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TURBULENCE MODELLING FOR DEEP OCEAN
RADIONUCLIDE DISPOSAL
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SUMMARY

In this study the adequacy of the k—¢ turbulence model and the feasibility of the three-dimensional
hydrodynamic-transport models TEMPEST and FLESCOT for deep ocean radionuclide disposal assess-
ment were evaluated qualitatively. TEMPEST and FLESCOT were applied to a hypothetical, two-
dimensional, deep ocean case with and without stratifications. TEMPEST with the k-¢ model was applied to
obtain quasi-steady state eddy viscosity distributions. With calculated eddy viscosity distributions as part of
the input, FLESCOT then calculated distributions of velocity, water temperature, sediment and the
disssolved and sediment-sorbed radionuclide, assuming that the radionuclide was disposed on the ocean
bottom.

Results revealed that the computed eddy viscosity increased almost linearly with vertical distance near the
ocean bottom, then rapidly decreased towards a molecular viscosity value when the vertical gradient of the
velocity distribution became very small. The results also demonstrate the importance of the density gradient
to suppress the turbulent kinetic energy production, resulting in reduced eddy viscosity, producing the
maximum computed eddy viscosity of 0-2 Pas, which compares well with the reported value of 0-07 Pas in
the deep ocean. Thus the k—¢ turbulence model appears to be qualitatively applicable to the deep ocean
environment.
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INTRODUCTION

Evaluations of deep ocean disposal of contaminants {e.g. radionuclides and toxic chemicals) must
address both potential regional-scale impacts to the public and the marine environment along an
adjacent coastline as well as potential long-term impacts to the general public and the marine
environment on the global scale. These assessments require the understanding of how such
contaminants migrate in the ocean on both regional and global scales.

This study addresses the regional-scale modelling as part of the U.S. Environmental Protection
Agency’s long-term effort to address the concerns of low-level radioactive waste (LLW) deep
ocean disposal at the 2800 and 3800 m sites in the mid-Atlantic Ocean.

The LLW released from these sites will not reach its uniform distributions in either the vertical
or horizontal direction on a regional scale (e.g. up to several hundred square kilometres) and the
physical oceanographic properties exhibit complex three-dimensional behaviour.! Thus three-
dimensional, coupled hydrodynamic-mass/energy transport models with proper representations
of ocean eddy viscosity/dispersion processes and sediment-radionuclide interactions are required
for regional radionuclide transport modelling.
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Projections of basin-wide and global circulations, Gulf Stream meanders and worm-core rings,
topographic Rossby waves as well as other large-scale flow and wave phenomena cannot be
generated by regional models. Rather, the flow and property distributions resulting from such
large-scale transport mechanisms must be imposed on the regional models as initial and
boundary conditions. Thus one of the key processes that regional models must internally simulate
is the deep ocean turbulence to reproduce proper flow and transport in the deep ocean.

After reviewing 24 representative mathematical models for the LLW ocean disposal assess-
ment,! the three-dimensional hydrodynamic-transport models TEMPEST? and FLESCOT?
containing the k—¢ turbulence model* were applied to a two-dimensional deep rectangular basin
to qualitatively examine applicabilities of the k—¢ turbulence closure model and the TEMPEST
and FLESCOT models to the potential deep ocean environment.

MODEL DESCRIPTION

The TEMPEST model is an unsteady, three-dimensional, finite difference hydrothermal model
cast in Cartesian and cylindrical co-ordinates and is based on the conservation of

(i) fluid mass (equation of continuity)

(i) momentum (the Navier—Stokes equations)

(iii) turbulent kinetic energy and its dissipation based on the k—& model
(iv) thermal energy

(v} mass of constituents.

The model has an option for either iterative dynamic pressure calculation or hydrostatic pressure
calculation. For the dynamic pressure calculation, all inertia and viscosity terms are retained in
addition to the pressure and gravitational terms in the vertical component of the Navier-Stokes
equations. The model can also simulate a free surface or rigid lid at the water surface.

The FLESCOT model is the sediment and contaminant transport version of the general code
TEMPEST and includes additional mass transport equations for

(i) mass of sediment
(i) mass of dissolved contaminant
(iil) mass sediment-sorbed contaminants.

Sediments and sediment-sorbed contaminants are modelled separately for three sediment size
fractions (usually sand, silt and clay fractions). The model uses the Partheniades® and Krone®
formulae to estimate cohesive sediment erosion and deposition. The DuBoy’ formula is used to
estimate non-cohesive sediment erosion and deposition. The model can accommodate wave-
enhanced sediment and sediment-sorbed contaminants by imbedding the non-linear
Grant-Madsen flow—wave interaction model.® An exchange of a contaminant between water and
sediment is modelled by assigning an equilibrium distribution coefficient (K,) and an associated
rate constant for each of the three sediment size fractions. The FLESCOT model also calculates
changes of the sediment and sediment-sorbed contaminants within the multilayered seabed
resulting from sediment erosion/deposition, bioturbation and direct adsorption/desorption be-
tween bottom sediment and overlying water.

