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Abstract For wind turbines operating in cold weather con-
ditions, ice accretion is an established issue that remains an
obstacle in effective turbine operation. While the aerody-
namic performance of wind turbine blades with ice accre-
tion has received considerable research attention, few stud-
ies have investigated the structural impact of blade ice ac-
cretion. This work proposes an adaptable projection-based
method to superimpose complex ice configurations onto a
baseline structure. The proposed approach provides an ef-
ficient methodology to include ice accretion in the high-
fidelity isogeometric shell analysis of a realistic wind tur-
bine blade. Linear vibration and nonlinear deflection analy-
ses of the blade are performed for various ice configurations
to demonstrate the impact of different ice accretion distri-
butions on structural performance. These analyses indicate
decreases in the blade natural frequencies and deflection un-
der icing conditions. Such ice-induced changes clearly re-
veal the need for structural design consideration for turbines
operating under icing conditions.

Keywords wind turbine blades - ice accretion - iso-
geometric analysis - laminated plates - thin composite
shells

1 Introduction

Ice accretion on wind turbines is a well-known phenomenon
that remains an issue for effective turbine operation in cold
climates. Performance losses due to the incidence of icing
are a commonly recognized and accepted concern in cold
weather conditions that may lead to significant annual en-
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ergy losses [1]. Wind turbine blade ice accretion, which oc-
curs primarily near the leading edge, has demonstrated neg-
ative effects on blade performance, including reduced power
outputs, surface erosion, and sudden blade failures and dam-
age [2]. The aerodynamic impact of ice accretion, particu-
larly related to changes in the airfoil and blade geometries
due to ice formation, has been widely studied in correlation
with wind turbine performance and power outputs [3—14].
A number of recent studies have also experimentally inves-
tigated the progression of ice accretion on wind turbine air-
foils, including changes in the shape, distribution, and prop-
erties of ice that occur during this process [15, 16]. Despite
the wide variety of investigations related to the aerodynamic
effects of ice on wind turbine blades, studies on the struc-
tural impact of ice accretion have remained relatively lim-
ited.

A few prior studies have used experimental and numeri-
cal models to investigate the structural impacts of ice accre-
tion on the aeroelastic behavior of blades [17, 18]. A previ-
ous numerical investigation focused on examining the im-
pact of increased blade mass due to ice accretion [19]. Other
work studied the effects of increased mass and load on the
dynamic structural performance of wind turbine blades with
ice accretion by incorporating aeroelastic equations [20] and
reduced order beam modeling approaches [21] coupled with
2D computational fluid dynamics (CFD) simulations of the
airfoil aerodynamics. These studies have indicated overall
decreases in the aeroelastic natural frequencies of the blade
due to the added mass and increased blade loads under ic-
ing conditions. However, to our knowledge, a high-fidelity
model that directly considers the ice geometry and distribu-
tions has not been previously proposed to accurately model
ice accretion on a realistic wind turbine blade.

In this work, we propose a novel approach for isoge-
ometric analysis (IGA) of ice accretion on wind turbine
blades. IGA was first introduced by Hughes et al. [22]


https://doi.org/10.1007/s00466-020-01852-y

Emily L. Johnson, Ming-Chen Hsu

to directly utilize the parameterizations within computer-
aided design (CAD) models as finite element basis func-
tions, which seamlessly integrates the design and analysis
processes. It has since been used to solve the most chal-
lenging science and engineering applications [23-39]. For
thin structures, isogeometric shells [40-57] have been pre-
viously demonstrated as an effective method for the anal-
ysis of complex problems [58-82], including the analysis
of composites [83-92]. Isogeometric shells have also been
effectively applied to wind turbine structural [93-97] and
fluid—structure interaction [83,98-105] analysis.

