PACS 47.11.+j, 47.55.Kf, 92.40.Qk, 28.41.Kw

THE MATHEMATICAL MODELLING OF RADIONUCLIDE TRANSPORT BY SURFACE WATER FLOW FROM THE VICINITY OF THE CHORNOBYL NUCLEAR POWER PLANT

M.J.Zheleznyak

Institute of Mathematical Machines & System Problems (IPMMS) of the National Academy of Sciences of Ukraine 42 Glushkov Av., UA–252187 Kyiv, Ukraine

Received March 25, 1998

The hierarchy set of the models – box model, one-dimensional model, two-dimensional model and three-dimensional model are used to simulate local phenomena in the Prypiat river at the Chornobyl Nuclear Power Plant and radionuclide transport into the whole Dnieper river reservoirs system. Each model at its specific level of resolution simulates the flow dynamics, suspended sediment transport, radionuclide transport in dilute and on suspended sediments, radionuclides in bottom depositions. The modelling results were used to support the post-accident measures.

1. Introduction

The Chornobyl accident heavily contaminated the Dnieper river watershed (the territory of Byelorussia, the Russian Federation and Ukraine) including the watershed of the Prypiat river – a right tributary of the Dnieper. The Chornobyl Nuclear Power Plant (NPP) is located on the bank of the Prypiat river, approximately 30 km from the Prypiat river outflow to the Kiev reservoir of the Dnieper river. The floodplain territory near the Chornobyl NPP and the surrounding watersheds are heavily contaminated by^{137}Cs and^{90}Sr. The spots of^{137}Cs are in the upper Dnieper watershed on the Russian and Byelorussian territory and in the whole Prypiat watershed. This surface contamination leads to the permanent influx of^{137}Cs and^{90}Sr into the Kiev reservoir and consequent radionuclide transport through the whole cascade of six Dnieper reservoirs 900 km downstream to the Black Sea. The magnitude of this distributed source increases during each spring flood generated by snow melting and during high rainfall floods in the Prypiat river. As a result, the Ukrainian population consuming the Dnieper water downstream the from the Prypiat mouth to the Black Sea is under the impact of Chornobyl radionuclides. Also fishery and irrigation of agricultural products are linked with the water usage from the Dnieper reservoirs. Therefore, even 10 years after the accident the population is very sensitive to this problem.

Since May 1986 in IPMMS, Kiev has been developing a computerized system for processing the Dnieper basin radiological monitoring data and modelling radionuclide dispersion in rivers and reservoirs. The objectives of the computerized system are formulated as follows:

cfl M.J.Zheleznyak, 1997

ISSN 0452–9910. Condensed Matter Physics 1997 No 12 (37–50) 37

• seasonal and long-term prediction of the surface water radioactive contamination;

• decision support for the aquatic post-accident measures directed to diminishing radionuclide fluxes from the Chornobyl area through the Prypiat river and the Dnieper reservoirs;

• decision support for the measures directed to changes in the water consumption.

Due to these objectives the computerized system should simulate radionuclide transport within a wide range of temporal and spatial scales – from ten meters to thousand kilometers and from seconds to decades. The multiple scale analysis of the problems based on the hierarchy set of hydraulics and pollutant transport models is provided [1-4]. Radionuclide transport models have been formulated, of which equations were derived from the equations of the basic three-dimensional model by their averaging over different scales. The first operational version of the computerized system has been running since September 1986. It has been used for forecasting radionuclide dynamics in the Dnieper reservoirs during the period of autumn heavy rainstorms, and also for the operative evaluation of the efficiency of aquatic measures. In 1987 the system was for the first time used for the prediction of the Dnieper reservoirs contamination during the spring flood. Within a decade after the accident the system was further developed and used for the prediction of radionuclide concentration in water bodies and also for the water protection decision support. A brief overview of the methods and the results of the analysis based on this model is presented in the paper.

2. Radionuclide transfer processes in surface water

The development of the model set of different scales was done on the basis of the consideration of radionuclide transport processes. A most comprehensive analysis of the problem was made before the accident by Y.Onishi [5]. A unique set of the post-accident data lead to better understanding the radionuclide fate in aquatic systems [6].

In water bodies radionuclide is transferred as a dissolved contaminant, a particular contaminant (pollution adsorbed by sediment) and also is transported by biota. The latter phenomenon is important mainly for lakes.

