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Damp air with high humidity combined with foggy, rainy weather, and icing in winter weather often is found to cause turbine
performance degradation, and it is more concerned with offshore wind farm development. To address and understand the high
humidity effects on wind turbine performance, our study has been conducted with spread sheet analysis on damp air properties
investigation for air density and viscosity; then CFD modeling study using Fluent was carried out on airfoil and blade aerodynamic
performance effects due to water vapor partial pressure of mixing flow and water condensation around leading edge and trailing
edge of airfoil. It is found that the high humidity effects with water vapor mixing flow and water condensation thin film around
airfoil may have insignificant effect directly on airfoil/blade performance; however, the indirect effects such as blade contamination
and icing due to the water condensation may have significant effects on turbine performance degradation. Also it is that found
the foggy weather with microwater droplet (including rainy weather) may cause higher drag that lead to turbine performance
degradation. It is found that, at high temperature, the high humidity effect on air density cannot be ignored for annual energy
production calculation. The blade contamination and icing phenomenon need to be further investigated in the next study.

1. Introduction

In recent years, there has been an increase in large offshore
wind installations to harness the huge potential that wind
energy offers off the coasts of the China. While offshore wind
resources are abundant, stronger, and blow more consistently
than land-based wind resources, offshore wind turbines are
often operated in high humidity environment; however, our
wind turbine power curve IEC standard measurements are
measured onshore and often much low to mid humidity
environment; also the wind shear data from offshore wind
may be different from onshore; what do these factors mean
to wind turbine performance needs to be addressed as the
offshore wind energy projects are evaluated for annual energy
production (AEP) calculation. When air contains high water
vapor for the offshore high humidity condition, the conden-
sation may happen at rotating blade surface, which may cause

the blade performance degradation due to contamination or
icing during winter weather, as show in Figure 1. Also in the
morning, the foggy weather (or rainy day) may often happen
around offshore wind farm, in which the air is mixed with
water droplets in micrometer scale; when they impinge with
rotating blade, this may also cause higher drag, thus having
an impact on turbine performance. With greater potential
for corrosion from exposure to seawater and high humidity,
offshore wind turbines must be designed more robustly (i.e.,
requiring less maintenance) than land-based turbines due
to the high costs of transporting maintenance crews and
replacement components to and from offshore wind plant
sites, which are the other factors we have to address.

In this paper, however, we will focus on analyzing the
humidity aerodynamic effects in terms of air density and
wind turbine airfoil/blade/rotor performance; we will further
investigate water condensation effects on wind turbine blade
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FIGURE 1: Offshore wind turbines shrouded in foggy and water film on blade surface and icing on blade surface.

using CFD analysis, as the water condensation and droplet
thin firm formation often cause the result of blade contami-
nation and icing formation in the winter, that cause turbine
performance degradation. The wind shear data of offshore
wind and corrosion issue are not included in this paper.

2. Spreadsheet Aerodynamic Density Effect of
Damp Air

Wind is a form of solar energy and is a result of the uneven
heating of the atmosphere by the sun, the irregularities of
earth’s surface, and the rotation of the earth. The terms wind
energy and wind power describe the process by which the
wind is used to generate mechanical power or electricity.
Wind turbines convert the kinetic energy in the wind into
mechanical power.

This mechanical power can be used for specific tasks or a
generator can convert this mechanical power into electricity.
The most popular modern wind turbines are horizontal-
axis wind turbines which typically have either two blades or
three blades. These three-bladed wind turbines are operated
“upwind,” with the blades facing into the wind. Larger wind
turbines are more cost effective and are grouped together into
wind farms, which provide bulk power to the electrical grid.
The power of wind turbine generated can be calculated as
follows:

Power = %pAv3CP A B), @

where the wind power is directly proportional to the density
of air and the aerodynamic coeflicient of wind turbine rotor.
Table 1 was computed from Barani Air Density Calculator

where it shows that humidity (quantified as relative humidity
(RH) in percentage) effect on air density can be ranging from
0.57 to 1.92% depending on temperature and thus the same
effect on power. Relative humidity is the ratio of the partial
pressure of water vapor to the equilibrium vapor pressure of
water at a given temperature.

