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ABSTRACT

A computer coded Lagrangian marker pérticle in Fulerian
finite difference cell solution to the three dimensional
incompressible mass transport equation, Water Advective
Particle in Cell Technique, WAPIC, was developed, verified
against analytic solutions, and subsequently applied in the
prediction of long term transport of a suspended sediment
cloud resulting from an instantaneous dredge spoil release.
Numerical results from WAPIC were verified against analytic
solutions to the three dimensional incompressible nass
transport equation for turbulent diffusion and advection 6f
Gaussian dye releases in unbounded uniform and uniformly
sheared uni-directional flow, and for steady-uniform plug
channel flow. WAPIC was utilized to simulate an analytic
solution for non-equilibrium sediment dropout from an
initially vertically uniform particle distribution in one
dimensional turbulent chahnel flow. ‘Predicted sedinent
fallouf_ rates _and 'vertical concentration values, as a
functioh of dowhétreém 'distance were withiﬁ an-absolute

adcuracy of four percent of the analytic values.

The coastal zone mass transport version of the WAPIC

algorithm employs a finite difference grid network which

horizontally translates = with thé mean particle motion and

expands' with‘ the dispersive growth of the marker particle

cloud. ' The  cartesian vertical co-ordinate of the three
- dimensional mass trdnspOrt equation was transformed into

~dimensionless space, and then rearranged into flux
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conservative, pseudo total velocity form, in order to- allow

adaptation to flow situations with a time and spatially

varying bottom topography and free surface. A velocity
processor was develbpéd‘for‘thevinterpqlatign of velocities
from a vertically averaged tio;dimensional velocity field
of 5”1tida11yv‘dtiVe§ finite difference hydrodynamic

numetical model. The transformed version of WAPIC was then

coupled to the hydrodynamic velocity field by the velocity

processor, and utilized to predict the long fétm diffusion
and advection of dilute néﬁtrally and negativély‘buoyant
‘suspended sediment clouds tesulting from an instantaneous

release of barged dredge spoil at Brown's Ledge in Rhode

Island Sound.
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I. INTRODUCTION & STATEMENT OF PROBLEN

Presently studies are in progress at the Univarsity of
Rhode 1Island under the sponsorship of the U. 5. Army Corps
of Engineers concerniny the feasibility and ecological
impacts of the Adumping of barged wastes in coastal areas
such as Brown's Ledge. (1,2,3) Prom 1967 to 1970
approximately 8.2 million cubic yards of dredqge spoil wvas
deposited within a one sqhare nautical mile site, four
miles south of Newport, in éhode Island Sound. The wofk ot
Saila, Pratt, and Polgar states that, within the limits of
bathymetry measurements, practically little or no spoil was
suspended during or after the disposal operation (2).
Presently there is concern that sediment suspended in the
watér column by vertical turbulence during and aftér the

disposal operation may drift into Rhode TIsland Sound
rocreation areas. As a coastal zone managem2nt tool, the
followinq work attempts to numerically model the long term

transport (lhr. - 2 day) of such wastes in the water

column. WAPIC, a Lagrangian marker particle in Eulerian

cell technique has Dbeen ,devéloped for simulating dilute

sediment and particulate transport in a tidally dominated

coastal zone environment. =

A literature review by Johnson (4) of the U, S. Army

Corps of Enqineets'Waterways Experiment.station,‘states -

" Ve:yv1itt1e mathematical modeling of tne.physical,fate of

dredged material disposed of in an aquatic environment has

heen undertaken."  Pertinent to this study are the

SIS

Bt




—— T TS

mathematical models of Koh and Chang (5) and Krishnappan
(6) , which consider the short term fate of the waste
release cloud as it drops from the surface until it
collects on the‘ hotton. vDisposal of dredged sediment or
bottom material in the coastal zone is accomplished with
barges. While drédged' waste is normally released by an
instantaneous hopper release, sewage sludges are pumped in
a4 liquid slurry througqh a pipe while the barge is under
way, and acids and other chemicals are released

continuously in the wake of a moving barge. ¥oh and Chang

produced a numerical model designed to simulate all three

of the previously mentiened modes of discharge. Barge
~disposal of dredged sediment in Rhode Island Sound was done
by an instantaneous dumping in relatively shallow coastal

'areas of depths between 90-110 feet (1) . O0Of interest is

Koﬁ and Chang's treatment of +the instantaneous dumpind
operation.

- Their model assumes that the' descent of the waste
cloud takes place in three stages, edch stage  being
governed by a different mechanism. They are-

‘1. Convective cloud descent and entrainment

2. Cloud'collapse

'3;,Lonq térm'c]oud transport & settiihg (fFigure -1
Durihg, the firSt:/sfage the negatively ’bubyanti cloud
descends and entrains fuater until neutral b@oyancy is
aéhieved; fhe:'aggﬁmpﬁioﬁ.is made'ﬁhat the sediment laden

cloud ,cah' be treated as a liquid of equivalent density

ifalling, throughqAjléss'&éhse'ambient mediumn. The sédiﬁent
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cloud which 1is now neutrally buoyant spreads horizontally
at a constant vertical position due to liquid entrainment,
in what 1is called the collapse stage. The assumption is
made that the governing mechanism is the difference in
hydirostatic pressure between the cloud and the ambient
fluid. After the horizéntal spreading stops the cloud of
sediment particles undergoes vertical settling, and long
term horizontal advection by the ambient current and
turbulent diffusion due to this field. Koh and Chang's
model assumes that the ambient current field is
horizontally wunidirectional and steady, and may vary in
magnitude only in the vertical direcﬁion.

Krishnappan (6) developed a model for the determination
of the size and hkeight of a mound of sediment from an
instantaneous release of dredge spoil in deep water with a
turbulent one dimensional steady flow field. TLaboratory
experiments‘_ih étill water shbwed that, the motion of
wni formly sized particles can be treated in two stayes, the
initial entrainment -phase, and the final gettling phase.

During the entrainment phase, +the size of the parpticle

cloud grows due to entrainment of ambient liquid while

descent velocity decreases. During the settling phase, the

fall velocity of the cloud is the same as the average

sétﬁling velocity of the individual particles inside the
cloud. In this stage, the cloud qroﬁs horizontally due to
ambient turbulence, until it lands on the botton.

Krishnappan disagreeskwith the assumptions used hy Koh

and  Chang in the fircst stage, anrd also stated that the

TR



collapse stage Was unnecessary. Lahoratory experiments
showed that, during the entrainment or convective descent
stagye, the waste cloud must not be treated as a higher
density liquid moving in an ambient fluid, but as a
\ particle-ligquid cloud or slurry moving through the water
column. Results showed that the particle-liquid cloud did
not increase in size throuqhout.its first stage, while a
liquid cloud of equivalent density continuously increases
;‘ in horizontal size. The former grows until it reaches a
' constant size after which the cloud settles with decreasing
velocity wuntil it moves with the settling velocity of its
;5 particles. ( Figure 1-2) His results further demonstrate
that, when the depth of the water is less than‘a thousand
! meters, the settling phase will not occur. Thus in the
Great Lakes or in shalloQ estuarine or coastal zone waters,
the possiblities that the settling phase may occur are
rare, and the entrainment phase will dominate until the
particle cloud lands on the bottom. He states -
"  Consequently models éuch as Koh and Chang's which devote
considerable attention to the long term transporf phase‘are.
unnecessarily elaboraté.ﬁ k |
The"physical insight‘derived from Krishénppaﬁ's work -
,}é that  harged sedimentary waSte that’ is . dumped
instanténedusly~ in relatively shéllow water,'such as Rhode
Island ‘Sduﬁd wvaters, falls to the bottom in the
"entrainment phase" with verylliﬁtle it ahy of the spoil
remaininq;';n  thé; water column'withinvaﬁfew hours of the

disposal operation. Observations by Saila et. al. (1)

"
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support this conclusion.

Indeed a very conservative engineering estimate, in
Rhode Island Sound waters, can be made assuming that a
maximum of 1-5 % of the total spoil volume remains
entrained in dilute form in the water column immediately
following the disposal operation by the action of ambient

turbulence, - This cloud of sedimentary particles possessing

~near neutral buoyancy with still water settling rates of

0.001 to 0.03 ft/sec (for particle diameters canging from
0.00005 to 0.00028 ft. ) may remain in a water column 60 to
150 -ft. deep for a time span of one to twenty four hours.
Should the ambient turbulence be great enougn to overcome
the partiéle settling rates, the particles may be treated
as. 1f they were neutrally buoyant parcels of fluid. This
cloud of wvisible turbidity will convect and diffuse vith
the ambient tidai and wind drift currents and turbulenée to
backgrcund levelsg

The question might be asked - Why develop a long tetm
trancsport model for this 1-5 % Qf the dredged waste which

may remain in the water «column ? TIsn't this amount of

~material too miniscule to demand simulation ? The answer

is no., First of all, this single barge disposal is

repeated at least a hundred7timés to deposit three‘million

cubic yards of sediment. ThuS‘1-5:barge loads of sediment'

“waste will be entraihed by the ambient current field, and

advected and diffused‘acrOSS the‘coastal‘shelf, during this

period of ‘disposal opetatiohs. These drédged botton-

gediments contain entrained pollutants in the form of



8.

anaerobic sediments, heavy metals, PCB'S, etc. . Thus a
biological oceanographer might be interested in the
dispersal pattern of this cloud across the shelf as the
particles eventually settle'tp the bottom. A single long
tern sediment transport simulation:may providé estimates of
the fallout patterns of this sediment and the entrained
?ollﬁtants, ie., to demonstrate over ﬁhat area the benthic
environment'is cbﬁtaminated by the disposal operation.‘

A prediction éf fallout or dispersal patterns of
dilute suspended sedimentary ‘particles in a  turbulent

ti&ally driven advective field requires the use of a three

dimensional mass transport model of WAPIC'S capability.

What 1is required is the ability t@lmodel the dispersal and
séttling ‘patterns offnon-buoyant‘dilute particulate matfet
in a coastal or esﬁuarine énvironmeht. |

a shortcoming of both Koh and Chang's and
Kzishnappan's work ié the lack of proper tréatméﬁt of the

long term mass transport of the suspended plumé by the

spatial and ,temporélly varying mean turbulent velocity

field. In tidally_'dfiven waters such as Rhode Island

"Sound, the horizdntal‘iambient velocity field is a

complicated funétiqn of  space and time. A cloud ‘of

:jsuspenaéd sedimehtz particles will drift and diffuse with -

thé"tidalﬂrcurrents into areas:whé:e the flow field varies

in magnitude and direction, frqﬁuthat”fpund'at the initial

.dumélfsifé.i A long tern ttanspbrt_ﬁteatmeht of suspended
‘sediment in turbulent _tidally dominated environment

' requires ‘the coupling of a hydrodynamic velocity field with

e \ - my- - o BE
REPRODUCHILITY OF TH
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a mass transport model. Spaulding and Hurlburt (8) and
Hunter and Sbauldinq {7) have successfully coupled a two
dimensional vertically averaged hydrodynamic model to two
and three dimensional mass transport models, respectively,
for predicting transport of neutrally bhuoyant dissolved
constituents in Narragansett Bay and Rhode Island Sound
wvaters respectively. Since these techniques are strictly

Eulerian mass transport models, these methods cannot

~describe the settling or deposition patterns of discrete

particles with varying settling rates. The fcllowing work
is - directed towards developing a numerical model for long
term simulation  (thr. to 2 day) of sedimentary transport

and deposition in estuarine and coastal waters. VNo effort

has been made to improve upon Koh and Chang's and

K:ishnappan's 'short term! treatmént of the descent of the
dense sediment cloud to the bottém.

WAPIC, a three dimensional Lagrangian marker particle
in  Eulerian céll-technique has been d=veloped to simulate
the long term transport and advection of dilute sedimentary
and '~ pcllutant waste particles in the coastal zone and

estuarine environment,

JEpebatprr s iry
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II. HISTORY of WAPIC

During the last ten vyears a considerable amount of
work has been done in the area of mathematical modeling of
transport phenomena in coastal and estuwarine waters (9, 10).
Usually these numerical models make the assumption that the
particulate or pollutant mass is dilqté within the flow
field. Numerical mass transport models fof estuarine or
coastal zone "waters are concerned with water quality
parameters such as dissolved 0xygen ( DO), biochemical
oxygen demand ( BOD), <coliform decay, and larval growth
rates and transport. (7,11,12)

Models have been developed +that solve the
incompressible mass transport egﬁation in either one, two,
or ’three dimensions. The solution viewpoint may be either
purely - Eulerian,  Lagrangian, or .a combination Eulerian-
Lagrangian. In the ideal Layrangian approach, the fluid or
flow field 1is assumed to be divided into numerous finite
size, zones eachk of which represents a parcel of fluid.
This mesh of cellsk flows along as the fluid flows in a
ménner characterized by the approximation to the @artial
differential equation .of mass ttansport ( Harlow (13)).
Pure.. Lagrangian"models fot estuarihe or tidal pollutant

transébrﬁ"haVe ‘been developed by Fischér (14f, and Wallis

- (15) .  These models seen to‘-enjoy .success ‘when a

complicated flow _field may be broken upﬁ'into “one
dimensional segments or volunes.

~The pure Eulerian scheme, divides the fluid fiéld’into

a fixed mesh of cells or elements. This mesh is fixed in
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space, and the fluid and particdulates move through
mash. . The Fulerian schemes may be suhdiyided in&o £v/o

types of solution procedures, therinité‘différence'and'
finite elément"methods. The finite §i£feremce schemes
divide the regime into téétahgular grids ﬁithrthe dep&ndeﬁt
vafiables ‘defined ~at either the cellléorners, centers or

faces. The partial differentials are linearly approximated

‘across . these grids (16) Pinite dlfférenve schcmes may bhe

further subdivided 1nto the nXleCLt and 1mp11cit methods

of solution advancement in time. The expllclt-solution

technique solves algebr&idally for the new value of’phg:«

dependent variable from the prevxous value (16) ., kThe
implicit techniques solves for the nev valuc at tlme totat
using advanced time values, requlrlng the-use of 1terat1ve
or Géussian:elimination techniques (16).-.Recently; in: the
field of ;eéguarine gollutant traﬁsport modeling, two
dimensional models hgvé__heeﬁ popular, ’whefe the third
‘dimensional independent variablg has been :emdQéd' by

integration techniques ;(11 17'18). The alternating

‘dxrectlon 1mp11c1t technlgue, ADI, “has alao en]oyed success

in twor dlmen51onal hydrodyndmlc and mass transport mnodels
by Leendertse (19), Hess ~and  White {18) , and Spaulding

(20) . The ADI method has 'been' utilized by:Hunter and

Spaulding (7). ;in a three dlmensxonal model for coliform _

; dpcay and transport in the Providence R1Ver .

The qccond fype of Lulerlan qch@me, the flnxte element

L fechnlguo, seems partlcula:ly well sultpd for modelxng masq

transport - in sxtuatlons’ with compllcated boundaries that

yl’ﬁjf‘\'?"‘i ™ 615} TEE

R’Fﬁ {
o ni DAOR 'S POOR
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qrad1ents upstream of p01nt soutce Haste loads. i

finite difference technigues might find difficult to

resolve. © This method divides the zone, of flow into

ttlangular 6: quadrilateral elementsments .yith thol
44 . B PR -

deppndent variables defined at the nodas of the triangles.

A popular finite élement téchnique solution technigue is

the Galerkin _mefhod of weighted residuals.. . A;geViéw and

explanation 'bf'thié solution-téchniqué~méy‘be found in the
works of Wang (21), and-Leimkuhler (22). Leimkuhler has

i

‘recantly completed . ftﬁpﬁdimensional vertically averaged

fini;e“element médel’fbr4éimhlatinq,scdiment‘tcanspopt‘in

Massachusetts Bay.’ Krone and Ar1athura1 (23) devolopcd a

x

One dimenqionalfVfinltp,*elpmnnt modol _for determlnlng

R

sedlment transport in the deannah River estuary.j

Imtetestihgly, Hothgwfinime ‘element and finite

¥ 3

e

‘difference Euleriadw_tééﬁniques--share the following

shortcomings in their ‘computational procedures:
1. Fictitious diffusion
Fictitious diffusion is "especially noticeable since each

ceillis'foréedhtéubé homogeneous. When a material enters a ™

cell all its properties are uniformly diffused éhﬁouhhout

‘the Rulerian 'cgll. The magnitude of this fictitious

diffusion depends on the length and  time scale of the

numerical simulation. "

2.  Production of severly depressed roncentratlon,

3 e

3.i‘01f£1culty in  handling scale dependent dlIfUSlon

 processes which are coamon in ocean and coastal zone

regions.

. OF i@
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4, Difficulty in representing an effluent of various
particle sizes and density or buoyancy characteristics.

The steps 1leading to a practical solution to these
problems which are inherent in pure Eulerian schemes for
turbulent mass transport can bhe traced in the development
of Lagrangian- Eulerian numerical methods.

In 1957, Evaus and Harlow (24) of the Los Alamos
Scientific Laboratory introduced the Particle in Cell, PIC,
method. This numerical procedure was developed for the
simulation of problems involving the dynamics of
compressible fluids in two dimensions (13). This hybrid
technique requires two computational meshes or systems one
Eulerian; the other Lagrangian. Thé domain through which
thé fluid floﬁs is a fixed Eulerian mesh of computational
cells;7  The fluid or mass is represented by particles with
physical aass, enérqy,aﬁd velocity (etc.) which mnmove
through the FEulerian mesh. As stated by FRoache (16)

concerning the PIC method - " The most unique aspect is

that continuum flow is not modeléd, rather a fihite nunber

of particles are used, their locations and velocities being

traced bty Lagrangian kinematics. They are not nmerely
marker particles, but they parficipate in the calculation

even when free surfaces and interfaces are present."

In 1963 the PIC method still had some shortcomings -

which had not been overcomé (13). The PIC numerical method

shared the ‘Eulerian problen of resolving the detail of
, minute’ processes Within the‘flow field, and a fixed grid

system which could not overcome boundary difficulties. The

T R S R R
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mrost severe limitation of the method that increased the
difficulty of expanding the method to simulate three
dimensional flow processes was the large’computatioual
storage requireménts and rTun times required for the
Lagrangian and Eulerian meshes. The development of larger
and faster computational systems should allow the
adaptation of the ‘method to more complicated flow
simulations.

The PIC method vwas strictly a solution technique for
£luid dynamicists until Sklarew (25), in 1970, p:esented a

paper detailing what shall be called the "pseudo total flux

or velocity”"” method of solution for the turbulent mass

transport equation. Sklarew's method allowed  the
adaptation of PIC for methods of solution to the turbulent
three dimensional incompressihle mass transport equation.

The equation may be written in vector form as-

by

+ Ve Uc - ‘52 + (®;40) =0 | - e

o/|0/
)

and may be rewritten as

a"+V [(U-Kjvc)c]—o St : (2.2)
or
g% * 6 [UTc] =0 : , P s . , (2.3)

S
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where the pseudo total velocity vector is defined as

- - +-.l

Ut =0 UD

b ’ . . s : ‘ )

Ub = Diffusion velocity vector (2.4)
‘ - » 3

U = Advective velocity vector

where ‘ﬁ; is the summation of the advective and diffusive
velocity vectors, the the diffusion velocity being defined
as |

X, .

- ij ’ 2,5
U, = Vv ¢ (2.5)

Given  an externalkly supplied velocity vector U, each

Lagrangién marker particle is moved explicitly in time with

“the total pseudo velocity, which is the summation of the

advective and negative diffusion velocities. The diffusion

velocity 1is calculated by the 'product of the marker

' [
particle <Concentration gradient across an Eulerian grid

cell; divided - by the —concentraton at that positon,r

multiplied by the tu:hulent diffusion coefficient K. . ( Eq.

1]
2-5 )6

In 1971 Hotchkiss (26) applied an explicit finite
difference solﬁtion ;tebhhiqhe ‘to the three dimensional

incompressible Navier - Stokes equations to produce a time

dependent advective atmospheric velpcity‘_fiéld;"‘ Usiﬁgg

Lagrangian marker particles and ‘Skiatew's pseudo total

‘~Veloc1ty technique, an atmospheric heat and mass transport
‘model was developed."Sklareu‘and Hotchkiss recognized, és‘
did Hirt and Cook (27),‘£hat the treatment of ﬁinute detail

of - the sub flov‘field'missedjin fhe pure Eﬁlerianrschémes
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could now be overcome. Gravity, viscous drag as a function
of particulate diameter, direct particle deposition,
reflection and scavenging from the boundaries could now he
applied with the wuse of Lagranqgian marker particles for
simnlation of airborne transport of pollutant particulates,
Recognizing the potential, Lange (28,29), Knox, Hardy,
and Sherman (30) of the Lawrence Livermcre Laboratory,
coined a new phrase for this hybrid Fulerian - Lagrangian
mass - transport model, AbPIC.— The Atmospheric Diffusion
Particle in Cell technique was developed for prediction of
atmospheric pollutant transport under complicated advective
wind conditions, surface boundaries, and turbulence scales.
This version of the PIC mass transport algorithm introduced
an expanding grid system, borrowed from ALE, Alternating
Lagrangian Eulerian technique, developed by Hirt et. al.
(31) for siﬁulating dynamics of high speed flow with
camplicated boundary  conditons. This grid system could
translate and expand with the marker particle cloud as it
advected +through space thus allowing greater resolution of
particle cloud movement in space, and subsequently
’minimization of simulation‘cbmputer time usage, since the
~simulation time step can be maximized. Scale dependent
diffusion became,arreédily appiicable feature by extracting
a diffusion coefficient at each time stép by use of fhe‘U/3'
power law egﬁation which itself uses the honiiontal
étqhdérd deviations of -~ the marker particle clond;  This
’ﬁeaﬁufe,wili,be explained in a subsequent chapter;~

_Knox et. al. (30) proposed the utilization of the
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ADPIC technique for the physical fate prediction of dredge
spoil and application to modeling of three dimensional
transport of sediment in San Fransisco Bay. After an

extensive review of the literature of numerical modeling of

dredge spoil disposal, Johnson (4) recommended the use of

the ADPIC technique for simulation of coastal zone and
estuarine sediment and pollutant transport.

Spaulding (32) recognized the need for a three
Adimensional numerical model that was capable of handling
the long term transport of discrete sedimentary particles
in a coastal zone tidally dominated environment. NAPIC,
Water Advective Particle in Cell Technique, a three
dimensicnral explicit finite difference, pseudo total
valocity solution to the turbulent mass transport egunation
was developed by Spaulding (32) in 1975 at the NASA Langley
Research Center. The following work is a continuation of
the radaptation of Harlow and Evan's PIC method and
Sklarewts ’pseudo £ota1 velocity technique for soléing mass

transport problems in the coastal zone envircnment.

v e g s
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IXXY, DEVELOPMENT OF EQUATIONS
A, Turbulent Advection Diffusion Equation
The 1incompressible ansemble time averaged three

|
dimensional mass transport equatlon may be written as

}c X 3 dc oc
+t1—_-+V'—-+-W K R~ K )

)t ¢ P 3% 3z Jx ( ay (

) 9c

+ Je——— -

3z %2 32 (3.1)
u,v,w = x,y,2z time and space averaged velocity components
K ,Ky,K = x,y,z turbulent diffusion coefficients
c = Time and spatially averaged concentration

This egquation assumes that the pollutant is 4ilute and

neutrally buoyant and that the flux terms due to molecular

diffusivity can be neglected since, in riverine,oceanic and
atmospheric modeling of maés transport, these terms are
typically two to three orders of magnitude smaller than the
turbulent coefficients (17,33,135) . Por purposes of this
work, ther above eguation also assumes,that the fluid flow
field may be specified by some time and spatially averaged

velocity components and that the coefficients are time and

~ spatially averaged "dispersion" coefficients which may be

empirically or theoretically determined.

B. Addition of Particle Settling Velocity

In order to simulate the motion of a negatively
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buoyant dilute constituent such as suspended sediment
particles, Eq. 3.1 may be modified by the addition of the
tern

w dc
s 9z

vhich 1is the advective mass flux in the Z-direction due to
the still water asymptotic particle settling velocity, Ws.
The assumptions are made - that the free vfall particle

settling velocity is constant in time and space for a given

particle dianeter and that the suspended constituent is

dilute within the flow field. Equation 3.1 can now he

rewritten

(3.2)

This eqﬁatibn, the turbulent incompressible three

dimensional mass transport équation for negatively buoyant
dilute particles is ~the bhasic esquation around which the

WAPTC solution method is conStructed.

