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Summary: Simulations of the dispersion and dilution of dissolved or finely-suspended contaminants entering the Clinch 
River (in the Tennessee Valley) from White Oak Creek have shown good agreement with field data. This three- 
dimensional computational fluid dynamics model is being used to predict exposure to the public following an 
hypothetical spill. 

. .. .”. * ’ *  
INTRODUCTION 

The Oak Ridge National Laboratory (ORNL) is a 
U.S. Department of Energy (DOE) facility located in 
Oak Ridge, Tennessee. ORNL carries out research in 
a wide range of energy-related areas and operates a 
number of facilities that generate hazardous low-level 
liquid wastes. The possibility exists for an accidental 
spill of one or more of these contaminants into the 
environment. Serving as the main Clinch River (CR) 
subbasin that drains ORNL, the White Oak Creek 
(WOC) watershed consists of a series of small creeks 
that combine to form White Oak Lake with its 
discharge passing over White Oak Dam into an 
embayment. Water from the White Oak Creek 
embayment tlows through or over a sediment 
retention structure (SRS) into the Clinch River which 
empties into the Tennessee River near Kingston, 
Tennessee. Water is withdrawn from the Clinch River 
at the Clinch River Mile (CRM) 14.5 raw water 
pumping station for potable and process purposes. 
The intake is about 6.3 miles downstream of the 
White Oak Creek outfall to the Clinch River. Figure 1 
shows the surface water boundary for the Clinch 
River near the White Oak Creek confluence at CRM 
20.8. 

The purpose of this work’ is to develop a multi- 
dimensional, transient computational fluid dynamics 
(CFD) model for the “entrance region” of the 
confluence of White Oak Creek and the Clinch River 
that will produce accurate predictions for dispersion 
of contaminants within a segment of the river. A 
study by Morton’ has indicated that under normal 
flow conditions (without reverse flow) a contaminant 
plume originating in WOC will be fully-mixed across 

Fig. 1. Portion of the Clinch River of primary interest to 
the present analysis. 
the river within the first 5 miles of travel (by CRM 
14.5). To simulate the mixing process in the entrance 
region, an appropriate model requires the capability 
to satisfy the time-dependent, multi-dimensional 
conservation equations for mass, momentum, energy, 
and species concentration of the liquid low-level 
waste originating in the White Oak Creek watershed. 
Only the short-term consequences of the spill are 
considered. Radioactive decay, sedimentation, and 
resuspension of the contaminant are conservatively 
neglected. although in future work models for these 
phenomena could be included. The dilution of 
contaminant upstream of the White Oak Creek SRS is 
not considered in the present analysis. Rather, it is 
assumed that the water flowing into the Clinch River 
through the rock-filled SRS is weil-mixed with 
contaminant, and the concentration of contaminant as 
it enters the Clinch River is known from other 
analysis3. The objective is to develop the capability to 
predict the multi-dimensional distribution of 
contaminant concentration in the Clinch River. 
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The numerical model was defined using the 
commercial computational-fluid-dynamics (CFD) 
computer program CFX Version 4, developed by 
AEA Technology Engineering Software, Inc. The 
program solves the Navier-Stokes, energy and . 
species-transport equations with the SIMPLEC finite- 
volume method. A scalar advection-diffusion 
equation was defined to represent transport of the 
contaminant within the flow field. CFX has a “multi- 
block” capability that allows an accurate 
representation of the true river geometry. Since the 
predominant near-field mechanism for horizontal and 
vertical dispersion of the contaminant is turbulent 
mixing, the accuracy of the turbulence model is very 
important. The present study represents the first 
application of a general-purpose turbulence model to 
the Clinch River dispersion problem. Previous spill 
models of the Clinch River have typically utilized 
longitudinal and possibly transverse “dispersion 
coefficients,” calibrated to a set of experimental data. 
This approximation. although proven useful for far- 
field analysis of long-term sedimentation phenomena, 
effectively amounts to assuming a constant eddy 
diffusivity throughout a substantial portion, if not all, 
of the river. 

