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Abstract: Fan rotor blades are critical components of aeroengines. When an aircraft flies in icing
conditions, ice accumulation on the fan surface may lead to periodic shedding. Severe ice shedding
can cause mechanical damage to the engine, posing significant safety risks. This study investigates ice
accretion on the surface of ROTOR 67 rotor blades and their stress distribution. This paper presents
an in-depth analysis of the internal stress distribution of ice layers on the surface of rotating blades
under different icing times and rotational speeds, especially the stress concentration of the areas at the
contact surface between the ice layer and the blade. This study predicts the stress distribution of ice
layers under different working conditions more accurately, which helps to identify potential ice layer
fracture risks in advance. Moreover, it integrates the icing process, stress distribution, and shedding
mechanism for analysis, providing a comprehensive perspective. It considers the interaction of
various environmental factors and operating conditions, offering an in-depth understanding of ice
layer behavior under complex working conditions.
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1. Introduction

When an aircraft traverses a cloud containing supercooled water droplets, it inevitably
experiences ice accretion on the engine’s fan blades. Once the ice accumulation reaches a
certain level, it can shed due to the influence of centrifugal and aerodynamic forces. The
shedding ice fragments, if ingested by the engine, could cause mechanical damage to the
engine, severely compromising flight safety. There are two modes of ice shedding: one
where the ice detaches from the blade surface and another where the internal fracture of the
ice leads to shedding [1]. The latter is a more common occurrence. Therefore, it is crucial
to conduct stress analyses of the ice layers on rotating blades to identify potential initial
fracture locations.

The study of high-altitude icing has a long history. As early as 1953, Messinger
proposed the renowned Messinger thermodynamic model [2], which performs a thermody-
namic analysis of icing surfaces to determine the specific amount of ice at each location.
This model has had a profound impact on the field. However, research focusing on ice ac-
cretion and shedding on high-speed rotating machinery, especially on turbofan engine fan
blades, has only garnered attention in recent years. Professor Ryohei Hayashi and Professor
Makoto Yamamoto from Tokyo University of Science developed a numerical model in their
research that integrates the impact of supercooled droplets, icing, and ice shedding [3].
This model has been partially validated by experimental results. Professors Yong Chen and
Wei Dong from Shanghai Jiao Tong University comprehensively considered the separation
of ice from the blade interface and the fracture of the ice itself [4]. Using fracture mechanics
and cohesive zone models, they provided preliminary predictions regarding ice shedding
from fan blades. Professor Hui Hu from Iowa State University utilized an icing wind tunnel
and high-speed imaging technology to observe transient unstable icing moments on a
constant-speed fan [5]. His and his colleagues” work included analyzing the impact area of
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supercooled droplets and the ice accretion shapes on rotating components. They identified
the icing characteristics and thickness at different locations on the rotating components
for various ice types. Several years later, they advanced their research using 3D scanning
technology based on digital image projection [6]. This technique enabled them to develop
three-dimensional models of complex ice structures and quantify the evolution of these
structures over time on rotating fan blades. Their findings outlined the correlations between
ice accretion and aerodynamic forces, centrifugal forces, and ice adhesion forces. Research
by Professor Gong Chen and colleagues from Shanghai Jiao Tong University involved
using a cold chamber environment [7]. They scaled down a specific turbofan engine model
and controlled the icing conditions to determine the effects of environmental temperature
and rotational speed on ice shedding from fan blades. Chen Ningli and his team from
Southwest Petroleum University developed a more comprehensive numerical icing model
based on a rotating body-fitted non-orthogonal curvilinear coordinate system [8]. Their
model specifically considered energy changes due to water film inflow and outflow control
volumes, achieving higher accuracy compared to that of LWICE software. They further
explored the impact of centrifugal forces on ice accretion on rotating blades.

This article first employs the Euler-Euler method to calculate the two-phase flow of
air and water droplets. Using a shallow-water model, the ice accretion on the fan blades
is determined under a constant environmental temperature, pressure, and liquid water
content for different icing durations. Subsequently, a static structural analysis of the ice
shapes is performed. The results reveal the relationship between the maximum principal
stress within the ice and the centrifugal and aerodynamic forces. Additionally, the impact
of different ice shapes on the magnitude and distribution of the internal principal stress is
analyzed. This article presents an in-depth study of the distribution of internal stress within
the ice layer on the surface of rotating blades under different icing times and rotational
speeds, especially analyzing the stress concentration of the areas at the contact surface
between the ice and the blade, which is an important supplement to existing research.

