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Abstract. The problem of development of mathematical models and computer programs for calculation and
forecast of various long-wave processes occurring in the reaches of reservoirs and hydro-systems is
considered. The basic method to solve the problem is a mathematical modeling based on differential equations
for the channel flow — the Saint-Venant equations using numerical methods. Conventional methods in
hydraulics, methods for building mathematical models based on the laws of hydromechanics and their
numerical calculations are also used. A mathematical and a computer program to carry out forecast
calculations of long-wave processes occurring in the reaches of hydro-systems and reservoirs have been
developed. The reliability of the results obtained is confirmed by rigorous mathematical statement, the use of
well-known and tested equations and methods of hydraulics, and by the agreement of the results obtained in
the work with the data obtained by other authors and available in literature.

1. Introduction

Broad-crested weirs are widely used in the practice of hydro-technical engineering; the flow through the
weir can be considered as a long-wave process. These long-wave processes may be of natural origin due to
freshets and floods; they may be the result of waves of release from overlying hydro-systems or they may be
the breakthrough waves caused by hydrodynamic accidents. In this case, the role of a weir is played by a
breakthrough in the dam body [1]. Breakthrough floods spread along the downstream at high speed and have
an extremely high destructive force. The most severe consequences in the world practice of hydro-technical
engineering have been caused by the breakthroughs of the pressure head of the dam banking up.

In solving practical problems of the hydraulics of open flows, one of the key points is the realization of
the fact that two-dimensional unsteady Saint-Venant equations describe well enough both smoothly varying
and sharply varying flows with the formation of breakthrough (circulation) zones. The derivation of the Saint-
Venant equations without assumptions of smooth variability of the flow has been made by V.M. Lyatkher and
A.N. Militeev in [2, 3], where it is shown that the pumping of energy into the circulation zone occurs due to
pulsations at the border with the transit jet. Moreover, in numerical experiments, it is possible to obtain a
spectrum of pulsations enriched by new harmonics when the computational grid is thickened, which, among
other things, testifies to the high quality of the applied difference scheme.

There are a large number of publications devoted to the study of flow passage through a broad-crested
weir. In [4], the influence of the Reynolds number on the coefficient of flow through the broad-crested weir is
considered. It is shown that the coefficient of flow through the weir increases with increasing Reynolds number.

In [5] approach enabling the possibility to define the finite lifetime of a small earth dam is presented.
The proposed approach does not require any variables monitoring. It is based on the definition of lifetime by
assessing the water impact on the small earth dams by quantitative methods of system analysis.
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In [6] there is theoretically shown that pressure is equal to half of flow depth at state of speed flow, i.e.
it is equal to half of critical depth. Knowing it, authors offer a device that is designed to finding critical section
and critical depth in open flows.

The study in [7] is devoted to the experimental investigation of a broad-crested weir. To determine the
basic characteristics of the weir, generally accepted methods of hydraulic calculations are used. A refined
correlation is obtained to determine the discharge coefficient of a broad-crested weir.

In [8], two mathematical models based on the Saint-Venant equations are considered for calculating
unsteady flows in channels with floodplains. In the 15t model, the influence of the floodplain presence on the
passage of flood or flush waves is taken into account through the morphometric and hydraulic characteristics,
total for the channel and floodplain. In the 2" model, based on the separation of the channel flow, the floodplain
plays the role of a storage tank.

[9] is devoted to imitating the breakthrough of the Vakhdat dam (Iran) by integrating the ArcMap and
HEC-RAS software and field observations. The Manning coefficient for the Geshlag River in the lower reaches
of the dam is estimated using the Manning's ratio and field observations and measurements.

In [10], the problem of streamlining a weir crest of various designs is discussed. It is shown that when
designing rectangular weirs without lateral compression, when no intake of atmospheric air under the jet from
the downstream is provided, the flow measurement error may increase by 20—25 %. The best solution to this
issue is, if possible, to project the weir with a small lateral compression, about 2—3 %.

In [11], a substantiation is given for choosing the optimal methods for organizing automated water flow
accounting and collecting hydrological and climatic information for modeling the dynamics of water-balance
elements, and to ensure adaptive land use and the needs of hydrological and geochemical monitoring.

In [12] is devoted to substantiating the conditions for the use of reserve weirs at hydro-systems with
earth dams and to the development of the methods for calculating the basic parameters of such reserve weirs.
As a result of research, it has been found that the advantages of the proposed structure compared to other
weir structures are low construction costs, simplicity of the device, significantly lower total possible damage in
the event of an accident at a dam, since the part of the excess flood will be discharged in advance through the
reserve weir and will be distributed longer in time.

Stationary and non-stationary plane problems of hydromechanics for a semi-infinite fluid layer of finite
depth are considered. Hydrodynamic pressure on the vertical upstream face of the dam under the horizontal
seismic load with energy absorption on the reservoir bottom and a layer of sediment is determined in [13].

In [14] the methodology of the development of scenarios and the water overflow probability that is one
of the basic causes of the emergency situations at the dams is given. The causes of the spillway failure and
most frequent events leading to the failures or disturbances of the spillway structures are analyzed.

In [15] reliability problems for low pressure waterworks are considered. Earthen dams with long
operational periods are shown to have substantial damage and are in unsatisfactory condition.

In [16] according to the proposed algorithm, a computer program was developed, and the calculation of
the displacement of the crest of the dam Sayano-Shushenskaya HPP for 2001...2016 years (360 intervals).
The estimation of accuracy of the received results is given.

In [17], mathematical problem of calculating the unsteady flow of water is considered when regulating
concentrated water discharge releases in watercourses in downstream spillways. An algorithm for the
analytical solution of the problem is compiled, based on a hydraulic calculation of the process of propagation
and transformation of long waves described by the Saint-Venant equations.