We take one offshore wind project as an example from
southern east China. As the first-order effect, the average
temperature is 20 degrees C and average humidity is 80% RH;
the effect on power will be 0.41% (0.66%—0.25% from Table 1),
less power than standard power evaluated at 25% RH. If the
wind farm power is 200 MW powered by 4 MW turbine, the
power lost due to high humidity is about 4,500,000 kWh per
year from theoretical calculation, which is considerable.

In the next sessions, we will study the high humidity
effects on wind turbine aerodynamic coefficient, through
analyzing the aerodynamic effects on airfoil and blade using
CFD method.

3. Airfoil CFD Modeling Study of High
Humidity Effects

For the airfoil modeling study, we utilized Fluent CFD
analysis following 2D mesh as shown in Figure 2 of a typical
airfoil NACA63418 to start with species transport model and
film condensation model and then 3D airfoil modeling with
Eulerian Wall Film (EWF) model. We use Fluent species
transport model without reactions to solve water vapor and
air mixing flow around airfoil and then film condensation
Fluent User-Defined Function (UDF) model to study the
water film formation around airfoil. Last, we use multiphase
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TABLE 1: Air density versus air relative humidity and its effect on power.

Temperature ("C) Humidity (-%) Dry air density (kg/ m®)  Effect on power (-%)  Moist air density (kg/ m’)  Effect on power (-%)
25 1.223 0.16
15 50 1225 0.0 1.221 0.33
70 1.22 0.41
90 1.218 0.57
25 1.201 0.25
20 >0 1.204 1.71 1199 0.42
70 1.197 0.58
920 1.195 0.75
25 1.18 0.34
25 >0 1.184 3.35 L177 0.59
70 1.174 0.84
90 1.171 1.10
25 116 0.34
30 60 1.164 4.98 L153 0.95
70 1.151 112
90 1.148 1.37
25 1.139 0.61
35 50 1146 6.45 1133 L3
70 1.129 1.48
90 1.124 1.92

Reference is Barani Air Density Calculator as atmosphere pressure assumed to be the same.

FIGURE 2: 2D and 3D airfoil mesh of NACA63418.

Eulerian model with film accretion to solve water droplet and
air mixing flow around 3D airfoil.

3.1. Species Transport Model. The mixing and transport of
the air water vapor mixture were modeled by solving the
conservation equations for every species individually, within
a phase [1]. The number of phases depends on the way
volumetric condensation is treated, which is described in the
following equations. A mixture template of air and water
vapor was defined with respective material properties. An
incompressible ideal gas approximation was used to calculate
mixture density. The diffusion energy source for the species
equations was considered as shown below, as diffusion might
be significant in the low speed near-wall region.

The governing equations are the equations of conserva-
tion of mass, momentum, and energy and are written as in
[1-4]:

Overall mass is

0
5 (p) +V (pU) = 0. (2)
Momentum is
% (pU) + V(pUU) = =Vp + VT + pB. 3)
Energy is
0 X
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FIGURE 3: Schematic of the condensation model [3].

Species mass is

2 (pr) V() =V, )
where p is the mixture density, p is the pressure, 7 is the
shear stress tensor, and B is the body force vector. In (4),
S, represents the net source due to viscous dissipation and
other work and heat interactions and g denotes the net heat
flux due to molecular conduction, radiation, and interspecies
diffusion.

In (5), Y; is the local mass fraction of each species. J; is
mass diffusion in turbulent flows in the following form:

Ji=- (pDi,m ' ﬁ) VY, (6)
Sc,
where Sc, is the turbulent Schmidt number, g, is the turbulent
viscosity, and D, ,, is the mass diffusion coefficient for species
i in the mixture.

The species transport model is best utilized to analyze
the aerodynamic effects from mixing air with water vapor
without condensation and droplet formation happen.