Here, we propose a simple, efficient projection-based ap-
proach to model ice accretion on isogeometric Kirchhoff—
Love shells [40]. Due to the complex and dynamic nature of
ice formation, this method provides a suitable approach that
superimposes the ice geometry onto the baseline structure,
which enables adaptable modeling of different intricate ice
shapes without altering the underlying geometry and patch
configurations. This projection-based method is then com-
bined with the principle of classical laminated plate the-
ory [106] to include the ice as an additional layer in the
composite shell. The effectiveness of the proposed approach
for modeling ice accretion in high-fidelity isogeometric shell
analysis is demonstrated using a realistic 5 MW wind tur-
bine blade. Using the developed procedure, this work inves-
tigates the impact of different ice configurations on the linear
vibration and nonlinear deflection properties of the blade.

This paper is organized as follows. Section 2 outlines the
isogeometric Kirchhoff-Love shell formulations, penalty
coupling methods, and ice material and geometry modeling
approaches. In Section 3, the proposed ice modeling meth-
ods are applied to the NREL/SNL 5 MW wind turbine blade
to study the structural impact of ice accretion. Finally, Sec-
tion 4 presents the conclusions from the study and the impor-
tance of the presented approaches for the design and analysis
of realistic wind turbine blades.

2 Computational methods
2.1 Isogeometric analysis of thin-shell composites

Isogeometric Kirchhoff-Love thin-shell analysis, which was
first proposed by Kiendl et al. [40], has become a commonly
used shell formulation that is effective for analyzing com-
posite shells [83—-88] and modeling wind turbine blade struc-
tures [94-97]. In the isogeometric Kirchhoff—Love shell the-
ory, the Green—Lagrange strain tensor, E, is expressed as
a linear combination of the membrane strain tensor, ', and
curvature change tensor, , at the shell midsurface:

E="+ 3, (M

where 3 is the through-thickness coordinate. This work as-
sumes linear elastic material behavior, which corresponds to

a St. Venant—Kirchhoff material model in which the stress—
strain relationship is defined as

S= E, 2)

where S is a second Piola—Kirchhoff stress tensor and is
a constitutive material tensor. The structural formulation is
defined using the principle of virtual work as

Wint _ Wexl — 0 , (3)
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Here, denotes the variation with respect to the virtual dis-

placement variable u, S denotes the shell midsurface in the
reference configuration, is the weighted average density
through the shell thickness, ¢ is the shell thickness, f in-
dicates the body force per unit mass, h indicates the sur-
face traction, and , ,and are the homogenized exten-
sional (membrane), coupling, and bending stiffness tensors,
respectively, which are defined as

Z =2 xX
= d 3 = Kl s (6)
=2 k=1
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based on the classical laminated plate theory [106]. In the
above, n is the total number of composite piles, # is the
thickness of the kth ply, and z is the distance from the cen-
troid of the kth ply to the midplane of the laminate, as shown
in Figure 1. In this work, all the tensors are written with re-
spect to the local Cartesian basis; the local Cartesian basis
is oriented on the first covariant base vector of the midsur-
face, which is aligned with the first parametric direction of
the nonuniform rational B-spline (NURBS) surface.
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Fig. 1. Composite ply layup for a nonuniform and nonsym-

metric laminated plate. Fig. 2: Ice accretion on a thin-shell laminated plate.
2.2 Coupling of surface patches with matching or To eliminate one of the inherent issues of penalty meth-
nonmatching discretization ods, the choice of penalty parameters should be problem-

