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МОДЕЛИРОВАНИЕ ВОЗДЕЙСТВИЯ ВНУТРЕННИХ ВОЛН НА МОРСКИЕ ПЛАТФОРМЫ 
ДЛЯ ГИДРОЛОГИЧЕСКИХ УСЛОВИЙ ШЕЛЬФОВОЙ ЗОНЫ о. САХАЛИН

Статья поступила в редакцию 04.11.2017, после доработки 09.11.2017.

Оцениваются динамические нагрузки на подводные вертикальные цилиндрические части морских платформ 
при воздействии полнонелинейных внутренних волн, генерируемых многокомпонентным баротропным прили-
вом, распространяющимся вдоль вертикального разреза над неровностями дна в условиях Охотского моря (залив 
Анива, юго-восточная часть шельфовой зоны острова Сахалин). Эволюция этого процесса анализируется с по-
мощью численной модели для уравнений Эйлера, описывающих движение несжимаемой стратифицированной 
по плотности жидкости в вертикальной плоскости. Интенсивность силы давления на подводную боковую поверх-
ность опоры морской платформы и ее расчетный изгибающий момент выражаются в соответствии с формулой 
Морисона для цилиндрической сваи диаметром 2.5 м и высотой 42 м и рассчитаны как функции времени. Во 
время приливного цикла эти характеристики могут достигать значений 2.3∙105 Н и 4.8∙106 Н∙м, соответственно. 
Определена также частота появления больших пиковых значений в поле скорости внутренних волн и вероятности 
соответствующих этим пикам высоких нагрузок. Значительная неравномерность распределения скорости, а так-
же динамических нагрузок по глубине является типичной особенностью воздействия внутренних волн.

Ключевые слова: внутренние волны, сила сопротивления, сила инерции, крутящий момент, уравнение Морисона, 
придонная скорость.
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Dynamical loads are estimated on underwater vertical cylindrical parts of offshore platforms from the forcing of fully 
nonlinear internal wave motions generated by multicomponent barotropic tidal flow over topography along a vertical 
section for the conditions of the Sea of Okhotsk (Aniva Bay, near the south-eastern part of the Sakhalin Island shelf). 
The evolution of this process is analysed using numerical model of Euler equations for incompressible density-stratified 
fluid in a vertical plane. The intensity of pressure on lateral underwater surface and the rate inertia moment are expressed 
according to Morison’s formula for a cylindrical pile of 2.5 m diameter and 42 m height and computed as functions of 
time. They can reach values of 2.3∙105 N and 4.8∙106 N∙m, respectively, during the tidal cycle. The frequency of the 
appearance of large peak values in the internal wave velocity field and the probabilities of the corresponding high loads 
are also calculated.

Key words: internal waves, drag force, inertial force, torque, Morison equation, near-bottom velocity.
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Internal gravity waves play an important role in the dynamics of water masses and ecosystems: they 
have a significant influence on mixing of water layers, suspending and moving sedimentary materials [1—2], 
significantly determine nutrient distribution and biological productivity [3—5]. Sea water density field 
distortions caused by internal waves affect the propagation of acoustic signals over long distances anomalously 
amplifying sound losses for particular frequencies [6, 7]. The currents induced by internal waves on continental 
shelfs seriously affect the underwater parts of offshore platforms, strengthening tension of anchoring nodes 
[8, 9], that call into question the safety of these engineering constructions [10, 11]. The velocities induced by 
internal waves can produce significant local concentrated loads, bending and twisting moments [12—17] on 
the cantilever beams supporting a drilling rig and oil platforms. There are cases when, under the influence 
of internal waves, the oil platforms are displaced 200 m in the horizontal and 10 m in the vertical direction. 
Nonlinear internal waves can cause a significant increase (up to twice) in the tension of the anchor chains 
[14] used in spar platforms. The intensity of influence of such a wave with a maximum horizontal velocity of 
2.1 m/s is comparable with the influence of a surface wave with a length of about 300 m and a height of 18 
m [18]. The results of field observations in the South China Sea suggest that intensive internal waves induce 
significantly greater loads and torques in offshore platform than surface waves. The danger of such waves is 
recognized as critical, so development and adaptation of models which allow estimating a risk of the intense 
internal wave’s impact on the offshore platforms is an actual and practically significant task.