The TEMPEST and FLESCOT models use a finite volume, time-marching procedure to
simulate the three-dimensional, time-dependent, turbulent flow. This procedure advances the
solution sequentially in two phases.
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Phase 1. Hydrodynamic solution

The hydrodynamic solution is advanced a time step At using one of the following three
approaches:

(1) rigid lid (may be stationary or moving vertically according to tidal data)
(2) free surface with dynamic pressure (deep water wave theory)
(3) free surface with hydrostatic pressure (shallow water wave theory).

This phase computes the three velocity components u, v and w and the pressure field P at the new
time level ¢+ At.

The rigid lid approach requires computing the dynamic pressure field. This is accomplished
using a ‘semi-implicit’ technique, which in TEMPEST is similar to the SMAC method developed
at the Los Alamos National Laboratory.® This procedure is implemented as follows.

Step 1. Provisional velocity field computation (explicit). Compute a provisional velocity field,
u, v and w, explicitly according to the momentum equations using pressures computed
from the previous time step.

Step 2. Velocity and pressure field correction (implicit). The provisional velocity field found in
Step 1 is then used to compute a provisional flow field divergence. A velocity and
pressure field correction is then applied that causes the divergence of the flow to vanish,
which must be the case for incompressible flow. Using these correction values, the new
time velocity components u, v and w and the pressure field P are established.

Phase II. Transport solution

Once Phase I of the process has been completed, the new time velocity field is used to compute
the scalar transport equations for thermal energy, T (if required), turbulent kinetic energy k and
dissipation of turbulent kinetic energy, ¢.

Once these quantities are computed, the new time eddy viscosity pr is established using the
Prandtl-Kolmogorov hypothesis

Hr=C,pk?/e, (1)

where C,, is a constant, assigned to be 0-09, and p is the water density.

Using the new time values of velocities and turbulent viscosity, the time step is completed by
computing the constituent transport C; (sediments and chemical species) and the new water
density p.

This series of steps completes one time step, advancing all quantities to the new time level
t+ At. The process now returns to Step 1 of Phase I to start advancement to the next time level.

Differencing procedures

TEMPEST uses first-order upwind differencing procedures to discretize the inertial terms in
the hydrodynamic equations and the advective terms in the scalar transport equations. Second-
order-accurate central differencing procedures are used, as appropriate, for all other differential
quantities. It is recognized that the upwind method produces a certain amount of numerical
diffusion. In spite of this difficulty, the upwind method produces conservative and bounded
results and avoids a variety of other erratic characteristics, including generation of false sources
and sinks, associated with higher-order methods.
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MODEL APPLICATIONS

To examine the k—& model and radionuclide transport modelling in the deep ocean environment,
TEMPEST and FLESCOT were applied to a two-dimensional rectangular basin 12000 m long
and 3000 m deep. The model area was discretized by a rectangular grid having uniform grid
spacing (500 m each) for the longitudinal direction and non-uniform grid spacing for the vertical
direction with spacing of 0-1 m near the bottom. The ocean bottom was divided into four bed
layers with a top layer 3 cm thick.

To predict the flow and radionuclide transport, the following modelling was performed.

1. The TEMPEST model was first applied to obtain the quasi-steady state vertical eddy
viscosity by solving for hydrodynamics, water temperature and turbulence (the turbulence
kinetic energy and its dissipation) under two sets of stratification (non-isothermal) cases and
one non-stratification case. Salinity was assumed to be 32 parts per thousand for all cases.
These conditions are shown in Table I. As indicated in Table I, two thermoclines were
assumed for Cases 2 and 3, one near the water surface and the other near the ocean bottom.
Note that Case 2 has the near-bottom thermocline at 120~-150 m above the ocean bottom,
while Case 3 has the near-bottom thermocline at only 6:0-7-5m above the ocean
bottom. For all three cases TEMPEST used the dynamic pressure calculation and the rigid
lid options. As in the following radionuclide transport cases, the eddy viscosity and
associated dispersion coefficients at each computational cell were assigned as

vertical eddy viscosity =molecular viscosity
+computed eddy viscosity by the k—¢ model, (2)

longitudinal eddy viscosity =molecular viscosity + computed eddy viscosity
+oceanographic horizontal eddy viscosity. 3)

In this study the oceanographic horizontal eddy viscosity was assumed to be 1000 Pas. The
non-isotropic dispersion coefficients were estimated by the corresponding eddy viscosity
and the Schmidt/Prandtl numbers, which were assumed to be 0-71. The bottom drag
coefficient was assigned to be 0:0026. To obtain the quasi-steady state eddy viscosity,
TEMPEST was run for two simulated days.

