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ABSTRACT 
 

This study has the aim to assess the impact of accidental release of radionuclides postulate from a 
nuclear power reactor through environmental modeling of aquatic resources. In order to do that it 
was used computational models of hydrodynamic circulation and transport for the simulation of 
tritium dispersion caused by an accidental release in Ilha Grande Bay from the site of the future 
third plant in two circulation scenarios. The main difference between the scenarios is based on the 
enhancement of dilution of the highest concentrations in the last one. This dilution enhancement 
resulting in decreasing concentrations was observed only during the first two weeks, when they 
ranged from 1x109 to 5x105 Bq/m³ close to the Itaorna beach spreading just to Sandri Island. After 
180 days, the plume could not be detected anymore in the bay, because their activities would be 
lower than the minimum detectable value (< 11 kBq/m³). 
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1. INTRODUCTION 
 
The mathematical models that represent hydrodynamics and contaminant transport  in water 
bodies are generally based on conceptual laws or principles expressed by differential equations. 
Numerical or Numerical-Analytical models translate mathematical equations to computational 
language (e.g. finite differences, finite elements, finite volumes or probabilistic models) and has 
high predictive power and little loss of information. The uncertainty can be largely reduced with 
calibration process and model validation. For these reasons, the recommendation to move from 
box-model hydrological models (with high uncertainty level) to hydrodynamic process-oriented 
numerical modeling should be considered as an important issue for radionuclide transport. 
 
The hydrodynamics of the most part of natural aquatic bodies is extremely complex due to the 
irregular geometric shape and also because of the diversity of features that produce the flow. The 
main forcing parameters are the winds, river discharges to the watersheds, tides and water 
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density. To get forcing data is necessary to monitor in situ variations of water level, wind 
direction and speed, tide currents, temperature and salinity, because this parameters help to 
understand the hydrodynamic processes and establish the conceptual model.  
 
The models are equation systems capable to quantify the flow and represent a practical way to 
forecast the behavior of water bodies.  They are used to infer about known or hypothetical 
scenarios, allowing the better understanding of the system that are fundamental to decision 
makers, especially in accident situations.  In case of accidental releases of liquid wastes from 
nuclear power plants, the previous knowledge about the advection and turbulent diffusion 
pathways in different scenarios are critical to provide the hydrodynamics basic information to 
simulate dispersion of radioactive pollutants.  
 
In this work we have used the Database System for Environmental Hydrodynamics SisBAHIA®  
that is a computational model applied to hydrodynamic circulation and advection-diffusion 
contaminant transport. It is suitable for natural or man-made water bodies under different 
meteorological, fluvial, lacustrine or oceanographic scenarios and was developed by the Program 
on Coastal and Oceanographic Engineering of Federal University of Rio de Janeiro since 1987. It 
runs on FORTRAN programming language. 
 
 

2. METHODOLOGY AND MODELING APPROACH 
 
In all cases pertinent to modeling the transport of water constituents and determining their fate 
during a period of about a month, the focus will be in the far field. That is, in regions sufficiently 
far from the water outlets, away from the active turbulent mixing zones typical of the jets that 
forms in the near field of the outlets. In these far regions, the plumes of constituents, including 
those of heated water, are passively transported by the prevailing currents. Thus, in a far field 
sense, the considered water constituents, including heat and particulate substances, can be treated 
as passive scalars. 
 
The passive scalar approach allows the decoupling of the transport modeling from the hydro-
dynamic circulation modeling. In this respect, the implicit hypothesis is that the hydrodynamic 
circulation in the far field is independent of the concentration distribution of a given constituent. 
The decoupling of the transport model from the hydrodynamic model allows the negligence of 
baroclinic forcing in the later.  
 
Therefore, in order to model the transport of constituents for a given scenario, the pertinent 
hydrodynamic circulation will be previously modeled. That is so, because velocity fields and 
large-scale turbulence parameters, which are necessary input data for the transport models, are 
computed by the hydrodynamic models.  
 
The modeling approach is dependent on the features of the adopted modeling system that must 
comply with to the physics of the problem. The models for the simulations of hydrodynamic 
circulation and transport of contaminants to be used in this project pertain to a system called 
SisBAHIA®, as described below. 
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2.1.  Hydrodynamical Modeling Approach 
 
The general modeling approach was to include the whole bay in the modeling domain, and use 
finite element discretization techniques to model in proper detail the areas of interest around the 
Itaorna cove. Fig. 1 illustrate these techniques respectively for the present situation, and for the 
situation foreseen the construction of Angra 3. 
 