2. Numerical Methods

The primary forces acting on ice formed on the surface of rotating blades are the
aerodynamic pressure exerted on the ice and the centrifugal force generated by the blade’s
rotation. This study utilizes a numerical simulation of a three-dimensional rotor blade.
Initially, the flow field conditions inside a compressor rotor blade are simulated to construct
the initial icing environment. Subsequently, ice accretion simulations are conducted to
yield three-dimensional ice accretion models for different icing durations. These 3D models
are used to perform static structural analyses. Aerodynamic forces are applied at each load
step of the rotating model, ultimately resulting in the distribution of maximum principal
stress within the ice layer on the blade surface for different icing durations. The following
sections will provide a detailed explanation of this process.

2.1. Calculation of Local Collection Coefficient

In this study, the Euler-Euler two-phase flow model is employed. The flow field is as-
sumed to be three-dimensional and compressible. The governing equations for the rotating
coordinate system are solved by considering the effects of centrifugal and Coriolis forces,
using the Navier-Stokes equations [9,10], and adopting the k-¢ turbulence model [11].

The droplets are treated as a continuous phase within the flow field. Using the Eulerian
approach, the continuity and momentum equations for the droplet phase are formulated as
follows [12,13]:
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where « and V;; represent the volume fraction and average velocity of the droplets, re-
spectively. The right-hand side of the momentum equation accounts for the drag force,
buoyancy, and gravitational forces acting on the droplets. Req denotes the Reynolds num-
ber of the droplets, and Cp represents the drag coefficient, which can be determined using
empirical formulas for the flow around spherical droplets. K is the droplet inertia coefficient,
and Fr is the local Froude number.

For subsequent ice shape calculations, it is necessary to determine the distribution of
the water quantities impacting the blade surface. Therefore, the local collection efficiency is
calculated using the following formula:
avd : 7

b= e ©

where LWC and Vi, denote the liquid water content and velocity of the droplets in the far
field, respectively.

Using the aforementioned governing equations, the water droplet collection efficiency
on the fan blade surface is computed, which serves as a prerequisite boundary condition
for ice accretion calculations.

2.2. Calculation of Ice Accretion on Blade

When droplets hit the blade surface, a thin water film forms, which flows along
the blade surface due to centrifugal force, aerodynamic force, and other factors. The
ice accretion amount on the blade surface is determined based on the thermodynamic
conditions of the water film in various regions, ultimately resulting in the three-dimensional
shape of the ice.

Assuming that the wall surfaces are adiabatic, the wall heat transfer coefficient and
heat flux of the adiabatic flow field are calculated by extending the ice accretion data. This
method simulates ice accretion on the fan blades of turbofan engines.

To determine the water film’s movement speed and direction, it is assumed that the
water film velocity near the wall is zero and that the water film thickness is small. The water
film velocity vector and the corresponding average velocity can be obtained by averaging
the water film velocity along its thickness. The specific formula is as follows:

N
Vf(?/y) = ?u,wall(;) 4)
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where T, ;.1 is the shear stress, which is the primary stress experienced by the water film.
When considering the body forces acting on the water film, the centrifugal force and
Coriolis force must be taken into account as follows:

M = py (g + w’r — 2wu) (6)

where w is the angular velocity.

When analyzing the thermodynamic conditions, the primary data are obtained through
the mass conservation equation and the energy conservation equation [14].

The mass conservation equation is given by

oh = /. . )
o |:atf 1V (thf>:| = Vo LWCB — Mevap — Mice 7)

Here Vo LWCp represents the mass of the water film formed by the droplets impinging
on the blade surface, and Vo is the freestream velocity of the droplets, LWC is the liquid
water content, and S is the collection efficiency of the droplets on the blade surface. The
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terms 0y and me, represent the mass of the evaporated water film and the mass of the
ice accreted on the blade surface, respectively.
The energy conservation equation is given as follows:

ohhsT = ([
Pf{a§f+v'<vﬂﬁqn>]:
132\/LWC — 1 L Hice | Lfus — Cice T
egt+5Vy)Veo B mevap( evap) + Mice | Lfus — Cice Lice

(8)

The three terms on the right side of the equation represent the energy transferred by
the impact of the supercooled droplets, the heat removed by the evaporation of the water
film, and the energy change resulting from the freezing of the water film, respectively.

