
PNL-6853
UC-11

DISCLAIMER

e

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof.

PRELIMINARY TESTING OF TURBULENCE 
AND RADIONUCLIDE TRANSPORT MODELING 
IN DEEP OCEAN ENVIRONMENT

PNL—6853

Y Qnishi DE90 000921
D. C. Durnmuller(a)
D. S. Trent

March 1989

Prepared for
the U.S. Environmental Protection Agency 
under a Related Services Agreement 
with the U.S. Department of Energy 
Contract DE-AC06-76RL0 1830

Pacific Northwest Laboratory 
Richland, Washington 99352

or t oor

MASTER

(a) Washington State University 
Pullman, Washington



DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.



DISCLAIMER

DO NOT MICROFILM 
THIS PAGE

This program was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor 
any agency thereof, nor Battelle Memorial Institute, nor any or their em
ployees, makes any warranty, expressed or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its 
use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its en
dorsement, recommendation, or favoring by the United States Government 
of any agency thereof, or Battelle Memorial Institute. The views and opinions 
of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof.

PACIFIC NORTHWEST LABORATORY 
operated by

BATTELLE MEMORIAL INSTITUTE 
for the

UNITED STATES DEPARTMENT OF ENERGY 
under Contract DE-AC06-76RLO 1830

Printed in the United States of America

Available to DOE and DOE contractors from the 
Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN 37831; 

prices available from (615) 576-8401. FTS 626-8401.

Available to the public from the National Technical Information Service,
U.S. Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

NTIS Price Codes, Microfiche A01

Printed Copy

Price
Pages Codes

001-025 A02
026-050 A03
051075 A04
076-100 AOS
101-125 A06
126-150 A07
151-175 AOS
176-200 A09
201-225 A10
226-250 All
251-275 A12
276-300 A13

Although the research described in this article has been funded wholly or in part by the 
United States Environmental Protection Agency (EPA), it has not been subjected to EPA 
review and therefore does not necessarily reflect the views o' EPA and no official 
endorsement should be inferred.



SUMMARY

Pacific Northwest Laboratory (PNL) performed a study for the U.S. 

Environmental Protection Agency's Office of Radiation Programs to 1) identify 

candidate models for regional modeling of low-level waste ocean disposal 

sites in the mid-Atlantic ocean; 2) evaluate mathematical representation of 

the models' eddy viscosity/dispersion coefficients; and 3) evaluate the 

adequacy of the k-e turbulence model and the feasibility of one of the 

candidate models, TEMPEST®/FLESCOT®, to deep-ocean applications on a 

preliminary basis.

-PNL identified the TEMPEST®/FLESCOT®, FLOWER, Blumberg's, and RMA 10 

models as appropriate candidates for the regional radionuclide modeling.

Among these models, TEMPEST/FLESCOT is currently the only model that solves 

distributions of flow, turbulence (with the k-e model), salinity, water 

temperature, sediment, dissolved contaminants, and sediment-sorbed 

contaminants.

Solving the Navier-Stokes equations using higher order correlations is 

not practical for regional modeling because of the prohibitive computational 

requirements; therefore, the turbulence modeling is a more practical 

approach.

PNL applied the three-dimensional code, TEMPEST®/FLESCOT® with the k-e 

model, to a very simple, hypothetical, two-dimensional, deep-ocean case, 

producing at least qualitatively appropriate results. However, more detailed 

testing should be performed for the further testing of the code.

® Copyright by Battelle Memorial Institute, Columbus, Ohio.
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1.0 INTRODUCTION

The U.S. Environmental Protection Agency (EPA) is investigating the 

potential environmental impacts and health risks from low-level radioactive 

waste (LLW) disposal on the deep-ocean bottom in the mid-Atlantic. Mathe

matical models can assist in predicting migration and fate of radionuclides 

from the LLW disposal site.

Pacific Northwest Laboratory (PNL) performed this study for EPA with the 

following objectives: 1) identify candidate models useful for regional

modeling of the LLW ocean disposal sites, 2) review and evaluate mathematical 

representations of eddy viscosity and dispersion coefficients, and 3) apply 

the TEMPEST/FLESCOT model to a very simple hypothetical deep-ocean disposal 

case to evaluate the adequacy of the k-e turbulent model on a preliminary 

basis and the feasibility of the TEMPEST/FLESCOT model to the deep-ocean 

applications.

Section 2.0 of this report summarizes PNL's review of representative 

mathematical models, Section 3.0 reviews and evaluates the mathematical 

equations for viscosity and dispersion coefficients, and a description of the 

TEMPEST/FLESCOT model and its governing equations is given in Section 4.0. 

Section 5.0 describes the applications of the TEMPEST/FLESCOT model in six 

cases, and conclusions are given in Section 6.0.
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2.0 REGIONAL MODELS FOR THE MID-ATLANTIC LOW-LEVEL WASTE DEEP-OCEAN DISPOSAL

Low-level radioactive wastes (LLW) released from the 2800-m or 3800-m 

sites in the mid-Atlantic Ocean will not be distributed uniformly in either 

the vertical or horizontal direction on local (e.g., within several 

kilometers square) and regional scales (e.g., up to several hundred 

kilometers square), and the physical-oceanographic features exhibit complex 

three-dimensional behavior. Therefore, as discussed in Onishi et al. (1987), 

three-dimensional, coupled hydrodynamic-mass/energy transport models with 

proper representations of oceanic eddy viscosity and dispersion processes are 

required as regional radionuclide transport models.

The Pacific Northwest Laboratory (PNL) reviewed some representative 

mathematical models to evaluate their applicabilities and limitations for the 

LLW ocean disposal assessment (Onishi et al. 1987). Table 2.1 shows the 

review summary of these models. As shown in Table 2.1, with suitable model 

modifications or inclusions, such as turbulence closure, enhanced sediment 

transport, radionuclide, and/or curvilinear coordinate system setup, the 

FLESCOT model (Onishi and Trent 1982), the FLOWER model (Eraslan et al.

1983), and Blumberg's model (Blumberg and Herring 1986) would be appropriate 

candidates for regional radionuclide modeling to predict the transport and 

dispersion of LLW disposed in the 2800-m and 3800-m ocean sites (Onishi 

et al. 1987). Although the RMA 10 model (King 1982) does not incorporate a 

turbulence closure scheme, this model, with some modifications, is also an 

appropriate candidate for regional radionuclide modeling. These models are 

also applicable to a local scale covering a few square kilometers, such as 

the area within the 2800-m and 3800-m sites. To address the long-term, 

global-scale impact of LLW disposed in these sites, the output of these 

regional models is to be provided to global-scale models as boundary 

conditions or sink/source terms appears to be the only one which has 

comprehensive description of transport and fate of sediments, dissolved 

contaminants, and sediment-sorbed contaminants.

Among the regional-scale models shown in Table 2.1, FLESCOT® solves 

distributions of flow, turbulence, salinity, water temperature, sediments, 

dissolved contaminants (e.g., radionuclides, hazardous chemicals), and
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TABLE 2.1. Summary of Reviewed Hydrodynamic and Transport Models (Onishi et al. 1987)

Simulated Substances Sediment-
Turbulent Water Dissolved Particulate Contaminant Time Solution

Model Flow Energy Salinity Temcerature Sediment Contaminant Contaminant Interactions Dependency(a) Dimensions(b) Scale(c) Techniaue(d)

Simons (1973) X X U 3 R FD

Leenderste and 
Liu (1975)

X X X U 3 R FD

Weatherly and 
Martin (1978)

X X X U 3 R FD

RAID
(King 1982)

X X X XXX U 3 R FE

FLESCOT® X X X X XXX X U 3 R FD
(Onishi and 
Trent 1982) u 3 R FD

TEMPEST®
(Trent
et al. 1989)

X X X X u 3 R FD

FLOWER 
(Eraslan 
et al. 1983)

X X X X u 3 R DE

REMIXCS 
(Freitas 
et al. 1985)

X X u 3 R FD

Blunberg and 
Herring (1986)

X X X X u 3 R FD

Sheng et al. 
(1978)

X u 3 R FD

Davies (1980) X u 3 R FE

Tee (1981) X u 3 R FD/MC

(a) "S" and “U" denote steady and unsteady states, respectively.
(b) M2“, "S'*, and "C" denote two-, three-dimensional, and compartment models, respectively.
(c) "R" and "G" denote regional/locat and global scales, respectively.
(d) "FD", "FE", "MC", "l", "A", and "DE" denote finite differences, finite element, method of characteristics, integration method, analytical, 

and discrete element models, respectively.