The 3D spatial discretization is done via a vertical stack of sub-parametric finite element meshes 
using σ coordinate transformation along the vertical dimension. That is, if one looks from the 
top, one sees the horizontal plane of the domain discretized by a single mesh of finite elements, 
cf. Fig. 1. However, in fact, there will be a stack of meshes, one for every σ level. In this way, 
vertical discretization is done automatically once the user defines the number of desired σ levels 
(usually between 10 and 50). The 3D model is automatically activated if at least 5 σ levels are 
requested. 
 
Elements in a mesh are sub-parametric, for that, the variables in each element are defined by 
quadratic Lagrangian polynomials whereas the element geometry is defined by linear Lagrangian 
polynomials. Elements in a mesh can be quadrilaterals and/or triangles. Quadrilaterals are 
preferred, because variables become bi-quadratic, and thus have a higher accuracy. This 
discretizing scheme is potentially of 4th order on the σ planes and of 2nd order on the σ 
dimension. In addition, the scheme allows very good representation of domains with complex 
geometries and bottom topography, as in the case of Bay of Ilha Grande. 
 
Temporal discretization is done through a 2nd order implicit factored scheme for non linear 
terms and a Crank-Nicholson scheme for linear terms. Phase errors are minimized because all 
terms in the numerical scheme are centered at the same instant, t = (n+½Δt). Phase errors are 
prone to occur in numerical schemes in which all terms are not centered in the same instant. 
 
Open boundaries elevations and current velocities can be prescribed in many different ways, 
including synthetic tides generated by given harmonic constants, and data measured or provided 
at discrete times. A different value, and/or phase shift, can be given for each node along any open 
boundary segment. Land boundaries can prescribe either normal or imposed directional fluxes or 
velocities. Fluxes or velocities can be constant or variable in time, (a river discharge curve for 
instance). Leaky boundaries are allowed. Slip and no-slip boundaries are allowed, and the 
equivalent roughness along each boundary node can be prescribed.  
 
Surface and bottom boundary conditions for the 3D model, when zero velocity is the bottom 
boundary condition, and the wind stress is the free surface condition. The model accepts inputs 
of wind fields that can be variable in space and time. The amplitude of the equivalent bottom 
roughness can be specified for each bottom node for computing the bottom stresses, reflecting 
the type of material (rock, sand, mud, vegetation, etc.). The computed friction coefficients of the 
bottom vary dynamically in time and space. A multi scale model is employed to model 
turbulence with horizontal sub grid scale turbulent stresses based on filtering techniques, also 
known as Large Eddy Simulation (LES). Small scale horizontal and vertical turbulent stresses 
employ eddy viscosity approach. Eddy viscosity tensor is anisotropic and dynamically variable 
in space and time for each  node 
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Figure 1. Modeling domain considered in present (left) and future (right) situation, with the 
discretization mesh. The 3D domain is discretized by a stack of 21 finite element meshes. 
Each crossing line shown above represents a water column. See above the bathymetric map 
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2.2.  Transport Modeling Approach 
 
The Eulerian transport model in SisBAHIA® solves the following conservation equation: 
 

1 ( ) ( )i ij d s s s
i i j

C C Cu hD k k C q C C
t x h x x

    
           

;  i, j = 1,2                                                                 

 
Where: C(x,y,t) = Concentration averaged over h(x,y,t). 
h(x,y,t) = Height of the water column or thickness of a surface layer. 
ui(x,y,t) = Velocity component in the xi direction averaged over h(x,y,t). 
Dij(x,y,t) = Turbulent diffusion and dispersion tensor averaged over h(x,y,t). 
kd = Time rate of mass consumption (kd > 0) or production (kd < 0) 
ks(x,y,t) = Time rate of removal of mass due to settling process. 
qs(x,y,t) = Discharge per unit horizontal area at a source region. 
Cs(x,y,t) = Concentration at the source region. 

