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Abstract. The authors propose the simulation models of river flow management during extreme
river discharges for a hydro complex with a hydroelectric power plant (HPP) on a main river and a flood
control facility on its side tributary, including the case of their joint operation as part of a system of flood
control facilities distributed on a drainage basin. The possibility of applying the previous years’ water-
management plans for the choice of flood control facilities locations is considered. In the mathematical
model of a hydro complex, operating modes of a HPP are assigned using its reservoir operating rule
curves, considering the requirements of safety and environmental protection. In the mathematical model
of a flood control facility, the scheme for flood discharge through uncontrolled bottom spillways and an
uncontrolled surface spillway is considered. The use of the models makes possible to determine the
operating modes of hydro facilities, considering the modern economic and environmental requirements,
revision of their parameters, estimation of the energy-economic and environmental effects from the
creation of systems of flood control facilities distributed on drainage basins.

AHHoOTauuA. B ctatbe npeanoxeHsl UMUTAUMOHHBLIE MOAENW PErynNUPOBAHUA PEYHOro CTOKa Mpu
3KCTpemanbHbIX pacxogax Ans  KomnnekcHoro rmgpoysnma ¢ [OC  Ha  OCHOBHOM  peke,
NPOTUBOMNABOAKOBOro rmapoysna Ha GOKOBOM MpMTOKE, B TOM 4uCre AN cryyas UX COBMECTHOrO
hyHKLMOHMPOBaHUSA B COCTaBe CMCTEMbl pacnpefeneHHbIX Ha Bogocbope rmgpoysnos. PaccmoTpeHa
BO3MOXHOCTb MNPUMEHEHWS] MPOEKTHbIX MNpPOopaboToOK NpOoWbiX NeT M0 CxemMam WCMNOoNb30BaHuA
rMApPO3HEepreTM4ecknx pecypcoB peyHoro 6GaccenHa npu Bblbope CTBOPOB rmapoysnos. B
MaTeMaTU4YeCKOM MOLENM KOMMIIEKCHOro rugpoyana pexumbl pabotel OC  HasHavawTca C
MCrnonb3oBaHMEM OMCMEeTYepcKkux rpacukoB C  yyeTom TpeboBaHMM Ge3onacHOCTM U OXpaHbl
oKpyXawuen cpeabl. B MaTematuyeckon mogenu npoTMBOMNABOAKOBOrO rMApoy3ena paccMmoTpeHa
CXxeMa nponycka naBodKka 4epe3 Heperynupyemble [OHHble BOAOMNPOMYCKHbIE COOPYXEHUS W
Heperynupyemblil MOBEPXHOCTHbIN  Bogocnue. Mcrnonb3oBaHue MoAenen nos3sBonseT onpeaenvTb
pexuMbl paboTbl IMOPOY3IoB, C YHETOM COBPEMEHHbIX XO3ANCTBEHHbIX U MPUPOAOOXPaHHbIX TpeboBaHWi
NPOBECTN KOPPEKTUPOBKY X NapameTpoB, OLIEHUTb 3HEPro-3KOHOMUYECKUIA U SKONOormdeckuin adpdekT ot
co3gaHus pacnpegeneHHon Ha Bogocbope cucTemMbl rmapoysnoB.
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Introduction

Flood control has always been an important task for many countries, including Russia, as floods
cover large areas, lead to many casualties and huge economic losses. It can be noted that, due to the
global climate change, the intensity of floods in many regions of the world is increasing. This requires
improving the methods of flood control [1-6].

The task of flood management through the creation of a system of flood control facilities distributed
on a drainage basin was considered in the article [7]. First, it is advisable to analyze the previous years’
water-management plans for the choice of flood control facilities locations and the assessment of their
parameters, since they include all the necessary justifications for hydro complexes with hydroelectric
power plants. Usually these materials have not lost their significance even now. But it is necessary to
revise the flood storage of the main river’s reservoir, since considering the current and prospective
economic and environmental conditions in its upper pool during flood flows accumulation, it may be
necessary to reduce the designed maximum water level. If, at the same time, the reduction of extreme
water flow to the maximum allowable value is not ensured in the lower pool, then to reduce the flow
entering to the main river's reservoir, the missing volume is redistributed into flood control facilities on
side tributaries. Thus, the system of hydro facilities of different functional purposes distributed on the
drainage basin will be created (Figure 1).