CONSERVATION LAW SYSTEM 

The hydrodynamics of water flowing in a 
river are governed by the physical principles of 
conservation of mass, momentum, and energy. Since 
river flow is almost always turbulent, an appropriate 
mathematical form for this conservation law system is 
the coupled set of partial differential equations called 
the Reynolds-averaged Navier-Stokes equations for 
an incompressible (constant density) fluid. The 
conservation of mass, momentum, and energy are 
described by the continuity equation 

v*u = 0 , (1) 

the momentum equations. 

and the energy equation, 

+ V . ( ~ U H  - P ~ V H  + p ~ )  - S, = o 
at 

(3) 

where p, p, and ci are the density, molecular dynamic 
viscosity, and molecular thermal diffusivity, 
respectively, of the fluid, U is the time-averaged 
velocity vector resolution of the mean flow field, H is 
the time-averaged static enthalpy, p is the morion 
pressure (equal to the thermostatic pressure minus the 
hydrostatic pressure), B are any time-averaged body 
forces per unit volume (e.g., buoyancy forces) acting 
on the fluid. and S, represents any distributed 
volumetric heat sources. The transport of an arbitrary 
contaminant by the river flow can be modeled with a 
scalar species advection-diffusion equation of the 
form 

where CP is the time-averaged contaminant 
concentration, D ,  is the molecular diffusivity of the 
contaminant within the fluid, and S, is a general 
source term for the contaminant. 

Arising from the time- or ensemble-averaging of the 
convection terms in the original instantaneous 
conservation law system, several statistical double 
correlations appear in Eqs. (2)-(4) that characterize 
the effects of turbulence on the transport of 
momentum, thermal energy, and contaminant 
concentration in the mean flow field. Transport 
equations for each of these double correlations can be 
derived. However, these equations contain additional 
unknown higher-order correlations; therefore. 
Eqs. (1)-(4) do not represent a closed set. An exact 
closure for these correlations does not exist, thus 
producing the classic turbulence closure problem. 
Approximate closure is the task of turbulence models. 

For engineering calculations, the most commonly 
used turbulence models are based upon the 
Boussinesq eddy viscosity approximation, where the 
Reynolds stresses are modeled by a constitutive 
relation having a form similar to the Stokes viscosity 
law for Newtonian fluids, 

where k is the turbulent kinetic energy ( I 
pr is the eddy viscosiry. Similar eddy difficsivity 
hypotheses, coupled with Reynolds-analogy 
approximations, result in constitutive relations for the 
turbulent heat flux 

’) and 



.ind Reynolds flux of the contaminant concentration, 

where r,, and r, are eddy diffusivities, and uH and u, 
are turbulent Prandtl and Schmidt numbers, 
respectively. Equations (5)-(7) represent defining 
relations for the eddy viscosity and eddy diffusivities. 

From dimensional arguments, turbulence models 
based on the Boussinesq approximation, Eq. (3, 
assume that the eddy viscosity is proportional to the 
product of length and velocity scales that are 
characteristic of the turbulence. The two-equation k-E 
model (where k is the turbulent kinetic energy and E 
is the isotropic turbulence dissipation rate) uses the 
Prandtl-Kolmogorov equation, 

where C, is an empirically-derived constant, to relate 
k and E to the eddy viscosity, p p  The velocity scale is 
ix, and the characteristic length scale is k”%. Two 
transport equations must be solved to complete the 
approximate turbulence closure. For k, one solves 

!@ + V- (p U k )  - P[ [ p + :] V k  1 
at (9) 

- P - G + p € = O  , 

and for E, solve 

where P is the shear production rate and G is the 
production rate due to any body forces. These 
equations represent the standard high-Reynolds 
number k-e model in which the computational domain 
does not extend all the way to solid walls. So-called 
wualffuncrions. derived from the logarithmic “law-of- 

the-wall” velocity profile, are employed to simulate 
the effect of the no-slip wall boundary condition on 
the flow field adjacent to the wall. 

DESCRIPTION OF MODEL 

The three-dimensional tlow domain was limited to the 
8.5-mile stretch of the Clinch River between Melton 
Hill Dam (CRM 23) and the pumping station located 
in Bear Creek Valley (CRM 14.5). Recently a hydro- 
acoustic field study was performed by the Waterways 
Experiment Station (WES) of the U.S. Army Corps of 
Engineers measuring the Clinch River depth along 
three streamwise lines at intervals of less than 5 m. 
Data from this study, which included soundings from 
6.589 different locations in the river, were combined 
with other measurements and then fitted and 
smoothed by Hargrove, Hoffman, and Levine‘ of 
ORNL to produce a finely resolved bathymetric field. 
It is these data that were used to generate the 
discretization of the three-dimensional model 
presented here. The domain includes both Jones and 
Grubb Islands which introduce significant 
complexities to the discretization. 