 
 

For the simulations of reference contaminants presented here the variable h(x,y,t) is the whole 
water column. The time rate of removal of mass due to settling process is computed as: 
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Where VS is a constant characteristic settling velocity given by the user, τ0(x,y,t) is the stress 
exerted by the flow at the bottom of the layer with thickness h, τ0c is the critical bottom stress 
necessary to mobilize the particles settling with velocity VS. The parameter a is a tolerance 
parameter between 0 and 0.5, and R[0,1] is a random number with values between 0 and 1. 
 
If the user prescribes values for VS, τ0c, and a, the model computes ks, which varies in time and 
space. When τ0/ τ0c< (1 – a) turbulence is weak and settling occurs (ks > 0). When τ0/ τ0c > (1 + a) 
turbulence is too strong and there is no settling, since ks =  0. When (1 – a) < τ0/ τ0c < (1 + a) the 
settling processes becomes probabilistic. Note that if τ0/ τ0c = 1 there is a 50% chance of 
occurring settling. As τ0/ τ0c → (1 – a) the chances of settling increase, and as τ0/ τ0c → (1 + a) 
the chances decrease. 
 
Since ks varies in space and time it is not a rate constant as kd, which is indeed a constant. ks is a 
variable local rate of removal of suspended mass in the water column due to settling. Some 
models, simply use ks = VS/h, which is the inverse of the maximum settling time (Ts) for a 
particle with a settling velocity VS in a water column of height h. Ts can be considered a 

(1) 

(2)  
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characteristic settling time. From a simple geometric reasoning, after a time Ts all particles 
should have settled. However, solving the equation for a still water situation one finds that after a 
time equal to Ts about 37% of the particles would remain in suspension. In addition, this simpler 
formulation allows settling even if, in reality, the flow is too turbulent for the occurrence of 
deposition in the bottom. 
 
The formulation in eq. (2) is more realistic that the simplified formulation adopted in other 
models for two reasons: 
 

 Mass is only removed from the water column, in a given position, when the flow is such 
that effective deposition in the bottom might occur. That is, when  , and so, the flow is 
quiescent enough for deposition to occur. The use of a tolerance value a is to account for 
the fact that usual criteria for defining critical bottom shear is not exact. The Shields 
curve for instance is just an adjusted curve in the middle of a cloud of experimental data.  
 

 In a quiescent flow situation, 90% of the suspended particles will be deposited after a 
time equal to Ts. Theoretically 100% should have deposited, thus the model is still 
conservative, but not unrealistic. 

 
The terrestrial boundary conditions imposed in present and future scenarios considered uptake 
and discharge in Itaorna cove, only discharge for Piraquara cove and included recirculation 
effects. At all other land boundary points the prescribed condition was of zero contaminant flux 
in the normal direction to the boundary.  
 
For open boundary points presenting inflow situations, the following conditions are used: 
 
 

* ( )1 cos when  ( )
2

* when  ( )
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where T*(t) are prescribed values; To is the value of the concentration calculated at the boundary 
point in the instant to, which is the instant immediately before the outflow changed to inflow 
situation. τ is a prescribed transition period, which depends on the modeler experience or 
available data. Usual values for τ are in the range of half an hour to two hours. This kind of 
condition is particularly useful in modeling estuarine boundary conditions.  
 
In outflow situations, the model simply computes the transport equation with no diffusive terms 
along the open boundary points. 

 
 
 
 
 

(3) 
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4. HYDRODYNAMIC MODEL REMARKS 
 
The main aspects of hydrodynamic modeling are presented for present and future scenarios. 
 
4.1 Future scenario: Angra 1, 2 and 3 operating with discharges in Itaorna and Piraquara 
 
Fig. 2 present typical current patterns, respectively for flooding tides and ebbing tides. For this 
case, it is irrelevant to compare situations in spring and neap tides because the visual aspect is 
practically the same. That is so, for the following reasons: 
 

 The circulation patterns in Itaorna cove are dominated by the inflow discharges of Angra 
1, 2 and 3 at the entrance of the breakwater, and the outflow discharge of Angra 3. 
Current patterns in Piraquara cove are mainly affected by the outflow discharge of Angra 
1 end 2.  

 
 Tidal components in the prevailing currents are very small, with magnitudes often smaller 

than 0.05 m/s. The changes in the magnitudes of flooding and ebbing tidal components 
within Itaorna cove and Piraquara cove, from spring to neap tides are subtle, in 
comparison to the prevailing circulation caused by the power plant discharges. 

