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Abstract: Accurate prediction of droplet impingement on wind turbine blade is one of the most important premises
of anti-icing and de-icing system design. In a super-cooled large droplets (SLLD) conditions. droplet no longer
maintains a sphere shape, and it may deform, break up, and splash when moving or impinging on the surface.
Semi-empirical models of droplet dynamic behaviours are embedded into the Eulerian droplet model to improve the
accuracy of the numerical simulation of droplet impingement limits and local collection efficiency. Eulerian droplet
model ( Model 1) for small droplets and improved Eulerian droplet model ( Model 2) for large droplet are both
validated by comparing to the wind tunnel experiment results. Using the proposed methods, droplet impingement
limitation and local collection efficiency on the S809 airfoil are calculated in various conditions. A detailed derivation
of Model 1 and Model 2 is presented along with a comparison of numerical trajectories, drag coefficient and collec-
tion efficiency distributions. The results show that droplet dynamic behaviours, including splashing, break-up and
deforming, must be considered to accurately simulate the impingement behaviour in the SLLD conditions. And with

the increase of the droplet diameters, the effects of the droplet dynamic behaviors on the impingement characteris-
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tics are more obvious.
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0 Introduction

Wind turbines are devices harnessing natural
wind power to generate electricity. They work in
various regions including cold areas, offshore and
mountains'!. Unavoidably, meteorological con-
ditions, containing not only small super-cooled
droplets whose diameters are from 10 pm to
50 um but also super-cooled large droplets (SLD)
whose diameters are larger than 50 pm, are en-
countered. Then icing on the wind turbine blades
takes place. The ice changes the aerodynamic ge-
ometry of the wind turbine blades and the load on
blades, which affects the aerodynamic forces,

leading to significant performance degradation,

excessive vibration associated with mass imbal-
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ance, and reduction of torque and power out-
put®®l, Many anti-icing and de-icing strategies
are developed, such as active heating of blades.,
passive hydrophobic coating on blades, and so
on*'. Wind turbine can operate reliably in icing
conditions. In order to design and optimize the ice
protection systems, and assess the safety risks a-
rising from wind turbine icing, the procedure of
icing, the icing limitations, and heat loads should
be actually predicted first.

Numerical simulation methods of ice accre-
tion have been studied for more than 25 years,
most of which are used for aircraft icing. Many
research institutions have developed their own nu-
merical software, e. g., LEWICE™ of NASA,
FENSAP-ICE™ of Numerical Technologies Inter-
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national (NTID), etc. There are many differences
between aircraft icing and wind turbine icing (for
example, the aircraft icing is in general sudden,
fatal, and short, while the wind turbine icing is
gradual, not fatal but unavoidable and long'*,
with wind turbine blades rotating) the main sim-
ulation procedure of ice accretion is similar. Gen-
erally, prediction of wind turbine icing also in-
cludes three parts. The first part is the simula-
tion of air flow, the second part is the computa-
tion of super-cooled droplet trajectories and im-
pingement characteristics, and the last part is cal-
culation of heat and mass transfer on blades.
Each part has significant effects on the predict ac-
curacy of ice accretion. Actually, modern compu-
tational fluid dynamics (CFD) methods are used
to simulate the ice accretion procedure based on
the hypothesis that the super cooled droplets are
small enough to sustainably maintain sphere.
Therefore, if the droplets are small enough, there
will be a small error according to the assumption.
But when the droplets are larger., for example,
with diameters more than 50 pm, they may de-
form, break up and splash under the action of vis-
cosity force and surface tension, as shown in Fig.
1. In these cases, the spherical assumption is no

longer valid.

(a) Deformation (b) Splash

(d) Break-up 2

(c) Break-up 1

Fig.1 SLD's dynamic behaviors under icing conditions

Lane used Weber number to decide whether

the droplet was broken up. Wolfe and Anders-

en'” established a droplet splashing model based

on the drag. Luliano™ defined the minus mass

source term, which is induced into the SLD splas-
hing model based on the Eulerian droplet model.
NASAPF! presented an empirical model of SLD
physics on the basis of experimental results.

By referring to the previous research findings
on the SLD models, a semi-empirical method is
proposed to improve the Eulerin droplet model,
so that the droplet motions around the air foil
would be simulated and the accuracy of the im-
pingement characteristics would be improved in
SLD conditions. SLD's trajectories and local col-
lection efficiency are calculated under different
conditions. The results reveal that the changes of
the drag coefficient and splashing mass are the
reasons for the SLD effects on the impingement

characteristics.

