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The aero-engine wide-chord hollow fan blade with a cavity stiffener structure
can effectively reduce the weight and greatly increase the rotational speed.
However, during the high-speed rotation process of the hollow fan, there is a
strong coupling effect between the solid domain of the blade and the incoming
air. This effect leads to a certain deformation of the rotor blade, which has a large
impact on the structural strength of the blade. Aiming at the problem of the
fluid–structure interaction in its operation, the finite-element method was used
to simulate the two-layer structure of the TC4 titanium alloy wide-chord hollow
fan blade. The centrifugal force and fluid–structure coupling effect were
considered when carrying out the research on the structural mechanical
characteristics of the blade. The results show that the maximum equivalent
stress of the blade considering the fluid–structure coupling effect is 508 MPa
at the rotational speed of 2,900 r/min, which is approximately 18% higher than the
maximum stress when only the centrifugal force is considered. This phenomenon
indicates that the effect of aerodynamic force on the blade stress cannot be
ignored. The stress concentration area of the blade is located in the third stiffener
from the leading edge and near the root of the blade, and the aerodynamic force
has a more significant effect on the radial stress distribution of the blade. Further
analysis of the equivalent stress distribution along the blade tip direction shows a
trend of first increasing and then decreasing. The maximum equivalent stress
appears at a distance of 30 mm up to the bottom of the stiffener.
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1 Introduction

The rapid innovation of aerospace propulsion technology is prompting the
development of aero-engine toward high loads and high thrust-to-weight ratios. An
aero-engine fan blade, as the first-stage rotor, plays a very important role in the initial
compression of incoming air and energy conversion (Shi et al., 2023). Therefore, due to the
importance of the aero-engine fan blade, the aerospace industry has higher demands on the
performance of the fan blade. Compared with the traditional aero-engine fan blade, the
wide-chord hollow fan blade has the advantages of high efficiency, light weight, and strong
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resistance to external damage, which is widely used in turbofan
engines with high rotational speed and high air intake (Zhang et al.,
2012; Chen et al., 2018).

In recent years, with the gradual application of the wide-chord
hollow fan blade on turbofan engines, new technical difficulties have
begun to emerge. Due to the reduced mass of the blade, the wide-
chord hollow fan blade is more prone to flutter under airflow impact
(Zhang et al., 2018; Liu et al., 2019). The cavity stiffener structure
also very easily causes blade vibration, and long-term high-stress
working conditions will cause fatigue damage to the blade, even
leading to blade fracture in severe cases, posing a threat to the flight
safety of the aircraft (Wang et al., 2008). According to the statistics of
aero-engine maintenance data (Rouleau et al., 2022), nearly one-
third of turbofan engines need regular maintenance for fatigue
deformation of the blade, which is mainly due to the vibration of
the blade caused by the stress changes arising from the impact of the
airflow. In addition, due to the thin thickness of the wide-chord
hollow fan blade and coupled with the reduced mass, the stiffness
will decrease accordingly, the response of external unsteady loads
will become more and more significant, and the aerodynamic force
effect on the blade cannot be ignored (Qu et al., 2015; Zhang and Fei,
2016). Therefore, the stress and structural strength characteristics of
the wide-chord hollow fan blade under the aerodynamic force are of
great significance for aero-engine fan blade design and maintenance
(Wang et al., 2016).

Many researchers focus on the stress response and structural
strength of the wide-chord hollow blade (Zhang et al., 2009; Zheng
and Yang, 2011; Nikhamkin and Bolotov, 2014). Teichman and
Tadros (1991) designed and carried out the experiments to record
large blade deformations during bird impact and validated and
calibrated the analytical models. They also described the analytical
models and testing program and presented the dominant fan blade
response and failure modes. Meguid et al. (2008) first studied the
non-linear transient dynamic response of an artificial bird striking a
rigid flat target, and then, they studied the impact behavior of an
artificial bird impinging a flexible aero-engine fan blade. However,
they only focused on the three most frequently used bird body
configurations: straight-ended, hemispherical-ended cylinder, and
ellipsoid. Hou and Chen (2015) analyzed the strength of a certain
type of an aero-engine wide-chord hollow fan blade and verified that
this type of fan blade meets the static strength design requirements
and has a large safety reserve. Wang et al. (2018) calculated and
verified the radial, circumferential, and axial displacement and stress
of a titanium alloy wide-chord solid fan blade at working rotational
speed and explored the mechanical response characteristics of the
blade. Ji et al. (2013a) and Ji et al. (2013b) designed a wide-chord
hollow fan blade, proposed two types of stiffener structure, checked
their centrifugal load and bending moment load, and verified that
the hollow blade of both structures can meet the design strength
requirements. Anton (2021) constructed a large-bypass ratio hollow
fan blade and analyzed the mechanical response characteristics of
the blade skin and stiffener by numerical simulation. However, due
to various objective factors such as experimental conditions, the
above study only analyzed the mechanical characteristics of the fan
blade without considering aerodynamic force and, thus, did not
analyze the effect of the fluid–structure coupling interaction on
the blade.

