 
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Figure 5. 1 Diagram of Long-Term Passive Diffusion Grid 
in Estuary Showing Coordinate Systems Used 
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its coordinate numbers by Xi = Mi;I;DX and Zi = NiQDX. Located 

within the estuary is a vessel from which dredged makrial is to 

be discharged. Its position is given by distances X BARGE and 

Z BARGE as shown. To this vessel is attached another set of 

coordinate axes, x and z in the horizontal and y vertically down- 

ward. The x and z axes remain always parallel to t’he X and Z 

axes, respectively. In the discussion that follows, a reference to 

“estuary coordinates” means the X-Z system; while ,S reference to 

“vessel coordinates” means the x-z system. 

The grid provides a c’hoice of four different ways 

to specify the ambient velocity field during a particular time step. 

U velocities are in the X-direction and W velocities are inthe 

Z-direction. These will now be described in order of increasing 

complexity. The simplest velocity field is speci:fied by the user on 

one data card. It consists of two orthogonal velocity profiles, 

typical examples of which are shown in Figure 5.2a and is applicable 

only to cases where the depth is constant. These velocity profiles 

are assumed to be the same everyw’here in the field o:f interest and 

to be invariant with time. 

The next level of velocity detail is given by vertically 

averaged velocities that vary in the horizontal (from one grid point 

to the next) and in time. The time variation is such that the velocity 

field is constant within one time step, but varies between steps. 

This type of velocity information may be applied to a variable 

depth geometry. The velocity field must satisfy conservation of 

fluid. If it is assumed that the water surface is a fixed rigid plane, 

t~he continuity equation reads: 
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a 
a, (huh) + 2 (hWh) = 0 (5.1) 

where h is the water depth and Uh and Wh are depth averaged 

velocities. Typical velocity profiles of this type are shown in 

Figure 5.2b. This is the type of velocity information w’hich is 

produced by the various two-dimensional finite-difference ~hydro- 

dynamics codes. 

The next level of velocity detail accepi:s vertically 

integrated velocities as described in the previous paragraph. The 

velocities are then interpreted as logarithmic profiles, which, 

when vertically averaged, yield the original averaged~ velocities. 

Logarithmic profiles are illustrated superimposed on. the vertically 

averaged velocities of Figure 5. Zb. 

The most complex form of velocity specification is 

suited to the sort of velocity distributions expected in. highly 

stratified estuaries. At each point, velocities are given at two 

different fractions of the total depth. The fractions are constant 

over the entire depth field during one time step, but they may 

change from one time step to the next. Typical profiles are shown 

in Figure 5. 2~. If velocity data is given in this form, the velocities 

must be such that the continuity equation 

au + a, - - = 0 
a, a, 

is satisfied at every depth of every grid point. This requirement 

will limit the use of t’his option to those few users who are willing 
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to make the most extensive and rigorous preparations for a run. 

It may be that a user specifies a variable velocity 

field in one of the above options that does not satisfy continuity 

everyvjhere. In such a case, mass will not be conserved where 

continuity is not satisfied. 

The above comments apply to a velocity field 

specified for one time step. The velocity field varies in time by 

reading in new velocity fields at successive time steps. The 

velocity field is read from a tape or other mass-storage device 

(by subroutine UW) that holds velocity data for one complete 

tidal day. The tidal day is assumed to be 25 hours and it is di- 

vided up into some integer number of time steps. If the velocity 

field varies in time, then it must be specified at each time step. 

The tidal cycle is assumed to exactly repeat itself, so that the 

last set of velocities of the tidal day is followed by the Eirst set. 

This format allows the user to begin his simulation at any part of 

the tidal day and continue it for an arbitrary length of time. 

Once t’he velocity field is defined for a time step, sub- 

routine VEL acts to fetch velocity information for any routine that 

needs it. This routine is called with a position in estuary coordinates; 

the velocities surrounding t’he position are interpolated for the 

needed velocities,and these velocities are returned by VEL. 

Information on density profiles within the estuary 

must also be supplied. For convenience, a single density profile 

is assumed to define isopycnals,whic’h are constant depth planes 

extending over the entire g r id. The density profile is that 

measured or otherwise determined at the dump site. Since ‘the 

93 



same density profile is used throughout the g P id , the profile 

must be defined down to the deepest depth in the grid., even 

though the dump site may be much shallower. 

The time that the dump occurs is spec:ified as 

elapsed time since the start.of a tidal cycle, measured to t’he 

nearest long-term time step. The time is specified i.n t’his way 

so it can be conveniently related to the ambient velocities. The 

duration of the simulation may be set completely arbitrarily. If 

the simulation runs over the end of the tidal day, the velocity tape 

is rewound and simulation continues from the start of the tidal 

day. The long-term time step is specified independently, but the 

user must supply a new set of velocities for each new time step. 

Once the bathymetry and ambient cond.itions in the 

estuary have been defined and the discharging vessel is positioned, 

a run can be made. Figure 5.3 shows a block diagram 

of the code. The discharge of dredged material is described by 

the radius of the initial ‘hemispherical cloud, the depth of the 

initial cloud centroid, the initial velocity of the clouC.,and the 

initial bulk density of the cloud. The solids (up to 12.) within the 

cloud are described by their solid densities, concentrations,and fall 

velocities. All of the following short-term calculatic~ns describe the 

cloud position in vessel coordinates. 

The convective descent of the cloud is computed 

using the equations of Section 3. 1. 1, by subroutine DUMP calling 

a standard fourth-order Runge-Kutta routine (subroutine RUNGS). 

This routine is supplied with the necessary derivatives by sub- 

routine DERIVD, and it simultaneously integrates the equations 

of motion over a small time step, DT. (The time steps referred 
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Figure 5. 3 Block Diagram of Dump Discharge Model 
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to in the short-term dynamic computations are not to be confused 

wit’h the long-term time step DTL used in passive diffusion and over 

which the fluid velocity varies in time. ) Subroutine DUMP is 

allowed five tries to compute a history of the convective descent. 

A trial solution is successful when the cloud has taken between 

100 and 200 time steps to either reach a level of neutral buoyancy 

or to hit the bottom. 

When the cloud encounters neutral buo,yancy, its 

shape is instantly transformed from a hemisphere to an oblate 

spheroid and the computation proceeds in subroutine ,COLAPS 

(using the equations ofsection 3.2.2) again using RUNGS, which is 

supplied with t~he necessary derivatives by DERIVC. Initial con- 

ditions are obtained from t’he final step of convective descent. As 

before, five tries are allowed to complete the solution. A 

successful solution uses between 100 and 399 time steps to 

compute the history of cloud collapse from the end of convective 

descent out to where the spreading of the cloud due to collapse is 

less than that due to diffusion. 

If the descending hemispherical cloud hits the bottom 

the shape of the cloud is instantly transformed to an upper half 

ablate spheroid, and the computation proceeds in subroutine 

130TTOM solving the equations of Section 3. 1. 3, using RUNGS 

with derivatives supplied by DERIVB. The other deta.ils are the 

same as for collapse. 

The total elapsed time in the above computations must 

be less than the long-term passive diffusion time step over whic’h 

ambient velocities are specified. 
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III the dynamic calculations summarized above, there 

are a number of variables which act as computational fsignposts. 

These are printed out by DUMP, COLAPS , and BOTTOM, immediately 

upon completion of any trial solution. They are sometimes useful 

in diagnosing computational trouble. The computational indicators 

are NTRIAL, DT, FLUNG, NUTRL, ISTEP, IBED,and ILEAVE. 

NTRIAL is the trial solution number. DT is the time step in 

seconds. IPLUNG indicates the state of the cloud: its initial value 

is 0; 1 indicates the cloud hit bottom in subroutine DlJMP; 2 

indicates the cloud hit bottom in subroutine COLAPS; a,nd 4 indicates 

the cloud has risen off t~he bottom. NUTRL has an inktial value 

of 0; a value of 1 indicates the cloud has encountered neutral 

buoyancy; and 3 indicates that the diffusive spreading of the cloud 

is greater than dynamic spreading. ISTEP is simply t1he number of 

time steps in the trial solution. IBED has an initial v;xlue of 0 ; 

any other value stores the time step when the cloud hit bottom. 

ILEAVE has an initial value of 999; any other value stores the time 

step tihen the cloud rises Off the bottom. 

Once the short-term dynamic computations are com- 

pleted, the transition into the long-term grid for passive diffusion 

must be made. The entire process of passive diffusion is conducted 

for each component of the cloud by itself. For each solid component 

in turn and finally for the fluid component, t’he following sequence 

occurs. Subroutine BOOKS examines the stored history of t’he main 

cloud and creates small clouds as material settles out of the main 

cloud. The maximum number of small clouds which may be created 

is set by the input variable NSC. The positions of these clouds are 

transformed from vessel coordinates to estuary coordinates. This 

set of small clouds is then convected, diffused, and settled (by sub- 

routine ACAD) over successive long-term time steps until the small 

clouds grow to the size of the long-term grid. When the small 
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clouds are large enoug’h, they are injected into the long-term grid, 

where the convection, diffusion, and settling is ‘handled by sub- 

routine MAD all the way to the ending time of the simulation. (MAD 

is the end result of the extensive modifications to t~ht: code of Hugo 

Fisc’her). Once final results are presented for this component, the 

code branches back to BOOKS to begin simulation of the next com- 

ponent. 

