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Abstract; A series of numerical methods, which are suitable to design the shape and configuration of the icing
prober for the horizontal axis wind turbine, are presented. The methods are composed of a multiple reference
frame (MRF) method for calculating flow field of air, a LLagrangian method for computing droplet trajectories, an
Eulerian method for calculating droplet collection efficiency, and an arithmetic for fast computing ice accretion. All
the numerical methods are based on the computational {luid dynamics (CFD) technology. After proposing the basic
steps and ideas for the design of the icing detection system, the shape and configuration of the icing prober for a
1.5 MW horizontal axis wind turbine are then obtained with the methods. The results show that the numerical
methods are efficient and the CFD technology plays an important role in the design process.
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INTRODUCTION

When a wind turbine works in cold climate
and meets rain and snow or clouds containing su-
percooled droplets, ice accretion may occur on the
surface of the wind turbine components such as
blades, hub and engine room. Icing may have un-
desirable effects on wind turbine performance™?!.
Ice on the blade can change the shape of blade,
degrade the aerodynamic characteristics, decrease
the torque,and reduce the wind-energy utilization
coefficient and the output power. Former study
shows that a light icing event can produce enough
surface roughness to considerably reduce aerody-
namic efficiency. Furthermore, the presence of
ice on various structures also results in vibration,
which causes added stress on the components and
increases the fatigue of unit components. Wind
turbines may stop rotating or collapse due to se-
vere icing. Sometimes, the ice block will drop or
throw out and bring an unexpected injury and

damage. Since ice can only be found and esti-

mated by the eyes of workers in most cases, it is
difficult to know the details about ice on the wind
turbine. As a result, it is necessary to develop ice
protection technology.

Different types of icing on structures can oc-
cur™. The major two are precipitation icing and
in-cloud icing. Precipitation icing takes place as a
result of freezing rain (or drizzle) or accumulation
of wet snow. In-cloud icing occurs when the
structures considered are inside clouds which con-
tains supercooled water droplets. Since the in-
cloud icing is a familiar sight in practice, we have
been making efforts to develop the approach to
designing in-cloud icing detection system for wind
turbine. In this paper, a series of numerical
methods, which are based on the computational
fluid dynamics (CFD) technology. are presented.
The process and results of designing shape and
configuration of an icing prober with the numeri-

cal methods are demonstrated.

1 NUMERICAL METHOD

The numerical methods are composed of a
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multiple reference frame (MRF) method for cal-
culating air flowfield around the wind turbine, a
Lagrangian method for computing droplet trajec-
tories in the field, an Eulerian method for calcu-
lating droplet collection efficiency, and an arith-

metic for fast computing ice accretion.
1.1 Calculation method for flowfield

To design configuration and shape of the ic-
ing prober, air flow field around the wind turbine
must be obtained. There are many methods for

1457 In this pa-

wind turbine flow field calculation
per, the MRF method is used to calculate air
flow. The governing equations in both rotational
and inertia frame can be written in the following

transport form"*
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where p, is the air density, u,the air velocity rela-
tive to the frame and ¢, the source term. When
¢s I', and g, are given different physical values,
Eq. (1) can represent different kinds of equation,
such as continuum, momentum and energy equa-
tion. A finite-volume method which is described

in detail in Ref. [6] is used to solve Eq. (1).
1.2 Calculation method for droplet trajectory

In order to determine where to place the ice
detection system, it is necessary to know droplet
trajectory around the wind turbine. A Lagrangian
method is employed to calculate droplet trajecto-

ry. The droplet movement equation is""
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In Egs. (2—4), x is the droplet position, g the
acceleration of gravity, Cy the drag coefficient, Re
the relative Reynolds number, u, the air velocity,
usthe droplet velocity, p, the air density, pq the
water droplet density, d., the droplet diameter,

and g the viscous coefficient of air. Eq. (2) is

solved with the 1st Euler scheme .