TABLE 2.1. (contd)

Model

Simulated Substances Sediment-
Turbulent Water Dissolved Particulate Contaminant Time Solution

flow Energy Salinity Teiroerature Sediment Contaminant Contaminant Interactions Dependency(a) Dimensions(b) Scale(c) Technique(d)

ro
co

CAFE
(Wang and 
Conner 1975)

RMA2
(Norton and 
King 1977)

FETRA
(Onishi 1981)

Spaulding and 
Ravish (1984)

Walker
et at. (1985)

AFD

EXAMS
(Smith et al. 
1977)

WASP
(Ditoro et al. 
1981)

Bryan (1969)

Holland and 
Liu (1975)

Webb and 
Morley (1973) 
Shepard (1978)

MARINRAD 
(Koplik 
et al. 1984)

FD

FD

A

A

I

HARKA
(Robinson and 
Marietta 1985)



sediment-sorbed contaminants. The sediment and contaminant transport is 

simulated in both .ocean water column and bottom sediments. Thus, the 

FLESCOT© model can be a candidate model to be applied to the 2800 and 3800-m 

sites to predict the transport and accumulation of LLW on regional and local 

scales and to address the criteria (B)(1), (D)(2), and (J) as(^) listed in 

Section 424(i)(l) of Public Law 97-424.

The main strengths of the FLESCOT© model for the deep-ocean LLW disposal 

site assessment are listed here. The code

• is time-dependent, three-dimensional

• .calculates hydrodynamic and energy transport

• calculates sediment transport for both cohesive and noncohesive sediment

• has the k-e turbulence model, as a turbulent closure scheme, which 

needs to be tested in this study

• simulates both dissolved and sediment-sorbed radionuclide transport 

with interactions between radionuclides and sediments

• predicts sediment and radionuclide distributions at the ocean bottom 

with ocean bottom data

• has been applied to the coastal and estuarine environment to 

calculate flow and mass/energy transport, including sediment and 

contaminant transport

• is computationally efficient through the extensive use of 

vectorizing.

(1) An analysis of the environmental impact of the disposed action, at the 
site at which the applicant desires to dispose of material, upon human 
health and welfare and marine life.

(2) An analysis of the resulting environmental and economic conditions if the 
containers fail to contain the radioactive waste material when initially 
disposed at the specific site.

(3) A comprehensive monitoring plan to be carried out by the applicant to 
determine the full effect of the disposal on the marine environment, 
living resources or human health, etc.
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The major limitation of the FLESCOT® code is the lack of model applications 

to the deep-ocean environment. The code must be tested to examine 

suitability of representations of turbulence/eddy viscosity and dispersion in 

the deep- ocean (such as the 2800- and 3800-m site) environment.
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3.0 REVIEW AND EVALUATION OF MATHEMATICAL REPRESENTATION FOR 

. ' VISCOSITY AND DISPERSION COEFFICIENTS

Determination of flow and constituent concentrations requires the 

solution of the governing equations for continuity, momentum, and scalar 

transport (temperature, salinity, sediments, and radionuclides) shown below. 

To solve these equations, the terms u^Uj and u^0, known as the Reynolds 

stresses or turbulence correlations, must be determined.

Continuity (3.1)

Momentum
<3U. <3U.

dt1 + UJ dxT + Fi
J

1_
P*

) + 9i
p-pv

PT

(3.2)

Scalar Transport

(temperature, concentration) ^ = -JL- (x|^- - u^0) + (3.3)

where U = mean flow velocity 

= Coriolis parameter 

p = density

pr = reference density 

P = instantaneous static pressure 

v = molecular viscosity 

u = turbulent fluctuating velocity 

g^ = gravity in the direction 

0 = scalar quantity 

X = molecular diffusivity 

= volumetric source term.
0
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Two methods are available to determine and u^. One method for 

determining turbulence correlations uses exact equations. In this method, 

the exact equations create higher order correlations that must then be solved 

or modeled. Mellor (1973) developed a method for modeling the second-order 

turbulence correlations using the exact equations and modeling higher order 

terms. Mellor and Yamada (1974, 1982) developed a series of models using the 

same method. However, these higher order methods require extensive 

computational time and are not very practical for modeling with a large 

number of computational cells.

The second method, which probably is simpler, is to use the concept of 

eddy viscosity/diffusivity to define the turbulence correlations. The con

cept of eddy viscosity was developed by assuming that the eddy viscosity is 

similar to molecular viscosity, but eddy viscosity is based on the state of 

the turbulence and not the properties of the fluid. Rodi (1984) developed 

the concept of eddy viscosity and diffusivity more fully. The simplest 

method is to use values specified directly for the viscosity and assume the 

diffusivity is a function of the eddy viscosity and the turbulent Prandtl 

number for heat transport or the turbulent Schmidt number for mass transport 

(Rodi 1984)

where kv = eddy diffusivity 

Ey = eddy viscosity

cxt = turbulent Prandtl or Schmidt number.

However, it is not reasonable to have a constant eddy viscosity in a 

deep ocean. Thus, we will discuss how to obtain nonhomogeneous, anisotropic 

eddy viscosity/diffusivity. Three types of models use the eddy viscosity/ 

diffusivity concept to attempt to predict the values of the turbulence cor

relations. One way to specify the eddy viscosity is to use a functional 

relationship based on depths and shear velocities similar to that developed 

by Munk and Anderson (1948). Because this method does not use a partial
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difference equation to express turbulence process, it is called a zero- 

equation model. This relationship can be modified to take into account the 

stabilizing effects of stratification.

One-equation models are the second way of determining eddy viscosity. 

One-equation models work well where the length scale can be clearly defined, 

such as in the benthic boundary layer. If the length scale is not as clearly 

defined, problems arise, and thus the third method, two-equation models, was 

developed. The k-e model is a two-equation model developed to solve 

production, dissipation, advection, and diffusion of turbulent kinetic 

energy, which are then related to the turbulence correlations.

3.1 ZERO-EQUATION MODELS

Equations describing the mean velocity field can be developed from the 

Navier-Stokes equation. To solve these equations requires that values be 

obtained for the turbulence correlations, u^Uj, u.0. If the eddy viscosity 

concept is used to model these turbulence correlations, then (Rodi 1984)

6U <9U
u. u • = E ~ + . ^~) - 2/3 k S. ■ (3.5)i j v Kdx <9x ' ' ij v '

where k = turbulence kinetic energy

All terms are known except the eddy viscosity. The first method proposed 

here is zero-equation models, which means they do not require the solution of 

any additional partial differential equations to resolve the flow field.

The use of zero-equation models is limited by the fact that the transport of 

turbulence is not taken into account.

Specifying the eddy viscosity is one method used to obtain a closure for 

the turbulence equations. This can be done by specifying a constant eddy 

viscosity throughout the flow field or specifying the values for specific 

regions in the flow field. Specifying a constant-eddy viscosity is common, 

but it is not a true turbulence model, and the results are quite crude. In 

applications in the deep ocean, this method does not give an accurate repre

sentation of what is actually occurring.
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As seen in Table 3.1, the eddy diffusivity varies by several orders of 

magnitude over the depth of the ocean, and because eddy diffusivity is 

directly related to the eddy viscosity, one can expect the eddy viscosity to 

vary also. The Prandtl or Schmidt number is assumed to be constant in most 

cases. The specification of regional values is an improvement, but the 

result is still rather crude.

An alternative to specifying values of eddy viscosity/diffusivity 

directly is the development of a functional relationship for the variance of 

the eddy viscosity/diffusivity throughout the depth. This concept has been 

used in estuaries and shallow ocean regions, but no study has been done for 

the-deep oceans. In shallow regions where studies have been done, the flow 

never develops beyond the boundary layer, whether it is on the surface or the 

bottom. This results in the conclusion that it should be possible to use the 

current functional relationships for the boundary layers; however, these 

relationships will not apply in the interior. A new relationship should be 

developed; alternatively, it might be possible to use a constant value of 

eddy viscosity/diffusivity, because not much variation is expected in the 

interior regions.

Many methods have been developed to determine the value for the vertical 

eddy diffusivity for an unstratified boundary layer. Because stratification 

can play a major role in the stabilization of turbulent flows, methods have 

also been developed for modifying the eddy diffusivity as a function of the

TABLE 3.1. Variation in Eddy Diffusivity (U.S. Atomic Energy 
Commission 1975)

Layer Depth, m
Vertical Eddy 2 

Diffusivity, Kv, cnr/s

Surface 75 50.0

Intermediate 500 0.1
Deep 2000 1.0
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Richardson number (Ri). One of the first such methods was developed by Munk 

and Anderson (1948)'. The eddy viscosity for shear layers in a stratified 

flow is defined by

EVO ” * z U*(1 • <3-6>

where k = von Karman's constant («0.4) 

z = distance above the bottom 

U* = shear velocity 

h = depth of flow.