€. flux Conset?ative Fornm |

WAPIC keméloys»‘the‘1pséudo total iél&city'hethod which
:may be doﬁceptuaiizea as a:flux‘conSerQative:fofmulatioh‘oﬁ ‘
the ‘threé' dimenSionai[ maSS'transpoft quaﬁion.‘ Equation

" REPRODUCIBILITY: OF THE
ORIGINAL PAGE I8 Pook
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3.2 may be rearranged -

X

UIV

v - L
¢

.qﬂ'

s Frae
A

+ 9
+
5% o+ _.?§%_ (3.3)

+

and rewritten as
oc 9 - ,
5t 53-(Uc)+-a-(vc) +a W,e) =0 (3.4)

U . =uU+U ' ' v (3.5a)

V. =V +V : (3.5b)

W, =W+W. +W (3.5¢)
) D ]

and I

(3.6a)

al &

e I
N’U
XiQ

<

I}

'
oo/
MiQ

(3.sb)

o[&”

Vo
NjQ

(3.6cf‘

where U,, V., WT,,

velocities. Equatlon S 3.4 states that a parthle ris

are deflned as the pseudo total transport'
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advected with the wmean motion of the fluid field and
diffused with a velocity proportional to the concentration

gradient surrounding that particle.

D. Transformation of the Vertical Coordinate

The numerical solution to Eq. 3.4 requires‘a uniform
mesh of equivalent shape and volume finite difference cells
throughout +the three dimensional cartesian grid system.
When this system of equal volume célls nust be applied to
two and three dimensional hydrodynamic velocity fields with
time and spatially varying freé "surfaces and irregular
bottom topoqr&phy complications arise. 1In estuaries and
coastal areas, the bottnm.toﬁoéraphy may be irregular and
will not fit a 'singlé .rec£angula£ mésh of equal volume
cells, especially when that nesh of equal volume cells is
translating ‘'and expanding in time beneath é freersurface
'which is also rising and falling with’space and time.

Fcllowing the method df Hunter and Spéulding~(7), and
Gordop f(36), a  solution is  to nonédimensioﬁélize. the
vertiéal'coordinate in the th:eé dimenSiOnal mass transport.
equatipﬁ éuch that ‘thére is no lateral variétidn of'ther
total vertical length. This téchnique~a110§s the‘USé;oﬁ an;
expanding and translating Eulerién grid systemvinxthe'X—Y
»plaﬁe, movingi within a tinme and spatially.vafyinq bottdmi

and free surface.

sy et e e e S T R TR TR

The complex g;id system' of'Figure 3.1 in cartesian o
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FREE SURFACE

H(x, v, t) = h(x, y) + C(x, vy, t)

h(x, y) = depth at M.S.L.

, C(x, v, ) = free surface height above M.S.L., due to tidal
A - variations : :

FIGURE 3,1 X-Z Cartesian View of "WAPIC" Grid Structure for Simulating Mass I
Transport in Tidal Waters ' ' i

FREE SURFACE

3
i n— - - - - -
B =
b - - - &= - %
i

BOTTOM 1=1 ‘ !

VAV AN A A A G iV SV AV A av /////y///'//‘/rr

z = [(x, v, t) / o |

'ﬂ(X," y' : ZI t) =

; EE : FIGURE‘3.2“X-ﬂ Transformed Plane View of "WAPIC" Grid Structure




23,

space can/ be transforned inio an equal volume cell systen
in X-Y-n space, of Figure 3.2 . The transformation of the
vertical coordinate proceeds from cartesian Z-space to
dimensionless n' space by setting the the value of q'to 0,
and -1 at the free surface and bottom respectively,

(Figure ‘3.1) where

_z = E(x,y,t)
Nexy,2®) = 55y, 0 3.7
H(x, v, t) = h(x,y) + §(%x, y, ©) ’ (37-8)

z - &(x, y, £) (3.9)

W, ¥, 2, 8) = P TR,y 5)

Z = vertical coordinate (positive down)
h(x,y) = depth at M.S.L.
E(x, v, t) = free surface height’above M.S.L.

due to tidal variations

The procedure is to non-dimensionalize the three

dimensional mass transport Eq. 3.4 in the Z-coordinate to

dimensionless n-space ‘using the following transformation

identities after - Gordon. . (36). The derivation of these

’identities may‘be'found‘ihkhppendix A,

_1) p- . , ke e :
33;,( )TEY S | )
O o Flasn g eam
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a—i;() W( )-—[(T\'*l) +ﬂ—+ﬂg—]ﬂ() (3.104) L

§_§+n6h]

% () (3.10c) |

o~
~
]
Oon

()-i[m+1)

Egquation 3.4 was splitt‘ into seven terms and

i

i , transformed using the transform identities 3.10 a,b,c,d. :
Lo The mathematics and assumptions utilized in the
A transformation are treated in d=tail in Appendix B. tor the

‘ interested reader. The transformed pseudo total velocity z’
form may be written as }

By 8q [U c) + 2 v.ec] + 3 lw.c) =0 B (3.11) ::
. 5t T 8y -'T M T ‘ ' B
| _ Wh__ere U.'"' Vy s Wy, may be defined as
U. -y S (&S | 1 1+ TD + 1 2y 82 e (3.2 S
P YT TS Rex T H 6x )’ﬂ e . B e
» V. =V KY [E‘i 1‘.[1 + 'ﬂ]éa +”ﬂ§1..]§..c_ R (3 13)

- T c "8y H by TayT M o T

o ey -2 9 Tpyth_8h ,

FENic Yp T o AT 7 LU sx .\V_s'y] tug S B
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=1 ' 6§ 68 6h
wg == {Wg - {(M+1) 'gEfU[('ﬂ“*l) =t N gx)
6§ 6h
AU R R 1 (3.15)

Equation 3,11, vritten in flux conservative form, may now
handle the transport and dsposition of Lagrangian marker
parcticles in X-Y-n space.

The Eulerian three dimensional grid consists of equal
volume éeilé'throuqhout space, bounded at the free surface
and botton. The system w®may now take advective fluid
velocities from aﬁ 2xternal source  such és a twvo
dimensional vertically averaged tidal hydrodynamic model,
or a  three ”dimensional tidal hydrodynamic model that
utilizes the~s$me transformation procedure (36). The WAPIC

grid system can expand or translate in either the X or ¥

dimension but there can be no expansion or translation in

the n-dimension due to the nature of the transformation.

L

4
E:
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IV, WAPIC ALGORITHM

The solution to the pseudo vwvelocity equations is
accomplished by a Lagrangian marker particle in Eulerian
cell technique, wutilizing sSklarew's total pseudo flux
met hod. WAPIC employs a space staggered three dimensional
Fulerian grid system composed of equal volume rectangulat
celis ( Figure 4.7 ) Concentrations are defined at the
center of the cells and the advection velocities, U, V, W
and the diffusion velocities, Up, V;, Wp are defined at the
center of the ‘respective cell faces. Marker particles
placed inside the Eulerian grid, which statistically

represent the pollutant cloud are defined by their

individual Lagrangian coordinates. A time cycle of the

code can be divided into an Fulerian and Lagrangian step.

Each'step is explained as follows.

ﬁE?W&%SUGENlﬁW?ZOF THE
: ' ‘ GRIGINAL PAGE IS POOR:
A, Eulerian‘Step

At the beginining of each time step, the
concentrations, defined at ®the center of each cell, are

usedf to ‘calculate the diffusion valocities defined'at‘the‘.

"Center'-of the cell faces; WAPICfemp1oys a céutered=space

finite difference approximation for the diffusion

velocities.  The finite difference forms for the diffusion

- velocities may be written~‘inVCartesian space, or -in the

vertically transformed dimensionless space.

1. Cartesian Finite Differencesyf'
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The cartesian form of the partial differential
aquation of mass transport is used to model unbounded and
uniformly bounded mass transport in three dimensional X-Y-2
space, The partial differentials for the pseudo diffusion
velocities ( Fgs. 3.6—a,5,c,) are approximated by centered

space finite difference formulations

-2 - :
S Ky [CI+1, g, x = %1, 3, x} (4.1)
¥ _ .
D ICI+1, g, x T g, x4 Ax
v m . -2, o [CI, aa, x ~ %1, g, x) (4.2)
; + .
D ICr sm, x (%,J,gj Ay
W = z B [CI, 3, k+1 - 1, 7, K3 (4.3}
¥ . .
N A A xJ az

The integer indicies, I, J, K, of the concentration field

C, represent the three dimensional cell centers at which

the concentration values are evaluated or defined. Since

the <concentration gradient in a given dimension is

evaluated by the forward space approximation across cell

centers ?E;om‘ T to I+1, the diffusion Velocitybgradient is
defined af the respeétive cell faces. Thesefﬂiffuéibn
vélocitiés* are ~ca1ruléféd ‘throughout the thél threé
d1men51onal space and than added to - the ex*ernally suppllpﬂ
‘advectlon veloc1tleq, vhxch also are deflned at the qud
‘faces,‘to ylold the pseudo total veloc1t1ns, Q*, VT' Wy .

2. Transformed Flnlte leferencos

As prev1ously stated UAPtC u*lllzes the d:mens1onlass.

SPPIC

T
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transformed version of the pseudo total velocity
when simulating mass transport in a tidally

coastal <zone environment which has a time and

varying free surface and irregular botton

The turbulent diffusion velocities in Egs.

15 are approxinmated by the forward space finite

differences
g o= ~2K_ Cra, 7, x -1, 3, ¥
_ +
D [CI+1, 7, K CI, 3, ;K] Ax
(e =8 )
; s 1 [1+7] + ’I+l, i&x 1, J
}‘; : I, J
+1 (g, o=, S B, 5, ne1 7%, 0, 1) (4.9)
Ax ‘ Zn R . .
R 'ZKY . (CI, g1, k ~ 1, g, x)
e
_D ‘[CI, JHl, K CI, J, Kj. ay
1 [gI‘, g+ =81, gl
- (L +7m) + A
1, 3 , Y
[hl-, J4+L T hI, J) [CI, T, ML T C:c, J, T\] .
+ 1 (4.5)
: ay , a0
(3] = k-2Kz ‘ | (CIl Jd, K+l - CI' Jd, VK')
D 2 ' a7
(HI,J) [CI, J, K+1 ° CI, J, K]r' :
. on
1 [U S = P AL
HI,J‘ "I,ih K‘ .Ax
L I, 04 T T, J (4.6)

I, Jd, K Ay

PR
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I, J, K J(T#L)

Ax

5y, g1 = %1, 5] (n

-h

I, J+L

I, J]

(M+1)
=

+ T
[ %% ‘

DY

L

As before, these diffusion velocities are theh added to the
externally supplied mass consistent advection field to
yield the total pseudo velocities, Ot, Vt, Wt , in X-Y-N

space.

B. Lagrangian step
Following the calculation of the pseudo total
velocities throughout tﬂe Euletian q:id. eaéh marker
particle is advécted in three space by the velocity field
from time T *to T-&Am; Two methods of advance are employed
'1. Pure Explicit

2. Time Centered Iterative

both using a bilinear veighting scheme to interpolate

velocities for particles inside the grids. These

procedures are as follows.

1. EBxplicit PFormulation
The explicit forrulation is used for simulation of
mass transport of Llagrangian marker particles in steady

undirectiona1~o:funifdrmly~sheated flow fields ( non curved
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streamlines ). Fach marker particle wvithin the Eulerian H
grid is transported from time T to T +@T, a distance in
X-Y-Z space UlAt, VOt, WAt, respectively. respectively. The

nevw Lagrangian coordinates become

. vbtthtw"‘ ‘ }

= P A
XeEw = *oLD + U At , (4.8a)
Ynew = Yorp T Vo Bt (4.8b) g
- p
L 21D + WT Ot (4.8¢c) ;
where UTP v VTP . WTP are the bilinear weighted velocities

for each particle. The bilinear velocity weighting method
is popularly used ’in the MAC method (16,27) for

interpolating marker particle velocities 1in an Eulerian
velocity grid. Fiqure 4,2 details a two dimensional
example fof determining the %P, %f: and WTPvelocities foi a
particle within the ~space staggered grid system. This
-procadure was ~generalized to obtain a three dimensional

bilinear weighted average, A given WAPIC grid may be

surrounded by a maximum of 26 cells. { Figure 4.3) The

WAPIC solntién'détefuines the particuiar cell in which the
partigie's coordinates are located,_then.divides'that cell
into eigh£ equal volume octants, and finds the octant in
which the pécticle is}located.k(kFigute 4,4) - Rach marker

particle is assigned a "fictitious" volume equal to the

volume of an Eulerian grid cell. This fictitious volume

" may overlap into a maximum of eight surrounding grid cells.
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FIGURE 4.3 3 .x 3 Eulerian Grid Cell Matrix
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 FIGURE 4.4

Elght Octants of a Three Dlmens1onal
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Thus a particle's velocity 1is determined by a three
dimensional weight of the nearest, eight, surrounding

pseudo total velocities. Figure 4.5 details planar X-Y,

X-2, Y-7 views of the eight surrounding velocities used in

the three dimensional bilinear scheme.

2. Ite:ative Time Centered Approach
The explicit particle mgvement technique with the
bilinear weighting scheme was verified by Lange (28,29) , §é
against 51mp1e analytic diffusion cases iﬁ unbounded
uniform and unlformly sheared floﬁs' to within 5.0 %
accuracy of concentration prediction. When the streamlines

of the flow field_ are curved, neutrally buoyant marker

particles tend to develop trajectofies not co-incident with
streamlines of the  flow field (37). This interpolatibn
error inherent in an explicit scheme with a bilinear
veldéityb weighting technique, " may be corrected by
decreasing the calculational time step AT, however at the
éxpénse of increased compuﬁationai time. 7
Forester (37) proposed a%"giterative~ time centered
approach,for prediction of marker particle‘motion in curved
flow fiélds; Instead of employinq equations Q;Ba;b;c.to‘
predict pariicle _movemenﬁ, >the ffo1lowing procedute“is'
~employed: | | :
pOLD‘ [ipmmv

."x = x + (U

*xmw ~ oo )At/z c (4.9,)

|- ‘ R " . pnew pnew ' pnew
B , ,ghege g y zp ,,%

¢ Lepresent therbilinear weightedF'

particle velocities ‘at  the new position{.r'fhe method
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amploys an iteration procedure where each distance estimate

is used to produce a bhilinear weighted particle velocity at

the new position, Using Eq. 4.9 and the new particle
velocity at that position, a new position is calculated and
is tested for convergence against the previous position.

As an illustration of the utility of this technique, a
two dimensional uniform circular vortex field was specified
with a shear rate of du/dy= =-0.0004 sec! , and dv/dx=
0.0004 sec! with minimum and maximum velocities of —i.O and
1.0 ft/sec in each dimenSion_reSpectively. The WAPIC grid
consisted éf a 10x10 X-Y matrix, thus specifying a tine
step of 250 for grid lengths in X and Y of SOO-ft., using a

Courant dynamic stability time Step restriction for

accuracy of particle motion prediction. ( Figure 4,6 )

Wwhen employing the non-iterative explicit bilinear weighted

movement technique a massless marker particle placed in the
circular vortex field was found to eventualiy spiral out of‘
the field. ( Figure"a.7) When usihg Forester's time
centered - iterative apprdach, a particle placed in the same
initial position in the vortex field, shpwed a‘ptecise

circular trajectory.

When the time centered iterative procedurs is not

Hvemployed - for predicting particle transport in flow
- situatins with an eddy or vortex structure and a Courant

time step limitation is used with the bilinear velocity

interpolation scheme for particle motion, the deduction can

‘be ‘made that the mass or parfidies witbiﬁ thé,eddy will be

;acceleratéak out of the flow field prematurely. For.
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W

10 x 10 X~y Matrix

OPERATING PARAMETERS

x, y = 500 ft,
K , K_=0.,0

X y
(U,9) jny = 1.0 ft/sec
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z 20Dy » S

'WAPIC Two Dlmen51onal VelOClty Dlstrlbutlon for a Unlform

Circular Vortex Motion.
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modeling mass transport in complicated non uniform flow
situations, the iterative time centered method requires
much less time phan a pufeiy’ explicit technique for
accurate prediction o£ paFtic1e“mbtidn. Exactly how much
time wi11  ﬁe savééf'fdf ?accutacy of particle motion

prediction by wusing the iterative technique as opposed to

.the explicit: techniqus is highly problenm dependent..

Results by Spaulding"(32y for accuracy of prediction‘of

particle trajectory- in a uniform circular vortex field
field indicate alfacébtuof 3 to 5 decrease in computational
time‘ costs with FOresteE"% implicit technique as’'compared
to a purely explicit particle movement technique with the

same Courant accuracy‘number.

5

C. Expanding and Translafing‘Grid
The Lagrangian step cbhtains the options of allowing
Selectivev expansion of the Eulerian grid system with the
diffuéive growth’éf the marker particle cloud and 5eiective
translation of the grid with'kthe méah' sotion of the
advected cloud, for any of the three diménsions in
Cartesian X-Y=-2 Spacéi”“andrin thé‘X-Y'di;ections for the

X-Y-N  vertically non-dimensional coordinate system,

Incorporation of this procedure permits maximum resolution

of the marker particle concentration field with a minimum

number  of computational  grids. = The expansion and

translation procédutes Whi¢h- are‘patticularly,dseful for
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simulating instantaneous point releases in horizontally
unbounded flow situations are developéd in WAPIC as
follows: | |
The expanding grid system can operate 1in any

combination of the three dimensions. During the expansion
step each particle is tested for placement within a certain
distance of an outer grid ’system boundary. Should a
particle reach a grid cell boundary in any given dimension,
then each giid cell expands a speéified percéntage of grid

cell 1length in that. given dimension. Figure 4.8

illustrates an expansion in the X-direction for a 2x2 grid.
As shown, the lower left hand'corner of the grid is moved
in the negative X-direction a distance one halfrof'the,qrid
cell 1length increase., WAPIC.  monitors the coordinates of
this grid "origin" from time‘T=O, and updates its location
in 3-space whenever there is an expansion or translation of ?@
the grid in succeeding time steps.

The grid translation ptocedﬁre is designed to follow
the nmean motion of the marker particle cloud as it advects
through space. - Af time T, an average particle veloéity

o VP, i; ) is calculated in»each’dimension, from the

average values of 'the'jbilinear ‘weighted = particle

(T

velocities. The traﬂél&tibn,&of;'the grid, in a given
dimension, is achieved by moving'éachvgarticle a distance Up*
AT from the old particle position.

XEw = *orp UP, At o i , ‘ S (4.10)

REPRODUCIBILITY: OF THE
ORIGINAL PAGE I8

E
L
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'FIGURE 4.8 Nature of the WAPIC Expanding Grid Algorithm
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and subsequently the origin ( for example-',in the X i

dimension ) is moved

XRnew = XRbld + Uplst (4.11)

D. Boundary Conditions
When the Fulerian grid no longer translates or expands .

in a given dimension, then boundary conditions must be

employed in WAPIC for that given dimension. Because WAPIC

is part Eulerian and part Laqrangian, boundary conditions

are imposed on. the Bulerian,total pseudo velocity field,‘ ’ ;
and- on the - Lagrangian matker particles within the field.
Bach ythree dimensional’ cell 1is assigned a boundary
identification nunber for logical confrol of the pseudo
velocity calculations and movement of'Lagrangian markér
particles within the given ééll. Table 4.1 summacrizes the
cell types or classifications ‘and the ‘Eulecian - and
‘Lagrangiah Bpundary~conditions imposed within the cells.

1. Eulerian Boundary'Conditions

-As specified in Table 4.1, the Eulerian grid celis are"*

classifiedvihto two groupings; these are -

(a) vertical boundary cells (reflection,
deposition, and erbsion) whdse cell,'faces ‘lie on a ' R !

horizontal plane boundary

(b)_Hotizontéljcells’(iand,water,and opén
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CELL EULERTAN LAGRANGIAN
DESCRIPTION BOUNDARY CONDITION BOUNDARY
CONDITION
LAND CELL ?IO EL’gX PARTICLE
b REFLECTTON
WATER CELL NONE NONE
OPEN BOUNDARY u, =0 PARTICLE
REMOVAL
VERTICAL REFLEC- W # or W =0 PARTICLE
TION REFLECTION
VERTICAL DEPOSI- W #or W, =0 PARTICLE
TION DEPOSITION
VERTICAL EROSION  SPECIFY BTM. SHEAR PARTICLE
STRESS FOR EROSION ENTRAINMENT

TABLE 4.1 Classification of Bulerian and Lagrangian Boundary Conditions
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vertical plane boundaries) which are boundary and
non-boundary cells not on a horizontal plane boundary.
Through the use of the vertical transformation, WAPIC
can treat the complicated bottom topography and time
varying free surface of estuarine and coastal hydrodynamic
flows as uniform boundaries within the space staggered
finite difference grid. Fulerian boundary conditions are
imposed by controlling the <calculation of the diffusion
velocities throughout the grid. Consider the construction
of a three dimensional (fixed ) Eulerian grid with
non-uniform lateral ( Y ) boundaries and a uniform free
sur face and botton. Looking at a X-Z plane view, Figure
4,9, it 1is seen that the upper row of vertical velocities
directly coincide with the boundary. Thus their diffusion
velocities would be identically zero by the definition of

no flux across a land or solid boundary. The lower row of

vertical velocities which do not 1lie directly on the

boundary have finite diffusion velocities by the forward
space finite difference approximation. Following Lange's
(28) assulMption of constant marker particle flux at an open
boundary { which rests on the assumbtidn that the matker
field is fully developed in the direction of the flow when

it reaches the boundary ), the diffusion velocities are set

'identically equal to zero for the left hand column of

U-valocities. Figure 4.170 illustrates a horizontal plane

view of the U-V diffusion velocity. For example, the
diffusion velocities at U25 and 022 hy the forward space

finite difference FEq. 4.1 are zero. They do not have to be

garpah bt b ho b g
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equal to <zero bhecause the forwatd - space concentration
gradients can be finite by this definition, but are set to
Zero because they are 1located on the boundary. These
assumptions are consistent with the no-flux assumption
across a solid boundary.

Each marker particle isvtreated as though possessing a
fictitious voiumé. equal to a gqrid cell, centered at its

coordinates, Should this fictitious volume overlap onto a

horizontal land or open bhoundary cell, then the particle is

either reflected or removed from the grid fiéld; ( Figure

4.11 ) A marker particle may penetrate halfway into a

horizontal land or open boundary beforé the horizontal

boundary cenditions applies.v'For the purpose of vertical

resolution of marker particle movement,. a particle may

penetrate as far as the cell face on which the vertical

cell boundary is defined. Particles reaching a depositonal

vetticél boundaty are removed from the field by setting

their Z-coordinates to zero and storing the X-Y deposition

coordinates.

E. Concentration Calchlatidnf

 The final segment of the"Légrangian‘,sfep is the

 calculation of the new concentration field from the new
~particle -positions. = Each ~markér, is'assiqned,a'physica1
mass. and a fictitious volune thé size of one Fulerian grid

 0911.-7 Fo:‘a‘given marker partigle, the WAPIC coderlocatés>

mﬁhﬂﬁﬂt,

{3
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FIGURE 4.11 Two Dimensional X-Y View of Eulerian Grid and Lagrangian Marker
Particle Reflection Procedure
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the individual 'Eulerian cell and one of eight possible
octants} -oi thaﬁ cell, in vhich the particle's fictitious
volume ié klocated. Pigure 4.12 details the concentration
veighting scheme for a marker particle in a gio dimensional
grid  system. WAPIC uses an extended version to allow for a
third dimension. ‘This mass sharing procedure is simply
repeated 1fbr each particle in the field for calculation of
the total clond distribution of concentration in the grid

system.

F. Two Dimensional Velocity Processor
The coupling of WAPIC to a two or three dimensional
finite difference mesh Fulerian hydrodynamic velocity field

requires the use of a "velocity processor". Since the

WAPIC - grid system is translating and expanding with the

marker particle cloud as it advects with the tidal flow in

a two dimenSibnally vérticall? averaged velocity field, the.