The goals of this work are revision of flood storage of a reservoir of a hydro complex with a HPP on
a main river, determination of flood control effects from flood control facilities on its side tributaries,
justification of the structure of the system of flood control facilities distributed on the drainage basin.

The following simulation models were developed for these goals:

o the mathematical model of operating modes of a hydro complex with a HPP;

¢ the mathematical model of extreme flows management by flood control facilities;

¢ the integrated model of river flow management by a system of flood control facilities distributed
on a drainage basin.

Qma‘(_allw

Figure 1. Scheme of a system of flood control facilities distributed on a drainage basin
where:
1 — conditional hydrograph of extreme natural water flow with 1% probability of the main river,

2 — conditional hydrograph of managed water flow in the lower pool of the hydro complex with the
designed maximum water level,
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3 — conditional hydrograph of managed water flow in the lower pool of the hydro complex with the
reduced maximum water level considering the current and prospective environmental and economic
conditions,

4 — conditional hydrograph of extreme natural water flow with 1% probability of the i-th side
tributary,

5 — conditional hydrograph of managed water flow in the lower pool of the flood control facility of
the i-th side tributary which accepts the missing volume for flood control from the main reservoir,

6 — conditional hydrograph of managed water flow in the lower pool of the hydro complex under the
reducing extreme water flow on the side tributaries,

Qmax_aiw — the maximum allowable river flow considering the current and prospective environmental
and economic conditions.

Methods

The mathematical model of operating modes of a hydro complex with HPP

The mathematical model of long-term operation modes of a hydro complex with a HPP is created
in accordance with the current recommendations [8] regulating the operation modes of water reservoirs
and the use of their water resources, and which are based on the methodology of the integrated
approach to river flow management [9]. These recommendations are based on Russian and foreign
experience of water management.

As a research object, a hydro complex with a reservoir of annual flow regulation as the most
common was chosen [10]. In earlier researches [11], the task of estimating the influence of the creation
on a side tributary the flood control facility on the operating regimes and parameters of a hydro complex
with a HPP on the main river was considered. In this paper another task of revision of flood storages of
HPPs reservoirs (as a rule, in the direction of reducing) is solving, considering the current and
prospective economic and environmental conditions and redistributing the missing regulating volume to
flood control facilities on side tributaries.

When modeling HPP operating modes, the designed reservoir operating rule curves are applied,
that should be periodically revised [12, 13] considering the changing economic and hydrological
conditions over time, but the previous researches [14, 15] have shown that in modern conditions, as a
rule, existing designed reservoir operating rule curves allow operational services to operate hydropower
plants relatively safely.

The river flow management includes the following stages:

e the period of reservaoir filling;
¢ the period of accumulation of flood flows;
e the period of reservoir draw-off.

Stage 1. The period of reservoir filling

Calculations should be made for a high-water year of estimated probability.

Case 1. The water level mark in the upper pool ZH5

level on the reservoir operating rule curves in the range:

DSL < Zg,fp(t) < FRL,
where: DSL — Dead Storage Level; FRL — Full Reservoir Level.

P(t) is above the upper limit of water surface

Depending on the water head H(t) at the calculated time (t), the HPP operates with the power of
NHPP (1)
NHPP () = {Nf’”’(t), H(t) < Hy
NP H(t) > Hy
H(t) = Zgg" () — Z[g" () — AH,
where:

NXPP () — available power. It is determined using the operating curve NP (t) = f; (H(t))
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NHPP _ rated power.
ZHPP (1) :

P — water level mark in the lower pool.
AH — head loss.

Hp —rated head.

According to the conditions of reliability and safety of hydro facilities operation, it is provided the
restriction on the rise rate of the water level in the reservoir:

azip* (t) -

at  ~ 7
where h — the maximum safe value of the rise of the water level in the reservoir per day.