When underwater structures are flowed around by a current induced by internal gravity waves, the intensity 
of the side surface pressure on offshore platform is usually calculated approximately according to the Morison 
equation [9, 19—23]. In the framework of this approach flow pressure contains the inertial (linear, depending 
on the acceleration of fluid particles in the wave) and the velocity (non-linear resistance force, quadratic in 
velocity) components. This method firstly was suggested in [24] to evaluate the forces associated with surface 
waves and influencing on vertical cylindrical objects in water, supports, piles or pillars, supposing that the 
cylinder diameter, D, is much smaller than the typical wavelength L so that the wave field almost doesn’t “feel” 
the pillar. Let us consider in more details the application of this method to estimate the impact of internal waves 
on the offshore platforms.

Mathematical model of internal wave impact on pillars. Following [25], we consider small oscillations 
in the vertical plane (x, z) of a cylinder submerged into water (fig. 1).

It is assumed that the distribution of masses inside the cylinder can be generally inhomogeneous. The 
equations of motion of the cylinder are:
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where m is mass of the cylinder, J is the moment of inertia with respect to cylinder’s center of gravity, xc, zc, φ 
are coordinates of the center of gravity and the rotation angle of the cylinder centerline, X, Z are the projections 
of the external forces and M is their moment relative to the center of gravity. When we calculate the values of 
X, Z, M in (1), associated with the water pressure under the influence of flow around the cylinder, we assume 
that the pressure is exerted only by the normal component of the flow, vn, wn. The intensity fn(s) of pressure on 
the lateral surface of cylinder is calculated by the well-known Morison formula [19—21] and contains inertial 
fI and velocity fD components
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Here ve
n is relative normal projection of the velocity at point s on the cylinder centerline, vn and an are 

projections of the velocity and acceleration of water, u(s, t) and w(s, t) calculated at the point x = xc + s sinφ, 
z = zc + s cosφ, vc

n is projection of the velocity of the cylinder centerline’s point s, S = πR2 is cross-sectional 
area, R is radius of the cylinder, constants CD and CM are empirical, averaged over the typical period of the 
wave drag and inertia coefficients, respectively. They can be defined for a wide range of control parameters: 
the Kelegan—Carpenter number K (= UmT/D), the Reynolds number Re (= UmD/ν) and the relative roughness 
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k/D, where D is the diameter of the circular cylinder, Um is maximum flow velocity, T is the typical period of 
oscillations in the flow, ν is the kinematic viscosity, k is the average size of the irregularities.

The force Fn directed by the normal to the cylinder axis and the moment M′ are obtained by integrating 
over the length of the underwater part of the cylinder
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where s1 < 0 corresponds to the lower end of the cylinder, and s0 > 0 is the point of intersection the cylinder 
axis and the sea surface. If the cylinder is assumed to be stiff (the bending angles are small) and is fixed at 
the bottom, then s ≡ z, and the integration in (3) can be carried out over the entire water column in case when 
the cylinder is longer than the sea depth, and over the entire height of the cylinder when it is completely 
submerged. 

The force Fn and the moment M′ can be easily determined if the velocity, normal to the cylinder, and 
acceleration components are known. In the case of small oscillations, this is the horizontal velocity component 
u and its time derivative — an acceleration an = ∂u/∂t, which can be easily calculated.

To compute the integrals (3), the normal velocity and acceleration must be known for the whole range of 
values of the vertical coordinate z, which is not always possible for experimental data and field observations, or 
the resolution can be inadequate. Therefore, preliminary theoretical estimates play here a very important role. 
Integration can be done using the Simpson method, with the help of standard utilities.