Horizontal diffusion in the transitim routines, BOOKS 

and ACAD, is handled by a formulation based on a four-thirds law, 

while diffusion in MAD is handled by the averaging scheme of Chapter 

4. Vertical diffusion is handled according to the development in 

Chapter 4. At any point where vertical diffusion is to be computed, 

the vertical diffusion coefficient is estimated on the ‘basis of the 

density profile and the local velocity gradient. 

There are a number of numerical coefficients used 

in the program. With two exceptions, these are t~he same aa those 

used by Koh and Chang (1973). ALAMDA, the dissipation parameter 

for the four-thirds law, is expected to be somew’hat higher in an 

estuary. T’his study ‘has chosen to use the value of 0. 005 ft 213 
/SW. 

The maximum value for the vertical diffusion coefficient, AKYO, ‘has 

been estimated to be 0. 05 :ft2/sec. 

The following coefficients are identical in names and 

default numerical values to those supplied by Koh and Chang for the 

instantaneous bottom dump configuration. They are presented here 

for completeness. DINCRl (default value = 1. 0) and DINCR2 (default 

value = 1. 0) are factors used in computing time incmments in the 

descent and collapse phases respectively. These may be modified 

during program execution. ALPHA0 (default value :: 0.235) is the 
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entrainment coefficient for a turbulent thermal determined 

experimentally by Kdh and Chang. ALPHAC (default va,lue = 0. 001) 

is the coefficient for entrainment due to cloud collapse given by Koh 

and Chang. BETA (default value : 0. 0) is the settling c,oefficient 

given by Koh and C~hang. The default value is expected .to be good 

for low solids concentrations. GAMA (default value = 0.25) 

is a coefficient introduced by Koh and Chang to simulate the effect 

o:f density gradient differences in causing cloud collapse. The &fault 

value is based on an educated guess. CD (default value = 0. 5) is the 

drag coef:ficient for a sphere in the range of Reynolds numbers ex- 

pected. CD3 (default value = 0. 1) is the drag coefficient for a 

spheroidal wedge in the range of Reynolds numbers expected. 

Similarly, CD4 (default value :: 1. 0) is the drag coefficient for a 

circular plate normal to the flow. CM(default value = 1. 0) is the 

apparent mass coefficient. The reader is cautioned t’hat: the default 

values for the above drag coefficients were obtained from diagrams 

presented in Hoerner (1965) for solid shapes in fluid; and as suc’h, 

they are not strictly applicable to this work. However, in the absence 

of more relevant data, the listed default values will be used. T’he 

de:fault values for the remaining coefficients (CDRAG, CFRIC, FRICTN, 

Fl) were presented by Koh and Chang based on educated guess, 

and are therefore subject to revision. CDRAG (default value = 1. 0) 

is the drag coefyficient for an elliptic cylinder edge on to the flow. 

CFRLC (default value = 0. 01) is a skin friction coefficient. FRICTN 

(default value = 0. 01) is a bottom friction coefficient. Fl (default 

value = 0. 1) is a modi:fication factor for bottom friction used in cal- 

culating collapse on the bottom. 

The above discussion applies to the “default” coefficients, 

the coefficients the program will use if the user cannot, or chooses 

not to, supply his own values. 
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The program has been designed, as mutih as possible, 

to inform the user of any problems that may arise. In s’hort term, 

about t’he only times that problems occur are w~hen the program 

cannot estimate a proper time step in the collapse phase. The user 

may then examine the history of the time steps and modify the value 

of DINCRZ accordingly. In the passive diffusion phase, problems 

are usually associated witch the small cloud transition from short-term 

computations to the long-term grid. All the common troubles will 

be preceded by a self-explanatory diagnostic message to the user. 

There are basically two situations where the user 

may expect to encounter difficulties. The first is where a very 

large cloud chits a shallow bottom at ‘high speed. The (other arises 

from a small cloud being convected outside of the long-term grid 

area due to ‘high ambient velocities. 

Users interested in dilution times for t~he fluid portion 

of the discharge may specify a conservative chemical tracer in the 

fluid. The tracer is described by an alp’hameric name and a con- 

centratioti in milligrams per liter. The ambient fluid has a user 

s,pecified background concentration in milligrams/lite:r. At the end 

of a run, this information is presented, along with the times required 

for the initial tracer concentration to be reduced by successive factors 

of 10. Only the point of maximum tracer concentration is examined 

in the passive diffusion computation; no effort is made to keep track 

of tracer concentration at every point in the field. 

Appendix A is a user’s manual for the instantaneous 

dump model and it contains further details on the program. A 

listing of the FORTRAN code is contained in Appendix B. 
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5.2 Computer Code for Jet Discharge - 

The model for jet disc large operates wit:hin the 

framework o:f longer term passive diffusion. The structural 

difference between this model and the model for an inst:antaneous 

dump arises from the continuous nature of t’he jet disch;zxge. The 

fact that there is a continuous discharge means that all components 

of t’he dredged material must ‘be simulated in parallel rather than 

in series (to borrow the usage from electronics). In addition to 

the differences of the short-term dynamics, the routines for transi- 

tion of material from short term to long term are completely differ- 

ent. The routines for passive diffusion contain only small differences. 

The layout of the estuary bathymetry is the same 

as described in Section 5. 1 and illustrated in Figure 5. 1, except 

that the vessel coordinates XBARGE and ZBARGE mw describe 

the initial position of the vessel. During a simulation run, the 

vessel may move at an arbitrary, constant speed. The vessel 

coordinate system x-z is maintained parallel wit’h the estuary 

coordinate system X-Z. Passive diffusion computations are 

carried out on the grid within successive time steps of uniform, 

but arbitrary duration, DTL. There is continuous input of material 

to the long-term grid from the results of short-term dynamic com- 

putations. Velocities t’ha t vary in time must be specified at 

intervals of DTL. 

The ambient velocity specifications for one time step 

are done in exactly the same manner as described in Section 5. 1 

and illustrated in Figure 5. 2. 
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The ambient density profile is allowed to vary in time. 

As in the dump model, a density profile defines horizontal planes of 

constant density t’ha t extend over t’he entire estuary,. New density 

profiles may be specified, if desired, over time intervals which 

are integer multiples of the long-term time step DTL.. Each profile 

is that perceived from the vessel at the start of a particular long- 

term time step. If simulation continues past the time of the last 

density profile, the last profile is ysed for the rest of the run. 

Because one profile at a time is used throughout the estuary, the 

profiles must be defined down to the deepest point in the estuary. 

The time that the jet discharge starts i.s specified as 

elapsed time since the start of a tidal cycle, measured to the 

nearest long-term time step DTL. The time is specified in this 

way so it can be conveniently related to the ambient velocity 

i.nformation. The duration of the simulation may be s,et completely 

arbitrarily. If the simulation runs over the end of the tidal day, 

t’he velocity tape is rewound and simulation continues from the 

start of the tidal day. The long-term time step, DTL, is specified 

independently, remembering that a new set of velociti.es must 

be specified at each time step. The duration of the jet discharge, 

TJET, may be specified completely arbitrarily. 

Once the bathymetry and ambient conditions in the 

estuary have been defined and the initial point of disc’harge ~has 

been defined, a run can be made. It is possible to simulate a 

continudus discharge from a fixed point (i. e. , a pipeline) or 

from a moving vessel; the choice being made by a change of two 

parameters in the input. Figure 5.4 s’hows a block diagram of the 

code. 
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Figure 5.4 Block Diagram of Jet Discharge Model 

103 



The discharge of dredged material is Idescribed 

by the volume rate of discharge of the dredged material slurry, 

the initial radius of the jet, the depth of the discharglz nozzle, 

the xrtical angle of the discharge nozzle,and the bulk density of 

the slurry. The movement of the discharging vessel is described 

by its position at the start of discharge (XBARGE, ZBARGE), 

its course SAI (assumed constant and measured anti-.clockwise 

from the positive X-axis),and speed UB. The solids within the 

jet are described by their solid densities, concentrations, 

and fall velocities. The surface projection of the initial jet path 

is opposite to the course, SAI, of the vessel. 

As mentioned at the start of this section, the pro- 

gram is organized around the long-term passive diffusion. The 

main loop in the program is in time-by-time increments, DTL. 

The first operation in the loop is the updating of the velocity field 

and the density profile. Within this loop there are ca,lculations in 

sequence for short-term dynamics, transition of material from 

short-term plume to long-term grid, and :finally t’he long-term 

passive diffusion. Each of these will be discussed in more detail. 

