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+emultiple corrugated diaphragm (MCD) coupling is a new flexible coupling developed based on the diaphragm and diaphragm
disc coupling. Compared to traditional couplings, the MCD coupling has the advantages of high torque diameter, high torque
weight, and high compensation capability. It is more suitable for high power speed and high power density working conditions.
+eMCD coupling is subjected to axial, angular, torque, and centrifugal force loads.+e fatigue failure caused by alternating stress
is the primary failure mode of the coupling. +e fatigue life of the MCD coupling cannot be accurately calculated because of the
complexity of the force in operation. Some theoretical simplifications can only obtain the approximate result. In this paper, a
parameterized finite element model of the MCDs is established. A method for calculating the fatigue safety factor of the MCD
coupling is proposed based on a modified Goodman curve to know the design of theMCD coupling.+e feasibility of this method
is verified by the fatigue life test of the coupling.

1. Introduction

+e multiple corrugated diaphragm (MCD) coupling is a
new flexible coupling developed based on the diaphragm
and diaphragm disc coupling. Its core component is the high
strength and high toughness stainless steel diaphragm disk
group. Multiple separated diaphragm discs in the disc group
have an internal fault protection function, making the
coupling have greater flexibility and obtain greater torque
transmission capacity without increasing the diameter of the
coupling. In power transfer and deformation compensation,
the parallel corrugated diaphragm increases the profile by
expanding the wave. +erefore, compared with the tradi-
tional coupling, the MCD coupling has the advantages of
high torque diameter ratio, high torque weight ratio, and
large compensation capacity, which is more suitable for
increased power and speed conditions [1–4].

Previous researchers conducted several studies on the
coupling applied in different fields. Nagesh et al. conducted
fatigue analysis on metal diaphragm couplings of various
materials through test data obtained from the S-N curve.

+ey analyzed the influence of angle offset on the fatigue life
of metal diaphragm couplings [5]. Verucchi et al. carried out
an experimental study on the structure of the diaphragm
coupling of the turbine. +ey proved that the diaphragm
structure with shot-peening treatment could improve the
fatigue life of the design by at least 10% [6]. Li et al. in-
troduced the coupling and other coupling mechanisms in
their work [7]. Herbstritt et al. introduced an economical
coupling [8]. Duong and Kazerounian designed an im-
proved diaphragm coupling for aerospace applications [9].
Daniel discussed the virtual entity method of creating elastic
coupling with computer-aided technology and completed
the modeling design of the flexible coupling model [10].
Dobre et al. carried out finite element analysis on the elastic
coupling and demonstrated the influence of axial deviation
on the diaphragm coupling in the process of transmitting
torque; that is, the maximum equivalent stress increases with
the increase of axial deviation [11]. Wang and Chang studied
the axial vibration characteristics of the coupling and
demonstrated the shock absorption characteristics of the
coupling as an elastic coupling mechanism [12]. Farias et al.
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discussed the metal components of the coupling and
summarized the categories and suitable types of various
metal components in the coupling [13]. Lun et al. analyzed
the strength and vibration characteristics of the diaphragm
coupling. +ey showed the influence of vibration charac-
teristics of the diaphragm coupling on the strength under the
working state [14]. Mancuso introduced several couplings
for gas turbines and mentioned that the multiple corrugated
diaphragm couplings are more suitable for gas turbines. Still,
the design and calculation methods of corrugated film
couplings were not introduced [15]. Li studied the corru-
gated diaphragm’s structural strength, fatigue life, and vi-
bration characteristics by establishing the parametric finite
element model of the corrugated diaphragm [16]. Yang et al.
used the MSC Patran module in finite element analysis
software to check the nonlinear strength of the diaphragm
coupling [17]. Li and Li analyzed the dynamic characteristics
and vibration mechanism of parallel misalignment and
angular misalignment middle rotors by building a multispan
rotor-bearing system testbed [18]. Feng et al. established the
model of trunnion joint to study the influence of rotating
speed and the ratio of inner radius to the outer radius on the
axial stiffness, which provides a reference for designers to
choose the proper ratio of inner radius to the outer radius of
the rotating circular plate [19].

According to the existing references, many research in-
stitutions on diaphragm couplings, membrane disc couplings,
and laminated couplings have been more in depth. Many
scholars carried out extensive research from the theoretical
calculation and finite element analysis to the stress, stiffness,
and fatigue life test. +e diaphragm coupling, membrane disc
coupling, laminated coupling stress analysis, fatigue life
analysis, design method, processing technology, test method,
and installation application have an emotional experience.
However, research studies on theMCD coupling are relatively
few. +e research on the fatigue stress and fatigue life of the
MCD coupling is even less. For the design of the coupling,
fatigue life is a problem that must be considered and paid
attention to. +erefore, it is necessary to study the fatigue
stress and fatigue life of the MCDs to promote the application
and development of the MCD coupling.