The main ways of radionuclide transfer in water and sediments are as follows:

Dispersion of dissolved radionuclides by the water flow. The process is driven by the flow hydraulics. It includes advection and turbulent diffusion.

Dispersion of radionuclides inherent to suspended sediments. The process is driven by the suspended sediment transport in the river/reservoir flow. A rough quantitative estimation of the ratio of the flux of radionuclides carried by the suspended sediment to the horizontal flux of radionuclides in dilute can be done by the formula R = n∑ i=1 K_{di}S_i, (1) where n is the number of typical grain size fractions of the suspended sediments by which the suspended sediment fractional distribution (i.e., clay, silt, sand) could be represented,

S_i [Kg/m^3] – the concentration of i-fraction of suspended sediment in river water;

K_{di} [m^3/Kg] – the equilibrium distribution coefficients for i-fraction of suspended sediments.

As an example, for plain rivers a typical range of the total suspended sediment concentration is 10^1 − 10^2 Kg/m^3. It is clear from formula (1) that radionuclide suspended sediment transport is very important for^{137}Cs (typical K_d value range is 1�^{10}m^3/Kg), and it has minor significance for^{90}Sr (typical K_d order of magnitude is 0.1 m^3/Kg). The isotopes of plutonium whose K_d order of magnitude is 10^3 [5] are carried out practically only on suspended sediments.

Deposition/resuspension. This process can accumulate or deplete radionuclides in the bed. It is controlled by hydraulic factors (e.g., river flow, sediment transport), and significantly depends on the typical sediment size fractions (e.g., clay, silt, sand) in the flow.

Diffusion at water-bottom interface. Radionuclide diffusion between insitual water in the bed and overlying water can create a long term flux of pollutant directed to less contaminated compartment of this system.

Physico-chemical exchange processes in the system “water-suspended sediments”. A pollutant transfer between river water and suspended sediment is driven by the adsorption-desorption processes.

Physico-chemical exchange processes in the system “water-bottom sediments”. The main chemical mechanism is radionuclide adsorption to and desorption from the surface bed sediment going simultaneously with the above presented diffusion to insitual water. For radionuclide transfer between the bottom and water column most important exchanges occur within a thin top layer of the river bed. The process is controlled by geochemical reactions of radionuclides with the river water and sediment, and is not always completely reversible. Chornobyl studies show the importance of the transformation of chemical species of radionuclides in sediments, i.e. transfer of non-exchangeable forms into exchangeable ones [6].

Uptake and subsequent decay and excretion of radionuclides by aquatic biota. The process transfers radionuclides from water to bed sediment. Sometimes water-bottom interface processes (diffusion, adsorption-desorp-tion, biota fluxes) can be defined as direct uptake processes.

Transfer processes between the upper bottom layer and deep buried sediments. Through the thin top bed layer radionuclides can be accumulated in or depleted from the deeper bed sediment. These radionuclides are further mixed within the deeper river bed layers by diffusion, bioturbation and movements of bed sediment formation.

3. Models

3.1. General Approach

The modelling of radionuclide dispersion in water bodies is part of a more general problem of water quality modelling, including the modelling of hydrodynamic (hydraulic) processes, and the simulation of sediment and pollutant transport driven by such hydrodynamics (see, e.g., [7]).

The radionuclide transport models, independently of a spatial resolution, include two main types of submodels – hydraulic ones, describing water, suspended sediment and bottom dynamics, and submodels concerning the fate of radionuclides in different phases driven by these hydraulic processes.

Modelling the fate of radionuclides in three different phases – in solution, in suspended and in sediment deposition is particularly important.

To describe the adsorption/desorption and diffusion contamination transfer in the systems “solution – suspended sediments” and “solution – bottom deposition” the K_d approach has been used. The exchange rates between the solution and the particles are taken into account for simulation kinetics processes. The adsorption and desorption rates are assumed not to be equal. The contamination exchange between the bottom deposition and suspended sediment is described taking into account sedimentation and resuspension processes. The developed approach is similar to the one developed in [5,8,9]. The two step kinetic model describing the transfer of non-exchangeable forms into exchangeable ones was also used in some cases. The transport equations of the 3-D model THREETOX and the 2-D model COASTOX are presented below. The models of a lower dimension were derived from them by consequent averaging.