To account for stratification

E

E
v

VO
(1 + 10 Ri)'1/2

and

(3.7)

K

K
v

VO
(1 + 3.33 Ri)'3/2 (3.8)

where EVQ and KVQ are the values of eddy viscosity and diffusivity for the 

neutral case. This model was found to work reasonably well for most flows, 

but problems occurred in situations in which mixing through and below the 

thermocline occurred. A site-specific method takes the form

= (1 + b Rifn for Ri < 1 
tvo

(3.9)
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and

^- = (1 + b)~n for Ri > 1
vo

(3.10)

where b and n are empirical coefficients.

Wang (1982) used a form of the Munk and Anderson formula for modeling 

flows around a circular island with a shelf along the shore. Two models were 

run. In the first run, the shelf sloped from 40 to 200 m at the shelf break, 

and in the second model the depth was held constant at 100 m. The eddy 

viscosity and diffusivity were modeled by

respectively. If one compares the results for a case in which Ri -*■ 0, the 

values obtained compare with the values for the surface layer in Table 3.1. 

This is to be expected in the shallow depths being modeled.

Blumberg (1977), in a paper on estuarine circulation, used another 

formulation for the definition of the eddy diffusivity:

Ev = 5 + 50 (1 + 10 Ri)'1/2 (3.11)

Kv = 50 (1 + 3.33 Ri)'3/2 (3.12)

(3.13)

where kj = empirical constant («0.10 for tidally averaged flow) 

z = distance above the bottom 

h = depth of flow.
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For diffusion adjusted for stratification:

(3.14)

and

Ev = Kv (1 + Ri) (3.15

Ric is the critical Richardson number beyond which turbulence is suppressed 

by stratification. There is some disagreement as to what this value should 

be'. Blumberg (1977) recommends a Ric value of 10, which seems high when 

compared with other recommendations. Geyer (1973) did extensive studies in 

the Fraser estuary and found that a Ric of 0.25 was the point beyond which 

mixing is suppressed. It is possible that internal waves cause mixing to 

occur at higher Richardson numbers, but the maximum observed value was 

approximately 1. A value of 0.25 agrees with other experimental values of 

Ric and is the preferred choice for a critical Richardson number.

Ky will approach zero as one nears the surface (Blumberg 1977). This

does not agree with the values of Table 3.1, which show the value of K
2 V approaching 50 cm /s. This large eddy diffusivity is probably caused by wim

stress on the surface and will vary with the magnitude of the stress. It is

possible to avoid the eddy diffusivity approaching zero at the surface by

measuring z from the surface in the upper regions.

A high eddy diffusivity is found in the upper region, where surface 

stresses cause active mixing. The diffusivity decreases as one reaches the 

middle region and remains relatively constant. Near the bottom the 

diffusivity again increases because of the bottom stress, although it is not 

as great as near the surface.

Zero-equation models are simple and have been used extensively in 

engineering, but the method is rather crude. Although history and transport
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are not taken into account, quite good results have been obtained in some 

cases. If a reason-able relationship can be found for the interior region, 

this method is the simplest to use.

3.2 ONE-EQUATION MODELS

One-equation models require that one additional partial differential 

equation be solved to obtain a closure for the turbulence equations. The 

eddy viscosity is set proportional to a velocity scale and a length scale, 

and a partial differential equation is developed for the velocity scale. The 

length scale is determined by empirical means. The use of the differential 

equa-tion allows the model to include the history and transport effects of the 

turbulence. The most common velocity scale is turbulence kinetic energy (k). 

The exact turbulent kinetic energy (TKE) equation can be obtained through 

manipulation of the Navier-Stokes equations (Rodi 1984)

dk
dt + _d

<3x
Vi P

'i ' 2

'i <9Uj du^

Vj dx ■ ■ ^9i V ‘ dx. dx -
«J *J J

(3.16)

where P = pressure 

p = density

0 = volumetric expansion coefficient 

gi = gravity.

The exact equation involves the turbulence correlations and requires that 

several model assumptions be made to solve the equation. The diffusion flux 

is set proportional to the gradient of k

-u ,V.i , P, _ Ev dk_
K Z p> crk dX.
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The dissipation is modeled by

Using these assumptions and the eddy viscosity/diffusivity expressions for

where and Cg are empirical constants, and is the turbulent Prandtl or 

Schmidt number.

Rodi (1984) uses the equation

to define the eddy viscosity, where is an empirical constant, and L is a 

length scale. It has been found that and Cg a 0.08, and » 1. Once the 

eddy viscosity has been determined, the eddy diffusivity can be calculated 

using the Prandtl or Schmidt number, and the mean flow equations can be 

solved.

A one-equation model includes transport of turbulence and is therefore 

preferred over a zero-equation model in areas where transport is important. 

The difficulty with this method lies in the fact that a turbulence length 

scale must still be determined. In regions where a length scale can be 

clearly defined, the one-equation model can work quite well. A boundary

u^Uj and u^, the equation can be written as

(3.17)

Ev = CE A L (3.18)
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layer is an example. In areas where no length scale can be clearly defined, 

the method tends to-break down, and two-equation models would be a better 

choice.

Several methods have been developed to determine the length scale. An 

empirical formula that uses one length scale when turbulence production domi

nates and a second scale when convection is dominant is described by Rodi 

(1984). Bernard's method seems to work well, but in some situations differ

ent constants are required to accurately describe the flow field. A common 

method to determine the length scale, as originally proposed by von Karman, 

uses local derivatives of the velocity. Gawain and Pritchett (1970) devel

oped-different methods for the length scale, but there are no data currently 

available to validate the models over a wide range of flows. A different 

one-equation model was developed by Bradshaw (1978). In this model a trans

port equation for the shear stress, uv, was solved instead of using the eddy 

viscosity concept.

All these methods are fairly complicated, and some require considerable 

computer time because they are iterative methods. Also, all these methods 

were developed for wall-boundary layer flows and would require modification 

if they were used in a free-flow situation. The simplest methods are those 

based on the ideas of von Karman, which should be considered before attempt

ing the more complicated methods of Bernard or Bradshaw (1978), in which no 

length scale is clearly defined.

3.3 TWO-EQUATION MODELS

These models require the solution of two partial different equations to 

obtain a closed solution of the mean velocity field equations. In the 

previous section, the TKE equation was presented as a velocity scale; here, 

an equation will be defined for the length scale. This allows the use of 

transport and history effects in the length scale as previously used in the 

velocity scale.

One of the most common ways to define the length scale is to use the 

rate of TKE dissipation (e), resulting in the k-e model. Others disagree
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with the term e and have developed a method using the term kL where k is the 

TKE, and L is the length scale. These two methods are discussed below.

The transport equation for the rate of TKE dissipation is

de
at +

a ,£v de ,
axi 'ct ax^ + Cl€ f (P + C3eG) (3.19)

where a£, C^e, C2£, and C3e are empirical constants, and P and G are 

turbulence production due to stress and buoyancy, respectively. The 

constants Cj£, and ae have been found to be 1.44, 1.92, and 1.3, 

respectively. The value for C3e varies depending on the flow field; when G 

is a source term, C3e “1.0, and when G is a sink term, C3e “ 0. There are 

some questions as to the validity of the constants, but they have proved 

accurate in many test situations and are a good starting point.

After the determination of k and e, the eddy viscosity and diffusivity 

can be found from

E v (3.20)

Kv (3.21)

where C is an empirical parameter assumed constant (=0.09), and a. is the u «
Prandtl or Schmidt number.

There are several problems with the e equation, which is based on the 

idea of isotropic dissipation. While this may be true sometimes, it does not 

allow for variation of the eddy viscosity and diffusivity in different direc

tions, and it is known that the horizontal values of the eddy viscosity/ 

diffusivity are several orders of magnitude greater than the vertical compon

ents. The isotropic restriction has been eased by some researchers who have 

varied the eddy viscosity/diffusivity in the vertical and horizontal
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directions. Although this does seem to work, it does not accord with the 

strict definition of the equations.