3.2. Film Condensation Model. When water condensation
happens with thin film formation around airfoil, the model
for wall condensation is required with the work adopted from
the study of Bell (2003) [2] for condensation of superheated
water on cold flat plate. It is conceptualized that condensation
occurs as water vapor diffuses through the mass transfer
boundary layer at the surface and, on contact with the cold
surface, releases the latent heat to form a liquid film of water.
The liquid film attains the wall temperature and the vapor
diffusion and condensation continue at the liquid film-gas
phase (air-vapor mixture) interface. This process is shown
schematically in Figure 3.

A User-Defined Function (UDF) in Fluent has been
developed to predict the condensation rate for a mixture of air
and water vapor flowing past a specified temperature surface.
The effect of the condensation process on the flow and species
distribution in the vapor phase is incorporated into the flow
calculations through a customized source term applied in
wall-adjacent cells [3]. The model on which the UDF is based
contains several assumptions as follows:

(1) Vapor phase contains a binary ideal gas mixture of air
and water vapor.
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TABLE 2: Material properties for water vapor condensation UDF [11,
12].

Mixture property of damp air Relative humidity

25% 90%
Thermal conductivity [W/(m-K)] 0.0264 0.0264
Viscosity [kg/(m-s)] 1.86 x107° 1.86 x107°
Mass diffusivity [m?/s] 2.595x107°  2.595x107°
Specific heat [J/(kg-K)] 1010.526 1025.104
Absolute humidity [kg/m?] 0.0057477 0.027254
Density [kg/m?) 1.16 1.148
Dew point [*C] 7.8 28.2

(2) The liquid phase consists of only water.

(3) Local thermodynamic equilibrium exists at the
liquid-vapor interface.

(4) Film condensation only is considered. Dropwise con-
densation does not take place.

(5) The thermal resistance of the liquid film is neglected.

As a consequence of the assumptions on which the model
is based, the condensation rate is governed by the rate of
diffusion of water vapor towards the cold surface. This allows
the condensation rate at the liquid vapor interface to be
predicted as follows. Species mass fluxes for air and water
vapor at the liquid-vapor interface can be written as follows
(Bird et al., 1960 [4]):

ow
m{l’zo = pa)hzov - pD al;lzo > (7)

where 71" is condensation mass flux (kg/m?-s). In the UDF,
condensation is assumed to take place if the wall temperature
is less than or equal to the saturation temperature corre-
sponding to the partial pressure of water vapor at the surface.
If the temperature is above the saturation temperature, the
water vapor mass fraction is set to a value equal to the value
in the wal- adjacent cell. In order to satisfy Assumption (3),
if the temperature is less than or equal to the saturation
temperature, the water vapor mass fraction at the wall used
to represent the liquid-vapor interface is assigned a value
such that the partial pressure of the water vapor equals the
saturation pressure for water at the local wall temperature as
follows:

.1

N mhzo
m = —
whzo (8)
o Whpo OWhy0 A ol wal
mhzo - b

(wh20 - 1) P on Vcell

where " is volumetric mass source (kg/m3-s). Equations (8)
are used as a source terms within the source code of the UDF
(Table 2).

3.3. Eulerian Wall Film. The Fluent Eulerian Wall Film
(EWF) model can be used to predict the creation and flow
of thin liquid films on the surface of walls [5].
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In EWF model, the film is not resolved using mesh
normal to the surface; instead this model uses a virtual film
on the surface so the film does not affect the core flow
momentum field. In many cases, you would be interested
in modeling a thin film flow which can separate, strip, and
evaporate but does not affect the core flow field. This kind of
thin film modeling is computationally expensive in general
multiphase framework where you will need very fine mesh
to model the film and also need to calculate interphase flux
accurately. EWF model can only be used with 3D solver and
EWF model assumes that film always flows parallel to the
surface so normal component of film velocity is zero. The film
is assumed to have a parabolic velocity profile and bilinear
temperature profile across its depth.