The water discharge in the lower pool at the time (t) is:

Qp" () = QFFF () + Qs (1),

where:

QHPP(t) — water discharge through the hydro turbines.

Qs(t) — seepage discharge.

Accordingly, the power of the hydropower plant is determined by:

NHPP(6) = ky + H() * Q777 (1),
ky =9.81-n7-ng,

where kjy — correction factor, considering the turbine efficiency (1) and the generator efficiency (1;).

Electricity production is:

E(t) = [,* NPP(t)dt,

where T — estimated time interval.

The volume of water in the reservoir at time (t):

V) =v(E-1)+ [QENT(t) - (Q?PP(t) + Qs(t) + Qip(t) + Qey(t) + QEN(t))] Ty

where:
Qgnr(t) —natural water flow, entering the reservoir.

Q;p (t) —idle discharge through the spillways.
Qgy (t) —loss of water due to evaporation from the surface of the reservoir.
Qg (t) — the water, taken from the upper pool of the hydropower plant for economic needs.

V(t — 1) —the volume of water in the reservoir at a previous point in time.

Case 2. The water level mark in the upper pool is below the upper limit of water surface level on
the reservoir operating rule curves within:

ZHPP(t) < FRL and NHPP(t) < NHPP,
The spillways are closed:

nsw(t) =0,
where ngy, (t) — the number of open spillways.

The water flow in the lower pool is determined by the requirements of water consumers:
QIFF (1) = Q7P (1) + Qs(®) = Quc (D),

where Q¢ (t) — water flow according to the requirements of water consumers.
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Stage 2. The period of accumulation of flood flows

The water level mark in the upper pool is in the range:
FRL < Z{,{}fp(t) < MWL,

where MWL — Maximum Water Level.

The main requirements for managing flood flows during accumulating extreme flows with low
probability (1%):

e The water discharge in the lower pool of the HPP should not exceed the maximum allowable
Qmax_auw (it is assumed to be equal to the peak natural flow with probability of 10%), providing
safety requirements for economic activities. In this case, the flood-alluvial regime of the river is

also preserved:
HPP
QLP (t) < Qmax_allw

e The water level mark in the upper pool must not exceed the MWL.:
Z{}'};P(t) < MWL.

The additional requirements are minimization of socio-economic damage and conservation of
biodiversity of ecosystems in the area upstream of the HPP. For this purpose, areas, types of flooded
lands and duration of standing water etc. should be analyzed. Using the criteria of not decreasing the
diversity and the ratio between anthropogenic and natural ecosystems [16,17], the MWL is corrected.

When it decreases, the flood storage AV is redistributed into flood control facilities on side tributaries:

AV =Vywr — Vuwro
where:

VmwL — designed maximum volume of the reservoir.

VuwL* — revised maximum volume of the reservoir in accordance with environmental
requirements.

The number of open spillways is determined in accordance with the spillways operating rule curve,
depending on the actual water level (z). In this case, each spillway is operating in the "full opening" mode.

0 < ngy (t) < ny spillways are opened when FRL = z; < ZHEP(t) < z,.

n, < ngy (t) < ng spillways are opened when z, < ZHEP(t) < z,.

Ny_q < ngy (t) < n, spilways are opened when z,,,_; < ZHEP(t) < z,, = MWL.

The additional requirement is the restriction on the frequency of opening/closing operations of the
spillways — the minimum time between opening and closing according to ensuring reliability of a hydro
complex under operating conditions.

Stage 3. The period of reservoir draw-off
DSL < ZHEP(t) < FRL

Case 1. The water level mark in the upper pool is above the upper limit of water surface level.

The HPP is operating with the rated power.
NHPP (t) — N}I?-IPP

Case 2. The water level mark in the upper pool is below the upper limit of water surface level.

The HPP is operating with the guaranteed power.
NHPP () = ngp
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where NgPP — guaranteed power of the HPP with the rated probability.