1 Mathematical Model

1.1 Governing equations

Based on the theory of continuity and mo-
mentum conservation, the particular Eulerian for-
mulations of the droplet impingement process in

conservative form are presented as

ij WdQJrﬂngs:PJ do (D
dtla 2
20

a aV,
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u,s u,, u. are droplet velocities in the directions
of x, y and z. L is the length of airfoil chord,
and ¢ the volume fraction defined as the ratio of
droplet volume in control volumes V', and V,
a=V,/V, (2)
Here V, is the droplet velocity in the direction
perpendicular to the surface, which can be calcu-
lated by the following equation
V.,=uen=un, tun, t+un. 3

K in Eq. (1) is the momentum exchange coeffi-
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cient of air and droplet, which is defined as
K =18u. f/(pudi) 4
where g, is the dynamic viscosity of air, ow the
water density, d, the droplet diameter. f is the
drag function, which can be calculated by
f=CoRe, /24 (5)
where Cy, is the drag coefficient and Re,, the drop-

let Reynolds number of relative velocity.
1.2 Droplet deformation

For droplets whose diameters are smaller
than 40 pm, it is reasonable to make a hypothesis
that the droplets maintain in rigid balls with no
deformations throughout the moving process.
One of the most important reasons is that forces
acted by air on the droplet are small enough to be
in balance with surface tension.

In these cases, drag coefficient Cp, gpere 18 cal-

culated in Eq. (6)

(:T), sphere -
24X (1+0.15Re," ") /Re, Re,<1 000
0.44 Re,>1 000

In some meteorological conditions, droplets
diameters are larger than 40 pm. Air exerts
forces on these droplets, and the forces may be
too large to break the balance of spherical drop-
lets. Then the droplets may deform to irregular
shapes, which in turn affect the air force and the
droplet trajectories.

In these cases, drag coefficient Cy is calculat-
ed in Eq. (7)

Cp =0+ Cpsphere (1 —0 1.1+ 64/(xRe,,)) (7)
where the modified factor 6 is used to consider the
effect of deformation on drag coefficient. It can be

obtained using the following equation.

F=(140.007/We)* (8
where Weber number We is defined as the ratio of
inertia force and surface tension, which can be de-
scribed asH'"

We =p,d.(v—u’/c D)
where p, is the air density, v the air velocity, u

the droplet velocity, and ¢ the surface tension co-

efficient.

1.3 Droplet breakup

Generally speaking, if the Weber number is
larger than the critical Weber numbert', the
droplet may break up into many small droplets
called the secondary droplets. And the secondary
particle size d.. is given by the following equa-
tion.
dee =6. 200, /00" Cou | u|d o /p) " dye (10D
where d,, is the droplet diameter before it is bro-
ken up, d.. the secondary droplet diameter, and

s the dynamic viscosity of droplet.
1.4 Droplet splash

Weber number of droplet impingement We;,,,
and splash parameter K, are used to determine
whether the droplets splash when they collide
with the wall''*,

Wein, =pwttnd /o (1D

Ky = (o dud /6 )" (12)

where u, is the droplet velocity in the direction
perpendicular to the surface.

According to the experimental data in Ref.
[137, droplets splash when K, exceeds 57. 7, and
the splash water mass m, can be determined by

the following equation™*

=3.8{1—exp[—0.85(K, —1D ]}/ /K,
(13)

K, =(.5+ (w/p.)") " /K, (1

where m;,, is the mass of impingement droplet

nmy /rnimp

and » the liquid water content.

2 Model Validation

Actually, there are two mathematical models
for droplet impingement prediction in this paper.
One model, called the Model 1 is used to calculate
droplet trajectories and impingement characteris-
tic under small-droplet-size conditions, which as-
sumes that droplets always keep a sphere shape.
Model 1 is established by calculating the gover-
The other,

called the Model 2 is used to calculate droplet

ning equations introduced above.

trajectories and impingement characteristic under

SL.D conditions, which considers the droplet de-
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formation, break-up and splash. Actually, Model
2 is an improved model on the basis of Model 1.
It is obtained by adding the aforementioned de-
formation model, breaking model and splash
model into Model 1 to consider the effects of
SLLD dynamic behaviors on impingement charac-
teristic.

To validate the two numerical simulation
methods used in this paper, comparisons between
predicted results and IRT experiment data in
small droplet condition and SLD condition are
shown in Figs. 2(a), (b), where horizontal axis
is S/¢, here, S is the surface distance, ¢ the
chord length, and vertical axis parameter 8 the
local collection efficiency. It can be seen that un-
der these two conditions, both the impingement

limits and the local collection efficiency predicted

Experiment
Present

0.0 —_—

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01
S/ec
(a) NACAO0012, using Model 1 with free stream velocity
of 138.88 m/s, free stream pressure of 101 325 Pa,

angle of attack of 5°, droplet diameters of 16 pm

Experiment
Present

it I N T T . ¢ o

0.0
-0.05 -0.03 -0.01 0.0l
S/c

(b) NACA2312, using Model 2 with free stream velocity
ure of 101 325 Pa, angle
of attack of 2.5°, droplet diameters of 52 um

Fig. 2 Comparisons of collection efficiency distributions

in this paper agree well with the experiment re-
sults. The mathematical models and numerical
simulation methods presented in this paper are re-

liable.