As researchers have realized the impact of aerodynamic force on
the fan blade, aerodynamic simulation and experimental research on
the wide-chord hollow fan blade have been conducted. Zeng et al.
(2015), Pereira et al. (2021), and Martin (1990) presented a PW/
WHAM impact analysis method, which coupled the WHAM
program, a transient geometric and material non-linear plate
finite-element analysis, a fluid finite-element projectile, and
contact algorithms to form an advanced numerical calculation
tool used to predict impact damage on structural components.
Mao et al. (2007) studied the bird strike using the Lagrangian
blade-bird formulations, and the bird was modeled as a fluid jet
with a homogenized fluidic constitutive relation, also using the
Brockman hydrodynamic model. Shi et al. (2011) compared the
differences in mechanical performance parameters of a fan blade in
coupled and uncoupled states by applying aerodynamic force on the
blade structural mesh through two different data exchange methods,
three-dimensional linear interpolation and constant volume
transformation. Zhang et al. (2022) analyzed the fluid–structure
coupling characteristics of a simplified fan rotor through
aerodynamic numerical simulation and experimental
measurement and compared the stress and deformation of the
fan blade with only centrifugal force considered. They found that
the stress on the surface of the blade after considering the effect of
the fluid–structure coupling has a significant difference compared
with only centrifugal force considered. Yi et al. (2020) calculated the
deformation of a fan blade under aerodynamic force based on a
fluid–structure coupling algorithm and applied the results to pre-
deformation design of the blade. Vinha et al. (2020) constructed the
governing equations of solid interaction through the strong-
coupling and the weak-coupling methods and analyzed the stress
and deformation of a certain aero-engine fan blade. All of the above
studies have investigated the difference in the mechanical response
of the solid blade under the influence of the fluid–structure coupling
interaction effect. However, none of them has involved the cavity
stiffener structure of the hollow fan blade, quantitatively analyzed
the stress situation of the hollow blade stiffener, or explored the
specific stress distribution of the weaker parts of the hollow fan blade
(Chen and Liu, 2008; Li et al., 2023). However, the cavity stiffener
structure is an extremely important part in the design of the hollow
fan blade. Considering the influence of the fluid–structure coupling
interaction effect, the strength analysis of the stiffener and the weak
parts of the wide-chord hollow fan blade can make the results closer
to the real situation and be more meaningful in engineering. At the
same time, the research results can also provide theoretical reference
for improving the aerodynamic performance and safe operation of
the wide-chord hollow fan blade.

In order to investigate the influence of the fluid–structure
coupling interaction effect on the mechanical properties of the
wide-chord hollow fan blade, this paper will carry out numerical
simulation of a two-layer cavity stiffener structure titanium
alloy wide-chord hollow fan blade by ANSYS. The structural
strength of this fan blade will be analyzed when aerodynamic
force is considered, and the differences in blade stress between
coupled and uncoupled states will be compared. The weak
regions of this blade will be found, and the stress
distribution in the weak parts of the blade, such as stiffener-
skin, will be investigated.
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2 Fluid–structure interaction method
and blade finite-element model

2.1 Numerical method

In this paper, a unidirectional fluid–structure interaction
method is used to analyze the effect of incoming air on the
hollow fan blade, mainly because this method can greatly reduce
the difficulty of model solving setup and improve the efficiency and
stability of numerical calculation. The unidirectional fluid–structure
interaction methodmainly describes the node behaviors through the
coupled fluid–structure governing equations and transfers various
physical quantities from the fluid domain mesh to the solid domain
mesh through the fluid–structure interfaces based on the principle of
energy conservation. The basic governing equations for the
fluid–structure coupling interaction can be formulated by Eq. (1),
and as follows (Zhang et al., 2011):

