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Abstract. The flow turbulence impact on the formation of erosion areas
near gravity type oil platforms is studied. The SST (shear-stress trans-
port) turbulence model describing large-scale structures in the internal
area and small-scale turbulence in the external area is used for computing
turbulent fluid flow. The model grounded on estimation of turbulent be-
havior of the fluid flow in the bottom flow region where the soil particles
transfer is influenced by fluid flow and sea-bed irregularities is applied
for estimation of soil erosion. Three sets of numerical studies referred to
increase of hydrodynamic values and flow turbulent transition are given.

Keywords: Viscous incompressible fluid, Navier-Stokes equations, non-
cohesive soil erosion, three-dimensional flow, turbulence, gravity type oil
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1 Introduction

The application of gravity type oil platforms at shallow water marine coastal
areas is one of the most current means for oil extraction. Processes of sea floor
erosion near foundations of such oil platforms and its stability issues are of great
interest. In the recent years different investigations of those issues were actively
undertaken, by means of laboratory-based and seminatural experiments as well
as by means of mathematical simulation [1], [2]. The papers [2], [3] contain results
of a great number of experimental and numerical studies of non-cohesive soil ero-
sion near the foundation of the Prirazlomnaya platform, comparison charts of
laboratory and simulation experiments, analysis of the impact of different wave
conditions of fluid flow on the process of particles shift of seabed material. In
those papers the laminar model of fluid flow was applied for numerical evalua-
tion of hydrodynamic quantities. The results of the studies [2] show that when
the fluid flow is slow and there are no surface waves, the laminar model pro-
vides a good match with laboratory results (up to 10-15% accuracy) on the one
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hand, and a significant economy of computational resources, on the other hand.
The paper [3] illustrates the waves impact on the structures of soil erosion near
the platform foundation. The estimations executed at different wave conditions
attest the significant change in the pattern of fluid flow and in the structure
of soil erosion when internal flow velocity and wave amplitude are increased.
Under such modes the applied in [3] laminar model becomes inoperative. As
the results of the former studies show, the increase of the hydrodynamic behav-
ior (that corresponds to small surface waves in a natural experiment) leads to
flow laminar-turbulent transition. It is evident that the analysis of such flows
demands application of the valid turbulence models. The current paper stud-
ies the impact of the developed flow turbulence on the formation of outwashes
and inwashes (accretion) near the gravity type oil platforms, both numerically
and experimentally. The 𝑘 − 𝜔, SST (shear-stress transport) turbulence model
is applied for estimation of bottom fluid flow velocity that directly constitutes
the certain structures of soil erosion. For evaluation of soil erosion we apply the
model, which is grounded on the estimation of turbulent properties of fluid flow
in the bottom region of the flow. The results of three sets of numerical and ex-
perimental studies referred to the increase of the hydrodynamic behavior and
flow turbulent transition are given.

2 Flow Model

Variable flow of viscous incompressible fluid with constant properties is described
by three-dimensional system of Reynolds-averaged Navier-Stokes in accordance
with Boussinesq hypothesis on Newtonian turbulent fluid flow where turbulent
viscous stresses are related to average flow properties with the same correspon-
dence as molecular resilient friction is related to velocity field, yet turbulent
viscosity needs to be defined instead of 6 components of Reynolds stress sym-
metric tensor (𝜈𝑡):

{︃
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0,

𝜕𝑈𝑖
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𝜕𝑈𝑖

𝜕𝑥𝑗
= − 1

𝜌
𝜕𝑝
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

(︁
(𝜈 + 𝜈𝑡)

𝜕𝑈𝑖

𝜕𝑥𝑗

)︁
,

(1)

where 𝑈𝑖 - components of velocity vector, 𝑡 - time, 𝑥𝑗 - Cartesian coordinates,
𝜌 - fluid density, 𝑝 - pressure, 𝜈 - kinematic fluid viscosity, 𝜈𝑡 - turbulent eddy
viscosity estimated on the ground of the applied turbulence model.

