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Abstract The numerical study results of the atmospheric boundary layer in the wind tur-
bines area and atmospheric boundary layer evolution with precipitation in the STAR-CCM+
Academic Pack are presented. The numerical studies result of the dispersed phase influence
on the velocity distribution in the wind turbine are presented. The flow velocity fields under
different initial conditions are shown; flow rate of the dispersed phase (raindrops) and the
particle sizes were varied. The obtained results will allow us to expand the theory of the
turbulent wakes generation behind wind turbines. The presence of a dispersed phase in the
air flow leads to a more rapid recovery of the wind turbine turbulent wake due to delay the
particles by the flow and a reduction in the energy of turbulent eddies.
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1 Introduction

At present, the widespread development of the wind energy industry can be seen, as noted
by many analysts [1, 2]. Wind farms operate in a variety of weather and natural conditions,
which has a significant impact on their efficiency and energy production. Researchers [3-5]
studied the effect of precipitation on the wind turbines operation. The work [3| shows a
reduction in wind turbine energy production due to rain of up to 20%, and due to wet snow of
up to 36%. The power decreases for three reasons: the need for particles acceleration by the
blades, the increase in weight and friction resistance of the blades due to particles sticking to
them. The authors of [4, 5| investigated the effect of precipitation on blade erosion, and their
results prove a decrease in the strength of wind turbine blades and, as a result, their service
life. It can be noted that blade erosion leads to an increase in frictional resistance on their
surface, which reduces their aerodynamic characteristics, and therefore the power generated.

With the development of wind energy, the role of predictive analytics is growing, which
allows us to develop the most optimal recommendations for managing the wind turbines and
wind farms operating modes. Today, such analytics cannot be imagined without mathematical
and computer modeling of the atmospheric boundary layer in the wind turbines area. The
mathematical description of the atmospheric boundary layer (ABL) in the wind farms area
is complicated by the adequate representation of the boundary layer evolution taking into
account the dispersed cluster (precipitation) [6-8|.
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2 Analysis of approaches and modeling methods

Currently, the study of dispersed flows with and without phase transitions is being carried out
by leading scientific schools and laboratories in Russia, as well as China, Germany, Denmark,
Great Britain, Israel, the USA and Japan [9-14]. The main difficulties in modeling two-
phase turbulent flows are the turbulent nature of the flow and specific physical processes
occurring in a dispersed turbulent flow: interaction of dispersed particles with turbulent
eddies of the continuous phase; interaction of dispersed particles with each other as a result of
collisions; evolution of the dispersed particles spectrum due to phase transitions, coagulation
or fragmentation; the influence of turbulent fluctuations on phase transitions; interaction
of particles with solid surfaces and deposition on them; the influence of dispersed particles
on turbulence; diffusion, accumulation and fluctuations in the concentration of dispersed
particles.

Modeling of two-phase flow involves modeling the mass, momentum, and heat transfer for
each phase, as well as the interphase interactions. Mathematical models of two-phase flows
can be divided into two-fluid and Euler-Lagrangian. The advantage of two-fluid models is
the similarity of numerical models of dispersed flows with models of homogeneous flow, which
allows the same numerical methods to be borrowed. A disadvantage of two-fluid models is
the lack of information of the individual particles motion. The advantage of Euler-Lagrangian
models is complete information about the motion of individual particles in the velocity and
temperature field. The disadvantage of Fuler-Lagrangian models is their resource intensity. In
addition, if the concentration of the solid phase increases, the probability of particles colliding
with each other increases, which complicates the trajectories calculation. When decreasing the
particle size, it is necessary to take into account their interaction with small-scale turbulent
structures, which also significantly complicates the calculation and requires more computing
resources.

Many scientific papers present dispersed flows in straight channels with a constant cross-
section, in which there is no inertial movement of particles in the boundary layer and their
precipitation onto the surface [8-11|. However, the streamlined surfaces of wind turbines have
a complex profile. Therefore, certain conditions are created that facilitate both the transverse
movement of particles in the boundary layer and their inertial precipitation onto individual
sections of the wind turbine blades surface when a dispersed flow moves. This leads to the
intensification of exchange processes in the wind turbine area.

The analysis of the results presented in works [6-14] shows the following: a wide range
of temperature changes in the plane-sections of a high-speed dispersed flow leads to the fact
that dispersed particles can be in different phase states at different points; the movement of
dispersed particles in high-speed dispersed flows is often accompanied by phase transitions
such as crystallization, melting, condensation. In this case absorption or phase transition heat
release and restructuring of the dispersed cluster occurs.

These features can have the largest influence on the intensity of exchange processes. Taking
all this into account, the direct numerical solution to the system of differential equations of
motion, continuity, energy and mass transfer for instantaneous values of flow parameters is a
complex and resource-intensive task.