Conservation of mass for a two-dimensional film in a
three-dimensional domain is

%ws (V] = % ©)

where p is the liquid density, & the film height, V, the surface

gradient operator, V; the mean film velocity, and 71, the mass

source per unit wall area due to water droplet collection.
Conservation of film momentum is given as follows:

% P
I v, (W) = -y (g h+ 2,
ot Pi 2p

(10)

3v; 5 ]

— 71‘/1 + %’
where

P = Pgas +P,+ P,

By = ~ph i~ §) (1)

P =-0V,-(Vh).

In an Eulerian multiphase flow, the secondary phase to
be collected on a solid surface must have the same material
as defined in the Eulerian Wall Film model. When the
secondary phase is captured by the wall surface, its mass and
momentum are removed from the multiphase flow and added
as source terms to the continuity and momentum equations,
respectively, of the wall film.

The mass source term is given by i1, = ayp,V;, A, where
a is the secondary phase volume fraction, p, is the secondary
phase density, V,,, is the phase velocity normal to the wall
surface, and A is the wall surface area. The momentum source
is given by g, = i1, - V,;, where V,, is the secondary phase
velocity vector.

The collection efficiency (f3) is calculated as the ratio of
the amount or mass of water collected on the surface to the
total mass of droplets being injected at the inlet. Eulerian
methods can be used to determine the collection efficiency.

Collection efliciency is defined as

__ M 12
P ey "

where ri1, is the impingement mass flux, that is, the flow rate
of the particle stream impinging on the face and is given by

m, = o3PV, A. Lyyc is the far-field liquid water content

(kg/m®) and V, the phase velocity, is the far-field flow velocity
(m/s). In the calculation of collection efficiency, these values
are used as reference values only and do not affect the flow
field in any way. At least one iteration is required to do
collection efficiency calculation. Easily specifying droplet-
free stream condition and smooth impingement region can
be achieved. Each droplet size as a separated phase with one
set of transport equation can be solved.

It is always good to first achieve a converged multiphase
flow solution and then solve for Eulerian Wall Film. It is
always good to start with a smaller film time-step size. So,
for steady-state calculations, we select the Adaptive Time
Stepping option to set the Max. Courant Number and the
Initial Time Step (the Eulerian Wall Film model is always
transient).

3.4. Solution Method and Results. A variety of spatial and
temporal discretization schemes and turbulent models are
also available in Fluent. For the present simulations, the
pressure-based solver was chosen, as the flow can be con-
sidered to be in the incompressible fluid. The full three-
dimensional Navier-Stokes equations were solved using
a steady, implicit approach. The Semi-Implicit Pressure
Linked Equations-Consistent (SIMPLEC) algorithm 2 in [6]
was used to treat pressure-velocity coupling for stability.
The third-order Monotone Upstream-Centered Schemes for
Conservation Laws (MUSCL) were used to derive the face
values of different variables for the spatial discretization,
which were used to compute the convective fluxes. The Rhie-
Chow scheme 3 in [6] was selected to interpolate pressure at
the control volume face and to satisfy the mass conservation
without pressure oscillations. For simulating turbulence, the
shear stress transport (SST) k-w model was used.

The aerodynamic results of lift and drag coefficient are
summarized in Table 3. Through the comparison of two
different models of moisture and humidity at RH 25% and
RH 90% of the lift coefficient, drag coefficient, and lift drag
ratio, it was found that, in the species transport model and VF
model, 25% air humidity of the lift to drag ratio is higher than
90% humidity, and lift coefficient and drag coefficient curve
are not exactly the same; difference comparison between the
two found that numerical difference is very small (usually less
than 1%), considering that the numerical calculation error
can be due to moisture changes on the lift and drag coefficient
of little effect.