The convetitive descent of the jet is co:mputed, using 

the equations of Section 3. 3. 1, by subroutine JET calling a 

standard lourth-order Runge-Kutta routine (subroutin~e RUNGS). 

‘This routine is supplied with the necessary derivatives by sub- 

routine DERIVJ, and it simultaneously integrates the equations of 

motion over small increments of arc length along the jet axis, DS. 

Subroutine JET is allowed five tries to compute a history of the 

convective descent. A trial solution is successful when the cloud 

has taken between 100 and 190 steps to either reac’h a level of 

neutral buoyancy or encounter the bottom. 
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When the jet encounters neutral buoyancy, its cmss- 

sectional shape is instantly transformed from a circle to an 

ellipse,and the computation proceeds in subroutine COLAPS (using 

the equations of 3. 3. 2) again using RUNGS, which is supplied with 

the necessary derivatives by DERIVC. Since at this point the jet 

velocity has become close to that of the ambient,the integration 

is cwer time and the path of one element of the plume, .which is 

assumed to behave as a two-dimensional thermal, is fa~llowed. Initial 

conditions are obtained from the final step of convective descent. 

As before, five tries are allowed to complete the so1uti.m. A 

successful solution uses between 100 and 400 time steps to com- 

pute the history of the plume collapse from the end of c,onvective 

descent out to where the spreading of the cloud due to collapse 

is less than t’hat due to diffusion. 

If the descending jet or collapsing plume encounters 

the bottom, its cross-sectional shape is instantly transformed to 

an upper ‘half ellipse and the computation proceeds in isubroutine 

BOTTOM (solving the equations of Section 3. 2. 3)using RUNGS 

with derivatives supplied by DERIVB. The other d&a& are 

the same as for collapse in the water column. 

There is no restriction on the long-term time step, 

DTL , or on the total duration of jet discharge (as they relate 

to the time required for s’hort-term computatiotis). If the duration 

of the jet is greater than,DTL, new jet-plume ‘histories are com- 

puted for as many long-term time steps as are necessarry. Ambient 

velocities and densities may vary between time steps. 

In t’he dynamic calculations summarized above, there 

are a number of variables that act as computational signposts. 
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These are printed out by JET, COLAPS, and BOTTOM, immediately 

upon completion of any trial solution. They are sometimes useful in 

diagnosing computational trouble. The computational i.ndicators 

are: NTRIAL, DINCR, IPLUNG, NUTRL, ISTEP, IBED, and ILEAVE. 

NTRIAL is the trial solution number. DINCR is a factor in setting 

th.e integration step. IPLUNG indicates the state of the jet-plume: 

th.e initial value is 0; 1 indicates the jet encountered the bottom 

in subroutine JET; 2 indicates the collapsing plume encountered 

the bottom in subroutine COLAPS; while 4 indicates the plume 

encountered the bottom and subsequently rose off of the bottom. 

N’UTRL has an initial value of 0; a value of 1 indicates the jet path 

has become horizontal; and 3 indicates that the diffusive spreading 

of the plume is greater than dynamic spreading. ISTEP is the 

number of time steps in the trial solution. IBED ‘has an initial 

value of 0; any other value stores the time step w’hen the jet-plume 

hit bottom. ILEAVE has an initial value of 999; any other value stores 

the time step when the jet-plume rises off the bottom. 

Once t~he s’hort-term dynamic computat;ions are com- 

pleted, the transition into the long-term grid for passive diffusion 

can be made. Passive diffusion is conducted for all components 

of t~he plume simultaneously. As diffusion is carried on, there is a 

continuous movement of material t~hrough t’he transition routines, 

BOOKS and ACAD, into the long-term grid. For eac’h component, 

BOOKS breaks up the plume into pieces. A “piece” is a block with 

thickness equal to the plume thickness, horizontal dimensions equal to 

the plume width, and containing the amount of material which leaves 

the end of the plume in a time given by t’he quotient of the plume 

width and centerline velocity. All the pieces for each component are 

stored temporarily in one equivalenced array. The number of pieces 

produced depends on the duration of the discharge and, to some 

extent, upon the velocity of the discharging vessel. Since the 
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temporary storage area for pieces created during one .time step, DTL, 

is limited (to 200 pieces), the combination of a long disc’harge duration 

and high vessel speed may create too many pieces duri,ng one time step, 

DTL, for t’he available storage, leading to a diagnostic message and 

program termination. 

After all pieces are created for one time step, they 

are updated to the end of the long-term time step, DTL,, by 

appropriate convection, diffusion,and settling. The pieces created 

here are reassigned to small cloud storage as the last operation 

of the following call to ACAD. The maximum number of small clouds 

of one material whic~h may be stored is set by the input variable, NSC. 

In the case of a jet of duration greater than one long- 

term time step, the material just leaving the jet nozzle at the end 

of a time step must be accounted for. Information for such a case 

is saved in BOOKS at the end of one time step and this information 

is used by BOOKS at the beginning of the following time step to 

create more pieces of the plume. 

After BOOKS performs the bookkeeping on the 

material coming out of the jet-plume, the program calls subroutine 

ACAD to update any small clouds of material to the end of the time 

step by convection, diffusion, and settling as appropriate. As its 

last operation, ACAD accepts input of the pieces of the plume 

created by BOOKS for storage as small clouds. This frees the 

equivalenced area of storage for computation of a new jet-plume in 

the :following time step. 

When the small clouds, which are convected, diffused, 

and settled by subroutine ACAD, grow large enough, they are in- 

jected into the long-term grid on which subroutine MAD’ conducts 
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movement and diffusion. MAD updates all components in sequence 

to t’he end of the current time step. T’his version of MAD differs 

from that used in the code for dumped discharge only in that it 

updates all components by one time step at a time instead of up- 

d,ating one component at a time all the way to the end of the simulation. 

To summarize, the computations for a typical long- 

term time step run as Lollows. A jet-plume is computed accounting 

for dynamic phenomena. Subroutine BOOKS accounts for the 

remains of any previous jet-plume before creating plL.me pieces from 

t’he ‘history of the present plume. All pieces are then updated to the 

end of the present time step. Subroutine ACAD c’hecks the size of 

each small cloud (as distinct Irom the temporary pieces created 

in BOOKS) and, if it is large enough, injects it into the long-term 

grid. The remaining small clouds are updated to the end of the 

time step, at which time the temporary pieces created by BOOKS are 

converted to small clouds. MAD then updates the material in the 

long-term grid to the end of the time step. This procedure is repeated 

as many times as necessary, deleting short-term computations 

w’hen the discharge ceases and deleting small clouds calculations 

when none are left. 

Horizontal diffusion in the transition routines, BOOKS 

and ACAD, is handled by a formulation based on a few-thirds 

law, while diffusion in MAD is handled by the averaging scheme of 

Chapter 4. Vertical diffusion for all three routines is handled according 

to the development in C’hapter 4. At any point where vertical diffusion 

is to be computed, the vertical diffusion coefficient is estimated on 

the basis of the density profile and the local velocity gradient. 

There are a number of numerical coefficients used 

in the program. With two exceptions, these are t’he same as those 
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used by Koh and Chang (1973). ALAMDA, t’he dissipation parameter 

for the four-thirds law, is expected to be somewhat higher in an 

estuary. This study has chosen to use the value 0. 005 ft 
213 /sec. The 

maximum value :for the vertical diffusion coefficient, AKYO, has 

been estimated to be 0. 05 ft2/s&c. 

The following coefficients are identical in names and 

default numerical values to t~hose supplied by Koh and Chang for the 

jet discharge configuration. They are presented here for completeness. 

DINCRI (default value = 1. 0) and DINCR2 (default value = 1. 0) are 

factors used in computing time increments in the descent and collapse 

phases respectively. These may be modified during program execution. 

ALPHA1 (de:fault value = 0. 0806) is the entrainment coefficient for a 

momentum jet. ALPHA2 (default value = 0. 3536) is the entrainment 

coefficient for a two-dimensional thermal. The default values for 

ALPHA1 and ALPHA2 are obtained from Abraham (1970) after 

correcting for the difference in the similarity distributions used in 

Abraham’s and the present :formulations. ALPHA3 (default value = 

0. 3536) is the entrainment coefficient for a convecting thermal 

(Abraham, 1970). ALPHA4 (default value = 0. 001) is a coefficient 

suggested by Koh and Chang for entrainment due to collapse. BETA 

(default value = 0. 0) is the settling coefficient given by Koh and Chang. 

The default value is expected to be good for low solids csoncentrations. 

GAMA (default value = 0. 25) is a coefficient introduced by Koh and 

Chang to simulate t~he effect of density gradient differences in causing 

cloud collapse, The default value is based on an educated guess. 