 
By examining Fig. 2, one sees that the recirculating cells formed by the effluent jet from Angra 3 
are quasi steady, and quite insensitive to tidal conditions. The aspect of the recirculating cells 
remains practically the same during flood and ebb tides. It is interesting to note that during 
flooding tides the jet form Angra 3 opposes the natural flow in the channel to the North of Sandri 
Island, producing a stagnant zone in that region. Conversely, during ebbing tides, the jet from 
Angra 3 enhances the natural flow. A similar effect also occurs in Piraquara cove, when natural 
flooding currents are opposed by the effluent jet from Angra 1 and 2, while in ebbing tides the jet 
enhances the flow. 
 
4.2 Present Scenario: Only Angra 1 and 2 operation with discharge in Piraquara cove 
 
Fig. 3 present typical current patterns, respectively for flooding tides and ebbing tides. As 
discussed in the previous scenario. Also for this case, it is irrelevant to compare situations in 
spring and neap tides because the visual aspect is practically the same, due to the same reasons. 
 
Contrary to what is observed in Piraquara cove for previous scenario, cf. Fig. 2, as one can see in 
Fig. 3, flooding current do not create a stagnant zone in front of the stronger effluent jet. 
Flooding currents in Itaorna are enhanced by the water intake at the entrance of the breakwater. 
Conversely, ebbing currents are opposed by water the intake, and a stagnant zone appears in 
front of breakwater. 
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Figure 2.  Typical current pattern in Future Scenario for flooding (above) and ebbing 
(below) tides. 
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Figure 3.  Typical current pattern in Present Scenario for flooding (above) and ebbing 
(below) tides. 
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5. TRANSPORT MODEL REMARKS 

 
This section presents the results of the transport modeling of radioactive elements present in the 
released liquid wastes according with the both hydrodynamic scenarios. In the first, the  nuclear 
plants shut down without any further pump of seawaters, while the other one still keep pumping 
and discharging operations at the same rates. 
 
For a sake of conciseness, this paper will present just the dispersion simulation of conservative 
pollutants. In this case, the results for tritium (HTO) were selected, because it shows the major 
inventory of radionuclides in the coolant systems. Loss of coolant accident could result in release 
of large amounts of tritium even if the leaks are initially contained in the reactor building. 
 
It was analyzed a scenario for hypothetical accidental tritium release in Ilha Grande Bay of  37 
PBq of HTO in a volume of 66 m³ of coolant after a LOCA event. The waste was released into 
the concrete ground around the plant producing a discharge of 0.018 m³/s of liquid wastes to Ilha 
Grande Bay during 1 hour after the accident (Table 1). 
 
 

Table I: Parameters of a LOCA event causing tritium release (HTO) to Ilha Grande bay 
with the values of initial concentration, load and requires dilution to the reference limit. 

 
Discharge = 

0.0183 m³/s 
HTO Initial    

Concentration 
(Bq/m³) 

Pollutant 
Load 
(Bq/s) 

Concentration 
Level  ³H - 
seawater 
(Bq/m³) 

Required 
Dilution of 

Source Pollutant 

³H 6.8E+10 3.7E+12 1.11E+06 60000 
 
 
It was defined by the licensing the concentration of radioactive material dissolved or entrained 
noble gases released from the site shall be limited to 1.11 MBq/m³. This specification is provided 
to ensure that the concentration of radioactive materials released in liquid waste effluents from 
the site will be less than the concentration levels specified in 10 CFR 20 (NRC, 2007). The value 
are applicable to the assessment and control of dose to the public. It is equivalent to the 
radionuclide concentrations which, if inhaled or ingested continuously over the course of a year, 
would produce a total effective dose equivalent of 0.5 mSv. 
 
The discharge input values are calculated taking also into account the cross-section area of 
discharge points. The tritium behavior was considered conservative once it forms the water 
molecule like its isotope hydrogen and remains in solution. Even the radioactive decay was 
considered negligible for the effect of modeling, once the simulation time correspond to less than 
10 % of its half-live (12,6 years). 
 
