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Impact Ice Stresses in Rotating Airfoils

R. J. Scavuzzo,* M. L. Chu,t and C. J. Kellackeyi
University of Akron, Akron, Ohio 44325

Under adverse conditions, impact ice can accumulate rapidly on rotating airfoils such as helicopter blades,
propellers, and tail rotors. Shedding of impact ice accumulated on these surfaces can cause large unbalanced
forces. Because of the statistical variation of the adhesive strength, unbalanced shedding can be expected. It is
the purpose of this paper to present two studies of the basic problem. Finite element modeling of the rotating ice-
airfoil system was used as the basic tool to study the tensile and shear stresses at the interface between the impact
ice and metal airfoil surface. Two models were developed. The first model was a simple rotating beam-ice struc-
ture used to obtain a basic understanding of stress distribution in the ice. Calculations show that shear stresses
increase linearly with the ice thickness and tensile stresses tend to zero for a fully bonded surface. When shear
stresses exceed the ultimate strength, adhesive failure occurs and tensile stresses are developed in the unbonded
ice. Tensile failure of the impact ice results. In the second finite element study the OH-583 tail rotor was modeled
with a measured ice profile. The rotor was tested in the icing research tunnel (IRT) at the NASA Lewis Research
Center. Predictions of ice shedding are compared to this data using a statistical structural analysis.

Introduction

ARLY work in the de-icing field by Jellinek! suggested

that the adhesive strength of snow ice is independent of
the cross-sectional area and the thickness of the ice layer. Jel-
linek also suggested a linear relationship between increasing
adhesive strength and decreasing temperature until it becomes
larger than the cohesive strength of ice at about — 13°C (9°F).
He also found that the tensile (cohesive) strength is several
magnitudes smaller than expected from theory. While examin-
ing different substrate materials, Stallabrass and Price? found
that ice adheres to Teflon-coated components as strongly as it
does to metal components. They also concluded that inadver-
tent contamination (fingerprints, machine oils, rust, etc.)
reduces ice adhesion to metals. They went on to suggest that
an application of wax or varnish may reduce adhesion still fur-
ther. Their results also showed a trend of stronger adhesive
strength at lower temperatures. Itagaki® investigated the self-
shedding of ice from rotating struts and developed a relation-
ship for finding the tensile and adhesive strengths of accreted
ice. He found that tensile and adhesive shear strengths show
little dependence on temperature, contrary to previous work
done. Itagaki’s analysis showed higher tensile strength with
slower-grown ice, indicating that some strengthening process
(such as sintering or recrystallization) occurs during ice accre-
tion. Furthermore, the adhesive shear strength is greater for
faster-grown ice.

Scavuzzo and Chu* extensively studied the shear strength of
rime-glaze ice and its dependence on various conditions.
Values were found by the use of two test apparatus that are
described in their report. As with all icing research, there was a
large amount of scatter in the shear stress values. This study
revealed that the adhesive shear strength of the accreted im-
pact ice was statistically independent of the following: 1) tun-
nel air temperature below 25°F, 2) the thickness of the
accreted ice, 3) material substrate, 4) cloud-on cloud-off con-
ditions, 5) rotation or nonrotation of the shear specimen, and
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6) the slope of the window of the shear test specimen. (See
Ref. 4 for further details.) Their work also concluded that sev-
eral factors do affect the adhesive shear strength. As surface
roughness increases, so does the adhesive strength. Roughness
was then held constant as wind velocity, droplet size, and ice
surface temperature were varied. The report states that the
shear strength increases slightly as the wind velocity and drop-
let size increase for hard rime-glaze ice; however, the shear
strength is not affected by interface surface temperatures below
25°F. Bétween 25°F and the melting point, there is a linear drop
in adhesive shear strength. Additionally, the shear strength was
plotted against droplet momentum to show that the strength in-
creases slightly with increasing droplet momentum.

Work done by Druez et al.’ during the same time also found
a large amount of scatter in the adhesive shear strength of ice
specimens. Although the data trends are similar between this
testing and that done by Scavuzzo and Chu,* the magnitude of
the values differs greatly due to the difference in wind velo-
cities. It is evident from this work, however, that the adhesive
shear strength values for glaze ice are significantly larger than
those of the rime ice (approximately twice as large), other con-
ditions being constant. This study also revealed that the shear
strength of ice is independent of the rate of deformation.