WAPIC Eulerian grid mesh points for velocities will not
necéssarily coincide with those of the externally supplied

fixed Eulerian velocity field. Following the work of

'Dobéon (38), a least squarces surface‘fitting technique has
been addptea jto inéerpolateyu‘ahd v horizontai veiocitieév
; fton a two dimensional space staggeted finite-difference
‘lgrid. systém.a 'The'hefhod employsfthe‘tweive'nearest‘fiXed

.grid kneighbo;s (in the form of a cross ) around the point 

of iﬁtérest; and fits a guadratic;surface of the tYpe’f'

g e s . 2 ‘ 2 Lo
Ut,— ey +‘¢2 x +7e3 b4 +»e4’x,+‘e5 X¥ + ¢ Y L S (4022)

en = Matrix Coefficients

o R e e R

o

SabmbiiE
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{ The coefficients of this equation are determined by an
8 v analytic matrix solution procedure. ( Figure u;13) The

velocity processor interpolates velocities from the fixed

e
.

e R

;; Eulerian syster to the WAPIC mesh at each time step of the

TN

tidally driven transport simulation. This  velocity

RWcFis

 % interpclation technique is ideal when the WAPIC total grid "ﬁ)

mesh span is smaller than two or three hydrodynamic grid

i " cells. When the WAPIC Eulerian grid grows to such a size j§

that it is as large as a 4x4 tidal hydrodynanic field, then

the surface fitting technique may produce discontinuities

-in  the interpolated velocity field, if there are'large

i variations 1in the velocity vector field. Should the

expanding grid system encounter an island or outer

boundary, expansion and translation is stopped and the
twelve point surface fitting technique is replaced by a -

simple 1linear velocity extrapolation technique using the

four nearest hyd:odynamiclgrid neighbors to intefpolate the

velocity at the WARIC gfid'point. g
LT T B . Particle Generation Proéedureéml
S | .WKPIC' has three methods for locatinq:marker particléé
within the Eulerian cells. ‘Thesé meéhods are as follows:
| 1. Instéﬂtaneguslsaﬁssian ReleaSQ
}>4 e o In qeﬁeral,v'tuibnient Fi¢kia§ diffusion frdm'a point"
2 source in,hémogéneéqsguﬁi&ditectionél unbouhded flbw has a
E ,  three dimension31 ,ﬁaﬁssianv'chap3¢tet '(33)f The
? ~¢0hcentratibn ’fiéi& 'ééh*b§VdeScribed as éxhibiting‘nprmal'
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behavior around a maximum concentration., The assumption is
mad# in the WAPIC procedure that the so called
instantaneous point release, atter a sufficient dispersion
time, has some Gaussian character which can be described by
its standa:d 'deviations about some mean position in
cartesian space. The assumption is made that an initially
finitely sized evenly distributed waste cloud such as the

turbid plume from a dredge spoil disposal operaton can be

represented in the long term dispersion phase as if it were

a point release that had grown to a normal " Gaussian"
concentration distribution in space.

Several experiments were conducted using Gaussian
random number - generators, similar to those used by Lange

(28) , to place the marker particles inside the Fulerian

~grid cells. These technhiques proved to give particle

distributions - that displayed visual "bunching" or crowding

around the major area of release center and required

excessive computational time ‘to place a large number of

marker pérficle within the giid system. This problem was
directly related to the quality of the Gaussian random
nﬁmber generators,

An - alternative method was devised, This method
speCifies the number of-é&:ticles tolbe,placed:inbeach éeil

by using a Gaussian probahility function. The assumption

" is made that 99.5% of the particles are within a range of

% 3*sigma ( sigma= std. deviation from a given mean in

three dimensional space g). By speciEYing the'-three

dimehsional‘ grid cell and standara deviation'lengths,and,

AP S O

e 3
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e
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i
i the distance of each Fulerian ¢grid cell from the mean %
% particle position, the total number of particles per

é ‘ Eulerian grid? éell can be determined by a simple analytic

% Gaussian function. A uniform random number generator is

; % used (39) to locate the appropriate number of particles in

:%; | cach Fulerian grid cell. Should the need arise to utilize

; anothér type bof initial distribution of marker particles, %
: all that is necessary is to specify another analytic %
% function that will specify the number of partiéles per %
v% Eulerian cell, |
EE 2. Continuous Gaussian Releases

%é A plume or continuous Caussian release may be | f
| simﬁlated by releasing a Gaussian particle distribution at ?
% the point source location for each succesive time step. §¢
é; 3. Uniform Random:Distribution

é> ‘The option has‘ been included in WAPIC to fill any ‘o
i' rectangular volume in the FEulerian grid with a uniform %
?A random marker éarticle diSt:ibution. This,méthod may be )
@: useful in simulating the short term transport from an ;
;f »ihstantaﬁeous piuq or plane constituent reiéase. iy
i %
j ; H. Particle Settling Velocities‘ §
Q,E ~The advantage of»qﬁiliiing;the PIC method for‘modeiing ;
;i%f tranéporf “of Suspended“ééﬂimeht particlés is thét ’a |
‘?g spectrum of settlinq rates~£9;‘pa:tiCleskwithin the cloud - %é
‘?ﬁ SR ,may‘ be subérimposed:{uﬁbﬁl,fhe' édvectiVe and 'diﬁfusivé
1@» 2
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particle velocities, The assumptions are made, for sake of

simplicity and due to the lack of adequate field

Lo measurements of vertical density, that the water column is

vertically well mixed in density and homogeneous with

§ respect to vertical turbulence; and that a given Lagrangian

I

5» marker particle statistically represents a given mass of
j sediment particles in the vater coluan, all of equivalent

igg density and still water asymptotic settling rate, Ws.

% This particle settling rate is calculated by Watson's

-?5 | (40) empirically nmodified version of Rubey's (41)

3%5 ' analytically derived still water settling 1law for sand

! grains.

I

, 2 2 IR ‘ Y
L (98°u" + (4/3)SR™(p_ = p_ ) g - 32ap) _
i = P FL ;
;f S = pressure drag coefficient = 0,5303 dimensionless

i A = viscous drag coefficient = 0.623 dimensionless

;; R = partic1e-radius cm
| WS = settling velocity cm/sec

gu = fluid dynamic viscosity poise
p = mass density gm/Cm3

“! ~ FL, P = sdbsdripts for fluid or particle density
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This vertical settling velocity is then added to the

vertical advective and diffusive velocities to yield

= +
W WA W W

T (4.14)

S
or in dimensionless vertical velocity fora

= + ' -
mT w + wD mS V (4.15)

Using the above equation, a spectrup of particle seottling
rates can be represented by specifying sediment particle
diameters and densities for the individual Lagrangian

marker particles.

R
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V. ACCUARCY PARAMETERS, PARTICLE-CELL RELATIONSHIPS

Since WAPIC is a Lagrangian particle in Fulerian
finite difference cell technique, the questions may be
asked: What effects do the relationships between the
numbér of marker particles and the number of Eulerian cells
used to resolve their distribution have on the accuracy and
stability of WAPIC'S predictions? How well does WAPIC'S
three dimensional Gaussian distribution procedure produce a
truly normal <cloud ~distribution? A discussion of the
patrticle generation procedures and the aécuracy and
stability requirements of the particle in cell method

follovws,

A. Number of Eulerian Cells
A basic requirement for all methods that use Eulerian
qrid systems and finite difference or finite elenent
procedu;es is that suafficient grids are utilized to resolve
the concentration gradients of interest. 1In order to make

an appropriate estimate of the number of Eulerian grid

- cells needed to resolve the normal concentration

distribution in ~timevand space, the techniQue’employed by
Lange (28) will be used.
Consider the one dinensional finite difference
approximation to the diffusion velocity
, S e "~ .
B s i L

5.1
Gt ax A

u

i+172 0

by:droppinq the subscript'ﬁor‘the i+1/2 terms and expanding

i
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Ci+1 and Ci in a Taylor series about i+1/2 to the first

contributing term:

o,

U - x 3°A>;+1 S Ax® + H.0.T.7 (5.2)
series cfx  "IX 24 3x3 T P

Expanding Eq. 5.2 and dropping the higher ordsr terms

yields
2
g =_i_°°-i’.‘. ax )ic_ : (5.3)
F.D. c 9x 23 ’c-a’x3 :

The first term‘ on the right hand side of fg. 5.3 is
the exact differential vexpréssion for thé diffusivity
velocity, and thé 1second term is the first conttibuting
error ternm, Taking the ratip of the WAPIC diffusion
velocity approximation and the exact differential diffusion

velocity yields

U 3 2
- Ja A
EXACT ax )

In  order to obtain an estimate of  the effect of

~Eulerian grid cell size on the diffusion velocity error

“term in Egq. 5.4, consider the simulation of a one

dimensional Gaussian concentration distribution

c g.[,-x,z/zg,zj : | S ‘ ~ (5.5)

. standard deviation

9
]

Q= Mass released
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The first and third derivatives of Fg. 5.4 can be defined

as

3 - L Ze [HF0™y (5.6)
(o)

3 2

¥c ., _ Ox X 2,2

s}z 3 —3- [3 - —2—] e [-x /25' J (507)
, o o

Substitution of Egs. 5.6 and 5.7 into Eq. 5.4 , yields

U, 2 2

6;5;2; =1 - é%.(fi - 3)‘!§7 o _ (5.8)
EXACT o} o4 :

since 99% of all particles in a one dimensional Gaussian
distribution 1lie within a distance x=3*sigma ,the

substitution of'x=3*sigma-into Fqg. 5.8, yields

u. 2
= F.D. =1 _A_ff_i . (5.9)
EXACT 4c :

For purpose of illustration, the substitution of

sigma= OX or 2* BX in Eq. 5.9 yields a diffusion velocity
error of 25% and 6.25 % respectively. This indicates that

as more grid cells are used to resolve a given standard

deviatioh of the Gaussian partiéle.cloud, the WAPIC finite

difference approximatipn fbecomes'_an increasingly better

‘estimate of the exaci:analytic diffusion velocity.
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B. Number of particles Per Cell
The Lagrangian marker particles statistically

represent the dissclved or suspended mass in the ambient
flow field. Usually, for the case of numerical modeling of
horizontal mass tramnsport in esiuafine and coastal areas,
the turbulent diffusive transport ié on the order of 0.1-5
% of the advective fluid velocities (35). When the
particle cloud is small in relation to the scale of spatial
variations . in the advective veélocity field, then the
diffusive transport will govern the spread of the cloud
about its center of mass, while the center of mass beilng
transpdtte& with the mean velocity of the flow field. When
the particulate cloud reaches 3into a field of velocity
shear, then the advective velocities will dominate the
spread 6f>'the particle cloud,  Therefore, the more

particles that can be used to represent a cloud or mass

distribution in space, then the more finely can the

diffusive mass transport process  he simulated, provided
that there 1s accurate resolution of the veloéity field.
Howevér computer storage. requirements and run time ( Tun
time is firecﬁly propo:tidnal to the numbér of marker

particles ) may pl@ce limits on the nﬁmbetvofvparticles

‘available for a given simulation.

WAPIC stores ( IBM 370-155 , Portran IV ) the X,Y,%

coordinates and mass of each particle in one dimensional

- arrays. Figure 5.1 illustrates +the minimum amount of

storage  ( ‘real*@ } bytes reguired to handle these arrays
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versus numrber of particles.

Assuming that the marker particle cloud is three
dimensionally Gaussian, then the 1length or range of the
cloud is approximately 6*sigma ( 3*signma aroﬁnd the mean,
whete‘sigma is the standard deviation of tﬁe &istribution).
A ratio of sigma/dx of 2, ( where siqma/dx equals the
standard deviation to gqgrid 1eﬁqth ratio ) provides a
diffusion velocity with an approximate error of & % .
Thus, if 6% error is acceptable, there will be required at
least 12 grids (6x2) +to represent the particle cloud in
each dimension. Assume then that a 15x15x15 X-Y-Z Eulerian
grid can resolve the 'cohcénﬁration gradients within the
Gaussian cloud. WAPIC‘ utilizes three dimensional storage
arrays for the ©EFulerian U, V, W velocities and
concentration C‘and boundary cell flag M, Thus a 15x15x15
grid regquires at least another

5x15x15x15x4 = 67.5 k bytes of real*y

Using Pigure 5.1:and the above, for a Gaussian cloud

of 5000 marker particles, at least 157.5 k storage hytes

are required ~to. accurately predict the three dimensional
diffusion velocity. |

| As explained in Chapter 1IV. , WAPIC assigns a

fictitious cell volume the size of an Eulerién'grid to each
markeribparticle. This technigue allows the ovérlap of
patticle mass into its eight néarest neighbofing cells,
which tends to smooth the concentration field and thus the
diffuéion ‘velocities. Thé question might.be asked - How

few marker particles per Eulerian 'cell¢3vhen using the

e
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fictitious volume sharing scheme, will yield meaningful
results for particle diffusion velocity calculations and
therefore the diffusive spread of the particle cloud 7?
Lange (28) determined enmpirically that - " As few as one
particle will obtain meaningful results. With fewer

particles ﬁhan that, ie., when particles have no neighbors
around them, the diffusion velocity algorithm moves the
particle to a center of an EBulerian cell and freezes it

theres, "

C. Stability, Accurdcy , Time Step Restrictions
Since WAPIC uses a finite difference Eulerian grid, it
has a dynamic s*tability or time step restriction that
states +that the fastest moving particle can translate no
nore  than one half a cell length in a given time step dt.
This restriction 1is commonly used in vorticity transport
solution techniques (16) and numerical tidal hydrodynamic

models’(17,18,u2); and is defined for WAPIC'S uses as

EqIAt VoAt W At ]
R AX Ay LAz

< L | ;
<3 (5.10)

where U, , VT . wTare the Eulerian total pseudo transport

velocities at time T, and A&X, Ay, A7 are the grid cell

lehgths. _For purpdses‘ of this vork the above time step

'restriction in,‘Eq. 5.10 shall be called an accuracy
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requirement, or accuracy number. Roache (16) states that

"PIC methods exhibit high frequency oscillations in the

marker ‘particle field which may be visualized as a type of
instability in the solution ;pfocedure. The time step
restfiction acts to damp the anmplitude of these marker
particle oscillations in the Fulerian grid space. An
example of this solufion instability and the effect of the
time step restriction will be demonstrated in a subsequent
chapter.

As discussed in Chapter IV., should the user choose
not to wutilize the time centered iterative particle
velocity interpolation technique and the flow field

displays an eddy structure or curved streamlines, then the

time step should bhe reduced below the value given by Eq.

5;10, for accuracy of particle motion prediction. The

exact value of the time step needed is situation specific.

The author Tecommends, though, that the timé‘dentered
iterative technique be utilized, because of the substantial
savings in reduced computational time for a specified

accuracy of particle motion predictioh (37).

D. Choosing é Sténdafd Deviation ~ Grid Size Ratio

As discussed in Chapter  IV., WAPIC sinmulates an
instantaneous Gaussian ﬁreléasé in spaée by usiﬁg a normal
distribution equation ‘torrspecify the number of particles
per Eulerian cell. A:.;niform random - number geﬁerator

- IRILITY: OF THE
REPRODUCIBILITY OF
SRIGINAL PAGE IS POOR
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1

locates the individual particles in each Eulerian cell.

The question was asked how well does this procedure produce

a truly normal pagﬁicle distribution? This gquestion arises

from thé“”knowledge that the initial particle distribution .

influences - the short and intermediate time concentration

field when modeling mass transport in homog=2neous turbulent

unidirectional flow (33). Also, as mentioned previously,

the ratio of the initial cloud standard deviation and grid

'spacing determines the accuracy of WAPIC'S diffusion

velocity prediction, A rephrased question might be - How
many markééz paféicles are necessary to achieve a noreal
distribution with a given sigmay/dx, ( where again sigma/dx
represents. the  ratio of the standard de#iation to grid

length ), ratio  that will allow accurate short and long

term prediction of cloud dispersion ?

In order to achieve an accurate diffusicn velocity and

thus an intermediate and short term cloud disperson
prediction, a sigma/dx fatio ‘greatethhan one should be
used, and preferably a ratio of tué, which would be 94%
accurate in the diffusion velocity approximation. As the
ratio of sigmas/dx increases beyond two, the computer

storagqe - and run time 1increase because the size of the

Eulerian grid must increase. As in pure Eulerian schemes,

a - trade off exists between accuracy Of prédiction and
computational costs.

 Yevijevich (QB) -" . provides a méthod for testing a
particle distribution for normality. He provides two test

criteria for a Gaussian or normal character
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-0,10 < Cs < 0,10
and

where Cs 1is

coefficient of the particle distribution.

N .coefficient is a

the dimension of the variable, and is defined as
of the third central moment to the second central
the 3/2 power.

M_ = Second Moment
= Third Moment

C = Skewness Coefficient

where

X = Mean
N = # Samples
i=1

'Mr = Moment #

r=1, 2, 3...

The excess coefficient

relative to that of the normal distribution

66.

the skewness coefficient and B 1s the excess
The skewness

measure of the asymmetry independent of

the ratio

moment to

{5.11)

(5.12)

is defined as the excess kurtosis

e ]
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Lk where a normal distribution is defined as having a kurtosis

coefficient of 3. If E is negative then the distribution

has a shacrper peak than the normal dist:ibution, and if E

is positive then the inverse is true.

A procedure wvwas written to test WAPIC'S Gaussian
particle distribution scheme for ability to pioduce a
; 3 "truly" normal distributiop for iarfing: numbers of
particles at various sigma/dx ratﬁos; :Thrae dimensional
"“pher1cally normal® particle distributions were produced
for sigma/dx ratios of 1.0 to 3.0 in increments of 0.25,

i using 1000 to 10000 particles in increments of 1000 for

2ach ratio. The second, third and fourth moments around | i
the mean were calculated, which allowed the calculaﬁion of
%é the actual sigma/dx ratio, skewness coefficient and excess |
~ coefficient of each distribution. :

Figure 5;2 illustrates the actual sigma/dx ratios

derived from the estimated sigma/dx ratios at various

particle numbers. From this fiqure the following
approximations can. be made.
P ~ 1. Approximately 1000,1700,3000,4500 particles

are needed to achieve an actual sigma/dx ratio of

i
|
i
'
{
{

1.0,1.25,1.5 and 1.75 respectively.
2. At estimated ratios greater than or equal to

2.0 more than 10000 particles are necessary to achleve an

30 ‘ exact ratio agreement with the estlmate;

3. At an estimated ratio of 2.0, there is little
incentive to use more than 3000 particles, because thete is

b very lltfle change of slope in the actual llne from 3000 to
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10000 particles,

4. In order to achieve sigma/dx ratios greater
than 2.0 within an accuracy of 10% more than 2000 particles
are required.

Figure 5.3 1illustrates a plot of the particle
distribution X-skewness coefficients at sigma/dx ratios of
1.0,2.0,3.0 versus the number of marker particles. From
this figure +the conclusion is made that WAPIC'S procedure
produces particle distributions well within the skewness
constraints regardless of the number of particles and
sigma/dx ratio, within the limits tested in this example.

Figure 5.4 illustrates a plot of +the X-eXcess
coefficients at sigma/dx ratios of 1.0,2.0,3.0 versus the
number of marker particles. From this figure the following
conclusions are drawn :

1. At sigmasdx ratio of 3.0, a negative excess
kurtosis is produced when less than 3000 particles are
used.,

2. WAPIC'S érqcedure produces an excess
coefficient ‘for a-normal distribution for sigma/dx ratios

of 1.0 and 2.0,~vell within the range of exéess of a normal

distribution for sigmas/dx ratios of 1.0 and 2.0 for all

particle cases tested.

|  The‘méthod produces a normal distribution with a
slight negative’kurtosis ( greater than -0.5 ) for particle
uumbers"greater ihén' 3000,’ indicating slightly higher
cdncentration gradients in the center of the distribution.

In .general, Figs. 5.3 and 5.4 illustrate the
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effectiveness of WAPIC'S Gaussian particle distribution

procedure in producing a "truly normal" distribution.
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VI. TURRULENT DIFFUSION AND DISPERSION
A.~Definitioﬁ of Diffusion and Dispersion

Within the literature of numerical modeling of mass
transport the processes responsible for net transport of
dissolved or vsus§ended constituents in a turbulent fluid,
are advection;tfﬁiffnsion, and dispersion (4) . Advection
refers to fhé transport of some dissolved or suspendedn
constituent by a  spatially or time averaged velocity
component, |

A qualitative definition of diffusion and dispersion
has been suggested by Holley (47) - " Let diffusion refer
to transport. in. a givenzdirection due‘to the difference
between the true conveétion in that direction and the time

average in that direction. Let dispersion refer to the

transport in a given direction due to the uncertainty in a

given direction due to ‘the spatial average in that
dicection."

The ~ tucrbulent ’ensemble time averaging of the mass
traﬁsport equation produces a mean advective flux term and

non linear advective terms of the form (4,17)

2 - i=1,2,3 ‘ (6.1)
i

This nonlinear advective term is impossible to specify at

every given time and spatial point in a continuum. The

assumption, which has physical validity, is that turbulent

diffusion develops a " Gaussian" or normal concentration
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distribution 1in space centered around a mean value in that
given dimension of measurement (33). The linearizing

assumption is made that

?9C
K, - {(6.2)

rEN (,Ui' 0 =axi a—-x;;_

where

oc _
4 3%, @ T ch | (6.3)

This allows the formidable time averaged values of the

‘product of the deviations from +the mean of the

concentration and velocity field, to be replaced by the
product of a constant coefficient and the gradient of the
mean concentration.

In a similar manner, the three dimensional nass

transport equation may be also spatially averaged with

reference to deviations from the spatial mean velocity and
_concentrations. The gcadients of the spatial average of

the product of the deviations of concentration and

velocities from the mean values are replaced by the product

of an asymptotic "dispé:sion" coefficient and the spatially

~averaged mean concentration gradient.

~The processes of turbulent diffusion and dispersion

can be visuwalized as the fadvective"™ transport by

2,



B NN g T T

75.

components of velocity ;hich deviate from the time and
spatially averaged mean component of the velocity, ie.
"turbulent velocity fluctuations." Assuming that the
molecular diffhsion scale is small compared to the scale of
"turbulent" motions of a fluid particle, turbulent
diffusion and dispersion do not exist; there is only
advection of suSpended mass by random velocity components
(33). The terms turbulent diffusion and dispersion are
mathematical desctipt#ﬁhé for Aextra terms left ovet from

the time and spatialy averaqging of the three dimensional

- mass transport equation.

Deterministic numerical mass transport models linearly
simulate the turbulent transport of a suspeﬁded constituent
éhrough a distribution of finite grid cells or elements in
space, Due +to computer storage and computational time

limitations, the numerical soclution to the partial

differential equation must be represented by discrete tinme

‘steps across finite grid lengths. The continuum technique

is to advance the initial concentration distribution
through time across the finitely ﬁividédrspace‘domainy
Numerical models thus employ bhoth time andv spatial
averaging iechniques to estimate a given leve1  of
constituent. | ’V |
'Fof“lﬁhe numericél  modeling purpoéés of this work,
Fickian diffusion and dispersion will bé'cdﬁsiqeréd to be

one and the same, as opposed to the definitionS”Qf’Holléy.

In lieu '6f a more vproper choice, the tetm;furbulent

diffusion will Dbe used to describé the uncertainities in
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the spatial and time averaged values of the mean advective
and concentraticon field.

Thus K 1is a coefficient relating the dncertainty in
the measurement of the advective velocity and concentration
field due to time or spatial averaging the instantaneous
f£low and concentration field, Components of motion which
have length and time scales smaller than that used by the
numerical or analytic solution technique, way appear as as
sub grid turbulence or may not appear at all. Turbulent
advective motion with time and length scales greater than
that usedvin the numerical system are difficult to specify
S within the field, ‘and as will be discussed shortly, are
approximaied empirically by a scale dependent diffusion
law,

~Before presenting the methods for éStimating diffusion
coefficients , a discussion of " Fickian™ diffusion and the
"gscale effect” din turbhulent mass transfer wouid be

informative,

B. Fickian Diffusion
As 'preViously stated, the turbulent diffusion
coefficient  is used to replace the non linear terns of the
form 4d/dax( E?E.), which result from the averaging process.
The pbpularly_'termed Reynold's shear stress andlogy,
eaployed by Von Karmann in 1934 (hB) for a stationary

'hémogenemus “turbulent = flow field, states that the rate of

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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§ transport of any characteristic of a fluid across a ;
BE streamline ( heat, saliniiy, silt, etc. ) is proportional 2
! :

% to the qradient of momentum ( or of the given property ) in f
o g : |
o the direction of transfer. |
T ]
g
. ‘
R U,.'u.’ U,' cf . : .
Lk 1 J _ 1 4
i y = =K, =E, o :
o IR 157, T 7, T B €4 g
i : !
U

i.
% This analogy allows turbulent diffusion to be defined in
% the same manner as molecular " Fickian'" diffusion which has

a " Gaussian'" character (33).

C. Statistical Properties of Diffusion
The asymptotic FPickian description of turbulent eddy

diffusivity asSdmes _thatathe free stream turbulence has a

stationary and homogeneous character. In the ocean,

-
1
ES
4
4
4
i
3
3
¥
j!
-

y'f SRR turbulence is not homogeneous or stationary. The
observation was made (33), that eddies larger than the

~particulate .cloud, advect it as whole,'while smaller scale

.  eddies produce a scattering of the cloud around its center

of mass. As the <cloud expands 1in size the boundaries

: 4 e betyéén the eddies cbntributing to advection and those

-responsible for diffusion shift ‘to'”largestcales, The

3 cloud then goes through a short explosive expansion stage :
(33).  The turbulent Fickian approach for describing cloud ; ?;
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expansion as a linear function of time fails to explain
this behavior.