In [18], the effect of soaking of the upstream side of rectangular broad-crested weirs on discharge
coefficient and flow characteristics is investigated. Five weirs have been developed with tilt angles of 15, 30,
45, 60 and 90° and a flow rate coefficient, negative velocity along the dam crest and water surface profiles
along the weir crest have been estimated in laboratory hydraulic trays. The results obtained by reducing the
inclined side upstream, increase the discharge efficiency and discharge capacity of the weir.

In [19] it is shown that in wide rectangular channels of flows for which the Manning formula is applicable,
at constant roughness of the bottom along the length of the water channel, analytical solutions of the Saint-
Venant equations can be constructed in the form of rising waves propagating down the slope of the channel
without changing the shape. Such waves are called monoclinal ones.

It should be noted that the construction of solutions of the Saint-Venant equations in the form of a monoclinal
wave is a rather complicated and time-consuming task [19]. The fact of the possibility of constructing such
solutions is proved in [19], but the solutions themselves are not given. In [20], it is noted that the construction of
such solutions for the propagation of a monoclinal wave along the initially dry channel is much simpler than in the
general case with a filled channel, since in this case the water velocity is constant throughout the flow region and
is equal to the wave propagation velocity. This is so because in initially dry bed there is no water flow through the
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body of the wave. In [20], an analytical solution is constructed for a monoclinal wave propagating in a dry channel
at a constant value of the hydraulic friction coefficient. The obtained analytical solution is compared to the results
of numerical solution of the Saint-Venant equations using an explicit finite-difference scheme and the finite element
method [21-23], showing a satisfactory agreement.

In [24], a new method for controlling unsteady flow in open channels is presented. The equations are
derived from the differential form of complete shallow water equations in one dimension.

In [25] regularized equations describing hydrodynamic flows in the two-layer shallow water
approximation are constructed. A conditionally stable finite-difference scheme based on the finite-volume
method is proposed for the numerical solution of these equations.

In real long-wave processes in prismatic channels with a constant slope and roughness, a more complex
flow pattern arises in which a quiet flow below the downstream floor at initial period of release wave passage
can differ quite strongly from a monoclinal wave, and only gradually throughout the whole quiet flow section
does the wave flow approach to it [26, 27].

Based on the above, the aim of this work is defined, which consists in determining the numerical value
of the coefficient of flow through the broad-crested weir, which was used in the numerical study of long-wave
processes.

2. Methods

Here we present the methodology for the end-to-end calculation of spillway dams, taking into account
flooding and the possibility of maintaining a given (fixed or variable) level in the upstream (US) [28]. Figure 1
shows a diagram of river section with a diverting dam, which shows water flow through a weir.

A

1i+1
Figure 1. Pattern of water flow through the weir.

Here i, i + 1 are the nodes of computational grid, where free surface levels are calculated &, &;,,; Q is
the flow rate through the dam; Z is the top mark of the weir; H = {j — 7 is the pressure over the crest of the

weir; h = Ci+q — Z is the depth of flooding from the downstream (DS); A is the distance between the nodes.

As a rule, a normal retaining level is maintained in the US by maneuvering dam shutters. However, as
noted above, at high floods, accompanied by long-wave processes, the dam can be fully opened, and then
there is a water flow through the weir, in conditions of flooding (h > 0) as well. Thus, at given water flow rate,
three flow modes are possible: with a fixed level of US, through non-submerged and submerged weirs.
Obviously, in the latter case, the DS level has an impact on the US level. The Saint-Venant equations do not
describe the water flow through the submerged weir, therefore we modify them so that along with the flow in
natural channel, to calculate end-to-end all the listed modes of water supporting structure. To do this, to the
equation of motion on the segment [i, i+1] it is necessary to introduce an additional hydraulic resistance,
similar to friction, which would provide the required water level difference at the dam, and to exclude convective
terms. The equation of continuity does not change. Then, in the stationary case, the relationship of flow rates
and levels is obtained in the form

gw%zQF, 1)
In the absence of a dam
21Q
F=F=—"—, 2
0= 5 IR (2

where A = ZQnZR_l/S is the hydraulic friction coefficient, other designations are similar to those given earlier;
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s flow cross section;
R is hydraulic radius;

g is gravity relative to unit mass.

In the presence of a weir from a known ratio

Q =moby2gH %2, 3)

where M is the coefficient of weir flow;

ois the flooding coefficient;

b is the width of the weir; the following expression is obtained

o 2/3
H={-71=| ———
Gi—Z (ma b\/ﬁ} , (4)

which is converted to the form (1) if assume that

F = ga)(l_é:)

=FR(1-2). (5)
23~ "1
A(mabJZgQ) /
where &= % = % <1 is the degree of flooding.
-

The expression for the flooding coefficient o depends on the type of weir, and, for the weirs of practical
profile can be taken in the form:

03 )
a={@‘§)’ 0<E<l ©
1 E<O.

Broad-crested weirs are widely used in the practice of hydraulic engineering, for example, in the inlet
part of weir structures of dams with discharge facilities. One of the main hydrodynamic parameters of weirs
are the flow carrying capacity, which can be determined using the calculation formula for broad-crest weirs in
significantly narrowed channels, in dike dams, in the area of diverting dams, in narrow floodplains, in
approaches to bridges, as well as in dams with partial passage of high floods on submerged floodplain. Since
in various problems of computational hydrodynamics it is necessary to choose and adapt the above-mentioned
computational formula, the identification of such an expression is the aim of this study.

Under conditions of sharp variability of hydrological processes, a large amount of water flow in a
relatively short time, accompanied by long-wave processes, passes through rivers and canals. If these
processes in the river beds have a natural origin (floods and freshets), then in hydro-systems and reservoirs
they can be the flush waves from the overlying hydroelectric complex or the breakthrough waves caused by
hydrodynamic accidents. In this case, the breakthrough in the dam body plays the role of a weir [29].