To solve for unknown quantities, such as the mass of ice accretion, the model assumes
that if the equilibrium temperature of a certain region on the blade surface is below 0 °C,
there will be no liquid water in that region. Conversely, if the equilibrium temperature of a
certain region on the blade surface is above 0 °C, it is assumed that no ice accretion will
occur in that region.

This numerical model of ice accretion has been widely validated for three-dimensional
models [15].

2.3. Analysis of Internal Ice Stresses

Due to the high-speed rotation of the rotor blades, the ice formed on the blade surface
generates significant stresses.

Before calculating these stresses, the following assumptions are made: there are no
cavities or impurities within the ice, indicating that the physical properties are uniformly
constant across all the points within the ice; the ice is tightly bonded to the surface of the
blade, with no consideration of gaps at the contact surface; and the physical properties of
the ice remain constant and do not change over time.

Based on the theory of elasticity, the differential equations for the stress equilibrium of
a three-dimensional solid are expressed as follows [16]:

Jdoy 0Ty 0Tyz _
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The maximum principal stress within the ice is often a critical factor in determining
crack initiation. When the maximum principal stress calculated through a simulation
exceeds a critical stress level, it is deemed as the point of crack initiation. The principal
stress refers to the normal stress on an infinitesimal area element at a point within a material,
where the shear stress on that area element, with a normal vector #, is zero. This can also be
interpreted as the normal stress on a differential plane where the shear stress is zero. The
formula for the principal stress is given as follows:

Ux — 0 Tyx sz
Ty Oy—0 Ty |=0 (10)
Tz Ty, 0;—0

o represents the principal stress, and the maximum principal stress is the largest value
among the three calculated principal stresses.

3. Numerical Simulation Results

In this study, the NASA Rotor 67 fan rotor blade was selected as the numerical research
subject. This blade features a transonic design with a low aspect ratio, and has extensive
experimental and simulation data. The NASA Rotor 67 is designed with a rotational speed
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of 16,043 rpm, a tip speed of 426 m/s, a hub diameter of approximately 0.1 m, a blade
height of approximately 0.15 m, a blade chord length of approximately 0.5 m, and an aspect
ratio of 1.56.

Considering the actual operating environment of the engine, the working conditions
listed in Table 1 were chosen for this study, ensuring an inlet speed of 150 m/s. The ice
shapes formed at 15 s and 30 s, respectively, were used to analyze the stress distribution
under design rotational speeds of 70%, 80%, 90%, and 100%.

Table 1. Boundary conditions of the actual operating environment of the engine.

LWC MVD Ambient Barometric Altitude
Temperature
1g/m? 35 um —11°C 1200 m

Ice is a complex anisotropic material whose physical properties vary significantly
with the temperature. This study references multiple experimental data sources [17-20]
to summarize the ideal mechanical properties of ice under the simulated environmental
conditions. These properties are used as the material parameters for the simulations, with
the specific values listed in Table 2. Considering the actual conditions under which ice
may crack [21], it is assumed that if the maximum principal stress in any region of the ice
exceeds 0.6 MPa, there will be trend towards crack formation in that region.

Table 2. Physical properties of ice [17-20].

Properties Value
Young’s modulus 9.15 GPa
Poisson’s ratio 0.32
Ultimate tensile strength 2.6 MPa
Ultimate compressive strength 15 MPa
Density 900 kg/m?

This paper assumes that the material of the blades is aluminum alloy, with specific
physical parameters as shown in Table 3. The blades will undergo a slight deformation
at high speeds, which also affects the icing on the blade surface and the stress within it.
Considering this situation, this paper will conduct a stress analysis of the ice layer on the
surface of the blades.

Table 3. Physical properties of aluminum alloy.

Properties Value
Young’s modulus 69 GPa
Poisson’s ratio 0.33
Density 2750 kg/m?3

Additionally, the adhesion strength between the ice and the blade surface needs to be
considered. By introducing a cohesive force model at the contact interface using the finite
element method (FEM) for the numerical simulation, the adhesion state between the ice
and the interface can be determined. This approach also allows for a relatively accurate
simulation of the stress within the ice [4,22]. The parameters for the cohesive force model
are provided in Table 4. In the following case studies, the stress distribution within the ice
is calculated under the condition that the adhesion strength between the blade surface and
the ice does not exceed the limit value.
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Table 4. Adhesive interface model [4,22].