3.2. THREETOX: 3-D model

It is reasonable to provide a three-dimensional modelling of radionuclide transport in water bodies under the conditions of a complex configuration of a coast line and bottom topography, and large vertical and horizontal gradients of hydrophysical and pollution fields. Such conditions could be present in the vicinity of a heavily contaminated bottom or in the area of release, in stratified water bodies, such as deep reservoirs, estuaries, cooling ponds.

The THREETOX code was developed to simulate 3-D hydrodynamic fields, suspended sediment and radionuclide transport in water bodies [9]. The hydrodynamics is simulated on the basis of the three-dimensional, timedependent free surface, primitive equation, Princeton Ocean Model [10]. The model equations are written in the Cartesian coordinates (x, y, z). The prognostic variables of the hydrodynamic code are three components of the velocity field (U, V, W ), temperature, salinity and surface elevation h. A water body is assumed to be hydrostatic and incompressible. The concept of eddy viscosity/diffusiveness and the Prandtl hypothesis with the variable turbulence length scale are used to define the turbulence stresses. At free surface all fluxes (momentum, heat, etc.) are prescribed. At the bottom and the land boundaries the conditions of non-diffusive fluxes of any property is used. The open lateral boundary conditions are modified by radiation ones.

The advection-diffusion equation governing the transport of suspended sediment is ∂S ∂t + U ∂S ∂x + V ∂S ∂y + (W − W_o) ∂S ∂z = ∂ ∂z (ν ∂S ∂z ) + A(ΔS), (2)

where S is the sediment concentration, W_o – settling velocity of the particles, ν and A are vertical and horizontal diffusiveness, respectively. At the free surface no vertical flux of the sediments is assumed, i.e. (W − W_o)S = ν ∂S ∂z , z = η. (3) The vertical flux of suspended sediments at the bottom is assumed to be equal to the difference of the resuspension and sedimentation rates. It yields the following formulation of a boundary condition: ν ∂S ∂z + W_oS = q^s − q^b, z = −h − a, (4) where a stands for the level of the boundary between suspended sediment and bottom sediment transport, q^s, q^b are sedimentation and resuspension rates, respectively. It is supposed that in the case of fine noncohesive sediments these rates may be estimated as

q^s = { W_o(S�−S_o), S_o > S�; 0, S_o < S� ; (5)

q^b = { 0, S_o > S�; E_rW_o(S� − S_o), S_o < S�. (6) Here E_r is the erosion coefficient, S_o is the actual sediment concentration at the bottom level z = −h − a, S� – the near-bottom equilibrium sediment concentration that corresponds to the sediment capacity of the steady and uniform flow with the same local parameters. The semi-empirical formulas of Bijker or Van Rijn are used for the calculation of the equilibrium concentration.

The submodel of radionuclide transport describes the radionuclide concentration in solute C, that is in the suspended sediments as well as in the bottom deposition. The transport equation of dissolved radionuclides is ∂C ∂t + U ∂C ∂x + V ∂C ∂y + W ∂C ∂z = ∂ ∂z (ν ∂C ∂z ) + A(ΔC) − λC − a_{1.2}S(K_dC − C^s), (7) where K_d is the distribution coefficient in a solid particle-water system in equilibrium conditions, K_d = C^s/C when t → ∞ under hydraulic steady conditions; a_{1.2} is the rate of a water-suspended sediment exchange; λ – the decay constant for a radionuclide under consideration.

The boundary condition at the free surface is

ν ∂C ∂z = W C, z = η. (8) The diffusion flux into the bottom is taken as

ν ∂C ∂z = ρ_s(1 − ε)Z�a_{1.3}(K_{db}C − C^b), z = −h − a, (9) where ε is the bottom porosity, Z� is the effective thickness of the contaminated upper bottom layer, a_{1.3} is the rate of a water-bottom exchange, ρ_s – the sediment density, K_{db} – the distribution coefficient for the bottom sediments.