The lift coeflicient calculated by the Eulerian Wall Film
model for foggy weather condition is smaller than that
calculated by other models, and the drag coeflicient is
significantly larger than that of the other models, which leads
to a significant reduction in the lift drag ratio. It can be
seen that, with the increase of humidity, the lift coeflicient
decreases, the drag coefficient increases, and the lift drag
ratio decreases. The similar results were shown with heavy
rain fall study from [7-10]. Because the drag coeflicient is
larger than other models, there may be some uncertainties;
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TABLE 3: Airfoil performance with various condensation models for Re = 3 x 10°, AOA = 6 degrees.
Model RH (%) Cl Cd L/D Condensation mass flux (kg/ (m>-s))
Species transport (2D mesh) 25 0.98535 0.01353 72.84859
90 0.97485 0.01341 72.69575
Vapor film (VF) condensation 25 0.98535 0.01353 72.85397
model (2D mesh) 90 0.97484 0.01341 72.70043
VF model (temperature 25 0.98539 0.01353 72.85155 ~0.01296
difference = 5°C) 90 0.97533 0.01341 72.74239 ~0.17910
VF model (temperature 25 0.98558 0.01353 72.87098 ~0.08224
difference = 10°C) 90 0.97603 0.01341 72.80546 ~0.43686
Species transport (3D mesh) 25 0.97877 0.01413 69.28855
90 0.97839 0.01416 69.10998
Vapor film (VF) condensation 25 0.97860 0.01414 69.22261
model (3D mesh) 90 0.97832 0.01416 69.07576
VF model (3D-temperature 25 0.98018 0.01392 70.41523 —0.14498
difference = 5°C) 90 0.98028 0.01396 70.24579 ~3.12070
VF model (3D-temperature 25 0.97837 0.01381 70.87070 -0.91603
difference = 10°C) 90 0.97956 0.01386 70.69573 ~5.72690
0 0.94552 0.02873 32.91512
Eulerian Wall Film (EWF 3D
mesh) 25 0.94494 0.02909 32.47886
90 0.92906 0.03017 30.79417

FIGURE 4: Ice on turbine blade [13, 14].

so this paper is mainly to study the condensation distribution
on the surface of the airfoil by the Euler wall model. The
condensation of water vapor and the impact of droplets on the
surface of an airfoil or a blade can lead to other consequences
of aerodynamic degradation, such as blade contamination
and icing as shown in Figures 4 and 5.

When the condensation model is used, it is found that
when the temperature difference between the damp air and
airfoil surfaces becomes larger, the water mass flow rate of the
airfoil surface is larger, and when the humidity is higher, the
condition is more obvious. But around airfoil, Figure 6 shows

FIGURE 5: Blade contamination and erosion [15, 16].

the higher temperature difference and the more condensation
mass flow rate curve have a similar shape as pressure curve
occurs. With different humidities, airfoil surface pressure
coeflicient curves remained basically unchanged. Airfoil sur-
face condensation cloud mass flow rate can be found as shown
in Figure 7 that the condensate mass flow rate larger region at
the leading edge and the trailing edge region, mainly airfoil
leading edge surface and the upper surface of the trailing
edge, so, in the actual wind turbine operation, it would be the
region due to the presence of surface water condensation, is
more likely to cause contamination on the surface of (insects,
such as particles) adhesion as shown in Figure 8.
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FIGURE 7: Pressure coeflicient around airfoil fo

Figure 9 shows the approximate separation point air
velocity vector diagram of the different height and various
working conditions of the Eulerian Wall Film model. A cross-
sectional comparison of different wind speed, temperature,
humidity, and velocity vector found the same temperature
and wind speed and humidity 90% compared with 25%
humidity premature separation; when humidity is higher,
separation is stronger and position is closer to the front,
which more easily leads to separation.

Figure 10 shows the flow pattern and water vapor
condensation area at leading edge and some at trailing
edge of airfoil. Figure 11 shows that RH 90% condition
has much higher water film thickness in comparison with
RH 25% condition and high angle of attack (AOA) has
more water condensation in the range of 70 yum water film

r RH = 25% and RH = 90% using VF model.

thickness. Figure 12 shows that the EWF modeling is transient
and the water condensation film thickness changes with
time.