) ) independent. An ideal penalty formulation should scale in
Despite the many advantagesesed by the isogeomet- , gimensionally consistent manner with the geometric and
ric Kirchho —Love approacht’-continuous approximation - aterial properties of the problem to satisfy the penalty con-
functions are required to accommodate the second Ordefaint ot an appropriate level for the speci ed problem. In

derivatives in the variational gqverning equations [107].5r recent work [96], we proposed a formulation to link the
Complex structures often comprise many NURBS surfaceg, penalty parametersg and ., to a single dimensionless
that haveC® or evenC ! continuity between patches. These parameter, , through the following de nitions:

conditions occur frequently in wind turbine blade modeling
because it is not possible to model the shear webs and the min(max;j(Aﬁ); max;j(A]%))

outer surface of the blade with a single NURBS surface. Tod = (A + )2 ) (12)
accommodate the geometric complexity of these structures,

min(max;;(Df}); max;;(D}))

a penalty-based patch coupling approach was recently pro- — ’ (13)
posed to couple interfaces that have matching or nonmatch- (hA +hB)=2
ing discretization [96]. Here we provide a summary.

g [96] P J fori = 1,2 andj = 1;2, whereA’ and A} are the ele-

For an interface between two surface patct®fs,and ) ) )
SB, with nonconforming discretization, two separate penalt}memsBOf local e>.<tenS|o/PaI sme:s matrices on surfacs
energies are de ned to constrain the displacements and rotd1d S, respectively,Dj; and D are the elements of lo-
tions at the interface. The displacement penalty virtual worl€@ bending stiness matrices, arfd* andh® are the length

is de ned as of the local elements in the direction most parallel to the
b penalty curvel AB. As demonstrated in Herrema et al. [96],
WPd = g U* W Ut B dl, 9) this formulgtion vyorks eectively fqr a Wi_de range of s_hell
LA8 problems, including blade analysis, using a dimensionless

penalty parameter of = 10°.
where LB denotes the patch interface”* and u® are

the displacements of the corresponding points on surface

patchess” andS®, respectively, andq is a penalty param- 5 3 |ce accretion modeling on thin-shell composites
eter. For the rotational continuity between the two surfaces,

the rotational penalty virtual work is de ned as To model the ice accumulation on the surface of the base-
z line composite, the ice is de ned as an isotropic, elastic ma-
WP = +(( cos cos o) (cos  cos g) terial [108] that is considered as an additional top layer in
LA® the de nition of the composite layup, as shown in Figure 2.
+ (sin sin o) (sin  sin q))dL , This approach assumes that the added ice layer thickness

(10)  maintains the thin-shell assumption, which is a reasonable
. assumption for many types of ice accretion on wind turbine
where o and are the angles between the surfaces in thgyaqes [2, Chap. 3]. The ice layer can then be considered

deformed and undeformed con gurations, respectively, andis another ply in the laminated plate that is homogenized
r is a penalty parameter. The virtual work formulation, \yithin the e and. sti ness matrices as

Eq. (3), is then restated as
X

W+ WPd 4 WP WeX = @y = FulcH ficelice, (14)
k=1
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Fig. 3: Projection of the ice shape to the baseline geometry model.

3 Application to wind turbine blades
, = f ktkZc + f iceliceZice » (15) PP
;;1 tsé @ é 3.1 NREL/SNL 5 MW Blade De nition
= (R BE S SR ficeBreie + 2K, (16)
k=1 % 12 oo Goice 12 The baseline blade design considered in this study is an

NREL/SNL 5 MW blade [109, 110] that has been previ-
wheref ice is the constitutive material tensor of the itg;  ously modeled and studied using isogeometric shell anal-
is the thickness of the ice layer, angl is the distance from ysis [96, 97]. The NURBS-based model of the NRENL
the centroid of the ice layer to the midplane of the lami-5 MW blade accommodates the discontinuous material re-
nate without ice. Note that this de nition ensures that addinggions from the reference design through multiple discrete
the ice layer does not change the location of the shell midNURBS surfaces that are connected using a penalty-based
plane. This formulation avoids rede ning the shell midplanepatch coupling approach [96], as summarized in Section 2.2.
for the baseline composite when adding the ice layer, whiclrigure 4 shows the individual blade patches and correspond-
provides a consistent approach to consider the dynamic andg layup stacking sequence information for each specic
evolving nature of ice accretion. According to the classicamaterial region. The mesh shown in Figure 4 is the coarsest
laminated plate theory, the approach proposed here also asesh considered in this work with 10,800 cubic NURBS el-
sumes that the ice remains fully intact and adhered to thements and 16,367 control points. Two additional meshes,
baseline surface as a layer in the composite shell. which are obtained by one and two additional levels of