A _U + BUU + CP + DU � E + F
GU � H
M[ ] δ{ } + C[ ] _δ{ } + K[ ] σ{ } � P{ }

⎧⎪⎨⎪⎩ , (1)

where U = [x, y, z]T, U, P represent column vectors composed of
pressure at each node in the whole domain. Each total coefficient
matrix consists of the corresponding coefficient matrices of each
element in the whole domain superimposed in a uniform manner
and can be written as Eq. (2):

A � ∑Ae � ∑Aαβ,B � ∑Be � ∑Bi
αβγ

C � ∑Ce � ∑Ci
αβ,D � ∑De � ∑BiK

αβ

E � ∑Ee � ∑Ei
α, F � ∑ Fe � ∑ Fi

α

G � ∑Ge � ∑Ei
αβ,H � ∑He � ∑Hα

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
, (2)

where Ae is the mass matrix, Be is the convection matrix, Ce is the
pressure matrix, De is the depletion matrix, Ee is the area force
matrix, Fe is the volume force matrix,Ge is the continuity matrix, and
He is the boundary velocity matrix. δ{ }, _δ{ }, and σ{ } are the
acceleration, velocity, and structural stress column vectors of the
nodes. [M], [K], and [C] are the mass matrix, stiffness matrix, and
damping matrix of the nodes. The definition domain of the
equations contains both the fluid domain and solid domain, the
unknown variables describe the physical state of the fluid domain
and solid domain, and the variables should satisfy both the fluid
governing equation and the solid governing equation.

In the blade and air-coupled system explored in this paper, the
air is compressible Newtonian fluid, and the mass conservation
equation can be described as Eq. (3):

∂ρ/∂t + ∇ · ρ �u( ) � Sm, (3)
where ρ is the density of air, u is the velocity of air, and Sm is the air
mass change of control volume, and this term is zero since the
content studied in this paper does not involve phase transitions.

The motion law of the fan blade must follow Newton’s second
law (Yan, 2020) as Eq. (4) shown:

ρs
€ds � ∇ · σs + fs, (4)

where ρs is the blade material density, σs is the blade nodal Cauchy
stress tensor, fs is the air volume force vector, and ds is the local
acceleration vector in the blade region.

The fluid–structure coupling interaction should follow the basic
conservation law that at the fluid–structure coupling interface, the
variables of each node, such as stress (σ), displacement (d), heat (q),
and temperature (T), should satisfy the equality or conservation
between the fluid domain and the solid domain and can be described
as follows (as Eq. (5) shown):

τf · nf � τs · ns
df � ds

qf � qs
Tf � Ts

⎧⎪⎪⎪⎨⎪⎪⎪⎩
, (5)

where the subscript f denotes the fluid, which, in this paper, refers to
air. The subscript s denotes the solid, which, in this paper, refers to
the fan blade.

In the numerical simulation analysis of this paper, the fluid
turbulence model is set as the SST model. This model retains the
highly sensitive k-ω model equation in the near-wall region, while
the k-εmodel equation is used in the fully developed region far from
the wall, which has good applicability to the fluid domain with
certain requirements for boundary layer simulation accuracy. The
eddy-viscosity coefficient ]t, k equation, and ω equation of the SST
turbulence model can be described by Eqs 6–8 (Zhang et al., 2023a):

vt � a1k/max a1ω, SF2( ), (6)
∂ ρk( )/∂t + ∇ · ρ �Uk( ) �

∇ · μ + μt/σk( )∇k[ ] + Pk − β′ρωk
, (7)

FIGURE 1
Two-layer cavity stiffener fan blade structure.
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∂ ρω( )/∂t + ∇ · ρ �Uω( ) �
∇ · μ + μt/σk( )∇k[ ] + α ω/k( )Pk−
βρω2 + 2 1 − F1( )ρ 1/ρω2ω( )∇k · ∇ω

, (8)

where F1 and F2 are mixed factor functions.
Based on the basic governing equation of fluid–structural

coupling, the SST turbulence model is used to calculate the
physical quantities in the air domain, and then, the flow field
calculation results are transferred to the blade structural mesh
through the fluid–structural coupling interface. Therefore,
compared with the single k-ε model and the single k-ω model, a
more accurate calculation result of aerodynamic force and
centrifugal force coupling can be obtained, which can make the
fluid–structural coupling interaction analysis of the wide-chord
hollow fan blade more realistic and credible.