The water discharge through the turbines is:
QFFr (1) = Q¢

where QYFP — guaranteed water discharge with rated probability.
The reservoir is drawing-off to the dead storage level in winter.
Case 3. The water level mark in the upper pool is below the lower limit of water surface level.
The HPP is operating with the reduced power.
NUPP(t) = p - NEPP,
where p < 1 — reduction ratio of the guaranteed power.
The mathematical model of extreme flows management by flood control facilities

It is noted in the researches [18,19], that flood control facilities with uncontrolled bottom spillways
and an uncontrolled surface spillway, characterized by relative reliability and safety in operation, are often
used for the flood flow management on side tributaries. The volume of flood water in a reservoir on a side

tributary VSt (t) at time (t) is determined using the following equation:

VEE) = VEE(t = 1) + (Qenc (1) — Qe () — Q2 (1) — Q5 (D)) - T,

where:
Q3L . (t) — natural water flow with rated probability, entering the reservoir.

Qﬁgg(t) — regulated water flow in the downstream of the flood control facility.

ng, (t) - loss of water due to evaporation from the surface of the reservoir.
QSt(t) - seepage discharge.
T2 — estimated time interval.

VSt(t — 1) — the volume of flood water in a reservoir on a side tributary at a previous point in
time.

The main requirements for flood flows management on side tributaries are:

e The reduction of extreme water discharges from values with probability of 1 % to values with
probability of 10 % in downstream of a flood control facility. This protects the flood-alluvial
regime of the river.

» Not exceed the maximum allowable level of the upper pool (Z;,qx auw) to minimize the area of
land flooding and preserve biodiversity of ecosystems [16].

Zﬁ) (t) < Zmax_allw'
where Z{ﬁ, (t) — The water level mark in the upper pool of the flood control facility on the side tributary.

At the initial stage of hydraulic calculations, the design parameters of the flood control facility are
taken as the main ones: the accumulating volume, the water level marks, the number of bottom and
surface spillways, their sizes, etc.

The operating mode of the flood control facility is determining for the following cases:
1. The low-flow period.
The water level mark in the upper pool is in the range:

7, <Zjp(t) £ Zy +a,
where:

Z, — bottom level mark of the uncontrolled bottom spillways.
a — height of the uncontrolled bottom spillways.
Fedorov M.P., Chusov A.N., Maslikov V.l., Molodtsov D.V., Togo I. The simulation models of river flow

management by a system of flood control facilities distributed on a drainage basin. Magazine of Civil Engineering.
2017. No. 8. Pp. 40-49. doi: 10.18720/MCE.76.4.

45



NuxeHepHO-CTPOUTENBHBII KypHaJI, Ne 8, 2017

The bottom spillways operate in not drowned mode. The equation for water flow through a spillway
with a wide crest is used to calculate the water-carrying capacity of the flood control facility [20] (the
water-level in the lower pool is not considered).

2. The high-water period.
2.1. The water level mark in the upper pool is in the range:
Zi+a< Zﬁg,(t) < Z,,
where Z, — bottom level mark of the uncontrolled surface spillway.
The bottom spillways are operated in the drowned mode with variable pressure [20].
2.2. The water level mark in the upper pool is in the range:
Zy < Zyp(8) < Zmax,

where Z,,.x — the maximum allowable water level in the upper pool of the flood control facility,
considering the safety requirements, minimizing socio-economic damage and preserving the biodiversity
of ecosystems.

The bottom spillways are operated in the drowned mode with variable pressure, and the surface
spillway is in operated mode. In this case, the water discharge is determined by the water flow through
the bottom and surface spillways [20]. The model allows to specify different versions and numbers of
spillways (type, size, layout, etc.).

The maximum allowable value of accumulating capacity, the number and sizes of bottom and
surface spillways are specified based on the results of calculations.