Radionuclide transport by suspended sediments is described by the equation ∂SC^s ∂t + U ∂SC^s ∂x + V ∂SC^s ∂y + (W − W_o) ∂SC^s ∂z = ∂ ∂z ( ν ∂SC^s ∂z ) + A(ΔSC^s) − λSC^s + a_{1.2}S(K_dC − C^s), (10)

Boundary conditions imply that there is no flux of C^s through the water surface, and also that its flux is equal to the difference of amount of eroded and deposited pollutants at the bottom boundary: (W − W_o)SC^s − ν ∂SC^s ∂z = 0, z = η, (11)

W_oSC^s + ν ∂SC^s ∂z = C^sq^s − C^bq^b, z = −h − a. (12)

The thickness of the upper layer of the contaminated bottom deposition is governed by the equation of the bottom deformation

ρ_s(1 − ε) ∂Z� ∂t = q^s − q^b. (13)

Radionuclide concentration in the upper bottom layer is described by the equation ∂(Z�C^b) ∂t = a_{1.3}Z�(K_{db}C − C^b) − 1 ρ_s(1 − ε)

(C^sq^b − C^bq^s). (14)

The governing equations together with the boundary conditions were solved by the finite difference method (FDM). The splitting of the barotropic and baroclinic modes imposed on the code going to sigma co-ordinates was provided to avoid difficulties in the numerical solution for realistic bottom topography. A horizontally and vertically staggered mesh used for the computations.

3.3. COASTOX: 2-D lateral-longitudinal model

Integration of equations (2), (7), (10) over the depth with the presented above boundary conditions derives the 2-D equations which, together with equations (13),(14), create the model COASTOX [1,2]. The hydrodynamic part of the model is 2-D Saint-Venant equations (shallow water equations). The 2-D model is used to analyze radionuclide dispersion in shallow water bodies with significant spatial variations of the concentrations (vicinity of the releases, transport above the inhomogeneously contaminated bottom, river floodplains, and shallow reservoirs). Two-dimensional hydrodynamics equations are as follows: ∂U_j ∂t + U_k ∂U_j ∂x_k + g ∂η ∂x_k = −λ_bU_j | −→ U | +λ_wW_j | −→ W |, (15)

∂η ∂t + ∂(hU_k ) ∂x_k = R, (16)

where λ_b is the bottom friction coefficient; λ_w is the wind friction coefficient on free water surface, k = 1, 2; j = 1, 2; U_j is the vertically averaged horizontal flow velocities; W is the horizontal wind velocity above the water surface; and R are the sinks and sources distributed on the free flow surface (precipitation and evaporation).

The depth-averaged equation of the suspended sediment transport is derived from equations (2)-(6) as follows: ∂hS ∂t + ∂ ∂x_k (hSU_k) = ∂ ∂x_k ( hE_{ik} ∂S ∂x_i ) + βw_o(S� − S), (17)

where E_{ik} is a component of the dispersion coefficient; β is the parameter that includes E_R from equation (6). The quantity describes a ratio between the near bottom and depth-averaged concentration.

Taking into account boundary conditions at the bottom and free water surface, the depth-averaged equation of dissolved radionuclide transport can be derived from equation (7): ∂hC ∂t + ∂ ∂x_k (hCU_k) = ∂ ∂x_k ( hE_{ik} ∂C ∂x_i ) − λhC − ha_{1.2}S(K_{ds}C − C^s) − ρ_s(1 − ε)Z�a_{1.3}(K_{db}C − C^b), (18)

where C and C_s are the depth-averaged radionuclide concentrations in solution and suspended sediments, respectively; C_b is the radionuclide concentration in the bottom deposits averaged over the contaminated layer thickness Z�.

Integrating equations (10)-(12) over the water flow depth we can write the transport equation for C_s as ∂hSC^s ∂t + ∂ ∂x_k (hSC^sU_k) = ∂ ∂x_k ( hE_{ik} ∂SC^s ∂x_i ) − λhSC^s + ha_{1.2}S(K_{ds}C − C^s) + C^bq^b − C^sq^s. (19)

Equations (15)–(19) and (13)–(14) are the basis of the computer code COASTOX. The finite-difference method is used to solve the model’s equations – the Godunov scheme for a shallow water equation, the second order scheme or the 4-th order Holly-Preissmann scheme for transport equations.

3.4. VERTOX: 2-D vertical-longitudinal model The model is developed to simulate radionuclide transport in river canals in the vicinity of the abrupt depth changes – such as bottom traps for contaminated sediments and other engineering constructions [1,2,4]. The model equations have been derived by averaging equations of the basic 3-D model (2)-(14) over the river channel width. The numerical solution of the model equations is obtained by FDM.