An aliernate approach for  describing the diffusion
mechanism is the "stochastic" or statistical approach
empioyed by Taylor (49). Taylor's equation fof ohe
dimensional diffusion in-a turbulent stationary homogeneous

mean flow field is defined as

o, )y = 2 u, (t - ™) Ry ar ‘ (6.5)
[e) i (7 .

where -+ Oi(t) = the radius of inertia of the particle
cloud, equal to the r©rms of instantaneous particle

displacement,( x2) % and,

R = SO TETOAE o (6.6)
s 1 i . . . .
i(r)- ' ' : ‘

is the - Lagrangian cocrelationkcoefficiéht of the particle

velocity distributions taken over the interval T to T + AT;

R
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where

T = the time lag

——

UE = the mean squared instantaneous turbulent velocity in

the,i-directioh.

Equation 6.5 describes the diffusion of a fluid
particle about the mean positioﬁ of the group. If the free
stream turbulence is convécted at a velocity Ui, then
diffusion refers to the instantaneous displacement from a
poiht moving with velocity Ui. a A general form of 61i(t)
for all time t is difficuit “if not impossible obtain
because of the fuanctional dependence on the Lagrangian
correlation coefficient. The Lagrangian correlation
coefficient of the velocity field is independent:iof timé
for a stationary process and is an even function. This
variéble déscribes the "persistenceﬁ of the value once it
is realized.

Equation 6.5 can be approximated, though, at the
limits, =0 and TP -winfinity. At a very smali diffusion

time ¥ -» 0, where the lim Ry! M=1, Fg. 6.5 becomes |

N , - ,
0,7 (1) =T,'7 At : ‘ (6.7)

This relationship states that at small diffusion times, the

E standard' deviation of  the patticle cloud grows

apprdximately linearly‘with'time.‘ This phase is called the
linéé: .phase,' where:'thé'centér‘of_mass‘of'the relativély
small”cioud]meahders,»with reference)td.affixed framé;'with

the_.fﬂrbuleht_motion'of the eddies. Thé.élbudvis so small
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that the relative diffusion is due to sub-inertial range
eddies.,

When 4 -» infinity, the so called asymptotic phase of
diffusion, the <cloud is large compared to the energy
containing eddies. The center of gravity is no longer
subject +to displacement by turbulent eddies and 1is
translated solely by +the mean wmotion, +the turbulent

diffusion coefficient being defined as

2 :
1l doi =2
- = t =
2 dt v L Ki Asymptotic (6.8)

%L = Lagrangian time scale

where Kir is a " Fickian" constant diffusipnrboefficient,
and the standard deviation of the cloud grows as the square
robt of time.

During the’ intermediate stage of difquion, 0 <’?v<
0o, the relative diffusioun is dominated by eddies on the
order of the size of the cloud. Dimensional codsiderations
by'Batcheldrg(SO,51), show that

19 173 ap '
= = +
= € 95 Ki()

Intermediate ;6.9)

"Equation 6.9 states that the apparenﬁ eddy diffdsivity is a
non-linear function of time and 'increasés with the 4/3
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f X power of the <cloud standard deviation., The validity of

f this relationship was first demonstrated by Stommel (52).

Eq. 6.9 may be integrated to yield (33)

PV S VRN (6.10)
1 o]

? ’ In terms of time elapsed from the effective origin, t , the

é ; particulate ~cloud grows, or explodes, as (t - t,ﬁa .
This bebavior, is in contrast, to the (t)vz grovth in the
asymptotic Fickian diffusion stage, or in the initial ?
linear growth stage. Csanady shows that therlifetime of
this explosive stage is relatively short, or shortér than
the lifetime of the energy containing eddies. As the cloud
continues to grow the asymptotic diffusion stage is
reéched, ‘where the <cloud beconmes large compared to the
turbulent eddies. Csanady summarizes the governing
mechanisms for horizontal’cloud spread in the ocean:
" If the release of marked fluid takes place some distance
from tthé shore, the field of turbulence surrounding the

’ effluent  may be expected to be horizontally homdgenQOus to
a -gcod - approximation, Our theoretical resultS, should
therefore apply to such’ releases; in pérticular; if the
initial cloud size 1is small compared to‘fthei éfbiqal‘
horiiontal eddy, a phaée of acCeleratéd pglétife (ﬁ/3'1aw{
diffusion should be ohservable, during ;hichrthe/cioud
grows non-linearly,’wi£h timef. The dhration of this‘phase

should be relatively short, and be followed by the

asymptotic phase, whe:e the_vCloud grows with the sguare S ' iﬂ
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root of time."

Some striking support can be found for Csanady's
observations in Sayre’and Chang's uork'(53). They cite the
experimental evidence of Yotasukurz, et. al. (54), Glover
(55), and Godfrey and Frederick (56), for longitudinal
diffusion in homogeneous turbulent bounded channel flow:

" Tn general the aqgreement for Fickian theory and
experimental observations 'is poor in the early Stages of
diffusion, but tends to improve with increasing diffusion
time or distance from the source." No comment was made
about any attempt by Sayre and Chang to fit the initial
data with a 4/3 +type <cloud growth 1law, though. They
recommend that ,“ The Gaussian or. asymptotic turbulent
~diffusion mechanism be used for prédicting diffusidn at
large times or distances from the source in flume diffusion
studies; "

what these flume diffusion experiments could nunot
ascertain is that when a dye patch becomes on the order of
1 kilometer or larger its diffusion rate increaseé sharply
again, as 1if the 4/3 power was valid over a mu¢h larger
,range ~of eddy motion. Hunter and Spauiding (7). provide a
review of attempts +to validate the u)3 law in the ocean,

éomparing_the work of Yudelson (57), Okubo (58) énd Koh and

 Chang (5);, Pigure 6.1 shows a comparison of Okubo‘s»déﬁai

~and a least -squares fit (composite)' for diffﬁsion,b»

_ coefficient versus length scale. Where the 4/3 law is

K= R e s ery e R (6.11)

[E——
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Hunter offers

0.9983

K. = 0.10 1 in cm. (6.12a)
1 1

Ki = 0.0059 lio'9983 in feet (6.12b)

This indicates a nearly a linear growth dependence for the
diffusion coefficient with thé cloud length scale. 1Indeed,
a theoretical poini source release which expands to the
order of kilometers would experience a cascades of turbulent
eddy sizes or scales of motion thus experiencing a
multitude of 1linear asymptotic, and non-linear scale
dependentrrdiffusion phases, The ‘'practical utility of
fitting a straight 1line to the above data obhscures the
cascade of cloud growth phases.

The discrepancies between sinple statistical theory
énd actual diffusion iheory are evident from the fact that
~turbulence in a  flow field is not homogéneOus; ie., many
scales of eddy motion are présént. As a particulate cloud
'expaﬁds, 1afqe turbulent. eddy scales come into play. A
cOnstant‘_eddy‘ diffuéivity plateau (asymptotic) is.
intermit£ently ‘teached, and then surpassed as thé cloud

reaches into a- larger scale flow structuré, the cloud;
seeming to explode, growing with (t~t°.)3/2;' for a
relatively short time.

et

——t

R
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If these larger scale flow structures can be regarded
as a velocity shear of the mean flow field, then the
increased «cloud growth —rates may be attributed to the
non-uniformity of this field (33). As a practical measure
Csanady recommends that the homoéeneous turbulent mean
velocity field model be retained and the use of empirical
( 4/3 1law) data on <cloud growth be used to predict

diffusion coefficients.

D. Practical Calculation Methods

For practical use, in predicting transport of
constituents in numerical models, diffusion might now be
defined as the tarbulent deviations in the mean velocity
field due to the time and spatial averaging processes.

1. Horizontal Diffusion-

The . work of Elder (59) has been applied by Holley,
Harlehan, and Pischer (60) to estimate horizontal diffusion
coefficients in the tidallyr dominated‘ estuarine

environment. Hunter and Spaulding adopted Flder's method

with the addition of Leendertse's (61) formulation for the

added effects on diffusion due to the wind.
o= E +
Ki Ki( lder) KWIND g . | (6.132a)

vhere the Elder diffusion coefficient relations approximate

the observed spatial variations in the mean flow field in a
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given dimension (shear} to the +turhulent diffusion

coefficients ( popularly termed dispersion relations)

K. = 5,93Hu* = K = K Offshore (6.13b})

X X Yy

K = 0.23Hu* = K_ Estuary (6.13¢c)

Y Y |
Kz = 0.06Hu* (6.134)

and the added effects on the total Adiffusive transport dus
to the wind are approximated by a scale dependent 4/3 cloud

growth law

0.9983
T . N e
KWIND 0059 lx (6.13e)

1 = 3v2g 5 =1 , : ‘ (6.13fF)
x xy ¥

These modifications apprbximate the added effects of the
wind in the form of +turbulent eddies, surface drift
currents, and predicts diffusion whan the mean velocity in
the  tidally driven flow field is =zero. A first order
estimaﬁe of the length scale of the diffusing cloud might
be the physical horizontal Fulerian grid size, or a typical
vertibal- depth of the hydrqdynamic field, Thus for a grid

size equal to a nautical mile, ( 6800 ft. )}, a first guess

for an asymptdtiqjdiffusiOn coeffidiant might be

X =0.0059 (6076)°°2%87

2 ‘ S
= 40 Ft /sec . 6.14) ;
%,y EEY | (6:34) ;

The horizontal diffusion terms can then be calculated at

‘points  throughout the Fulerain qrid using FRldec's

£
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relationships, ( Egs. 1% b,c,d ), modified by the addition
of a U4/3 povwer law to take in the added effects of the
wind, ( Egq. 6.13 e ), as large scale turbulence within the
flow field.
2. Vertical Diffusion and Sediment Transport

As stated by Hunter and Spaulding (7) - " Diffusion in
the vertical direction is restrained by the bottom and the
free surface, and by the magnitude of the vertical
component of +the flow, which is normally very small
relative to the horizontal flow. Thus it has an effect
several orders of magnitude smaller than that of horizontal
diffusion. The 1latter, however, is still a small effect
vhen diffusive transpért is <compared with advective
transport. This 1is not likely to be the case in the
vertical direction, -since the vertical flow is also very
spall, Vertical diffusion and vertical advection are very
closely related effects, since they are driven by the same
force‘ (instability). Since vertical diffusion is also
highly dependent on wave actiomn, it is likely to be more
impoftant than advection." Numerical mass transport
schemes normally use diffusion alone to model vertical
transport of constituents, because of ignorance of the
vettical’advective field.

The probedure is to calculate the vertical’diffusion

coefficient by a correlation with the Richardson namber (7}

D.nl_ga

density of water (6.15)
vertical level

total depth

horizontal velocity

R, = g/p .7(U/h')'2 ‘where

L

'S NTD
| S | S O
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which relates the stabilizihg forces of the vertical
stratification and the destabilizing forces of the lateral
shear flow. Table 6.1 details a summary of the

experimental values of the vertical diffusion coefficient
in the ocean and Table 6.2 {from Spaulding (32)) details
various attempts :to correlate Kz with the Richardson
number, Hunter and Spaulding applied Pritchard's equatiqn

{62) for calculating vertical diffusion in the Providence

River. .
2 .
Tip (U,) ; ‘ '
Z 2 -2 (H=z) * WH
= e (H - 1+ R, ) 4+ —— ——
K > ( z) ( Bp 1) e T
L | (6.16)
: - =2TTZ CL=2
EXP 1+ R,
(G @+ BRy)
whezre
ﬂp, Bp, ap,‘are adjustable constants Ri = Riéhardson #
z = distance downward from surface H = total depth
WH = wave height ) 'Uz = horizontal Velocity at z
WL = wave period
WL = wave length
oF THA

‘The 1problem with Eg. 6;16‘ is that the physical density'
fieid and wind field must be measured, and this may indeed
be difficult when ttying td estima£e‘diffusion'coefficients

in offshore areas. In addition, the eguation has only been

stz
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SUMMARY OF VALUES

OF VERTICAL DIFFUSION COEFFICIENT KZ
(s) '

-3
=5

IN THE OCEAN

em®/sec (at 20°C, 1 atm)
cmz/sec (at 20°C, 1 atm)

Note: Molecular diffusivity for heat: 1.5 x'10
salt: 1.3 x 10

Vertical Diffusion

Current or oceanic  Depth of Coefficient :
region layer (m) " {cm*®/sec) : Reference
x Philippine Trench 5000-9788 2.0-3.2 Schmidt, 1917 3
: Algerian Coast - 0~ 20 '35-40 Schmidt; 1917 |
i Mediterranean , 0-. 28 42 Schmidt, 1917 o
: California Current 0- 200 30-40 - McEwen, 1919 :
Caspian Sea 0- 100 1-3 Stockman, 1936
Barents Sea ———— 4-14 . Subov, 1938 o
Bay of Biscay 0- 100 2-16 Fjeldstad, 1933 » by
Equatorial Atlantic ‘
Ocean ; 0~ 50 320 Defant, 1932
Randesfjord 0- 15 0.1-0. 4 ~Jacobsen, 1913 ? & b
Schultz Grund 0- 25 0.04-0.74 Jacobsen, 1913 i
Kuroshio . 0-.200 30-80 Sverdrup-Staff, 1942 P
Kuroshio " 0- 400 : 7-90 Suda, 1936 o
Southern Atlantic '
Ocean 400-1400 5-10 . Defant, 1936 , %
Arctic Ocean 200- 500 20-5¢C Sverdrup, 1933 ‘ L
[ ~ Carribean Sea 500~ 700 2.8 ‘Seiwell, 1938
e , .- South Atlantic Ocean 3000-Bottom 4 Defant, 1936
b © South Atlanti¢ Ocean Near Bottom 4 Wattenberg, 1935 y .
West Atlantic Trough , ' : e
P (50°S to 10°N) Near Bottom _1-50 Wiist, 1955 b
b - North Atlantic ‘ ~ :
P ' Indian Ocean S ' . , , : 8
P Pacific Ocean Near Bottom 4-130 - Koeczy, 1956 X ;
Tidal Channel ' ‘ Bowden, 1965 o -
! (Mersey estuary : 0- 20 {with R from , 5
I and Irish Sea) (bottom) 2-40 0.1to *2.0)
! Near Cape Kennedy, ‘ 19 {in August) Carter and Okubo,
Florida Surface Layver 1.3 (in Summer . 1965
Bikini Lagoon - 0= 50 260" - Munk, Ewing and
: {(bottom) : , : ‘ Revelle, 10409
Coast of Denimark ' ‘ : - 0,05-1 Harremoes, 1%o7
-.Californta Coast i o 00110 Foxworthy, Tib v
B L e L ) and Barsom, 1966
----- -- SR 4 ' 15-180 Stommeel and
TR : ‘ : {at wind force Woodcock, 1951 ##ud
. , R 3-4) : :

# As given by Defant, 1961
®% As given by Bowden, 1962
o ¥ Ag piven by Harremoes, 1967
Lo X%0% As given by Wiegel, 1964

TABELE 61 Summary of Values of Vertlcal lefus:Lon (5);
R ‘ Coefflclent K, ln the Ocean . . A R
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SUMMARY OF FORMULAS
ON CORRELATION OF VERTICAL DIFFUSION COEFFICIENT K

WITH RICHARDSON'S NUMBER R (OR DENSITY GRADIENT )
(Reference 5)

Note: Kz'O + K at Rl =0, i,e,, the neutral case B : proportionality constant varies
z from case to case

- Rossby and Montgomery K = K 0 (1 +8 Ri)'l
(1935)% z
Rossby and Montgomery K, = K, (1 +8 Ri)'2
(1935)* Z z
1943)% s -a R
Holzman (1943) Kz Kzo (1 -9 i) Risél"
Yamamoto (1959)% K = K ,(-gR)/? 1
: 'z 290 i R < 8
Mamayev (1958)* K = K e‘BvRi
, z 'z 0
. | | . -3/2
Munk and Anderson K. = K 0 (1 +e R.)
(1948)%x% z :

g = 3,33 based upon data by Jacobsen (1913)
and Taylor (1931)

Harremoes (1968) K. = §x 10—33( 6-2/3

anote: ¢ in m-l; approximate experimental
-5

cm /sec‘

range 5x10 9<€< 15x10" " m”

Kolesnikov, et al : K, = i.n e /sec
(196 14088 K min
Kz min d.ﬂd 8 are empirically determined
to be:
K, . =12, 8=83x 107° (1958 and
: ‘mmk 1960 observations)
K . = 2,8 =10.0x 107> (1959
Z min ,' observations)
Koh and Fan (1969) K= 1074 Y tnm
and Fan ). ’ K =107 7/e (K lncm/sec finm™

2~l

4 x 10 Tee <107

AsgAvohby Okubo (1962)-
"As given'by Buowden (1962) . :
ot The formilas prowntt.d inthe translated versxon are aonarentl\ crroneous.

;"I‘ABLE 6.2 Summary. of Formulas on CorrelatJ_on of

Vertical Diffusion Coefflclent KZ with the
Richardson Number, R;., (or density gradlen*) (5)

o @ ‘@ @ ‘8 e & e ‘¢ e-'@ ‘@& ‘e '@
W e e v e :
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verified for the James River.
Csanady (33) remarks that the assumption that the
vertical mean velocities and turbulence levels are small in
ccmpariscon to those in the horizontal is true only when the

wind is relatively 1light. He cites the existence of

Langmuir circulations ( after Langmuir, (63)). When strong

winds are present ( Langmuir circulations are invariably

present for winds above 16 ft/séc), and in particular when
the surface is strongly cooled, large scale horizontally

aligned vortical flow structures, with axes parallel to the

wind, sweep water downward from the surface to the first

stable sheet (64,65). These are commonly known as
windrows, being horizontally parallel rows df vortices

having opposite rotational direction, with areas of.

upwelling and downwelling alternating between the rows.

Fcam and debris accumulate at the lines of confluence of

the  vortical rows. ( Pigure 6.2 ) Their exact physical

mechanism is not knoyn (66) , but whatever the mechanisn,
they rapidly distribute a "marked fluid" over the vertical
rande from the surface to the first stable sheet (33).

This mode of transport is not a turbulent mechanism,

but is an advective flux, and cannot be described by a

Richardson type vertical diffusivity coefficient

formulation. If Langmuir circulations arekpresent; then

“the effect is to rapidly disttibuté‘a‘marked fluid from the

surface down to the first stable sheet.
For more practical purposes of calculating sediment

transport, a conservative estimate can be made, if no field
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HORIZONTAL EXTENS (METERS)
200 100 0 100 200

v ¥ ]

METERS
DEPTH

1.0 P.P.B.

METERS
DEPTH

AT T -
QZ 2 WINDROWS

A
y

_ FIGURE 6.2 - The Nature of Lahgmuir Circulations (Reference (33))
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data is availésie, thst the sater cblumn {s:well mixed, and
a constant vegtical eddy diffusivity san Sétbe estimated by
BEg. 6.13d, or others given by Hunter and Spaulding (7) in
Table} 6.1 . If enough data is present, the formulation of
pritchard, Eq. 6.16, may be used.

Whén: sonsidering the turbulent transport of
non-buoyant sediment partiéles,E the specification of the
vertlcal turbulence* level takes on nev2 importance,
Turbulence suspends the particles within the water coluamn,
just as Jdust particles are suspended by the * Brownian®
random molecular motions.

For - sedimentary particles, the rate of turhulent
diffusiss; transport  of mass of <concentration <c in the

ﬁluid,bmay be written

e
BK_ =~ —— , (6.17)

2 3z°

o/

wvhere beta is a constant on the order of unity, which is

specific to a given constituent®s physical characteristics,

‘Such as diameter and roughness. Experiments by Vanoi (44),

~later confirmedi by Brush (45), and Milano (46), indicate

that beta has a value ‘eQual to one for sediment grain
diameters 1less than 0.2 mm. for a dilute suspensioﬁ less
than 3 % by weiqht of sediment. |

In  still, non-turbulent vatér, if it were not Eor'

~vertical turbulence, 'hégatively buoyant particles vould

drop out of the vater clounn v1th a nearly constant rate

equal to the asymptotlc frce fall veloc1ty. Murray (67)
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demonstrated that +the vertical turbulence levels produce
oscillatory vertical particle motion for entrained sediment
particles. which in effect retards the f&ll out rate from
that predicted by simple asymptotic free fall theory.

When trying to predict entrained sediment motion,
WAPIC calculates a spatial-time averaged vertical diffusion
velocity proportional to the product of the diffusion

coefficient and the concentration gradient ( see Fq. 3.6 ¢

A suspended particle is. assumed to move with a vertical
velocity which 1is the sum of the free fall settling
velocity and the total vertical pseudo transport velocity.

For purposes of illustration, assume that a channel 30 feet

‘deep exists with a uniform Xdirected mean velocity of 7.0

ft/sec.

The diffusion coefficient may be estiméted using a
manning coefficient of 0.020, and from Eq. 6.15-d, a Kz=
0.09 ft2/sec. A particle of 0.000083 ft (0.0025 cm) mésh

diameter with a specific density of 2.6 yields a settling

velocity of 0.003 ft/sec trom Rubey's modified settling law

{ Bg. 4.13 ) Assnming'a vertical mixing leﬂgthiof 3.0 feet

{ a very conservative estimate, which equals 30ft/10 HAPIC

vertical grids) a diffusion velocity may be approximated as

@y = 0:09 rt’ /sec

= 0.35 Ft/Sec (6.19)

ey
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Tnd eed, this value is ten times larger than the sediment
free fall velocity. A large diffusion coefficient with a
corresponding small vertical settling velocity may result
in large excursions for a WAPIC particle leading to

oscillations 1in the vertical concentration field if the

‘simulation time step (or vertical accuracy number) is not

sufficiently small. This effect will be discussed in a
section of the foiloving chapter. The choice of vertical
diffusicn coefficient will help to determine the fallout

rate in the simulation of sediment transport.
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VII. VERIFICATION AGAINST ANALYTIC SOLUTIONS

Before WAPIC <could be applied in the simulation of
mass transport of sediumentary and pollutant materials in
the <coastal zone, some preliminary verification work was
necessary. The purpose of the following studies was to
test WAPIC and gain experience in the adaptation of HWAPIC
to various three dimensional mass transpert situations.
Five verification studies against analytic solutions to the
mass transport equation’ were performed. The various
operating parameters for each test case are summarized in

Table 7.1 .

A. Unbounded Unidirectional Turbulent Flow Field

4 spherically symmetric +three dimensional Gaussian
marker particle distribution was instantaneously released
into a steady-uniform X-directed velocity field. Two
thousand wmarker particles were placed, with a normal
distribution 1in +three space, within a 15x15x10 X-Y-2
Eulerian g¢grid. A standard deviation to grid spacing ratio
of 2.0 in the horizomtal ( X-Y ) was utilized in order to
approximate, to within 6% , the correct diffusion velocity,
thus insuring the propagation of the initially spherical
marker. patticle diStrihution in time. Uniform and time

independent eddy diffusion coefficients were utilized.
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TABLE 7.1 ‘Operating Parameters for Verification Against Analytic Solutions

FT | TIME BOUNDARY # NUMBER INITIAL MISCELLANEOUS
X STEP CONDITIONS GRIDS oF | sTaNDARD OR DISPERSION OPERATING
Ty GRID GRID #x PARTICLES | DEVIATION COEFT. PARAMETERS
z t EXP, TRANSL, | #Y ‘ FT. FT" /SEC
SEC R 1 % 990 °zo
XY z X Y 2z X Y K, xy K,
500 1.0 15 : 8
500 | 250 0.0l Yy vy v Y 'y y|1s 2000 1000 1000 1.5 50.0 50.0 10001 | Q = 10
1.5 0.0 10 o
500 1.0 15 ; Q. = 0.0001 sec™t
500 | 250 0.0ty Y v Y ¥ Y {is 2000 1000 1000 1.5 50.0 50.0 0.0001] uY = 1.0 FT/SEC AT CENTER
1.5 : 0.0 10 ' OF CLOUD
120 1.0 45 Tyax = 1930 Secs.
120 60.0f 0.0 N N N N N N{20 2816 240.0 240.0 3.0 50.0  50.0 ,0001 0= 108 22 = 108
3.0 0.0 15 ot
SR # PARTICLES/STEP = 88
30 1.0 15 REFLECTION AT
30. 15,01 0.0 | ¥ N.N Y N N |15 2000 60. . 60. 2,0 25. ° 25. L1l Y-Z BOUNDARIES
2.0 0.0 15 W = 450 FT
: H = 30 FT
240 60 1,0 15 MANNINSG COEFF, = 0.020
30 30 0.0 ] N NN Y N N 3 3000 NA NA NA 0.0 0.0 7.7 H = 30 FT
2.0 20 0.0 3 EQUA | PARTICLE SETTLING RATES
: 0.0005, 0,001, 0,005, 0,008
0.01 FT/SEC
REFLECTION AT SURFACE
DEPOSITION AT BOTTOM
NA = DOES NOT APPLY {1 = SHEAR RATE (SEc'l)
Y = YES N = NO 7’ = DEPTH W = WIDTH
Q = MASS

T

°'L6

-
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Comparison was made against a three dimensional

analytic solution of the form, given by Quesada (68) -

Q
c(x,y,z,t) = 5
2 2 2 1/2
(2ﬂ)3/ (6  + 2K t)l/ (. + 2K t)l/z(o + 2K _t) /
pide) X yo v ZO z
(x ~ Uot)2 2 zl
x EXP (=~ 5 - — b4 -— ) (7.1)
2(° + 2K t) 2(c° +2Kt) 2(c° + 2K t)
Xo X YO y 20 - Z
o) = initial standard deviations
X0,Yo, X0
U, = uniform steady current velocity
X,Y¥,Z = distances from initial center of mass of cloud
Q = mass
Kx‘y . asymptotic x,y,z turbulent diffusion coefficients
7 E

Equation 7.1 states that the standard deviations of the
cloud ©particle distribution in a homogeneous turbulent

steady flow field grow in a " Fickian * mannert,

= 1/2
o, = (o, + 2K %) (7.2)

as the center of mass of the cloud moves downstream with
the velocity U (33).