Mellor and Yamada (1982) disagreed with the use of the energy dissipa

tion rate as the length scale and have developed an equation using kL:

dk L + U dkL 
i <9x. 37- (72 l Jjm

‘i i

+ |- L (P + G) - Jl k3/2
1 + E2^)2'

(3.22)

where S£, Ej, £2* and = 0.2, 1.8, 1.33, and 16.6, respectively, and k is 

von Karman's constant («o.4). Rodi (1987) states that the argument on the 

relative merits of either equation is rather academic, because both equations 

are fairly empirical, and with the correct constants these methods should 

perform satisfactorily. Mellor and Yamada (1982) believe that using e is 

wrong because it describes small-scale turbulence, and the length scale 

should be based on large-scale turbulence. Either method should work 

satisfactorily if the correct constants are used.

A problem arises when the effects of stratification must be taken into 

account. It has been found in some cases that the value of Cu in Equa

tion (3.20) is not really constant but varies with the buoyancy effects. A 

model known as the extended k-e model (algebraic stress/flux model) is given 

in Rodi (1987) as a method to solve the stratification problem

Vj = 2/3 V + (1 - C2> [pij + Gij] - 2/3 ff1j (p + G)
(3.23)

u.<*>i^ C
_1_ k
1 . e V* J?7 + (1 ~ c20) (^0aT# + ^i 0 } (3.24)

0

3.12



where the empirical constants, Cj, C2> C^, C2^, and R are 1.8, 0.6, 3.0, 

0.33, and 0.8, respectively. This method also requires the solution of the k 

and e equations. In shear layers, the equations reduce to the original eddy 

viscosity/diffusivity formula of the k-e model with and depending on 

stratification. This method requires additional computational time, but it 

should more accurately define the effects of stratification.
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4.0 MODEL DESCRIPTION

4.1 TFMPESTQ/FLESCOT® MODEL

The TEMPEST® model is an unsteady, three-dimensional finite difference 

model (Trent et al. 1989; Onishi et al. 1985a,b) cast in cylindrical or 

Cartesian coordinates. It simulates flow, turbulent kinetic energy (TKE), 

heat transfer, and general dissolved mass transfer (e.g., salt). The model 

has been continuously updated and modified to expand its applicability to a 

wide range of hydrodynamic problems. For example, it is currently being 

modified to use an orthogonal curvilinear coordinate system. It can compute 

local (heterogeneous) isotropic eddy viscosity and dispersion coefficients by 

using the k-e TKE and dissipation model if this option is chosen. Otherwise, 

it uses eddy viscosity as input data.

The model can calculate these variables with either the dynamic pressure 

approach or the hydrostatic pressure assumption based on

• conservation of mass for fluid (the continuity equation)

• conservation of momentum (the Navier-Stokes equations)

• conservation of TKE (k-e model)

• conservation of heat (the first law of thermodynamics)

• conservation of mass for constituents including salt.

The FLESCOT® model is a sediment-contaminant transport version of the 

TEMPEST® model. Thus, it is also an unsteady, three-dimensional finite dif

ference model (Onishi and Trent 1982). FLESCOT® simulates time-varying move

ments of flow, TKE, salt, heat, sediment, and dissolved and sediment-sorbed 

contaminants (e.g., radionuclides, heavy metals, pesticides, PCBs, etc.) in 

surface waters. In addition to the equations described for the TEMPEST® 

model, FLESCOT® has equations describing sediment-contaminant transport and 

accumulation on the bottom. Sediment movement and particulate contaminant 

transport in FLESCOT® are modeled separately for three sediment size frac

tions or sediment types. The sediment transport submodel includes the 

mechanisms of 1) advection and dispersion of sediments, 2) fall velocity and 

cohesiveness, 3) deposition on the seabed or ocean bottom, 4) erosion from
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the bed (bed erosion and armoring), and 5) sediment contributions from 

point/nonpoint sources and subsequent mixing. This submodel also calculates 

changes in bed conditions, including bed elevation changes caused by scouring 

and/or disposition, and gives a three-dimensional distribution of sediment 

sizes within the bed. FLESCOT® also includes wave mechanisms to enhance 

bottom shear stress and increase suspended sediments in shallow water based 

on the Grant's model (Grant and Madsen 1979).

Dissolved contaminants interact both with sediments in motion (suspended 

and bed-load sediments) and with stationary sediments on the seabed or ocean 

bottom. To account for the interactions, the transport of sediment-attached 

contaminants in FLESCOT® is solved separately for each sediment size frac

tion. The model includes the mechanisms of 1) advection and dispersion of 

particulate contaminants; 2) adsorption/desorption of dissolved contaminants 

with sediment; 3) chemical and biological degradation, or radionuclide decay 

(if applicable) of contaminants; 4) deposition of particulate contaminants on 

the bed or erosion from the bed; and 5) contaminant contributions from point/ 

nonpoint sources and subsequent mixing. The three-dimensional distributions 

of the particulate contaminants within the bed are also computed.

For simplicity, we use Cartesian coordinates to express governing 

equations of the model.

4.2 HYDRODYNAMIC EQUATIONS 

Continuity equation

where u, v, and w = velocity components in the x-, y-, and z-directions, 

respectively

x, y, and z = longitudinal, lateral, and vertical (upward) directions, 

respectively.
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Momentum equations

For the x-component,

<3u duu. duy. duw
dt dx dy dz

f ]. ^P. , §_ , du, , , du^%
x ■ ■ p dx <Jx ^ x dx' dy iey dy;

+ {e iy.) . I (F b F s. 
dz ' z dz' P ( x X ' (4.2)

For the y-component,

dv duy. dvv dyw f
dt dx dy dz y p dy dx K x dx1 dy K y dy1

. (€ iv, I (p b F S)
dz ^ez dz' p {ry y ‘ (4.3)

For the z-component,

dw duw dvw dww
dt dx dy dz

I dP n , d_ , dw,
p dz ~ 9 dx ^£X dx'

d_
ay (e —)' ey ayJ

d , dw, let 
a? (£Z - 7 FZ (4.4)

where

F x
b

F
y

b

f = 2n (w cos <p - v sin 0) (Coriolis force in x-direction) 

fy = 2n u sin 0 (Coriolis force in y-direction) 

f = 2n u cos 0 (Coriolis force in z-direction)

FXS = bottom shear stress and surface (wind) shear stress, 

respectively, in x-direction

FyS = bottom shear stress and surface (wind) shear stress, 

respectively, in y-direction 

F^ = shear stress along the vertical solid boundaries 

g = acceleration due to gravity 

P = pressure 

p = water density 

0 = geographical latitude
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n = rate of earth's rotation (= 7.29 x 10"^ s’*)

e , e , e = eddy viscosity components in the x-, y-, and z- directions, x y z
respectively.

Note that the hydrostatic pressure assumption is not made and that the verti

cal momentum equation retains all terms of the flow acceleration, Coriolis, 

eddy viscosity, and friction, in addition to pressure and gravitational 

terms.

For wind shear stresses,

FXS= c* pa Wa2 sin * (4.5)

F s= c p W 2 cos ¥ (4.6)y ad

*
where c = wind stress drag coefficient

W = wind speed measured at some specified height (such as 10 m)
d

p, = air density
d

= angle between the wind and current directions.

Similarly, bottom friction is commonly expressed by

Fx^ = apu 'Z u2 + v2 (4.7)

Fy*3 = apv 'Z u2 + v2 (4.8)

Fz^ = apw 'Z u2 + w2 or apw ^ v2 + w2 (4.9)

where coefficient "a" is a dimensionless drag coefficient that can be cor

related to Manning and Chezy coefficients. If the Chezy coefficient, C, is 

used, the above expressions become
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pg
u (4.10)F x

b

F
y

b
pg (4.11)

Eddy viscosity in the Navier-Stokes equations must be either assigned as 

input data or internally computed based on the k-e model.

_ In addition, the following equation of state relates fluid density to 

constituent concentrations (e.g., water temperature, salinity, and possibly 

sediment concentrations):

P = R (T, S) (4.12)

where R = functional relationship 

T = water temperature 

S = salinity

Note that the water density is not a function of pressure when the incompres

sibility assumption is made.

The following kinematic boundary condition on the water surface is used 

to express a water surface

-at v f+w (4.13)

where f = water surface elevation.

TEMPEST®/FLESCOT® has built in two options of the pressure calculations; 

one is to assume the commonly-used hydrostatic pressure assumption, and the 

other not to assume the hydrostatic pressure assumption, thus solving 

Equation (4.4) with all the terms included. Solving the continuity and 

momentum equations is difficult, especially the iterative pressure calcula

tion in Equations (4.2), (4.3), and (4.4). This process (dynamic pressure
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calculation approach) of not assuming the hydrostatic pressure assumption is 

used by a few hydrodynamic models, such as TEMPEST®/FLESCOT® (Trent et al. 