2.2 Construction of the wide-chord hollow
fan blade and air domain finite-
element model

In this paper, the fan blade of a turbofan engine shown in
Figure 1A is taken as the study object (Yan, 2020), and its 3D solid
model was constructed in CATIA. The fan blade is a two-layer cavity
containing four stiffener structures. The blade is approximately
600 mm high and 210 mm wide, the twist angle is 60°, and the
skin and stiffener are 2 mm thick. According to current blade
manufacturing process technology, a very smooth structural
transition can be achieved at the blade body and the blade
rabbet; thus, the presence or absence of the transition zone has
little impact on the results of the whole blade vibration characteristic
analysis (Kou et al., 2016; Zhang et al., 2023b). Therefore, this paper
simplifies the blade geometric model to achieve a high-quality mesh

in the smooth transition zone between the blade body and the blade
rabbet. The 3D solid model of the blade is obtained from a set of
cross-section curves swept and then by Boolean operation, as shown
in Figures 1B, C.

The 3D solid model of the fan blade is imported into
workbench for meshing. Due to the complex geometry of the
internal cavity and stiffener of the blade, the tetrahedral Solid
186 element type with more control nodes is selected for meshing
the blade model (Zhang et al., 2023). For the Solid 186 element
type, each element is defined by 20 nodes, and each node has
three degrees of freedom for translation along the X-, Y-, and
Z-direction. In addition, this element type can also have arbitrary
spatial anisotropy and hyperelasticity, with the ability to large
deformation and strain. The finite-element computational model
and mesh of the wide-chord hollow fan blade are shown
in Figure 2.

In order to facilitate the observation and analysis of the
mechanical response of the blade stiffener, this paper divides the
stiffener and skin of the hollow blade into two parts and then
connects them as a whole for analysis. In the actual production of the
blade, the stiffener is welded to the blade skin, so the normal and
tangential directions of the contact surface between the stiffener and
the skin are not allowed to separate. Furthermore, the augmentation
Lagrange contact algorithm is used for solving calculation to reduce
computational time. The parameters related to Ti-6Al-4V titanium
alloy material used for the wide-chord hollow fan blade are shown
in Table 1.

When setting the boundary conditions for the blade, considering
that the radius of the blade disk is approximately 300 mm, the action
point for applying angular velocity at all nodes of the blade is chosen
to be 300 mm directly below the bottom surface of the blade. A
clamped supported constraint is set on the action point, and full

FIGURE 2
Meshing of the hollow fan blade.

TABLE 1 Blade material parameters.

Material (V) Density
(kg/m3)

Yield
stress (MPa)

Poisson’s
ratio

Ti-6Al-4 4,429 950 0.34

FIGURE 3
Finite-element calculation model of flow field.
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constraints are applied to the other degrees of freedom except RX so
that the blade rotates around the X-axis.

To simulate the intake situation at the circular inlet of the
turbofan engine, three fan-shaped bodies are constructed to form
the flow field of a whole single fan blade. The blade tip is 8 mm
away from the top of the flow field, and the air flowed in from the
left inflow and out from the right outflow. Due to the regular
geometry of the flow field, a hexahedral mesh is selected to
meshing the flow field, and the mesh direction is aligned with
the airflow direction as much as possible. The thickness of the
first layer of the mesh is set to be 1 × 10−3 mm to meet the
requirement of the mesh size value Y+ for the computational
accuracy of the SST turbulence model (Zhang et al., 2024b). The
finite-element calculation model and the mesh of the air flow field
are shown in Figure 3.

Boundary conditions are set for the air flow field, which are the
inlet of the flow field for flow control and the outlet for pressure
control, and the rest of the boundary parameters are shown
in Table 2.

2.3 Validation of mesh independence for the
computational model

To determine the most reasonable mesh size in the
numerical calculation, this study first conducts the mesh
independence verification. The maximum stress of a certain
blade mesh node at 2,900 r/min is set as the target solution, the

other boundary conditions are kept consistent, and the mesh
size is gradually reduced. When the mesh size is reduced from
20 mm to 3 mm, the target solution converged to approximately
433 MPa, as shown in Figure 4, and the computation time
increased sharply when the mesh size is reduced from 4 mm
to 3 mm, so 4 mm is selected as the mesh size. The numbers of
the element and node after division are 90,536 and 172,099,
respectively.