In this paper, the finite element model of the MCDs is
established by Ansys finite element analysis software. A
method for calculating the fatigue safety factor of the MCD
coupling is presented based on the third strength theory and
modified Goodman curve. +en, the fatigue life test method
of the MCD coupling is designed. +e axial fatigue life test
and angular fatigue life test are carried out, which verify the
feasibility of the calculation method of the fatigue safety
factor of the MCDs to a certain extent.

2. Geometric Parameters and Working
Parameters of the MCDs

+e shape of the MCDs is shown in Figure 1. And the
specific geometric parameters of the MCDs in this paper are
shown in Table 1. +e influence of the bolt hole and spline
was ignored in the subsequent analysis [4]. +e load pa-
rameters of the MCDs in this paper are shown in Table 2.

3. Fatigue Safety Factor of the MCDs

Disk couplings require very high processing technology and
unique materials mainly because they adapt to moderate
flexibility, so fatigue strength is their main performance
index. To determine fatigue strength, the method proposed
by NB Rothfuss is to draw the average composite stress and
alternating composite stress on the fatigue diagram of equal
life and set 107 cycle lifelines as the fatigue limit parameter
with infinite life limit. For fatigue diagrams, three average
stress correction methods have been invented to avoid the
trouble of fatigue tests under different average stresses,
namely, Goodman method, Gerber method, and Soderberg
method. +e three modified fatigue diagrams are shown in
Figure 2. Considering the dispersion of fatigue data, the
Gerber parabola is not safe, and the calculation is compli-
cated. +e Soderberg line can make safe predictions, and in
many cases, it seems overly safe. Although the Goodman line
is not 100% safe, it is much safer than the Gerber parabola,
and it is easy to calculate, so it is widely used in the fatigue
design of mechanical parts. In this paper, the Goodman
curve is simplified into a straight line, and the modified
Goodman curve is used as the infinite lifeline to calculate the
fatigue safety factor [20].

According to the Ansys help file, we can see that Plane42
is defined by four nodes having two degrees of freedom at
each node: translations in the nodal x- and y-directions.
Plane25 is defined by four nodes having three
degrees of freedom per node: translations in the nodal x-, y-,
and z-direction. Plane25 is a generalization of the axisym-
metric version of Plane42. Obviously, for the MCDs, only
the x- and y-direction is not enough, and Plane25 is more
suitable for the analysis of MCDs. In addition, the FE model
is characterized by using a simple two-dimensional model to
analyze three-dimensional forces. +erefore, this paper
adopts the Plane25 element for FE modeling.

In Ansys software, APDL (Ansys Parametric Design
Language) was used for parametric modeling, and Plane25
element was used to mesh the membrane disc with quad-
rilateral ring elements [1, 2, 4]. +e finite element model of
the MCDs was obtained [21–26]. By applying an axial load,
angular load, centrifugal force load, and torque load to the
finite element model of the MCDs, the radial stress, tan-
gential stress, and torsional shear stress of the MCDs under
different loads can be obtained [27–29].

+e stress generated by the axial load and the centrifugal
load of theMCDs is in the same plane, so the two stresses can
be combined linearly:

σr � σrx + σrl,

σt � σtx + σtl.
(1)

In the formula, σr is the synthetic radial stress; σt is the
synthetic tangential stress; σrx is the radial stress due to axial
load; σtx is the tangential stress due to axial load; σrl is the
radial stress generated under centrifugal force loading; σtl is
the tangential stress generated under centrifugal force
loading.

+erefore, the maximum and minimum principal
stresses of the static stress of the MCDs are
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In the formula, τ is the shear stress generated by torque
load.

+e dynamic stress of the MCDs is the alternating stress
caused by angular deformation. +e MCDs change once per
rotation, which also belongs to the plane stress state.

+erefore, the maximum and minimum principal stresses of
the dynamic stress are

σdynamicmax � σrf,

σdynamicmin � σtf.
(3)

In the formula, σrϕ is the radial stress under angular load,
and σtϕ is the tangential stress under angular load.

According to the third strength theory, the static and
dynamic working stresses of the MCD can be obtained as
follows [30].

When σmaxσmin < 0, the working stress is
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Figure 1: +e shape of the MCDs.

Table 1: Geometric parameters of the MCDs.

Serial number Name of the parameter Symbol (unit) Value
1 +e inner radius of the profile a (mm) 104
2 +e outside radius of the profile b (mm) 162
3 +e thickness of the profile t (mm) 0.5
4 +e amplitude of the profile c (mm) 3.5
5 +e thickness of the hub h1 (mm) 1.2
6 +e thickness of the flange h2 (mm) 1.2
7 +e radius of the transition fillet r2 (mm) 2
8 +e radius of the inner circle r0 (mm) 89
9 +e radius of the outer circle r1 (mm) 182
10 +e number of diaphragms in an assembly m (piece) 15

Table 2: Geometric parameters of the MCDs.