In numerical studies of long-wave processes, the inclusion to the program of an internal boundary condition
that approximates a weir formula makes it very difficult. It should be noted that the calculation formula in a general
form for a broad-crest weir can be obtained from the equation of the curve of free water surface in the channel, which
is a special case of the Saint-Venant equation of motion for steady-state flow [29, 30]. It is easy to show from the
equation of the curve of free surface that the transition of a steady-state river flow from quiet flow mode (where the
Froude number and kinetic parameter is less than unity (Fr < 1 or Pk < 1)) to a turbulent mode (Fr >1 or P¢>1) is
possible on the sections of river where the channel first narrows and then widens. This property of the channel flow
is similar to the property of pressure gas flows in Laval nozzles; it is a striking example of a hydraulic-gas-dynamic
analogy found by the classics in hydro-dynamics — N.Ye. Zhukovsky and D.P. Ryabushinsky [31].

To obtain an improved calculation formula for a non-submerged broad-crest weir using the formula for
the curve of water free surface directly, without using the Belange hypothesis, the mathematical model is used
to predict long-wave processes in the reaches of hydroelectric complexes and reservoirs; this model consists
of hydrodynamic equations of water flow, presented in the form:

0w, OQ _

8t+8x_0’
@+—a(\/2w+gs)— a5 +4v2, -0 v
ot X 8x|Zf5=const 2" AT
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where Z ¢ is mark of free surface of flow.

Propagation velocity of waves of small amplitude along the channel, corresponding to (7) is

— w
C= gB,
w00\ OV N 0S8 Ay2., _
6t Vat VI OX Vo 8X+g5X gaX|Zf_C0nst+2VZ 0.
N .y, 9| _as AVZE
oVt [ax 6x|zfconstJ+2R0’ ®
Zfs
S= [ B(Z-2)dz,.
Zrb

where Z . is mark of the bottom of the channel.

To differentiate the static moment of the section, the formula known from mathematical analysis is used,
where there is a function:

B(x) B
dF od dg da
F(x)= jCD(x y)dy ; d—:J‘&dyHDw:ﬁ i - Dy, o
a(Xx) a
Zfs Zfs 8(2 —Z)B az
S_0o _ _ fs ’ s
OX 8x-[(z Z)de ; OX Z+(Z |z_Zfs OX
rb rb
Zfs Zfs
0Ly _ OZ Ly _
_(zfs_z)B|Z:ZZb j - de+jzfs—dz—HB =~
' Zrp Zrp
Z Z Z
azfs fs fs aB azrb azfs fs aB 6Zrb .
-— Zj de+zfszj Sdz-HB = =0 —] +zfszj dz - HB =12
rb rb rb
os B oz
@ =Z, [ Ldz-HBZ2,
ox |ZfS =const  ° ZJr‘b ox ox
So,
85 _ 85 _w@Zfs
OX 5X|Zf = const OX
and
oz 2
ﬂ Vﬁ*. fs +&V_=O (9)
ot OX OX 2 R
hence
o(V2/12+gz 2
v ( fs)+iV_:o.. (10)
ot OX 2 R

. ov , . :
Equation (10) at steady state flow, when — =0, is the equation of curve of the free surface in the
channel. When A = 0, it turns into the Bernoulli equation

d(V?/2+9Z)
dx

2
+%%$=o. (11)
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Given the stationary nature of the flow in the computational domain, we get
d(Q*/ 20+ gh) FOVE:
=gl -4¥_
dx 2 R
If to take a channel of rectangular cross section, but with varying width and bottom level along the flow,
that is, at each location @ = Bh, where B and h can vary in X, then instead of (12) we get

12)

Q0w )dh_Q’ owdB _ _iﬁ
(9 e ah]dx OB dX R (13)
o _
Since ah =B.
VB vhee | av?
Bh Jdx Bh dx 2 R’
V) vhas | v
gh Jdx Bgh dx 2hR’
R=Bh/(B+2h).
2
As Fr=V—,
gh
2
(1 F)dh | + Er Ed_B_&V_
dx Bdx 2gR’
| ndB_av?
dnh _ Bdx 2gR (14
dx 1-Fr '

In cases where the influence of friction is small, it follows from (14) that at the narrowing of channel

dB
section (I <0, d_ <0): in a quiet flow state (Fr < 1, Pk < 1), the depth decreases, an increase in the average
X

flow velocity is observed; in a turbulent state of flow (Fr > 1, Px > 1) the depth of the flow increases, and the
average velocity decreases;

dB
at the widening of channel section (I > 0, d—>0): in a quiet flow (Fr < 1) the depth increases and the
X

flow rate decreases, in a turbulent flow (Fr > 1) the depth decreases and the speed increases.

According to the above statements, it can be stated that the Froude number in a quiet flow increases
with narrowing of the channel and decreases with its widening, and in a turbulent flow, on the contrary, it
decreases with narrowing of the channel, and increases with its widening. According to the above, the
transition of the flow from a quiet flow mode to a turbulent one can occur only when the channel form changes
from narrowing to widening one, and in the narrowest section of the channel the values of the Froude number

and the kinetic parameter will be equal to Fr = Px = 1.0.

Fundamental importance of the hydraulic-gas-dynamic analogy of hydrodynamics found by
N.E. Zhukovsky and D.P. Ryabushinsky, similar to the theory of the Laval nozzle widely known in technical
gas dynamics has already been noted. In accordance with this analogy, the depth of the flow is similar to gas
density, the pressure forces for the channel flow and gas flow in a pipe are similar, the propagation velocity of
waves of small amplitude in the channel is similar to the sound velocity in a gas. The analogue of the Froude
number is the square of the Mach number. A detailed description of the hydraulic-gas-dynamic analogy and
its use in engineering is given in literature [31].

Further, the minimum area in the dam location, in which the Froude number Fr = 1, will be called critical
one, and the flow parameters — critical parameters; will mark it by an index with an asterisk. Naturally, the
transition from the quiet mode of the flow of a channel stream to a turbulent mode is possible only under the
condition that the critical depth of the flow is not flooded from the downstream.
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So,
gh-

These considerations have been carried out under the insignificant influence of hydraulic friction along
the channel, where the basic conditions for the application of the Bernoulli equation are satisfied.