2. Using the quasi-steady state eddy viscosity distribution obtained from the above
TEMPEST runs, FLESCOT was then applied to calculated early distributions of fiow,
water temperature, sediments (sand, silt and clay) and radionuclides (both dissolved and

Table I. Initial and upstream boundary conditions for water temperature, salinity and velocity
distributions

Distance from Water temperature (° C) Salinity (%o) Velocity (ms™!)

bottom (m) All cases All cases
Case 1 Case 2 Case 3

2960-3000 10 16 16 32 01
2940-2960 10 13 13 32 01
150-2940 10 10 10 32 01
120-150 10 6 10 32 01

7-5-120 10 2 -
60-7-5 10 2 6 32 01
0-6-0 10 2 -
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Table II. Selected values of sediment transport parameters

Critical Critical
Sedilment Fall shear stress shear stress Erodability
Sediment diameter velocity for erosion for deposition coefficient
type (m) (ms™1) (Nm™?) (Nm™% (kgm~2571)
Sand 25x107%  5x107? — — —
Silt 16x 1075  5x10°¢ 0-045 0-02 4x10°°
Clay 20x107% 1x10°¢ 0-060 0-01 4x10°¢

sediment-sorbed) for Cases 1 and 2. In these cases the hydrostatic pressure and free surface
options were used. For these cases bottom sediments were assumed to be 20% sand, 60%
silt and 20% clay. It was also assumed that there were no radionuclides in the water column
initially and that the radionuclides originally existed only in the bottom sediments of the
500 m reach between 1500 and 2000 m from the upstream end of the model area. The initial
radionuclide concentrations associated with these bottom sediments were assumed to be
0-001, 1-0 and 50 mCig~' for bottom sand, silt and clay respectively. Table II shows the
sediment transport parameter values. The distribution coefficients K4 associated with sand,
silt and clay were assigned to be 0-02, 20 and 100 cm® g~ ! respectively. FLESCOT was run
for 6 h.

MODEL RESULTS AND DISCUSSIONS

Turbulence modelling

TEMPEST was run for two simulated days to obtain quasi-steady state eddy viscosity
distributions. All three cases indicate the highest values of turbulent kinetic energy (TKE) and
TKE dissipation occurred near the ocean bottom. Figures 1 and 2 show computed TKE and
TKE dissipation respectively 10000 m downstream near the ocean bottom at the end of the
second day for Case 1 (non-stratified case). Immediately above the ocean bottom, TKE and TKE
dissipation are the greatest because of the steep velocity gradient enhancing TKE production.
While TKE dissipation rapidly reduces in magnitude, TKE is almost uniform from several metres
to 45 m above. The sharp reduction in TKE above 45 m results because the vertical gradient of
the calculated longitudinal velocity above 45 m becomes very small (i.e. the longitudinal velocity
above 45 m reaches its uniform velocity value of 0-1 ms™!); thus there is no shear production of
TKE due to the velocity gradient.

Cases 2 and 3 (stratified cases) reveal the suppression effects of the density gradient on TKE
production. These effects are especially strong for Case 3, which has the density gradient near the
bottom (6:0-7-5 m above the bottom) where the vertical velocity gradient is steep. Figures 3 and
4 show computed TKE and TKE dissipation for Case 3, indicating reduced TKE and TKE
dissipation values as compared to those of Case 1 (Figures 1 and 2). Figures 5 and 6 show
calculated eddy viscosity distributions (from equation (1)) based on k- and ¢-values shown in
Figures 1-4. Both figures reveal that the eddy viscosity increases almost linearly with vertical
distance just above the ocean bottom. After reaching their maximum values near the ocean
bottom, predicted eddy viscosity values reduce rapidly to almost molecular viscosity values with
vertical distance. The calculated maximum eddy viscosity value after two days of simulation for
Case 1 (non-stratified case) is approximately 20 Pas (or 200 cm?s™!), occurring around 3045 m
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Figure 1. Vertical distribution of calculated turbulent kinetic energy near the ocean bottom for the non-stratified Case 1
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Figure 2. Vertical distribution of calculated turbulent kinetic energy dissipation near the ocean bottom for the non-
stratified Case 1
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Figure 3. Vertical Distribution of calculated turbulent kinetic energy near the ocean bottom for the stratified Case 3

above the ocean bottom, while the maximum value of 0-2 Pas (or 2 cm?s ™ !) occurs 1 m above the
bottom for Case 3 (near-bottom stratified case). The significant reduction in eddy viscosity value
for Case 3 as compared to Case 1 is caused by the density gradient near the ocean bottom, where
production and dissipation of TKE are the greatest; thus the density gradient causing reduction
in TKE production there affects these values significantly. The calculated eddy viscosity of
2cm?s™! for Case 3 agrees well with the vertical eddy diffusivity of 1 cm?s~! reported by
USAEC,!? shown in Table I11. Note that we have reported eddy viscosity values in Table IIT from
the reported eddy diffusivity values and an assumed Prandtl or Schmidt number of 0-7. Further-
more, the high eddy diffusivity and eddy viscosity values in the surface layer reported in Table I11
are caused by wind shear and other near-surface processes which this study did not consider.