Figure 7.1 illustrates a two dimensional X~Y view of
the WAPRPIC particle distribution  at time T=0, and 10000
seconds. The axes of Figute 7.1 are in dimensionless X-Y
grid units, vwhere one grid unit = 500 length units. The

center of mass of the cloud has ¢ranslated a distance

"UAT = 10000 1length units.  Figure 7.2 details a direct

quantitative comparison of WAPIC and the analytic solution
for cloud concentration plotted as a function of downstream

distance ( in grid units ) . The concentrations ara
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plotted for; ?he cloud, at yatiohé times, along a line
through the initial maxinum concentration which is parallel
to tﬁgl downstream x axis. WAPIC concentration predictions
are within ‘an ébsolute value of 5 % of the analytic
solution values. B

An effort‘uas made to illustrate the three dimensional
diffusicn process by producing two'vdimensional  X-Y

concentration “contour plots at various Z-levels, Figurés

7.3 and 7.4 iildstrate. analytic and WAPIC contours of

concentration at tinmes T=0,5000, and 10000 seconds. (

Please ighoreﬂ the differenéel in 2-levels in each,
R el

correspoﬁéing fffaie " of Figé.% 7.2 and 7.3 nwahis three

dimensional unbound=d diffusion study, verified WAPIC'S use
of the translating and expanding grid options, and the

approximation to the one dimensional diffusion velocity.
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WAPIC VERSUS ANARLYTICAL SOLUTION

DIFFUSION —~ INSTANT. GARUSS. RLSE. IN UNIFORM X-FLOW
CONCENTRATIONS ALONG A LINE THROUGH THE INITIAL MAXIMUM * :
CONCENTRATION + PARALLEL TO THE DOWNSTREAM AX1S g
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~ CONCENTRATION CONTOURS

OKUBOS ANALYTICAL SOLUTION

 DIFFUSION OF AN INSTANTANEOUS GAUSS. RLSE. IN UNIFORM X-FLOW

Ox &y Oz= 1008,100051.5 DxDyDz= 50.0,50.00.001
3x Oy 8z=500,50051.5

 ZLEVEL= 3.

TSTEP=

> af 1
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 ZLEVEL=5,0 TSTEP= 5000.0
8 ﬂ
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; X e
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- FIGURE 7.3 Concentration Contours, Okubo's Analytic Solution for Diffusion of an Instantaneous
. Gausgian: Release in Uniform X-Flow
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- CONCENTRHATION CONTOURS WAP1C 3D SOLUTION
DIFFUSION CF AN INSTANTANEOUS GAUSS. RLSE. 1IN UNIFORM X~FLOW

Cx Oy CTz= 1080,100051.5 DxDYD2z= 50.0+50.0 50,001
5x 8y 87=500,550 51,5

ZLEVEL:4;E TSTEPZ 5000.0 ZLEVEL=5.0 TSTEP=" 5000.0
> gt . 1
10,00 20.00  30.00 \ 10,00 20.00  30.00
X | | X
ZLEVEL=7.0 TSTEP= 5000.0
- >Z 1
10.00 . 20.00  30.00 10.00  20.00 30,00
X - L | X

FIGURE 7.4 Concentration Contours, WAPIC Solution to Diffusion of an Instantaneous Gaussian Release
‘ in Uniform X-Flow
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,é B. Diffusion in a Uniformly Sheared Plow Field
E A three dimensional unidirectional velocity field with _
- a uniform shear rate of dusdy = 0.0001 sec-1 , and a mean :
% "velocity of 1.0 ft/sec with a homogeneous turbulent field,
z was applied to study the shear effect on the diffusion and ]
advection . of an instantaneous Gaussian marker particle
b release.
i Comparison was made against the analytic solutions of %
Carter and Okubo (69) and Okubo and Karweit (70), with the é
podification to represent the diffusion of a finite i
v |
i Gaussian release in space as opposaed to a point release. /
¥ The apalytic equation is of the form g
cGx,y,2,8) = 372, 2 . 1/2 R 172, 2 /2 §’
I ' (2m~ T (el + 2K_t) (o + 2K t) (o7  + 2K t)
X0 X yo Y 4o} b4 f
(x Ut -5 @y +0 zyt)> 2
1 = Yo T T WYY z vy i
EXP (-7 ( 2 T3 T3 i
(O T 2K,8) (1 + @7t") | (°yo+ 2Kyt.) _ 1
| ' + - ) , (7.3)
f (c© +2kt)
: z0 4 ‘ );
:§ :f et where
2 1., 2y, 2 Ty - . _ -
Y3 T I7 ((Qy-’ ) +(Qz E; )) o , ‘>(7.4)
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=1
The term 9P can be interpreted as the time at which the

velocity shear begins to significantly affect the cloud's
diffusion, or the time of the shear effect (70).

The shear effect can be seen in Figqure 7.5, which %
illustrates a WAPIC two dimensional view of the particle *
distributions at time T7=0 and 10000 seconds later., These S?
plots show that the former Gaussian distribution is skewed
to the side where the advection velocity is larger. The

marker particle cloud disperses more ( or skews) with the

levels of higher X-directed velocities. - 5
Figures 7.6 and 7.7, detail X-Y planar concentratiof %

contours at various .Z-levels for the analytic and WAPIC %

solutions. Cloud concentrations are plotted at times T=

0,5000 and 10000 seconds. The observation is made that the {*

concentration -contours are stretched in the direction of
increasing velocity, thusr enhancing diffusion in the
lateral, Y, diﬁection; The WAPIC predicted concentration
value are uithin an ébsolute value of 5 % of the anélytic

values at time T=10000.

2
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WAPIC PARTICLE DISTRIBUTIONS - INSTANTANEOUS GAUSS. RLSE.
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,FIGURE'7,5 ‘Two Dimensional Particle Distributions at Time T = 0, 10000 for Diffusion of an Initially
e Gaussian Release in a Unidirectional Steady Flow Field
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CONCENTRATLON CONTOURS OKUBAS ANARLYTICAL SOLUTION

- DIFFUSICN - INSTANT., GRUSS. RLSE. IN UNIFORMLY SHERRED X-FLOW
OX Oy O7= 1000,10001.5 DXDYDz= 50.0,50. 00,001 :Mean Velocity = 1.0 %;: 0.0001
% 8Y1$Z=500:500;1.5 |
_'ZLEVEqurO, TSTEP= 5000.0 ZLEVEL=5.,0 TSTEP= 5000.90
> gt > af -
IUiUU 20:00 30100
X -
> Z > Z
i } ’ Y i : i i 5
10. 00 20.00 30.00 10.00 20.00 30.00
X | X

’FIGURE' 7.6 = Concentration Contours, Okubo's Analytic Solution for Diffusion of an Initially Gaussian
‘ Release in Uniformly Sheared X-Flow
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 DIFFUSION - INSTANT.
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Sx SY 8Z"SOO 1500 51,

GAUSS. RLSE.
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FIGURE 7 7 Concentratlon Contours, WAPIC Solutlon for Diffusion of an Initially Gaussian Release

~din Unlformly Sheared X~-Flow
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C. Diffusion of Continuous Gaussian Releases
A plume or continuous waste release in the long ternm
transport phase may be simulated with WAPIC by releasing a
Gaussian particle distribution at each time step (28,29).
Okubo's analytic sclution for diffusion of a three
dimensidnal instantaneous release in a uniform turbulent
X—directéd flow field, can be numerically integrated in
time  to yield a solution for the diffusion cf a succession
of point or Gaussian releases. Since the center of the
waste or particle release is. considered to be fixed 1in
space, the WAPIC Eulerian grid will also be fixed>in.a11
three dimensions in the non-expanding, non-traﬁslating
mode. Particles reaching the boundaries will be fémbved
from the computational field. |
An extremely large Eulerian grid of 45x20x15 X-1-%
grid cells wés required +to perform a simulation of 1920
seconds, with a meah velocity of 1.0 ft/sec and a X-Y grid
size of 120 ft. Approximétely 88 harker particles were
released per WAPIC time step. Horizontal standard
deviation/grid spacing ratios of 2.0 weié utilized;
Pigures 7.8 and 7.9 illustrate the concentration contour
plot$ er the analytic and WAPIC plume simulétion. |
WAPIC shows correct plunme concentration con£out trend

behavior, but shows dirregular contour lines with

considefably less diffusion along the outer fringes,

‘relative to the analytic solution. Concentrations near the

center ‘of the WAPIC‘"releaée Qeté 3-u»times greater than

P B P e A SR Ty
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that found in the analytic solution. The reason tor this
poor behavior is that when using only 88 particles to
represent each release, the particles tend to be clunmped
near the release point and not " Normally " distributed in
space. This causes high concentration.g:adients and poor
3pread along the fringes of the telease'cloud where there
are very few particles. As explained in‘Chapter V., this
problem <could have been overcome through the use @of
appcoximafely' 1000 or more marker particies per time step.
But due to run and computer storage limitations, this would
regquire at least 512k bytes of combuter storage, to achieve
an - accurate ‘comparison Wwith  the analytic solution. -The
inference . can rbe made that  the WAPIC method is ndt a

practical method for simulating a continuous waste release

unless the user has an extremely larges, fast computer.




CONCENTRATION CONTOURS OKUBAS ANALYTICAL SOLUTION
DIS.PERS"ION OF A CONTINUOUS GAUSS. RLSE IN UNIFORM X-FLOW

Ox Oy C7= 240.,040. 51,5 DxDvyDzZ= 50.0,50.0,0.001
Ox 8y 07=120,100+1.5 : |

ZLEVEL=6.0 TSTEP= 19209 ZLEVEL=7.0 TSTEP=19z0 ..

2 (/fSED 1.0 g 7
> ar V= > ar
- &S\‘"’J -
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| X | - | X
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FIGURE 7.8 Concentration Contours, Analytic Solution for Diffusion of Continuous Gaussian Release in
' Uniform X~Flow :
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Cx Oy Cz= 240, 240, 3.0

CONCENTRATION CONTOURS

WAPIC 3D SOLUTION

CONTINUOUS- GAUSSIAN RELEASE IN UNIFORM X-FLOW FI1ELD

Sx 8y 8z=120; 4120, s1.5
ZLEVEL=6.0 TSTEP= 1820.0

Vs Y

ZLEVEL=8.0 TSTEP= 1920.0
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FIGURE 7.9 roncentration Contours, WAPIC Solution, for Diffusion of Continuous Gaussian Releases in

Unifoxrm: X-Flow
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j . . i
Diffusion in Uniform Bounded Channel Flow

This simulation was performed to study WAPIC'S ability

to model diffusion which is fhogizdntally bounded,; ie.

reflecting
the works
Cleary and
method of

reflecting

boundaries‘ “ﬁna1y€ic solutions are detailed in
of-,Csanady ~(33), Wnek and Foghtmank(71), and

Adrian (72). CSanadyg and Wnek utilize the
images to approximate diffusion behavior at

boundaries, while Cleary and Adrian use the

integral transfornm approach, whose solution may be written

as
b < -Ut)2
(= e )
s 4th
C(x,y,z,t). = Q P 1/2
' WH(4’rert)
- 2
x (L +2 X exp (-P K t) cos (P.z)) (7.5)
, - N "z N
. n=1l :
[e ]
ﬁz
x (L +2 & exp (- K. t) cos (B,.y))
= M Ty M
where -
ONT oM o
PN = -I-I— BM - —VJ- N, M - l, 2, 3...»

H = depth, W = width

i

A channel 30 fti@éep and 450 ft. wide with a unifornm

steady current field of 1.0 ft/sec was chosen as the

experimental "apparatus" . The WAPIC Rulerian grid systen

vas allowed

to translate and expand oniy in the X-direction

while the outer edges of the I and z grid dimensions became

R
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the channel boundaries,

Cleary Aand Adrian's solution technique applies to
diffusion from a point release. In order to sinulate a
Gaussian release at time T=0, the analytic solution had to
be advanced 1in time 72 seconds, assuming a uaiform
turbulent flow field in the horizontal and vertical. This
estimate follows from the Fickian turbulent diffusion

relation
_ 1/2
o, = (21<,x At) _ (7.6)

for an instantaneous point release to grow to a given
standard deviation,

Concentration contours for WAPIC and the analytic
solution at different vertical levels for times T=0 and
T=720 seconds later are given in Figures 7.10 and 7.11,
respectively. The observation is made that‘the effect of

the lateral boundary 1is to.  equivalence values of

concentration in the lateral, Y, direction as the release

moves downstrean. For a line drawn through the center of
the chanﬁél in the X—direﬁtion, concentraﬁions égree within
5% . Along = the walls the deviations are greater, in the
5~10% range. This large deviation can be atﬁfibuted to the

initial placement of the marker particles with reference to

‘the channel center. The‘analytic solution has the'point

release placed exactly in the channel «center, with a

: radiaily uniform concentration distribution, which results

in SYmmetric reflective behavior at time T=720 seconds.

Because WAPIC'S initial particle distribution 1is not
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. perfectly symmetric around the channel <center, perfect

lateral symmetry of concentration reflection 1is not

possible.
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CONCENTRATION CONTOURS WAPIC 3D SOLUTION
DIFF, INSTANT. GAUSS. RLSE. -UNIFORM BOUNDED CHANNEL FLOW

Ox Oy Oz= §0,0:60.02,0 8x 8y 32=30.0,20.0,2.0

. DxDyDz= 25,0425.010,111
ZLEVEL=T7.0 TSTEP= 720. 0
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FIGURE 7,10 Concentration Contours, WAPIC Solution for Diffusion of an
~ Instantaneous Gaussian Release in Uniform Bounded Channel.
Flow : '
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- CONCENTRATLON CONTOURS CLEARYS ANALYTIC 3D SOLUTION
iy DIFF. INSTANT. POINT RLSE. -UNIFORM BOUNDED CHANNEL FLOW

Ox Oy Cz= gg. 50.02.0 Sx 8y 82=30,0,30.042.0

DxDyYDz= 25,025,040, 111

AT

‘ >§- B ) Y= 1.0 — -
\ \ /

| |

TsTEP= 720. 0

7.50

|
‘[ ] Uk 1.0 ;4— -
\ :

30.00 45,00
X +

~ TSTEP= 720.0

18 T

7.50

30.00 45.00
X

© . of an Instantaneous Gaussian Release in Uniform Bounded Channel
Flow : B s S R ;

FIGURE 7.11. Concentration Contours,‘Cleary's»Analytic Solution. for Diffusion
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E. Simulation of Sediment Transport in-Stream Flow
Since WAPIC will be utilized to simulate the long term
transport and fallout of suspended sediment in the coastal
and estuarine environment, some preliminary testing of the
pseudo total velocity method for +treating turbulent
settling was necessary. The decision was made to simulate
the case of sediment fallout from an initially vertically
uniform one dimensional concentration distribution in
turbulent steady unidirectional channel flow. In 1943,
Dobbins (73) derived an analy%ic formulation which
successfully explained the ,obéerved vertical sediment
distribution in steady one dimensional stream flow, in
which the dilute suspended sediment was in equilibrium with
the bed material. He also.de#elo?ed an analytic eguation

expressing concentration as a function of the vertical and

~horizontal downstream distances for an initially vertically

uni form Sediment distribution falling to zZero concentration
with the no scour bottpm boundary conaition. Sayre and
Chang  (53) integrated this equatioh o?er the vertical to
obtain the vertically aferaged condentration, Or mass,
remaining in the water column as a function of dounsfream
ﬁistanCe. ’

A review of the equations and simplifying'assumptions

used by Dobbins to produce this solution would be

instructive. - Consider a turbulent unidirectional ( X-Z )

SQdiment,laden flow field of singular settling velocity Wg,

bounded by a uniform free surface and botton boundary

&
E
4
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£ =g Do flux
5 ; . Y free surface
‘ Vert, ::'-:::::.,:'_ - N, e }
Uniform fee s’ «\. TURBULENT X >
Dist. [ty CHANNEL _ i i
. . il mow K, =N Ll
« Oy AR S5t : ‘ ’,[,‘ | ' .
n : s .:‘. ‘..'0'. : L . }
: :' LN ": : e ,
: : MRRLAAIN No scour ~ !
. /777777777 oo 2777 77 277777777
W, = PARTICLE SETTLING VELOCITY
Dobbins assumes that the X-velocity distribution in the 7 direction, though 5
logarithmic and nearly parabolic, is approximately uniform across the verti- f
cal, and the vertical diffusion coefficient is uniform with depth and can : ‘
' » be related td, the bottom shear stress or shear velocity by ; ; f
K= KHU* ~ : : | IR (7.7) i
i ‘ | s
_ : | |
Uk =g°u/c, : - : (7.8)
: 1/6 ‘ ﬁ ~ : :
= 1,49H /C : - .
Cp = LA/ | R e 29
where:
g Cn’l"=‘f7Manning Coefficient:
| ‘Ch = éhezy Coefficient
: k. = Von Karmann Constant = 0,40
| H = Hydraulic Radius or Depth
i U* = Shear Velocity
» ‘ = L
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| Equation 7.7 relates the mathematical expression for
~§ vertical eddy diffusivity for a parabolic velocity
[ ;
L ‘distribution Fquations 7.8 and 7.9 are the Chezy :
expressions for relating shear velocity to a bottonm :
friction coefficient, the Manning friction factor. ;
‘ o
The two dimensional mass transport formulation may be -
written as ' ' %
2 2 ’
dc h_fi 3 (] ac
U= =K + K + W, ; v (7.10)
p. z)XZ X 5x2 S X ; . :
Assuming that  +the longitudinal diffusion term is small in
comparison with the vertical diffusion
2
¥9c _ ¥c oc :
EERE v A S
Since the fluid is moving with a uniform velocity, U , the :
Lagrangian viewpoint of an observer moving with the L
fluid-sediment parcel at velocity U is taken. The }
assumption is made that 1
? 9t
% since | |
o x = ut .'3x=.u3t r
and Eg. 7.11 may be rewritten as 3

i% *vv’ 'vv: ' dc _ .]Eg

[ . ——— 52 4 : R .

b 3% Kza;l‘ws§? _ B , , (7.12)

j; T Equatioh»l7.12 déscribes the change of concentration of a i
;%i : : o : ; P .
T T T e e :
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turbulent fluid parcel containing a discrete settling
velocity, Ws, as a function of time. This linear partial
differential equation was solved for the boundary

conditions of no net sediment transport across the free

surface and for no scour -at the bottom for any given

vinitial vertical sediment distribution. The solution for

particle concentration as a function of depth and time ( or
distance dovwnstream) for the case of dropout to zero
concentration from an initially vertically auniforn

distribution is

-1
c(z,t) = Co e-O.SWSz(Kz)

(7.13)
) 2 2 ~1 :

o 2o 2 em(0 K, +0.25W 7k Tt y
n , n

z. 5 :
n= 2 5 Ws' st
(v n + WS/4KZ) ((o n + 2)H + f—)

4Kz Z

where 9%n are the real successive positive roots of the

transcendental equation

2 cot (H¥) =‘Hq»/(wsH/2i<z) - (W _H/2K ) /(Ha) (7.14)

and ¢ is defined as

W

:¢ﬁ f CQS(anZ) + (EEEE;QgSin (anz) o A ' k.v‘ }; ~‘7.15)

sayre and Chang integrated Eq. 7.10 over the vertical
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to yield the ratio of the average concentration in the

vertical to the initial average concentration.

, K_xU*
i : _1y0-1 2 _or2 2 z :
L = T et
(c/e ) = 728% ps 2~ (7.16)
£ nl g2 0[nz . 68)(932‘ . Olzn)z

Where U%*, the shear velocity is approximated by Eq. 7.8,

and @ , the vertical dimensionless fall velocity is
',? ' defined as
5o - REPRODUGIBILITY OF THF (7,173
Ko+ DRIGEIAL PAGE /S POOR .

Equations 7.13, 7.14, 7.15 and 7.16 were computer codad

to solve for the concentration distributions as a function

6f ,thé' vertical coordinate and time, and for the fallout

e it ety dien o v e ey e b
R -

rate respectively.’

Numer1cal experlments were performed by WAPIC in orde
©o simulate‘solutlons to Eqs. 7.13 and 7.16 . A channel 30
feet deep was dividedkinto 15 vertical grid cells‘with a
3x31 X-Y Eulnrian “grid- matrix. ‘Three thohsand marcker
ipartlcles were horizontally centered 1n the exacf middle of

‘the X-Y matrix, and were »mually paced ftom the free

% ‘iSurface to the .bottoﬁ “in o:der to davelop an lnltlally
k : ) B N v . : ’ 3 b B N
% : uniform conCentration dlstrlbutlon ~for one rqlunn of

vertical cells. A unldlrectxonal X~flow‘ fiexd of;1.0

ft/sec was. sp901f19d throughout .the' Bulerian grid. A
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constant, uniform vertical diffusion coefficient was

calculatedi by the relationships in Egs. 7.7, 7.8, and 7.9,
with a Manning friction factor of 0.020 yielding a
turbulent dJdiffusivity, Kz, of 0.09 ft2/sec. The X-Y
turkbulent - diffusion coefficients, Kx and Ky, were set
identicalif to zero. The FEulerian grid was allowed to
translate only in the x-directipn with the mean velocity.

The free surface was given a reflection boundary condition:

a Reflective
Zvew = “% Boundary  ~ ZoLD (7.18)

and the marker particles were removed from the
computational field as they advected across the bottom.

Por the initial simulation a settling velocity of
0.005 ft/sec was assigned to each particle. Figure 7.13
demonstrates the effect of WAPIC time step on the
prediction of mass fallout rate as a function of diétanpe
downstream, for T = 60, 30 and 20 seconds. The QbserVatiOn
is madé,‘ that as time»step decreases,-thefWAPIC solution
technique approaéhés the analytic solution, At time stéps
of 60 and 30 éeconds the concentration field vas found to
oscillate about the analytic solution.

Théée :ésults, plus the fact ’that'w§§lc eﬁplays a
space centered finite difference appfoximatidn1tovdefine
the tétél pseudo veloCity,at.the cell.facéé,_sﬁggésted,that
a vertical numericdlvsfability requirement of phé»foilovihg

form should be utilized for marker particle novement (33)
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COMPARISON GF WAPIC AND ANALYTIC MODEL FOR PREDICTION OF
CONCENTRATION AVERAGED OVER TdE VERTICARL VS DISTANCE DOWNSTREAM
FOR WAPIC TIME STEFS OF 60,20 AND 20 SECONDS

SETTLING VELOCITY=0.005 FT/SEC, VERT, DIFF. COEFF.,=0.09 FT2/SEC
PARTICLE DEPOSITION IN UNIFORM TURBULENT X-FLOWs U=1.0 FT/SEC

O
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O
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o HAPIC TIME STEP X X
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FIGURE 7.13 Comparison of WAPIC and Analytic Solution, Effect of WAPIC Time Step on the Prediction of
Fallout Rate as a Function of Downstream Distance for a Singluar Particle Settling Rate
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vertical Ws At Kz bt
# = ( +
Oz bzz

.19
Accuracy ) = 0.5 7 )

Equation 7,19, which is a " Courant" dynamic stability
requirement or time step restriction, states that for
stability of the solation +technique, a marker particle
cannot be moved a distance greater than one-half a grid
length per time step. Ws, can be visualized as a constant
vértical advective velocity.