Fr

1. (15)

Suppose that the upstream channel becomes very broad (a reservoir is located there), so that the
velocity pressure in that zone can be neglected; let the water depth in the reservoir above the bottom of the

critical section of the channel be equal to N. Then the Bernoulli equation will look like:

V.2
H=h+—, (16)

29

or in accordance with (15),
V*z = gh*,
3

H==h.. 17
> 17)

From the above follows the well-known in hydraulics formula of a broad-crested weir

3/2
Q = B.hVs = Bihs gh*=B*\/§h§/2=B*\/§(§H) = mB./2gH%2, (18)

where M is the discharge coefficient to determine the flow rate of water through a non-submerged broad-
crested weir (18); it is a result of some mathematical transformations of equation (11) directly, without using
the Belange hypothesis.

m=2/3¥?~0.385. (19)

It should be noted that the well-known formula of Saint-Venant-Wanzel [31] is an analogue of
formula (18) for pressure flows, which allows determining the flow rate of gas flowing out of a pressure tank
through nozzles (assuming the process is adiabatic); it is widely used in engineering.

A numerical experiment has been conducted on flow passage through a non-submerged broad-
crested weir. The A.N. Militeev explicit finite-difference scheme, adapted for channels of arbitrary shape,
was used [32]. In the experiment, the channel of a rectangular cross section without a slope and friction has
been suddenly narrowed 100 times, and then suddenly widened 100 times. On the finite-difference grid, the
weir was modeled by two narrowing locations. As a boundary condition at the inlet to computational domain,
the flow rate was set, at the outlet — the Froude number Fr. Generally speaking, it could be set greater than

1, but in the study the Froude number was taken as Fr = 0.12. As an initial condition, the water flow over
the entire area was assumed to be 0, a depth was set above the narrowed area, and below — the depth
corresponding to the inlet flow rate and the Froude number at the outlet from the area.

In a numerical experiment, after a certain period, a flow mode was established in which the depth in the
upstream significantly exceeded the depth in the downstream; below the narrowed zone, a turbulent flow area,
a hydraulic jump and a quiet flow area appeared. In the absence of friction with the bottom, the problem of
numerical simulation of the section of displacement of hydraulic jump is impossible, but this was not the subject

Q

of this experiment. Figure 2 presents a graph of the value M =——————- obtained in numerical
B.\/2gH¥?

experiment, which, in a steady mode is the weir coefficient. As a result of the experiment found that m = 0.394,
it slightly differs from the theoretical value of m = 0.385.

When setting the hydraulic friction on the section of narrowing, the coefficient of weir flow drops.
According to the above, it can be concluded that the equation of curve of water free surface is a result of the
Saint-Venant equations; and in numerical calculations of flows on broad-crested weirs (and polygonal weirs
of a spread out profile) it is possible to use them directly, end-to-end, without inserting the formula of weir as
an internal boundary condition. Naturally, this does not apply to calculations of weirs of practical profile or the
ones with a thin wall, in which there is a greater curvature of jets and the pressure distribution over the depth
differs greatly from the hydrostatic one; this excludes the use of the Saint-Venant equations. For flows with
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33/ 2

small curvature of jets the Saint-Venant equations are suitable, the flow coefficient m =2/ is a maximum

and suits only in the absence of any additional hydraulic losses in the inlet section.

m
08

07§
050k

0 1 2 3 1 i telH

WER in time obtained in numerical experiment

(in the steady state, m is the coefficient of weir flow).

, Q
Figure 2. Change of value M= —————
B./29

3. Results and Discussion

To study the course of the long-wave process in the reaches of hydro-systems and reservoirs, take the
river basin to the plain part of the region with real hydrological, hydraulic and morphometric parameters. In the
considered section of the river basin, there is a cascade with several reservoirs for irrigation and hydropower
purposes. An example of a cascade accident on a river in a plain terrain is shown in Figure 3.

Zm T=00 h 1
s SeopatpeaspLipasgiisp L
200
- U
150 -4
1 : e
1 - e fuach

O 10 20 3 &) 50 &0 I 00 S0 TONTE0 120 8300140 150 16D 170 150 150 200 280 220 230 240 250 260 270 250 230 300 20

Figure 3. Beginning of a numerical study of a cascade of structures
in a plain river with three reservoirs over a length of 300 km.

A cascade consists of 3 relatively small reservoirs (upper one — 100 million m3, medium — 4 million m3,
lower — 100 million m?). With a sharp increase in water volume in the first reservoir, the long-wave process
begins with the passage of a large flow of water through the dam. According to the course of calculation, the
long-wave flow destroys at high velocity the first dam and makes sharply varying movements in the form of a
wave after t = 1.1h of the estimated time, reaches the dam of the second reservoir (Figure 4).
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The dynamics of water level in the river basin and of the flow of water with characteristic cross sections
in the locations of the cascade reservoirs are presented.

T=1.10h
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Figure 4. Results of numerical calculation of sharply varying flow after t =1.1 h.

The intensively filled second reservoir almost instantly transmits a long wave in the downstream of the
cascade reservoir. As the calculation results show, it is possible to hold the accident for a certain time, about
3 hours, when a breakthrough wave reaches the lower reservoir (Figure 5).
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Figure 5.

Results of numerical calculation of sharply varying flow in a cascade after t = 3.19 hours.

(Ekm

The dynamics of the water level in the river basin and of the flow of water with characteristic cross
sections in the locations of the cascade reservoirs are presented.

According to the results of numerical study of the developed model, after 8 hours, the third reservoir
overflows and a breakthrough occurs, accompanied by long waves, and the throughput capacity of the water
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discharge and weir structures of the last hydro-system turns out to be insufficient to prevent a hydrodynamic

accident during large floods (Figure 6).
=

Zm T=667 h
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Figure 6. Results of numerical calculation of sharply varying flow in a cascade aftert = 8 h.