CD (default value = 1. 3) is the drag coefficient for a two,-dimensional 

cylinder in cross :flow in the range of Reynolds numbers expected. 

CD3 (default value = 0. 2) is t’he drag coefficient for a two-dimensional 

wedge. CD4 (default value = 2. 0) is the drag coefficient for a two- 

dimensional plate normal to the flow. The reader is cautioned that the 
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default values for the above drag coefficients were obtained from 

diagrams presented in Hoerner (1965) for solid s’hapes in fluid; and 

as such they are not strictly applicable to this work. However, 

in the absence of more relevant data, the listed default values will be 

used. CM (default value = 1. 0) is the apparent mass c~oefficient. 

The default values for t’he remaining coefficients (CDR.AG, CFRIC, 

FRICTN, Fl) were presented by Koh and Chang based on educated 

guess and are therefore subject to revision. CDRAG (default value = 

1. 0) is the drag coefficient for an elliptic cylinder edge onto t~he 

flow. CFRIC (default value = 0. 01) is a skin friction coefficient. 

FRICTN (default value = 0. 01) is a bottom friction coefficient. 

Fl (default value = 0. 1) is a modification factor for bottom friction 

used in calculating collapse on t’he bottom. 

The above discussion applies to the “c‘.efault” co- 

efficients, the coefficients the program will use if t~he user cannot, 

or chooses, not. to supply his own values. 

The program has been designed, as fa.r as possible, 

to inform the user of any problems which may arise. In the short 

term, about the only time that problems occur is w~hen the program 

cannot estimate a proper time step in the collapse phase. The user 

may then examine the ‘history of the time steps and mc’dify the co- 

efficient DINCR2 accordingly. In the transition phase ,, a problem that 

sometimes occurs is that subroutine BOOKS runs out of temporary 

storage space for “pieces” created in one time step in the case of a 

vessel discharging at high speed. The problem is aggravated if the 

plume does not collapse. The solution is to either slow the vessel 

down or decrease t’he duration of the discharge. In the passive diffusion 

phase, problems are usually associated with the small. clouds in 

transition from short term tc long term. In the case of a long 
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continued disc’harge and a large grid size, DX, subroutine ACAD 

may run out of room for small clouds. This is easily fixed by 

increasing the value of NSC in the input (and in some installations 

increasing the dimension of A in the main program, DMFJ). 

Problems also arise when a small cloud is convected outside of 

the long-term grid area due to ‘high ambient velocities. All of the 

common troubles will be preceded by a self-explanatory diagnostic 

messagetothe user. 

The matter of estimating dilution times for a con- 

servative chemical tracer contained in the discharge is more 

complicated for a jet discharge t’han for an instantaneous dump 

discharge. A long continued discharge may significantly alter 

the background concentration. For this work, dilution times are 

computed for the first portion of the disc’harge only. The tracer is 

described by an alphameric name and a concentration in milligrams 

per liter. The ambient fluid has a user specified background con- 

centration in milligrams per liter. At the end of a run, this information 

is presented, along with the times required for the tracer concentration 

to be reduced by successive factors of IO. Only the point of maximum 

tracer concentration is examined in the passive diffusion computation; 

no &fort is made to keep track o:f tracer concentration at every 

point in the field. 

Appendix C is a user’s manual for the jet discharge 

model, DMFJ, and it contains further details on the program. A 

listing of the FORTRAN code is contained in Appendix D,. 
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6. EXAMPLE SOLUTIONS 

As an illustration of the use of the two programs in 

this report, this section discusses three sample runr~: one for 

an instantaneous dump, one for a jet discharge from a moving vessel, 

and one for a jet discharge from a fixed pipeline. All three runs 

were made on the same grid of depths with t~he same ambient 

velocities. The depth grid described a plane sloping bottom such 

that constant depth lines were parallel to the Z-axis. The minimum 

depth was 30 feet which increased with increasing X to a maximum 

of 80 feet. The grid size, DX, was 500 feet. There were 30 grid 

points in t’he Z-direction and 11 in the X-direction. All boundaries 

were open. 

On this grid was described an ambient velocity dis- 

tribution t hat was sinusoidally varying with time. This was the 

product of a sine function (with a period of one-half a tidal cycle) 

and a distribution of velocity amplitudes. The velocity amplitudes 

in the Z-direction vary linearly from a minimum of .5 ft/sec at 

t’he boundary described by M=l (30-foot depth) to a maximum of 

2 ft/sec at the boundary described by M=ll (80-foot depth). The 

velocity amplitudes in the X-direction were zero everywhere. 

The velocities were to be interpreted as vertically integrated 

single-layer flow. The velocities were described at intervals of 

1,000 seconds for an entire 90,000-second (25 hour) tidal day. The 

program which was written to do this is listed in Figlrre 6. 1 

The first situation modeled was an instantaneous 

dump in water 55 feet deep. The data prepared according to the 

user’s manual of Appendix A is listed in Figure 6.2 Figure 6.3 

shows some of the input data that is printed out for the user’s 

reference. 
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C 

22 

26 
JO 

C 

42 

36 
40 

C 

C 

60 
C 

PROGRAM VTAPE~INPUT,OUTPUT,TAPES=INPUT,lAPEb=OUTPUl,lAPE7l 
PROGRA” 111 PREPARE VELOCITY TAPE FOR DMF AND DHFJ. 
DIMENSION U(35,20),W(35,20~,Uf’(35,20),IdP(35,20~ 
DO 30 n-1.11 
DO 22 N=l,30 
U(N.wl=O. 
YRITE~b,2b)(U(N,Ml,N=l,3O~ 
FORMAT(t-U-+,20F5.2) 
CONTINUE 

WB’.S 
DO PO nr1,11 
Wl=*B*(H’l)*.l5 
DO 02 N=l,30 
U(N,N)=Wl 
HRITE(b,3b)~W~N,M),N=l,3Ol 
FORHAT(*-W-•,ZOFS.Z) 
CONTINUE 
DTL=lOOO. 
DAvs9o000. 
NT=DAYIDTLt.0001 
LOOP ON TIME VALUES 
T=-DTL 
Dll 100 L=l.NT 
T=T+DTL 
IFtABS .LT. .Ol) T’O. 
WRITE(7lf 
SET UP VELOCITIES FOR THIS TIME STEP 
TVARrSIN(2.*3.14159*T~U5OOO.l 
DO 60 H=l,ll 
DO h0 N=l,30 
UPfN.M)rUfN.M)*TVAR 
WP(N,Ml=WiN;Ml*TVAR 
CONTINUE 
WRITE VELOCITIES ONTO TAPE 
WRIlE~7~~~UP~N,~~,N=l,3O~,~=l,ll~ 

,~CYP(N,Ml,N:l.3Ol,M=l,ll~ 
100’CDNTINUE 

WRITEf71 DAY 
ENDFILE 
REWIND7 
CALL EXIT 
END 

Figure 6. 1 Listing of a Simple Program to Prepare 
Velocity Tape 
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30 1, 
1 3 
1 I 

SANPLF 
500. 

ia 
30 
35 
35 
4" 
40 
05 
45 
50 
50 
55 
55 
h0 
60 
h5 
65 
70 
70 
75 
75 
A0 

300:: 
4 

0. 
1.005 

1 
5000. 
10. 

30 
30 
35 
35 
40 
40 
45 
14 5 
SO 
SO 
5s 
55 
b0 
60 
b5 
65 
70 
70 
75 
15 
00 

30 
3u 
35 
35 
40 
40 
45 
45 
SO 
50 
55 
55 
ho 
bU 
65 
b5 
70 
70 
75 
75 
A0 
00 00 

QOUO* 

20. 
1.01 

20000. 

5. 
FINE 2.6 
HEnIlJM 2.6 
COARSt 2.6 
AMMONIA IO. 

30 
30 
35 
35 
4 0 
4" 
4s 
4 5 
50 
5" 
'1s 
55 
60 
b0 
65 
65 
10 
70 
75 
75 
80 
00 

<u 
35 
35 
40 
40 
4s 
4s 
50 
50 
5s 
55 
00 
60 
b-5 
65 
70 
70 
75 
'1 5 
80 
HU 

40. 
1.018 

1000, 

80. 
L.025 

0. 0. 
O.U4lb67 0.01 
0.041667 0.05 
0.04lbb7 0.09 
0.001 

3” JO 30 30 
J,, 30 30 30 
35 35 55 3 I> 
35 3s 35 35 
4U 4 0 4" 4 I, 
40 40 40 4 0 
45 45 4s lt5 
45 (15 45 4 s 
50 so 50 SO 
li 0 50 50 50 
55 55 55 55 
55 5s Se5 55 
60 60 bU 60 
6" 60 60 6" 
b5 h5 65 6s 
65 6s 65 65 
70 70 70 70 
70 70 10 70 
75 75 75 75 
75 75 15 75 
80 SO HU RO 
80 80 00 00 

0. 
0.a 
0.8 
0.0 

5” 3" 
34 30 
35 35 
35 35 
11 0 40 
(I u 4 0 
45 45 
45 45 
50 !; u 
SO so 
55 55 
s5 55 
60 b0 
60 60 
h5 65 
bS 65 
7u 70 
70 7 0 
75 75 
15 75 
00 A" 
80 80 

1.2 

3” 
3” 
3s 
35 
4 ,I 
4 0 
4s 
45 
SU 
5" 
55 
55 
60 
60 
65 
b5 
70 
70 
75 
75 
A0 
80 

0.0 

30 
3" 
I 5 
35 
40 
40 
4s 
45 
50 
50 
5s 
55 
60 
60 
6s 
6s 
70 
70 
75 
I5 
00 
00 

30 30 

35 35 

40 40 

45 4s 

50 5u 

55 55 

60 6U 

65 65 

70 70 

'75 75 

a0 00 

Figure 6.2 Listing of Input Data for Instantaneous lhmp Case 
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,“IFPP”LATf” DEPTH A, ““HP C”““nlNA,LS. H i 55.00 FT. 