Recent de-icing work done by Miller and Bond® found that
ice accretion on rotor blades produces a torque rise that varies
linearly with time for a fixed set of rotor and tunnel condi-
tions. It was also found that the torque rise rate is dependent
on cloud conditions and temperature. Lower liquid water con-
tent and smaller drop size results in a slower torque rise. Fur-
thermore, there is some temperature at which the majority of
the ice is glaze and extends to the tip without shedding.
Research showed that the torque rose steadily until shedding
occurred. At this time, the torque dropped somewhat, but as
the ice accretion continued, the torque rose dgain until another
shed occurred. Rotor vibration became a problem when ice
shedding occurred asymmetrically. Measurements of rotor
blade ice profiles were found to be repeatable, as were the iced
rotor torque values, until the onset of shedding for a given set
of conditions. Although the test rotor was not able to achieve
a rotational speed high enough to obtain shedding on most of
the runs, data showed that, when sheds did occur, the radial
extent of the nonshed ice was repeatable, but that the shed
time, as well as the locations and quantities of ice shed,
exhibited large variations from run to run.

The objective of this paper is to present the results of finite
element analysis of impact ice adhered to a rotating airfoil.
Results are compared to the analysis of Itagaki.? In addition,
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the probability of an ice shed from a test program on a rotor
test rig (OH-58 test) in the icing research tunnel (IRT) at the
NASA Lewis Research Center is calculated. This statistical
structural analysis of OH-58 data is based on stresses
calculated by finite element analysis and a statistical analysis
of measured impact ice shear strength.!!

Finite Element Analysis

Shearing stresses in an iced rotating airfoil at the substrate-
ice interface are evaluated using finite element methods, and
these results are compared to the values calculated with
Itagaki’s theory.? Additionally, the stresses created by an ac-
tual ice deposit from the OH-58 tests® are calculated. The ana-
lytical predictions are made using the COSMOS/M finite ele-
ment software package.!? The basic assumption in the
following finite element models is that the strains in the
rotating airfoil are developed before ice formation begins.
Therefore, it is assumed that the airfoil is rotating and then
impact ice is accreted. The modeling technique used to simu-
late this condition assumes that the airfoil structure has zero
mass density. Because of this assumption, axial strains in the
airfoil structure are caused by the added ice mass only. The ice
is not strained by rotational inertia forces. A solid eight-noded
element was used in the modeling of both the ice and the struc-
ture. Composite elements were considered and discarded be-
cause of limitations with the method of mass distribution in
the element for dynamic problems. Results from the following
analytical models are presented in the following sections.

The simplest analysis of shear stress can be developed
assuming that a button of ice with a cross sectional area A is
adhered to a rotating airfoil at a radius R. By considering the
inertia force on the ice button, the shear stress at the interface
can be calculated

7= pw’Rh ¢))

Fig. 1 Finite element model of a uniform continuous iced beam.
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Fig. 2 Calculated shear stresses in a 0.25-in.-thick aluminum beam.
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where R is the radial length,  the angular velocity, p the den-
sity of ice, and 4 the ice thickness. As will be shown, finite ele-
ment results approach this simple equation when the axial
stiffness of the airfoil is high compared to that of the ice.

Uniform Ice Layer

A uniform layer of ice was added to the inside edge of a
rotating aluminum beam. Figure 1 shows a three-dimensional
view of the element profile. At first, the thickness of the alu-
minum was set at 0.25 in., whereas the ice varied between 0.1
and 0.5 in. Shear and axial normal stress plotted against radial
position are shown in Figs. 2 and 3, respectively. However,
when the shear values were compared to Eq. (1), there was a
large discrepancy because of the axial strain in the aluminum
(see Table 1). As a result, the beam thickness was then in-
creased to 1.5 in. and then the elastic modulus was increased
to 100, Plots of shear and normal stress vs radial position can
be found in Figs. 4 and 5. As seen in Figs. 4 and 5, the maxi-
mum sheer stress approaches the button formula value of 56
psi and the tensile stresses are almost zero.