Case 2 (not-near-bottom stratification case) has the computed maximum eddy viscosity value
of 17 Pas (170 cm? s~ '), occurring 45 m above the bottom. Since Case 2 has the density gradient
occurring 120-150 m above the ocean bottom, the calculated longitudinal velocity did not
become uniform until approximately 250 m above the bottom. This resulted in more gradual
variations of TKE and eddy viscosity values in the bottom 70 m area and little reduction of TKE
and eddy viscosity values from Case 1 (non-stratified case).

The velocity distributions for all these cases showed fully developed profiles. However,
Cases 1 and 2 showed well-developed, flattened velocity profiles, while Case 3 showed more
parabolic profiles, reflecting smaller eddy viscosity values for this case.
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Figure 4. Vertical distribution of calculated turbulent kinetic energy dissipation near the ocean bottom for the stratified
Case 3

The turbulence-modelling results indicate that the k—¢ model produced qualitatively reason-
able éddy viscosity distributions, especially for Case 3 conditions.

Sediment and radionuclide modelling

Computed quasi-steady state eddy viscosity values were imposed as input to the FLESCOT
model to predict distributions of radionuclides originally disposed on a small portion of the ocean
bottom. Because of the very small vertical grid spacing near the ocean bottom with the total water
depth of 3000 m, the 0-1 s time step was used to avoid the numerical instability. The calculated
results are those obtained after 6 h; thus the radionuclide concentrations have not reached a final
steady state yet.

The model predicted that a small portion of the radionuclide sorbed by the bottom sediment
leached out to the overlying water. Once in the water column, dissolved radionuclides leached out
from the ocean bottom were then transported downstream by the current, as shown in Figure 7.
Moreover, some of them were then adsorbed by suspended sediments (i.e. silt and clay), as shown
in Figure 8 for the computed radionuclide adsorbed by suspended silt. The model predicted that
the ratio of the concentrations of the radionuclide sorbed by suspended silt and clay is equal to
the ratio of the distribution coefficients associated with silt and clay. As shown in Figure 9, the
originally clean bottom sediments downstream of the contaminated bottom portion (the
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Figure 5. Vertical distribution of calculated eddy viscosity near the ocean bottom for the non-stratified Case 1
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Figure 6. Vertical distribution of calculated eddy viscosity near the ocean bottom for the stratified Case 3

Table 111. Variations in eddy diffusivity and viscosity'®

Vertical eddy Estimated
Depth diffusivity eddy viscosity
Layer (m) (em?s™1) {cm?s7Y)
Surface 75 500 350
Intermediate 500 01 007

Deep 2000 1-0 07
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Figure 7. Calculated dissolved radionuclide concentrations near the ocean bottom for the non-stratified Case 1
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Figure 8. Calculated suspended-silt-sorbed radionuclide concentrations near the ocean bottom for the non-stratified
Case 1

1500-2000 m portion) then adsorbed a fraction of the radionuclide in the water column back into
the ocean bottom, thus further spreading the long-term contamination source in the ocean.
Because there are no data to be compared, these model results should be regarded as strictly
qualitative. Nonetheless, these results depicted reasonable pictures of potential radionuclide
migration patterns.
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Figure 9. Calculated radionuclide concentrations sorbed by bottom sediments in the top 3cm bed layer for the
non-stratified Case 1

CONCLUSIONS

The TEMPEST and FLESCOT models with the k—¢ turbulence model] simulated hypothetical
flow, turbulence, water temperature and sediment and radionuclide distributions in the deep
ocean environment, The model results demonstrated that the density gradient to suppress TKE
production must be considered for the eddy viscosity calculations, as demonstrated by the close
match of computed, 0-2 Pas(or 2 cm?s™!), and reported, 0-07 Pas (or 0-7 cm? s ™ 1), eddy viscosity
values for Case 3 (near-bottom stratification case). These results indicate that the k—¢ turbulence
model qualitatively reproduced the vertical eddy viscosity variations occurring near the bottom.
Further detailed modelling should be conducted to quantitatively evaluate the adequacy of the
k—¢ model to confirm this tentative conclusion, as well as effects on the dynamic and hydrostatic
pressure computations of the turbulence structures.
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