Then, the mesh independence verification of the flow field is
conducted to determine the most reasonable mesh size for the
flow field. The maximum aerodynamic force on the fan blade
surface at an air flow rate of 35 kg/s is set as the target solution,
the other boundary conditions are kept consistent, and the
mesh size is gradually reduced. When the mesh size
decreases from 15 mm to 7 mm, the target solution
converged to 1.31 × 105 Pa, as shown in Figure 5, and the
computation time increases abruptly if the mesh size
continues to be reduced, so the mesh size of the flow field is
determined to be 7 mm. The numbers of the element and node
after division are 535,854 and 501,037, respectively.

3 Results and discussion

3.1 Frequency margin analysis of the hollow
fan blade

The hollow fan blade is subjected to various forms of
excitation force under different working conditions. If the
excitation force frequency is equal to or an integer multiple of
the hollow fan blade natural frequency, the blade will resonate. At
this time, a small external excitation can cause significant
deformation of the blade, causing a sharp stress increase in
the internal structure of the blade and easily leading to the
blade fatigue fracture. The aero-engine fan blade operates for

TABLE 2 Flow field boundary conditions.

Parameter Turbulence
intensity (%)

Outlet
pressure
(KPa)

Inlet
temperature

(K)

Value 5 101 293

FIGURE 4
Maximum stress of the blade corresponding to different mesh
sizes at 2900 r/min.

FIGURE 5
Maximum aerodynamic force on the blade surface for different
mesh sizes at an air mass flow rate of 35 kg/s.
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a long time during idle speed period, cruise speed period, and
maximum takeoff speed period. In order to ensure the normal
operation of the blade during these periods, the aero-engine fan
blade design requires a margin of 10%–20% between the blade
excitation force frequency and the blade natural frequency (Yang
et al., 2018). The formula of external excitation force frequency
can be described as follows (as Eq. (9) shown):

f � K ·N/60, (9)
where K is the blade structural harmonic coefficient, which can be
taken as n times the blade rotational speed (K = 1, 2, ., n), the
magnitude of K value depends on the type of excitation force, and
N is the aero-engine rotational speed.

The Campbell diagram describes the variation of blade natural
frequency and external excitation force frequency with rotational
speed and can be used to find the rotational speed at which the blade
resonates (Tian et al., 2022). In this paper, K = 56 and K = 32 are
taken to represent the high-frequency excitation force formed by the
number of outlet guide blades and the difference between the
number of guide blades and rotor blades, and the low-frequency
excitation force is represented by K = 1, 2, 3, 4, and 5 (Kou et al.,
2014). The Campbell diagram of the wide-chord hollow fan blade is
shown in Figure 6.

The resonance point is the intersection of the positive
proportion ray of K times the excitation force frequency and the
natural frequency plot line. As the low-order excitation force is very
harmful to the longer blade, and the lower the frequency, the more
significant effect on the fan blade. Therefore, in this paper, the
influence of the low-frequency excitation force on blade vibration
characteristics is mainly considered. There are nine intersections in
the first three natural frequencies, which are the intersection of the
excitation force frequency at K = 2 with the second natural
frequency, the intersection of the excitation force frequency at
K = 3 with the first and second natural frequencies, the
intersection of the excitation force frequency at K = 4 with the
first, second, and third natural frequencies, and the intersection of
the excitation force frequency at K = 5 with the first, second, and
third natural frequencies.

Therefore, when the rotational speed of the turbofan engine
is accelerated from 0 r/min to 4,000 r/min, it passes through
nine resonance points at 600 r/min (node 1), 800 r/min (node
2), 1,100 r/min (node 3), 1,500 r/min (node 4), 1950 r/min
(node 5), 2,150 r/min (node 6), 2,300 r/min (node 7), 2,700 r/
min (node 8), and 2,850 r/min (node 9). When the fan blades
work at these nine resonance points for a long time, a resonance
phenomenon will occur, even creating danger. In order to avoid
the resonance points during blade operation and to find a
reasonable working range, it is necessary to further calculate
the resonance frequency margin of the blade. The resonance
frequency margin of the blade can be calculated by Eq. (10):

Ψm
f � min fm

d − fm
i( )

fm
d

× 100%, i � 1, 2, 3,/, n( ), (10)

where f md is the natural frequency of themth-order mode at working
rotational speed and f mi and f mi+1 are the corresponding frequencies
of Ki and Ki+1 at working rotational speed, respectively.