Table 7.2 details values of the vertical accuracy
number ( Equation 7.19) versus the WAPIC time step for
values of Kz=0.09 ft2/sec, Ws=0,005 ft/sec, and vertical

grid size, B2 = 2.0 ft.

Time Step -sec, Accuracy nunmber
60 1.50
30 0.75
20 | 0.50
TABLE 7.2

Figute 7.1& details the development of an instability
in the WAPiC predicted concéntration field as a fuhction of
time or distance doknstream. The instability starts at the
froe surface where the diffusion gradients first initiate,
and - then —propagates through :the vertical concentration
field,’ until the . whole concentration'field oscillates at

further distances downstreanm.




}’COMPHRISON OF WRPIC AND ANALYTIC MODEL FOR PREDICTION OF
CONCENTRATION £S5 A FUNCTION OF DEPTH AND DISTANCE DOWNSTREAM
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Development and Propagation of an Instability in the WAPIC Vertical Concentration Field

PARTICLE DEPOSITION IN UNIFORM TURBULENT X-FLOW, U=1.0 FT/SEC
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Figure 7.15 shows the predicted vertical concentration
field, with a WAPIC time step equal to 20 seconds, or
accuracy number of 0.5. The concentration oscillation has
been effectively damped out and the technique predicts the
concentration field within an absolute accuracy of 4.0 % .

Utilizing a time step of 20 seconds, WAPIC simulated
the fallout rates of five particle settling velocities of
0.0005,0.001,0.005,0.008, and  0.01 ft/sec, with the sanme
operating parameters used as above. Figure 7.16 details
the fallout rates as a function of distance downstream. At
the lower settling rates of 0.0005 and 0.001 ft/sec, the
plots demonstrate that the fallout rate is essentially the
settling velocity of thé particles within a one hour time
span from time T=0. This behavior indicates, for this
casé, ~that the smalier free fall settling velocities are
rate limiting, not allowing the dominant diffusion process

to come into action. As the free fall particle settling

~velocity increases relative to the particle diffusion

velocities, for the diffusion value shown, the deposition
rate decreases because concentration gradients develop near
the free surface. The diffusion velocity acts to move the
marker 'pérticles  back into regions of depleted

concentration which decreases the fallout rate.
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COMPARISON OF WAPIC AND ANALYTIC MODEL FOR PREDICTION OF
CONCENTRATION AS A/ FUNCTION OF DEPTH AND DISTANCE DOWNSTREAM
PARTICLE DEPOSITION IN UNIFORM TURBULENT X-FLOW, U=1.0 FT/SEC
FROM AN INITIAL VERTICALLY UNIFORM PARTICLE DISTRIBUTION
SETTLING VELOCITY=0.005 FT/SEC VERT. DIFF. COEFF,=0.08 FT2/SEC
WAPIC TIME STEP = 20 SECS, MAX VERTICAL ACCURACY # =0.5
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WAPIC VS SAYRE & CHANGS ONE DIMENSIONAL SOLUTION
SEDIMENT DROUPOUT FROM BN INITIAL VERTICALLY UNIFORM DISTRIBUTION
IN UNIFORM X-FLOW» WITH DIFFUSION IN VERTICAL DIRECTION ONLY
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FIGURE 7.16 WAPIC Versus Sayre and Chang's One Dimensional Sclutioa for Sediment Transport. Comparison
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VIII. SIMULATION OF LONG TERM SEDIMENT TRANSPORT
A. Objectives and Background
As explained in Chapters Ixf}and ITII, WAPIC was
designed to simulate the three dimensional 1long ternm

turbulent diffusion and advection of dilute, neutrally and

e Ao S b e AR e b g e -
I et L S L DS

non-neutrally  buoyant sedimentary and pollutant

particulates in coastal and estuarine waters. The method LI

was -utilized to simulate the 1long term transport of a

ko T R B o RO R A 5

dilute suspended sediment cloud resulting from a bargéd

vaste release at Brbwn's Ledgé in Rhode Island Sound. This
area is currently being considered by the U. &, Army Corps
of Engineers as' é dump site for Fall River dredged spoil
disposal (1). The"dump site is a squafe nautical mile
Area, the center of swhich is located 41° 18.3'N,‘71° o4.1"

in an area known as Brown's Ledge. ( Figure 8.1)  From

Figure 8.2, which details the bathymetry at Brown's Ledge,

it can be seen that the area surrounding the dump site is

reiéti§elj .shallow water ranéihq ftom 60 -.120 feet , the
duﬁé'siﬁe being’100 to 11d1feét deep. | |
o | : Since this area is relativély shallovw, tﬁe-hypotheéis
is made that the_éhottytérm transport pﬁaselof the dredged
Qaste,‘release Qduld be entirély _ddminated by the 

fﬁ Py entréinment ’phase (6). In other wofds,;practiqaliy all of
4 | ‘,the’ sediment 'uould'_descend Ndirectly'to ;ﬁefbottom} uith
very 1i£t1e‘loss of'ﬁaterial to‘the‘ambienffcur:ent,system;‘
GOrdon‘ (74) in',éﬁ' 6b$ervétional~fstudy;§f”dfédged ﬁasté"

disposal in Pugetf$ound;‘f0und that the material left the

barge fﬁith a  "yell defined ' mass falling with a maximum




131.

PG |
J : 71-20 71-10 | 71-00
i
' V' Brown's ! &3
|
| ' I LEDGE |
'
4120 | Te !
I T i e | il T LT S b
DISPOSAL
RHODE ltsranp | | Eg——*'SITE
sounp ! ] ! ' !
i \ | I Q
1 | i ! '
BLAYK
| n ! | t
- S K DI [T B
)
! ] I |
| | [
| ' '
| | !
' ( |
41-00 ! ! !
| ! | | |

FIGURE 8.1 Geog

raphic Location of Browns Ledge and the Proposed One Square

Nautical Mile Dump Site

r

08§
ho
ns

41°%16"

41°%16"

71°10'  BROWNS LEDGE DEPTH CONTOURS (FT.)  71°01'36"

FIGURE 8.2 Depth Contours at Browns Ledge




132,

velocity of approximately 6 ft/sec,W Using this value as a
representative eétimate of the descent velocity of a waste
cloud, at Brown's Ledge, the cloud would bhe expected to
reach “the bottom well within 60 seconds. Any sediment
entrained in the water column would be due to the amhient
turbulence, and the surgé of the cloud as it lands on the
boitom.

A very conservative engineering estimate can be made
that no more than five percent of the instantaneous duﬁp of
bottom sediment would remain within the water column to be
advected and diffused by the tidal and wind driven current
fields. Since the average sea scow carries approximately
3000 cubic vyards (2), and the typical specific dénsity‘of
Fall River sediment beinqg 2.6, then approximately 108 érams
(110 tons) of sediment would be entrained within Eh@ water
column. If this cloud initially possessed a éylindrical
shape 200 ft. in diameter and .a vertical length of 35 feet,
and the sediment were distributed evenly throughout at time
T = 0, then a mean concentration of 3000 mg/liter (0;187
lb/£t3) would be appafeﬁt. .This value is within the limits
of three percent by ueight for dilute settling and
transport of sdspended sedimentinotéd by Vanoi (i4).

- This suspended Sediment will advect and diffuse with

the tidal and wind driven currents in Rhodé Island Sound.’

As' described by Saila et. al. (2); tvo significaﬁt field

stﬁdiés of the hydrodynamics of Rhode Island Sound'have

been accomplished. = The non-tidal wind driven circuiation

was investigated by"cook' (75) in:1966, using wind drift
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bottles and sea bed drifters to determine upper and lover
layer net drift. His generalized net drift data for Rhode

Island Sound are detailed in Table 8.1,

SURFACE BOTTOM

SEASON . DRIFT DRIFT
Spring N and E , NW
Summer N NW
Autumn : S N
Winter L . S N
SPEED 1.1 to 7.6 : 0.05 to 1.6

RANGE v n.m,/day S n.m, /day

Table 8.1 Cook's 1967 Study of Non-Tidal Net Drift in Rhode Island
' Sound

- Shonting (76) in 1967 utilized an array of cufrent

‘meters to perform a 13 day study of the horizontal gurtent

patterns within a square mile area in'Rhode'Island Sound.

Shonting found that tidally driven inertial flows combined

‘with tidal motions dominate the current regimes and that

“having scales less than a kilometer.

Hurlburt and Spaulding (8) appliéd a two dimensional

tidally driven hydrodynamic model to predict current

patterns and magnitudes in Rhode Tsland Sound - Block

" Tsland Sound -_Buzzards:Bay Complex., An interesting result

of this modeling éffort' wasfthe indi¢ation ofreXtremely

“weak tidalV;cutrents ,in_Rh6de Isiénd Sound,bespeciélly‘in

the tegion of the prnposed‘dump Site; Figufes 8.3 A, B, C,

mean speeds in the upper layer of current motion did not

1exceedv 0.50 knots, and that turbulent eddies were‘present 
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D detail tidal currents in Rhode Island Sound, referenced
to slack water at Newport, Rhode Island. These figures
show that the vertically averaged tidal currents range from
0.1 to 0.4 knots during the twelve houf tidal cycle,
Utilizing data from this mod:l, an average net drift
in the proposed disposal area was found to be approximately
0.023 knots or 0.55 n.m./day, in a direction measured 110
CW. from true mnorth (almost ESE). The magnitude of this
value 1is within range of values found by Saila et. al. (2)
in July, 1970 of 0.03 - 0.08 knots net drift with a general

southeast to southerly direction,

B. Procedure of Application

The transformed version of WAPIC was coupled to
Spaulding and Hurlburt's (8) tidally driven two dimensional
ve;tically averaged hydrodynamic model through the use of a
two dimensional velocity processor. As explained
previously, the velocity processor . was -required to
interpclate advective velocities from the square npautical
mile meshes to the initially smaller, translating and
expanding three dimensional WAPIC Euleriah velocity‘grid.

In order to _adjust the hydrodynamic velocities with
experimentally reported -values  for ne£ drift at Brown's
Ledge, a  correction = procedure was employed - (77). The
précedure was to subtract from the hydtodynamic velocity.
vectors, ih the immediaté:Brown*s Ledgé;aréa, the ue£ tidal
drift (calculated‘frqhiﬁhe 12 hour avepagé)'atythe‘proposed;

dump site. Subseguently, the net drift Vélocity vector was
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added to the new velocity components with a correction for
the variation of bottom depth relative to the depth at the
area of the experiméntally determined net (wind and tidal)
drift.  The overall effect was to subtract out the model
net tidal drift, and add the total net wind and tidal drift
(baéed on field data) in the afea to produce a velocity
Field vyielding a net drift in the direction desired. The
total net drift chosen for this particular set of
Sinulations wvas 0.7 n.m. day in the ENE direction (77).
Seven particular simulations were performed to

illustrate the diffusive and advective patterns of mass
transport in the‘ area. The first three cases utilized
marker particles iith  neﬁtral buoyancy and cbnstant
horizontal diffusion coefficiénts of 50.0 and 100.0 ftz/sec
for the first two and scale dependent horizpntal diffusion
coefficiénts for the third ( fable 8.2) . Pour additional
simulations of yertiCal failout of sediment were made by

assigning settling velocities to the individual Lagrangian

marker particles. Various mean sediment diameters and a

specific density of 2.6 for Fall River sediment (1) were

assigneé to each: marker to produce free fall settling

velocities with the use of FEq. &.13.

A1l four of the marker particle settling velocity

studies utilized,constant horizontal diffusionkcoefficients

of 100.0 ft2/sec. These four sinmulations were divided into

two sets of two simulations. The differing variable in

eachﬂ simulation of both sets was the magnitude‘of'thek

vertical diffusion which was 0.0001 and 0.01 ft2/sec
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X-Y GRID DIFFUSION INITIAL X,Y, # PARTICLE
LENGTHS COEFF JCIENTS STANDARD OF DIAMETERS
FT, FI° /SEC DEVIATIONS MARKER P,
FT, PART,
X, Y| K, K K o R N.B. = NEUIRALLY
L. g x y BUOYANT
1. 400 50. .0001 | 800. 800. AT 3000 N.B.
2. 200. 100, .0001 | 400. 400. AN 3000 N.B.
3. 200. Scale .0001 | 400. 400. a7 3000 N.B.
Dependent
4, 200. 100. .0001 | 400. 400. A7 2500. | 0.000083 FT
(0.0025 cm)
5. 200. 100, .01 400. 400. AT 2500. | 0.00083 FT
6. 200. 100, .0001 | 400. 400. g0 2500, | 0.00005, 0.000083
0.00016, 0,0002
0.00028 FT
7. 200. 100. .01 400. 400. A7 2500, | 0.00005, 0.000083

0.00016,-0.0002
0.00028 FT

TABLE 8.2 Operating Parameters for Browns Ledge Simulation of Long Term Transport
of Sediment ‘

]
f
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respectively., The first set of simulations considered the
transport of a single particle diameter of 0.000083 ft
(0.0025 cm), which yields a settling velocity of 0.003
ft/sec by Eq. 4.13. The second set simulates the transport
of five different particle diameters of 0.00005, 0.000083,
0.00016, 0.00020, and 0.00028 ft. (0.0015, 0.0025, 0.0040,
0.0060, and 0.0085 cm.) which yielded settling velocities
of 0.001, 0.003, 0.008, 0.117, and 0.026 ft/sec
teépectively.

The simulations of a single and five different
pdrticle fall wvelocities demonstrated the effects of
chodsing a single average particle diameter or fall
velocity to represent the turbid cloud as dpposed to a
spectrum  of  particle  diameters. The variation of the
vertical diffusion c§ef£icient was used to determine the
effect of the verfiéal turbuleﬁce scalé versus the particle
settlinq'\rate_ on the fall velocity‘of the total pafticle
cloud. |

For cach of the seven simulations, thé_ initial
particle distributi§n wds three dimensionally Gaussiaﬁ in a
1Sx15x10 X—Y#ﬂﬂ Eulerian grid. The particle cloud was
placed: directly‘ above “the shelf at Brown's Ledqe,'jﬁst
sliqhtly‘ to . the nortﬁeast of the perosed disposal site.
This lecation was chosen ‘for simulatidn, because of the
,interesting, Qariaﬁidn in  bottonm topography (‘Figure 8.2)
 _and ‘the‘ ecbnomy yqf  simﬁi§ting:p3£ticiékfaliout‘in'60470
ﬁoo£‘ depths~ as ‘opéosed  tof,100>— 120 foot depths at the

disposal site.
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The center of mass of the particle cloud was placed
approximately 20 feet deep, the cloud possessing a vertical
range of fifteen feet. All four settling velocity cases
also utilized a 0.7 n.m./day net wind drift in the ENE
direction, The negatively buoyant particle simulations
were r&n until more than 95 per cent of the marker

particles had fallen to the botton.

C. Results and Graphics of S5imulations
1. Kx, Ky= 50 ftz/sec, Neutrally Buoyant.
This neutrally buoyant simulation was run for
approximately 15 hours during which an initial maximum
concentration of 3000 wg/liter decayed to 1-5 mg/liter
levels for constant horizontal and vertical diffusion
coefficients of 50.0, and 0.0001 ft2/sec respectively.
Figure 8.4 A details the translation and expansion of
an initially = square hauticai mile WAPIC grid in time
through the Sound"wafers in approximate thteé hour time
steps. Fiqures 8.4 B, C, D, E, F, G illustrate two

dimensional X-Y  concentration contours at vertical levels

of 4, 5, 6 and 7 at different times in the 15 hour

simulation. ~Concentrations were  plotted at these levels
because they~contaiﬁed thg‘maximum,@atticle densities. By
time T = 12420 seé., Fi@.‘B.u C, the original HAPIC_grid
cell 1length had expanded from 400 to 781.2 feet. The
skgwhéss“ih thébéioﬁd was evident aS the ¢1oud»gceﬁ large
enough to féel'the shear in the adVectiye.tidél.éelocities.

By time T = 41,100 secs., Fig. 8.4 G, the WAPIC grid had

M,‘.“RUDUUHSLLJ’D)’ OF THR
ORIGINAL PAGE IS POOR
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L

translatéd ;§nd'é3panded to the lower edge of the advective
velocity field andrhad stopped expanding and translating,
while the particlé”‘cléﬁd was no‘ longer located in the
center of the Eulerian ﬁAPIg grid . ‘
2. Kx; K = 100.0 £t2/sec, Neﬁffaily Buoyant
This second neutrally buoyant marker particle

simulation utilized horizontal and vertical diffusion
coefficients of 100.0 and'010001 %t?/sec respectively, and
an initial X-Y grid size of 200 fegt; Since the horizontal
diffusicn coefficients had doubled; the background levels
Qere reached in 1less than half the time of the previous

simulation. Figure 8.5 A details the two dimensional

translation and expansion of the horizontal WAPIC grid at

times T ='0, 1, 3, 5, 6, and 7 hours after slack tide.

This plct demonstrated a net drift of the marker particle

cloud in an.ENE direction, qith the Qriginal area expanding
to more than 36 times its ofiginal size. Figures 8.5 B, C,
D defaii two dimensional concenttation contours at various
simulaﬁipn times. After six hours, ( concentration comtour
plots‘ are not given at T = 21600 sec. ), the maximum
concentration level had dropped to thé 1-5 mg/litéf'level,
as compared to fifteen hours for the previous simalation.
3. Scale Depeﬁdént, Neutrally Bquant‘

A simulation was done to test WAPIC'S horizontal scale

dependent diffusion coefficient calculation procedure. The

horizontal diffusion ¢oefficients; Qere calculated 'by

- Leendertse's formulation, “Eq. 6;13, a. This equation -

’ approximates the tota1 diffdsion coefficient as fhe>sum:0f
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Elder's diffusion coefficient plus scale dependent
diffusion due to the wind. At each time step, WAPIC
calculated the horizontal standard deviations and an
updated K, .4 by Egs. 6.13 e, f.

An initial grid size of 200 feet was utilized with an
initial maximum concentration of 1500 mg/liter. After
approximately 5.0 hours of simulation, concentcatién levels
had fallen to background values of 1-5 mgs/liter. VFigure
8.6 A details the horizontal grid expansions and

translations at T =0, 1.0, 1.8, 2.6, 3.6, and 4.6 hours.

.Again, the net drift of the particle cloud was towards the

ENE, as would be expected.

Figures 8.6 B and C show two dimensional concentration
contours for an X-Y plane through the maximum concentration
level at various times. The maximum concentration stays at
the same vertical level. The values of the X-Y grid
Léngths; latitude and 1longitude of the WAPIC grid origin'
for each’time level of concentration plot are given at the
right hand side ofrfigs. 8.6 B, C in descending time order.

In ccmparison with the two previous simulations, the

utilization of the scale d=2pendent horizontal diffusion

coefficient approximation, accelerated the transport of the

 cloud concentration to background levels of entrained

sediment.
4. Single Settlinngate, Ky = 0.0001 ft2/sec
The'ﬁourth simulationrutilized‘ZSOO markers, each with

a free fall velocify of 0.003vft/séc,in_a tidal velocity

‘field, with Fickian horizontal and vertical diffusion
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coefficients of 100.0 and 0.0001 ft2/sec respectively,
Figure 8.7 A details the expansion and trauslation of the
horizontal grid at times T = 0, 1, 3, and 5 hours after
high water. Figures 8.7 B, C, D illustrate two dimensional
concentration contours for an X-Y plane (forr a given
vertical level) passing through the maximum concentration
at various times. These figures illustrate the descent of
the regions of maximum cloud concentration with increasing
vertical 1levels. Figures 8.7 E, F, G, H demonstrate the
physical vertical descent of the marker particle clcud to
the bottom. These are ¥X-2, and Y-2 planar views of the
marker particle cloud in space., The axes are in units of

feet ( depth ) and dimensionless horizontal grid distance,

- The intersection of a plane passing through the cloud's

center of mass and intersecting the bottom, in either the
X-Y direction, yields a bottom topographic line for
referencing the marker particles. One out of ten of the
marker particles were plotted.

These figures show ﬁhe physicél descent and horizontal
axpansion lbf the marker particle cloud through tinme.
Figure 8.7 H displays the final déscent‘of the clodd at T =
5.19 hoursr,to the botton, Particles below the bottom

topographic linevwere not below ground, but were just below

thé vertical level of the intersection of the vertical

plane and the bottam.
Fiqure 8.7 I details the vertical dépth and,horizontal

translation of the center of mass of the pgrticie cloud

. from T = 0, and the percent mass deposited of the marker

g
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particle cloud as a function of time. The deposition rate
was nearly constant from time T = 3.0 to 5.0 hours, then
decreaéed when the particles began to reach the bottom and
were diffused and advected at a nearly constant vertical
level, After 6.5 hours, _more than 95 pecent had been

deposited., The:'x—! coordinates of the center of mass of

the cloud translated in an ENE direction. The slopes of

the first two ploté of Fig. 8.7 I record the vertical and
horiiontal velocities of the Center’of mass while the third
slope was the actdal deposition rate,
5. Single Settling Rate, Kz = 0.01 ft?/sec
~The fifth simulation was ‘exactly the same as thé
fourth except a vertical diffusion coefficient 100 times

larger, Kz = 0.01 ft2/sec, was utilized. 1In Fig. 8.8 a,

the grid translated towards the Fast, with a net

‘displacement of the grid origin in the ESE direction after

6.5 hours éf:Simulation. Figure 8.8 B details horizontal

~plots of “the concentration contours, and 8.8 ¢, D, E, F

shovw the verfical descent of the marker particle cloud.

Within a time span Q_f,s four to six hours followingythe

'release; Figure 8.8 G, a'iower particle deposition rate uas
~evident as coppared to that of Fig. 8.7 I. The plots of

the vertical positions of the center of mass for the above

two figures vere almost identical. The initial effect of

the higher diffusion coefficient in case 5 was to increase
thér‘depositioh. rate,‘(more‘kverticalf spread), but as the
cente: ,of massfof-the cloud reached ﬁhe:bottom, the effect-

was to retard the fallout rate from that found in case 4.
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Interestingly, Dboth case % and 5 reached the 95 percent
mass deposited level at the same time.
6. Five Settling Raﬁes, Kz = 0,0001 f£t2/sec
The sixth simulation utilized five différent marker
particle settling rates (i.e., diameters) with constant
horizontal and vertical diffusion coefficients of 100.0 and
0;0001 ftz/séc respectively; The 2500 marker particles

were evenly divided into groups of 500 for each particle

diameter, All particles vere assumed to possess the same

specific density of 2.6.

Figqure 8.9 A  shows the horizontal translation and

expansion of the WAPIC grid at times T = 0, 2, 4 hours.

Pigures 8.9 B, C, show the‘concehtration ccntdurs fbr the
maximum cloud concentrations at various times, T =0, 1.12,
1.81;_2.ﬂ6 honrs-_ FigureS 8.9 D, E, F again illustrate the
vertical 'deséent of the ' marker particle cloud. to the
bottom. ‘Figute~ 8.9 G in comparison with Fig. 8.7 F, both
at the "approximate }time of Ti=‘2,2 hours, demdnstrated a
much qréater vertical spread in particle position due to
the fact that there were five pa:ticle’settling‘rates, Qifh
three Velocities qrééier fhan'the settling rate in éase 4,
In  case 6, &he’vertiCal_pafticle'moveﬁenté were dominated

by the nmagnitudes of the settling velocities which

‘overshadowed the diffusive vertical flux.