Figures 13 and 14 are corresponding for water vapor
condensation in terms of water film thickness around airfoil
for both AOA = 6 and 10 degrees, both showing the airfoil
surface water content analysis; it is found that the water
condense most in front of the airfoil near the leading edge
but much less near the trailing edge. And it is found that
the negative pressure side has more water condensation than
pressure side, while the AOA = 10 degrees is much significant
than AOA = 6 degrees.

Table 4 summarized the RH effects at different AOA for
Cl, Cd, water volume fraction, sum of water condensation
film, and water film thickness.
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TABLE 4: Value of EWF model on 1200 steps.

Water liquid Eulerian .
AOA () RH (%) al cd volume fraction Sum qf ﬁlpl mass on Sum of ﬂlm .thlckness
6 airfoil [kg] on airfoil [m]
[x107°]
6 25 0.94505 0.029097 0.4946 0.012173075 0.06826515
90 0.92920 0.030178 0.4469 0.014304958 0.082225235
10 25 1.2552 0.049594 1.339 0.009355492 0.025474465
90 1.2221 0.051778 0.552 0.015545382 0.043205235

NACA63418@Re = 3e6, AOA = 6 deg, RH = 25%, deta = 5°C, WVF
model

Condensation mass flux
0.00e + 000

—3.75e — 004

—=7.50e — 004

—1.12e - 003,

(m)

0 0.150 0.300

0.075 0.225

NACA63418@Re = 3e6, AOA = 6 deg, RH = 90%, deta = 5°C, WVF
model

Condensation mass flux
0.00e + 000

—3.75e — 004

—=7.50e — 004

—1.12e - 003

(m)
0 0.150

&
z

0.300

0.075 0.225

NACAG63418@Re = 3e6, AOA = 6 deg, RH = 25%, deta = 10°C, WVEF
model

Condensation mass flux
0.00e + 000

—3.75e — 004

—7.50e — 004

—-1.12e - 003

(m)
0 0.150

0.300

0.075 0.225

NACA63418@Re = 3e6, AOA = 6 deg, RH = 90%, deta = 10°C, WVF
model

Condensation mass flux
0.00e + 000

—3.75e — 004

—=7.50e — 004

—1.12e - 003

(m)
0 0.150

0.300

0.075 0.225

FIGURE 8: Contour plots of condensation mass flux on airfoil using 3D VF model.

In general, through on airfoil surface wet air flow analysis,
it is found that the moisture of airfoil dynamic performance
impact is small; the moisture effects on airfoil are mainly
moisture in the airfoil surface condensation or convergence,
that is easy to cause pollution of adhesion. By analyzing
the water vapor condensation on the airfoil surface and the
distribution of the surface water film, it provides reference
for the understanding airfoil degradation because water
condensation can lead to blade icing and contamination.

4. Rotating Blade CFD Modeling Study of High
Humidity Effect

4.1. Result Analysis Based on Film Condensation Model. Like
airfoil study, we also utilized Fluent CFD analysis; to study the
effect of humidity on blade performance, used two models,
species transport and film condensation UDF as stated above.

Computation using a typical 1.5 MW blade model, for
three-blade rotor, considers the 120-degree rotation cycle;
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FIGURE 9: Vectors of air velocity for AOA =10 degrees (EWF model).
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FIGURE 10: Contour plots of water film thickness around airfoil for AOA =10 degrees (EWF model).
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F1GURE 11: Contour plots of water film thickness on airfoil for AOA = 6, 10 degrees (EWF model).
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FIGURE 12: Contour plots of water film thickness with times (steps) on airfoil for AOA =10 degrees (EWF model).
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FIGURE 13: Contour plots of film thickness on airfoil for AOA = 6 degrees (EWF model).

numerical calculation is only performed on the leaf. The
spherical region of 15 times the impeller radius is chosen
as the computational domain. In order to improve the
calculation accuracy and computation time saving, we used
full hexahedral grid. Figure 15 shows the overall outline of
the grid and local amplification. Fine mesh is used in the
near wake region as blade root and tip. The mesh size of
the tip wake area is less than 0.05m, near the rotor area is
less than 2.5 m, and outside of compute domain is less than
20 m. The total number of grids nodes is about 6.2 million. K-
omega SST model is the most commonly used in the field of
wind turbine. Table 4 shows the component transport model

and film condensation model calculation of the aerodynamic
parameters of the blade; it can be seen that, in the two models,
with the humidity increasing, the power is reduced, and 90%
relative humidity compared to the 25% relative humidity
power decreases by about 1%.