When using RANS models, including the Navier-Stokes equation system with Reynolds
averaging and classical turbulence models, intense effects on the dispersed flow, such as pres-
sure gradient or thermal and dynamic non-stationarity; redistribution of contribution of the
pulsating velocity components to the kinetic energy of turbulence; non-monotonic change
downstream of the kinetic energy of turbulent motion and the rate of its dissipation at the
the boundary layer outer side of turbulent dispersed flows, are quite difficult to adequately
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describe without simplifying assumptions, especially for wind farms [8-12]. The use of more
complex multiparameter models of turbulent transport requires a significantly larger volume
of empirical information, which is currently insufficient.

Currently, LES models are widely used [15]. LES models include filtered Navier-Stokes
equations. They implement the principle of formal separation of large turbulent energy-
carrying eddies and small formations due to high-frequency filtering applied to the Navier-
Stokes equations. Large eddies are resolved explicitly by numerical simulations, and small-
scale turbulence is parameterized, i.e. determined by the characteristics of large eddies [16].

Small-scale turbulence, where viscosity needs to be taken into account, can be described,
for example, by the EVM (eddy viscosity models) or the Smagorinsky model [17-19]. The
EVM approach has the ability to parameterize the direct energy transition from large to small
eddies, but at the same time has a low correlation of the calculated stress tensor components
with the experimental values of these components. Models based on the use of turbulent
viscosity for turbulent eddies that cannot be resolved directly have become widely used [17].
The Smagorinsky model and its various modifications are also widely used, since it is quite
simple and easy to implement [18, 19].

3 Physical problem, mathematical model and numerical re-
search methodology

The ABL modeling in the wind turbine area was performed using the STAR-CCM+ CFD
software [20].

Physical formulation of the problem: a non-stationary, turbulent, isothermal, two-phase
flow of a viscous incompressible stream in a rectangular computational domain with an actu-
ator disk simulating the operation of a wind turbine is considered. The length of the tunnel
before the disk is 1400 m, after the disk — 2300 m. The radius of the actuator disk R = 60 m.

The thermophysical properties of the flow are constant: density p = 1,176 kg/m3; kine-
matic viscosity v = 1,576 x 10 m?/s; Prandtl number Pr = 0,712. The velocity profile at
the inlet of the wind tunnel has a power-law dependence with an exponent 0,2, the maximum
speed u = 13 m/s, at the hub of the wind turbine the speed is v = 10 m/s. The temperature
is constant T = 300 K.

The thermophysical properties of the dispersed phase are also constant: density p =
997,1 kg/m?; kinematic viscosity v = 0,862 x10% m?/s; Prandtl number Pr = 6,07. In the
computational domain (wind tunnel), the injector is located on the top wall, the flow rate D
of the dispersed phase is constant for each experiment, but changes in a series of experiments.
The value of D is specified when describing the dispersed phase in the Lagrangian multiphase
model before the calculation is performed. The dispersed phase size is also constant for each
experiment, but changes in a series of experiments. The temperature is constant 7" = 300 K.
The physical time of the experiment is 2000 seconds.

The eddy-resolving LES model was used to simulate the two-phase flow in the wind turbine
area. The Navier-Stokes equations filtered by velocity components have the form: — continuity

equation Ot i
al‘i
— motion equation
ou; _ ,0u; 8ﬂj 10p 87’2‘]‘ 82ﬂi 0 — <é> _ fi
T , _ - _- _ 5is oI
o Tl 9z, o, Y T +v 522 +dijrkg—p + feijii; p
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where u;,u; — filtered wind speed components, m/s; z;,x;~ coordinates, m; p — density of the
flow, kg/m?; p
— filtered pressure, Pa; v — kinematic viscosity, m?/s; ¢ — acceleration of gravity, m/s?; 6 —
filtered temperature, () — average filtered temperature, 6 initial temperature, K; f, — Coriolis
parameter; d;;; — variable unit tensor; a — thermal diffusivity of air, m?/s; f;
— aerodynamic drag force, kgxm/s?; Tij, ¢; —additional subgrid stresses, m?/s2, mxK/s,
determined by formulas: -

Tij = uiuj — Uy ’LLj (1)

qj = wf — uz0 (2)

Aerodynamic resistance f; occurs as a result of the impact of wind turbine elements on a unit
of air mass. It transforms the average kinetic energy of the incident flow and the energy of a
large turbulent vortex into kinetic energy on the scale of wind turbine elements.

The tensors in equations (1) and (2) describe the influence of small-scale eddies on the
evolution of large-scale eddies and need to be modeled.