It can be concluded that this model approaches the button
formula equation. The shear stress seems to follow a linear
relationship with the maximum shear stress approaching the

Table 1 Shear stress calculations for continuous ice layer model

FEA? value FEA value FEA value
Ice  Theoretical at 27.75 in. at 27.75in.  at 27.75 in.
thickness, value (Al=0.25in.), (Al=1.5in.), (E=10!9),
in. (Eq. 2) psi psi psi
0.1 11.3 8.9 9.4 9.8
0.2 22.6 16.7
0.3 33.9 23.4
0.4 45.2 28.9
0.5 56.4 33.3 43.0 48.4

aFEA = finite element analysis.
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Fig.3 Calculated tensile stresses in a 0.25-in.-thick aluminum beam.
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Fig. 4 Calculated shear stresses in a thick rigid beam.
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Fig. 5 Calculated tensile stresses in a thick rigid beam.

Fig. 6 Finite element model of a uniform continuous iced beam to
evaluate shear cracks.

predicted value of 56 psi for a 0.5-in. ice thickness. After view-
ing the normal stresses in the ice layer, it is clear that these
values are insignificant in magnitude. Obviously, adhesive
shear strength is the dominating factor as long as there is con-
tinuous adhesion to a relatively rigid airfoil. A summary of the
button formula values vs the values calculated by the finite ele-
ment analyses is found in Table 1. Axial normal stresses in the
ice are large for the assumed 0.25-in. aluminum beam. These
stresses are caused by both bending and axial strains of the
composite structure. However, as the stiffness of the rotating
plate is increased, these normal stresses decrease toward zero.
For the case that is most stiff, the average normal stress is
about 2 psi (Fig. 5).

Shear Crack in a Continuous Ice Layer

The substrate crack finite element model is shown in Fig. 6.
This model considers a shear crack developed between a con-
tinuous ice layer and the airfoil surface. This model is similar
to that of the continuous ice layer model; however, a 4-in.-
long fine mesh replaces the original mesh at the end of the
beam. Also, particular nodes were numbered twice to enable
the ice and beam to be constructed separately from each other
and, thus, model a sharp crack at the interface. Figure 7 illus-
trates the large shearing stress resulting at the tip of the crack.
As the crack increases in length, the magnitude of the shearing
stress also increases. As is evident from Fig. 8, the normal
stress increases from very low values along the ice layer to°a
level several magnitudes greater than the shear stress at the
crack tip. This calculation indicates that, after propagation of
a shear crack, a tensile stress failure of the ice will occur. Fur-
thermore, tensile stresses are large enough to cause failure
after approximately a 1-in. propagation of a shear crack, as-
suming the tensile strength of ice to be approximately 100 psi.
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Fig. 7 Calculated shear stresses at the crack tip in a 1.5-in.-thick

aluminum beam.
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Fig. 8 Calculated tensile stresses at the crack tip in a 1.5-in.-thick
aluminum beam.

Actual Ice Profile on OH-58 Rotor

In order to limit the size of the finite element model, only
the outer 5 in. of the rotor and ice were modeled. The inner
edge of the ice of this finite element model was assumed free.
Based on Saint-Venant’s principle, the influence of boundary
conditions affects stresses only near the boundary, and result-
ant stresses away from the boundary are not affected.!® Thus,
stresses at the inner 1 in. of the model are neglected because
this apparent strain concentration is caused by the assumption
of a free boundary. Stresses are accurately determined away
from the boundary. After the modeling technique was re-
fined,!! and the calculated values were evaluated as being
reasonable, an actual ice profile, taken from a model helicop-
ter rotor icing tunnel test, was modeled. The element profile
can be viewed in Fig. 9. For this model, it was necessary to in-
clude the entire rotor cross section since the ice deposit was not
symmetric. It was found that the shear stress varies only a
small amount in magnitude in the radial direction (neglecting
free boundary conditions), as seen in Fig. 10. The normal
stress vs radial position plot, found in Fig. 11, again shows
that the normal stress is insignificant for the inner elements
and develops a compressive stress at the tip of the rotor.