CFX version 4 uses a multi-block discretization 
technique, where the computational domain is divided 
up into six-sided regions each of which must contain 
a structured mesh (i.e. rows, columns and levels of 
computational cells arranged in a rectangular logical 
space.) By piecing together these structured blocks, 
the exact geometry can be’closely approximated. The 
surface elevation was assumed to be at the summer 
pool level of 74 1 ft. In Fig. 2 a close-up of the three- 
dimensional geometry and discretization near the 
WOC confluence is shown. 

DEPTH EXAGGERATED BY 2 

Fig. 2. Geometry of the three-dimensional CR river 
boundary near WOC. 



The mesh contains 107,744 control volumes. It is six 
cells deep with equal cell spacing in the vertical 
direction. 

The surfxe of the water was assumed to be a rigid lid 
with free-slip boundary (zero shear stress condition). 
The vertical surfaces at the SRS and Melton Hill Dam 
were defined as inlet boundaries with specified 
velocity. The vertical exit plane of the CR flow 
domain was defined as a “mass-flow’’ boundary 
where the total flow leaving the computational 
domain is constrained to be equal to the net inflow. 
Parametric simulations showed that when this type of 
boundary condition is used, the solution upstream in 
the region of interest is independent of how far 
downstream the exit plane is located. The remaining 
boundaries representing the river bottom were all 
defined as no-slip boundaries where drag is 
calculated automatically by the turbulence-equation 
wall functions. Since the t’low rate is specified to the 
model, the shear stress at the river bottom is 
important only in how it influences the velocity field 

, and the turbulent kinetic energy distribution. The inlet 
velocities to the river and to WOC are applied 
uniformly across the face of the inlet boundary. The 
turbulent kinetic energy and eddy dissipation rate at 
the inlet are specified as a function of the inlet 
velocity, although preliminary parametric cases 
revealed that the Melton Hill boundary is far enough 
upstream as to make the results downstream of WOC 
relatively independent of the inlet turbulence. 

VALIDATION OF THE MODEL 

On May 5-7 1987, two field surveys were performed’ 
by the TVA Engineering Laboratory in collaboration 
with ORNL to quantify the mixing and transport 
characteristics for a typical Clinch River flow in the 
reach of the river below the confluence with WOC. 
The survey, performed on May 7, involved a vertical 
line source release of Rhodamine WT dye at the 
contluence between WOC and the CR. The plume 
generated downstream of the line source release was 
tracked at discrete points throughout the day, by 
recording measurements of dye concentration as a 
function of time, depth, streamwise location, and 
transverse location (distance from the right bank). 

The May 7 field survey began at 9:00 a.m. EDT when 
104 gallons (0.394 m3) of dye solution were pumped 
at a rate of 4.16 gpm (2.62 m3/s) for 25 min through a 
manifold placed vertically in the river at a location 20 
ft off of the right bank just downstream of the WOC 
SRS. The initial concentration of the dye was 4.808 x 
IO7 ppb. The flow rates were held constant while 

performing the field survey. Flow velocities and dye 
concentration measurements were taken within the 
extent of the plume as it moved downstream. Based 
on the measurements, average velocities were 
calculated at various streamwise locations. The 
average velocity calculated for the cross-section at 
CRM 20.8 is 0.257 d s  (0.843 fds). At CRMs 19.6 
and 18.0, the average velocities were 0.301 m/s (0.99 
fds) and 0.287 m/s (0.942 ftls) respectively. 

SIMULATION OF THE DYE STUDY 

The results of the 1987 dye study were used to 
validate the accuracy of the three-dimensional Clinch 
River model. This validation was accomplished by 
first solving the steady-state flow field before the dye 
injection, and then fixing the hydrodynamic tield and 
solving the time-dependent dye transport problem. 
All simulations were performed on a IBM RISC 
System (RS) 6000 Model 580 Workstation. 

To determine whether the solution was dependent 
upon the selected grid, more than one discretization 
was used. Also, for the transient. care was taken to 
select a time step small enough that the solution is 
virtually insensitive to further reductions. 