According to Eq. 10, the first- to sixth-order frequency
margins of the blade at rotational speed from 0 r/min to
4,000 r/min are shown in Figure 7. It can be seen that the
first-order frequency margin is less than 10% at rotational
speed from 1800 r/min to 2,900 r/min, and the first-order
frequency margin is also more than 10% at rotational speed
above 2,900 r/min. The second-order frequency margin is more
than 10% at rotational speed from 2,900 r/min to 3,800 r/min.
The third- to sixth-order modes of the blade from 1,200 r/min
to 2,800 r/min have frequency margins approximately equal to
0. The turbofan engine inevitably passes through the resonance
point when accelerating, but cannot stay at the
resonance rotational speed for a long time. For the fan blade,
the lower the modal order, the greater the vibration energy and
the most dangerous the vibration generated. So, the engineering
is most concerned about the frequency margin of the first three
order modes. Generally, only the margin of the first three
orders is considered, and the first- and second-order
frequency margins are required to be greater than 10%
(Yang et al., 2007).

FIGURE 6
Campbell diagram of the wide-chord hollow fan blade.
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The frequency margin of the blade at each order from 0 r/min to
4,000 r/min is shown in Figure 7. When the fan blade works at
rotational speed from 2,900 r/min to 3,800 r/min, the frequency
margins of the first and second orders are above 10%, the frequency
margin of the third order is not less than 5%, and the other higher-
order frequency margins are relatively low, fluctuating
approximately 5%. Due to the lower energy generated by higher-
order vibrations, the frequency margins of the fourth-, fifth-, and
sixth-order vibrations are not considered. Therefore, the blade can
quickly accelerate to 2,900 r/min, pass through the low-order
resonance point, and then, work in the range of rotational speed
from 2,900 r/min to 3,800 r/min, which is the optimal rotational
speed range.

Therefore, in the subsequent research of this paper, the
rotational speed of the fan blade is set at 2,900 r/min. Because at
this rotational speed, the hollow fan blade is able to operate at a good
frequency margin to ensure the safety and stability of the
turbofan engine.

3.2 Static strength characteristics of the
fan blade

When the blade operates under the normal operating
conditions, it will be subjected to various loads and structural
constraints, mainly due to its own centrifugal force. After a long
time of operation, the mechanical properties and performance of
the blade will be reduced, which may even lead to blade fracture
in serious cases. Therefore, this paper first analyzes the response
characteristics of the blade when it is only subjected to
centrifugal force and then carries out the fluid–structural
coupling analysis of the fan blade on this basis. Considering
that the fan blade has a good frequency margin at 2900 r/min,
the strength characteristics of the blade at this rotational speed
are analyzed. After calculation, the equivalent stress distribution
of the blade skin and stiffener at 2,900 r/min is shown
in Figure 8.

As shown in Figures 8A, B, when the blade rotational speed is
2,900 r/min, the maximum equivalent stress of the hollow fan blade
is distributed in the suction surface near the skin of the blade root,
which reaches 433 MPa. As shown in Figures 8C, D, the maximum
equivalent stress of the stiffener is distributed in the root of the blade
both in the suction surface and the pressure surface, and the part in
contact with the inner surface of the skin is subjected to the
maximum equivalent stress, which reaches 408 MPa.

3.3 Analysis of the aerodynamic
characteristics of the fan blade

As the first-stage rotor of the turbofan engine, the fan blades
are subjected to not only their own centrifugal force but also
other loads, mainly composed of aerodynamic force. When the
fan blades are running, the air flow rate through a single blade can
reach 35 kg/s, and the influence of aerodynamic force on the
blades cannot be ignored. Therefore, it is particularly important
to analyze and study the distribution of aerodynamic force on the
blade surface and its impact on the blades. The distribution of
aerodynamic force on the blade when the air flow rate is 35 kg/s is
shown in Figure 9.