3.5. RIVTOX: 1-D river channel model The model is used to simulate radionuclide transport in networks of river canals generated by the direct pollutant release into the rivers or by the washing out of radionuclides from the catchments [3]. The hydraulic part of the model are Saint-Venant equations or their “diffusive wave” approximation. The equations of the RIVTOX model are derived by averaging equations of the 3-D model (2)-(14) over the river canal cross-sections.

The FDM developed for the computer code CHARIMA [7,13] was used for the numerical solution of the Saint-Venant equation for river network. The fourth order of accuracy schemes were used to solve the advectiondiffusion equations.

3.6. WATOX: box model

The model was derived to simulate radionuclide transport in the whole set of the Dnieper reservoirs on seasonal and long-term temporal scales. Equations (12)–(14) are averaged over compartments by representing the whole reservoir or its large section [1,2]. The resulting set of ordinary differential equations was solved numerically together with the water balance equation. The results of the prediction of the radionuclide concentration within the flood period depend on the operation mode of the reservoirs, i.e. from the changes in the water levels at the Hydropower Plants dams. Optimization methods are used to provide choices of the reservoir system operation mode under the water quality criteria.

4. Modelling analyses of water contamination

The post-accident analyses of water contamination require to combine the consideration of local effects of constructions designed to diminish radionuclide fluxes from the area surrounding the Chornobyl NPP into the Prypiat River with the forecasting of radionuclide dynamics in the Kyiv Reservoir (capacity 3.7 km^3) and in the whole Dnieper cascade of six reservoirs.

4.1. Floodplain scale

A danger of significant Prypiat River radioactive pollution came from a heavily contaminated territory on the left-bank floodplain of the Prypiat River upstream the Chornobyl NPP opposite the town of Prypiat. The results of COASTOX simulations predicted [2] that, in case of this territory flooding, the^{90}Sr concentration in the river can increase up to 10000 Bq/m^3 (figure 1) which was confirmed by the field measurement in January, 1991, when the floodplain was overflown due to an ice jam [3]. These values exceed the accepted Maximum Permissible Level – 3700 Bq/m^3.

The search for effective measures for such a situation by the method of mathematical modelling revealed that the best one is the creation of a special 10-km dam on the left-side floodplain around the contaminated area [2,3]. The dam was constructed before the 1992 spring flood.

As the continuation of this water -protection measure, the project of the construction of a short right-side dam to prevent the flooding of contaminated spots upstream the Yanov Bridge was considered in the recent years. Simulation of the floodplain flow demonstrated that the most dangerous situation causing a large increase in radionuclide concentrations arises during a spring flood with a maximum discharge at 2000 m^3/sec (25 % probability of exceeding). The comparison of the model results in the case of such a flood for the existing situation (one dam) and in the case of the second dam construction (figure 1, lower chart ) demonstrates that this supplementary measure could decrease^{90}Sr cross-sectionally averaged concentration at the outlet from this territory from 2150 Bq/m^3 to 1250 Bq/m^3.

Figure 1. Depth-averaged^{90}Sr concentration (Bq/m^3) during the flood (Q = 2000 m^3/s) on the Prypiat floodplain upstream the Chornobyl NPP before water protection measures (upper chart) and after the design of two dams. The flow direction is from the left to the right.

4.2. River branch scale

Bottom traps were constructed to settle down the contaminated sediments in the Prypiat River channel. The traps are regions (length 250-500 m) of increasing the water depth (from 5-6 m to 12-16 m) and the canal width. The efficiency of the traps was simulated by the 2-D vertical VERTOX model. The computed results demonstrate the selectivity of the traps for pollutant deposition depending on radionuclide distribution through the size fractions of the sediment grains.^{137}Cs is transported mainly by the finest suspended sediments that makes such measures inefficient. Less then 1 % of the horizontal flux of fine sediments was settled down in the traps.