1.3 Calculation method for droplet collection ef-
ficiency

The collection efficiency on the structure sur-

face is computed based on the distribution of air

field with an Eulerian method™. The governing

equations of the water phase are composed of con-

tinuum and momentum equations, shown as
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where ¢ is the droplet volume fraction, and K the
called inertia factor. Egs. (5—6) can also be writ-

ten in the form of transport equation

d
R
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When ¢ is equal to 1, uy, v and wy respectively,
Eq. (7) is called continuum equation and momen-
tum equation in x, y, 2z directions respectively.

In order to obtain water collection efficiency
and impingement characteristics, the same nu-
merical method with air field calculation is used
to discrete and solve Eq. (7). The droplet volume
fraction, a, can be obtained after the equation is
solved. The droplet collection efficiency, f
which shows the distribution of liquid water on
structure surface, can be calculated as

_ o ‘ud-n‘
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where @.. and u.. are the droplet volume fraction

(8

and air velocity of far field, and n is the unit vec-

tor normal to body surface.
1.4 Fast calculation method for ice accretion

To obtain the relation between prober icing
and wind turbine icing, the method for fast com-

puting ice accretion is necessary. The following

formula is used to compute ice thickness™ .

_ B LWC.V.ds
Qi
where f'is the fraction of freeze, and 0 < f < 1,

h

9

LWC the liquid water content in the atmosphere,

V the air velocity in far field, dt the icing time,
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and p; the density of ice. In Eq. (9), fis given the
value of 1 usually, and LWC, V , drandp; are in-

put conditions, which are specified by designer.

2  BASIC STEPS OF ICE DETEC-
TION SYSTEM DESIGN

A approach to designing ice detection system
for wind turbine has been proposed™. The main
idea of the approach is to integrate icing sensors
on an extra prober and to predict ice on wind tur-
bine according to the prober icing. The approach
can be divided into following five steps. First,
build numerical method for design based on the
CFD method. Second, develop the advanced ice
sensors according to the optical property of ice.
Third, design the configuration and aerodynamic
shape of the prober to assemble the ice sensor.
Then the relationship between wind turbine icing
and prober icing can be analyzed by numerical cal-
culation, based on which, we can determine
where the ice sensor should be installed on the
surface of the prober. Fourth, calculate how icing
affects the performance of wind turbine and then
work out the alarm strategy. Finally, integrate
the prober and the electronic system and form the
whole ice detection system for wind turbine appli-
cation. In above steps, the step 3 is the key step,
which can be carried out only if the numerical

method and tools have been developed.

3 DESIGN PROCESS AND RE-
SULTS

3.1 Wind turbine configuration and frame

The authors of the paper have designed the
shape and configuration of the icing prober for a
1.5 MW horizontal axis wind turbine. The radius
of the turbine is 41 m. In the design process. the
effects of tower are neglected. Multi-block struc-
tured mesh is generated. And there are 18 X 10°
grids. The wind turbine configuration and the
frame are showed in Fig. 1. Fig. 2 shows the sur-

face grid distributions near the hub.

Fig. 1 Wind turbine configuration and frame

3.2 Air field around wind turbine

Firstly, air field about the wind turbine is
calculated with the MRF method. Far field veloc-
ity is 11 m/s and the rotational speed is
17.4 r/min. Fig. 3 gives the contour of pressure
relative to far field on the wind turbine surface.
Typical streamlines around the wind turbine are
given in Fig. 4, which shows that the streamlines
keep the same direction with far field velocity be-
fore approaching the components. When close to
body, streamlines deflect from old direction to
the rotation direction of the turbine. More close

to the turbine, more obvious the deflection is.

Fig. 3 Pressure distribution on blade
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Behind the wind turbine plane, with the stream-
lines leaving the turbine, their orientation gradu-
ally turn back to the old direction. Above phe-
nomena indicate that although rotation of turbine
will bend the streamlines, the streamlines can al-

ways go back to their old direction.

Fig. 4 Typical streamlines around wind turbine

3.3 Location for icing prober

The icing prober must be placed at a proper
position so that the ice accretion can occur on the
prober surface. To find the location for the icing
prober, trajectories of water droplets are calculat-
ed after air field about the wind turbine is yiel-
ded. Fig. 5 shows typical trajectories of droplet
with a diameter of 100 pm. It shows that only in
the region very near the turbine, droplet trajecto-
ries deviate from streamlines due to inertia effect.
In other space, the trajectories always accord
with air streamlines.