The integrated model of river flow management by a system of flood control facilities
distributed on a drainage basin

The designed flood storage, MWL and the maximum water flow in the lower pool of the HPP
should be revised to ensure its projected electricity generation and minimization of economic and
environmental damage in the modern and prospective conditions. If they are exceeded, the missing
volume (AV) is determined for redistribution into flood control facilities on side tributaries. The criterion of
availability of the required total flood storage of the hydro complex with the HPP on the main river and
flood control facilities on side tributaries: the flow in the lower pool of the HPP must not exceed the
maximum allowable discharge (Qmnax auw)-

Q{I}fp (t) < Qmax_allw

The water volume in the reservoir at time (t):

V)=V -1)+ [QZ*NT(t) — (PP () + Qs (1) + Quip(®) + Qv (1) + QEN(t))] Ty,

where:

Qinr (t) — natural water flow, entering the reservoir of the HPP, when flood control facilities on side
tributaries are operating.

k
Qinr(®) = Qenr () £ ) AQF (1),
1
where:
k — number of flood control facilities on side tributaries on the drainage basin.

AQF () — the difference between the natural Q3t, ;(t) and regulated Q:t, ;(t) discharges in the

nat_i reg_i
downstream of the i-th flood control facility on the side tributary:

AQF () = Qi () — f(ggj(t)-
The calculations should be carried out considering the delay for travel water flows from a flood
control facility to the HPP reservoir.

In river flow management, it is necessary to consider possible asynchrony and locality of rain
precipitation in a catchment area [21], that lead to a mismatch in time of maximum water flow on a main
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river and its side tributaries. It is necessary to perform an analysis of possible combinations of rain-water
discharges with different probability in the side tributaries, the effect of their accumulation in flood control
facilities in the form of reducing extreme water discharges in downstream side and the corresponding
decrease in the flow entering to the HPP reservoir on the main river.

Results and Discussion

At the first stage, using the simulation models, the regulating effect of joint operation of the hydro
complex with each flood control facility on side tributaries is estimated. The estimated frequency of the
natural flood flow is accepted for hydro complex on the main river and in sequence for each of flood
control facilities on side tributaries. The assessment of the operating modes of each flood control facility
and the revision of the water flow value entering the reservoir on the main river are carried out. Then the
indicators of electricity generation of the HPP, the area of land flooding and the environmental and
economic effect should be determined. This makes it possible to determine the main flood control facility
(with the maximum regulating effect) from the many variants possible for construction, as well as to make
the ranking of them on this basis. Only flood control facilities with positive ecological and economic effect
should be selected for the further consideration.

The possibility of distribution of the flood storage to a chain of flood control facilities on each of the
side tributaries should be considered.

At the next stage, the regulating effect of the joint operation of the hydro complex on the main river
with the selected ones is estimated, for which hydrographs of the flood discharges with different
probabilities are used, reflecting asynchrony and locality of rain precipitation on the catchment area.

Test calculations of parameters for one of the representative flood control facilities were performed
and showed that its regulated water discharge in the lower pool can be reduced by 30 % compared to the
natural with probability of 1% (corresponds to the natural water discharge with probability of 1 %). At the
same time, the extreme water discharge in the main river entering the reservoir of the HPP is reduced by
approximately 10%. Accordingly, the volume of accumulation of extreme water flow is reduced by ~11%,
and the flooding area in the upper pool is reduced by ~11.5 %.

A number of works, for example [22, 23], is devoted to the substantiation of parameters and
operating modes of self-regulating flood control facilities on side tributaries, successful experience of their
usage for protecting lands from floods by reducing extreme water discharges. The models considered in
this article show a similar effect from the use of self-regulating flood control facilities on side tributaries,
but they are also aimed at solving a new problem of use of hydro potential of a main river in conditions of
necessary revision of a HPP's designed MWL and, accordingly, the flood storage due to changed
economic and environmental conditions in the lower and upper pools using flood control facilities on side
tributaries.

Conclusions

In this paper, the developed simulation mathematical models of the operation modes and
parameters of a system of flood control facilities distributed on a drainage basin are presented. Based on
them the algorithm is proposed for solving the task of revision of flood storages of hydro complex
reservoirs on main rivers (as a rule, in the direction of reducing), considering the current and prospective
economic and environmental conditions. This task achieved by redistributing a missing regulating volume
into the self-regulating flood control facilities on side tributaries.
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