_------_-___-___-_-_---------------------------------------------------~-------- 

Figure 6. 3 Input Documentation of Dump Model 
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Figures 6.4 through 6. 7 show typical pri.ntouts of 

results. It can be seen that all of the solids settle out, completely 

in one long-term time step. The printouts of the fluid distributions 

are interesting because they s’how t’he combined effects of the 

sloping bottom and the density gradient. The density gradient 

almost stops the vertical growth of the cloud and consequently 

the cloud cannot diffuse into the shallower region. The shearing 

effect of the ambient velocity is also seen clearly in Figure 6. 6. 

Once any material passes out of the grid boundary, it is lost; 

nevertheless, Figure 6. 7 shows the be’havior of the fluid which 

-is left in the grid shortly after t~he velocity field reverses its 

direction. The printouts of dilution times are (in this case) 

accurate only to the nearest time step, DTL. This is because once 

material reaches the longterm diffusion phase, time is resolved 

only to the nearest long-term time step, DTL. 

The second situation modeled was a jet discharge from a 

moving barge. The initial position of the discharging vessel was at 

a point where the water depth was 55 feet. The vesse:l moved straight 

“offshore” at a speed of 4.2 knots (7. 1 ft/sec) while discharging 

1600 cubic yards of material in five minutes. The material ‘had 

the same composition as the material used for the dump simulation. 

Figure 6. 8 s’hows a portion of the input documentation for the 

jet discharge model. Results of the dynamic computations are 

plotted in Figure 6.9. The high rate of dilution of the fluid fraction 

for t’his mode of discharge is clearly seen. The printouts of final 

bottom accumulations shown in Figure 6. 10 are of interest because 

they show a selective dispersal of the solids. The coarse-sized 

material ‘has all settled out immediately under the path of the dis- 

charging vessel. The medium-sized material has settled out 

mostly under the vessel’s path ,except for some material released 
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Figure 6.4 Plot of Short-Term Behavior of the Cloud 
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Figure 6. 6 Printout Showing Location of the Fluid Cloud. 
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Figure 6. 7 Fluid Cloud Shortly After Reversal of the Ambient 
Velocity Field. Printout of dilution time at conclusion 
of calculation is also shown. 
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Figure 6.. 8 Portion of the Input Documentation for Jet 

Discharge Model 
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Figure 6.9 Results of Dynamic Computations for Jet Discharge 
from Moving Barge 
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Figure 6. 10 Solids Distribution and Dilution Times for Jet Discharge 
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near the end of the discharge. The slowly settling fin~e-grained 

material has smeared out so that the bottom accumulation has 

the shape of an arc. This is because of the increasiq depth in 

the direction down the page, further accentuated by thee ambient 

velocity distribution. The gaps in what are expected to be con- 

tinuous distributions are caused by the discrete natune of the 

modeling of convection, diffusion, and settling. The combination 

of an ambient velocity near the “bottom” of the grid o:f approximately 

2 ft/sec and a time step of 1000 seconds is enough to move material 

several grid steps downstream between settling phases. Finally, 

at the bottom of Figure 6. 10 are shown the dilution times for this 

case. The hig~h dilutions of the jet disc’harge mode can be seen. 

The last run simulated a fixed pipeline discharge. 

All parameters except for an indicator and the vessel speed 

were identical to those used in the previous case for discharge 

from a moving vessel. Figure 6. 11 shows the final distributions 

of solids on the bottom. As can be seen, all the material settled 

out close to the discharge point. Only a small part of the fine 

material was carried downstream. The time of t~hese distributions 

is the same as those s’hown in Figure 6. 10 for the moving dis- 

charge point. 
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Figure 6. 11 Final Distributions of Solids for Fixed Pi.peline 
Discharge 
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7. SUMMARY AND RECOMMENDATIONS 

The two models described in this report are out- 

growths of the Koh-Chang model for barged ocean disposal of wastes. 

One model treats instantaneous dumped discharge of dredged 

material. The second treats a jet discharge of arbitrary duration 

from a fixed or moving source. In each model, the appropriate 

short-term portion of the Koh-Chang model, modified and corrected 

for bugs found in the course of this work, was coupled to an extensive 

modification of a model developed by Fischer (1972) for long-term 

diffusion of chemical wastes in an estuary. This coupling was aided 

by transition routines developed during this work. The resulting 

models are capable of tracking up to twelve types of solid fractions 

and a fluid fraction of a discharge of dredged material through short- 

term dynamic phenomena and through long-term passive diffusion 

until the solids eventually settle out of the water co~lunln. The 

models do this for variable depth estuaries with arbitrary land 

boundaries where ambient velocities may vary in three dimensions 

and in time. Densities may vary in the vertical dimension and in 

time. 

While the duration of time that may be simulated is 

arbitrary, the models were developed for the prediction of de- 

position of solid material on the bottom in the hours after a dis- 

charge. For this reason there is no accounting for resuspension. 

Nkither is a treatment of flocculation considered necessary be- 

cause the high initial mixing leads to completion of any flocculation 

before solids settle out of the dumped cloud or jet plume. The 

material that is modeled is considered to be a well-mixed slurry 

with no cohesive properties. 
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The models have received limited testing in the 

course of this work. It was, however, impossible to model all 

possible situations. Consequently the models need to lx exercised 

to find any bugs tha TV may remain and to suggest improvements 

that may be made. 

It cannot be overemphasized how dependent the 

models are upon good quality data for ambient velocity. While the 

models will accept input from a single data card to dee:cribe an 

entire velocity field, those users striving for the most accurate 

results will need to spend considerable time in determining the 

ambient velocities. In fact, for highly stratified estuaries of 

complex geometry, almost the entire effort of a modeling program 

may be devoted to the determination of velocities. 

The remaining important need of the models is for 

verification. This implies a need for field data on actual discharges 

of dredged material. The data should include the characteristics 

of the discharge, the ultimate deposition of the material disc’harged, 

and the ambient conditions during and following the discharge. A 

good verification program will allow the determination of the 

limits within which the model may be applied with confidence. 
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APPENDIX A 

User’s Manual: Model For Instantaneous Dump 
Program, DMF 

This is the user’s manual for program DMF, which 

predicts c&-edged _material fate :for an instantaneous dumped dis- 

c’harge in an estuary. The program was developed Andy tested on a 

Control Data 6600 Computer. It was written, with min,or ex- 

ceptions, to ANSI standards. The exceptions are noted in the card 

identifier columns as shown in the listing in Appendix 13. T’here 

are a total of 15 cards that do not satisfy ANSI standar’rls or t~hat 

are peculiar to t’he CDC 6600, and these are Elagged in the identifier 

columns. 

DMF was designed to make it simple to do simple 

things and not too complicated to do complicated things. To this 

end, the code uses dynamic storage allocation. This i;s done by 

placing all of the passive diffusion arrays and one short-term array 

in a single, variable dimension array (called A) in unlabeled 

cornrnon storage. The first data card of a run deck contains the 

dimensions of these arrays. The CDC 6600 version computes the 

core requirements from these dimensions and expands the core 

area as necessary during execution. On other installat:ions, the 

instructions that do this (marked “CDC ONLY” in DMF) will have 

to be removed, and the user will have to recompile routine DMF with 

the dimension of A set to the following 

DIMENSION z ,I t (1 ltNS=NVL)~~NMAX:~MMAXt,bOO*NS 

t 6*NSC 

A-l 



where NMAX, MMAX, NS, NVL, and NSC are as derlcribed in the in- 

put listed below. The presentation of the input variables includes 

brief descriptions. For additional details, the user will be referred 

to notes at the end. 
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INPUT DESCRIPTION 

Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

1 1 card 1615 

NMAX Maximum dimension of long-term 
passive diffusion array in z- 
direction (Figure 5. 1) 

MMAX Maximum dimension of long-term 
passive diffusion array in x- 
direction (Figure 5. 1) 

NS Number of solid components in 
discharge (not greater than 12) 

NVL Number of velocity levels in 
velocity arrays (must be 1 or 2) 

NSC Maximum number of small clouds 
allowed per component for transi- 
tion from short term to long term 
(value 20 suggested) 

1 card 

KEY1 

KEY2 

KEY3 

1615 

=l 

-2 

:I 

-2 

=3 

:l 

:o 

Use default coefficients sug- 
gested by Tetra. Tech 
Use coefficientje suggested by 
LlsI?r 

Computation stops at end of 
convective desc:ent phase 
Computation stops at end of 
dynamic collapse 
Computation stops at end of 
long-term diffusion 

Long-term diffusion for fluid 
component 
No long-term diffusion for 
fluid component 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

KEY4 =O No action 
=l Substitute user-specified time 

steps, DT, for descent and 
collapse. Usmed in event of 
repeated runs. 