It should be noted that the representation of the flow pressure force on the cylinder (2) at the point in the 
form of a sum of two components fI and fD is valid only approximately. Such a separation is semi-empirical and 
requires in each case an experimental proof. It is not uniform in all possible ranges of K, Re and k/D. More 
general formulations for forces acting on a solid submerged in a fluid body were presented by Lighthill [26] 
in terms of both velocity and vorticity. It was shown that the viscous drag force and the inviscid inertia force 
are not independent, and that the appearance and diffusion of vorticity influences on both components of the 
force in a nonstationary flow. In this case, even the coefficient of inertia (or the coefficient of the added mass), 
CM, is not constant and varies in time, even during the oscillation period of the flow, and also when the control 
parameters (Re, K, k/D, shape and orientation of the body) are changing. However, this simplified approach is 
useful for the first rough estimates of dynamical loads from wave-induced currents on underwater engineering 
structures.

Numerical modelling of internal gravity wave dynamics on the Sakhalin shelf. The main goal of this 
work is to study the influence of internal gravity waves on the pillars of offshore platform. The following tasks 
are solved for this purpose:

— initialization of the background conditions in the numerical model: temperature, salinity, pressure, water 
level fluctuations, bathymetry data were processed (data records were made by Sakhalin Research Institute  

Fig. 1. A cylinder submerged into water.

Рис. 1. Погруженный в воду цилиндр.
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of Fisheries and Oceanography, Russia in the summer in the southern part of the Sakhalin continental slope in 
1999—2003 years (the data were kindly provided by Dr. A. G. Chernov through personal communications);

— modeling internal wave dynamics in oceanographic conditions that correspond to the shelf zone of 
Sakhalin Island in the Sea of Okhotsk;

— estimation of internal waves’ impact on pillars of offshore platforms on the basis of the predicted 
velocity fields induced by internal waves.

Study of internal waves’ dynamics was carried out in the framework of program code intended for 
numerical modeling of propagation and transformation of such waves in the ocean, that implements 
procedure of numerical integration of fully nonlinear two-dimensional (vertical plane) system of equations 
of hydrodynamics inviscid incompressible stratified fluid in the Boussinesq approximation bearing in mind 
the impact of barotropic tide [27]:
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where V


 (u, v, w) is the velocity vector, ∇  is the three dimensional vector gradient operator, subscript t 
denotes the time derivative, ρf  is the density of sea water, ρ0 is the average or characteristic density (introduced 
owing to the Boussinesq approximation that assumes that the density ρf = ρ0(1 + ρ) only changes insignificantly 
in the basin and ρ is a nondimensional quantity that has a meaning of density anomaly), P is the pressure, g is 
acceleration due to gravity, f is, as above, the Coriolis parameter and k



 is the unit vector along the z-direction. 
The waves propagate in the x-direction, y-axis is perpendicular to the wave motion and z is the depth.

The normal to the wave propagation (cross-section) velocity is included in the model, but no variation 
along the y-coordinate is allowed. This is realised by neglecting the partial derivatives with respect to y in the 
basically three-dimensional equations (4)—(7). The equations are transformed to a terrain-following coordinate 
system (so-called sigma-coordinates). The equations are solved over a covered by a rigid lid at the surface.

To initialize the model, it is necessary to prescribe horizontally homogeneous density field of water masses 
ρmean(z) as well as the velocity distribution in the barotropic tidal field in the computational domain. The steps 
of the numerical scheme in space and time are chosen to satisfy the Courant—Friedrich—Levy criterion for 
stability.