The modeling results of tritium dispersion released in Ilha Grande Bay  were performed for the 
period between 24 hours and 1 year after  the accident. The reference levels explained above 
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implicate in an intervention act if the concentration of radioactive material released from the site 
exceeding the above limits and immediately restore the concentration to within the above limits.  
The results of the 3D analytical-numerical hydrodynamic model, considering the effects of 
forcing input data on advection and turbulent diffusion, showed in the previous section  as a 
velocity field that defines the water circulation in the Ilha Grande Bay, are the basis to model the 
transport of HTO.  It should be reinforced the equations showed  before applied to model  
advective and diffusive transport as well as  in case of kinetic reactions of radionuclides occur, 
always considering an eulerian referential 
 
At the end of the first day after the accident, tritium concentrations of up to 1 GBq/m³ close to 
Itaorna beach could be observed, which means a dilution required of thousand times in relation 
to the limit. However, this values spread on a very limited surface. 
 
The tritium dispersion for the two scenarios in the bay as a whole was similar. The differences 
were observed between the third and fourteenth day (Figs. 4 to 6), time interval in which the 
HTO plume with concentrations above the limit reach a maximum spread, extending in an area 
with more than 10 km of diameter. In the second scenario, with pumping and discharge 
operations, the area occupied by such concentration levels decreased more quickly in the time 
interval considered  than in the first scenario. Such difference was caused by the removal of large 
volume of polluted waters from the accident site and its dilution in the discharge area, which has 
minor tritium concentrations. As a result of the dilution enhancement promoted by keeping the 
other plants operating, the tritium reference limit won´t be more exceeded starting from the 
eleventh day and thereafter. This will occur only after the fifteenth day in the first scenario. 
Thus, increase the pumping and discharging rates could be used in the first days after the 
accident  to accelerate the dilution 
 
However, this operation would be effective only to manage the highest concentrations of the 
plume. It has show no significant difference to the general distribution of HTO plume in the bay. 
The plume showed results quite similar  in both scenarios for the moments corresponding to the 
one, three and six months. After one month, the plume reach maximum spread in the bay, when 
concentrations of the order of 50  KBq/m³ could be observed  in its major part. Such 
concentrations are still high and due to the uncertainties of the incurred effective dose by 
accumulation of organically bound tritium (OBT) in seafood it would implicate in the continuous 
monitoring of fish species consumed by local populations. After that time, the concentrations 
quickly started to decrease. After three months, the estuary would present concentrations lower 
than the detection limit (DL) of the technique (11 KBq/m³) applied by the plant operator in the 
environmental monitoring program, with the exception of  Ribeira Bay waters where the fish 
OBT monitoring should be sustained. After six months, the HTO plume would be completely 
undetectable. 
 
Finally, after one year of the accident, it is considered that the Ilha Grande Bay would return to 
its original condition, once the plume shows concentrations of the same order of the results 
obtained by a previous study of tritium routine releases using the same model, after reaching 
steady state conditions.  
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Figure 4. Dispersion of HTO plume 3 days after the accident in the scenarios without 
(above) and with (below) seawater recirculation. 
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Figure 5. Dispersion of HTO plume after 10 days of the accident in the scenarios without 
(above) and with (below) seawater recirculation. 
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Figure 6. Dispersion of HTO plume after 14 days of the accident in the scenarios without 
(above) and with (below) seawater recirculation. 
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6. CONCLUSIONS  
 
Model results were remarkably good in reproducing registered water level variations in all 
situations. Tidal components and meteorological oscillations were almost perfectly matched by 
computational modeling with SisBAHIA®. Results were very accurate even during the 
occurrence of unusual and rapid oscillations. Model results were very good in reproducing the 
tidal and local wind components of the registered currents. However, were not good in 
representing the residual currents. This is quite an interesting fact that should to be exploited in 
future research.  
 
Transport modeling results showed a fast dilution of tritium in Ilha Grande Bay according to the 
circulation scenario, becoming more diluted in case of the recirculation of seawater promoted by 
the maintenance of pumping and discharging operations. However, the reference limit is 
exceeded at least during the first 10 days after the accident. The increase of the  pumping rate 
during this period should be considered as an action to speed up the dilution and mitigate the 
impact of the accident. However, according with the linear non threshold (LNT) paradigm, the 
impact of  lower concentrations of tritium converted to organically bound form (OBT) and 
ingested by human populations and biota of tropical environments remains unknown. Some 
further experimental work with tropical biota are necessary to assess this issue. 
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