Axial load (mm) Angle load (°) Torque load (N·m) Centrifugal load (r/min)
2.5 0.25 55148 5200

Shock and Vibration 3



σ � σmax


 + σmin


. (4)

When σmaxσmin > 0, the working stress is

σ � max σmax


, σmin


 . (5)

If only symmetrical cyclic alternating stress is assumed, the
working stress is required to be σdynamic ≤ [σdynamic].When only
static stress is applied, the operational stress is needed to be
σstatic ≤ [σstatic ]. In the formula, [σdynamic] is the allowable
dynamic stress, and [σstatic ] is the allowable static stress. In the
general case, under this cyclic characteristic, the line between
the composite stress P of static and dynamic stresses and the
origin O and the intersection point of the modified Goodman
curve isM. It is safe when the ratio ofA to B is more significant
than one. +e modified Goodman curve is assumed to be a
straight line for simplicity, as shown in Figure 3.

+en, the safety factor of the MCD coupling is

n �
OM

OP
. (6)

According to the above derivation, fatigue safety factors
at each position of the profile line of the MCD coupling can
be obtained by using Ansys software, as shown in Figure 4.
+e safety factor at each position of the MCD profile line is
greater than 1, and the minimum value is 1.34, which meets
the design requirements.

4. Fatigue Life Test of the MCD Coupling

During the coupling operation, the external axial or angular
excitation will inevitably lead to the accelerated destruction
of the flexible components, which will reduce the life of the
coupling. Under the rated compensation capacity and tor-
que, the stress level on the flexible components of the
coupling is far below the material’s ultimate strength, and

the fatigue stress is the direction that the coupling design
needs to focus. +e fatigue failure caused by alternating
stress is the primary failure mode of the coupling. In this
paper, through the fatigue life test of the coupling, the
feasibility of calculating the fatigue safety factor of the MCD
coupling is verified.

4.1. Accelerated Fatigue Test Principles. +e coupling is
generally designed according to the infinite life or the same
life as the unit, but the life design is usually calculated by 20
years. +erefore, the accelerated equivalent fatigue test must
be carried out because the cycle time of regular fatigue tests
is too large and time-consuming. According to the identical
fatigue test method, the equivalent fatigue test of the cou-
pling can be carried out by increasing the excitation fre-
quency and vibration amplitude. According to the sinusoidal
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Figure 4: +e fatigue safety factor of the MCD coupling.
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vibration fatigue equivalent test method, there is a rela-
tionship between the test time before and after the equivalent
test and the excitation amplitude as follows:

t1
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�

x2
..

x1
.. 

k

�
s2

s1
×

t21
t22

 

k

. (7)

In the formula, t1 and t2 are the time before and after the
equivalent test, and x1

..
and x2

..
are the accelerationmagnitudes

before and after the equivalent test. K value depends on
material damping characteristics, geometric shape, loading
form, and temperature environmental conditions; K � 6 is
recommended in similar trials in the United States; in China,K
value is determined to be between 5 and 7 through many tests.
+is paper prefers to be conservative, K � 5.

Because of the limitation of the flexible coupling com-
pensation performance test of vibration amplitude adjustment,
damaged coupling compensation is too significant and too
much. To accelerate the fatigue test, this test will be set to
10mm axial vibration amplitude, and the angular amplitude is
set as 5.74mm. In this case, the axial vibration amplitude is two
times of the rated axial compensation of the coupling. Also, the
middle length of the coupling is 658 mm, so the angular
amplitude is about 2 times of the rated angular compensation.

For the axial vibration, the excitation comes from the
axial vibration of the main engine. +e primary engine
excitation frequency is taken at 20, and the unit works 24
hours a day; then, the coupling fatigue alternating times
within 20 years are

N1 � ttotal × f � 20 × 365 × 24 × 3600 × 20 � 1.26 × 1010.
(8)

Set the excitation frequency of the equivalent test as
35Hz and the excitation amplitude as 10mm; then,
according to equation (7), the number of cycles in the
identical test is 1.46×106 times, about 11.6 hours.

For the angular vibration, the excitation comes from the
combined action of angular deviation and circular rotation.
+e coupling speed is 5200 r/min; the unit works 24 hours a
day; then, the coupling fatigue alternating times in 20 years
are

N2 � ttotal × f � 20 × 365 × 24 × 3600 ×
5200
60

� 5.46 × 1010.

(9)

Set the excitation frequency of the equivalent test as
150Hz and the excitation amplitude as 5.74mm; then,
according to equation (7), the number of cycles in the
identical test is 7.09×106 times, about 13.1 hours.