The dynamics of the water level in the river basin and the flow of water with characteristic cross sections
in the locations of the cascade reservoirs are presented. Beginning of the fourth process of long waves
propagation through the dam of the third reservoir.

Further, the breakthrough wave, gradually weakening (but for a small river remaining catastrophic along
the entire length of the river), spreads downstream till the place where the river flows into a large lake.

The result of calculation allows us to determine the characteristic of the flow dynamics in the river bed
and in floodplain and flooding zone of the adjacent territories of the studied river basin. These data can be
used in determining the extent of possible damage and the losses resulting from the passage of flood flows,
accompanied by long-wave processes. The description of the dynamics of hydrodynamic parameters of the
flow and the morphometry of the riverbed in the developed model is the next step in numerical studies of the
current investigation. A cascade of hydro-technical structures on the Chirchik river basin has been chosen for
the numerical study.

4. Conclusions

1. Using the vector flow equation and the scalar equation of continuity, a system of equations describing
the flow of water is obtained.

2. The value of the coefficient of flow is calculated, where the input part of overflow to the broad-crested
weir is taken.

3. Numerical studies of the passage of long waves through the dams of the reservoirs of the Chirchik
river basin have been carried out.

4. Numerical studies of the passage of long waves through the dam of a real object have been carried
out.

References

1. Istorik, B.L., Lyatkher, V.M. Propagation of a flush wave in a prismatic channel. Fluid Dynamics. 1975. Vol. 10. No. 1. Pp. 31-35.

2. Lyatkher, V.M., Militeev, A.N. Gidravlicheskiye issledovaniya chislennymi metodami [Hydraulic Studies by Numerical Methods]. Water
Resources. 1981. No. 3. Pp. 60-79. (rus)

3. Lyatkher, V.M., Militeev, A.N., Togunova, N.P. Investigation of the distribution of currents in the lower pools of hydraulic structures by
numerical methods. Hydrotechnical Construction. 1978. Vol. 12. No. 6. Pp. 585-593.

4. Medzveliya, M.L., Pipiya, V.V. Discharge ratio of the broad-crested weir flow in the low head area. Vestnik MGSU. 2013. No. 4.
Pp. 167-171. (rus)

Bazarov, D.R., Mavlyanova, D.A.
132



Magazine of Civil Engineering, 87(3), 2019

5. Titova, T.S., Longobardi, A., Akhtyamov, R.G., Nasyrova, E.S. Lifetime of earth dams. Magazine of Civil Engineering. 2017. 69(1).
Pp. 34-43. doi: 10.18720/MCE.69.3

6. Yerzhanova, N.K., Mussin, Zh.A., Dzholdasov, S.K., Altynbekova, A.D. Critical section and critical depth in open flows finding
device. Magazine of Civil Engineering. 2017. 76(8). Pp. 106-114. doi: 10.18720/MCE.76.10

7. Kosichenko, Yu.M., Mikhailov, E.D., Baev, O.A. Eksperimentalnyye issledovaniya vodosliva s shirokim porogom rezervnogo
vodosbrosa [An experimental research of a spillway with a wide threshold of a reserve water outlet]. Vestnik SGASU. Town planning
and architecture. 2015. No. 3(20). Pp. 73-81. (rus)

8. Voevodin, A.F., Nikiforovskaya, V.S., Ostapenko, V.V. Mathematical Modeling of Transformation of Flood Waves in Stream Channels
with Floodplains. Russian Meteorology and Hydrology. 2008. Vol. 33. No. 3. Pp. 193-198.

9. Amini, A,, Arya, A., Eghbalzadeh, A., Javan, M. Peak Flood Assessment and Over-watering Conditions at Vahdat Dam, Kurdistan
Iran. Arabian Journal of Geosciences. 2017. Vol. 10. No. 6. Pp. 127.

10. Yegorov, N.L., Loitsker, O.D. On the flow characteristic of a measuring weir of unconventional profile. Water Supply and Sanitary
Technique. 2015. No. 4. Pp. 63-67. (rus)

11. Kopysov, S.G., Yarlykov, R.V. Experience in organization of hydrological and climatic observations at small model catchments of
West Siberia. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2015. Vol. 326. No. 12. Pp. 115-121.

12. Kosichenko, Yu.M., Mikhaylov, Ye.D. Method for calculating the parameters of reserve spillway with scoured insert. Scientific Journal
of Russian Scientific Research Institute of Land Improvement Problems. 2014. No. 4(16). Pp. 176-189. (rus)

13. Kaufman, B.D. Accounting for the impact of uncertain factors on the determination of the hydrodynamic pressure on the dam.
Magazine of Civil Engineering. 2012. 35(9). Pp. 59-69. (rus) doi: 10.5862/MCE.35.8

14. Stefanyshyn, D.V., Shtilman, V.B. Towards assessing the probability of water overflow across the dam crest. Magazine of Civil
Engineering. 2012. 35(9). Pp. 70-78. (rus) doi: 10.5862/MCE.35.9

15. Mikhasek, A.A., Rodionov, M.V. Reliability of low pressure waterworks with earthen dams. Construction of Unique Buildings and
Structures. 2013. 12(7). Pp. 20-29. (rus)

16. Bednaruk, S.E., Chukanov, V.V., Klenov, E.M., Kozlov, D.V. Model displacements of the dam crest reservoir Sayano-Shushenskaya
HPP. Construction of Unique Buildings and Structures. 2018. 66(3). Pp. 60—69. (rus)

17. Mikheev, P.A., lvanenko, Yu.G., Tkachev, A.A., Gurin, K.G., Ivanenko, D.Yu. Regulation of concentrated releases of water discharges
on stream flows in lower tails of spillway waterworks. Scientific Journal of KubSAU. 2017. No. 132. Pp. 1374-1388. (rus)

18. Kiumars, Badr, Dariush, Mowla. Development of Rectangular Broad-crested Weirs for Flow Characteristics and Discharge
Measurement. KSCE Journal of Civil Engineering. 2015. Vol. 19. No. 1. Pp. 136-141.