1989; Onishi and Trent 1982), FLOWER (Eraslan et al. 1983), and REMIXCS 

(Freitas et al. 1985).

Fortunately, most flows occurring in the natural environment have very 

small vertical velocities and essentially negligible vertical acceleration, 

as compared to the gravitational term. Thus, the hydrostatic pressure 

assumption can be made in most cases. The adaptation of the hydrostatic 

pressure assumption reduces the vertical equation of motion, Equation (4.4), 

to the following simple form:

where the assumption is made that the temporal and spatial vertical velocity 

accelerations and shear stress changes (eddy viscosity terms) are much 

smaller than the gravitational acceleration. Thus, under the hydrostatic 

pressure assumption, TEMPEST®/FLESCOT® uses Equation (4.14) instead of 

Equation (4.4). The vertical velocity in the Coriolis force may also be 

dropped in this case. Under the hydrostatic pressure assumption, the 

kinematic boundary condition Equation (4.13) is further simplified by 

dropping the water surface gradient terms in the x- and y-directions, 

resulting in the following equation:

ap
dZ (4.14)

(4.15)

4.3 HEAT TRANSFER

Heat transfer equation
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where Cp = specific heat

q-p = rate of heat generation or dissipation including heat loss or 

gain through water surface and/or ocean bottom 

pQ = fluid density

a , o , a = thermal conductivity in the x, y, and z directions, x y z
respectively.

4.4 MASS TRANSPORT 

Dissolved mass transfer equation

<9C X dC 
<9t + u <3x + v <9y + w — (k —) ax l*x ax;

+ (k iQ.\ + §!L\
ay 1 y dy' dy ^ z dz' + q. (4.17)

where C = concentration of mass (e.g., salt)

k , k , k = dispersion coefficients in the x, y, and z directions, x y z
respectively

qc = rate of mass generation or dissipation.

These equations or corresponding equations in other coordinate systems are 

solved by many three-dimensional computer codes to obtain distributions of 

velocity, water temperature, salinity, and other constituents.

4.5 TURBULENCE EQUATIONS

Modeled transport equations for TKE, k, and dissipation of TKE, e, are 

solved to obtain the turbulent effective viscosity, /ij. As discussed in 

Chapter 3.0, the modeled forms of the equations are

Turbulent kinetic energy

Vlt * It (uk) + fz <wk>i

d_ / ^ <3k\ , <5_ r > d_ / a <3k\ , r
= dR ^k ax^ dy ^k dy^ dz ^k dz^ ' p Sk
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where ^ = ^ + ^

Pk + Gk

Shear production

n ror,8Ux2 , /5v,2 , /5W\2-i
pk’"t (2!(a?> + (»> + (5^■, J

x /iy. x ^2x iQl x x /iy. x ^>2-,
+ + ^ + {a? + + {az + dy' } (4.19)

Buoyant production

Gk = ^ (lx 9x + ly gy + Iz 9z) (4.20)

Dissipation of turbulent kinetic energy

'o ‘If+ ir ‘U£>+ If (''£) +1?(W£,]

b f>+ If I'+ If («e #>
1+ F(Se - pC62e)e (4.21)

where

^T
^ = ju + —se ^ a

Se = CelPk + Ce3Gk

where /x = dynamic viscosity
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The turbulent viscosity, jUy, is computed using the Prandtl-Kolmolgorov 

hypothesis:

/^ = p k2/e (4.22)

Recommended turbulent model constants (Jones and Launder 1973) are

C
T*

OIttT

Cel " 1.44 C = 0.09

ak= i.Q Ce2 = 1.92

CT =1.3 e Ce3 = 1.44

4.6 SEDIMENT TRANSPORT EQUATION

The governing equation for the transport of the j-th sediment in the 

FLESCOT model is

dC ■

* k <uCj> + Jy + ^ - W

3T (k
ac, , ft, a 

} + lr (ky ^ + If (kz azX dx ) + (hi (4.23)

where Cj = concentration of j-th sediment 

h = water depth

qcj = rate of sediment generation

Sqj = j-th sediment deposition rate per unit bottom surface area 

Srj = j-th sediment erosion rate per unit bottom surface area 

Wsj = fall velocity of the j-th sediment.

To obtain the sediment concentration, sediment erosion and deposition rates, 

Srj and S[)j, are calculated for each sediment size fraction separately. For 

noncohesive sediment (e.g., sand), if the amount actually being transported 

is less than the flow can carry for given hydrodynamic conditions, the flow
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will scour noncohesive sediment from the seabed and ocean bottom. This 

process will increase the sediment transport rate with the rate based on the 

difference between the sediment transport capacity of the flow and the actual 

sediment transport rate. The process occurs until the actual sediment 

transport rate becomes equal to the carrying capacity of the flow or until 

all the available bottom noncohesive sediment is scoured, whichever occurs 

first. Conversely, noncohesive sediment is deposited with the deposition 

rate again based on the difference between the actual sediment transport rate 

and sediment transport capacity of the flow. Because of the simplicity of 

the formulation, FLESCOT® currently uses DuBoy's formula (Vanoni 1975) to 

estimate the noncohesive sediment transport capacity of flow. Partheniades' 

(1962) and Krone's (1962) formulas are used to calculate cohesive sediment 

erosion and deposition rates.

FLESCOT® divides the seabed and ocean bottom into a number of bottom 

layers. Contaminant distributions associated with each sediment size frac

tion within each bottom layer are also obtained by keeping track of the 

amount of contaminants removed from or added to each bottom layer during the 

simulation period. The mechanisms of erosion and deposition of contaminated 

or clean sediment, and direct absorption/desorption occurring between dis

solved contaminant and bottom sediment are used in determining contaminant 

distributions in the bottom.
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4.7 DISSOLVED CONTAMINANT TRANSPORT EQUATION

A governing equation for a dissolved contaminant is

aT+ fr <uGw>+ k (vGw) + ^
‘V**

, rk rk —*■) t (k —)
ax ' x ax ' ay ' y ay ' az ' z az '

+ S Kj (Cj Kdj Gu - Gj) + E Kj (Cj Kdj G„ - Gj) + Q„

F?Tj (1-POR) Dj Kgj (Kdj G„ - GBj)
J

(4.24)

- izyj (1-POR) Dj Kgj (Kdj Gu - Gjj)

where Dj = diameter of j-th sediment size fraction 

Kgj, Kgj = transfer rate of contaminants for adsorption and desorption, 

respectively, with j-th nonmoving sediment in bottom 

Kdj, K<jj = distribution (or partition) coefficient between dissolved

contaminant and particulate contaminant associated with j-th 

sediment for adsorption and desorption, respectively 

Ggj = particulate-contaminant concentration per unit weight of sediment 

in j-th sediment size fraction in the bottom 

Gj = particulate-contaminant concentration associated with j-th

sediment (radionuclide activity or weight of contaminant) per 

unit volume of water

Gw = dissolved-contaminant concentration (radionuclide activity or 

weight of contaminant) per unit volume of water 

Gw0 = constant concentration of dissolved contaminant 

POR = porosity of bottom sediment

Qw = lateral influx or other source strength of dissolved contaminant 

7j = specific weight of j-th sediment

7 = radionuclide decay, or chemical and biological degradation rates 

of contaminant, where applicable.
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The particulate-contaminant concentration associated with sediment in the 

water column, Gj, in Equation (4.24) is expressed in terms of the contaminant 

weight or radionuclide activity per unit volume of water, instead of per unit 

weight of sediment. The printout of particulate radionuclide concentration, 

however, is converted to contaminant weight or radionuclide activity per unit 

weight of sediment.

4.8 SEDIMENT-SORBED CONTAMINANT TRANSPORT EQUATION

A governing equation of a sediment-sorbed contaminant associated with 

j-th sediment is

where Qj = rate of generation of sediment-sorbed contaminant associated with

Using the dynamic pressure condition, TEMPEST®/FLESCOT® solves seven 

unknowns (u, v, w, P, p, T, and C) with seven equations [(4.1), (4.2), (4.3),

(4.4) , (4.12), (4.16), and (4.17)] using the kinematic boundary condition 

[Equation (4.13)]. To do so, Equation (4.12) is first used to update the 

water density, p, with known values of T and C. Then Equations (4.2) through

(4.4) are used to calculate velocity components, u, v, and w. Equa

tion (4.1), together with some residual terms in Equations (4.2) through

(4.4) , are then used iteratively to update u, v, w, and P to satisfy the 

fluid mass balance. This iteration is needed because the values of u, v, 

and w calculated by Equations (4.2) through (4.4) use values of P and p at 

the previous time step. These velocities do not necessarily satisfy fluid 

mass continuity at the present time step with a current pressure value. 

