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Abstract: In this work, a wind turbine shrink disk is used as the research object to investigate load-
carrying performance of a multi-layer interference fit, and the theoretical model and finite element
model are constructed. According to those models, a MW-level turbine shrink disk is designed, and
a test device is developed to apply torque to this turbine shrink disk by hydraulic jack. Then, the
circumferential slip between the contact surfaces is monitored and the slip of all contact surfaces is
zero. This conclusion verifies the reasonability of the proposed models. The effect of the key
influencing factors, such as machining deviation, assembly clearance and propel stroke, were
analyzed. The contact pressure and load torque of the mating surfaces were obtained by building
typical models with different parameters using finite element analysis (FEA). The results show that
the minimum assembly clearance and the machining deviation within the machining range have
little influence on load-carrying performance of multi-layer interference fit, while having a greater
influence on the maximum assembly clearance and the propel stroke. The results also show that the
load-carrying performance of a multiple-layer interference fit can be ensured only if the key factors
are set within a reasonable design range. To avoid the abnormal operation of equipment caused by
insufficient load torque, the propel stroke during practical assembly should be at least 0.95 times
the designed propel stroke, which is significant in guiding the design and assembly of the multi-
layer interference fit.

Keywords: wind turbine; shrink disk; multi-layer interference cylinder; assembly clearance; propel
stroke

1. Introduction

An interference fit has structural advantages, such as simplicity, rigidity and effectiveness [1].
Additional fasteners can be omitted among the assemblies, thus preventing the weakening of joint
strength [2]. An interference fit also has good aligning performance and large load-carrying capacity
under complex operating conditions. The torque, axial force, or the combination of both can be
transmitted. Such structures are mostly used in turbine shrink disks, cutting tool holders, wheels and
bands for railway stock, and rotors for electric motors as well as for locating ball and roller
bearings [3]. Many studies on the interference fit have been performed over the years. Manuel
et al. [4] exploited finite element simulations, analytical approaches and experimental data in a study
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of fasteners with an interference fit. Boutoutaou et al. [5] illuminated the limitations of traditional
theoretical calculation; they used finite element analysis (FEA) software for constructing defective
and ideal models of mating surfaces, and comparative analysis showed that the defect on the mating
surfaces had a great influence on the interference fit. Mack et al. [6] studied the influence of
temperature on the interference fit structure, permanent plastic deformation and thermal expansion
of surrounding pieces, concluding that a decrease in contact pressure would be beneficial. Jahed et
al. [7] applied the simplex research method to obtain optimum distributions of thickness, stress and
contact pressure for each layer of a multi-layer interference cylinder; as a result, the service life was
prolonged. Sogalad [8] presented the influence of cylindricity and surface modification on load-
carrying capacity of interference fitted assemblies. However, until now, there has been little research
on the load-carrying performance of multi-layer interference fit, and the influencing factors for
improving the load-carrying performance of the multi-layer interference cylinder have not yet
been exploited.

To solve the above problem, this work gives the theoretical model and finite element model of
the wind turbine shrink disk of a multi-layer interference fit. A test device has been developed to
verify the reasonability of the proposed models. The effect of the key influencing factors, such as
machining deviation, assembly clearance and propel stroke, were analyzed. The contact pressure of
the mating surfaces and the load torque were obtained by building typical models with different
parameters using FEA.