4.3. Reservoir scale

The Prypiat River influxes into the north-western part of the Kyiv reservoir 30 km downstream the Chornobyl nuclear power plant. The lake-like part of the reservoir is 60 km long and 16 km wide, with maximum depth 15 m. The hydropower plant dam at the southern end of the reservoir is very close to the northern part of Kyiv suburbs. After the Chornobyl accident the bottom deposition of the reservoir was heavily contaminated and contained

Figure 2. The measured^{137}Cs concentration (Bq/kg) in the upper bottom layer of the Kyiv reservoir (data processed by O. Voitsekhovitch [6]).

about 70 TBq of^{137}Cs (figure 2). The deposition has the maximum value at the north-western part of the reservoir which is closer to the Prypiat mouth. The simulation of radionuclide dispersion in the reservoir was crucial for the prediction of water contamination near Kyiv.

a)

b)

Figure 3. Simulations of^{137}Cs in the Kyiv Reservoir 30.04.1987.

The radionuclide transport from the presented above floodplain area to the river mouth was simulated by the 1-D RIVTOX model. The situation in the reservoir was roughly simulated by the box model WATOX, and analyzed in detail by the 2-D model COASTOX and the 3-D model TREETOX.

The spring flood of April-May 1987 was simulated to compare the THREETOX results with the available data of measurements. The simulated distribution of^{137}Cs total concentration C + SC^s Bq/m^3 at water surface on 30 May is depicted in figure 2a. Deviation of the simulated data from the measured ones did not exceed 10 % at the end of the first month and 31 % at the end of the second month. This is in the range of uncertainties of the measured data. The vertical variability is significant mainly for the radionuclide concentration adherent to suspended sediments, as it is shown in figure 2b where the simulated results (SC^s) are presented for the reservoir vertical cross-section.

Figure 4. The simulated^{90}Sr distribution in the Dnieper reservoirs during the spring flood with the maximum discharge 2000 m^3/s for different scenarios of measures on the Prypiat floodplain.

For most practical problems of radionuclide dispersion evaluation in the Kyiv reservoir the 2-D model also gives reasonable results. In the stratified Dnieper-Bug estuary the radionuclide transport can be simulated only on the basis of the 3-D model [10].

4.4. River basin scale

Prediction of^{137}Cs and^{90}Sr concentrations in the Dnieper reservoirs during a spring flood is made in February-March every year after the accident. The predictions were also made for the cases of the high rainstorm floods and other emergency events at the Prypiat River watershed. The box model and the 1-D model are applied for the whole Dnieper reservoirs cascade.

Seasonal and short-term predictions are in reasonable agreement with the measured data for spring floods, rainstorm floods, consequences of radionuclide releases from the Prypiat floodplain, as results of the ice jams in the winters of 1991 and 1993 [2,3]. To combine analyses of the local effects with the whole Dnieper river modelling the above presented results of the 2-D simulation of dam constructions on the Prypiat floodplain were followed by the box modelling of the whole Dnieper reservoir cascade (figure 4).

To estimate the collective dose for the population of Ukraine from the consumption of the Dnieper water during 70 years after the accident (till 2057) the WATOX code was used in the version based on three-month averaged input data.

5. Conclusions

A set of models of different scales of resolution has been developed to simulate near range and long range radionuclide dispersion from the vicinity of the Chornobyl Nuclear Power Plant via the surface water system Prypiat River- Dnieper reservoirs- Dnieper-Bug Estuary. The models have been validated on the basis of the monitoring data sets. The model set was used for the prediction of radionuclide concentration in water for different scenarios of hydrological events and radionuclide releases from the contaminated watersheds of the Chornobyl zone. The modelling results were used as a technical background for the construction of a floodplain protection dike in the town of Prypiat. Simulation of the processes of radionuclide- sediment interaction continues to be the most complicated problem of these studies. It is necessary to provide further investigations of the balance between a complexity of the model (e.g. including two-step kinetic processes submodels) and its applicability to the adequate description of radionuclide transport in water bodies. The developed model set can be used in the decision support systems for off-site emergency management.

References

[1] Zheleznyak M. Mathematical models of the radionuclide migration in the reservoirs. // System Analyses and Methods of Mathematical Modelling in Ecology, 1990, Kiev, V.Glushkov Institute of Cybernetics, p. 66-72 (in Russian).

[2] Zheleznyak M., Demchenko R., Khursin S., Kuzmenko Yu., Tkalich P., Vitjuk N. Mathematical modelling of radionuclide dispersion in the Prypiat- Dnieper aquatic system after the Chonobyl accident. // The Science of Total Environment, 1992, vol. 112, p. 89-114.