1 card 

IGCN 

1615 

=o 

=l 

=2 

=o 
=I 

=o 

=l 

=o 

=l 

=o 

=ll 

No graphs of (convective 
descent 

IGCL 

IPCN 

JPCL 

IPLT 

1 card 

ID 

One line printer graph of 
convective descent 
Extra graphs of concentrations 
for convective phase 

No grap’hs of dynamic collapse 
One line printer graph 

No printed record of convec- 
tive descent p’hase 

Printed output included 

No printed record of dynamic 
collapse phase 

Printed output included 

Print long-term results at 

Number of values to be read 
in of times to print long-term 

results (up to 12) 

8AlO 

Free-form alphanumeric descrip- 
tibn of run (up to 80 characters) 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

6 

5 1 card 

DX 

Several Cards 

DEPTH (N,M) 

7 

8 

9 

8ElO. 0 

Space step (in feet) for long-term 
grid (See Figure 5. 1) 

16F5.0 

Depths (in feet) read row by row, 
left to rig’ht, top to bottom 
(See Note 1 and Figure 5. 1) 

1 card 

XBARGE 

ZBARGE 

8ElO. 0 

X-coordinate of discharging vessel 
in estuary (See Figure 5. 1) 

Z-coordinate of diwharging vessel 
in estuary (See Figure 5. 1) 

1 card 

NROA 

1615 

Number of points (in depth) where 
ambient density is specified 
(up to 10) 

1 or 2 cards 8ElO. 0 

Y( 1) Depths (in feet) where density is 
specified. (The final value should 
equal the deepest depth in the 
estuary. ) 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

10 1 or 2 cards 8E10.0 

ROA(1) Density (gm/cc) o,f ambient water 

11 1 card 

IFORM 

1615 

This is an indicator of the ambient 
velocity interpretation. Set to one 
of the following va~lues (see Note 2. 
for details of velocity data pre- 
paration) 

=l 

=2 

=3 

=4 

Note: Omit group 12 if IFORM # 4 

A-6 

One-layer flow variable in 
horizontal and in time. Ver- 
tically averag:ed velocities are 
read from logical unit 7 
(LUN7) at each long-term time 
step. 

Same as abow except that 
velocity profi:les are assumed 
to be logarithmic such that the 
average over the vertical 
equals the read in value. 

Two-layer flow variable 
horizontally, vertically, and in 
time. These are interpreted 
as described ‘in Chapter 5 and 
Figure 5. 2~. (See Note 2 for 
read format) 

Two-layer flow, constant depth 
case. Velocity specification is 
one pair of velocity profiles as 
shown in Figure 5.2~. These 
profiles are assumed constant 
in the horizontal and invariant 
in time. (See card group 12) 



card Group No. No. of Cards Format 

FORTRAN DESCRJP TION 
VARL4B LE 

12 1 card 

DUl 

DU2 

UUI 

uu2 

DWl 

DW2 

WWl 

wwz 

8ElO. 0 

Depth (feet) to upper U velocity 
(X-direction) 

Depth (feet) to lower U velocity 

Upper U velocity (ft,‘sec) 

Lower U velocity (ftlsec) 

Depth (feet) to upper W velocity 
(Z-direction) 

Depth (feet) to lower MI velocity 

Upper W velocity (ft/sec) 

Lower W velocity (ftlsec) 

13 1 card 

TDUMP 

8ElO. 0 

Time of dump to nearest DTL 
seconds after start of tidal cycle 
(seconds) 

TSTOP 

DTL 

Duration to nearest DTL seconds 
of simulation after d$ump (seconds) 

Long-term time step (seconds) 
Time varying velocities are speci- 
fied at this interval 

Note: Omit groq~ 14 if KEY4 = 0. 

14 1 card 8ElO. 0 

DTIU User-specified time step for con- 
vective descent phase (used for re- 
peated runs) 

DTZU User-specified time step for dy- 
namic collapse (used for repeated 
TUIlS) 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

Note : If IPLT = 0 , omit the following group. 

15 1 or 2 cards 

TPRT(1) 

16 1 card 

RB 

8ElO. 0 

Radius of initial ‘hemispherical 
waste cloud (feet) 

DREL Depth of centroid of initial cloud 
at release (feet) 

CWl) 
CWl) 
CW(l) 

ROO 

Initial velocity components in 
x,y and z directions (See Figure 
3.3) 

Bulk density of initial cloud 

(w/cc) 

BVOID Voids ratio af aggregate solids 

17 Several cards 

8ElO. 0 

Values of times to print long-term 
results (integer multiples of DTL 
in seconds) Number of values 
equals IPLT. 

AIO, 7ElO. 0 

Note: This group has NS cards (Group 1) and each ca,rd of this 
group describes a particle type and has the following variables 

PARAM Alphameric description of solid 
(10 characters maximum) 

ROAS(K) Solid density (gm/c:c, dry weight) 
of particle 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 

VARIABLE 

WK) Concentration of these particles in 
volume ratio 

VFALL( K) Fall velocity of thepie particles 
(ftfsec) 

VOIDS(K) Voids ratio of these particles 

18 1 card 

TRACER 

AlO, 2ElO. 0 

Alphameric description of con- 
servative chemical tracer in 
initial fluid fraction 

CINIT Concentration of tracer in initial 
:fluid (mg/liter) 

CBACK Background concertration in ambient 
fluid (mg/liter) 

Note: If the fluid fraction is not simulated (KEY3=0), a blank card 
may,.be used as group 18. 

Note: If KEY1#2, group 18 completes the required input. If 
the user desires to use his own values for coeff,icients, 
then KEYl=Z and the following card groups must be 
included. 

19 1 card 

DINCRI 

DINCRZ 

8ElO. 0 

Factor used for estimating time 
step in convective d’escent 

Factor used for estimating time 
step in dynamic collapse 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

21 

20 1 card 

ALPHA0 

BETA 

CM 

CD 

1 card 

GAMA 

CDRAG 

CFRIC 

CD3 

CD4 

ALPHAC 

FRIC TN 

Fl 

8E10.0 

Entrainment coef:ficient for turbu- 
lent thermal 

Settling coefficient 

Apparent mass coefficient 

Drag coefficient for a, sphere 

8ElO. 0 

Density gradient factor in the cloud 

Form drag coefficient for fhe 
quadrant of a collapsing oblate 
spheroid 

Skin friction coefficient for the 
quadrant of a collapsing oblate 
spheroid 

Drag coefficient for an ellipsoidal 
wedge 

Drag coefficient for a plate 

Entrainment coefficient for 
collapse 

Friction coefficierlt between cloud 
and estuary bottom 

Modification factw used on com- 
puting the resistance of the 
friction force to the collapse of 
a quadrant of an oblate sp’heroid. 
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Card Group No. No. of Cards 

FORTRAN 
VARIABLE 

Format 

DESCRIPTION 

22 1 card 

ALAMDA 

AKYO 

8E10.5 

Dissipation factor used in com- 
puting horizontal diffusion co- 
efficient by four-thirds law 

Maximum value of vertical 
diffusion coefficient 
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Note 1: 

The FORTRAN instructions for reading the depth 

grid are as follows: 

DO 10 M=l, MMAX 

10 READ (5,15) (DEPTH (N,M), N=l, NMAX) 

15 FORMAT (16~5.0) 

Note 2: 

Time-varying velocities that are to be read from 

tape must be prepared according to the formats discussed here. 

Since the read statements are unformated, the velocity tape 

should be prepared on the same hardware as DMF is to be used on. 

Velocity information is supplied in sets, one set per 

time step. Each set of velocities is preceded by a t,ime label that 

gives the elapsed time since the start of the tidal cycle in seconds. 

The first time label on the tape will be 0 seconds; the interval from 

one time label to the next will be DTL seconds; and t.he last time 

label will be (90000-DTL) seconds. Time labels are written 

WRITE (7) T. Following all data, an end time of 90000 seconds 

must be written to serve as a rewind mark. This is followed by 

the end-of-file marker. 