19. Stoker, J.J. Water Waves: The Mathematical Theory with Applications. New York: Interscience Publishers, 1957. 609 p.

20. Bazarov, D.R., Shkolnikov, S.Y., Mavlyanova, D.A., Rayimova, |.D. The form of a monoclinic wave propagating along an initially dry
riverbed. Construction of Unique Buildings and Structures. 2018. 64(1). Pp. 7-19. (rus)

21. Drutsa, A.B. A Finite Difference Method for Solving a Nonlinear Shallow Water Equations on Unstructured Grids. Numerical Methods
and Programming. 2012. Vol. 13. Pp. 511-516. (rus)

22. Delis, A.l., Katsaounis, Th. Numerical Solution of the Two-dimensional Shallow Water Equations by Application of the Relaxation
Methods. Applied Mathematical Modelling. 2005. Vol. 29. No. 8. Pp. 754-783.

23. Liang, Shin-Jye, Hsu, Tai-Wen. Least-squares Finite-element Method for Shallow-water Equations with Source Terms. Acta
Mechanica Sinica. 2009. Vol. 25. No. 5. Pp. 597-610.

24. Sanders, B.F., Katopodes, N.D. Control of canal flow by adjoint sensitivity method. Journal of Irrigation and Drainage Engineering.
1999. Vol. 125. No. 5. Pp. 287-297.

25. Elizarova, T.G., lvanov, A.V. Regularized equations for numerical simulation of flows in the two-layer shallow water approximation.
Computational Mathematics and Mathematical Physics. 2018. Vol. 58. No. 5. Pp. 714-734.

26. Atanov, G.A., Evseeva, E.G., Meselhe, E.A. Estimation of Roughness Profile in Trapezoidal Open Channels. Journal of Hydraulic
Engineering. 1999. Vol. 125. No. 3. Pp. 309-312.

27. Gessese, A., Wa, K.M., Sellier, M. Bathymetry Reconstruction Based on the Zero-inertia Shallow Water Approximation. Theoretical
and Computational Fluid Dynamics. 2013. Vol. 27. No. 5. Pp. 721-732.

28. Belikov, V.V., Zaitsev, A.A., Militeev, A.N. Mathematical Modeling of Complex Reaches of Large River Channels. Water Resources.
2002. Vol. 29. No. 6. Pp. 643-650.

29. Le Mehaute. B. An Introduction to Hydrodynamics and Water Waves. Springer-Verlag, New York, 1976. 323 p.

30. Belikov, V.V., Norin, S.V., Shkolnikov, S.Ya. O proryve damb polderov [On the Breakthrough of Polder Dams]. Hydrotechnical
Construction. 2014. No. 12. Pp. 25-34. (rus)

31. Vinogradov, R.l., Zhukovsky, M.1., Yakubov, |.R. Gazogidravlicheskaya analogiya i yeye prakticheskoye primeneniye [Gas-hydraulic
Analogy and its Practical Application]. M.: Mashinostroenie, 1978. 152 p. (rus)

32. Militeev, A.N. Resheniye zadach gidravliki melkikh vodoyemov i byefov gidrouzlov s primeneniyem chislennykh metodov [Solving
Problems of Hydraulics of Small Reservoirs and Reaches of Hydro-systems Using Numerical Methods]. Abstract of doctoral tech.
science thesis. M.: 1982. 307 p. (rus)

Contacts:

Dilshod Bazarov, +7(871)2371989; dbazarov61l@mail.ru
Dildora Mavlyanova, +7(371)2371926; dildoramav@mail.ru

© Bazarov, D.R., Mavlyanova, D.A., 2019

bazapos JI.P., MaBnsnosa J[.A.

133



WmxeHepHo-cTpouTenbHbIiA xypHai, Ne 3(87), 2019

i . ISSN
§ VH>xeHepHO-CTPOUTENbHBIN 2071
nfa oy
i \ XKypHan 0305
N !
33. !f"'ﬂ'_@?ﬁ:‘q B camnt XypHana: http://engstroy.spbstu.ru/

DOI: 10.18720/MCE.87.10

YucneHHble nccnegoBaHusa ANMHHOBOTHOBBIX npoueccos
B 6bed)aX rMaopoya3rioB 1 BOOAOXPaAHUITNLL,

A.P. basapos, [.A. Maensinoga*,

TawkeHMCKUlU UHCMUMym UHXeHepoe uppuzayuu u MexaHu3ayuu ceflbCKo20 xo3sticmea,
2. TawkeHm,Y3bekucmaH

* E-mail: dildoramav@mail.ru

KnioyeBble cnoBa: ANMHHOBOJSIHOBbLIE npoueccobl, npopaH, YypaBHeEHUA OBWXeHUA CeH-BeHaHa,
MaTteMaTnyeckoe mogernimpoBaHue, YMCNEHHbIN METOA.