Table 5 summarized the result that higher humidity
lower the power it generated primarily due to density effect.
Figure 16 shows that the condensation mass flow rate dis-
tribution on the surface of the blade is calculated by the
condensation model. Negative on behalf of condensation
water, you can see that most of the area of the surface of the
blade has the condensation of water, along the blade airfoil



1

International Journal of Rotating Machinery

0.7

0.6 -

1= “ N
ST S S

() ssawyoryy Wty

1.0

0.8

0.6

0.4

X (m)

—— AOA = 10 deg, RH 25%
—— AOA = 10 deg, RH 90%

FIGURE 14: Contour plots of film thickness on airfoil for AOA =10 degrees (EWF model).

Periodic 2
Periodic 1

Far field

RO

A X
AN

N
WY
S
SR

24

LA

ZA

ZROR)
N

L
2
Sou

R
2%
2

SRR
R
RS
SRR
R
R

22

o
R

O

FIGURE 15: Computing domain and mesh for blade at various locations.



12

International Journal of Rotating Machinery

F1GURE 16: Condensation mass flux on blade surface for V = 8 m/s.

TABLE 5: Blade aerodynamic performance at velocity = 8 m/s with
species transport model and vapor film condensation model at
temperature of 303 K degree.

Model RH Monzlent— Power Mon;ent— Force-z
(%) [Nm] [kw] [Nm] [n]
Species transport 25 141582.3 738.9  53441.8 49360.7
model 90 140106.4 731.2 52881.2 48843.2
Vapor film 25 141828.5 740.2 53480.8 49416.3
condensation 90 140345.7 732.4 529277  48912.4

section direction, and the front position has maximum mass
flow rate. Along the direction of the blade, the blade root to
tip, the whole condensation mass flow rate increases.

4.2. Result Analysis Based on Eulerian Wall Film Model. The
water volume fraction curves of blades with different section
positions at 25% and 90% relative humidity are shown in
Figure 17. The higher the humidity is, the higher the volume
fraction of water is. Humidity is the same, from root to leaf
tip, and numerical water volume fraction increases rapidly. In
the inner region of the blade (near root), the water is mainly
distributed in the position of the droplet impingement region
and the trailing edge in suction side of the blade, and the
outer side of the blade (near blade tip) is only distributed
in the leading edge. Meantime, water distribution can be

found clearing in Figure 18; therefore, actual environment,
high humidity in cold area, and the location in winter are the
most easily freeze position, and arid sandy area is the location
with the most polluted areas. These locations require special
protection.

5. Conclusions

With the background of high humidity environment, the
density effect and the airfoil/blade aerodynamic performance
of different humidity are simulated by using CFD Fluent
with the component transport, UDF thin film condensation
model, and the Eulerian Wall Film model. It is found that
the high humidity has considerable effect on density at
high temperature condition and little effect on airfoil/blade
aerodynamic performance, and it was found that the water
vapor condensation on the surface of the airfoil or a blade may
occur around the leading edge and trailing of airfoil, which
then leads to blade contamination in the dirty environment
such as dust and insect or icing in winter and low tem-
perature conditions. When that happens, the wind turbine
performance may be severely degraded, especially for the
airfoil sensitivity to the surface. In a foggy day, the study
found that water droplets in the air with high humidity are
impacted and collected on the airfoil surface to form a water
film, which affects the flow of the boundary layer, resulting
in much higher drag and thus losing good performance. The
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similar behaviors were found by other studies that found the
loss of performance in rainy day.
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