Corrected velocity values, through the fluid mass balance iteration

<4-25>

j-th sediment.
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procedure, are then used to calculate T and C with Equations (4.16) through 

(4.25). This procedure is repeated at every time step.

Using the hydrostatic pressure assumption, the TEMPEST®/FLESCOT® model 

solves the unknowns faster and more easily. As before, p is first updated 

using the known values of T and C. Then by using the horizontal momentum 

equations [Equations (4.2) and (4.3)], the horizontal velocity components, u 

and v, are calculated with known values of P and p. By using calculated u 

and v, the vertical velocity, w, is then computed using the continuity Equa

tion (4.1) alone. The new water surface is then computed by Equation (4.15). 

A new pressure distribution is calculated from Equation (4.14) with the new 

water surface elevation. The calculated u, v, and w are then used to calcu

late T and C with Equations (4.16) through (4.25).

This much simpler hydrostatic pressure approach to calculate velocity 

and pressure is much faster (one to two orders) than using the dynamic pres

sure approach. The vertical velocity calculation is decoupled from the hori

zontal velocity calculations, and there is no need to iterate to obtain the 

pressure value.

However, the hydrostatic pressure assumption is less applicable to an 

area where vertical velocity and acceleration are important. Potential 

computational errors with the hydrostatic pressure assumption are potentially 

greater than those associated with the dynamic pressure assumption because 

any computational mass balance errors in u and v calculations with Equa

tions (4.2) and (4.3) will be absorbed by the vertical velocity, water sur

face, and pressure calculations without corrective (iterative) actions taken 

by the dynamic pressure approach.
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5.0 MODEL APPLICATIONS

The TEMPEST®/FLESCOT® code was applied to a two-dimensional, 3000-m- 

deep, rectangular basin to conduct a preliminary examination of the code 

applicability to a deep-ocean environment. First, the code was applied to 

calculate the vertical eddy viscosity. With this calculated eddy viscosity, 

the code then calculated the flow, water temperature, sediments, and 

radionuclide distributions.

5.1 EDDY VISCOSITY DISTRIBUTIONS

-The code was applied to a 12,000-m-long, 3000-m-deep rectangular basin 

under three stratified and nonstratified conditions. For three sets of eddy 

viscosity calculations, we used the dynamic pressure approach, even though 

the hydrostatic pressure approach can also be used for these cases. Note 

that we used computational cells near the bottom with very small vertical 

increments (0.1 m) to obtain the detailed distributions of flow, turbulence, 

and eddy viscosity near the bottom. Because the longitudinal grid spacing is 

fixed at 500 m, there is a large aspect ratio of computational cells near the 

bottoms, and their impact on the k-e model is not clarified in this study.

In all simulation cases in this study, initial and boundary velocity 

distributions were assigned a constant value of 0.1 m/s.

5.1.1 Nonstratified Case (Case 11

The first case was the nonstratified condition with water temperature of 

10°C and salinity of 32*/.. over the entire flow region. After 2 days of 

simulations, distributions of calculated turbulent kinetic energy (TKE), 

turbulent energy dissipation, and eddy viscosity are shown in Figures 5.1 

through 5.3 over the entire flow region. Contour levels for TKE (Figure 5.1) 

are 1 x lO'10, 1 x lO'8, 1 x lO'6, 5 x lO'6, 1 x lO'5, 1.5 x lO'5, 2 x 10'5, 

and 3 x 10'8 Contour levels for turbulent energy dissipation

(Figure 5.2) are 1 x 10'15, 1 x lO'12, 1 x lO"10, 1 x 10'9, 5 x lO'9,

1 x 10'8, 5 x 10‘8, 1 x 10'7, 5 x 10~7, and 1 x 10'8 m2/s8. For the eddy 

viscosity, the contour levels used in Figure 5.3 are 1 x 10"^, 5 x 10'^,

1 x lO’3, 5 x 1CT3, 1 x 1(T2, 5 x 10'2, 1 x 10’1, 5 x 10'1, 1, 5, 10, 15, and 

20 Pascal-seconds. Note that these values are highest near the bottom and
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rapidly become smaller as the distance from the bottom increases. Vertical 

contour lines shown in Figures 5.1 and 5.3 are due to extremely small values 

assigned at the upstream boundary. Figures 5.4 through 5.6 show these values 

within approximately 70 m of the bottom. Contour levels for TKE (Figure 5.4) 

and turbulent energy dissipation (Figure 5.5) are the same as those used for 

Figures 5.1 and 5.2, respectively. Contour levels for the eddy viscosity 

(Figure 5.7) are the same as those used for Figure 5.3, except the levels of 

1 x 10"4 and 5 x 10'^ Pascal-seconds were eliminated in Figure 5.7.

Figures 5.7 through 5.9 show the vertical distribution of TKE, turbulent 

energy dissipation, and eddy viscosity at 10,000 m downstream. Figures 5.4 

and 5.5 as well as Figures 5.7 and 5.8 reveal that the TKE is generated most 

at the bottom and also that the turbulent energy is dissipated most at the 

bottom. Figures 5.6 and 5.9 indicate that the eddy viscosity calculated by 

the k-e model increases originally with the vertical distance from the bottom 

almost linearly until it peaks out around 30 m from the bottom. The values 

of eddy viscosity sharply dropped down to the level near the molecular 

viscosity level around 65 m from the bottom. The TKE and eddy viscosity 

reduce their calculated values sharply with the vertical distance beyond 

approximately 45 m from the bottom. This is due to the fact that the 

vertical gradient of the calculated longitudinal velocity above 45 m is 

almost zero (i.e., the longitudinal velocity above 45 m reaches its uniform 

value of 0.1 m/s), thus no shear production of TKE due to the velocity 

gradient (see Equation 4.19) above 45 m. This results in sharp reduction of 

the TKE and eddy viscosity values above that height. The maximum calculated 

eddy viscosity after 2 days of simulation is approximately 20 pascal-seconds 

(or 200 cm^/s) occurring around 30 to 45 m above the bottom. This value is 

higher than those shown in Table 3.1. This high value of calculated eddy 

viscosity for this case may be due to the lack of stratification which 

suppresses the TKE, thus the eddy viscosity. As we discussed under Case 3 

with stratification near the bottom, the calculated eddy viscosity values 

near the bottom are very close to 1 cm^/s report in Table 3.1. However, 

there are no values available to specifically compare to this case.

Resulting calculated velocity distribution is shown in Figure 5.10., 

displaying wel1-developed flattened velocity profiles.
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5.1.2 Stratified Cases (Cases 2 and 3)

There were two stratified cases examined in this study. Note that the 

stratification was imposed by water temperature distribution, not by the 

salinity distribution, both of which are shown in Tables 5.1 and 5.2.

TABLE 5.1. Initial Water Temperature and Salinity Distribution 
for Case 2

Distance from the Bottom, 
m

Water Temperature,
°C

Salinity,

2960 - 3000 16 32

2930 - 2960 13 32

150 - 2930 10 32

120 - 150 6 32

0 - 120 2 32

TABLE 5.2. Initial Water Temoerature and Salinitv Distribution 
for Case 3

Distance from the Bottom, 
m

Water Temperature,
•C

Salinity,

2960 - 3000 16 32

2950 - 2960 13 32

7.5 - 2950 10 32

6.0 - 7.5 6 32

0 - 6 2 32

Calculated TKE, turbulent energy dissipation, and corresponding eddy 

viscosity over the entire flow field for Case 2 are shown in Figures 5.11 

through 5.13. Those within 70 m from the bottom are shown in Figures 5.14 

through 5.16. Contour level, for Figure 5.11 through 5.16 are the same as 

those used in corresponding figure for case 1 Figures 5.1 through 5.6. 