A realistic de nition of complex ice geometries re- global h-re nement and denoted as Mesh 2 and Mesh 3,

quires an adaptable description of the ice pro le, whichrespectively, are also considered in this work. Figure 5 in-
may include con gurations that are intricate and dynami_dicates the spanwise thickness distribution of each mate-
cally evolving. To accommodate such geometric complex¥ial stack, and Figure 6 shows the location of each material
ity, this work proposes a exible, projection-based de nition zone on the airfoil, including an additional ice layer. Further
that superimposes the ice regions onto the baseline modéletails on the full blade geometry de nition and material
This approach captures any possible geometric variability aproperties can be found in Herrema et al. [97], which also
the ice accretion, including spatial and temporal variationsincludes extensive studies of the blade structure, including
Considering that it may be impractical to introduce signi - Vibrational and buckling analysis, and an IGA-based blade
cant variation in a given model with speci ed geometry andoptimization to reduce the overall cost of energy.

material de nitions, this projection-based method provides

a versatile ice de nition that does not require modifying the

baseline CAD geometries or NURBS patch structure. Usin@®.2 Ice study geometry and setup

this method, as shown in Figure 3, the de ned ice pro le is

projected to the baseline surface to divide it into subsectiong.he proposed projection-based ice modeling approach de-
Each surface integration point within a particular subsectiorscribed in Section 2.3 is employed to accurately capture
is de ned to be inside or outside the ice region. Finally, theany speci ed ice shape. This approach provides aace
material layup is homogenized at each integration point untive method to adaptively incorporate variable ice con gu-
der the classical laminated plate theory approach based oations while maintaining the same baseline blade geometry
the de ned material properties of the shell, including addi-and material de nitions. Under this procedure, the de ned
tional ice in speci ed regions. edge of the ice is projected to the blade surface and used
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Fig. 4: NRELUSNL 5 MW baseline blade material de nition.

Fig. 5: NRELSNL 5 MW baseline blade material thickness distributions.

Fig. 6: NRELUSNL 5 MW baseline blade material zones
with ice accretion. Colored zones correspond to the legend
labels in Figure 4.

to separate the blade geometry into distinct regions with

and without ice accumulation. These areas are determined
by splitting the baseline blade into smaller surface subsec-
tions using the projected ice edge curve; these subsections

are de ned to be inside or outside the ice region of the bladgcal design standard that is de ned as a linearly increasing
based on their relative orientation with respect to the promass distribution from zero to a value of.e between the
jected ice curve. The corresponding region is indicated fofoot and half the rotor radius and as a constant distribution
each integration point on the baseline blade surfaces. In thigr the remaining rotor span. In this guidelinec is the
study, an idealized initial ice shape is generated by addinghass distribution per unit length of ice on the leading edge
varying degrees of noise to a reference sine wave; howevasf the rotor blade, which is de ned as
this approach can be easily adapted to capture realistic ice
accretion pro les based on experimental or real-world oper- ice = ice K Gmin(Cmax*+ Cmin), 17)
ational data. Figure 7 shows the baseline blade patches an
an example projected ice shape. where

The spanwise ice distribution in this study is based on, = g:00675+ 0:3e 23R+ (18)
the Germanischer Lloyd (GL) guideline [111] for the mass
distribution per unit length that should be considered foiis an empirically de ned scaling constant is the density
blades operating in cold weather conditions. This is a typofice, Ris the rotor radiusR; = 1 m is the unit radiuS;max

Fig. 7: Baseline blade patches and projected ice shape.
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Fig. 8: Ice mass of each span region in relation to the NASEIL 5 MW with the baseline ice con guration (IB). The blade
with no ice (NB) is also shown for reference. The thickness of ice in each region of the IB con guration is below 30 mm.