A steady-state solution was obtained by iterating on 
the finite-difference equations until the residuals for 
all equations were as low as possible. The residual 
indicate how closely the solution approximates 
conservation of mass and momentum. After a certain 
point, the numerical precision and/or errors 
introduced due to the finite differences limits any 
further reduction in the residuals. Using the default 
(hybrid) differencing scheme, the mass residual was 
lowered to 3700 kg/s, which is 1.6% of the river flow 
rate (226.500 kg/s). With other, less diffusive, 
differencing schemes, it was not possible to get the 
residuals down to a reasonable level. 

Figure 3 shows surface streamlines near the WOC 
confluence. The velocity distribution shows 
recirculation patterns at the WOC confluence on 
either side of the river. This feature in the flow field 
is consistent with the field observations that have 
been made when Melton Hill Dam is operating. The 
three-dimensional velocity-vector field was tixed at 
the calculated steady state solution, and a transient 
simulation of the dye dispersion through the steady 
flow field was run until the dye plume passed out of 
the computational domain. The advection and 
diffusion of the dye was modeled with a user-defined 
scalar equation. The injection of the dye was 
represented by introducing a mass source into the 



Fig. 3. Computed flow pattern near the WOCKR confluence. 

user scalar equation lasting the first 25 minutes of 
simulated time. 

The transient simulation was run for 39,600 s (from 
900 AM until 8:OO PM), requiring 20 hours of CPU 
time on the RS6000 Model 580. The dye was 
injected, as specified in the dye study report, just off 
the right bank of the river. 

The dye concentration is shown in Fig. 4 at 1:38 
p. m., the time at which the maximum dye 
concentration at CRM 18.0 was calculated. Three 
concentration contour levels are shown in Fig. 4: the 
black represents concentration greater than 100 ppb; 
the darker gray represents concentrations between 
10 and 100 ppb; the lighter gray represents 
concentrations between 1 and 10 ppb; and the white 
represents concentrations less than 1 ppb. The 
computational results showed that the dye spreads in 
the cross-stream direction across the river bottom 
faster than along the surface. This is because 
turbulence energy is generated near the river bottom 
and the turbulent diffusion is therefore greater near 
the bottom. 

Time-dependent. three-dimensional data are available 
at four downstream locations. A comparison of the 
simulated and measured dye concentrations at these 
locations are shown in Figs. 5-8. On each figure, 
results for the six cross-stream locations where data 
were collected are shown. The continuous curves in 
the figures show the computed results at 6 depth 
levels equally spaced through the river depth at that 
location. The curve at the shallowest location is 
labelled as “SURFACE”, and the curve for the 
deepest level is labelled with “BOTTOM.” The 
circular symbols show the measured data with symbol 
size proportional to the depth at which the 
measurement was taken. The distance from the right 
bank for each cross-stream location is indicated in the 
upper right corner of the plot. 

At CRM 19.6 (Fig. 5) the computed concentrations 
are consistent with the measured data, although the 
computations indicate that perhaps the maximum 
concentration was missed during the field study since 
only a few measurements were taken at the 40-ft 
cross-stream location. At the 80-ft location, enough 
data were collected to indicate that the computed 
maximum concentration is only 8% lower than the 
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Fig. 4. Clinch River dye concentration at 1:38 PM when maximum concentration is calculated at CRM 18.0, 

measured maximum. None of the other locations have 
enough data to make out the maximum. The 
simulation indicates that the concentration is much 
higher near the river bottom than at the surface, but 
the measurements do not show this behavior. Also, 
the effect of side streams flowing into the CR, in 
particular those on the right bank, would be to 
increase transverse mixing. These streams have been 
neglected in the current application, although given 
appropriate flow rate data (not specified in the dye 
study report) they could easily be included in the 
analysis. 

At CRM 18.0 (Fig. 6), the computed maximum 
concentrations at cross-stream distances of 75 ft, 150 
ft, and 262 ft are lower than the measurements by 
26%, 328, and 40% respectively. However, the 
distribution with the depth appears to match the data 
with higher concentrations being detected at greater 
depths. The time at which the plume arrives and 
passes by appears virtually the same for measurement 
and simulation at a cross-stream distance of 150 ft, 
although for two other cross-stream locations (75 and 
262 ft) the experimental data indicate an earlier 
arrival (by about an hour) than predicted by the 

model. 