Properties Value
Maximum normal contact stress 49,000 Pa
Critical contact gap at the moment of detachment 1.0 x 107 m
Maximum equivalent tangential contact stress 49,000 Pa
Critical tangential slip at the moment of detachment 1.0 x 107 m
Normal cohesive stiffness 0.3 x 1073 N/m3
Shear cohesive stiffness 0.3 x 1073 N/m3
Normal mode fracture energy 1 x107°N/m
Tangential fracture energy 2 x 107 N/m
Damping factor 0.2
Power exponent 2

3.1. Modeling and Validation
3.1.1. NASA Rotor 67 Flow Field Validation

The NASA Rotor 67 model is shown in Figure 1.

Figure 1. NASA Rotor 67.

The grid division adopts a structured grid, ensuring the quality and orthogonality of
the grid, and the appropriate grid refinement is carried out at the front edge, trailing edge,
and near-wall areas to meet the requirements of the turbulence model and wall function for
the near-wall grid’s y+ value. To eliminate the impact of the grid size and time step on the
calculation accuracy, this paper conducts a grid independence verification for the NASA
Rotor 67 model. Four sets of grids with different densities are used, with the total number
of grids being 1,448,902, 2,683,576, 3,107,906, and 3,911,188, respectively. To more clearly
see the differences between the different grid numbers and experimental values [23], the
flow rate is processed dimensionlessly. The total pressure ratio and isentropic efficiency
characteristic lines of the NASA Rotor 67 are calculated, and the calculation results are
shown in Figure 2. The overall trend of the total pressure ratio and isentropic efficiency
characteristic lines for the four sets of grids matches well with the experimental results,
and the numerical calculation results differ from the experimental results by a maximum of
3.7%, which can be considered reliable. Considering the computational time cost, the Grid2
grid number is finally selected for the numerical calculation.
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Figure 2. Comparison of characteristic curves calculated from four sets of grids with experiments:
(a) isentropic efficiency; (b) total pressure ratio.

The specific grid division is shown in Figure 3.
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(b)
Figure 3. NASA Rotor 67 mesh partitioning: (a) passage; (b) leading Edge.

3.1.2. Ice Accretion Model Validation

In order to verify the accuracy of the icing model, the NACA 0012 airfoil, which has the
most comprehensive experimental data, is selected as the validation object and compared
with the experimental results of Jaiwon Shin et al. [24] in the NASA Lewis icing wind
tunnel. After the grid independence verification, the number of grids in the fluid domain is
76,084, and the grid orthogonality is good. The icing wind tunnel working conditions are
shown in Table 5.

Table 5. Boundary conditions on the icing wind tunnel working conditions.

Ambient Freestream  Angle of Icing
wce MVD Temperature Pressure Velocity Attack Duration
055g/m3 20 um —26.1°C 101,325 Pa  102.82m/s 4° 360 s

Figure 4 is a comparison chart of the numerical simulation results and the experimental
results. The horizontal and vertical coordinates in the figure are the dimensionless numbers
of the wing coordinate and the chord length. It can be observed that the icing obtained by
the numerical simulation is basically consistent with the icing obtained by the experiment
in terms of ice shape and size, which proves that the selected numerical model is reliable.
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Figure 4. Comparison of numerical simulation results with ice wind tunnel experimental results.

3.2. Distribution of Ice Stress along Chordwise and Spanwise Directions

To clearly observe the stress state within the ice at different blade heights, five typical
positions along the blade height direction were selected, as shown in Figure 5.

Shroud Shroud

90% blade height 90% blade height

70% blade height 70% blade height

Leading edge Trailing edge  Trailing edge Leading edge

50% blade height 50% blade height

30% blade height 30% blade height

10% blade height 10% blade height

Figure 5. Illustration of the icing morphology on the rotor blade and the selected blade height (30-s
icing): (A) pressure surface; (B) suction surface.