To determine water depth, we used high resolution bathymetry data between 140 and 150 degrees west 
longitude and 40 and 50 degrees north latitude, which were provided by SakhNIIRO. Then we defined a section 
between the points 142.65E, 46.5N and 143.05E, 46.05N in the shelf of Sakhalin Island area (Aniva Bay). Its 
length is 58 km. The direction of the section is determined in accordance with the pattern of internal gravity 
wave refraction from the tidal front, obtained with a linear ray model. Since horizontally-homogeneous density 
field is used in our numerical model, the density profile from the outer edge of the section was taken, which 
is obtained by approximating and averaging of in-situ data on temperature, salinity and pressure from the 
sensors. Detailed description of algorithm of this stage is presented in [28]. Density anomaly field, bathymetry 
for chosen section and position of a pile are shown in fig. 2.

An important condition for initialization of the model is the structure of the barotropic tide. The horizontal 
velocity ubtr in the barotropic tide is given by:
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here Qi is the maximum cross flux of water for the corresponding component of the tide, r(x) = H – h(x) is 
the local depth of the fluid, h(x) is bathymetry, H is vertical size of the physical domain, σi is the frequency  
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Fig. 2. Density anomaly field, bathymetry 
and position of hypothetic pile.

Рис. 2. Поле аномалии плотности, батиметрия 
и расположение гипотетической опоры.
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Fig. 3. x-t diagram of the total velocity in the projection on the tangent to the bottom line (upper panel)  
and the exceedance probability distribution for absolute values of horizontal velocity  

(lower panel; gray line — bottom relief).

Рис. 3. Пространственно-временная диаграмма полной скорости в проекции на касательную к линии дна  
(вверху) и распределение вероятности превышения уровня для абсолютных значений  

горизонтальных скоростей (внизу; серая линия — рельеф дна).
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Fig. 4. x-t diagram of the velocity of the barotropic tide (upper panel)  
and horizontal baroclinic velocity component (middle panel) for chosen section.

Рис. 4. Пространственно-временная диаграмма скорости баротропного прилива (вверху)  
и горизонтальной бароклинной компоненты скорости (в середине) для выбранного разреза.
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of the tidal component, ψ is its initial phase, and the i-index indicates the various tidal components (M2, N2, 
etc.). The flow velocities of the components   in the barotropic tide are calculated from the data on the tidal 
level rise ηi. From the continuity equation we obtain the expression for the vertical velocity of the barotropic 
tide
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The barotropic tide velocity vbtr in the transverse direction with respect to our section is given by:
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In accordance with (8)—(12), the initial velocity field is initialized as follows (there are no internal waves 
at the initial time):
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Fig. 5. The total velocity at the location of hypothetic pile throughout the vertical depending on time (at the left)  
and exceedance probability distribution for absolute values of horizontal velocity 

at the location of hypothetic pile over the fluid column (on the right).

Рис. 5. Полная скорость в месте расположения гипотетической опоры по глубине в зависимости  
от времени (слева) и распределения вероятности превышения уровня для абсолютных значений  

горизонтальной скорости в месте расположения гипотетической сваи (справа).
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Рис. 6. Полная сила и момент силы относительно дна в месте расположения  
гипотетической опоры в зависимости от времени.
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The barotropic tide was initialized as a superposition of the components M2, N2, Q1, O1, P1, K1 [29]. The 
Coriolis parameter for the considered sea area is f = 0.0001051 s−1.

For engineering applications, it is of great interest to estimate the contribution of internal waves to the 
formation of near-bottom currents, so we have analyzed the structure of the tangential to the bottom velocities 
for this model case. We defined the projection of the total velocity on the tangent to the bottom and obtained 
its time dependence at each point of the cross-section (fig. 3). The distribution of positive and negative values 
of the total velocity is essentially asymmetric, especially to the right of the point x = 20 km. This indicates the 
nonlinearity of the process. The x-t diagrams for the velocities of the near-bottom barotropic tidal flow and the 
baroclinic horizontal velocity component of the wave field are shown in fig. 4. The contribution of the wave 
component into the total horizontal velocity is rather small for our model case. The maximum values of the 
bottom current velocities in the field of internal waves near the right bound are nearly ten times smaller than 
the velocities of the barotropic tidal current for the considered situation. But the internal wave component of 
the near-bottom velocity has a more complex, irregular spatio-temporal structure. However, structure of the 
current in the shallower part of the section is again determined mainly by the barotropic tidal flow.
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Fig. 7. The vertical distribution of the drag force and inertial force (both normalized for the unit length  
of the pile) intensity at the time of maximal impact (a); exceedance probability distributions of the inertial 

force (b) and drag force (c) intensity’s absolute values (both normalized for the unit length of the pile).