From Figure 9A, it can be seen that when air impacts the blade,
the geometric shape of the blade root on the pressure surface is
concave, which leads to a larger volume of the meridional air at that
location and, therefore, receives a larger aerodynamic force of 1.31 ×
105 Pa. In contrast, the tip of the blade, due to the blade’s twisted
geometrical shape, turns its back to the incoming direction and,
therefore, receives a smaller aerodynamic force of 6.92 × 104 Pa.
Figure 9B shows that due to the large torsion angle of the blade, the
leading edge of the suction surface is facing the direction of the
incoming flow, resulting in the maximum aerodynamic force on the
leading edge of the suction surface, reaching 1.31 × 105 Pa. The
aerodynamic force on the middle part of the suction surface blade is
less due to the convex geometry, resulting in the fast air flow speed in
this place, so the aerodynamic force on themiddle part of the suction

FIGURE 7
Frequency margin of the blade at each order from 0 r/min to 4,000 r/min.
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surface blade is smaller, which is only approximately 8.17 × 104 Pa.
Applying the aerodynamic force on the outer surface of the blade to
the structural mesh of the fan blade, the stress distribution of the
blade under only aerodynamic force was obtained, as shown
in Figure 10.

From Figures 10A, B, it can be seen that when the fan blade is
only subjected to the aerodynamic force, the maximum equivalent
stress is distributed on the suction surface near the skin of the blade
root, and the maximum value reaches 103 MPa. The distribution of
the equivalent stress of the stiffener is also consistent with that when
only the centrifugal force is considered; whether it is in the suction
surface or in the pressure surface, the maximum equivalent stress of
the stiffener is distributed in the root of the blade, and the maximum
value reaches 100 MPa.

In this paper, the mechanical response of the fan blade is
considered when centrifugal force and aerodynamic force are
separately affected, but the loads on the fan blade during
operation are usually the combined effect of the two

superimposed. Therefore, further centrifugal force and
aerodynamic force coupling analyses of the fan blade are required.

3.4 Mechanical response of the fan blade
under the fluid–structure coupling
interaction effect

The aerodynamic force calculation is carried out, and then, the
aerodynamic force is applied to the structural mesh of the fan blade
by using the numerical interpolation method. The centrifugal force
analysis is carried out by using the fluid–structure coupling
algorithm, and the mechanical response of the fan blade under
centrifugal force and aerodynamic force coupling can be obtained by
synthesizing the forces. Keeping the air flow rate as 35 kg/s, when the
blade rotational speed is 2,900 r/min, the equivalent stress
distribution of the fan blade in the uncoupled and coupled cases
is shown in Figure 11.

FIGURE 8
Stress distribution of the fan blade skin and stiffener at 2900 r/min.

FIGURE 9
Aerodynamic distribution on the outer surface of the fan blade. FIGURE 10

Blade stress distribution subjected to aerodynamic forces only.
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From Figures 11A–D, it can be seen that the relative distribution
of equivalent stresses on the pressure surface and suction surface of
the blade after considering the aerodynamic forces is roughly similar
to those when only the centrifugal force is considered, but the
maximum equivalent stress reaches 508 MPa, which is
approximately 18% higher than that when only the centrifugal
force is considered. In addition, the stress values on the suction
surface are substantially increased along both radial and axial
directions. This indicates that the effect of the aerodynamic force
is relatively significant for the overall stress value and has an
undeniable contribution.

3.5 Mechanical response of the fan blade
stiffener under the fluid–structure coupling
interaction effect

The overall mechanical response characteristics of the wide-
chord hollow fan blade considering aerodynamic force are explored.
However, the stiffener–skin joint of the wide-chord hollow fan blade
is the weaker part of the whole blade; so, a more detailed stress
analysis of the stiffener and the stiffener–skin joint is needed.

The fan blade has four stiffeners, regardless of the centrifugal
force alone, aerodynamic force alone, or the two coupled; the leading
edge of the third stiffener near the root of the blade is always
subjected to the largest equivalent stress, so the stiffener root stresses
are discussed in different directions, as shown in Figure 12. The
axial, circumferential, and radial stress distribution of the stiffener in
coupled and uncoupled states are shown in Figure 13.