Vertical distributions of TKE, turbulent energy dissipation and eddy viscos

ity at 10,000 m downstream are shown in Figures 5.17 through 5.19. These 

figures show the small reduction of these values from those obtained under 

the nonstratified case (Case 1) discussed above because of the
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stratification. For Case 2, the maximum calculated eddy viscosity is
2

approximately 17 Pascal-seconds (170 cm /s) occurring at 45 m above the 

bottom. This is due to the fact that the existance of the density gradient 

reduces both the TKE and the dissipation of turbulent kinetic energy through 

the negative buoyant production (see Equations 4.18, 4.20, and 4.21). The 

net result is also the reduction of the eddy viscosity. However, since the 

TKE is generated near the bottom and the initial water temperature was 

constant (2°C) at bottom 200 m, effects of stratification on TKE, the 

turbulent energy dissipation, and eddy viscosity were very small, as compared 

to those of Case 1. Note that because of the density gradient occurring 

around 120 to 150 m from the bottom, calculated longitudinal velocity did not 

become uniform until approximately 250 m above the bottom. This results in 

more gradual variations of the TKE and eddy viscosity values in the bottom 

78 m area (Figures 5.17 and 5.19), as compared to those of Case 1 (Figures

5.7 and 5.9). The calculated velocity distribution is shown in Figure 5.20.

To further test stratification effects on TKE dissipation, thus on eddy 

viscosity, the code was applied under Case 3 conditions having water 

temperature gradients including that at 6 to 7.5 m above the bottom (see 

Table 5.2). Corresponding calculated distributions are shown in Figures 5.21 

through 5.30. Contour levels of TKE used in Figures 5.21 and 5.24 are 1 x 

lO'10, 1 x 10'9, 1 x lO'8, 5 x lO'8, 1 x 10'7, 5 x lO'7, 1 x lO-6, and 5 x 

10'6 Contour levels of turbulent energy dissipation used in Figures

5.22 and 5.25 are 1 x lO'13, 1 x 10*12, 1 x lO’11, 1 x 10*9, 5 x 10'9, 1 x 

10'8, 5 x 10*8, and 1 x 10'7 m2/s3. Contour levels of the eddy viscosity, 

(Figures 5.23 and 5.26) are 1 x 10"^, 5 x 10’^, 1 x 10‘3, 5 x 10'3, 1 x 10‘2, 

5 x 10"2, 1 x lO"*, and 2 x 10"* Pascal-seconds. Since Case 3 has a density, 

gradient near the bottom (6 to 7.5 m above the bottom), where the activities 

of the TKE and turbulent energy dissipation are the greatest, this case 

clearly demonstrates the suppression effect of stratification (buoyant 

production term, Equation 4.20) on the TKE, turbulent energy dissipation, and 

eddy viscosity, especially the TKE and eddy viscosity. The reduction of The 

TKE and eddy viscosity are significant. Note the significant reduction of
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computed eddy viscosity in this case, having the maximum eddy viscosity 

values of approximately 0.2 Pascal-second (2 cm^/s) at 1 m above the bottom, 

as compared with the maximum value of 20 Pascal-seconds (200 cm^/s) for the 

non-stratified Case 1. The calculated eddy viscosity of 2 cm^/s for this 

case agrees well with the vertical eddy diffusivity of 1.0 cm^/s estimated by 

U.S. AEC (1975) at 2000 m deep (see Table 3.1). The density gradient near 

the bottom also changed the computed velocity distribution near the bottom, 

as follows: the longitudinal velocity in this case reaches its uniform

values of approximately 0.2 m/s closer to the bottom, around 20 m above the 

bottom. However, within the bottom 20 m, a velocity variation, especially 

those at the bottom 0.5 m, is much more gradual with the vertical distance, 

displaying a more parabolic character than the flattened turbulent velocity 

distribution displayed under Cases 1 and 2.

The model results demonstrate that the density gradient must be 

considered for the eddy viscosity calculation, and that the k-e model 

reproduces at least qualitatively the vertical eddy viscosity variation 

occurring in a deep ocean environment. Although we have not applied the k-e 

model to a three-dimensional deep water case yet, the TEMPEST® code was 

previously successfully applied to three-dimensional thermal plume cases to 

calculate the turbulence with the k-e model.

5.2 RADIONUCLIDE DISTRIBUTIONS

5.2.1 Simulation Conditions

With the eddy viscosity calculated by Cases 1 and 2, three additional 

cases (Cases 4 through 6) were simulated to obtain the following 

distributions:

• velocity

• water temperature

• suspended sand concentration

• suspended silt concentration

• suspended clay concentration

• dissolved radionuclides
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• radionuclide sorbed by sand

• radionuclide sorbed by silt

• radionuclide sorbed by clay.

Note that the code also calculated the change on bottom conditions; that is, 

the radionuclide distribution sorbed by the three fractions (sand, silt, and 

clay) of bottom sediment.

In all three cases (Cases 4 through 6), it was assumed that there were 

no radionuclides in the water column initially, and the radionuclides orig

inally existed only in the bottom sediment of the 500-m reach between 2000 

and '2500 m from the upstream end of the study area. Conditions imposed in 

Cases 4 through 6 are shown in Table 5.3. Note that to save computation

time, the hydrostatic pressure approach was selected for Cases 4 through 6.

Eddy viscosity at each computational cell for all three cases was 

assigned as follows to allow non-isotropic field of eddy viscosity:

Vertical eddy viscosity

= molecular viscosity + eddy viscosity calculated by corresponding 
Case 1 or 2

Longitudinal eddy viscosity

= molecular viscosity + eddy viscosity calculated by corresponding 
Case 1 or 2

+ oceanic longitudinal/lateral eddy viscosity assumed to be 1000 
Pascal-seconds in this study

Non-isotropic dispersion coefficients were estimated by the corresponding 

eddy viscosity and Schmidt/Prandtl numbers (which are assumed to be 0.71) by 

using Equation 3.4.

5.6



TABLE 5.3. Simulation Conditions and Model Parameters for Cases 4 through 6

Case 4 Case 5

Stratified Condition Same as Case 2 Same as Case 2

Sediment Diameter (nm)
Sand 0.25 0.25
Silt 0.016 0.016
Clay 0.002 0.002

Sediment Specific Weight (g/cnr^)
Sand 2.65 2.65
Silt 2.65 2.65
Clay 2.65 2.65

Sediment Settling Velocity (m/s) ■» _ T
Sand 5 x 10 f 5 x 10 ^
Silt 5 x 10"6 5 x 10'6
Clay 1 x 10’6 1 x 10"6

Initial Sediment Concentration 
in Water Column (mg/L)

Sand
Silt
Clay

Initial Sediment Fraction in 
Bottom

Sand 0.2 0.2
Silt 0.6 0.6
Clay 0.2 0.2

Radionuclide Concentration at the 
Bed Source (mCi/g)

Sorbed by bed sand 0.001 0.001
silt 1 1
clay 5 5

Distribution Coefficient 
Ccnr/g) with

Sand 0.02 0.02
Silt 20 20
Clay 100 100

0 0
0.1 100
0.1 100

Adsorption/Desorption Rate, K: 
(1/s)

Sand
Silt
Clay

1 x 10‘f 1 x 10-6 
1 x 10"6 1 x 10"6 
1 x 10"6 1 x lO"6

Case 6

Same as Case 1

0.25
0.016
0.002

2.65
2.65
2.65

5 x 10'f 
5 x 10"6 
1 x 10"6

0
100
100

0.2
0.6
0.2

0.001
1
5

0.02
20

100

1 x 10"6 
1 x 10"6 
1 x 10‘6
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5.2.2 Simulation Results of Stratified Case 4

As stated above, by using the eddy viscosity calculated above, the code 

then simulated radionuclide transport phenomena. Because of the very small 

vertical grid spacing near the bottom with a total water depth of 3000 m, we 

used a 0.1-s time step for Cases 4 through 6 to ensure the computational 

stability. The calculated results are those obtained after 6 h of 

simulation. Radionuclide concentrations have not reached in a final steady 

state yet.

The model predicted that a small portion of radionuclide sorbed by 

bottom sediment leached out to the overlying water volume. Once in the water 

column, some leached, dissolved radionuclides were then transported down

stream by the current. Moreover, some of them were then adsorbed by sus

pended silt and clay. The model predicted that the ratio of the radionuclide 

sorbed by suspended silt and clay is equal to the ratio of the distribution 

coefficients associated with silt and clay. According to the model pre

diction, the originally clear bottom sediment downstream of the contaminated 

bottom portion, then adsorbs a fraction of the radionuclide in the water 

column back into the bed.

Figures 5.31 through 5.33 show the predicted distribution for dissolved, 

suspended-silt-sorbed and suspended-clay-sorbed radionuclides in the water 

column up to 40 m above the bottom. Note that the unit of dissolved 

concentration is pCi/L, while the sediment-sorbed radionuclide concentrations 

are in pCi/g. Table 5.4 shows the predicted radionuclide distribution in the 

top 3-cm bed layer in pCi/g. Note that the bottom sediment between 2000 to 

2500 m is the original radionuclide source.