The present paper applies 𝑘 − 𝜔 , SST (shear-stress transport) turbulence
model [4], where 𝑘 - turbulent kinetic energy, 𝜔 - specific dissipation rates referred
to isotropic dissipation as follows as: 𝜀 = 𝛽*𝑘𝜔, where 𝛽* = 0.09.

The classic 𝑘 − 𝜔 model [5] has issues while calculating stream flows due
to extreme sensitivity to boundary conditions in the external flow. The model
𝑘−𝜔, SST, suggested by Menter, eliminates the said imperfection and combines
the benefits of 𝑘 − 𝜔 and 𝑘 − 𝜀 turbulence models. Menters model applies the
modified 𝑘 − 𝜔 model designed for description of large-scale structures in the
internal area, and in the external area - 𝑘 − 𝜀 , aimed to solution of small-scale
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turbulence. In Menters model, the model 𝑘 − 𝜀 is re-formulated in terms 𝑘 and
𝜔, and a special transition function is added in the received equations in order
to transfer from one model to another. The model 𝑘−𝜔, SST is grounded on two
equations, the one is for turbulent kinetic energy and the second is for specific
dissipation:

𝜕𝑘

𝜕𝑡
+ 𝑈𝑗

𝜕𝑘

𝜕𝑥𝑗
= 𝑃𝑘 − 𝛽*𝑘𝜔 +

𝜕

𝜕𝑥𝑗
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where
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Fig. 1. Flow region boundaries

The transition function 𝐹1 is determined as follows as:

𝐹1 = tanh

⎡
⎣
(︃

min

[︃
max

(︃ √
𝑘
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500𝜈
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⎤
⎦ , (4)

where 𝐶𝐷𝑘𝜔 = max
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1
𝜔
𝜕𝑘
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, 𝑦 - distance to the surface. Tur-

bulent eddy viscosity is determined by the following formula:

𝜈𝑡 =
𝑎1𝑘

max (𝑎1𝜔, 𝑆𝐹2)
, (5)
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where
𝑆 =

√︀
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.

𝜎𝑘 = 𝐹1𝜎𝑘1 + (1 − 𝐹1)𝜎𝑘2,
𝜎𝜔 = 𝐹1𝜎𝜔1 + (1 − 𝐹1)𝜎𝜔2,
𝛼 = 𝐹1𝛼1 + (1 − 𝐹1)𝛼2,
𝛽 = 𝐹1𝛽1 + (1 − 𝐹1)𝛽2.

The models invariables are: 𝛼1 = 5
9 , 𝛼2 = 0.44, 𝛽1 = 3

40 , 𝛽2 = 0.0828, 𝜎𝑘1 =
0.85, 𝜎𝑘2 = 1, 𝜎𝜔1 = 0.5, 𝜎𝜔2 = 0.856.

For completion of the objective it is necessary to postulate the boundary
conditions for the components of velocity vector 𝑈𝑖, pressure 𝑝, turbulent kinetic
energy 𝑘 and specific dissipation 𝜔.

In the inlet (Fig. 1): 𝑈1 = 𝑢0, 𝑈2 = 0, 𝑈3 = 0, 𝜕𝑃𝜕𝑛 = 0, 𝑘 = 𝑘0, 𝜔 = 𝜔0 ,
where 𝑢0, 𝑘0, 𝜔0 are selected on the basis of comparison of velocity profile at
the entrance with the experimental data. In the outlet: 𝜕𝑈𝑖

𝜕𝑛 = 0, 𝑃 = 0, 𝜕𝑘𝜕𝑛 =

0, 𝜕𝜔𝜕𝑛 = 0, On the top surface: 𝜕
𝜕𝑛 = 0 for all variables. On the side surface,

pile and bottom: 𝑈𝑖 = 0, 𝜕𝑃𝜕𝑛 = 0, 𝑘 = 0, 𝜔 = 10 6𝜈
𝛽𝑦2 , where 𝛽 = 0.075 , and 𝑦 -

distance from the surface to the center of the closest mesh.