AHHOTaumA. PaccmatpmBaeTcs npobrnema paspaboTkM MaTteMaTuyeckmx MOAeneh U KOMMbIOTEPHbIX
nporpamMm st pac4eToB U NPOrHO30B pasfnnyHbIX ASIMHHOBOMHOBLIX MPOLIECCOB, NPOMCXOoasLmX B bbedax
BogoxpaHunuw, u rugpoysnoB. OCHOBHbIM METOAOM peLleHus 3ajad  SABMsSeTcs MaTeMaTuyeckoe
MOZEenMpoBaHne Ha OCHOBe AudpdpepeHumanbHbiX ypaBHEHUI ONsi PYCNOBOro NnoTtoka — ypaBHeHWU CeH-
BeHaHa, c uMcnonb3oBaHMEM YUCINEHHbIX METOAOB. Takke WCMNOoNb3ylTCca oOLWenpuHaTble MeToAbl B
rmgpaBnvke, METOAbl COCTABIEHUS MaTeMaTUYECKMX MOJENEN Ha OCHOBE 3aKOHOB MMOPOMEXaHMKU U UX
UMCIEHHbIX pacyeToB. PaspaboTaHa mMaTtemaTmyeckasds MoAeNb W KOMMbIOTEpHast nporpaMmma ans
npoBeAeHUs NPOrHO3HbIX pacyeToB ASIMHHOBOJIHOBLIX MPOLLECCOB Mpoucxoasiumx B 6bedax rugpoysnos 1
BoAOXpaHunuLy. [JOCTOBEPHOCTb MOJTyYEHHbIX pPe3ynbTaToB MNOATBEPXKOAETCA [AO0CTaTOYHO CTPOromn
MaTeMaTU4EeCKOM MNOCTAHOBKOMW, MPUMEHEHMEM W3BECTHbIX U anpobupoBaHHbIX YpPaBHEHWA W METOO0B
rmapaBnukK, a Takke COOTBETCTBMEM MONyYEHHbIX B paboTe pe3ynbTaToB C MMEKLMMUCA B nutepartype
OaHHbIMW APYrnX aBTOPOB.

Nurepartypa

1. Wcrtopuk B.J1., llatxep B.M. PacnpocTpaHeHune BOnH npopbiBa B npuamaTtndeckom pycne // U3sectna AH CCCP. MexaHuka xuakocTtu
nrasa. 1975. Ne 1. C. 39-44.

Jlatxep B.M., MunuteeB A.H. N'mapasnuyeckune nccrnegoBaHvs YicneHHbIMM metodamu // BogHele pecypcebl. 1981. Ne 3. C. 60-79.

TNatxep B.M., Munutees A.H., ToryHoBa H.[1. ViccnegoBaHne nnaHa Te4YeHWUN B HWKHEM Obede rmapOTEXHUYECKUX COOPYXKEHWUN
yncneHHbIMM metogamu // M'vmgpoTexHudeckoe ctpouTtenscTeo. 1978. Ne 6. C. 27-32.

4. Mepgssenus M.J1., NMunusa B.B. KoacdhdumumeHT pacxoga Bogocnmea ¢ LUMPOKMM NOPOrom B obrnactu Manbix HanopoB // BectHuk MITCY.
2013. Ne 4. C. 167-171.

5. TwuroBa T.C., JloHrobapam A., Axtamos P.I"., Hackiposa 3.C. Cpok akcnnyaTauum rpyHTOBbIX MAOTUH // VIHXeHepHO-CTpOoUTENbHbIV
XypHan. 2017. Ne 1(69). C. 34—43. doi: 10.18720/MCE.69.3

6. EpxanoBa H.K., Mycun XX.A., DxongacoB C.K., AnTbiHG6ekoBa A.[l. YCTPOMNCTBO ANSA HaxOXAEHUS KPUTMYECKOrO CeYeHus U
KpUTMYECKOW nyOuHbl B OTKpbITbIX noTokax //  WHxeHepHo-cTpouTenbHbin XypHan. 2017. Ne 8(76). C. 106-114.
doi: 10.18720/MCE.76.10

7. KocuueHko KO.M., Muxannos E.[l., baes O.A. OkcnepMMeHTanbHble UccrneoBaHus BOAOCMBA C LUMPOKMM MOPOroM pe3epBHOro
Bopocbpoca // Becthuk CITACY. MpagocTpoutenscTBo u apxutektypa. 2015. Ne 3(20). C. 73-81.

8. BoesoguH A.®., Hukmdoposckas B.C., OctaneHko B.B. MaTematnyeckoe mogenvpoBaHue TpaHcopMauuy BOSH NaBOAKOB B
pycnax ¢ novimamu // Meteoponorusi n rugponorus. 2008. Ne 3. C. 88-95.

9. Amini A, Arya A., Eghbalzadeh A., Javan M. Peak flood estimation under overtopping and piping conditions at Vahdat Dam, Kurdistan
Iran // Arabian Journal of Geosciences. 2017. Vol. 10. Issue 6. Pp. 127.

10. Eropos H.J1., Nonukep O.[]. K BOnpocy O pacxogHOW xapaKTepucTUKe W3MepUTEnbHOro BOAOCNMBA HeTunosoro npodwuns //
BopocHabxeHune n caHuTapHas TexHuka. 2015. Ne 4. C. 63-67.

11. KonbicoB C.I"., Apnbiko P.B. OnbiT opraHv3auum ruaponoro-KnuMaTuyecknx HabrnogeHuin Ha marnbix MoaernbHbIX Bogocbopax
3anagHon Cnbupm // N3BecTnsi Tomckoro nonutexHmyeckoro yHusepcuteTa. MHxuHupmHr reopecypcos. 2015. T. 326. Ne 12. C. 115—
121.

12. KocuyeHko tO.M., Muxannos E.[l. MeTogmka pacyeTa napaMeTpoB pe3epBHOro Bogocbpoca ¢ pa3mbiBaeMoli BCTaBKoW // HayuHbIi
xypHan Poccuiickoro HAN npo6nem menuvopauun. 2014. Ne 4(16). C. 176-189.

13. Kaycpman B.[l. YyeT BnusiHUA HeonpeaeneHHbiX hakTopoB Npu OnpeaeneHnn rmapoaMHaMUYEcKoro AaBneHus Ha NnoTuHy //
UHxxeHepHOo-cTponTenbHbln xypHan. 2012. Ne 9(35). C. 59-69. doi: 10.5862/MCE.35.8

Bazarov, D.R., Mavlyanova, D.A.
134


http://engstroy.spbstu.ru/

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

Magazine of Civil Engineering, 87(3), 2019

CredannwuH [.B., WrunbmaH B.B. K oueHke BepoATHOCTM nepenuea Boabl Yepes rpebeHb NnoTuHbl // IHKeHepPHO-CTPOUTENbHbIN
)ypHan. 2012. Ne 9(35). C. 70-78. doi: 10.5862/MCE.35.9

Mwuxacek A.A., PoanoHoB M.B. HagexXHOCTb HU3KOHAMOPHbIX rMAPOY3noB C rPYHTOBbIMU NAOTUHaMK // CTPOUTENBCTBO YHUKANbHbIX
3aaHui u coopyxxennn. 2013. Ne 7(12). C. 20-29.