The analysis of the maximum principal stress within the ice shapes at various blade
heights for icing durations of 15 s and 30 s is presented. When the rotational speed is 90%
of the design speed, the icing morphology on the blade surface and the corresponding
stress distributions are illustrated in Figures 6 and 7.
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Figure 6. Maximum principal stress distribution within the ice shapes at various blade heights for
a 15-s icing duration at 90% of the design speed (Pa): (A) 10% blade height; (B) 30% blade height;
(C) 70% blade height; and (D) 90% blade height.
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Figure 7. Maximum principal stress distribution within the ice shapes at various blade heights for
a 30-s icing duration at 90% of the design speed (Pa): (A) 10% blade height; (B) 30% blade height;
(C) 70% blade height; and (D) 90% blade height.
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3.2.1. Icing Morphology

Figure 5 shows that the icing region gradually increases along the chord length from
the blade root to the blade tip. This is due to the influence of centrifugal forces, which cause
the water film to flow towards the blade tip. Simultaneously, aerodynamic forces drive the
water film to spread along the chord. Near the blade tip, icing covers approximately 50% of
the chord length. Owing to the continuous migration of the water film towards the blade
tip due to centrifugal forces, the thickness of the water film increases progressively from
the root to the tip.

Figures 6 and 7 show that due to aerodynamic forces and centrifugal forces, the water
film flows irregularly on the blade surface. The suction side displays thicker icing than the
pressure side. On the pressure side close to the leading edge, particularly below about 40%
of the blade height, there is a noticeably thicker region compared to other areas. This effect
is pronounced from the root to the tip due to centrifugal forces, which cause the icing to
spread along the chord direction. At around 70% of the blade height, this trend intensifies
rapidly, with icing covering approximately 50% of the chord length at the tip. The flow
of the water film causes the icing thickness to increase from the root to the tip, with the
suction and pressure sides nearing symmetry at higher blade heights due to the dominant
influence of centrifugal forces over aerodynamic forces.

With an increased icing duration, there is no significant development in the spanwise
direction of the blade icing. Below approximately 40% of the blade height on the pressure
side near the leading edge, a notably thicker area develops, whereas the ice layer in
other regions thickens uniformly. The geometric characteristics of the ice shapes remain
relatively similar.

The observations and analysis of the icing process on the blade reveal the critical role
of centrifugal and aerodynamic forces in the formation of ice. The centrifugal forces drive
the water film towards the blade tip, resulting in a gradual increase in the icing region’s
extent along the chord, particularly near the tip, where icing covers about 50% of the
chord length. Moreover, due to the combined effects of the aerodynamic and centrifugal
forces, a significant difference in the ice thickness distribution is noted between the pressure
and suction sides of the blade, with the area below the leading edge on the pressure
side being the thickest. However, as the icing duration increases, the overall trend is a
uniform thickening of the ice layer without notable spanwise growth, indicating a certain
geometric stability.

3.2.2. Analysis of Stresses in Ice along the Chord

Figure 6 reveals that at 90% of the design rotational speed, the internal stress of the
ice morphology formed after 15 s of icing gradually increases from the blade root to the
blade tip, with the area of the high-stress regions also expanding. At 10% and 30% of the
blade height, the ice layer on the suction side is thicker and more substantial compared to
the pressure side, and there are more pronounced stress concentration regions within the
ice layer on the suction side. As the blade height increases, the ice morphology becomes
thicker, and at 70% and 90% of the blade height, the icing shapes on the suction and
pressure sides exhibit a degree of symmetry. However, different characteristics of the stress
distribution appear in the ice layers at higher blade heights. The contour results indicate
that the maximum principal stress and the distribution range of the high-stress regions
within the ice on the suction side are significantly greater than those on the pressure side.
Additionally, on both suction and pressure sides, the maximum principal stress within the
ice shows a decreasing trend outward from the ice-blade contact surface.

Figure 7 illustrates that the ice morphology formed after 30 s of icing exhibits similar
but more pronounced characteristics, with a larger internal stress and more extensive
high-stress regions. This can be inferred as the result of the prolonged icing duration, which
leads to a greater ice mass, thereby increasing the centrifugal forces acting on the blade.

To further quantify the high-stress regions in a single blade height plane, 21 evenly
distributed points were selected along the contact surface, from a position at 5% chord
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length from the leading edge on the suction side to a position at 5% chord length from the
leading edge on the pressure side, as shown in Figure 8.
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Figure 8. Schematic diagram of equidistant points at leading edge (50% blade height).