4.2. Accelerated Fatigue Life Test Schemes. Fatigue damage of
the flexible coupling refers to that, in the use process, under
the condition of repeated stress, the performance of flexible
components will be reduced or damaged so that they cannot
continue to use.

In this paper, the accelerated fatigue test of the MCD
coupling was carried out on the vibration testbed of the
coupling (as shown in Figure 5). +e influence of fatigue
deformation was judged by the axial stiffness changed before
and after the test.

+e test scheme is as follows:

(1) +e axial stiffness of two groups of the MCD as-
semblies (numbered 1# and 2#, respectively) in the

(a) (b)

Figure 5: Coupling vibration test bench. (a) Angular vibration test. (b) Axial vibration test.
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prototype was measured, and the results were
recorded.

(2) +e prototype of the MCD coupling was installed in
the axial vibration test position of the coupling vi-
bration testbed. +e vibration frequency of the
testbed was adjusted to 35Hz, the vibration ampli-
tude was adjusted to 10mm, and the 12-hour
accelerated fatigue test was carried out.

(3) Remove the prototype, check whether there is any
damage in the appearance of the MCDs, and then

measure the axial stiffness of the two groups of the
MCD assemblies and record the results.

(4) Install the prototype of the MCD coupling in the
angular vibration test position of the coupling vi-
bration test bench (as shown in Figure 6), adjust the
vibration frequency of the test bench to 150Hz and
the vibration amplitude to 5.74mm, and conduct a
14-hour accelerated fatigue test.

(5) Remove the prototype, check whether there is any
damage in the appearance of the MCDs, and then

Figure 6: Angular vibration test of the MCD coupling.
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Figure 7: Axial stiffness curve of the MCD assemblies before and after the axial fatigue life test. (a)+eMCD assemblies of 1#. (b)+eMCD
assemblies of 2#.
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measure the axial stiffness of the two groups of the
MCD assemblies and record the results.

5. Results and Discussion

After inspection, no damage was found in the appearance of
the two MCD assemblies after the axial fatigue life test. After
sorting, the axial stiffness test data of the MCD assemblies
before and after the axial fatigue life test are shown in
Figure 7.

After inspection, no damage was found in the appear-
ance of the twoMCD assemblies after the angular fatigue life
test. After sorting, the axial stiffness test data of the MCD
assemblies before and after the angular fatigue life test are
shown in Figure 8.

+e average axial stiffness of the two groups of MCD
assemblies before and after the fatigue test is shown in
Table 3.

After the fatigue test, no damage was found in the two
MCD assemblies. It can be seen from the stiffness curves
before and after the fatigue life test of the MCDs in Figures 7
and 8 and the stiffness values of MCD assemblies before and
after the fatigue test in Table 3 that, after the axial fatigue test,
the axial stiffness of 1# MCD assemblies decreased by 2.46%,
and the axial stiffness of 2# MCD assemblies decreased by
3.10%; after the angular fatigue test, the axial stiffness of 1#
MCD assemblies and 2# MCD assemblies decreased by

4.17% and 4.51%, respectively, compared with that before
the fatigue test. After the two fatigue tests, the stiffness of 1#
MCD assemblies decreased by 6.63%, and the axial stiffness
of 2# MCD assemblies decreased by 7.61% compared with
that before the tests. +e results show that the axial stiffness
of the MCDs has little change after the fatigue test, and the
performance of the MCD coupling in the fatigue life can
meet the design requirements.

6. Conclusions

In this paper, the parameterized finite element model of the
MCDs was established by Ansys software, and the following
results were obtained:

(1) A method for calculating the fatigue safety factor of
the MCDs is presented. Based on this, the MCDs can
be optimized to improve the performance of the
MCD coupling.

(2) +e axial and angular accelerated fatigue life tests of
the MCD coupling are carried out using the cou-
plings’ vibration testbed. After the fatigue life test,
the axial stiffness of the MCD assemblies is reduced
compared with that before the test. However, it is still
within the design range, which proves that the
performance of the MCDs designed in this paper
meets the design requirements during the fatigue life
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Figure 8: Axial stiffness curve of the MCD assemblies before and after the angular fatigue life test. (a) +e MCD assemblies of 1#. (b) +e
MCD assemblies of 2#.

Table 3: Stiffness value of the MCD assemblies before and after the fatigue test.

Part
number

Axial stiffness
before test (kN/

mm)

Axial stiffness after the
axial fatigue test (kN/

mm)

Relative to the change
before the experiment

(%)

Axial stiffness after the
angular fatigue test (kN/

mm)

Relative to the change
before the experiment

(%)
1 10.198 9.948 2.46 9.522 6.63
2 9.01 8.73 3.10 8.323 7.61
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period and verifies the feasibility of the calculation
method of the fatigue safety factor of the MCD
coupling proposed in this paper.

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.
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