In Fig. 8.9 H, the particle cloud deposited its mass

in less than 2.5 hours and moved no further than 0.7
nautical miles to the ENE of the origin31 positibn. Figure

8.9 H further :demonstrated that”the-séttiing'vélocity of
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the center of mass of the cloud varied slightly with time.
7;vFive Settling Rates, Ky = 0.01 ft2/sec

The sevehth, -and final simulation of particulate
transport at Brouﬁis iedge was the same as the sixth except
that‘ a constant veftical diffusion coefficient of 0.01
fté/sec was Lntilized. The purpoée of uSing this larger
coefficiant*w;s'to determine the effect of fﬁe magnitude of
the vertical turbulence scale relative to the settling
rates oﬁ 1ﬁhg overall fallout'pateiof the cloud. Figures
8.10 A, ﬁ, C, Di E, F, G relative to Figs. 8.9 of case 6,
demonstrate thagi there wvas very little difference between

the two simulations as far as concentration, center of

mass, and fallout Tates Wwere concerned. This behavior was

due to the fact that the magnitudes of sixty percent of the‘

particle settling velocities were greater than the

 diffusion velocities of the particles. 1In other words, for

‘cases §ix and seven, the free fall velocities dominated the

vertical scale of motion. These simulaticns demonstrate

‘that a&éqnate‘ resolution of particulate falloﬁt from a

suspended sediment cloud requires not only knowledge of the

vertical scale of‘tnrbulencé but also the distribution of

sedimehf dianeters,and densities‘(fall'velocities).,
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- COUPLING WRPIC TO 2-D VERTICALLY AVG, HYDRODYNAMIC TIDAL MODEL
TRANSLATION AND EXPANSION OF 15X15 X-Y GRID AROUND AN INITIALLY
3-D GAUSSIAN CLOUD OF NEUTRALLY BUOYANT MARKER PARTICLES
WITH CONSTANT X-Y,Z DIFF, COEFFICIENTS OF 50.0 10,0001 FT2/SEC
GRID MOVEMENTS IN THREE HOUR STEPS FROM TIME T=0,RT SLACK TIDE

- INITIBL X-Y TOTAL GRID SPAN OF 6000 FT,

“LYT

FIGURE 8.4n Long Term Transport of Neutrally Buoyant Particle at Brown's Ledte with Constant Horizontal
‘and Vertical Dispersion Coefficients of 50, 0, 0.0001 FTZ/.:EC Two Dimensional Plot of the
, Expans:Lo"x and Translation of the Horizontal Grid
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WAPIC 2-D CONCENTRATION CONTOURS AT VARLOUS Z-LEVELS
NASTE RELEASE SIMULATION BT BROWNS LEDGE

TIME= 0. Z=4, - TIME= 0. Z=5,

| - S » ey FT/GRLD UNIT
8 400.0
8Y 400.0

WAPIC GRID ORLGIN
LATITUDE  #1, 32

LONGITUDE 71,08 —

CONTOUR MINIMUM 1,0

CTIME= 0. 2z=6,  TIME= 0, Z=7.  [NCREMENT 250. 0

7,50

7.50

FIGURE 8. 4B Long Term Transport of Neutrally Buovant Particle at own's Ledge with Constant Horizontal
‘and Vertical Dispersion Coefficient of 50, 0. 0001 FT-/3EC. T = 0.0 Secs, Horizontal Con-

centratlon Contours
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WRPIC 2-D CONCENTRATION CONTOURS BT VARIOUS Z-LEVELS
WASTE RELEASE SIMULATION AT BROWNS LEDGE
. TIME= 3478, Z=4, TIME= 3478, Z=5,

FT/GRID UNIT
8x . 625.0
Oy  §25.0

7,50

WAPIC GRID ORIGIN
LATITUDE = 41,33

LONGITUDE 71.08

CONTOUR MINIMUM 1.0
TIME= 3478, Z=7, INCREMENT 250, 0

1 F
7. 50 , 7.50
‘FIGURE 8,4C Long Term Transport of Neutrally Buoyant Particle ax:frown's Ledge with ConstanF Horizontal
- and Vertical Dispersion Coefficient of 50, 0.0001 FT" /SEC. = 3478 Secs., Horlzontal Con=-

- centration Contours’
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WRPIC 2-D CONCENTRATION CONTOURS AT VARIOUS Z-LEVELS

WASTE RELEASE SIMULATION AT BROWNS LEDGE

TIME= 6707. Z=4,

U

7,50

~ TIME= 6707. Z= 6,

7,50
X

7,50

FT/GRID UNIT
Sx  625.0
SY 625, 0
WAPLC GRID ORIGIN

LABTITUDE 41,33

LONGITUDE 71.09 - -

'CONTOUR MINIMUM 1,0

INCREMENT 250, 0

FIGURE 8.4D Long Term Transport of Neutrally Buoyant Particle at Brown's Ledge with Constant Horizontal

and Vertical Dispersion Coefficient of 50, 0.000% FT /3EC,., T = 6707 Sec, Horizontal Con=-

f‘centratlon Contours
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FIGURE 8.4E

NGPICV2—D CONCENTRHTION CONTOURS BT VARIOUS Z-LEVELS

" WASTE RELERSE SIMULATION AT BROWNS LEDGE

TIME= 12420, Z=4, TIME= 12420, Z= 5,

| SR

TIME= 12420, Z= T.

centration Contours

FT/GRID UNIT
BX 781,2
Sv 781.2
WARPIC GRID ORIGIN

LATITUDE  41.3%

" LONGITURE 71.07

CONTOUR MINIMUM 1,0
INCREMENT 250, 0

v

Long Term Transport of Neutrally Buoyant Particle at Brown's Ledge with Constant Horizontal
and Vertical Dispersion Coefficient of 50, 0.0001 FTZ/SEC. T = 12420 Sec, Horizintal Con-
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WAP1C 2-D CONCENTRATION CONTOURS AT VARIOUS Z-LEVELS §
WASTE RELERSE SIMULATION AT BROWNS LEDGE ?
TIME= 1502'8. Z= 4, . TIME= 15028_. yAS ‘5. : 1
| FT/GRID UNIT :

X 7812 g

Oy 7812 |

HAP1C GRID ORLGIN g

' J
_ LATITUDE 41,34 ;-

, |

LONGITUDE 71,07 g

X X : é

, CONTOUR MINIMUM 1.0 |

TIME= 15028, Z=6, TIME= 15028, Z= 7,  [NCREMENT 950..0
‘_J
L . S ’ Lo 1 l% :
FIGURE 8.4F Long Term Transport of Neutrally Buoyant Particle at_ Brown's Ledge with Constant Horizountal

’ and Vertical Dispersion Coefficient of 50, 0.0001 FT®/SEC. T = 15028 Sec. Horizontal Con- .
centration Contours :
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WAPIC 2-D CONCENTRATION CONTOURS AT VARLOUS Z-LEVELS
NASTE RELERSE SIMULATION BT BROWNS LEDGE
TIME= 18506, Z=+4. TIME= 18506, Z=5,
T e FT/GRID UNLT
X  976.8%
Y o 781.2
1 wWaPIC GRID ORIGIN |
LATITUDE 41, 35 %
" LONGITUDE 71,05 .
CONTOUR MINIMUM 1.0
INCREMENT 950, 0
) .
[an
-
el ]
‘ . %
{ L Ui i
7.50 o 1,50 o ;

FIGURE 8.4G Long Term Transport of Neutrally Buoyant Particle atzBrown's T.edge with Contant Horizontal

and Vertical Dispersion Coefficient of 50, 0.0001 FT"/SEC. T = 18506 Sec. Horizontal Con-
centration Contours
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COUPLING WRPLC TO 2-D VERTICALLY AVG, HYDRODYNAMIC TIDAL MODEL
TRANSLATION AND EXPANSION OF 15X15 X-Y GRID AROUND AN INITIALLY
3-D GBUSSLIEN CLOUD OF NEUTRALLY BUOYBNT MARKER PARTICLES
- WITH CONSTENT X-Y,Z DIFF. COEFFICLENTS OF 100.0 10,0001 FT2/SEC
- GR1D MOVEMENTS 67T T=01:2+5,6,7 HOURS AFTER SLACK TIDE
X-Y DIFF. COEFF. OF 100 FT2/SECs WITH 8N ENE NET WIND DRIFT

—— " T 5 )ﬂ—rLJ( g I

s 1 1

| l Ew l l
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PIGURE 8,5A ‘Long Term Transport of Neutrally Buoyant Particles at Brown's Ledte with Constant Horizontal
and Vertical Dispersion Coefficients of 100.0, 0.001 FT /SEC, Two Dimensional Plot of Expan~
sion and Translation of Horizontal Grid
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WRPIC 2-0 CONCENTRATION CONTOURS AT VARIOUS Z-LEVELS
NEUTRALLY BUCYANT WASTE RELEASE SIMULATION AT BROWNS LEDGE
TIDAL DISPERSION WITH & SUPERIMPOSED NET WIND DRIFT
CONSTANT HORIZONTAL DIFFUSLION COEFFICIENTS OF 100.0 FT2/SEC

TIME= 0. Z=1, TIME= 0. z=2¢,
' s FT/GRID UNIT
Ox  200.0
Y  200.0
o
o .
- . A
> o HAPIC GRID ORLGIN
LATITUDE 41,321
. 1 LONGITUDE 71.092
7.50 7.50
X X
_ CONTOUR MINIMUM 1.0
TIME= 0. 2Z=13. TIME= 0. Z= 4, INCREMENT 250, 0
o (enY
e} Nty
> >
=
(571
(851
7.50 :
Y

" FIGURE 8.,5B ' Long Term Traﬁsport of Neutrally Buoyant Particles at Bgown's Ledge with Constant Horizontal
L and vertical Dispersion Coefficients of 100.0, 0.001 FT /SEC., Two Dimensional Plot of Expan-
~sion and Trauslation of Horizontal Grid. T = 0.0 Sec., Concentration Contours
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wBP1C 2-D CONCENTRBT ION CONTCOURS AT VARIOUS Z-LEVELS
NEUTRALLY BUOYANT WRASTE RELERSE SIMULATION 6T BROWNS LEDGE .
TIDAL DISPERSION WITH B SUPERLMPOSED NET WIND DRIFT -
CONSTANT HORLZONTAL DIFFUSION COEFFICIENTS OF 100.0 FT2/SEC
TIME= -3786. \‘Z"—‘- L. . TIME= 3786, Z= 2,
~ I . FT/GRID UNIT
3x  488,3
Sy 4883
(w3 o
2] w
> o " > o y

WAP1C GRID ORIGIN
_LBTITUDE 41,332

"LONGITUDE 71.088

7. 50 ?i50
X X
CONTOUR MINIMUM 1.0
TIME= 3786. 2= 3. TIME= 3786, Z= &, INCREMENT £50. 0
. T ' % .
o
al
> o2f i
s =
1 { 9]
7.50 7.50 o
X X . |

FIGURE 8.5C Long Term Transport of Neutrally Buoyant Particles at Bﬁown"s Ledge with Constant Horizontal
. and Vertical Dispersion Coefficients of 100.0, 0.001 FT" /3EC, Two Dimensional Plot of Expan-
'sion and Translation of Horizontal Grid, T = 3786 Sec., Concentration Contours
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WBPLC 2-0 TONCENTRATION CONTOURS AT VARIOUS Z-LEVELS
. NEUTRALLY BUCYANT WASTE RELEASE SIMULATION AT BROWNS LEDGE
- TIDAL DISPERSION WITH 8 SUPERIMPOSED NET WIND DRIFT
CONSTENT HORIZONTHL DIFFUSION COEFFICLENTS OF 100.0 FT2/SEC

TIME= 10741, 2= L. TIME= 10741, 2z= 2. .
e ‘ FT/GRID UNLT
| Ox  953.7
_ Sy 3537
o) o
> o - > oF -

WAPLC GRID ORIGIN
LATITUDE 41,339

LONGLTUBE 71,075

7.50 7.50
X X
| CONTOUR MINIMUM 1,0
TIME= 10781, Z=3. TIME= 10741, Z=#%.,  [NCREMENT 950. 0
T ; X : 1 .
(w3
w
, > oF .
7,50 | 7.50 &
S X , X e :

FIGURE 8.5D Long Term Transport of Neutrally Buoyant Particles at BEOWn'S L.edge with Constant Horizontal
: and Vertical Dispersion ‘Coefficients of 100,0, 0,001 FT" /SEC. Two Dimensional Plot of Expan-
sion and Translation of Horizontal Grid, - T = 10741 Sec,, Concentration Contours
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COQUPLING HRPIC TO 2-D VERTICALLY AVG. HYDRODYNARMIC T1DAL MODEL
TRENSLETION ABND EXPANSION OF 15X15 X-Y GRID AROUND AN INITIALLY
3-D GRUSSIRAN CL3UD OF NEUTRBLLY BUOYBNT MARKER PARTICLES

WITH SCBLE DEPENDENT X-Y DIFF, COEFFs Z, COEFF,=0.01 FT2/SEC:
GRID MOVEMENTS 8T T=0s1.0,1.8:2,6:3.6 4,6 HRS, » FROM SLACK TIDE
INLTIRL X-Y TOTARL GRLID SPaN OF 3000 FT.

FIGURE &.6A ZILong Term Transport of Neutrally Buoyant Particle at Browan's Ledge with Scale DependentzHori-
zontal Diffusion Dispersion Coefficients, and Vertical Dispersion Coefficient = 0.0l FT /SEC.
Two Dimensional Plot of Expansion and Translation of Hoxizontal Grid,
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i . WRPLC 2-0 CONCENTRATION CONTOURS IN BN X-Y 'PLANE
THROUGH THE MAXIMUM CONCENTRATION LEVELs AT B8 GLVEN TIME STEP
TIDRL TRANSPORT COF 6N INITIALLY THREE DIMENSIONAL
CARUSSIAN CLOUD OF NEUTRBLLY BUOYANT MBRKER PARTICLES
WITH HORIZONTAL SCARLE DEPENDFNT DIFFUSION COEFFICIENTSBQ

T v:';v Z‘: T

o FT/C U
TIME= 0., 2= 3. TIME= 433, 2Z= 3. ST/ Rmeoo.%T
- . X 250.0
: 312,5
330,86
200,
Sy 2803
312.,5
R R 3990, 6
WAP1C GRID ORIGIN
41,321
LATITUDE 41, 322
%1, 325
$1,328
?. 71.032
X LONGLITUDE 71,031
71,091
, : 71,030
TIME= 105%., 2= 3. TIME= 2047, Z= 3.
N 3
VS CONTOUR MINIMUM 1.0
- >_‘\:- - ) N
‘ INCREMENT 100.0
1 { ol
7.50 ‘ 7.50 &
X ‘ X

FIGURE 8. 6B Long Term Transport of Neutrally Buoyant Particle at Brown s Ledge with Scale Dependentzﬁorl—

zontal Diffusion Dispersion Coeff101ents, and Vertical Dispersion Coefficient =
Concentration Contours at T = 0,0, 433.0, 1054.0, 2047.0 Secs

0.0l FT®/SEC.

|

e A

gt et o et o 10 2



WRPLIC £-{ CONCENTRBTION CONTCURS IN AN X-Y PLENE
THROUGH THE MBXIMUM CONCENTRATION LEVEL , 8T & GLVEN TIME STEP

TIDAL TRANSPORT OF AN INITIALLY THREE DIMENSLONAL
GRUSSIEN CLOUD OF NEUTRALLY BUOYANT MARKER PARTICLES

WITH HORIZONTRL SCALE DEPENDENT DIFFUSTON COEFFICLENTSBQ

FIGURE 8,6C . Long Term Tranéport of Neutrally Buoyant Particle at Brown's'Ledge‘with Scale Dependeng Hori-
zontal Diffusion Dispersion Coefficient, and Vertical Dispersion Coefficient = 0,01 FT¢/SEC.

7.50

' FT/GRID UN
TIME= 3682, Z= 3. » 3 R1 4ee.§T
) . . x ?62.3
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- . o » WAPIC GRID ORIGIN

LS P <Y
N
200

o -
W

LATITUDE ~ 41.338

=
7..50 21
71

TIME= 6334, 2Z= 3.

|3

X | | LONGLTUDE

CONTOUR MINIMUM

7. 50

7,50
X

Concentration Contours at T = 3662, 6394 Secs,

1,332

1.0
INCREMENT - 100.0
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COUPLING WARPLC TG -0 VERTICALLY AVG, HYDRODYNRMIC T1DAL MODEL
TRANSLATLION BND EXPANSION OF 19X15 X-Y GRID AROUND AN INITIALLY
3-0 GRUSSIAN CLOUD WITH A SINGLE PARTICLE SETTLING RATE

WITH CONSTANT X-YsZ DLFF., COEFFLCLENTS OF 100.,0.0001 FT2/SEC
GRLD MOVEMENTS BT 1535 HOURS AFTER TIME T=0, AT SLACK TIDE
INITIAL X-Y TOTRL GRID SPAN OF 3000 FT.
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FIGURE 8,7A Long Term Transport of Sedimentary Particle with a Single Particle Settling Rate, with Con-
stgnt Horizontal and Vertical Dispersion Coefficients of 100,0, 0,0001 FTZ/SEc, W =0.003
FT /SEC. Two Dimensional Plot of Expansion and Translation of Horizontal Grid
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CWAPLC 2-D CONCENTRATION CONTOURS IN AN X-Y PLANE ,
- THROUGH THE MAXIMUM CONCENTRATION LEVEL s AT & GIVEN TIME STEP
- HASTE RELERSE SIMULATION BT BROWNS LEDGE

3-D GARUSSIAN CLOUD WITH A SINGLE PARTICLE SETTLING RATE
PARTLCLE SETTLING VELOCLTY = 0.003 FT/SEC

T R AP

FT/G U
TIME= 0. Z=13. TIME= 308, Z= 3. 1/ RIEEOJ?%T
‘ X 250, 0
- 3192.5
' 390,45
® ¥ 33828
312.5
N 390.6 5
NHPIC GR1D ORIGIN §
41,301 :
LAETITUDRE 51,322 ‘
11,325
v 41,325
: : 1,092
X . X LONGLTUDE 11933
¢ 71,030
| . 71,081
TIME= 805, 2= 3, TIME= 1302, 2= 3,
T g e T 2

CONTOUR MINIMUM 1,0

7,50

INCREMENT 100.0

7,56
X

FIGURE 8,7B Long Term Transport of Sedimentary Particle with a Single Particle Settling Rate, with Con-
stant Horizontal and Vertical Dispersion Coefficients of 100.0, 0,000l FT /3EC, W = 0.003
FT/SEC. Concnntrat:.o*l Contours at T = 0.0, 308, 805, 1302 Secs ’
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WEPIC Q—D-CONCENTRHTION CONTOURS IN BN X-Y PLANE _ '
THROUGH THE MAXIMUM CONCENTRATION LEVEL » AT A GLVEN TIME STEP
WRSTE RELEASE SIMULATION AT BROWNS LEDGE

3-D GAUSSIAN CLOUD WITH & SINGLE PARTICLE SETTLING RATE
PARTICLE SETTLING VELQCLTY = 0,003 FT/SEC

~ o | FT/GRID UN
TIME= 2286, Z=4, s+ TIME= 4034, Z=4, T/GRID, ONLT
: \ X §10. 4
) 953. ¢
N b SRRt
. o ) fen 782.9
e O - > of y Aeddh
e o~ WAPIC GRID ORIGIN
1,32
CLaTiuoe . ih 33
41,333
) 81,351
7.50 7.50 |
| 1,09
X X LONGITUDE  §1:088
71,079
21,068
 TIME= 8009, Z=6, TIME= 11362, Z= 8.
— : T n 3
ol : 2 CONTOUR MINIMUM 1.0
e ] > nor 7 '
INCREMENT 100, 0
7.50 7.50 %
X X )

" FIGURE 8.7C Long Term Transport of Sedimentary Particle with a Single Particle Settling Rate, with Con-
stant Horizontal and Vertical Dispersion Coefficients of 100,0, 0,0001 FT“/SEC, w_ = 0,003
FT/SEC. Concentration Comtours at T = 2296, 4304, 8007, 11362 Secs s
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- WAPLC 2-D CONCENTRATION CONTOURS IN AN X-Y PLANE
THRQUGH THE MBXIMUM CONCENTRATION LEVEL » AT A GLVEN TIME STEP
NASTE RELEASE SIMULATION AT BROWNS LEDGE

3-D GAUSSIAN CLOUD WITH & SINGLE PARTICLE SETTLING RATE
PARTICLE SETTLING VELOCLITY = 0,003 FT/SEC

'  FT/GRID UNIT
TIME= 14364, Z=10, TIME= 186380, Z= §, 8 953, 7
l | i X 953t
1192, 1
9513,
‘ 8 ¥ 953.%
S o 353, 7
(Yo N o [fe} )
e > o WAPIC GRID ORLIGIN
41,353
LATITUDE - 31,333
41,352
750 7,50
71,059
¥ X LONGITUDE +1: 058
* 71.033

TIME= 23285, Z=10.
{

o CONTOUR MINIMUM 1.0
> oo g
O INCREMENT 100. 0
L =
7,50 Q
< :

FIGURE 8,7D Long Term Transpoxt of Sedimentary Particle with a Single Particle Settling Rate, with Con-
stant Horizontal and Vertical Dispersion Coefficients of 100.0, 0,0001 FTZ/DEC W = 0,003
FT/SEC, - Concentration Contours at T = 14964, 18690, 23285 Sec
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEOUS GRUSSIAN RELEASE
PARTICLE SETTLING VELOCITY= 10,0023 FT/SEC

X~-Z AND Y-Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELOCITIES FT/SEC

T T 7 " 0.0030
vvv“ ""
g - v~'t'l~‘ %f’
ot e e -
™
- J
W o
]'o
E 5);" 1 LOCATION OF CENTER OF MASS
a ! e
o LATITUPE= 41,315
a el | LONBITUDE= 71,095
%3 .
! . g ! X-Y GRID.LENGTHS FT,
3,00 6,00 8,00 12,00 '
X—GRID UNITS Px=200.
) T T pY= 200,
ol - '~”iﬁéPf¥8&aniz',': TIME=  0.00 HR.
a Faary .
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Y GRID UNITS

FIGURE 8,7E Long Tern Transport of Sedimentary Particle with a Slngle
Particle Settling Rate, with Constant Horizpntal and Vertical
Dispersion Coefficients of 100.0, 0.0001 FT7 /SEC, W = 0,003

PT/SEC; X-Y, Y-Z Planar View of Particle Clond, T = O 0 Hours
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~60. 00
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—30-00

DEPTH-FT.

WAPIC SIMULATION OF SEPIMENT

166.

TRANSPORT AT BROWNS LEDGE

FALLOUT FROM AN INSTANTANEOUS GAUSSIAN RELEASE

PARTICLE SETTLING VELQCITY=

0.0023 FT/SEC

X~Z AND Y-Z PLANAR VIEWS OF PARTICLE POSITIONS
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Y-GRID UNTTS
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0.0030

LOCATION OF CENTER 0OF MASS
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LONGITUDE=

41,324

71,030

X=Y GRID LENGTHS FT.
PX= 7863,

pDy= 763.

TIME= 2,22 HR,

FIGURE 8.7F  Long Term Transport of Sedimentary Particle with a Single

Particle settling Rate, with Constant QOrL78n+17 and vertical
Digpersion Coefficients of 100.0, 0,000L FI" /SEC, W

FT/5EC; X-Y, Y-Z Planavr View
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEOUS GRUSSIAN RELEARSE
PARTICLE SETTLING VELOCITY= 0,0029 FT/SEC

X~Z AND Y-Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELOCITIES FT/SEC

-60. 00 -30.00

DEPTH-FT.

~30. 00

! - ! ) 0.0030

LOCATION OF CENTER OF MRSS
LATITUDE= 41,328
LONGITUDE= 71,074

e s ; X~Y GRID LENGTHS FT.
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Long Term Transport of SedimentarykParticle with a Single

Particle Settling Rate, with Constant Horizgntal and Vertical

Dispersion Coefficients of 100.0, 0.0001 FT"/S8EC, W_ = 0,003
FT/SEC: X-Y, Y-Z Planar View of Particle Cloud, T ="4.6 Hours
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WAPIC SIMULATION OF SEDPIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEOUS GAUSSIAN RELEASE
PARTICLE SETTLING VELOCITY= 0.0029 FT/SEC

X~Z AND Y~Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELOCITIES FT/SEC
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FIGURE 8,.7H. - Long Term Transport of Sedlmﬁntary Particle with a Single
- Particle Settling Rate, with Constant Horlzgntal and Vertical
Dispersion Cosfficients of 100.0, 0.0001 FT /SEC, W = 0,003
FT/SEC; X-Y, ¥Y~Z Planar View of Particle Cloud, T 5 19 Hours
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WAPIC SIMULATION OF SEDIMENT FALLOUT AT BROWNS LEDGE
FOR A SINGULAR PARTICLE SETTLING VELOCITY

THE XY »Z POSITIONS OF CENTER OF MASSs AND % OF MASS :
REMAINING IN THE PARTICLE CLOUD AS A FUNCTION OF TIME !

DEPTH-FT
~80. 00 -40. 00

l 5 T i |’ i
2,00 4,00 6,00 ' :
1 T'ITWEZ’—f*[]LJFQSS k ; ;
. ~°
é Rl
Zo'
i Z o i
| - CS‘\\<::=§\__,_‘
| > 8 ;
| 2.00 4. 00 6. 00 L
1 TIMEZHOURS - i SR R
d | | e
| o 1
! N i
P - P
; a. 2f i1
| Ll Gt iE
| al
] . i § ] ) K
| 2,00 4,00 6,00

S ~ TIME-HOURS

oo FIGURE 8.71 Long Term Transport of Sedimentary Particle with a Single :
: Particle Settling Rate, with Constant Horj.zgntal and Vertical ,
= Dispersion Co°ff1C1ents oZ 100.0, 0.0001 PT /gEC Wg = 0.003 :
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COUPLING WRPLIC TQ ¢-D VERTICALLY AVG, HYDRODYNAMIC TIDAL MODEL
TRANSLATION AND EXPANSION OF 15X15 X~Y GRLID AROUND BN INITIALLY
3-D GAUSSIAN CLOUD WITH & SINGLE PARTICLE SETTLING RATE

WNITH CONSTABNT X-Ys2 DIFF. COEFFICIENTS OF 100, s0.01 FT2/SEC
GRID MOVEMENTS BT T=01,213.6 8,5 HOURS FORM SLA&CK TIDE

INITIBL X-Y TOTAL GRID SPAN OF 3000 FT.