2. Case Study

As an important connection of a wind turbine spindle and a gearbox between the planetary
frames, the shrink disk of a wind turbine aims to transfer large torque and withstand complex
changeable loads. The whole transmission chain of a wind turbine will fail in the event of failure of
the shrink disk. Here, the multi-layer interference mainly consists of a shaft, a sleeve, an inner ring
and an outer ring. The half conical angle of the mating surface between the inner ring and the outer
ring is 3 = 3°, as shown in Figure 1. The mating surface between the inner ring and the sleeve and
that between the sleeve and the shaft are part of the clearance fit before assembly. The interference fit
is formed through tightening the bolts, and the movement of the outer ring to inner ring along axial
direction generates radial contact pressure. The continuing pressure of the inner ring shrinks the
internal diameter of the sleeve; ultimately, the clearance of the mating surface between the shaft and
the sleeve is eliminated and the interference fit is finally formed.
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Figure 1. Schematic diagram of the turbine shrink disk.
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When the turbine shrink disk is in operation, long conical surfaces between the inner ring and
the outer ring account for the major interference fit. The interference of long conical surfaces has a
decisive effect on the contact pressure of each mating surface, whereas short conical surfaces only
form auxiliary connections. Thus, the results of long conical surfaces are mainly analyzed. The contact
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pressure and the interference magnitude of the inner ring and outer ring can be calculated by the
contact pressure to transmit the rated torque M on the mating surface of shaft and sleeve, the required
contact pressure to eliminate the assembly clearance between shaft and sleeve, and the required
contact pressure between the sleeve and the inner ring.

The required contact pressure Pi1 to transmit torque on the mating surfaces of the shaft and the
sleeve is as follows [9]:

2M

p=_="
1 Hlndlzll M

where L, is the friction coefficient of the mating surfaces of the shaft and the sleeve; d, is the
diameter of the mating surfaces of the shaft and the sleeve; and /; is the length of the contact surface
of the shaft and the sleeve.

The required contact pressure AR to eliminate the assembly clearance between the shaft and
sleeve is as follows [10]:

— R1E2 (d22 — d12 )

2
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where R, is the assembly clearance between the shaft and the sleeve; E> s the material elastic

dZ

modulus of the sleeve; and is the diameter of the mating surfaces of the sleeve and the inner ring.

The required contact pressure £ on the external surface of sleeve is as follows:
P,=P+AP 3)
When the assembly clearance on the mating surfaces of the sleeve and the inner ring is
eliminated, the contact pressure AR s required, which is given as:

— R2E3 (d321 — dzz)

4
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where % is the assembly clearance of the mating surfaces of the sleeve and the inner ring; 5 is the

material elastic modulus of the inner ring; 4y s the average diameter of the mating surfaces of the
inner ring and the outer ring.
The external surface of the inner ring exerts the contact pressure of 5, which is given as:

B =P +Ap ®)

The magnitude of interference 8, on the mating surfaces of the inner ring and the outer ring is

given as follows [9]:

c, C
8, =Rd,(=+—=
y =13 3(E3 E4) (6)
d; +d,’
d321 _doz df _d312

Poisson’s ratio of the shaft, sleeve and inner ring; and v, is Poisson’s ratio of the outer ring.

where Cs and Cs are coefficients expressed as C; = -v, and C, = +V,; v, is

3. Key Influencing Factors

3.1. Assembly Clearance

The mating surface between the inner ring and the sleeve and that between the sleeve and the
shaft form a clearance fit before assembly, and the elimination of clearance between mating surfaces
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forms the interference fit during assembly. This clearance can weaken the pressure transmission
between mating surfaces and affects the performance of the interference fit [11,12]. Deviation is
inevitable in practical manufacturing, with the actual clearance of the mating surfaces being between
the minimum and the maximum clearance. According to the sizes of some types of turbine shrink
disks, the minimum clearance between the sleeve and the shaft is chosen to be 0.022 mm, and the
maximum clearance is set as 0.136 mm; the minimum clearance between the inner ring and sleeve is
chosen to be 0.08 mm, and the maximum clearance is set as 0.24 mm.

The contact pressure Ps between the inner ring and the outer ring can be deduced by
Equations (2)—(5).