3 Scour Model

The paper [6] applies the model of soil erosion [7], where computations are based
on the values of shear stress on the bottom surface. Here bottom is represented
by a certain surface divided into meshes by the grid. At first, the vector of soil
particles transport through each mesh is estimated, and then the height of the
bottom is determined on the ground of mass balance equation.

Within the frames of the present numerical model, particle motion is influ-
enced by the impact of fluid flow and irregularities in bottom surface. For each
design moment, bottom shear stress is estimated at first, and then the calcu-
lation of the particle motion on the bottom surface is done and mass balance
equation is solved.

Two-dimensional coordinate system (𝑥1, 𝑥2) is implemented for the bottom
surface. In order to estimate the stress vector 𝜏𝑏 it is necessary to find the product
of stress tensor 𝑇 and surface normal �̄�, and then the received vector is projected
to the bottom surface.

To determine the vector component 𝜏𝑏 it is necessary to know the value of
turbulent eddy viscosity 𝜈𝑡. In case of application of the laminar model of the
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flow while computing velocity field, this parameter was assigned manually to
be equal to the average value 𝜈𝑡 at the turbulent flow mode with analogous
parameters (size of order 10−5 − 10−4).

After computing the component of shear stress vector, we determine vector
𝑞 = (𝑞1, 𝑞2) of bottom seabed material in unit time per unit of length, 𝑖-th
component of which is evaluated by the following formula

𝑞𝑖 = 𝑞0 ·
𝜏𝑖
|𝜏𝑏|

− 𝐶 · 𝑞0 ·
𝜕ℎ

𝜕𝑥𝑖
, 𝑖 = 1, 2 (6)

Here, the first term represents the component of soil particles transport induced
by flow in the basin, and the second addend soil shift due to bottom surface
irregularities.

The accumulation factor is

𝑞0 =

{︂
12 ·

√︀
𝑔 · (𝑠− 1) · 𝑑3 · (𝜃 − 𝜃𝑐) ·

√
𝜃, 𝜃 > 𝜃𝑐

0, 𝑒𝑙𝑠𝑒
(7)

the value of soil transport on the horizontal bottom which is equal to zero in case
when Shields’ parameter does not exceed the critical value of 𝜃𝑐. Herewith 𝜃𝑐 =

𝜃0
sin(𝛼+𝜙)
sin(𝜙) , where 𝜃0 - Shields’ rejection number for horizontal bottom, 𝛼 - tilting

angle of bottom, and 𝜙 - angle of repose equal to 23∘ . In accordance with this
formula, Shields rejection number compared with this parameter for horizontal
bottom increases while moving up the slope and decreases when moving down.
According to calculations, the value 𝜃0 is in the range of 0, 01 < 𝜃𝑐 < 0, 06.

After receiving the bed load transfer vector for computing the bottom changes
formed due to soil transfer, the mass balance equation is solved

𝜕ℎ

𝜕𝑡
=

1

1 − p
·
∑︁

𝑖

𝜕𝑞𝑖
𝜕𝑥𝑖

, 𝑖 = 1, 2, (8)

written relating to function h of the elevation of the formed bottom profile over
its initial level; here 𝑝 bed load porosity.

4 Results of Numerical and Experimental Studies

The present paper represents several sets of numerical experiments compared
with the laboratory tests laid out in [1] in detail.

Numerical Domain (Fig. 1) corresponds to the operating area in a model
tank with a gravity type oil platform model. The operating area has the size of
12x6 meters. Left bottom corner is considered to be the origin of coordinates.
At a distance of 4 meters from the Inlet there is an oil platform model with the
size of 2x2 meters, the model has chamfered corners (45 degrees) with the sides
of 0.2x0.2 meters. The depth of fluid in the tank is 0.3 meters.

The patterned finite-volume grid consisting of octagons is used for discretiza-
tion of a numerical domain. The partition along axes Ox and Oy amounts for
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Fig. 2. Structure of soil erosion. Laminar flow model.