"OLT

FIGURE 8.8‘13 L&rig Term Transport of a Sedimentary Partiscle with a Single Particle Segtling Rate, with Con-
stant Horizontal and Vertical Dispersion Coefficients of 130.0, 0,01 FT°/SEC. W_ = 0,003
FT/SEC; Two Dimensional Plot of Expansion and Translation of the Horizontal Grid
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NAPLIC £~} CONCENTRATION CONTQURS IN 8N X-Y PLANE
THROUGH 7THE MAXIMUM CONCENTRATION LEVEL » BT 8 GIVEN TIME STEP
XsYHZ DIFFUSICON COEFFICLENTS = 100G, 4100, 40,01 £T2/SECH

3-D GRUSULIARN CLOUD WITH § SINGLE PARTICLE SETTLING RATE
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FIGURE 8.8B Long Term Transport of Sedimentary Particle with a Single Particle Setﬁliq? Rate, with

Constant Hoxrizontal and Vertical Dispersion Coefficients of 100.0, 0.01 FT* /SEC, WS =

0.003 FT/3EC. Concentration Coatours T = 0,0, 1054, 4034.0, 13,225, Sec
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT EROWNS LEDGE
FALLOUT FROM AN INSTANTANEQUS CARUSSIAN RELEASE
PARTICLE SETTLING veLOCITY= 0.0023 FT/SEC

X~-Z AND Y-Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELOCITIES FT/SE
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FIGURE 8.8C -Long Term: Transport of. Sedimentary particle with a Single

Particle Settling Rate, with Constant HoréZOﬂtal and Vertical

Dispersion Coefficients of 100.0, 0.01 FT /SEC. W_ = 0,003
FT/3EC.  X-%, Y-Z Planar Views of Particle Clond, f= 0.0 Hour
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WAPIC

FALLOUT FROM AN INSTANTANEQUS GAUSSIAN RELEASE

PARTICLE SETTLING VELOCITY=

0.0023 FT/3EC

X-Z AND Y~Z PLANAR VIEWS OF PARTICLE POSITIONS
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FIGURF 8. 8D TLong Term Trdnsport of Sedlmentary Partlcle with a Slngle
: , Particle Settling Rate, with Constant Horézontal and Vertical

_ Dispersion Coefficients of 100,0, 0,01 FT“/SEC, W
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SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE

SETTLING VELQCITIES #T/5EC

0.0030

LOCATION OF CENTER CF MRSS

LATITUDE= 41,317

LONGITUDE= 71,037

X-Y GRID LENGTHS FT.
DX= 610,
Dy= 610,

TIME= 1,12 HR.

o

0.003
l 12 Hour

e I

MY




WARPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEQUS CRUSSIAN RELEARSE

PARTICLE SETTLING VELQOCITY= 10,0029 FT/5EC
X~Z AND Y-Z PLANARR VIEWS OF PHRTICLE POSITIONS
. ) SETTUING VELQCITIES FT/SEC
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FIGURE 8.8E TLong Term Transport of Sedimentary Particle with a Single

. Particle Settling Rate, with Constant Hox%zontal and Vertical
Dispersion Coefficients of 100.0, 0.0l PI"/SEC, W _ - = 0.003
FT/SEC. X~Z, Y-Z Planar Views of Particle Cloud, T = 3,67 Hours

.
 RES)



i

i
i
i
4
i

i

O
i
i
7
¥
i
ot

b AT

i & LRSI i e

g e SR o~

IR & i oM .

R R M

175,

WAPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEQUS GRUSSIAN RELEARSE.
PARTICLE SETTLING VELOCITY= 0.0023 FT/5EC

X”Z AND Y~Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELGCITIES #T/SEC
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FIGURE. 8.8F - Long Term Transport of Sedimentary Particle with a Single

Particle Settling Rate, with Constant Horizontal and Vertical
Dispersion Coefficients of 100,0, 0.01 FT" /SEC. W _ = 0.003

FT/SEC, X-Z, Y-Z Planar Views of Particle Cloud, i 6.47 Hours
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WAPIC SIMULATION OF SEDIMENT FALLOUT AT BROWNS LEDGE
FOR A SINGCULAR PARTICLE SETTLING VELOCITY !
THE X #Y sZ POSITIONS OF CENTER OF MASSs AND % OF MASS i
REMAINING IN THE PARTICLE CLOUD AS A FUNCTION OF TIME ]
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" TIGURE 8.8G Long Term Transport of Sedimentary Particle with a Sinqlé Particle
Settling Rate,,with Constant Horizontal and vertical Digpersion Coefficients of

100.0, 0.01 FI" /SEC. .Ws = 0.003 MI/3PC.  X-Y-Z Positions of the Center o £ Mass
and Percent Mass Remaining in the Particle Cloud as a Function of Time




“S_COUPLING WBPLIC TO £-D VERTICALLY AVG. HYDRODYNAMIC TIDAL MODEL
: 'l\LQNSLﬂTT.ON AND EXPANSION OF 15X15 X-Y GRID AROUND AN INITIALLY
~3-D OugsiaN CLOUD WITH § MARKER PARTICLE SETTLING RATES

WITH CONS=QNT X-YsZ DIFF. COEFFICLENTS OF 100. 90,0001 FT2/SEC
GRID MCOVEMENISUIN 2 HOUR STEPS FROM TIME T=0s AT SLACK TIDE

¥

FIGURE 8,9A Long Term Transport of a Sediment Cloud with Five Different SettliEg Velocities, with
, Horizontal and Vertical Diffusion Coefficients of 100.0, 0,000l FT" /SEC, W_ = 0,002, 0.003,

LLT

0,008, 0.017, 0.026 FT/SEC. Two Dimensional Plot of Expansion and Transla%ion of the Horizon-

tal Grid
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KAPLIC £-D CONCENTRATION CONTOURS IN BN X~-Y PLANE
THROUGH THE MAXIMUM CONCENTRATION LEVEL s BT B GIVEN TIME STEP
" WASTE RELEASE SIMULATION AT BROWNS LEDGE

3-D GAUSSIAN CLOUD WITH 5 PARTICLE SETTLING RATES
SETTLING VELOCITIES = 0,001,0,0030,008,0,017 40,026
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FIGURE 8.9B Long Term Transport of a Sediment Cloud with Five D:\.ffefent Settl:.ng Veloc:.tles with Horizontal
" and Vertical Diffusion Coefficients of 100.0, 0.0001 FT" /SEC, W = 0,002, O. 003 0,008, 0,017,
0.025 FT/SEC. Concentration Contours T = 0,0, 1054, 2792, 4034 Secs.
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WAPIC £-D CONCENTRATION CONTOURS IN AN X-Y PLANE
- THROUBH THE MAXIMUM CONCENTRATION LEVEL s AT B GIVEN TIME STEP

7,50

KASTE RELEASE SIMULATION AT BROWNS LEDGE

- 3-D GRUSSIAN CLOUD WITH 5 PARTICLE SETTLING RBTES K
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INCREMENT 100. 0

7.50
X

.Léhg‘Term Transpdrtfof a Sediment Cloud with Pive Diffefent Settling Velocities, with Horizontal
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WAPIC SIMULATION OF SEPIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEQUS GRUSSIAN RELEASE

FOR FIVE DIFFERENT PARTICLE DIAMETERS

X~Z AND Y~Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELOCITIES FT/SEC
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FIGURE 8.9D Long Term Transpoxt of a Sediment Cloud with Five Different

Settling Veloc;t&es, with Hovizontal #hd Vertical Diffusion Coefficients of-

100.0, 0.000L ¥FI" /3EC, WS 0.002, 0. 003, 0.008, O. OJ? 0.026 FT/oE X~Z,
Y-Z Planar Views of Partlcle Cloud =.0.0 Hourx
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEOUS GAUSSIAN RELEASE

FOR FIVE DIFFERENT PARTICLE DIAMETERS

X—~Z AND Y-Z PLANAR VIEWS OF PARRTICLE POSITIONS

SETTLING VELOCITIES FT/SEC
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 FIGURE 8.9E . Long Term Transport of a Sedlnent Cloud with Five leferent

settling VelorLtéeb, with Horizontal and Vertical Diffusion Coefficients of

100.0, 0.0001 FT /3EC, W =-0,002, 0.003, 0, 008, 0,017, 0.026 FT/SEC. X=Z,
Y7 Planar lewa of Pdtflcle Cloud, T = l 12 Hours
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEOUS GAUSSIAN RELEARSE

FOR FIVE DIFFERENT PARTICLE DIAMETERS

X~Z AND Y-Z PLANAR VIEWS OF PARTICLE- POSITIONS
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FIGURE 8.9F Long Term Transport of a Sediment Cloud with Five Different

. gettling Velocities
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT BROWNS LEDGE
FALLOUT FROM AN INSTANTANEOUS GAUSSIAN RELEASE

FOR FIVE DIFFERENT PARTICLE DIAMETERS

X-Z AND Y-Z PLANAR VIEWS OF PARTICLE POSITIONS

SETTLING VELOCITIES FT/SEC

- X=Z, ¥=7 Planar Views of Partlcle Clou
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FIGURE 8.9G Long Term Transport of

Settling Velocities, with Horizoatal
of 100,0, 0.0001 FT /SEC, W =0, 002,

a Sediment Cloud with Five Different
and Vertical Diffusion Coefficients

0.003, '0.008; 0. 017, 0.026 FT/SEC
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WAPIC SIMULATION OF SEDIMENT FALLOUT AT BROWNS LEDGE
FOR A SINGULAR PARTICLE SETTLING VELOCITY

THE XY »Z POSITIONS OF CENTER OF MASSs AND % OF MASS
REMRINING IN THE PARTICLE CLOUD AS A FUNCTION OF TIME
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FIGURE 8.,9H Long Term Transport of a Sediment Cloud with Five hifferont
gettling Velociti&g, with Horxizontal and Vertical Diffusion Toeflicionts of
100.0, 0.,0001 ¥ /5EC, W_ = 0,002, 0.003, 0.008, 0.017, 0.026 FT/51C., X-Y-Z
Positions of the Center Jf Mass and Percent Mass Remaining in the Particle
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‘FIGURE 8. IOA Long Texrm Transport of a Sediment Cloud with Five Different Settllng Velocities, with
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 WAPIC 2-0 CONCENTRATION CONTOURS IN AN X-Y PLANE o
THROUGH THE MAXIMUM CONCENTRATLION LEVEL » AT A GIVEN TIME STEP
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WAPIC SIMULATION OF “SEDIMENT TRANSPORT AT BROWNS LEDCE :
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WAPIC SIMULATION OF SEDIMENT TRANSPORT AT GROVWNS LEDGE
FALLOUT FROM AN INSTANTANEQUS GRUSSIAN RELEARSE

FOR FIVE DIFFERUNT PRRTICLE DIAMETERS
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FALLOUT FROM AN INSTANTANEQUS CAUSSIAN RELEASE
FOR FIVE DIFFERENT PARTICLE DIAMETERS
X~Z AND Y-Z PLANAR VIEWS OF’PHRTICLE POSTITIONS
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WAPIC SIMULATION OF SEDIMENT FALLOUT AT BROWNS LEDGE
FOR A SINGULAR PARTICLE SETTLINC VELOCITY

THE XY »Z POSITIONS OF CENTER OF MASSs AND % OF MASS
- REMAINING IN THE PARTICLE CLOUD AS A FUNCTION OF TIME
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IX. SUMMARY, CONCLUSIONS, RECOMMENDATIONS
WAPIC, a three dimensional Lagrangian marker particle
in Eulerian finite difference cell technique for simulating
the incompressible mass trahsport equation, has been
developed. The nmethod vaé verified against five analytic
solutions and subsequently applied to the prediction of

long term tidal transport of suspended sediment from an

instantaneous barge disposal of dredged sediment waste at

Brown'®s Ledge.

A. Verification Studies
The procedure was found, whén utilizing a horizontal
stahdard deviation ic ‘grid spacing ratio of 2.0, fo
aqcucately predict to within an absolute value of 6 % , the

analytic concentration values for three dimensional

unbounded tu:bulent‘ transport of an initially Gaussian

release in uniform steady unidirectional flow and steady
uniformly sheared unidirectional flow.
WAPIC  was applied in the simulation of 1long ternm

transport of continuous Gaussian releases in a steady

unidirectional turbulent flow field. Comparison with
- analytic éoncentration“valuésvvwere poor because of

inaaequater numbers of marker particles to represent the

initial GausSian particle‘,distributions. In qeneral,

WAPIC, in its present form, is impractical for simulations
‘of continuous waste releases, because of the excessive

amounts of computer or auxiliary storage raquired for the
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large number Eof marker particlés necessary for adequate

spatial representation of the succession of Gaussian -

releases. An accurate 'rgppesentationJ of the diffusive
behavior of the continubué ﬁaste reléaée~may require on the
order of 30 to S0 thousand marker particles in order to
perform a two hour real tlme simlation.

WAPIC was verified against  an analytic solution for

turbulent transport of an instantaneous release in unifornm

plug channel flow. Predicted concentration values vere
within 5 % of the an;i;tic values in the center of the
channel. This simulation demons;rated the utility of
WAPIC'S reflection boundary conditions and procedures for
selective translation and expansﬁon ofkthé Eulerian finite
difference grid. ‘

WAPIC 4successfully simulated Dobbins' (73) one
diménsional mass transport solution "~ for fallout of an
initially vertically uriform sediment distribution uith,a
singie vertical settling velocity in a’éfeady turbdlenﬁ,
channel flow fiéld. ~ The siqnificance of this simulation
was tﬁe- verifiéation of NAEIéfs.uability “to accurateiy
i : predict the vertical concentration _éna fallout rates of
_neqafively buoyaht particles ,in é'turbﬁiént flow field.

Vertlcal concentratlon values and partlcle deposxtlon rates
were all wlthln 5 % accuracy for flve dlfferent partlcle

settlingi véiocity cases. The_Courant dynamic stability or

time step restriction which is utilized in Eulerian finite

difference schemes, was found to be a valid accuracy |

reqUiremént _for the WAPIC Eulerian finite differenCe:?
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Lagrangian marker particle algorithm.

REPRODUCIBILITY OF THE
 BRIGINAL PAGR- I8 POOR

B. Simulations At Brown's Ledge

Seven simulations of long term transport of suspended
sediment resulting from an instantaneous disposal of
dredged waste at Brown's Ledge in Rhode Island Sound were
per formed, A two dimensional vertically averaged tidal
hydrodynamic model was successfully coupled through the use
of a velocity processor to WAPIC. For all seven neutrally
and  npon-neutrally buoyant suspended sediment simulations,
the initial plume of hypothetical maximum concentrations of
1500 to - 3000 mq/liter‘ dropped to ambient background
concentration levels of 1-5 mg/liter in less than two tidal
cycles in appioximately 60 to 120 feet of water.

The center of mass of the turbid cloud for all four
negatively buoyant simﬁlations wvas "conservatively" placed
relatively close to the surface at a depth of twenty féet.
In reality, the center of mass of the turbulent cloud would
probably be located wmuch <closer to thé bottonm, The
suspended sediment cloud would be produced by turbulent

entrainment or mixing with the water column as the initial

release descends and by the vertical upward momentum sutgé

of the spoil cloud follOuing the impact at the bottOm‘(77),
For the given telease area shown, provided the vertical

turbulent,'diffusion coefticients and free fall velocities

are . representative, the entrained cloud of sediment vould

settle to the bottonm o:’diffﬁSe to background ievels in a

b o ot b pm g
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much shorter time span than shown in these simulaticas.
The particle clouds were also conveniently placed near the
surface for viéuéiédemonstration of the vertical descent of
the clouds to the botten.

The most ihbortant aspect of these simulations is that
the 1long term horizoantal and vertical transport of a
spectrum of particle settling velocities can now be
modeled, provided the ambient current £ie1d, horizontal and
vertical turbulence levels, and physical characteristics of

the suspendsd sediment are accurately known.

‘C. Recommendations
WAPIC, in its present form, may simulate the long ternm
ttansport of an insténtaneous release of séwage ot
pollutants from an outfall in a tidally dominated estuarine

environgent.,  Of interest would be the coupling of WAPIC to

A  three dimensional finite difference advective velocity -

field. Gordén (36) has developed a three dimensional

finite"diffefence hydrodynamic model for the Providence

_River, Utilizing the strictly Eulerian (non translating

and expanding) version of WAPIC, the two models may be

combined for the prediction of pollutant trdnspdrt; At

present the HAEICkvelocity interpolation scheme is only4tio

diménsiona1.~ Should WAPIC be coupled to a three

rdiméhSional hydrodynanric  field, and thc ‘Eulerian grid

‘system expands and translates in either two or three

dimensions, then a three dimensional velocity interpolation

I
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scheme will be required.

A field verification of the WAPIC mass transport
procedure in a tidally driven environment is necessary in
order to determine the actual predictive capabilities., A
search for a suitable field study of long term pollutant og
sediment transport with an adequate data base of advective

field velocity vectors, tide heights, and suspended

constituent levels for testing the procedure should be

undertaken,

WAPIC is suitable for predicting the longwuterm
transport of dilute suspended sediment, but doés not
address the short term aspects of the descent, impact; and
spreading surge of the negatively buoyant sediment or
pollutant cloud., A two phase short tern hydrodynauié model
would be of value to produce %+he initial sediment
distribution for WAPIC'S long term transportbsiuulatidn. A
suitable simulatioh techhiqqe might be a hybrid ALE, (
Alternating Euleriah Lagrahgian},fPIC, ( Particle In Ceil),
iﬁcompressible‘ hydrodyhamic technique."The PIC method is
weli_ suited for simulating the hydrodynauics of

incompressible two phase flow situations.

WAPIC may be wutilized for simulating the erosion and
entrainment of sediment from the botton boundary layer. A

" Shields" critical shear ‘velocity‘~criteria (78) for

entrainment of sediment might be cthidered; The

vvertiCally transformed,V'horizéntally expanding‘ and

translating version of WAPIC coupled to a two or three
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dimensional hydtodynamiCa‘velocity field might be used to

study the sediment erosion and deposition patterns within

an ostuarine epvironment,
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APPENDIX A

. Derivation of transformation identities (36)

o
o
o
Q
o
N
Lo o]
o
o
0
o
N
on
6
+
A

since

22 - a2l
vz vZ

ol
2%

(A.1)

(A.2)

(A.3)

Substitutihg for ¢, we define the derivative of A with respeCt to x, ve Ms E

in the x;'y, T coordinate system as follows:

.‘S_l;\. = .Q.Z.\- 4 .Qn -6-..z-

T from A.,2

on
ot
[
t
o
N
ot
o
2h

define

Ny R AR
: Tl(xl YI Z,’ t) H (x' y' t)

where

H(x, y, £) = E(x, vy, t) +h(x, y)

o
=3

i
lo»

1
e
N
1
sl

I
oo o

.

£ T Ge [MHE] = fm+nE+n) =~ 18

(A.4)

(A.5)

(A.6)

(A.7)

"‘(A;-rs) |




so
g2 _ %A 1 55 - DA
s€ " 3¢ T RLO*YD w1 5
| From A.2 for ZX~transformation
ié‘: 9_& + .{:‘ﬂ .F..’.%. 9—&
AX Ox "6z 6% bn
1
AA _dA 1 6€ ah 4 A
| = 5% + o5 L+ 1) % T Ll = ] il
Similiarly for Y-transformation
8§A DA - 1 . 88 sh A
— T e P + _—— ——
v oy tERLOTL g Y NI
; For z-~term Transformation
A _ 8 A D rz-Eq A _ 1
i . ' vz pz oMy Dz H M H

SO

?l

I
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=1

APPENDIX A~ -~ CONTINUED
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(3.9)

1
(2.10) | ‘
(A.11)
(A.12) |
(2.13)
(5.14)
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APPENDIX B |

VERTICAL TRANSFORMATION OF MASS TRANSPORT EQUATION

The transformation of the cartesian three dimensional mass transport
equation may be accomplished using the transformation identities A. 9,

11, 12, 14 after Gordon (36). For convénience, the 3-D mass transport

i equation will be divided into seven (7) terms,

ol dc c d¢ o) ol o ole] o) de, _
:: o m P IR P VE P e Bl TS T3 % O
(a) (b) () @ (e) (£) (@)
E : (8.1)

;i each term being transformed separately,

dc  _ ¢ 1 ﬁg_ ac | : ﬁ
Bt At g[m b at] o | B2 \
de TI 8F, sh . e |
Usx ~ Wax-gl@ Mg * M) ®.3)
' de ge 1 L. bE 5h . dc ' -
| —— = Tl e 1+ — 4 ——— -2 B.4
V5w Loy ~gl Ol +rimgleg! | @4
? ‘k»'Consider the total time derivative é
- ERT S P 2 |
7 = _DD,C_ + U%; + v 5y L~ | (B.5) 1
Transforming this ;
a . 5 6 4 oyb o4 WOR__L,dr vz bz d o
w® T e PV PV w tE owoE Ut V) 8

Defining a dimensionless vertical velocity

’W 1 0z V vz

i : : S o poeSumipiept SR 0 SR P ¢ A S Sl . . .
| o T EtElE Y Uit V) - | N

itk AT L
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APPENDIX B - EQUATIONS - CONTINUED

Thus
0
= 2z oz _z _
U} wH+(bt+on+V°y) ‘ Y (B.8)
w o = dz 0z Oz 1 dc e
Wg; [U)H+(S-E+U-S-£+V-b-§)]ﬁ-g,ﬁ- ; (B.9)
d S R I 5€ h 4 dc
EY3 [Kx % 6x—Kx[E§ -g 1+ ] X + 1 8% 437 ] (B.10)
40
+HV<{T.-
/ X
2 a¢ 9 - 8 sc 1 6€ sh . dc :
v Xy oy iy Sylay ~g M 5+ gy 1 57l (B.11)
0
+ H, 0. T,
y
K _
2k, 27 = 2 |
ek Z »% Al H2 Al (B.12)

Now the transformed terms in each dimension will be rearranged in each dimen-
sion,

[x - terms} - B. 3 without U %%‘term and B. 10

§c b bc '71‘ g 66 sh . de ‘ |
U-ﬁ—; ~ [xx[ax - /§[1+n]}3—§+,n;§]b—n] R (B.13)

»assuming incomprassibility expression B.13 may be rearranged as
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APPENDIX B - EQUATIONS -~ CONTINUED

K
o X c 1 3 sh . dc
- l&g-gh Mg+ 3150

orx

...Q}.{. (UTc) : where
5 z

< .
_ X c 1 . 6E h 5 dc
Uy = U-—1[ %; ~E Mg 3y

[y-Terms] Similarly

K

= yroe 1 ] 88 sh +.2c
: =V m:[ 2= =T+ 25 4 L A
and
.8
Y L))
['n - Terms] v
 Combining %—% terms of B. 2, 3, 4 with B.,9"
‘Assumirvig'
% pz  pE, pE 86 aE __ dh, dh
dt ' 2t DX ay ' odx T dy DX pY

‘with some rearrangement

| e B : .
0 .2 ¢ _ 1 U o v ah
o Lo H2c--bﬂ'33 gl 34 1‘] ¢

which is equivalent to

(B.14)

(8.15)

R

X

(B.16) .

(B.17)

(B.18) ]

R R
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(B.19)

(8.20)
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Combining B.15, 17, 20, 21

-

8 - 5 -
o0 4w Bl D 4 oo R R 1 =
TE T X [UTC‘ 5y (w,en % lwpe™ =0

where UT' VT’

and wy, are defined by B.16, 18, and 20,

(8,21)

(B.22)

(B.23)

B.22 represents the vertizally transforuwed total pseudo wvelocity form of

the three dimensional mass transport equation,
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VERTTCAL TRANSFORMATION OF PARTICLE SETILING VELOCITIES

Now *hat the vertinal coordinate has been transformad into dimension-

- g . . -1
less T-space, the characteristic velocity has units o5 T & where

Particle settling velocities must also be transfoimed using B.72

assuninyg

= )—.z. ?—.Z. / a—z
Ws DSH + (3t + U ax + V ay—)

transformed vertical setlling rakte

dh AT 8E BSE  BE

e, e, =g ’ -—pr
Jt’ It sx’ &y’ 5t
1, BE, ' 5 8h-,
= | — ( — o ——— o
wg = F W = LM+ 1) w2+ 0 LM+ 1) 52+ N g
' (13.24)
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