Figure 9 presents the distribution of the maximum principal stress within the ice
near the leading edge of the blade. It can be observed that the maximum principal stress
gradient near the leading edge of the blade varies greatly for different icing durations, with
the stress variation along the chord tending to stabilize. Additionally, the internal stress
of the ice on the suction side is significantly higher than that on the pressure side, with a
larger stress gradient along the chord on the suction side. There are noticeable differences
in the maximum principal stress distribution within the ice layer in this region between the
different icing durations. Specifically, the ice layer on the blade surface after 30 s of icing
exhibits a more pronounced stress concentration in this area, while the stress concentration
is relatively less noticeable after 15 s of icing. Under the same icing duration, the trend of
the maximum principal stress distribution within the ice at different blade heights shows
certain similarities.

— 70% blade height
— 30% blade height

—— 90% blade height 3.07

—— 90% blade height
—— 70% blade height
— 30% blade height

0
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1%
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Figure 9. Distribution of maximum principal stress within ice near contact surface at leading edge
region at 90% Rotational Speed: (A) 15-s icing; (B) 30-s icing.

Through structural mechanics analyses, the shapes and stress distributions of the
ice layers on the rotating blades at different rotational speeds and icing durations have
been studied and observed in detail. The results indicate that from the blade root to the
tip, the ice layer thickness continuously increases along with the stress and that high-
stress regions expand within the ice layer. Additionally, the internal stress within the
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ice layer on the suction side of the blade is generally higher than that on the pressure
side, with more significant stress concentration regions. As the icing duration increases,
both the stress and the area of high-stress regions tend to increase, mainly due to the
increasing mass of the ice layer and the resultant greater centrifugal forces acting on the
blade. Furthermore, the gradient of the stress variation near the leading edge of the blade
icing is substantial, showing a non-uniform stress distribution along the chord. The trends
in the stress distribution within the ice layer at different blade heights exhibit a degree of
similarity under the same icing duration.

3.2.3. Analysis of Stresses in Ice along Span

To achieve a more accurate assessment of the stresses within the three-dimensional
icing on the blade, this study quantitatively analyzes the stress by selecting seven points
along the span-wise direction on both the suction and pressure sides from the leading
edge, specifically at positions corresponding to the leading edge, 1% chord length, 3%
chord length, and 5% chord length from the leading edge. The specific node distribution is
illustrated in Figure 10. The maximum principal stresses within the ice at these nodes were
extracted and observed along the blade height to analyze the data variations within the en-
tire three-dimensional ice morphology. Figure 11 demonstrates the trends of the maximum
principal stresses at various nodes along the blade height for the ice morphologies formed
after 15 s and 30 s of icing.

Figure 10. Schematic diagram of nodes at mid-span plane (50% blade height).
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Figure 11. Variation trend of maximum principal stress along blade height at various nodes under
90% rotational speed: (A) 15-s icing; (B) 30-s icing.
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The data analysis reveals that the maximum principal stresses within the ice on
the suction side are significantly higher than those on the pressure side. The maximum
principal stresses for the 30 s ice morphology are markedly higher than those for the 15 s ice
morphology, showing noticeable gradient differences along the blade height. This indicates
that the icing geometry has a substantial impact on the magnitude and distribution of the
principal stresses. Along the blade height, the overall trend of the maximum principal
stress variations is similar for both the 15 s and 30 s ice morphologies.

Based on the variations in the maximum principal stresses within the ice layers on the
suction and pressure sides of the rotating blades for different icing durations, the maximum
principal stresses within the ice on the suction side are significantly higher than those on
the pressure side. This may be due to the greater aerodynamic pressures acting on the
suction side during flight. Furthermore, as the icing duration increases, the maximum
principal stresses within the ice layers also increase significantly, with noticeable gradient
differences along the blade height, highlighting the significant impact of the icing geometry
on the magnitude and distribution of the stress. Finally, although changes in the icing
duration affect the magnitude of the stress, the trend of stress variations along the blade
height remains consistent between the 15 s and 30 s ice morphologies.