2 2
PP {M}R )
2d,d;,
E (d*—d? E.(d? -d?
B’:P]+|: 2(2d2dzl)i|Rl+|: 3(2d31d2 2):|R2 (8)
12 23]

Using Equation (6), it can be deduced that contact pressure Ps is a constant value if the magnitude
of interference 0, is certain. Using Equations (7) and (8), it can be deduced that contact pressure P
is inversely proportional to assembly clearances R: and R contact pressure P2 is inversely
proportional to assembly clearance Rz, when contact pressure Ps is a constant. Model 1, Model 2 and
Model 3, with the same magnitude of interference 8; in Table 1, are used to compare the effect of
the assembly clearance. Model 1 represents the case in which each mating surface is under the ideal
condition, Model 2 corresponds to the case in which the clearance of each of the mating surfaces is at
the minimum value, and Model 3 represents the case in which the clearance of mating surfaces is at
the maximum value.

Table 1. Dimensions of mating surfaces.

Machinine Deviati
Assembly Clearance (mm) achining Deviation

Model  Model (mm)
Category  Number Mating Surface of Mating Surface of Mating Surface of the Propel Stroke (mm)
the Shaft and the the Sleeve and the Inner Ring and the
Sleeve Inner Ring Outer Ring
14 0
Assembly 2 0.022 0.08 da, ds, dc, dp
clearance
34 0.136 0.24
4t da—-0.062, ds - 0.062 BD
Machining 0 dc+0.062, do + 0.062
deviation 54 da+0.062, ds + 0.062
dc—0.062, dp - 0.062
Propel 64 BD:
e 0 da, ds, dc, do oD,

3.2. Machining Deviation

The interference magnitude between the inner ring and the outer ring is the key parameter to
the load-carrying capacity of the turbine shrink disk. There inevitably exists certain machining
deviation during the processing of both rings, which causes deviation of the interference magnitude
between the actual value and the design value. The larger interference magnitude can easily produce
stress concentration, whereas the smaller values cannot ensure the reliability of the interference fit.

As shown in Figure 2, the influence of the machining deviation on the load-carrying capacity of
the turbine shrink disk was analyzed through the dimensions of key points A, B, C, and D on the
mating surface of the inner ring and the outer ring. The design diameter dimensions of each point
are da, ds, dc and dp. According to the dimensions of the turbine shrink disk, the machining deviation
of the inner ring and the outer ring along the diameter direction is given as + 0.062 mm. Moreover,
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Figure 2 shows the enlarged diagram of the relations between propel stroke, interference magnitude,
and critical points D1 and D: that are produced as the inner ring approaches the right ahead in turn.

Figure 2. Schematic diagram of the mating surfaces between the inner ring and the outer ring.

The machining deviation will directly affect the interference magnitude. From Equation (7), we
know that contact pressure Ps is proportional to the interference magnitude. From Equations (7) and
(8), we can deduce that contact pressures P1 and P2 are proportional to contact pressure Ps when the
assembly clearance is certain, and contact pressures P1 and P2 are proportional to the magnitude of
interference 9. Thus, the machining deviation will affect contact pressures P1 and P2. Model 1,
Model 4 and Model 5, with the same assembly clearance stated in Table 1, are used to study the effect
of machining deviation. Model 4 and Model 5 have the minimum and maximum interference
magnitudes, respectively, which result from machining deviation on the mating surfaces of the inner
ring and the outer ring.

3.3. Propel Stroke

The outer ring moves toward the inner ring in the axial direction during assembly, and the
interference magnitude on the mating surface of the inner ring and outer ring directly relates to the
distance of axial movement. If the distance of the axial movement of the outer ring does not meet the
design value, then the interference magnitude on the mating surface of the inner ring and outer ring
will be less than the design value, which will inevitably result in the turbine shrink disk being unable
to transmit the rated torque. According to the enlarged diagram in Figure 2, the relationship between
the propel stroke of the outer ring and the interference magnitude is as below:

a= b 9
cos B ©)
c= a 10
sin B (10)
Using Equations (8) and (10),
c= L 11
sin Bcos B ()

Setting L as the propel stroke, B as the half angle, 8;, as the magnitude of interference, there
exists a relationship between the interference magnitudes and the propel stroke, as follows:
05,

2sin Bcos B 105 73L (12)

where f,;  is the scale factor of the propel stroke L and interference magnitude &, .