Many of the tests of the OH-58 rotor were made with large
angles of attack. As a result, the next step was to impose a
pressure loading on the airfoil. The pressure was calculated us-
ing a coefficient of lift that corresponds to an angle of attack
of 6 deg. As discussed in Ref. 11, a C;, value of 0.75 was speci-
fied. Shear stress results are plotted in Fig. 12. It can be seen
that the interface shear stress varies significantly with the
radial position. Neglecting the values at the 26-in. radius due
to imposed -free boundary conditions, the shear stress in-
creased linearly with the radial distance from R = 27.4 in. to
30.4 in. There is a slight decrease at the end of the rotor.
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Again, the normal stress plotted in Fig. 13 shows the same
trend as that of the other models, with values near zero when
the end elements are neglected.

Discussion of Results

Itagaki’ presents one of the few analytical papers on impact
ice stresses for rotating airfoils. In this work, it is assumed that
tensile stresses and shear stresses act simultaneously. Using
this assumption, equations of equilibrium are developed. Ten-
sile and shear stress equations are derived assuming that ice
sheds when the centrifugal force in the accreted ice equals the
supporting force caused by the combination of shear stresses
and tensile stresses. Formulas developed from these assump-
tions are as follows :

T = pw?hR 2)

Fig. 9 Finite element model of the last 6 in. of a measured ice profile
from the OH-58 test.
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profile from the OH-58 test without lift.

0OH—-58 HELICOPTER ROTOR MODEL
AT LEADING EDGE—~ACTUAL ICE PROFILE

50

401

201

o+ O,o——o—070——0—0—0—0—0—0—0——0/‘0
o/
~10f & /

¥ o,
—-20 t + t

26 27 28 29 30 31
RADIUS (INCHES)

Fig. 11 Calculated tensile stresses of the last 6 in. of a measured ice
profile from the OH-58 test without lift.
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or
hwp (R2w?p — 20)
= 3)
wpR + N 2p0
w?p(R—r)?
T @

where r is the location of failure surface and R the radius of
rotor tensile.

Shear stresses based on the work of Itagaki are plotted in
Fig. 14 using the following parameters for the uniform ice
layer model: @ = 2100 rpm = 219.9rad/s, » = 0.5in., and R
= 28 in. = 8.419%10~° 1b-s2/in.*.

As seen in Fig. 14, the tensile stresses almost reach 1600 psi
at the center of rotation (radius = 0). The shear stress varies
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Fig. 12 Calculated shear stresses of the last 6 in. of a measured ice
profile from the OH-58 test with lift.
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Fig. 13 Calculated tensile stresses of the last 6 in. of a measured ice
profile from the OH-58 test with lift.
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Table 2 Probability of ice shed as mean and standard
deviation increase

Standard Probability
Mean deviation of shed, %
26.4083 0.87277 0
30.0 2.0 0.012
35.0 3.2 5.39
40.0 4.5 24.32
42.9023 5.84846 36.64

from zero at the center to 56 psi at the outer edge. For the rigid
airfoil, finite element results indicate that the tensile stresses in
the accreted ice approach zero. The reason for this low stress is
that the axial strains in the airfoil and ice are approximately
equal. Since the modulus of ice is small compared to that of
the airfoil and the additional strain caused by the accreted ice
mass is also small, tensile stresses in the ice are low as deter-
mined from finite element models. However, shear stresses ap-
proach the value determined from Eq. (2), which is identical to
Itagaki.? Eq. (2) can be considered to be an upper bound for a
continuous uniform ice layer (Table 1). However, for horned-
glaze ice, shear stresses may be underestimated.!!

Statistical Structural Analysis

A shear stress distribution was calculated for a measured ice
profile. By assuming a normal statistical distribution for the
calculated shear stress values and using a Weibull distribution
for the shear strength distribution (see Ref. 11), a probabilistic
combination of the two independent distributions can be util-
ized to calculate the probability of ice shedding.

The OH-58 data collected by Miller and Bond® include ice
tracings that are used in the foregoing analysis. An ice tracing
that was taken after a run that involved shedding was approx-
imated by finite element analysis. This particular ice shape was
taken from a run in which the wind velocity was recorded as 70
mph and droplet size was 15 u. At this point, it is assumed that
the calculated shear stress of ice has a normal distribution.

