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The article discusses the possibilities of using various types of approximations for parametrization of vertical
turbulent exchange for calculating and evaluating the hydrophysical characteristics of the wave regime in the
accumulative coastal zone of the southwestern corner of the Tsimlyansk reservoir. It is impossible to carry out
these studies without using various types and classes of approximations for parametrization of vertical
turbulent mixing. Algebraic models for calculating the coefficient of vertical turbulent exchange and semi-
empirical turbulence models are compared. Using ADCP data on velocity pulsations for several stations to
measure hydrological characteristics, the results of parameterization of the vertical turbulent exchange
coefficient were analyzed. The developed numerical algorithms and the software package implementing them
are used to study the pressure field, the velocity vector field of the aquatic environment and the prediction of
the baric field for this section of the reservoir water area.

Keywords: mathematical model, change of the bottom relief, ADCP data, vertical turbulent mixing, numerical
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Introduction. Russian hydrographic network is not only a significant natural life support
factor, but also extremely sensitive and vulnerable natural environment element, constantly changing
under the influence of large-scale economic activities. Therefore, the problem of studying and rational
use of water bodies and water resources, their monitoring, protection and restoration are becoming
one of the most important state development tasks. Special attention is paid to studies of the coastal
zone of seas, lakes and reservoirs, which are historically the most attractive places for the settlements
emergence. One of the characteristic geographical features of the population distribution over the
Russian territory is that the most inhabited are not the sea coasts, but the coasts of inland water bodies,
especially reservoirs. First of all, this is due to the fact that the reservoirs were created in areas with
developed socio-economic infrastructure and were designed to meet the needs for fresh water,
irrigation, energy resources, convenient transport routes, etc. On the territory of the southwestern part
of the Tsimlyansk reservoir, powerful industrial facilities are concentrated, including the
Tsimlyanskaya hydroelectric power station, the VVolgodonsk shipping canal, the VVolgodonsk port, the
Donskoy main canal, etc. The presence of this large water reservoir predetermined the choice of the
construction site for the Rostov nuclear power plant and the largest industrial association of nuclear
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power engineering Atommash. The consequence of the intensive economic development of the water
space is an increase in the negative impact on its ecosystem.

The use of three-dimensional statements of those problems that traditionally belonged to the
field of problems of the shallow water theory is dictated by the need to improve hydrodynamic models
of real phenomena and the growing requirements for initial information in ecology, hydro-
engineering. The three-dimensional formulation concludes the fundamental possibility of increasing
the accuracy of calculating the phenomenon. The use of a three-dimensional formulation also allows
us to obtain a more general, meaningful and interrelated description of the response of the coastal
zone to large-scale atmospheric disturbances.

1. Statement of 3D wave hydrodynamics problem. The developed model for calculating 3D
velocity vector of the aquatic environment movement based on is hydrodynamics mathematical
model of shallow water bodies [9, 10]:

U + U, +vU +wu =_%px' (), + () +(v0)) (1)
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where V = {u,v, w} is the water flow of shallow water body velocity vector; P is the hydrodynamic

pressure; p is the aquatic environment density; u, v are turbulent exchange coefficients in the
horizontal and vertical directions; g is the gravity acceleration.

The system of equations for the movement of the aquatic environment in mouth areas (1)-(4)
is considered under the following initial condition and boundary conditions: V=V,, V=V,, P/=0,

pu(V.) =-1,V,=0, P/ =0, (V,) =0, V.=0, /=0, pu(V,) =-1, w=-R//pg, P/ =0, where
V.,V, are the velocity vector normal and tangential component; n is the normal vector;
‘rz{rx,ry,rz} is the tangential stress vector; p, is suspension density.

On the free surface of a water body, the tangential stress is calculated as follows
©=p,Cd,|w|w, where w is the wind velocity relative to water; p, is the atmosphere density;
Cd, =0.0026 is the dimensionless surface resistance coefficient, which depends on wind speed [11].

At the water body’s bottom, the tangential stress has the form t=pCd,|V|V, where

Cd, =gk*/h"*, k=0.025 is the group roughness coefficient in Manning's formula; h is the distance

from free surface to bottom.

2. Semiempirical turbulence models. The semi-empirical theory is based on the hypothesis
of locality of the mechanism of turbulent transport, according to which it is assumed that turbulent
stresses depend only on the local structure of the averaged flow. This hypothesis proved to be
effective for describing equilibrium flows, however, for substantially nonequilibrium flows in which
the structure of the averaged flow does not correspond to the internal structure of turbulence, the
application of the locality hypothesis is less justified the greater the degree of this discrepancy. This
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obligation dictates the need to establish connections between the components of the turbulent stress
tensor and the local turbulence parameters, since the equilibrium of the internal structure of turbulence
is established faster than the equilibrium between turbulence and the average flow.