3 Results and Analysis

Using the methods proposed in this paper,
droplet trajectories and impingement characteris-
tic on a typical airfoil S809 of wind turbine blade
are predicted in the conditions, as shown in
Table 1.

Table 1 Calculation conditions

Name Casel Case? Case3 Cased Caseb Caseb Case7 Case8

Free stream

velocity/ (m+ s~ 1) 69
Free stream -
pressure/ Pa

Angle of \

attack/ ()

Droplet diameter
pm

80 150 200 250 300 350 400 500

Figs. 3—6 shows the numerical simulation
results in Case 3. The We number distribution
around the blade airfoil is shown in Fig. 3, which
is calculated using Model 2. Fig. 4 shows four
droplet trajectories. SDI is calculated using Mod-
el 1, and SLDI is obtained with Model 2. SDI1
and SLLD1 are droplet trajectories releasing from
the same position. For SD2, it is calculated using
Model 1, and SLLD2, it is obtained with Model 2.
SD2 and SLD2 are droplet trajectories releasing
from the same position. These two groups of cal-
culation results show that, when droplet diameter
is up to 200 pm, there are considerable differ-
ences between the droplet trajectories with and
with out the consideration of break-up, splash
and deformation of droplets. The primary reason
is that the drag coefficient and drag force are dif-
ferent, as shown in Fig. 5. In Fig. 5, the horizon-
tal ordinate is the chord-wise positions, and the
vertical ordinate is the calculated drag coefficient
using different models (SD1 and SD2 are obtained
using Model 1, while SLLD1 and SLLD2 are gotten

with Model 2). It can be seen that when the
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physical processes of droplet breakup, splash and
deformation are considered, and the drag coeffi-
cient is much larger than that of the sphere drop-
let, thus leading to the greater deviation for the

droplet trajectories from the air flow.

Fig. 3 We number distribution around airfoil (MVD=
200 pm)

SD1
SD2
SLD1
SLD2
Airfoil

Fig. 4 Droplet trajectories around airfoil

(MVD=200 ;m)

5
g
9]

Fig. 5 Drag coefficient of droplet around airfoil

(MVD=200 ‘um)

Fig. 6 Comparison of local droplet collection efficiency

on airfoil (MVD=200 pm)

Comparison of local droplet collection effi-
ciency 8 using Model 1 (line SD) and Model 2
(line SLLD) in Case 3 is shown in Fig. 6. The hori-
zontal axis is S/c, where S is the surface dis-
tance, ¢ the chord length, and vertical axis is the
local collection efficiency. It can be seen that,
both impingement limit and mass distribution on
the leading surface, which are obtained from sim-
ulations in the absence of dynamic actions, exceed
the results considering the deformation, splash
and break-up of the droplets so much that the
effects of super large droplet on the impingement
characteristics cannot be ignored.

For other cases, there are similar regula-
tions, and the results are shown in Fig. 7. Figs. 7
(a)—(g) show the droplet trajectories around the
airfoil with different droplet diameters. It can be
seen that, with the increasing droplet diameters,
the deviations of the two groups of lines (SD1 and
SLLD1, SD2 and SLLD2) are both growing. This
attributes to the increasing differences of the drag
coefficients, as shown in Fig. 8.

Fig. 9 indicates that the larger the droplet di-
ameter, the more it affects the impingement char-
acteristics. And when the droplet dynamical be-
haviors are considered, the mass of the droplet
impinging on the surface is reduced. This is not
only because of the change of drag force, but also
attributes to the splash of droplet. The splash
droplet mass in different conditions is shown in

Fig. 10.
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Fig. 9 Comparison of local droplet collection efficiency on airfoil

4 Conclusions per) to develop a new droplet motion model

(Model 2 in this paper) considering super large

Semi-empirical deformation, breakup and

droplet dynamic behaviors. Ice accretion on airfoil

splash models are embed into Eulerian droplet was simulated by using Model 1 and Model 2.

motion model (which is called modell in this pa- Simulation results are shown to be asreed well
{ sults $ g
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Mass of splash / kg

Fig. 10 Mass of splash droplet in Cases 1—38

with the tunnel experimental results. The model
simulation reveals that when the SLD impinges
the airfoil surface, the effects of the dynamic be-
haviors on the impingement characteristics cannot
be ignored, which is attributes to the change of
the drag coefficient and the mass of splash drop-
lets. With the increasing of the droplet diame-
ters, the effects are becoming more and more ob-
vious. So, deformation, breakup and splash of
droplets should be considered, especially in the
SLD conditions, when ice accretion on the wind
turbine blade need to predicted accurately to de-

sign efficiency anti-icing or de-icing systems.
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