In the proposed study, the Smagorinsky model was used. It describes the influence of
small-scale eddies on the evolution of large-scale ones by the expression:

1 sma, Fallal
= ~ 9 _ 2 A2
Tij = —g(sikak ~ Tij = —QCSAQ‘S’SZ‘]‘,

where Cy — Smagorinsky constant, A, = h — model grid step (if the grid step in different

directions is different, then A, = (hyhyh.)'/3, [S| = 1/25;S; — norm of the strain rate
tensor, CsA, — length scale that can be interpreted as a mixing length [ for subgrid scale
vortices.

In accordance with [21], the Smagorinsky constant was taken Cs = 0,17 and Prp = 0,4.
An actuator model of a wind turbine was used to simulate the wind turbine in order to save
computational resources, since with this approach the full-scale geometric model is replaced
by a disk simulating the impact of the wind turbine on the ABL. The STAR-CCM+ package
provides the ability to use the "Virtual Disk" tool.

The motion of dispersed particles in the flow was modeled using the Lagrangian Multiphase
model.

The equation for momentum conservation of a dispersed particle (drop) is written as:
prmd?®

=Fp+Fpg+FsL+Fy=Y F, mp= 6 (3)

dur;
dt

mr,

)

where py, — density, kg/m3; d — drop diameter, m; forces acting on drops: Fp — aerodynamic
drag force, N; Fpg — force equivalent to the pressure gradient of the carrier medium, N; Fgr,
— radial force, N; F, — gravitational force, N; Subscript , refers to a drop; ur; — instantaneous
velocity of a drop, m/s.

1
The force of aerodynamic drag is defined as Fp = 5/)0 D (7ral2 /4)(w; — ur;)|u; — ur;| where

Cp — drop drag coefficient.
Simcenter STAR-CCM-+ provides several methods for determining the drag coefficient. In
this work the Schiller-Naumann method [22] was used, according to which the drag coefficient

of a drop is determined as Cp = 24 (Rezl +0, 15Rezl/3> where Re;, — Reynolds number for
a drop, determined by the formula Rer, = (v — ur)d/v.
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The force equivalent to the pressure gradient of the dispersed flow is determined by the

. 3
expression Fpg = p%%.

du;
dz;

The radial force is determined from the expression Fsz, = 1,615d%p(u —ur)y/v ; the

force of gravity is determined according to the expression Fy = mpg(1 — p/pr). Under the
forces, listed above, in the Lagrangian model the variables, describing the state of the particle,
change in space and time, while the Euler fields are frozen.

The position and velocity of the particle are obtained by numerically integrating over

r
time the particle momentum equation (3) and the position equation d—tL = U, where rp —

instantaneous position vector.

Thus, the trajectory of a particle is a geometric locus of points obtained by integrating
the equation of position.

In the statistical Lagrangian approach, packets of individual particles are tracked. A single
state integration is applied to all particles in the packet, and any exchange with the Euler
phase is multiplied by the number of particles in the packet.

The values of the continuous phase in the integration section are determined at the center
of the cells, but the intermediate values of the continuous phase velocity are interpolated
between the cell centers. Thus, the velocity is the only interpolated value of the continuous
phase.

4 Numerical study and its results

In this study of the ABL in the presence of precipitation, the size of the dispersed phase (rain
particles) changed d = 1 mm; 2,5 mm and volumetric flow rate D = 3,7 mm/h; 5,3 mm/h
respectively, what can be imagined as light and moderate rain.

The falling speed of rain particles was determined by the formula [23]:

d—1,147
ur = 9,58 [1 — exp {— 177 H

The modeling was carried out on a scale of 1:1. Length of the computational domain [ = 3700
m, width 6 = 400 m, height H = 500 m. Actuator disc diameter — 120 m. Initial turbulence
intensity 0,02 was taken based on weather conditions, corresponding to light gusts of wind;
The scale of the turbulence length was taken to be equal to 0,084 m.

The LES approach places special demands on the quality of the mesh. The polyhedral
mesh included 9 348 564 cells with prismatic layers near the impermeable walls. The basic
cell size of the calculation grid was 1 m; in the area of rotation of the wind wheel, the grid
size was set at 0,05 m. In the wind turbine area, a mesh treatment was used (Fig. 1).

Based on the results of the numerical study, the velocity fields in the wind tunnel are
obtained and presented in Fig. 2. Using the built-in STAR CCM+ tools, velocity profiles were
constructed along the tunnel at a level of 100 m from the bottom wall (see Fig. 3). During the
experiments, flows with different dispersed phases (presence and absence of particles, their
size and flow rate) were considered.