The distribution of streamlines and trajecto-
ries reveals that rotation of blades cannot prevent
water droplet going through the turbine plane.
Since behind the turbine plane there is sufficient

space on the shell of the engine room, the icing

Sensor 3

Sensor4

Sensor 2

prober can be placed there, which ensures not on-
ly ice can accrete on the prober, but also struc-

tures of the blades keep undamaged.

Fig. 5 Droplet trajectories and air streamlines

3.4 Design of prober configuration and shape

A prober with good configuration and shape
can not only predict and reveal wind turbine icing
but also be convenient for integrating and accom-
modating electronic system. Therefore a prober is
proposed, showed in Fig.6), The prober is
composed of four components. The first is the
main component, which is an upright hollow
wallboard with a columniform leading edge. This
configuration can hold electronic system. The
second is a half disk at the top of the wall. The
third is a heave back behind the disk. The last
component is a foundation with whorl holes.
Fig. 6 also gives the numbering of the sensors.
The circle signs on the prober surface are loca-
tions for placing sensors. We hope the combina-
tion of sensor 1 and sensor 2, the combination of
sensor 3 and sensor 4 can reflect in-clouding icing
on the middle part or tip of the blade, and sensor

5 can detect ice due to freezing rain.
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3.5 Validation of detection effects

A prober is effective only when the ice char-
acteristics on blade can be predicted afterobtain-
ing the ice on the prober. To validate the detec-
tion effects, according to Eq. (9), water droplet
collection efficiency on wind turbine and prober is
needed.

Assuming B, , 3, and 3; are the water droplet
collection efficiency along the blade at position of
r/R=97.6%, r/R=175.6% and r/R=53. 7%.
The collection efficiency at the positions of sen-
sors 1—4 isa; » az » a3 and a4 respectively. If ice ac-
cretion on sensor 1 and sensor 2 can indicate ice
on middle position of blade and tip, and ice accre-
tion on sensor 3 and sensor 4 can reveal ice on
middle and outer position of the blade, we get

Bi/B: =ai/a (10)
B:/Bs =as/au (1D

The numerical method described in section
1. 3 is used to simulate characteristics of water
droplet impingement to assess the detection
effects. Far field velocity is 11 m/s, and the rota-

tional speed is 17. 4 r/min. The diameter of water

Droplet collection efficiency
Droplet diameter is 40 pm

0.00

Fig. 7 Contour of collection efficiency on blade

Fig. 8 Contour of collection efficiency on prober

droplet for simulation is 20, 40, 100 pm.
Figs. 7—8 give collection efficiency of droplet
with 40 pm diameter on blade and prober respec-
tively. The values of 81 + B » 35> a15 a2 @3 and ay
are showed in Tables 1 — 2. The results show
good agreement with Egs. (10—11).

Table 1 Droplet collection efficiency at positions of

sensor 1 and sensor 2

Droplet

diameter/ pim ai B/ a; (ideal) @, (actual)
20 0. 14 2.05 0.068 0.093
40 0.41 1.68 0. 244 0. 262
100 0.68 1. 44 0.472 0.479

Table 2 Droplet collection efficiency at positions

of sensor 3 and sensor 4

Droplet

diameter/ im as B/ Bs a; (ideal) o, (actuaD)
20 0.22 2. 86 0.08 0.07
40 0. 45 2.07 0.22 0.19
100 0. 46 2.28 0.22 0. 20

4 CONCLUSION

A series of numerical methods, which are
based on CFD technology, are presented in the
paper. The methods are adopted to design shape
and configuration of the icing prober for a hori-
zontal axis wind turbine. The process of design
shows that CFD method plays an important role.
The results indicate that the numerical methods
are effective, which provide an efficient way to
design icing prober and assess detection effects.

All the conclusions are useful for future research.
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