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1. Motivation and timeliness

Several times a year St. Petersburg experienceddld-lood is registered when water level in
Neva river delta rises up to 150cm mark. The rafseater level above 210cm is considered to be
dangerous and when water level riches mark abo@em2%he flood becomes disastrous. The
biggest floods in city history were in 1824 and 49Rlostly floods take place from September to
December. Finnish gulf narrows to Neva’s mouth whers shallow and has a flat bottom. So the
floods are caused by cyclones with dominating wastends in Baltic Sea. These cyclones induce
wind-waves moving to Neva’'s mouth where they irgexfwith natural flow of the river and raise
water level very fast.

The project of dam construction was designed tevgmt the Saint Petersburg city from
periodical inundations. Now this project is paralized and the dam is almost finished (see Figure
1). Only a small part of the dam needs to be coottdi Exactly in this place the ship-passing
channel is planned. The width of the channel iuaB60 m and the depth is 16 m.
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Figure 1The satellite photo of the eastern part of the Finnish gulf and Saint
Petersburg city

At the menace of flood the channel is closed by gates having the form of pontoons (see
Figure2). The gates are moved to the center of the chamtkethen submerged.

The model tests disclosed that in some regime$idlye oscillations of gates are observed. This
technical problem significantly decreases the bditg of whole Saint Petersburg flood defense
system. The failure in gate system operation canltrégn huge material and life losses in the cdse o
disastrous flood. Also the blocked ship passinghokawill make it impossible for ships to get into



the city port.

The first mathematical simulations of the flow owgate section (Boldyrev et al.) that were
performed in the St. Petersburg Polytechnic Unitsersermitted to discover the reason of these
oscillations. The oscillations were caused by tifbulent vortex shading from the lower edge of
the gate. The mathematical model was developedifoulation of the gate section movement
under loads from the flowing water.
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Figure 2The gate system (CAD model)

The dynamics of the gate section under the loads fthe moving water was modeled in
(Denisikhin et al.). This work confirmed basic clusions of (Boldyrev et al.) and gave some
guantitative estimations of the oscillation process

The approach described in present paper incorgotiagemost elaborate mathematical model for
simulation of two phase fluid flow as well as gatillations caused by this flow. This model is
free from geometrical and physical simplificatidhat were implemented in two above cited works.

2. Mathematical model

We used two-dimensional CFD model and Ansys CFXectwl simulate the flow over gate
section. The computational area is shown in Fi@uré involves the areas filled with water (blue)
and air (light blue) as well as gate cross section.

The Reynolds averaged Navier-Stokes equations wemeerically solved using Menterlsw
SST turbulence model and VOF (volume of fluid) mioaie realized in Ansys CFX. The boundary
conditions are presented in Figie
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Figure 3Computation area and boundary conditions.

Performing the CFD simulations we obtain the Idad acting on the gate section from the
moving water and air. In presented model the gatéa is able to move only in vertical direction.



The gate section motion is described by the follmndifferential equation:

i 0
MX+CX=mg+F, (1)

whereinm is linear mass of the gate secti@js damping coefficient that is introduced into the
model to take into account the effect of differdamping devices neglected in CFD analysis (in

presented work we s€=0), mg is gravity, X and X are respectively velocity and acceleration of
the gate section in vertical direction.

We take note that the coupled problem of simulabérluid flow as well as gate oscillations
caused by this flow. On every time step we numéyiceolve the Navier-Stocks equations
describing the viscous two component (air-wategwfl Next by integration we obtain the
hydrodynamic forcd-,4 on the right hand side of the gate section mogéiguation (1). Then using
the explicit Euler scheme we solve the motion equafl) and find the gate displacement at this
time step. Next taking into account the obtainetk ghsplacement we rebuild the CFD mesh and
repeat the algorithm. In that way we take into actdhe interference of the fluid flow and gate
displacement.

The gate section mass in equation (1) is adjustéard the above described simulation to obtain
desirable deepening of the gate in the stagnardrw@tate deepening here is the distance between
the gate lower edge and the channel bottom in gtgition. The desirable high and low water level
drop is adjusted by matching the input water v&joci

The numerical solution of this problem needs thiomeable CFD mesh. Figuré shows this
mesh.
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Figure 4CFD mesh (fragment)

3. Obtained numerical results

We performed simulation of the gate dynamic behafoo different scenarios that is different
high and low water level drop and different gatembning. We site here only one scenario when
the water level drop is 0.4 m and the gate deegasiaqual to 3 m.

Figure5 gives dependence of the gate displacement (inre)étem time. We can see that after
the 70 sec start-up stage the gate section pagsesscillation regime with 12 sec period and 0.8 m
swing.
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Figure 5Dependence of the gate displacement (in meters) fromtime.

Figure 6 presents the streamlines and Figurepressure distributions (without hydrostatic
pressure) in three time instances at the periotlishenarked in the Figur®. The time interval
between instances is 4 sec.

As it is seen from Figur@é, the turbulence vortex shading is occurred froelthwer edge of gate
that leads to periodical change of pressure uridegate. This process initiates the gate oscitlatio
Moreover after start-up stage the vortex shadirgymchronized with gate oscillation and the self-
oscillation regime is observed. We take note thailar effect was observed for all simulated
scenarios.

Figure 7The pressure distributions in three instances.

4. Comparison with physical experiments

The special simulations of the scale (1:30) gatti@® model were made to meet the conditions
of physical experiments described in (Klimovich,e@ietsov et al.). The general appearances of the
flow obtained both in the numerical analysis andlnysical experiments were very similar. The
flow over gate section observed in the experimgrshiown in the Figur® The water was slightly



colored to make the vortex structure visible. ThguFe9 presents the streamlines of the flow
obtained in the numerical simulations. The propasmudputational approach permitted to perform
the simulation of the gate dynamic behavior an@iolood coincidence with experimental results.

The quantitative parameters of the gate sectiolaigmns obtained in the numerical analysis for
scale model are also in good agreement with exgertiah results. The period of oscillation for scale
model obtained in numerical analysis as well aphgsical experiment is about 2 seconds. The
discrepancy between computed and observed osmillatnplitude for different scenarios is within
15-20%.

Figure 8Experimental observation of the turbulence vortex under the lower edge of gate section.
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Figure 9Numerical simulation of the turbulence vortex under the lower edge of gate section.

5. Current status of problem

It was decided to change CFD software to Fluenabse of its ability to solve 2D problems and
wide spectra of incorporated turbulence modelsfir8t step were compared two gate shapes — the
old one and revised. The modification consistsdufig extra byoancy module which also breaks
eddies. The preliminary tests showed almost ndlason of revised gates. To make upper estimate
no turbulence model was used. On Figl®eshown pressure distribution for old and revised
shapes. And on Figudd shown oscillation energy spectra for both cases.did gate geometry
there are two clearly defined peaks at frequenogecko eigenfrequency of gates. In case of new
geometry the peaks are not so clear and their sateeone order of magnitude less.
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Figure 10Pressure distributionsin cases of old and revised shapes.

6. Summary and further research avenues

The numerical analysis alongside with physical expents was very widely used for thorough
examination of the effectiveness and reliabilitytlod gate system.



The next stages of work assume solving 3D probleth different sets of boundary conditions
which correspond to most of real situations.
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Figure 11Energy spectra of gate oscillation.
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