3.3. Relationship between Stress within Ice and Rotor Speed

A principal stress analysis was conducted on the ice shapes with icing times of 15 s
and 30 s under design rotational speeds of 70%, 80%, 90%, and 100%. As illustrated in
Figure 12, the distribution of the maximum principal stress within the ice shape at a 50%
blade height for a 15 s icing time shows a trend where the maximum stress increases with
higher rotational speeds. The area of high-stress zones also expands with increasing speed.
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Figure 12. Maximum principal stress distribution at 50% blade height for 15 s icing time at various
speeds (Pa): (A) 70% design rotational speed; (B) 80% design rotational speed; (C) 90% design
rotational speed; and (D) 100% design rotational speed.
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Figure 13 presents the stress distribution for the ice shape with a 30 s icing time under
different rotational speeds at the 50% blade height. The distribution pattern is similar to
that observed for the 15 s icing time; however, due to the thicker ice layer, the maximum
principal stress is higher, and the high-stress zones are more extensive.
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Figure 13. Maximum principal stress distribution at 50% blade height for 30 s icing time at various
speeds (Pa): (A) 70% design rotational speed; (B) 80% design rotational speed; (C) 90% design
rotational speed; and (D) 100% design rotational speed.

This analysis reveals that the stress within the ice increases with the rotor speed,
highlighting the need to account for these variations in the design and maintenance of rotor
blades operating under icing conditions.

The maximum principal stresses of the ice shapes at various rotational speeds were
numerically averaged to obtain the data shown in Figure 14. The results clearly indicate
that the average maximum principal stress within the ice layer on the blade increases
with the rotor speed. This trend highlights the critical impact of the operational speed on
the structural integrity of the ice accumulation, suggesting that higher rotational speeds
exacerbate the internal stress levels within the ice layer.

Figure 15 illustrates the distribution of the maximum principal stresses in the leading-
edge region near the contact surface at a 50% blade height (corresponding to the previously
discussed area) for different rotational speeds. In this figure, Point 11 represents the leading
edge, Points 1-11 denote the pressure side, and Points 11-21 denote the suction side. The
observation of this figure reveals that for an icing time of 15 s, the minimum value of the
maximum principal stress occurs at Point 12, with a significant gradient in the maximum
principal stress between Points 8 and 12, while the other regions exhibit relatively smooth
changes in the maximum principal stress. For an icing time of 30 s, the maximum principal
stress is highest at Point 7, with significant stress gradients between Points 6 and 7 and
Points 7 and 12, indicating a severe stress concentration at Point 7, while the rest of the
region exhibits relatively smooth changes in the maximum principal stress.
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Figure 14. Average maximum principal stress within ice shapes for 15 s and 30 s icing times at various
rotational speeds.
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Figure 15. Distribution of internal maximum principal stresses in leading-edge region near contact
surface at 50% blade height for different rotational speeds: (A) 15-s icing; (B) 30-s icing.

For the same icing time, as the rotational speed increases, the maximum principal
stress of this region gradually increases, with the distribution trend and stress concentration
locations remaining consistent. This pattern can be preliminarily extended to the entire ice
layer, indicating that with changes in the rotational speed, the distribution of the principal
stresses within the ice layer becomes more consistent. Additionally, under conditions of
varying icing times but the same rotational speed, the leading-edge position at a 50% blade
height (the region spanning from 1.5% chord length on the suction side to 0.5% chord
length on the pressure side from the leading edge) exhibits significant stress gradients, with
similar trends in the stress variation. As the rotational speed increases, the gradient of the
maximum principal stress variation also increases.

On the pressure side, the maximum principal stress of the ice layer tends to be stable
along the chordwise direction, with differences in the gradient variation and specific distri-
bution characteristics between the different icing times. On the suction side, the maximum
principal stress distribution along the spanwise direction tends to stabilize for a 15 s icing
time, showing an initial rising trend, reaching a peak, and then gradually decreasing. For
a 30 s icing time, the stress quickly peaks and then rapidly decreases, exhibiting a more
pronounced stress concentration phenomena, followed by the maintaining of a relatively
high maximum principal stress value. This is caused by differences in the ice layer thickness
and internal structure due to the icing times. For a 15 s icing time, the ice layer is thinner,
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making the icing shape more uniform and the stress distribution relatively even. For a 30 s
icing time, the ice layer is thicker, leading to more defined icing shape characteristics and a
less uniform stress distribution.

The peak values of the maximum principal stress at various blade heights predomi-
nantly occur on the suction side, approximately at 1% to 4% chord length from the leading
edge. Considering this specific condition, the maximum values of the maximum principal
stress along the blade height direction for icing shapes at 15 s and 30 s under different
rotational speeds were compiled, as illustrated in Figure 16.
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Figure 16. The magnitude of the maximum principal stress at different blade heights for various
rotational speeds: (A) 15-s icing; (B) 30-s icing.