According to Equation (12), in addition to the machining deviation and assembling clearance of
the inner ring and the outer ring, the effect on the propel stroke of the outer ring must be taken into



Appl. Sci. 2017, 7, 298 60f12

account during the design. Different propel strokes based on ideal Model 1 are set in Table 1, as
shown in Figure 2. When point B of the outer ring approaches inner point D, it is called full
propulsion, which sets L as propel stroke BD. When point B approaches D;, the propel stroke BD:1 is
0.8 L. When point B approaches D2, the propel stroke BD2is 0.9 L.

From Equation (12), we can deduce that the interference magnitude 8;, and the propel stroke
L are directly proportional. From Equation (6), the contact pressure Ps is proportional to interference
magnitude 0;, . From Equations (7) and (8), contact pressures P1 and P2 are proportional to contact
pressure Ps. Thus, contact pressures P1 and P2 will increase with the increasing propel stroke L and
decrease with the decreasing propel stroke L. Model 1, Model 6 and Model 7 are used to compare
the effect of the propel stroke. Model 6 has the least propel stroke BD1, and Model 7 has a lesser
propel stroke BDx.

4. Finite Element Model

The general information regarding the finite element model based on Table 1 is as follows.
Taking into account the geometric symmetry of the turbine shrink disk and the symmetry of the
loads on various components, a two-dimensional axisymmetric model is established with FEA
software ABAQUS. Four-node asymmetrically reduced integral unit CAX4R and the contact
algorithm of penalty function method is adopted in the model [13,14]. The mesh size of shaft, sleeve,
inner ring and outer ring is 2, 1, 2 and 2 mm, respectively. The element shape is quad and the
algorithm is medial axis algorithm. According to the actual working conditions, the right end of the
inner ring is set with an axial constraint; the left end of the sleeve and the right end of the shaft are
set with the fixed-end constraint [15]. The boundary constraints and mesh distribution of the finite
element model of the turbine shrink disk are shown in Figure 3. There are three pairs of mating
surfaces in this model. Each mating surface is defined as a limited slip. The mating surface of the
inner ring and the outer ring is coated with molybdenum disulfide grease during assembly, and the
friction coefficient is set to be 0.9, whereas the friction coefficient of the other mating surfaces is set
as 0.15. The propel stroke of the inner ring L is 22.88 mm. The design interference magnitude on the
mating surface of the inner ring and the outer ring is 2.474 mm. The parameters of a type of turbine
shrink disk are shown in Table 2.

P4

Figure 3. The boundary constraints and mesh distribution of the finite element model of the turbine
shrink disk.
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Table 2. Parameters of wind turbine shrink disk.

7 of 12

Parameters Value
Inside diameter of shaft, do (mm) 60
Diameter of the mating surfaces of shaft and sleeve, di1 (mm) 520
Diameter of the mating surfaces of sleeve and inner ring, d> (mm) 640
Average diameter of long conical surfaces of inner ring, ds (mm) 663.715
Outside diameter of outer ring, 4+ (mm) 1020
Length of the contact surface of shaft and sleeve, 1 (mm) 255
Rated torque on mating surface of shaft and sleeve, M (N-m) 2800
Material elastic modulus of shaft, inner ring and outer ring (GPa) 210
Material elastic modulus of sleeve (GPa) 180
Poisson’s ratio 0.300

5. Test Verification

Based on the design theory of this work, a MW-level turbine shrink disk was designed to verify
the reasonability of the proposed theoretical model and finite element model, and the parameters are
given in Table 2. A test device was developed for performance test, as shown in Figure 4. The test
gradually applies torque to the turbine shrink disk by hydraulic jack and supporting bracket. In the
performance test of the shrink disk, the holding pressure time is set as three minutes based on test
experience. The circumferential slip between the contact surfaces is monitored using the method of

fixed reference line, the slip of all contact surfaces is zero, which shows this design size can transfer
the applied torque and can meet the requirements of the given working conditions; the specific data
is given in Table 3. The rated torque of shaft transmission is To = 2800 kN-m, as shown in Table 2.