Table 1: Analytical NURBS surface area for the baseline ice
shape (IB) compared to the computed numerical ice area for
the baseline ice shape for each blade mesh level.

Area (nf) Di . (%)
Fig. 9: Example of diering ice thickness distributions based NURBS 171.79 —
on de ned mass distribution and ice region areas. Mesh 1 171.88 94 102
Mesh 2 171.73 343 102
Mesh 3 171.78 459 103

is the maximum chord length, awgli, is the chord length at
the blade tip. Length and mass quantities are de ned in me-
ters and kilograms, respectively. In order to simply transfet

. RS . 7 7 7~ 7lce accretion, the baseline ice accretion case (IB) is initiall
this standard mass distribution into a thickness distribution (I18) y

for shell analysis, this study identi es blade span sectionsCompared to the NRESNL 5 MW blade with no ice (NB),

- 7T . which are both shown in Figure 8. In addition, two di-
as indicated in Figure 8, and assumes a constant thickness . . ) . .

L . L . . ent types of ice con gurations are considered in this work
within each section. The ice is de ned as an isotropic, elas-

. ) ) . and compared to the baseline ice con guration (IB). Two
tic material with a Young's modulus of 10 GPa, Poisson's b ne ! guration (IB). Tw

, . 3 cases of ice accretion at dirent locations from the leading
ratio of 0.3, and a density of 700 &g [108, 111, 112]. edge (L1 and L2) are generated to determine the impact of

Although this design standard considers the impact ofptting the ice formation (Figure 10). Four cases with dif-
added ice mass on the blade, it does not specify the chorgs;ant degrees of noise in the ice shape (AO-A3) are also

wise or spanwise ice distributions. As a result, the struCinyestigated to determine the structural impact of ice shape
tural behavior of the blade may vary signi cantly depending, 5riation (Figure 11).

which type of ice pro le is considered. This work proposesa  The performance of this projection-based ice modeling
study of seven dierent ice con gurations to determine the gpnr0ach relies on the convergence of the projected ice area.
impact of di ering types of ice accretion on the structural |, practice, this depends on how accurately the projected ge-
behavior of the NREISNL 5 MW blade. Figure 8 shows ometry is captured by the surface integration points. Table 1
the total ice mass within each de ned section along the bladgpos the analytical area of the NURBS surface compared
span, which remains unchanged for each ice con gurationy, the numerically integrated area of the baseline projected
The corresponding thickness is de ned for each span seGze shape on each blade mesh. These quantities demonstrate

tion based on the total area of ice within each section. Agyerall convergence of the projected ice shape under mesh
shown schematically in Figure 9, the ect of considering o nement.

this generalized mass distribution corresponds to thickness

distributions for which smaller ice sections have thicker ice

accumulation. We note that the thickness of the added laye3.3 Vibrational analysis

of ice in each region is below 100 mm for all the cases con-

sidered in this work, which maintains the thin-shell approxi-The vibration behavior of wind turbine blades is an impor-
mation for this problem. To determine the structuratet of  tant structural design quantity that can be signi cantly im-
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Fig. 10: Ice accretion cases at varying location.

Fig. 11: Ice accretion with varying degrees of pro le noise.

pacted by ice accretion. The reference NREML 5 MW  Table 2: Vibrational analysis results from the NRENL
blade is designed so that the natural frequencies of vibréd MW blade with a baseline ice con guration (IB) for each
tion will not coincide with the typical frequencies that occur level of mesh re nement.

during the normal operation of the turbine. With the addi-
tional mass and sthess introduced by a layer of ice in cer-

