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OPTIMIZATION OF DESIGN OF THE FISH-SPAWNING PASS
OF THE BAGAEVSKY HYDROELECTRIC COMPLEX
USING NUMERICAL 2D MODELING
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Abstract: The paper addresses numerical hydrodynamic modeling of water and sediment transport through the
fish passage and spawning channel of the Bagaevsky hydroelectric complex on the Don River. The calculations
are based on two-dimensional equations of shallow water and sediment transport implemented in the STREAM
2DCUDA software package. The paper gives recommendations on changing the longitudinal profile and configu-
ration of the inlet section, as well as on increasing the roughness coefficient of the bottom and sides of the channel
to ensure fish protection requirements.
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ONITUMMU3ALIUA KOHCTPYKHUU TPOEKTUPYEMOI'O
PBIBOXOJHO-HEPECTOBOI'O KAHAJIA BATTAEBCKOI'O
I'MAPOY3JIA C HOMOLBIO YUCJIEHHOI'O
2D-MOJAEJIUPOBAHUA

B.B. beaukos, HM. bopucosa
Huctutyt Bogusix mpobaem PAH (MBIT PAH), r. Mocksa, POCCHSI

AHHoTanusa: PaccmaTpuBaeTcs UuClIEHHOE THIPOAMHAMUYECKOE MOCIUPOBAHNE NTPOIYCKa BOJbI M HAHOCOB Ye-
pe3 pbI00X0IHO-HepecTOBbIN KaHasl baraeBckoro rumpoysia Ha p. Jlon. B pacuerax nmpuMeHsIOTCS JByMEpHbIE
ypaBHEHHUsS] MEJKOW BOJAbI M TPAaHCIOPTAa HAHOCOB, pealM30BaHHbIE B mporpamMmHoM Kommekce STREAM
2DCUDA. J[larorcsi peKOMEHJalMy 10 W3MEHEHHIO TPOAOJILHOrO npodmisgHa ¥ KOH(Urypalmuu BXOJHOIO
y4acTKa, a TaKXKe 110 YBEJIMUCHHIO Kod((uIreHTa nmepoxoBaToCcTy JHA U OOPTOB KaHala JJsl 00eCeYeHUs! Phl-
000XpaHHBIX TPeOOBAHUIA.

KiroueBblec10Ba: 9uCICHHOE MOACINPOBAHUEC, YPABHCHUA MEJIKOU BOJIBI, pLI6OXOI[HO—HepeCTOBBIﬁ KaHall, CKO-
POCTE T€UCHMS, 3AMJICHUE, OTITUMHU3AINA KOHCTPYKIIUN

INTRODUCTION

Bagayevsky hydroelectric power plant (BHPP) is
a projected low-pressure hydroelectric power
plant on the Don River in the Rostov region. The
BHPP is located 4.4 km downstream of the in-
flow of the Manych River. The BHPP will ensure
safe navigation conditions and the required track
dimensions (80 m width, 4 m depth, 500 m radius
of curvature) for unobstructed through passage of
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vessels along the Lower Don River during the en-
tire navigation period.

Preliminary assessment of the consequences of the
BHPP construction in terms of the fishery complex
gives an extremely unfavorable forecast. The main
reason for this is that the Bagayevskaya dam will
cut off migration routes to fish spawning grounds.
In order to overcome this problem, i.e., to separate
the traffic flows of transport vessels and fish move-
ment routes, a fish passage and spawning channel
(FSC) of 5350 m length with a complex
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configuration was designed separately from the
navigable fairway (Fig. 1).

Figure 1. Scheme of the third stage of the BHPP
construction period

The objective of this study is numerical modeling
of FSC operation modes (Fig. 2) of the designed
BHPP, determination of flow velocity character-
istics along the length and width of the fish pas-
sage, forecasts of sediments at the fish passage
channel and structures on it, selection of modes
of hydraulic regulation of the channel.
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Figure 2. Schem Inlet regulatore of the FSC.