At CRM 16.5 (Fig. 7), the simulation once again 
predicts lower concentrations, this time 26-59% lower 
than the measured maxima. The time at which the 
peak concentration is reached at CRM 16.5 is well 
predicted by the data (within less than 20 minutes). 
However, the simulated dye slug has clearly been 
spread out in the streamwise direction significantli 
more than measurements indicate the actual slug 
spread. This overestimate of streamwise dispersion 
accounts for the lower peak concentrations predicted 
by the simulation. 

At the K25 pumping station near CRM 14.5, the trend 
in the simulation to overpredict the streamwise 
dispersion of the dye slug is again evident. This time, 
the peak concentration is underpredicted by 42% for 
the cross-stream location of 220 ft. Both the data and 
the simulation indicate that there is very little 
variation in concentration in the depthwise direction. 

The tendency for the model to spread the dye out in 
the axial direction can be attributed primarily to 
numerical diffusion. This is a problem with using a 



Fig. 5. Comparison of computed and measured 
dye concentration at CRM 19.6 for baseline case. 
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Fig. 6. Comparison of computed and measured 
dye concentration at CRM 18.0 for baseline case. 

heavily upwinded differencing scheme, as the 
solution is only first-order accurate. Attempts to use 
a higher order differencing scheme led to problems 
with convergence of the solution (numerical 
instability). The best way to reduce the numerical 
diffusion is mesh refinement. Unfortunately, the 
existing model already takes the available 
computational resource (IBM 580 workstation with 
128 Mbytes of in-core memory) to the limit. 

SENSITIVITY STUDIES 

To ensure that the computed results represent a 
meaningful solution to the conservation law system 
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Fig. 7. Comparison of computed and measured 
dye concentration at CRM 16.5 for baseline case. 

over the defined computational domain with applied 
boundary conditions, it must be shown that they are 
not highly distorted by numerical aspects of the 
model, specifically, time step and mesh distribution. 
For this purpose additional simulations were used to 
investigate the sensitivity of the computed results to 
these aspects. 

Sensitivity to the time step was first addressed. The 
results presented above were produced by a 
simulation that assumed a time step of 50 s. Two 
additional simulations were performed to determine 
the sensitivity of the results with respect to time step. 
The results for maximum concentration at CRMs 
18.0, 16.5, and 14.5 are presented in Fig. 9. These 
results show some sensitivity to time step, with up to 
a 24% variation at CRM 18.0,22% at CRM 16.5, and 
10% at CRM 14.5. Because the difference between 
the results for the simulations using 10 and 20 s time 
steps is so small (c 2% for all locations), the 20 s 
time step is adequately small at this flow rate or 
lower. 

Sensitivity to discretization was also addressed. The 
depth-wise node distribution in the baseline 
discretization is equally spaced throughout the depth 
with only six control volumes used. Two refinements 
were made to this distribution. The first refinement 
left the number of nodes through the depth at six, but 
the distribution of control volume size was set to 
grow progressively smaller towards the river bottom. 
A geometric progression factor (ratio of adjacent 
control volume heights) of 0.7 was applied. The 



second refinement used eight cells through the depth. 
again with a geometric progression factor of 0.7. 
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dye concentration at CRM 14.5 for baseline case. 
Fig. 8. Comparison of computed and measured 

TIME STEP SENSITIVITY FOR DYE STUDY CASE 
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Fig. 9. Comparison of maximum dye 
concentration for time-step sensitivity study. 

Anoher discretization with less refinement of the 
horizontal plane was generated. The number of 
subdivisions for each block was decreased by 20% in 
both horizontal dimensions, and the depth-wise 
refinement was maintained at 6 subdivisions. This 
coarser mesh had 5 1,102 control volumes. 

The results for the discretization study showed that 
the peak concentrations are all within 10%. hence the 
solution is relatively grid-independent. 

CONCLUSIONS 

Three-dimensional computational fluid dynamics 
model has been used to simulate dispersion of 
suspended White Oak Creek contaminants within the 
Clinch River. Validation has been performed against 
transient multi-dimensional field data collected 
during a 1987 dye study. The comparisons show that 
differences between the three-dimensional model 
predictions and the measured dye concentration are 
within a factor of two. The predicted steady-state 
velocity field shows the recirculation pattern that can 
be readily observed at the confluence with White Oak 
Creek when Melton Hill Dam is operating. The 
solution to the dye study problem has been shown to 
be relatively insensitive to refinement of the grid and 
time step. 
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