BenHapyk C.E., YykaHoB B.B., KneHoB E.M., Kosno [.B. Mogenb nepemelieHuii rpebHsi nnoTuHbl BogoxpaHunuuwa CasiHo-
LyweHckon MNIC // CTponTenbCTBO YHMUKAmNbHbIX 3AaHWIA 1 coopyxeHuid. 2018. Ne 3(66). C. 60—69.

Muxees lN.A., MBaHeHko HO.I"., TkaueB A.A., T'ypun K.I'., NBaHeHko [.}O. PerynupoBaHne cocpefoTOYEHHBIX MOMYCKOB PacxodoB
BOAbl HA BOAOTOKAaX B HIKHMX Bbedhax BoaocOpocHbIx rmapoyanos // HayuHbiii xxypHan Kyo6lrAY. 2017. Ne 132. C. 1374-1388.

Kiumars Badr, Dariush Mowla. Development of rectangular broad-crested weirs for flow characteristics and discharge measurement
/I KSCE Journal of Civil Engineering. 2015. Vol. 19. Issue 1. Pp. 136-141.

Crokep Ix.[hx. BonHbl Ha Boge. MaTematuyeckas Teopus n npunoxeHus. M.: N3a-Bo uHocTpaHHom nutepatypbl, 1959. 618 c.

baszapos [.P., WkonbHukoB C.A., MaensHoBa [.A., Pannmosa W.[l. ®opma MOHOKMNMHANBHON BOMHbI, PacnpoCTpaHSoLWencs no
nepBoHayanbHO cyxomy pycrny // CTpouTenbCTBO YHMKanbHbIX 3aaHni n coopyxenui. 2018. Ne 1 (64). C. 7-19.

Opyua A.B. KoHeYHO-pa3HOCTHbIN MeTOA [Afs pelleHUss HeNMHENWHOW CUCTEMbl YPaBHEHUA AWHAMWKW MerKoW BOAbl Ha
HECTPYKTYypupOBaHHOW ceTke // BbluncnutensHble metoasl 1 nporpammunpoaHue. 2012. T. 13. C. 511-516.

Delis A.l., Katsaounis Th. Numerical solution of the two-dimensional shallow water equations by the application of relaxation methods
/I Applied Mathematical Modelling. 2005. Vol. 29. Issue 8. Pp. 754-783.

Liang Shin-Jye, Hsu Tai-Wen. Least-squares finite-element method for shallow-water equations with source terms // Acta Mechanica
Sinica. 2009. Vol. 25. Issue 5. Pp. 597-610.

Sanders B.F., Katopodes N.D. Control of canal flow by adjoint sensitivity method // Journal of Irrigation and Drainage Engineering.
1999. Vol. 125. Issue 5. Pp. 287-297.

Enuszaposa T.I', VMBaHoB A.B. PerynsipusoBaHHble ypaBHEHWSI AN YUCIEHHOTO MOAENMPOBaHUS TEYEHWA B NPUOMMKEHUU
OBYXCIONHOW Menkon BoAbl // XKypHan BblYMCIIUTENbHOW MaTeMaTuku n Matematudeckon dusmkn. 2018. T. 58. Ne 5. C. 741-761.

Atanov G.A., Evseeva E.G., Meselhe E.A. Estimation of roughness profile in trapezoidal open channels // Journal of Hydraulic
Engineering. 1999. Vol. 125. Issue 3. Pp. 309-312.

Gessese A., Wa K.M., Sellier M. Bathymetry reconstruction based on the zero-inertia shallow water approximation // Theoretical and
Computational Fluid Dynamics. 2013. Vol. 27. Issue 5. Pp. 721-732.

Benukos B.B., 3anues A.A., Munutees A.H. MatemaTnyeckoe modenmpoBaHue CrOXHbIX Y4aCTKOB pycen KpynHblx pek // BogHble
pecypcbl. 2002. T. 29. Ne 6. C. 698-705.

Jle Meote b. BeegeHuve B ruapogvHamuky n Teopuio BonH Ha Boge. J1.: Tmagpometeonsgat, 1974. 368 c.

Benukos B.B., Hopux C.B., WkonbHukoB C.A. O npopbiBe gamb nonbaepos // MugpoTexHudeckoe ctpoutensctBo. 2014. Ne 12.
C. 25-34.

BuHorpagos P.A., XKykosckuii M.U., Akyb6oB W.P. asormpgpaBnuyeckas aHanmorvss u ee npakTuyeckoe npumeHeHue. M.:
MawmHocTpoeHue, 1978. 152 c.

MunuteeB A.H. PelueHune 3agay rmapaBnvky Menkmx BoAOEMOB U GbeddOB rMAPOY3oB C NPUMEHEHNEM YUCTIEHHBIX METOAOB. [ucc.
Ha COMCK. y4eHom ctenenun A4.7.H. M., 1982. 307 c.

KoHmakmHbie 0aHHbIe:

Hunwod Patiumosuy basapos, +7(871)2371989; an. nouma: dbazarov6l@mail.ru
Jundopa A6dypawudosHa MaensiHosa, +7(371)2371926; an. nouma: dildoramav@mail.ru

© baszapos [1.P., MaBnsHosa [J.A., 2019

bazapos JI.P., MaBnsnosa J[.A.

135



	Numerical studies of long-wave processes  in the reaches of hydrosystems and reservoirs
	1. Introduction
	2. Methods
	3. Results and Discussion
	4. Conclusions

	Численные исследования длинноволновых процессов  в бьефах гидроузлов и водохранилищ