NUMERICAL HYDRODYNAMIC MODEL
OF FSC

To calculate the hydrodynamic parameters of
water flow and FSC siltation, we used the
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software package STREAM 2D CUDA [1],
based on the original numerical algorithm for
solving two-dimensional equations of shallow
water on an uneven bottom. The latest version
of STREAM 2D CUDA software package im-
plements the new algorithm described in [2, 3].
The algorithm provides uniqueness and high
accuracy of the solution in areas with complex
bottom topography and hydraulic structures [4-
6] and is parallelized on NVIDIA graphics pro-
cessor with the use of CUDA technology to ac-
celerate calculations. The algorithm, validation
of the numerical model and numerous exam-
ples of applications to various problems of
river hydraulics and hydrodynamics are also
presented in the monograph [7].

Hybrid triangular-quadrangular meshes of irreg-
ular structure were used to build the FSC model.
Such meshes are well adapted to the planned out-
lines of the calculation area and flow peculiari-
ties. The schematization of the computational
area on the slopes of dams, in artificial spawning
reservoirs was carried out on the basis of a trian-
gular grid with variable spacing. In the channel
of the FSC, on its slopes, along the crests of
dams, a quadrangular curvilinear grid was con-
structed (Fig. 3).

To construct a digital model of the FSC topogra-
phy, the marks on the bottom of the spawning
grounds, along the crests of the dams, the bottom
of the inlet headrace and the head regulator of the
FSC were entered from the provided drawings.
Only two marks were given for the bottom of the
FSC tract: at the inlet headrace -2.5 m and at the
head regulator 0.25 m. Therefore, along the en-
tire length of the FSC tract (=5.3 km), the bottom
marks were linearly interpolated between these
two marks. As a result, the slope along the bot-
tom of the RNA tract was =0.0005. The obtained
DEM, interpolated on the computational grid, is
presented in Fig. 4.

Since the calibration of this model is impossible
due to the actual absence of the FSC object and
its physical model in the hydraulic flume, the
roughness coefficients in the calculation were in-
itially assumed to be 0.025 for the bottom of the
FSC tract, and 0.035 for the bottom of spawning
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grounds, based on the experience of previous
works on the bottom of the FSC tract, on the
crests and slopes of dams.

The boundaries of the hydrodynamic model of
the FSC are the head regulator and the inlet
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headrace. The main requirement for the function-
ing of the FSC is to allow fish passage from the
lower reach of the BHPP through the FSC path-
way to the upper reach. Therefore, velocities in
the channel should not exceed 1.1 m/s.
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Figure 3. General view and fragment of the input section of the FSC calculation grid

CALCULATION RESULTS FOR LOW-
WATER CONDITIONS

As a first computation, a low-water period was
considered when the water level in the up-
stream BHPP was 2 m (head regulator) and in
the downstream O m (inlet headrace). These
water levels were set at the boundaries of the
model and the calculation continued until "es-
tablishment", i.e., until the water discharge in
the whole calculation area becomes the same
and does not change anymore. For the case of
the original bottom (Fig. 4), this calculation re-
sulted in a flow rate of 82.35 m3/s in the FSC
channel. The longitudinal profiles of water
level and flow velocity are shown in Fig. 5. As
a result, the water depth is =0.8 m greater at the
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inlet headrace compared to the depth at the
head regulator, and the maximum velocity
along the longitudinal channel is 1.3 m/s. This
is higher than the maximum permissible maxi-
mum value of 1.1 m/s. Considering the unfin-
ished junction of the head regulator and the
FSC path, it became necessary to correct the in-
itially proposed bottom variant.