Following each time label will be written one set of 

velocity information according to the value of IFORM. If IFORM 

is 1 or 2, the time label will be followed by the results of the state- 

ment 
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WRITE(7) ((V(N,M,l), N=l, NMAX), M=l, MMAX) 

1 , ((w(~Y,M, 1), N=l, ivux), ~=l, M:MAX) 

If IFORM is 3 each time label will be followed by the results of the 

statements 

WRITE( 7) DLl, DL2 

DO 10 L=1,2 

WRITE(7) ((U(N,M,L), N=l, NMAX), Mzl, MMAX) 

1 , ((w,N,M,L), N=l, NMAX), M=l, M:MAX) 

10 CONTINUE 

DLl and DL2 are the fractions of the total depth at any point where 

the velocities read in for that point are applied. (See Figure 5.2~) 
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APPENDIX C 

User’s Manual: Model for Jet Discharge Programs, 
DMFJ 

This is the user’s manual for program DMFJ, whic’h 

predicts dredged _material late for a &t discharge in an estuary. 

The program was developed and tested on a Control Data 6600 

computer. It was written, with minor exceptions, to A.NSI standards. 

The exceptions are.noted in the card identifier columns: as shown in 

the listing in Appendix D. There are a total of 15 cards that do not 

satisfy ANSI standards or that are peculiar to the CDC 6600, and 

these are flagged in the identifier columns. 

DMFJ was designed to make it simple to do simple 

things and not too complicated to do complicated things,. To this 

end, the code uses dynamic storage allocation. This is done by 

placing all of the passive diffusion arrays and one short-term array 

in a single,variable-dimension array (called A) in unlabeled 

common storage. The first data card in a run deck contains the 

dimensions of these arrays. T~he CDC 6600 version computes core 

requirements from these dimensions and expands the core area as 

necessary during execution. On other installations, the instructions 

that do this (marked “CDC ONLY”) will ‘have to be removed, and the 

user will have to recompile routine DMFJ with the dimension of 

array A set to the Iollowing 

DIMENSION = 1 t (7t4. NS f 2. NVL t 3) NMAX * MMAX 
t 600. NSt 6. NSC(NSt 1) 
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where NMAX, MMAX, NS, NVL, and NSC are as described in the 

input listed below. T’he presentation of the input xariables includes 

brief descriptions. For additional details, the user will be referred 

to notes at the end. 
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INPUT DESCRIPTION 

Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

1 card 1615 

NMAX Maximum dimensio’n of long-term 
passive diffusion grid in Z-direc- 
tion (Figure 5. 1) 

MMAX Maximum dimension of long-term 
passive diffusion grid in X-direc- 
tion (Figure 5. 1) 

NS Number of solid components in 
discharge (not greater than 12) 

NVL 

NSC 

Number of velocity levels .in 
velocity arrays (most be 1 or 2) 

Maximum number of small clouds 
allowed per component for transi- 
tion from short term to long 
term (value 50 suggested) 

1 card 

KEY1 

KEY2 

KEY3 

1615 

=l Use default coefficients 
suggested by Tetra Tech 

=2 Use coefficients suggested 
by user 

=l Fixed pipeline disc’harge 
=0 Discharge from moving 

vessel 

=l Long-term diffusion for fluid 
component 

=O No long-term diffusion for 
fluid component 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

- 

3 1 card 

IGCN 

1615 

=O No graphs of convective 
descent phase 

=l Two-line printer graphs of 
convective descent 

=2 Extra graphs of concentrations 
for convective descent 

IGCL 

IFCN 

IPCL 

IPLT 

1 card 

ID 

=0 No graphs of dynamic collapse 

=l Twc-line printer graphs of 
dynamic collapse. 

=O No printed record of con- 
vective descent phase 

=I Printed output included 

=0 No printed record of dynamic 
collapse p’hase 

=I Printed output included 

=0 Print long-term results at 
1 2 3 4 

default times (z , z, x, 2 of 

TSTOP) 

=n Number of values to be read 
in of times to print long-term 
results (up to 12) 

8AlO 

Freeform alphanumeric descrip- 
tion of run (up to 80 characters) 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

5 1 card 

DX 

6 

7 

Several cards 

DEPTH(N,M) 

1 card 

TSJ 

c-5 

TSTOP 

DTL 

TJET Duration of jet discharge (seconds) 

8ElO. 0 

Space step (in feet) for long-term 
grid (See Figure 5. 1) 

16F5. 0 

Depth at each grid point in the 
estuary (in feet) read row by row, 
left to right, top to bottom 
(see Note 1 and Figure 5. 1) 

8E10.0 

Time that jet disdharge begins 
(measured in secondis from start 
of tidal cycle). Barge is at posi- 
tion (XBARGE, ZBARGE) at this 
time. 

Duration of simulation (in seconds) 
--the maximum time elapsed from 
beginning of jet disc’h:arge to which 
material will be tracked (this is 
an integer multiple of DTL). 

Long-term time step (seconds). This 
is the time increment for passive 
diffusion. DTL shotild be set so 
that it is greater than the maxi- 
mum time required f,Dr the dis- 
charged material to go through 
convective descent and dynamic 
collapse 



Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

8 1 card 

VDOT 

X(l) 

DJET 

ANGLE 

8ElO. 0 

Volume rate of jet disc’harge of 
dredged material slurry (cu ft/sec) 

Initial radius of jet (ft) 

Depth of discharge nozzle (ft) 

Vertical angle of disc’harge (deg. 
below horizontal). The azimuth of 
discharge is assumed to be 180 
degrees away from the vessel 
course SAI in group 9 

ROI Bulk density of dredged material 
slurry at discharge nozzle 
(gm/cm3) 

BVOID Aggregate voids ratio 

1 card 

XBARGE 

ZBARGE 

SAI 

UB 

8ElO.O 

X-coordinate of discharging vessel 
in estuary coordinates at time of 
start of discharge (See Figure 5. 1) 

Z-coordinate of discharging 
vessel in estuary coordinates at 
time of start of discharge 

Straight course maintained by dis- 
charging vessel during discharge 
(measured in degrees anti-clock- 
wise from positive X axis).(See 
Figure 5. 1) 

Constant speed of discharging 
vessel (measured in ft/sec with 
respect to surface ,water). This 
parameter should be set to 0 for 
a fixed discharge. 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

11 Several cards A10,7 10. 0 

N&E?: This group has NS cards (Group l),and each card of this 

group describes a particle type and has the following vzxriables. 

12 

PARAM( K) 

ROAS(K) 

CS(K) 

VFALL( K) 

VOIDS(K) 

1 card 

TRACER 

CINIT 

CBACK 

Alphanumeric desmiption of solid 
(10 characters maximum) 

Solid density (gm/cm3, dry weight) 
of these particles 

Concentration of th’ese particles 
in volume ratio 

Fall velocity of thelse particles 
(ft/sec) 

Voids ratio of these particles 
(Used only in estimating final 
thickness on bottom) 

AlO, 2ElO. 0 

Alphameric description of con- 
servative chemical tracer in 
initial fluid fraction 

Concentration of tm,cer in 
initial fluid (mg/l) 

Background concentration in 
ambient fluid (mg/l.) 

Note: Omit groups 13-lbif KEY1 = 1 

13 1 card 

DINCRl 

8ElO. 0 

Trial value used in obtaining dis- 
tance step DS for t~he integration 
in the jet convection phase. 
DS = DINCR x (initial jet radius) 
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Card Group No. No. of Cards Format 

FORTRAN DESCRlP TION 
VARIABLE 

14 

15 

DINCRZ Trial value used in obtaining 
initial distance step DS for the 
integration in the dynamic collapse 
p~hase. 
DS=DINCRZ x (jet radius at end 

convective descent) 

1 card 

ALPHA1 

ALPHA2 

BETA 

CD 

1 card 8ElO.O 

GAMA Density gradient fa.ctor in collaps- 
ing plume. Density gradient in- 
side plume at start of collapse is 
assumed to be GAMA times local 
ambient density gradient 

CDRAG 

CFRIC 

CD3 

CD4 

8ElO. 0 

Entrainment coefficient for mo- 
mentum jet 

Entrainment coefficient for two- 
dimensional thermal 

Settling coefficient for solid 
particles 

Drag coefficient for a cylinder 

Form drag coeffici.ent for the 
quadrant of a collapsing elliptical 
cylinder 

Skin drag coefficie:nt for the 
quadrant of a collapsing elliptical 
cylinder 

Drag coefficient fo:r an elliptical 
wedge 

Drag coefficient for a two-dimen- 
sional plate 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

16 

17 

FRIC TN 

Fl 

CM 

1 card 

ALAMDA 

AKYO 

1 card 

NPROF 

NR OA 

DTROA 

Friction coefficient between cloud 
and ocean bottom 

Modification factor used in com- 
puting t’he resistance of the friction 
force to the quadrant of an elliptical 
cylinder 

Apparent mass coef:ficient 

8ElO. 0 

Dissipation factor wed in com- 
puting horizontal diffusion coeffi- 
cient by four-thirds law 

Maximum value of vertical 
diffusion coefficient. 