Рис. 7. Вертикальное распределение интенсивности скоростной составляющей силы воздействия  
и инерционной компоненты (обе нормированы на единицу длины опоры)  

в момент максимального воздействия внутренних волн (а); распределение вероятности превышения  
уровня для абсолютных значений интенсивности инерционной силы (б)  

и скоростной составляющей волнового воздействия (в) (обе нормированы на единицу длины сваи).

To calculate shear forces and torques we determine the field of horizontal velocity (and acceleration) at 
the pile location (x = 25 km) over the total of the fluid column depending on time (fig. 5). As one can see, the 
velocity field becomes more irregular after some time due to the generation of internal waves.

Total shear force and the bending moment M′ (see eq. (3)) are shown in fig. 6. The characteristic length 
of internal waves is of order of hundreds of meters, so that the effect of pile with R = 2.5 m to the wave field 
can be ignored (i.e., D/L < 0.15). For the sake of simplicity, we choose the empirical coefficients CM = 1 and 
CD = 1 taking into account the considerations presented in [13] and fact, that both coefficients have an order 
of 1. The maximal absolute values of the force and the moment are reached at the first tidal cycle while there 
are no intensive internal waves and the structure of the current is still approximately barotropic. When internal 
waves are generating, the velocity/acceleration may have different signs at different depths. Let us consider 
a distribution of the loads upon unit length of the pillar at different times (fig. 7). In Morison equation, the 
force acting to a cylinder is a linear sum of a velocity-squared-dependent drag force and an acceleration-
dependent inertial force. The inertial force is mainly smaller in absolute value than the drag force during this 
process (fig. 8). Graphs of exceedance probability distribution for both forces’ intensities have visible spatial 
irregularity between z = −5 m and z = −10 m. This follows from the peculiarities of the vertical structure  
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Fig. 8. The vertical distribution of the ratio of drag force maximal absolute value intensity to inertial 
force maximal absolute value intensity (both normalized for the unit length of the pile).

Рис. 8. Вертикальное распределение отношения максимального абсолютного значения  
интенсивности скоростной составляющей волнового воздействия к максимальному абсолютному  

значению интенсивности силы инерции (обе нормированы на единицу длины сваи).
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of the horizontal velocity (see fig. 5) that show up due to generation of internal waves. At certain moments of 
time the inertial force can become comparable to drag force. Significant irregularity of the distribution of the 
load throughout the depth is the typical feature of the influence of internal waves.

***
The presented research focuses on possible scenarios of generation of internal waves from tidal wave in 

the shelf of Sakhalin Island area (Aniva Bay). Despite the relatively small depth spatial inhomogeneity of the 
selected section and the absence of generated solitons, the internal waves make their appreciable contribution 
to the investigated characteristics. We estimated the shear force and moment acting on a pile in such conditions 
on the basis of the calculated wave fields. It is estimated that intensity of lateral surface pressure and the 
rate inertia moment for a pile of 2.5 m diameter can reach values of 2.3∙105 N and 4.8∙106 N∙m, respectively. 
Influence of internal waves manifests in significant irregularity of the distribution of the load in the vertical 
coordinate.

The results were obtained in the framework of the state task programme in the sphere of scientific activity of the 
Ministry of Education and Science of the Russian Federation (projects No. 5.4568.2017/6.7 and No. 5.1246.2017/4.6) and 
grants of the President of the Russian Federation (NSh-6637.2016.5 and SP-2311.2016.5).
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