Frequency (Hz) Mesh1l Mesh2 Mesh3

tain regions of the blade, the natural frequencies will change 1% apwise 08172 0.8171 0.8171
accordingly. The linear vibration analysis is performed by 15t edgewise 0.9780 0.9774 0.9773
considering the following eigenvalue problem: 2" apwise 25818 2.5807 2.5803
. nd .
K" M v=0, (19) 2"% edgewise 3.7807 3.7786 3.7780
39 apwise 5.4550 5.4499 5.4480
whereK'" is the linear stiness matrix of the structur®) 15ttorsion 6.9743 6.9664 6.9633

is the mass matrix, and; is thei™ eigenvalue associated
with mode vectow;. The relationship between th# fre-
guency of vibration! ;, and the eigenvalue is given by the 0.05% di erence between Mesh 2 and Mesh 3 for each fre-
equation! 2 = ;. The eigenvalue problem is solved using quency. Based on these results and the ice area convergence
SLEPc [113, 114], which is a scienti ¢ package within the study presented in Section 3.2, Mesh 2 is selected for all
PETSc software package [115]. following ice accretion studies.

To investigate the impact of blade re nement on the ic-  The vibrational analysis results from the NRBNL
ing analysis, a re nement study is performed for the fre-5 MW blade with no ice and the iced blade for the baseline
guency analysis of the baseline ice shape. As shown in Taee con guration (Figure 8) on Mesh 2 are shown in Table 3.
ble 2, the blade frequencies are analyzed for each mesh r€hese quantities indicate a signi cant change in blade fre-
nement level and indicate overall convergence under meslguencies due to the increased mass anchets of the blade
re nement. The results from this study indicate less tharunder icing conditions. Overall, the lowest bending modes



8 Emily L. Johnson, Ming-Chen Hsu

Fig. 12: Mode shapes for the baseline ice con guration (IB) are superimposed with the reference undeformed con guration.
Mode shapes are ordered from left to right: dpwise, 15t edgewise, 2 apwise, 2" edgewise, ¥ apwise, and Fttorsion.

Table 3: Vibrational analysis results from NREINL 5 MW
blade with no ice (NB) and the iced blade with baseline ice
con guration (1B).

Frequency NB (Hz) 1B (Hz) Di. (%)
18t apwise 0.9194 0.8170 11.131
15t edgewise 1.0552 0.9774 7.380
24 apwise  2.8106  2.5807 8.182
2"d edgewise  3.8870 3.7786 2.789
34 apwise 5.6904 5.4498  4.226
15t torsion 6.7152 6.9663 3.739 (a) Ice accretion at varying locations.

exhibit the largest decreases in eigenfrequency, while the
higher modes exhibit more moderate changes in frequency,
with the torsion mode showing an increase. These changes
in the natural frequencies of the blade may introduce a num-
ber of potential issues for wind turbine operation under icing
conditions, including a higher potential for the natural fre-
guencies of the blade to be excited by the other turbine fre-
guencies, such as the rotor frequency. Figure 12 shows the
mode shapes for the baseline ice con guration (IB) com-

pared to the undeformed blade con guration (b) Ice accretion with varying degrees of pro le noise.

The e ect of di erent ice con gurations is also exam- Fig. 13: Vibrational analysis results compared to the base-

ined for each case outlined in Section 3.2 (Figures 10 anlﬁne ice con guration (IB).
11) and compared to the baseline ice case. As shown in Fig-

ure 13a, the change in ice location induces clear variation ig4te higher dierences than the apwise frequencies, and

the blade frequencies. Comparisons between the edgewigg, highest degree of noise exhibits the largest change from
and apwise modes exhibit a noticeable trend, with highely,o paseline.

modes generating more deviation from the baseline case.