J. AIRCRAFT

To find the parameters for this distribution, the shear stress
values generated by the finite element analysis for the inside el-
ements at the leading edge were averaged together, and the
mean and standard deviation of the shear stress without lift ef-
fects were found to be 26.4083 and 0.8728, respectively. As the
effects of lift were added to the model by including a pressure
load, the mean and standard deviation of the inside elements
at the leading edge were calculated as 42.9023 and 5.8486, re-
spectively. The pressure was calculated using a coefficient of
lift of 0.75 which corresponds to an angle of attack of 6 deg.
The angle of attack used was the average value of the 2 out of
11 cases that shed. The lift coefficient was taken from work
done by Potapczuk and Berkowitz!? on iced airfoils.

It was determined in Ref. 11 that the best fit statistical dis-
tribution for the experimental shear strength of ice is the
Weibull distribution. From the data collected, the case in
which the wind speed was 50 mph and the droplet size was 15 u
best duplicates the conditions of the OH-58 run. There is no
definable trend for the shear stress as a function of wind speed
on shear stress ice samples, and so no adjustment was made
for this difference. Therefore, the parameters for the shear
strength data distribution are the following: S = 47.963 psi, ¢
= 10.055 psi, x, = 35 psi, b = 1.3027, and 6 = 49.0506 psi.

Probability of Shedding

The probability of shedding is based on two independent
quantities: the shear strength of the ice and the shear stress in
the ice. If S denotes the adhesive shear strength of ice and s
represents the shear stress in the ice induced by centrifugal
force of rotation at the tip of the rotor, then the probability
that the ice will not shed is

P =P(§>s)
= P(§—s > 0) ®)
=Py >0

where y = S—s = stress difference random variable. Figures
15 and 16 symbolically illustrate the interaction of two inde-
pendent random variables. The probability of failure or shed-
ding is the probability that the induced stress in the ice is
greater than its strength.

By a numerical evaluation of the probability of shedding,!!
the probability that the ice will shed is found to be very close
to zero if loading caused by lift is neglected. However, in the
case in which lift was taken into account for 6-deg angle of at-
tack, the probability of shedding using the appropriate mean
and standard deviation of the calculated stress led to a value of
36.64%. Table 2 shows the relationship between increasing
mean and standard deviation to the probability of ice shed. If
the calculated stress were reduced from 42.9 to 40 psi, the
probability of failure is reduced from 37 to 24%, which is
close to the value determined from the OH-58 experimental
data.

After examining the OH-58 test data, it was found that 2
out of the 11 test runs in which the actual ice thickness was ap-
proximately equal to that modeled by the finite element analy-
sis actually shed ice. The two cases that did shed had angles of
attack of 4 and 8 deg. There was no measured ice shedding for
zero angles of attack. Therefore, the experimental probability
of ice shed is found to be zero when the angle of attack is zero
but is calculated as 18.2% when the angle of attack is greater
than zero.

Conclusions

Shear stresses in a uniform continuous ice layer are bounded
by the button formula and tensile stresses approach zero.
When a shear crack propagates at the interface of a uniform
ice layer, high tensile stress develops at the crack tip. A tensile
failure can be expected after the shear crack propagates to ap-
proximately 1 in. in length. Thus, the finite element analysis
predicts ice chunks of about 1 in. in length.
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When the actual ice formation was analyzed, the stresses
calculated approached those expected for a glaze ice forma-
tion. Adding lift forces increased the magnitude of shear stress
from bending of the composite structure.

The concept of interference can be applied to two random
variables of stress and strength of accreted ice to find the
probability of shedding. This method appears to be corrobo-
rated by the OH-58 experimental results. When the angle of
attack is 0 and, hence, there is no lift present, the probability
of ice shed was found to be zero both theoretically and ex-
perimentally. When the effects of lift were added to the theo-
retical model and the interference was calculated with a new
mean and standard deviation, the probability of ice shed was
found to be 36.64%. This value is significantly larger than the
OH-58 experimental results (18.2%), although when uncer-
tainty of 10% in the finite element generated stresses is taken
into account, the calculated probability of failure is approx-
imately equal to the experimental value.

It should be mentioned that the vibrational effects caused
by both the variation of the aerodynamic forces and the un-
symmetrical ice loading that constitutes aerodynamic forces
imposed on the rotor were not considered. Taking these forces
into account would have increased the mean shear stress acting
on the ice and, hence, increased the probability of shed. How-
ever, the discrepancy between theory and experiment could
also be largely attributed to an inadequate number of ex-
perimental data points for statistical analysis.
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