One of the directions of turbulence modeling is associated with the use of the Prandtl-
Kolmogorov approximate similarity hypotheses, according to which the kinetic energy of turbulence
q, turbulence coefficient v and the rate of dissipation of turbulent energy into heat &' related to the

scale of turbulence | with relations v=1,/q; £=c,q*/v,where v, =a,v, ¢, ¢, —const. The equation

of the balance of the kinetic energy of turbulence has the form Zt_q_v ?
Z

In the simplest models, the assumption of the dimension of the mixing length determined by
formulas such as Prandtl formulas was used to determine the turbulence scale. In more complex
models, differential equations were used instead of algebraic expressions for the turbulence scale.
However, two-parameter models have become the most widespread, in which there is also a
differential equation for the turbulence scale.

3. The results of parameterization of the vertical turbulent exchange coefficient.
Currently, one of the urgent problems in modeling complex hydrodynamic systems is the need to
calculate the vertical structure of the flow to solve a number of applied problems, primarily in the
case of anthropogenic pollution of water areas. The transition to a system of Navier-Stoke equations
for three-dimensional motion with a model for closing the coefficient of vertical turbulent exchange
is dictated by the need to improve hydrodynamic models of real phenomena and the growing
requirements for initial information in ecology. The inclusion of the parametrization of the vertical
turbulent exchange coefficient in the system of hydrodynamic equations makes it possible in principle
to increase the accuracy of calculating the phenomenon.
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Figure 1. Methods for calculating turbulent flows
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Consider the approaches to numerical simulation of turbulence. DNS-direct numerical
simulation, model-free numerical solution of the Navier-Stokes equations, free from assumptions, but
satisfying the physical criteria for the suitability of computational grids and the requirements for the
quality of approximation schemes; RANS-Reynolds averaged Navier-Stokes; LES-Large eddies
simulation (versions: VLES, DES etc.) — if the Reynolds averaging is carried out taking into account
the distribution of ripples over frequencies, not including those that are resolved by grid partitioning,
then you will get a blank for the LES model.

Currently, there is no universal and accurate turbulence model for all cases. Direct numerical
simulation (DNS) involves solving the Navier-Stokes equations on a grid with steps (including the
time step) small enough to accurately resolve all turbulent vortices. The grid step must be of the order
of the Kolmogorov scale. The computational cost is proportional to the number of nodes in each
direction and the number of time steps. Today, DNS is only applicable for very limited Reynolds
numbers.

To parametrize the coefficient of vertical turbulent exchange, algebraic subgrid models based
on finding turbulent flows as products of deviations of the components of the flow velocity and the
transferred physical quantity averaged over space or time are considered. Studies were carried out on
the basis of several approaches for calculating the coefficient of turbulent exchange along the vertical:
Belotserkovsky parametrization, Boussinesq parametrization, Smagorinsky parametrization.

All methods of parametrization of the vertical turbulent exchange coefficient allow in most
cases to obtain similar distributions of the vertical turbulent exchange coefficient in the order of
magnitude and localization of maxima-minima.
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Figure 2. The coefficient of vertical turbulent exchange calculated on the basis of various types of
approximations for parametrization of vertical turbulent mixing (horizontal values in m?/s)
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The phenomenon of sharp jumps in the coefficient on all graphs is associated with errors in
the measurements of the pulsations of the vertical velocity component, which is included in the
calculation formula of the method. The presence of errors in the measurements of the pulsations of
the vertical velocity component is associated with many phenomena occurring at the time of
measurement, such as ship deviation, fluctuations in the free surface, changes in depth, stability, wind
and waves.

The profiles of the coefficient of vertical turbulent exchange at a time show that the
parametrization of Belotserkovsky and Boussinesq most adequately reflects the processes of turbulent
exchange for shallow water bodies, but to assess the quality of parametrization, a more in-depth
analysis using mathematical statistics methods is necessary.

Thus, on the basis of statistical analysis, it was revealed that the coefficients of vertical
turbulent exchange obtained using the Smagorinsky parameterization have the smallest standard
deviation. With this parameterization, when testing the hypothesis about the normality of the
distribution, in most cases the hypothesis was accepted.

4. Results of numerical experiments. The designated area for carrying out numerical
experiments is located in the extreme southwestern corner of the Tsimlyansk reservoir in the area of
the Volgodonsk port. The «local» modeling area has dimensions of 5-10° x 5-10° m and a maximum
depth of 8 m, the peak point rises 2 m above sea level. The source of disturbances is set at some
distance from the coastline. At the initial moment of time, the liquid is at rest.

In order to prepare the input data, a digital model area was built, which displays the depth map
of the computational area and the isolines of the depth function of the bottom surface and the coastline
(Fig. 3). The model area is characterized by a geometrically complex coastline configuration.