Fig. 2 shows the results of the velocity field for air flow around a wind turbine. When
examining the velocity field in front of a wind turbine, one can notice a change in the velocity
amplitude caused by the initial turbulence of the air flow. The near wake behind the actuator
disk is characterized by a significant decrease in velocity, with a decrease in speed to 2.5
m/s and a significant increase in the velocity gradient observed in the wall region, which is
maintained up to 8 rotor diameters behind the wind turbine. The local increase in velocity
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Figure 1: Wind tunnel with applied mesh and actuator disk
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Figure 2: Velocity field of a single-phase wind flow around a single wind turbine
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Figure 3: Velocity profile in the longitudinal axial plane-section of the wind tunnel at
the hub level for single-phase flow

in the near wake region is explained by the peculiarities of the actuarial representation of
the wind turbine in STAR CCM+. Fig. 3 shows the velocity profile in the longitudinal axial
section of the design tunnel at the hub level for a single-phase flow.

As the results in Fig. 3 show, complete recovery of the air flow velocity without the
dispersed phase is observed at a distance of 1900 meters behind the wind turbine.

The results of numerical studies the velocity fields in the presence of a dispersed phase
simulating light and moderate rain are presented below. Fig. 4 shows the velocity field of a
dispersed wind flow with a particle diameter d = 1 mm and the amount of precipitation per
square meter 3,7 mm/h, characterizing light rain.

The near wake behind the actuator disk is characterized by a significant decrease in
velocity, and the recovery of the flow in the far wake in the presence of a dispersed phase
occurs more quickly. Fig. 5 shows the velocity profile in the longitudinal axial plane-section
of the wind tunnel at the hub level for a dispersed flow with a particle diameter of d = 1 mm
and a flow rate of 3,7 mm /h.

The results show a complete recovery of the air flow velocity for a dispersed flow with a
particle diameter of d = 1 mm and a flow rate of 3,7 mm/h at a distance of 1750 meters behind
the wind turbine. The presence of a dispersed phase in the air flow leads to a more rapid
recovery of the turbulent wake behind the wind turbine due to the entrainment of particles
by the flow and a reduction in the energy of turbulent eddies.

Fig. 6 shows a scalar scene of the velocity magnitude of the turbulent wake of a wind
turbine with a dispersed phase with a particle diameter of d = 2.5 mm and a flow rate of 5,3
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mm/h (moderate rain).

Fig. 7 shows the velocity profile in the longitudinal axial plane-section of the wind tunnel
at the hub level for a dispersed flow with a particle diameter of d = 2,5 mm and a flow rate
of 5,3 mm/h.

Analyzing the results of a numerical study of a dispersed flow with a particle diameter d
= 2,5 mm and the amount of precipitation per square meter 5,3 mm /h full recovery of air flow

Velocity: Magnitude (mis)
65

B 3 513
I x [ .

Figure 4: The velocity field of a dispersed wind flow with a particle diameter of d = 1
mm and a precipitation amount per square meter of 3,7 mm/h (light rain)
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Figure 5: Velocity profile in the longitudinal axial plane-section of the wind tunnel at
the hub level for a dispersed flow with a particle diameter of d = 1 mm and a flow rate
of 3,7 mm/h (light rain)
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Figure 6: The velocity field of a dispersed wind flow with a particle diameter of d =
2,5 mm and a precipitation amount per square meter of 5,3 mm/h (moderate rain)
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Figure 7: Velocity profile in the longitudinal axial plane-section of the wind tunnel
at the hub level for a dispersed flow with a particle diameter of d = 2,5 mm and a
precipitation amount per square meter of 5,3 mm/h (moderate rain)
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velocity is observed at a distance of 1400 m behind the wind turbine. Research shows that the
boundary layer recovery behind a wind turbine in the presence of a dispersed phase occurs
faster due to the particles being drawn into the flow and the energy of turbulent vortices being
reduced. Such results are related to the inertia of the particles [24].

5 Conclusions

The paper presents the results of a numerical study of the atmospheric boundary layer in
the region of a wind turbine in the presence of a dispersed phase simulating precipitation.
The study was performed using the CFD package STAR-CCM+ Academic Pack. The article
notes that complete recovery of the air flow velocity without a dispersed phase is observed
at a distance of 1900 m behind the wind turbine under the conditions under consideration.
For a dispersed flow with a particle diameter of d = 1 mm and a flow rate of 3,7 mm/h, the
turbulent flow is restored at a distance of 1750 m behind the wind turbine. For a dispersed
flow with a particle diameter of d = 2,5 mm and a precipitation amount per square meter
of 5,3 mm/h, complete recovery of the air flow velocity is observed at a distance of 1400 m
behind the wind turbine. The presence of a dispersed phase in the air flow leads to a more
rapid recovery of the turbulent wake behind the wind turbine due to the particles delay by
the flow and a reduction in the energy of turbulent eddies.
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