Bolts

Hydraulic jack

Figure 4. Test bench of turbine shrink disk.

Table 3. Static torque detection data.

Torque Value T Circumferential Slip Holding Pressure Time

(kN-m) (S/mm) (t/min)
0.4To 0 3
0.5To 0 3
0.65To 0 3
0.8To 0 3
To 0 3
1.2To 0 3
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6. Results and Discussions

Through the above-described modeling method, models with different assembly clearance,
machining deviation, and propel stroke were compared with the ideal model, and the influences of
each factor on the contact pressure of the mating surfaces were analyzed. The contact pressure is
generated between each of the mating surfaces during assembly, which directly affects the working
performance of the mating surfaces [16]. Figure 5 gives the distribution of the Von Mises stress of the
turbine shrink disk using the ideal model [17].

S, Mises

(Avg: 75%)
+1.244e+403
+1.149e+03

+4.813e+402
+3.860e+02
+2.906e+02
+1.953e402
+1.000e+02
+1.161e+01

Figure 5. The distribution of Von Mises stress of the turbine shrink disk using the ideal model.

The maximum stress of the shaft, sleeve and outer ring lies in their internal surfaces, whereas the
maximum stress [18,19] of the inner ring lies in its external surfaces. Therefore, the axial nodes on the
internal surfaces of the shaft, sleeve and outer ring, together with the nodes on the external surfaces
of the inner ring, were selected to analyze the Von Mises stress of each component, which were used
as the key parameters to determine whether the components produced plastic deformation or not.
The contact pressure was analyzed by the CPRESS module of ABAQUS [20]. Figure 6 describes the
distribution of contact pressure [21] on each mating surface under different assembly clearances. Figure
7 gives the distribution of the contact pressure on each mating surface [22] under different machining
deviations [23,24]. Figure 8 shows the distribution of the contact pressure on each surface [25] under
different propel travels.

6.1. Assembly Clearance

As shown in Figure 6, the variation trends of contact pressure for Models 1-3 with the axial-
directional nodes are similar. For the same axial node of each component for the three models, there
exist the following features: (1) comparing with Model 1, the contact pressures of Model 2 and 3 were
reduced to different degrees; (2) Model 2 has less reducing trend, whereas Model 3 has more reducing
trend; and (3) the assembly clearance has the greatest influence on contact pressure on the mating
surfaces of the shaft and the sleeve.

Compared with ideal Model 1, the contact pressure recorded for Model 3 decreases by
approximately 50 MPa in Figure 6a. Therefore, the assembly clearance is positively proportional to
the contact pressure on the mating surfaces. The maximum clearance has a great impact on the mating
surfaces, whereas the minimum clearance has a minimal impact.
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Figure 6. Distribution of contact pressure on each mating surface under different assembly clearances.

(a) Mating surfaces of shaft and sleeve; (b) mating surfaces of sleeve and inner ring; (c) mating

surfaces of inner ring and outer ring.

6.2. Machining Deviations

As shown in Figure 7, the variation trends of contact pressure on Model 1, 4 and 5 with the axial-
directional nodes are similar. For the same axial node of each component, there exist the following
features: the contact pressure of Model 5 has the largest value, model 1 has the second largest, and
Model 4 has the smallest. The maximum difference of contact pressure is within 25 MPa in Figure 7a.
Thus, the interference magnitude is inversely proportional to the contact pressure on mating surfaces.
Machining deviation within a reasonable range has a small impact on the contact pressure of mating

surfaces.
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Figure 7. Distribution of the contact pressure on each mating surface under different machining

deviations. (a) Mating surfaces of shaft and sleeve; (b) mating surfaces of sleeve and inner ring;

(c) mating surfaces of inner ring and outer ring.