The authors proposed a new variant of the bot-
tom, in which changes occurred only in the
marks along the FSC tract and at the junction
of the head regulator with the FSC tract. The
new version of the bottom mark of the FSC
tract at the inlet header was taken -2 m, at the
head regulator 0 m, and along the whole length
of the RNA tract (=5.3 km) the bottom marks
changed linearly between these two. As a
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reduced to -4 m, and the head regulator eleva-
tion was gradually increased from 0.5 m to the

tract elevation of 0 m (Fig. 6).

result, the slope along the new bottom of the
FSC tract decreased and became ~0.00038. At
the junction of the head regulator and the tract,
the bottom elevation behind the gates was
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Figure 4. Initial topography of the FSC surface. General view (a), inlet header (b), head regulator (c)
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Figure 5. Longitudinal profiles of water level and flow velocity in the FSC under low-water
conditions at the initial bottom
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The same low water level case was recalculated
on the edited FSC bottom, i.e., the water depth
was set to 2 m in the upstream and 0 m in the
downstream. Under these conditions, a con-
stant flow rate of 88.44 m?®/s was established in
the FSC. The difference of water depths at the
FSC channel boundaries decreased to 6 cm.
However, it should be noted that the maximum
velocity in the channel remained 1.3 m/s,
which is unacceptable for FSC functioning.

The next step was an attempt to reduce the ve-
locity in the FSC channel by increasing the
roughness coefficient along the bed and slopes
of the FSC tract to 0.03 (corresponding to peb-
ble backfilling of the bed and slopes). Under
these conditions, a constant flow rate of 76.11
m?/s was established in the FSC. The
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longitudinal profiles of water level and flow
velocity are shown in Fig. 7 for two values of
roughness coefficients in the channel 0.025 and
0.03. The water depth difference at the FSC
channel boundaries decreased to 4 cm. The
maximum velocity in the FSC channel de-
creased to 1.1 m/s.

It should be noted that the created numerical
hydrodynamic model of the FSC allows to
carry out further optimization of the fish pas-
sage design. For example, it allows to consider
variable channel depth and variable lining
roughness coefficient along the length of the
channel. However, this requires clear criteria
(restrictions) on the hydrodynamics of the flow
(velocity, depth), formulated by the fish protec-
tion organization.
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Figure 6. Edited topography of the FSC surface. General view (a), inlet header (b), head regulator (c)

92 International Journal for Computational Civil and Structural Engineering



Optimization of Design of the Fish-Spawning Pass of the Bagaevsky Hydroelectric Complex Using Numerical

2D Modeling

L5
1.4
1.3
1.2
1.1
1

Depth, m

45 ¢

0 500 1000 1500 2000 2500

+ 0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

5500

Velocity, m's

3000 3500 4000 4500 5000

Longitudinal distance, m

Bottom mark

Z, M

V, M/c (sher=0.025) V., M/c (sher=0.03)

Figure 7. Longitudinal profiles of water level and flow velocity in the FSC under low-water
conditions on the edited bottom

CALCULATIONS FOR 10% AND 1%
SECURITY OF FLOOD

To run the calculations for 10% and 1% secured
floods (7800 and 13200 m3/s respectively), it is
necessary to set water level values in the up-
stream and downstream of the BHPP at the FSC.
Based on the results of numerical hydrodynamic
modeling of the BHPP in 2018. [8], the water
levels at the BHPP FSC inlet and outlet were
taken as 5.455 m and 5.56 m for the 10% flood
security and 6.746 m and 6.815 m for the 1%
flood security, respectively. These water levels
were taken as boundary conditions for the FSC
model at the newly edited bottom and with a
roughness of 0.03 in the FSC channel. The cal-
culation resulted in a flow rate of 223 m3/s for
the 10% impaired flood and 229 m3/s for the 1%
impaired flood in the FSC. The resulting longi-
tudinal water levels and velocities are shown in
Figures 8 and 9.