5.2.3 Simulation Results of Stratified Case 5

The only difference between Cases 4 and 5 is that the suspended sediment 

concentration for Case 5 has 1000 times higher values than those of Case 4. 

Although the sediment concentration of 200 mg/L is not reasonable, this case 

was performed to examine the effect of sediment concentration on the
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TABLE 5.4. Calculated Radionuclide Concentration Sorbed by Bed Sediment 
in the Top 3-cm Bed Layer After 6 h Simulation

Radionuclide Concentration, oCi/qDownstream 
Distance, 

_____ m

2000 - 2500 
(source)

2500 - 3000

3000 - 3500

3500 - 4000

4000 - 4500

4500 - 5000

Sand

9.993 x 10'4

5.99 x 10‘13 

2.25 x 10'13 

9.98 x 10'14 

4.47 x 10'14 

1.96 x 10'14

Silt

9.9998 x 10’

1.60 x 10’11 

5.99 x 10‘12 

2.64 x 10'12 

1.19 x 10'12 

5.24 x 10'13

Clav

4.99996

3.00 x 10'11 

1.12 x 10'11 

4.94 x 10~12 

2.23 x 10'12 

4.82 x 10'13

Composite
Sediment

1.60018

1.59 x 10'11 

5.89 x 10'12

2.59 x 10‘12 

1.17 x 10'12 

5.14 x 10'13

radionuclide transport. Even though normal sediment concentrations in the 

deep ocean near the 3800-m site are 0.02 to 0.1 mg/L, there were also 

measurements indicating the suspended sediment concentration near the ocean 

bottom can be up to 100 mg/L.

Figures 5.34 through 5.36 show the computed radionuclide results. 

Sediment-sorbed radionuclide concentrations per unit weight of sediment are 

almost identical to those of Case 4. Thus, the sediment sorbed concentration 

per unit volume of water in this case is 1000 times higher than those of 

Case 4. Although dissolved concentrations calculated for Case 5 are smaller 

than those of Case 4, additional adsorption by the greater amount of 

suspended sediment for Case 5 is still too small to be discernable in these 

figures. These results indicate the predictable effect of suspended sediment 

concentrations on the radionuclide distribution.

5.2.4 Simulation Results of Nonstratified Case 6

This is the same as Case 5 except that there is not stratification 

caused by water temperature. Computed results are shown in Figures 5.37 

through 5.39, displaying the almost identical distributions as those shown in 

Case 5. Close comparisons of computed radionuclide concentrations of Cases 5 

and 6 revealed up to several percent differences in concentrations between
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these two cases, due to slightly different eddy viscosity values calculated 

for the stratified and non-stratified cases. If we run a case with a much 

smaller eddy viscosity calculated by the stratified Case 3, we expect to see 

much more drastic difference in computed radionuclides. Although under this 

study we did not apply the FLESCOT® code to three-dimensional cases, the 

model has been applied to calculate these quantities in three-dimensional 

shallow estuarine/coastal waters (Onishi et al. 1985).
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FIGURE 5.35. Calculated Suspended-Silt-Sorbed Radionuclide Concentration
(in pCi/g) Near the Bottom for the Stratified Case 5
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FIGURE 5.36. Calculated Suspended-Clay-Sorbed Radionuclide Concentration
(in pCi/g) Near the Bottom for the Stratified Case 5
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FIGURE 5.37. Calculated Dissolved Radionuclide Concentration
(in pCi/L) Near the Bottom for the Stratified Case 6
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FIGURE 5.38. Calculated Suspended-Silt-Sorbed Radionuclide Concentration
(in pCi/g) Near the Bottom for the Stratified Case 6
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6.0 SUMMARY AND CONCLUSIONS

The TEMPEST©/FLESCOT®, FLOWER, Blumberg's, and RMA 10 models would be 

appropriate candidates for the regional modeling. Among these models, 

TEMPEST®/FLESCOT© is currently the only model that solves simultaneously 

distribution of flow, turbulence (with the k-e model), salinity, water 

temperature, sediment, dissolved contaminants (e.g., radionuclides, 

pesticides, heavy metals, etc.), and sediment-sorbed contaminants.

Turbulence modeling has developed rapidly with the advent of high-speed 

computers, but there are still limits on the complexity of calculations that 

can be handled. Solving the Navier-Stokes equations using higher order cor

relations requires a large number of calculations and is not practical for 

modeling large areas where numerous grid points must be calculated. There

fore, assumptions must be made to solve the equations, which is where turbu

lence modeling comes into play.

In turbulence modeling, most of the work has gone into trying to define 

the turbulence correlations (Reynolds stresses) u^Uj and u^. Once these 

terms are obtained, it is possible to solve the equations for the flow field. 

The method used here for modeling the turbulence correlations is the eddy 

viscosity/diffusivity concept developed by Boussinesq in 1877. Zero, one, or 

two partial differential equations must be solved to define the eddy 

viscosity/diffusivity, depending on the assumptions made.

Zero-equation models do not require the solution of any additional par

tial differential equation. The eddy viscosity/diffusivity is defined by 

empirical means. One of the most common methods being used is that of con

stant eddy viscosity/diffusivity. This method is crude, especially in a deep 

ocean model, because it is known that the eddy viscosity/diffusivity will 

vary across the flow field. A simple method for solving this problem is to 

specify values of eddy viscosity/diffusivity for regions of the flow field, 

but this is still not very accurate. Defining the eddy viscosity/ 

diffusivity as a function of shear stress and depth is probably the simplest 

method that will give a reasonably accurate representation of what is 

occurring in the flow field. This method has been used in boundary layers,
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and there will have to be some modification before it will represent what is 

occurring throughout the ocean.

One-equation models are the first to take into account the history and 

transport effects in a flow field. This allows turbulence to travel down

stream, which was not possible when the eddy viscosity/diffusivity was simply 

specified. The turbulent kinetic energy (TKE) equation is used to define the 

velocity scale in the eddy viscosity, and the eddy diffusivity is a function 

of the eddy viscosity and the Prandtl or Schmidt number. The main problem 

with this method is that the length scale must still be defined before a 

value for the eddy viscosity can be obtained. In regions where the length 

scale is clearly definable, as in the boundary layer, this method works 

rather well. In regions where there is no clearly defined length scale, 

empirical formulas have been developed, but because rather extensive 

computational time is required for the empirical formulas, it is sometimes 

easier to move up to the more complex two-equation models.

Two-equation models have partial differential equations for both the 

velocity scale and the length scale. The k-e model, where k is the same TKE 

equation developed for the representation of the one equation model, and e is 

the rate of dissipation used for the representation of the length scale, is 

probably one of the most common of this type. This method will include the 

history and transport effects of turbulence. Although the buoyancy term is 

built into the k-e model, there may be potential problems in that it may not 

account fully for the effects of stratification on the production/dissipation 

of the TKE. This problem, if it exists, may be solved by using an extended 

k-e model with an additional buoyane effect consideration that will more 

accurately define the effects of stratification at the expense of computer 

time.

Because the two-equation models have the highest potential to properly 

calculate the eddy viscosity/diffusion coefficients, we have selected the 

most common two-equation model, the k-e model, to calculate the eddy 

viscosity in the deep ocean.

We have applied our model, TEMPEST©/FLESCOT®, with the k-e model to a 

two-dimensional water body having a depth of 3000 m. The preliminary model 

results indicate, the adequacy of the k-e model; that is, near the bed, the
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vertical eddy viscosity increases at most linearly with the distance from the 

bed, and then decreases rapidly as the velocity distribution becomes almost 

uniform vertically. Except near the bed, the vertical eddy viscosity 

calculated by the model is uniform and is somewhat smaller than the molecular 

viscosity due to the upstream boundary conditions. Comparisons among 

stratified and nonstratified cases reveal the reducing effects of buoyancy 

term on the TKE and eddy viscosity, resulting in more reasonable level of 

calculated eddy viscosity under stratified conditions in a deep-ocean 

• environment.

Also, the computer code successfully predicted at least qualitatively 

the leaching of radionuclide from an ocean bottom (a hypothetical original 

contamination source) to the overlying clean water column. Once in the water 

column, some of leached radionuclide was predicted to be adsorbed by sus

pended silt and clay based on the distribution coefficient and mass transfer 

rates while being transported downstream. Furthermore, the originally clean 

bottom sediment downstream of the location with the contaminated bottom sed

iment was predicted to adsorb a fraction of the leached radionuclide back 

into the bed, thus, spreading the potentially long-term source of 

contamination.
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