20 points per 1 meter, and along axis Oz - 20 points per 0.3 meter with the
concentration to the bottom of a numerical domain (proportion of the vertical
dimension of a near-bottom mesh to the top one 1:60). The vertical dimension
of a near-bottom mesh is 1 mm. Such partition is prescribed by 556 664 points
and it contains 531 200 meshes.

The first set of computation refers to the use of a laminar fluid flow model
studied in [3] in detail. The velocity of inlet flow corresponds to the average by
depth of fluid flow velocity in a laboratory test and is equal to 0.25 m/s. Fig. 2,
Fig. 3 contain soil discontinuity structures received in numerical and laboratory
studies accordingly.

Number of point Numerical result, mm Measurement result, mm

1 -77.75 -75.34
2 74.64 71.81
3 31.39 33.09
4 -34.42 -31.19
5 10.21 11.17

Table 1. Comparison between experimental and numerical studies

The detailed numerical studies of soil erosion undertaken in [3] with the use
of finite difference methods and reproduced in this study with the help of finite
volume approaches show that in case of low velocity (up to 0.3 m/s) the use
of laminar fluid flow model allows to receive good quantitative agreement with
laboratory tests data with the significant economy of computational resources.
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Fig. 3. Structure of soil erosion. Laboratory experiments data (mm).

Table 1 contains the bottom height function value resulted from numeric com-
putation and experiment in the points shown in Fig. 2.

The second set of computation refers to the use of a turbulent fluid flow model
represented in this study, with the same value (0.25 m/s) of inlet flow velocity.
These computations applied structured computational grid. The segmentation
along axes OX and OY is 40 points per 1 meter and along the axis OZ is 40 points
per 0.3 meter, with the concentration to the bottom of the computation domain.
The vertical dimension of a near-bottom mesh is 0.01 mm which corresponds to
dimensionless distance to the wall 𝑦+ = 1.

Fig. 4 shows streamlines drawn up in horizontal plane with z=0.1 for different
time points demonstrating eddy formation (a), its development (b), separation
(c) and cycle mode (d, e). These figures allow suggesting the periodic nature of
flow. Though the chart (represented in Fig. 5) of correspondence of velocity vec-
tor magnitude to time (0 sec < t < 1000 sec) in the point beside the streamlined
platform with the following coordinates (7, 4.5, 0.15) allows to conclude that the
flow nature is close to periodic, but it is not such.

Fig. 6 contains space patterns of fluid flow demonstrating formation and
development of complex eddies.

Fig. 7 represents the structure of soil erosion received by a numerical exper-
iment.

The results of computation correspond qualitatively and quantitatively with
the data of laboratory studies and results of numerical computation received
with the use of a laminar fluid flow model.

The third set of computation refers to the increase of inlet fluid flow velocity.
Fig. 8 demonstrates the pattern of soil erosion when the inlet flow velocity is
equal to 0.5 m/s.

In this case the flow structure acquires significantly turbulent nature that
stipulates essentially different arrangement of erosion areas and accretion areas.
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Fig. 4. Streamlines drawn up in horizontal plane z=10.
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Fig. 6. Formation and development of complex eddies.
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Fig. 8. Structure of soil erosion. Turbulent flow model in case of high velocity.

5 Conclusion

The present paper represents the numerical studies of the process of soil erosion
near foundations of gravity type oil platforms under conditions of developing
turbulence of fluid flow. The calculation data show that when the flow hydro-
dynamic behavior is of low values, the small-scale turbulence has little impact
on erosion structure, and in this case the laminar flow model for computing
bottom velocity is more preferable. If the input flow velocity is increased, the
turbulence mode of fluid flow obtains the paramount importance for outwash
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and inwash (accretion) areas, and the application of the turbulent model for
estimating hydrodynamic values becomes principal in this case.

Acknowledgments. The study has been executed within the frames of Federal
Assignment # 1.630.2014/K ”Simulation of Fluid Flow with Variable Density
and Viscosity for Applied Issues”.
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