The L1 case also exhibits higher overall frequency deviation

compared to the L2 case. As shown in Figure 13b, changes4 Nonlinear de ection analysis

in the ice shape pro le induce less pronounced frequency

changes. Compared to the baseline, changes in the degrElee maximum tip de ection of the NREISNL 5 MW wind

of noise in the ice pro le produce less than 1% dience turbine blade is another important structural performance
for all the cases. Overall, the edgewise frequencies demometric. Particularly with the development of more exible
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Fig. 14: Blade de ection of the NREISNL 5 MW blade with no ice (NB) compared to the baseline ice con guration (IB)
shown in red and blue, respectively. Airfoil cross sections in the deformed con guration are extracted from the 38 m, 48 m,
and 58 m span locations in the undeformed con guration.

blades, the de ection should be appropriately considered tdable 4. Magnitude of the maximum tip de ection of the
avoid clearance issues between the rotor and the tower aéNREL/SNL 5 MW blade with no ice (NB) compared to each
to ensure proper operating conditions for pre-bent bladedging con guration.

especially considering the impact of ice. The NRENL

5 MW blade is simulated under a 50-year extreme wind con-

Tip Displacement

dition with 70 mis winds, a xed rotor, blades feathered to Case Magnitude (m) Di (%)
90, and 15 of yaw misalignment, as speci ed by design NB 6.7088 —
load case (DLC) 6.1 in the IEC 61400 design standard [116]. B 6.4569 3.755
The aerodynam_lc loads at the time mst_ance_; W't.h the largest L1 6.5607 2208
blade root bending moment in the apwise direction are col-
lected from NREL's FAST [117] and applied to the IGA- L2 6.4217 4.279
based blade analysis, as described in Herrema et al. [96]. A0 6.4515 3.836
Since the orientation of this blade is arbitrary, the gravita- Al 6.4575 3.746
tional e ect on the blade is neglected for this analysis. A2 6.4586 3.729
Table 4 shows the maximum tip displacement for each A3 6.4650 3.634

ice con guration compared to the NREENL 5 MW blade
with no ice. In each case, the added ice induces a decrease

N t_hg maximum tip de ection, with the L1 and L2 CaSes €X- \,aterial de nitions and eliminates time-consuming geom-
hibiting the smallest and largest decreases, respectively. Thé?ry manipulation and meshing steps that are necessary for
likely results from increasing the stiess in larger areas more typical high- delity analysis methods
OT th'e b!ade, which also demon§trates W.hy the same mass The signi cant change in vibrational frequencies and
distribution along the blade can induce drent degrees of maximum tip de ections demonstrated by this study indi-
change in de ection depending on the chordwise distribu- . : .
. . A . . cate the need for testing and accommodation for turbines
tion of ice on the blade. Variations in the ice shape pro le N L . i
L . : - operating in cold weather conditions. Current design stan
again induce less pronounced changes in the quantity of Ir('j_ards are very broad in terms of the type of ice accretion

tergst, W.Ith.a” de ect|0n-changes due to the ice shape pro Iethat is considered. Mass distributions standards alone do
falling within 0.02 m. Figure 14 shows the total de ection

of the NREL/SNL 5 MW blade with no ice compared to the not properly accpunt for. the signi cant variation that may
baseline ice con guration. be pr.e.sent on W|.nd turbine blades that operate ynder. |g|ng
conditions. As this study demonstrates, geometric variation
in ice accretion can have a signi cant impact on the vibra-
4 Conclusion tional modes and de ection of wind turbine blades. Further
high- delity analysis of this eect, especially considering
This study presents a novel approach to include ice accreealistic ice distributions, is necessary to design reliable tur-
tion in isogeometric shell analysis of complex structuresbines that can operate ectively in cold climates. Changes
The proposed methodology utilizes the advantages of 1GAn the vibrational behavior of these blades also heavily im-
to develop a combined geometry modeling and analysis pr@gact the dynamic performance of these structures and may
cedure that is eective for simulating wind turbine blades induce signi cant additional loads and fatigue on the blade.
with ice accretion. This integrated projection-based IGA apVariations in the degree of ice accretion on individual blades
proach directly incorporates the existing CAD model andmay also introduce imbalances in the structural loading on
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