215, ElO. 0 

Number of successive long-term 
time steps for which density pro- 
files are to be read. Each pro- 
file is that perceived from the dis- 
charging vessel at fhe start of a 
particular time step. If the 
vessel continues to ‘disc~harge after 
t~he last DTL for which a profile is 
given, the-most rec,ent profile will 
be used. NPROF=l implies a con- 
stant profile over ti:me 
(Maximum value 50) 

Number of points in each profile 
This is the same for all profiles 
Range is from 2 through 8. 

Time interval (seconds) between 
density profiles. (Must be integer 

multiple of DTL). 
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Card Group No. No. of Cards 

FORTRAN 
VARIABLE 

Format 

DESCRlPTION 

18 ZWWROF Cards 8E10. 0 

Note: This group is read in pairs of cards. Each pai.r of cards 
contains the depths (first card) and densities (second card) 
for one density profile. The profiles may be at up to 8 points, 
the last of which should be at the deepest depth of the 
estuary. Each pair of cards is defined as follows. 

YROA(I,N) 

ROAP(1, N) 

(First card of pair) Depths (ft) 
where density specified. 

(Second card of pair) Densities 
(gmlcm3) 
(I=Point number N=profile number) 

19 1 card 

IFORM 

1615 

.This is an indicator of the am- 
bient velocity interpretation. Set 
to one of ,the following values (See 
Note 2 for details of velocity data 
preparation) 

= 1 ,One-layer”flow,variable in the 
‘horizontal am1 in time. Verti- 
cally averaged velocities are 
read from logical unit 7 
(TAPE7) at each long term 
time step 

=2 Same as above except that 
velocity profil.es are assumed 
to be logarithmic such that the 
average over the vertical equals 
the read in value 

=3 Two-layer flow, variable 
horizontally, vertically, and in 

time. These a.re interpreted 
as described i.n Chapter 5 and 
Figure 5. 2~. (See Note 2 for 
read format) 
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Card Group No. No. of Cards Format 

FORTRAN DESCRIPTION 
VARIABLE 

=4 Two-layer flow, constant depth 
case. Velocity spekification is 
one pair of veloc:ity profiles as 
s’hown in Figure 5. 2c. T’hese 
profiles are assumed constant 
in the horizontal and invariant 
in time. (See card group 19) 

Note: Omit group 19 if IFORM # 4 

20. 1 card 

DUI 

DUZ 

UUl 

uu2 

DWI 

DWZ Depth (feet) to lower W-velocity 

WWl Upper W velocity (ftlsec) 

WW2 Lower W velocity (ft/sec) 

8ElO. 0 

Depth (feet) to upper U velocity 
(X-direction) 

Depth(feet) to lower U velocity 

Upper U-velocity (ft/sec) 

Lower U-velocity (ft/sec) 

Depth (feet) to upper W-velocity 
(Z-direction) 

Note: If IPLT = 0, Omit the following group. 

21 1 or 2 8ElO. 0 
cards 

TPRT(1) Values of times to print long-term 
results (integer mult:iples of DTL 
in seconds) Number of values 
equals IPLT. 

--- END OF INPUT --- 
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Note 1: 

The FORTRAN instructions for reading the depth 

grid are as follows. 

DO 10 M=l, MMAX 

10 READ(5,15)(DEPTH(N,M), N=l, NMAX) 

15 FORMAT (16F5.0) 

Note 2: 

Time varying velocities that are to be read from 

tape must be prepared according to the formats discussed here. 

Since the read statements are unformatted, the velocity,tape 

should be prepared on the same hardware as program DMFJ is 

to be run on. 

Velocity information is supplied in sets, one set 

per time step. Each set of velocities is preceded by a time label 

t’hat gives the elapsed time since the start of the tidal cycle in 

seconds. The first time label on the tape will be 0 seconds; the 

interval from one time label to the next will be DTL seconds; 

last time label that has velocity data behind it will be (90000- 

DTL) seconds. After the last set of data is written a time of 

90000 seconds. T~his last time label acts as a tape-rewind marker. 

Time labels are written by the statement WRITE( 7)T. 

Following eac’h time label (except the last) will be 

written one set of velocity information according to the value of 

IFORM. If IFORM is 1 or 2,the time label will be followed by the 

results of the statement 

c-12 



WRITE(7) (( U(N,M, l), N=l, NMAX), M=l, MMAX) 

1 ,((W(N,M, l), N=l, NMAX), M=l, MMAX) 

If IFORM is 3, each time label will be followed by t~he results of 

the statements 

WRITE (7) DLI, DL2 

DO lOL=1,2 

WRITE(7) (( U(N,M,L), N=l,NMAX), M=l, MMAX) 

1 ,((W(N,M,L), N=l,NMAX), M=l, M~MAX) 

10 CONTINUE 

DLl and DL2 are the fractions of the total depth at’an.y point where 

the velocities read in for that point are applied. (See Figure 5.2~) 
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APPENDIX E 

NOTATION 

Symbols of secondary importance which appear only briefly 

in the text are omitted from the following list. 

A 

AA 

B 

C 
drag 

cD 

cD3 

cD4 

‘fric 

‘rn 

‘si 

D 

DD 

E 

Em 

ET 

F 

Fbf 

FD 

Vorticity dissipation parameter 

Dissipation parameter for turbulent diffusion 

Relative buoyancy 

Drag coefficient 

Drag coefficient 

Drag coefficient 

Drag coefficient 

Friction coefficient 

Apparent mass coefficient 

Concentration of solid particles 

Drag force 

Form drag of collapsing element 

Entrainment function 

Momentum jet entrainment 

Entrainment by a two-dimensional thermal 

Buoyancy force 

Bed friction force 

Driving force of collapse 
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Ff 
Skin friction drag of collapsing element 

F1’ Frictn 
Friction coefficients 

K 

KY 

L 

P. I 

I 

Ri 

S. L 

3 

“v a 

V c 

Total vorticity 

Vertical diffusion coefficient 

Length of jet-plume element 

Volume of ith solid in element 

Inertial force 

Richardson number 

Volume rate of i 
th 

solid passing out of element 

Velocity vector 

Ambient velocity vector 

Volume of element 

a 

ao 

b 

g 
* 
J 

9 

r’ 

8 

t 

u 

u 
a 

Radius of hemispherical cloud, or 

Semi-minor axis of collapsing element 

Radius of element at end of convective descent 

Semi-major axis of collapsing element 

Acceleration of gravity 

Unit vector in vertical direction 

Mass rate of settling 

Horizontal axis of coordinates fixed o:n element 

Distance along jet axis 

Time 

Velocity in x-direction 

Ambient velocity in x-direction 
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v 

vfi 

v1 

v2 

w 

w 
a 

Y 

Y’ 

a 

ac 

Y’ a2 

a3’ a4 

‘i 

b 
1’ b3 

E 

Y 

P 

P 
a 

P c 

P. L 

e19e2,e3 

Element velocity in vertical directiol 

Fall velocity af solid particles i 

Tip velocity due to collapse 

Tip velocity due to entrainment 

Element velocity in z-direction 

Ambient velocity in z-direction 

Vertical coordinate 

Vertical axis of coordinates fixed on element 

Entrainment coefficient 

Coefficient for entrainment due to collapse 

Entrainment coefficients 

Entrainment coefficients for collapsing plume 

Settling coefficient 

Angles ambient current at s makes wit’h ‘x and z 
axes respectively 

Density gradient 

Coefficient for density gradient difference inside 
and outside of collapsing element 

Density 

Ambient density 

Element density 

Density of solid particles i 

Direction angles 
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In accordance with ER 70-2-3, paregraph 6c(l)(b), 
dated 15 February 1973, a facsimile catalog card 
in Library of Congrees format is reproduced below. 

Tetra Tech, Inc. 
Development of models for prediction of short-term fate 

of dredged material discharged in the estuarine environ- 
ment, by Maynard G. Brandsma Land] David J. Divoky. 
Vicksburg, U. S. Army Engineer Waterways Experiment 
Station, 1976. 

1 v. (various pagings) illus. 27 cm. (U. s. Water- 
ways Experiment Station. Contract report D-76-5) 

Prepared for Environmental Effects Laboratory, U. S. 
Army Engineer Waterways Experiment Station, Vicksburg, 
Mississippi, under Contract No. DACW39-74-C-0075, Work 
Unit lB02. 

Includes bibliography. 

1. Dredged material disposal. 2. Estuarine environment. 
3. Mathematical models. I. Brandsma, Maynard G. 
II. Divoky, David J., joint author. (Series: U. S. 
Waterways Experiment Station, Vicksburg, Miss. Contract 
report D-76-5) 
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