[3] Zheleznyak M., Tkalich P., Lyashenko G., Marinets A.V. Radionuclide aquatic dispersion model – first approach to integration into the EC decision support system on a basis of post-Chonobyl experience. // Radiation Protection Dosimetry, 1993, vol. 6, p. 37-43.

[4] Demchenko R., Zheleznyak M., Koziy L. Modelling of sedimentation and radionuclide deposition in bottom trap. Computational methods in water resources X. Dordrecht, Kluwer Academic Publishers, 1994, vol. 2, p. 1341-1348.

[5] Onishi Y., Serne J., Arnold E., Cowan C., Thompson F. Critical review: radionuclide transport, sediment transport, water quality, mathematical modelling and radionuclide absorption/desorption mechanism. Richland, Pacific Northwest Laboratory, NUREG/CR-1322, 1981.

[6] Konoplev A., Komans V., Hilton J. et al. Physico-chemical and hydraulic mechanisms of radionuclide mobilization in aquatic systems. Proceeding of the 1st International Conference on the radiological consequences of Chornobyl accident. Minsk, 1996, p. 121-135.

[7] Cunge J.A., Holly F.M., Verwey A. Practical aspects of computational river hydraulics. London, Pitman Publ., 1986.

[8] Onishi Y., Dummuller D.C., Trent D.S. Preliminary testing of turbulence and radionuclide transport modelling in deep ocean environment. Washington, Richland, Pacific Northwest Laboratory, PNL-6853, 1989.

[9] Hofer H., Bayer A. Calculation of radionuclide dispersion in flowing waters with a dynamic model. // Kerntechnik, 1993, vol. 58, No 3, p. 164-169.

[10] Zheleznyak M., Margvelashvili N. Numerical modelling of three-dimensional radionuclide fields in Kiev Reservoir. Dopovidi (Proceedings) of National Academy of Sciences of Ukraine, 1997, No 12 (in Russian).

[11] Margvelashvili N., Maderich V., Zheleznyak M. THREETOX – computer code to simulate three-dimensional dispersion of radionuclides in homogenous and stratified water bodies. // Radiation Protection Dosimetry, 1997, vol.73, No 1- 4, p. 177-180.

[12] Blumberg A.F., Mellor G.L. Diagnostic and prognostic numerical circulation studies of the South Atlantic Bight. // Journal of Geophysical Research, 1983, vol. 88, p. 4579-4592.

[13] Holly F.M., et al. CHARIMA: numerical simulation on unsteady water and sediment movement in multiply connected networks of mobile-bed channels. Iowa Institute of Hydraulic Research, IIHR Report No 343, 327 p.

MATEMATIQNE MODEL“VANN PERENOSU RAD¨ONUKL¨D¨V POVERHNEVIMI VODAMI Z OKOLIC¨ QORNOBIL^S^KOÕ AES

M.`.ȷeleznØk

Predstavlena boksova model~, odnovim˛rna, dvovim˛rn˛ ta trivim˛rna model˛, fflk˛ skladat~ ˛‚rarh˛qnu sistemu modeleȷ, rozroblenu dlffl rozrahunku lokal~nih rad˛olog˛qnih proces˛v, wo v˛dbuvat~sffl u r˛qc˛ Prip’fflt~ b˛lffl Qornobil~s~koÝ AES, ta dlffl modelvannffl perenosu rad˛onukl˛d˛v u vs~omu kaskad˛ Dn˛provs~kih vodoshoviw. Koına model~ na svo‚mu specif˛qnomu r˛vn˛ opisu‚ dinam˛ku vodnogo potoku, perenesennffl zavislih sediment˛v, rad˛onukl˛d˛v u rozqin˛ ta na zavislih sedimentah, a takoı dinam˛ku rad˛onuklid˛v u donnih namulah. Rezul~tati modelvannffl buli vikoristan˛ dlffl p˛dtrimki p˛slfflavar˛ȷnih kontrzahod˛v v zon˛ QAES ˛ prognozuvannffl sezonoÝ ˛ bagator˛qnoÝ dinam˛ki rad˛onuklid˛v u kaskad˛ Dn˛provs~kih vodoshoviw.