For the 10% and 1% floods, the entire FSC area
inside the levees is flooded, as the FSC channel
levees are 3.4 m high and overflow during floods.
Swirling currents occur in the area of spawning
grounds of Sections 1 and 5 (Figure 10).
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FSC SILTATION CALCULATIONS

Calculation of FSC siltation was carried out for
a flow rate of 10% probability. Water levels of
5.455 m and 5.56 m were set at the boundaries
of the FSC, and a constant flow rate of 223 m?/s
was set in the FSC during the calculation pro-
cess. As there are no data on the concentration
of suspended sediment in the water flowing
down the river (which is what will enter the
FSC, as the inlet threshold is located 4 m above
the river bottom), two options were considered:
saturated water flow (natural (equilibrium) con-
centration of suspended sediment) and water
flow with a given sediment concentration of 0.1
g/litre. The size of suspended sediment particles
in both cases was assumed to be 0.05 mm. The
results of the 18-day siltation calculation are
shown in Fig. 11.

Regardless of the inlet concentration, the pattern
of siltation is the same in both cases. The sedi-
ment is deposited on the head regulator upstream
and downstream of the gates, then due to the high
velocities in the channel of up to 0.9 m/s (see Fig.
10a), the sediment is not deposited in the channel
of the FSC channel, but is deposited on the crest

93



Vitaly V. Belikov, Natalya M. Borisova

of the slope of the FSC channel and the slopes of sediment deposition with a given sediment con-

the bund dam, but a little further on, as velocities centration of 0.1 g/l showed more intensive silta-
decrease, sediment begins to be deposited in the tion (the thickness of the siltation layer is approx-

channel itself. In the calculated variants, imately 2 times greater).
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Figure 8. Longitudinal profiles of water level and FSC flow velocity during modeling of a 10%
probability flood on the edited bottom with increased roughness in the channel
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Figure 9. Longitudinal profiles of water level and FSC flow velocity during modeling of a 1%
probability flood on the edited bottom with increased roughness in the channel
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Figure 10. Water velocities and current lines in the FSC during simulations of a 10% (a) and 1%

Velocity, m/s

(b) secured flood on an edited bottom with increased roughness in the channel

Siltation. m |

e

Siltation. m

Figure 11. Siltation of the FSC in a simulated 10% flood event with natural sediment concentration
at the inlet (a) and with an inlet sediment concentration of 0.1 g/l (b). 18 days

CONCLUSIONS

The article presents three variants of calculations
for low-water conditions. The first calculation
was performed for the design version of the FSC,
reconstructed according to the drawings. It
turned out that the maximum velocity in the fish

Volume 20, Issue 1, 2024

passage channel exceeds 1.3 m/s, the flow depth
along the length of the channel is essentially un-
even, and a smooth junction between the bottom
marks of the head regulator of the FSC and the
inlet section of the channel is not ensured. When
the model was corrected, the hydraulic parame-
ters of the FSC improved, the depths along the
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length were equalized, but the maximum velocity
decreased insufficiently. Then the calculation
was performed with a slightly increased rough-
ness coefficient of 0.03 in the channel. At such
roughness maximum flow velocities in the FSC
do not exceed 1.1 m/s, total water flow rate in the
channel was 76.11 m?/s, water depth in the chan-
nel was 2.0 m with fluctuations of several centi-
meters.

For the last variant, calculations of hydraulic op-
eration of FSC in 10% and 1% floods were per-
formed. For these modes, the flow rates through
the FSC are very close, equal to 223 m?/s and 229
m?/s, respectively. In the case of the 10% and 1%
floods, the entire FSC area inside the levees is
flooded, as the FSC channel levees are 3.4 m high
and overflow during floods. Swirling currents oc-
cur in the area of the spawning grounds of Sec-
tions 1 and 5. Current velocities in the FSC chan-
nel do not exceed 1 m/s. However, there are lo-
calized zones with slightly higher velocities in
the areas of the head regulator and inlet headrace.
Siltation calculations have shown insignificant
(0.1-0.2 m layer) siltation in some sections,
which can be easily eliminated after flooding.
Based on the obtained modeling results, it is rec-
ommended to change the slope of the channel
bottom in comparison with the design slope, to
improve the junction of the FSC head regulator
with the channel inlet section, to create a coating
of the channel bottom and sides providing in-
creased roughness of 0.03 Manning (e.g., bottom
vegetation in the channel or filling the bottom
and sides with pebbles with a diameter of 0.1 m).
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