Figure 3. Bottom surface and coastline depth’s function isolines and the pressure field [kPa]

The uniform grid with dimensions of 100 x 100 x 40 was built, which corresponds to cell size
about 50 m in horizontal directions and 0.2 m in vertical direction. The input data on the readings of
the depths of the water body were interpolated to this grid. In order to be able to speak about the
adequacy of the hydrodynamic wave model, an initial set of information is required, including
information about the fields of the wind speed and the water environment. These circumstances led
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to a surge of microalgae in the coastal zone, clogging of water intake facilities and the cessation of
water supply to VVolgodonsk.

Conclusion. The possibilities of using different types of approximations for parametrization
of vertical turbulent exchange are considered. Optimal parametrization is included in a three-
dimensional hydrophysical model of wave processes, which takes into account wind stress on the free
surface, friction on the bottom, evaporation and precipitation not only in the continuity equation, but
also in the equations of motion of the aquatic environment, which is essential for the waters of large
reservoirs. Algebraic models for calculating the coefficient of vertical turbulent exchange and semi-
empirical turbulence models are compared. Based on ADCP data on velocity pulsations and
hydrological characteristics, the results of parameterization of the vertical turbulent exchange
coefficient are analyzed. Based on the analysis, it was found that the coefficients of vertical turbulent
exchange obtained using the Smagorinsky parametrization have the smallest standard deviation. The
presented model and calculation methods can be used to solve practical problems of calculating the
force effect of waves on the geometry of coastal territories and coastlines, forecasting changes in
water ecology processes as a result of natural and man-made hazards.
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MPUMEHEHUE PA3JIMYHBIX TUTIOB ATIITPOKCUMAILIMIA
BEPTUKAJILHOTO TYPBYJEHTHOTO OBMEHA JIJIST AHAJTU3A
I'MAPOJJMHAMMYECKOI'O BO3JIEHCTBUS BOJIH HA JITHO
BOJOXPAHWUJIMIIA"

B.B. Cupopsikuna, C.B. IIpouenko

Taranporckuii umHctuTyT uHMeHn A.Il. UYexoBa (¢umnman) PoCTOBCKOTO TOCYIapCTBEHHOTO
skoHoMmuueckoro yuusepcutera (PUHX), Taranpor, Poccuiickas @eneparus

& cvv9@mail.ru

B crathe paccMaTpuBaArOTCsA BO3MOXHOCTU HMCIIOJIB30BAHHA Pa3IMYHBIX TUIIOB HpI/I6J]I/DK€HI/II\/'I JJIsL
napaMeTpH3ali BEPTUKAJILHOIO TypOyJIeHTHOro oOMeHa JUIsi pacueTa W OLEHKUA THUAPOPU3NICCKUX
XapakTepUCTUK BOJHOBOIO PEXHMa B AaKKyMYJSTHBHOW NpUOPEKHONW 30HE Oro-3amajHoro yria
LumastHCKOTO BOMOXpaHWIUINA. lIpoBeleHHE ATHX WCCIEJOBaHUA HEBO3MOXKHO 0€3 HCIIOIb30BaHUS
Pa3IMYHBIX TUIOB M KIACCOB MPHONWKEHWHA JUIS TapaMeTpU3alil BEPTHKAIBHOTO TYpOYJISHTHOTO
nepememnBanys. [IpoBeneHo cpaBHeHue anredpanyeckux Mojesei pacyera K03 (GuireHTa BepTUKAIbLHOTO
TypOyJIeHTHOTO OOMEHa W MOIyIMIUPHUECKUX Mojenel TypOyneHntHoctn. Mcmonssys manaeie ADCP o
MyJbCalriaX CKOPOCTHU 1A HCCKOJIBKHUX CTaHHI/Iﬁ AJ1d UBMCPCHUSA TUAPOJIOTUYCCKHUX XapPaKTCPUCTUK, ObLIH
MIPOAHAIM3UPOBAHEI PE3YNIFTAThl TapaMeTpu3alnu Kod(Q(uimeHTa BepTUKAILHOTO TypOYyJIeHTHOTO OOMEHa.
Pa3paOoTaHHble YUCICHHBIE AITOPUTMBI U PEUIN3YIOIINI X MPOrPAaMMHBIM KOMIUIEKC HCIIONB3YIOTCS IS
WCCIICIOBAHUS TI0JIS IABJICHUS], BEKTOPHOTO IOJISl CKOPOCTH BOAHOM CPEIbl M IPOTHO3UPOBAHHS OapHYECKOTO
TIOJISL JUTSL TAHHOTO YYacTKa aKBaTOPHH BOJIOXPAHIIIHIIA.

KarwueBbie ciioBa: maremaTHyeckas Mojeib, M3MeHeHHE penbeda aHa, ganHsie ADCP, BeptukanbHoe
TypOyJIEHTHOE NIepEMEILINBAHUE, YUCICHHBIE SKCIIEPUMEHTHI.
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