It was observed that along the blade height direction, the maximum principal stress
for the ice shape with a 15 s icing duration generally exhibited an increasing trend, with a
slight decrease near the blade tip. Conversely, for the 30 s icing duration, the maximum
principal stress significantly decreased at around 50% of the blade height, which could be
attributed to factors such as ice geometry, contact surface geometry, and centrifugal force.

Using 0.6 MPa as the cracking threshold [21], it was noted that for a 30 s icing duration,
the maximum principal stress in the ice on the blade surface exceeded 0.6 MPa across the
various rotational speeds, surpassing the cracking threshold. Under actual conditions, most
of the ice would have already detached. In contrast, the stress within the ice for a 15 s icing
duration was more representative of the conditions experienced by engine rotor blades
under typical icing weather conditions.

Based on the previous analysis, it can be preliminarily inferred that as the rotational
speed increases, the cracking location of the ice on a blade surface for a 15 s icing duration
gradually approaches the blade base. It is conjectured that at 80%, 90%, and 100% of the
maximum rotational speeds, the initial cracking occurs at approximately 75%, 40%, and 20%
of the blade height on the suction side, respectively. Conversely, at 70% of the maximum
rotational speed, the internal maximum principal stress of the ice on the blade surface
for al5 s icing duration remains below 0.6 MPa, indicating no tendency towards internal
fracturing at this speed. Only with a prolonged icing time might fracturing occur.

In summary, this analysis partially explains why, under actual flight conditions, the
icing on the engine rotor surface appears more severe near the blade base and is thicker on
the pressure surface compared to the suction surface.

This investigation delved into the stress characteristics within the ice layer on rotating
blades under different icing durations and rotational speeds, revealing that the rotational
speed, icing duration, and ice geometry significantly influence the magnitude and distri-
bution of the stress within the ice layer. This study found that with an increasing icing



Aerospace 2024, 11, 814

18 of 19

time and rotational speed, both the maximum principal stress within the ice layer and its
distribution range increased. Moreover, regions with thicker ice layers typically exhibited
higher principal stresses. Additionally, noticeable differences in the stress distribution
were observed at the leading edge of the blade under varying icing durations and ro-
tational speeds, particularly showing severe stress concentration phenomena for longer
icing durations.

4. Conclusions and Future Prospects

A series of numerical simulations on the stresses within the ice accretion on the surface
of rotor blades were conducted, leading to the following conclusions:

(1) The magnitude and specific distribution characteristics of the stresses within the ice
accretion are significantly influenced by the ice geometry, contact surface geometry,
and centrifugal force. As the icing duration increases, the ice accretion on the blade
surface thickens, resulting in higher stress and an expansion of the high-stress regions,
with a more pronounced stress concentration. From the blade root to the blade tip, the
stress within the ice accretion generally shows an increasing trend, with an enlarged
area of high-stress regions. The maximum principal stress and the distribution area
of the high-stress regions on the suction side of the ice accretion are much larger
than those on the pressure side. Additionally, the stress decreases gradually from
the contact surface outward, indicating a tendency for the ice to fracture first at the
contact surface, potentially leading to ice shedding or breaking.

(2) The maximum principal stress gradient is significant at the leading edge of the ice
accretion. The locations of the maximum principal stress at various blade heights are
found to be approximately 1% to 4% from the leading edge on the suction side at the
contact surface between the ice and the blade.

(3) The preliminary inferences suggest that the ice accretion on the blade surface tends to
crack at 75%, 40%, and 20% of the blade height on the suction side at 80%, 90%, and
100% of the design rotational speeds, respectively.

(4) As the rotational speed decreases, the maximum stresses within the ice accretion
exhibit a decreasing trend, with the area of high-stress regions gradually reducing.

These findings provide insights into the behavior of ice accretion on rotor blades under
different icing durations and rotational speeds, highlighting the influence of geometric
factors and centrifugal forces on the stress distribution and potential fracturing.

It is hoped that in the future, laboratory experiments can be used to verify the accuracy
of the numerical simulation results, thereby enhancing the reliability of this research, and
to further study the interactive effects of more environmental factors such as temperature,
humidity, and liquid water content, with the rotational speed and icing time on the stress
distribution of the ice layer, as well as the dynamic process of ice layer shedding, including
the critical conditions for shedding, crack propagation during the shedding process, and
stress wave propagation.
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