From Figures 13A–C, it can be seen that when only the
centrifugal force is considered, the axial, circumferential, and
radial stresses of the stiffener are 123 MPa, 228 MPa, and
446 MPa, respectively. As shown in Figures 13D–F, after
considering the aerodynamic force, the stresses of the stiffener in
each direction are increased as follows: the axial stress is increased
approximately 1.2%, the circumferential stress is increased
approximately 9%, and the radial stress is increased
approximately 18%. This indicates that the aerodynamic force

has a more significant impact on radial stress than other
directional stresses and has the largest proportion in the
increment of equivalent stress. Therefore, under the impact of
some extreme external loads, such as bird and sand impact, the
results obtained by considering high-flow aerodynamic force are
likely to differ significantly from those without considering the
aerodynamic force.

In order to further investigate the mechanical response of the
stiffener–skin contact area, it is necessary to analyze the radial stress
distribution of the joint area between the stiffener and the skin and
compare the difference when it is subjected to aerodynamic force.
The bottom of the stiffener is selected as the reference point, and the
distance between the reference point and the bottom of the stiffener
is 0 mm. On the common edge between the stiffener and the skin,

FIGURE 11
Comparison of blade equivalent stresses in uncoupled and coupled states.

FIGURE 12
Location of the weak stiffener.
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several mesh nodes are sequentially arranged along the radial
direction, as shown in Figure 14, and these nodes are located in
the area of high stress at the contact area between the stiffener and
the skin. To avoid discontinuity caused by singular points in the
finite-element algorithm and the effect on the result analysis, the first
node that spans from the solid part to the cavity part is removed.
After obtaining the equivalent stress values for each node, the stress
distribution along the radial direction and the percentage difference
of the shared nodes considering only centrifugal force and
fluid–structure interaction are shown in Figure 14. As shown in
Figure 15, difference represents the percentage difference, ORI
represents only centrifugal force, and FSI represents the
fluid–structure interaction.

As can be seen from Figure 15, regardless of whether the
influence of the aerodynamic force is considered, the equivalent
stress at this point is relatively low due to the fact that the reference

node is shared with the solid part. After that, the node equivalent
force values begin to change gently, showing a trend of increasing
and then decreasing, which is caused by the change in radial section
centroid moment due to the complex structure of the hollow fan
blade. At a distance of 30 mm from the bottom of the stiffener, the
equivalent stresses in both cases reached their maximum values,
reaching 418 MPa and 479 MPa. This indicates that the thickness of
the stiffener at the root of the blade should be increased
appropriately when designing the hollow fan blade in order to
increase its load-resisting capacity. In addition, Figure 15 shows
that as the distance between the node and the root of the stiffener
increases, the incremental distribution of the equivalent stress when
considering aerodynamic force is more uniform than that when only
the centrifugal force is considered, which are all kept in the range of
14.5%–15% and are the most contributed by the increase in the
radial force.

FIGURE 13
Axial, circumferential, and radial stress distribution of the stiffener when only centrifugal force and aerodynamic force are considered.
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4 Conclusion

In this paper, the structural strength analysis of the turbofan engine
wide-chord hollow fan blade under the effect of the fluid–structure
coupling interaction is carried out. The results will have positive
significance for the efficient aerodynamic performance design and
structural lightweight optimization design of the wide-chord hollow
fan blade. The conclusions are given as follows:

(1) The wide-chord hollow fan blade studied in this paper has a
good resonance margin when the rotational speed is set from
2,900 r/min to 3,800 r/min, the frequency margins of the first
and second orders are above 10%, and the frequency margin
of the third order is not less than 5%.Moreover, this rotational
speed range is the optimal working condition for the wide-
chord hollow fan blade.

(2) When only considering centrifugal force load, the maximum
equivalent stress of the hollow fan blade is distributed on the
suction surface of skin near the root of the blade. The
maximum equivalent stress of the stiffener is distributed at
the root of the blade on both the suction surface and pressure
surface, and the part in contact with the inner surface of the
skin is subjected to the maximum equivalent stress.

(3) After considering the aerodynamic force, the distribution of
equivalent stress on the blade is almost consistent with that
when only the centrifugal force is considered, but the maximum
equivalent stress increment can be up to 18% comparedwith that
when only the centrifugal force is considered, and the impact of
radial force is the most significant.

(4) Theweak area of the fan blade is located in the third stiffener from
the leading edge and near the root of the blade. After collecting
enough analysis of the equivalent stress distribution along the
radial direction of the blade stiffener–skin contact area, it can be
seen that the overall equivalent stress trend is first increasing and
then decreasing. The location of themaximum equivalent stress is
approximately 30 mm from the bottom of the stiffener.
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