6.3. Propel Travel

From Figure 8, the distribution of the contact pressure of the mating surface between the shaft
and the sleeve is low on both ends and high in the middle. Compared to the value of the same node,
the contact pressure will increase with propel travel, and the increment is roughly a linearly
proportional relationship. The contact pressure under full propel travel BD is approximately 50 MPa
higher than that under the minimum propel travel BD:.
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Figure 8. Distribution of the contact pressure on each mating surface under different propel strokes.
(a) Mating surfaces of shaft and sleeve; (b) mating surfaces of sleeve and inner ring; (c) mating
surfaces of inner ring and outer ring.

6.4. Performance of the Models

The load torque is the main parameter used to evaluate the load-carrying performance of a
turbine shrink disk; the load torque relates to the following parameters: contact pressure, friction
coefficient, length of mating surfaces and diameter of shaft. The corresponding load torque can be
obtained from the contact pressure. The load-carrying performance of the turbine shrink disk can be
directly judged by comparison to the related torque. A calculation equation of the loading torque can
be deduced from Equation (1).

M= uPmd’l

(13)

Using the curving integral of the mating surface between the shaft and the sleeve, the load torque
of the turbine shrink disk can be obtained by combining it with Equation (13). The results of the load
torque on each model and the relative error compared with model 1 (ideal model) are shown
in Table 4.

Table 4. Load torque of each model and relative error.

Model Number Torque (kN'-m)  Relative Error (%)

1# 3396 0.0
24 3245 44
34 2599 23.5
44 3233 4.8
54 3565 5.0
o# 2675 21.2
7# 3033 10.7

As shown in Table 4, compared with Model 1 (ideal model), the relative error of the load torque
of Model 2 is 4.4%, which shows that the minimum assembly clearance has little influence on the load
torque and can meet the engineering design requirements. The relative errors of Model 4 and 5 are
4.8% and 5.0%, respectively, which shows that the machining deviation range can also meet the
engineering requirements. However, the relative error of Model 3 reaches 23.5%, i.e., the maximum
assembly clearance has a great effect on the load-carrying performance. Moreover, as the deviation
of propel stroke between the design value and the practical value increases, the greater the weakening
effect on load torque becomes. The full axial movement of the outer ring can guarantee the normal
operation of the turbine shrink disk.
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7. Conclusions

The key influencing factors on the load-carrying performance of a multiple-layer interference
cylinder were studied by finite element simulation of a turbine shrink disk. The influences of
assembly clearance, machining derivation, and propel stroke were obtained by analyzing the contact
pressure of the mating surfaces and the load torque. The conclusions drawn are as follows.

(1) The theoretical model and finite element model of the turbine shrink disk were constructed, and
a test device has been developed to verify the reasonability of the proposed models for load-
carrying performance evaluation.

(2) Different assembly clearances have different effects on the load-carrying performance of a
turbine shrink disk. The maximum assembly clearance has a large effect on the contact pressure
of the mating surfaces and the load torque, whereas the effect of the minimum assembly
clearance is relatively small. The effect of the assembly clearance must be taken into
consideration during the design and calculation, and the assembly clearance should be
reasonably determined.

(3) Machining deviation has a relatively small effect on the contact pressure and load torque of the
mating surfaces. If the machining deviation is within reasonable range, then the load-carrying
performance of a multiple-layer interference fit can be ensured.

(4) The propel stroke has a significant effect on the contact pressure of the mating surface and the
load torque. To avoid the abnormal operation of equipment caused by insufficient load torque,
the propel stroke during practical assembly should be at least 0.95 times that of the designed
propel stroke.
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