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Abstract

In this paper, the use of conventional analytical calculating methods for designing the mechanical part
with predicted endurance time is investigated. In a case study a design and dimensioning of custom-
built shaft coupling with torque limiting function was conducted. Necessary analytical calculations were
carried out to determine the possible weak points of the current shaft coupling design. Numerical
analyses of the newly designed shaft coupling were performed using predefined material properties and
boundary conditions. Using Goodman criteria, the most suitable design was selected. Prototypes of shaft
couplings with different designs based on the numerical analysis were tested to validate the numerical
results. Analytical approach as well as numerical analysis were compared. The validation of the
produced machine part is also performed. Results of the research work showed that conventional
analytical methods can be applied to design and dimension a mechanical part with predicted failure
following steps (methodology) described in the paper.
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1. INTRODUCTION

The shaft coupling plays a primary role in connecting two shafts in the process of torque
transmission. Several types of these components are widely used in mechanical engineering,
including rigid shaft couplings [1]. The shaft coupling, which is the subject of the presented
research work, is a custom-designed machine element for connecting input and output shafts of
two gearboxes (worm and spur gearboxes). The new rigid shaft coupling is installed as a
replacement for the existing shaft coupling which does not have the function of torque limitation

(Fig. 1).
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Figure 1. Schematic view of the workstation function.
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Both gearboxes and their shaft coupling are part of the radial umbilical spooling machine
of large diameters and high loads. For this reason, the entire construction is substantial and
heavy, which presents a considerable challenge to normal functional performance. For safety
reasons, it is necessary to investigate the possibility of developing a unique shaft coupling that
also acts as a torque limiter in the function of preventing shaft and bearing damage. The analysis
should also address the companies' demand to increase the load on the machine by 100 %.
Preliminary calculations showed that the machine drive shaft would not be able to withstand
the loads [2]. The fatigue analysis also showed that the drive shaft bearings could be damaged
by the increase in shaft deformation.

Due to the shaft's predicted failure and bearing failure, an additional torque limiting system
was considered, which could be implemented in the existing machine assembly. However,
commercially available torque limiters were not suitable for the implementation because there
was not enough space for the installation setup.

1.1 Research hypothesis

In general, mechanical design process is performed based on selected design/dimensioning
approach, considering real or estimated boundary conditions. Design approaches are
continuously developed in order to provide designers the most efficient method to dimension
specific machine part.

Contrary to the usual use of dimensioning approach, where the designer wants to define a
shape that will be able to permanently withstand the expected loads, presented research
explored the possibility of applying the selected dimensioning approach in the case of defining
the dimensions of machine part needed for controlled failure.

Analytical approach as well as numerical analysis were compared. After defining the shape,
the validation of the produced machine part is also performed.

The goal of the research is to determine whether conventional analytical methods for
calculating the endurance capacity are also useful for dimensioning a component with a known
target number of loading cycles before failure.

1.2 Objective

In order to overcome the installation space limitations, it was decided to design and dimension
a new shaft coupling with predicted failure in case of torque overload. In contrast to the usual
research aimed at preventing failure [3-5], our primary goal is to cause failure under controlled
and predicted conditions. The idea was supported by the fact that the replacement of the shaft
coupling does not cause any significant difficulties.

To ensure a controlled coupling failure, the task will be carried out in the following steps:
(1) analysis of the permanent strength of the existing coupling; (2) conception of the form of
failure locations; (3) construction of a numerical model; (4) numerical calculation of fatigue;
(5) verification of numerical results by physical tests; (6) defining the final shape of the
coupling.

The redesigned shaft coupling must ensure stable operation under high load. In the event of
a critical torque occurring, the shaft coupling must be broken. The main task is to obtain
optimum design dimensions in order to ensure the failure of the shaft coupling instead of some
other important components in case of excessive torque.

2. BOUNDARY CONDITIONS

The steel reel for the umbilical spooling of special wire ropes has a large diameter and the entire
construction works under high loads. The total load value is 100 kN. For these reasons, the use
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of spherical bearings is necessary. The calculation data to be used are: the input power of the
electric motor is P = 1.5 kW, the output shaft rate is n = 2 min™.

The material selected for the shaft coupling is EN 1.4418, a high-strength
martensitic/austenitic stainless steel with low carbon content [6]. The mechanical properties of
the shaft coupling material are listed in Table I.

Table I: Mechanical properties of EN 1.4418.

. Yield strength RPo2 | Tensile strength R | Elongation
Condition [MPa] [MPa] [%]
QT900 920 1050 18

In order to obtain data on the stress state data of the shaft coupling as a fuse, analytical and
numerical calculations of the shear stress in characteristic cross-sections were carried out [7].
The matching of analytical and numerical calculations confirmed the suitability of the
numerical model of the initial (existing) shaft coupling.

2.1 Initial design analysis

The currently used shaft coupling (Fig. 2) is a simple element with internal and external
keyways used to connect the power and driven shaft. The basic geometrical properties of the
initial shaft coupling are total length: 107 mm; diameter 1: 19 mm and diameter 2: 45 mm. A
lateral keyway is provided on each diameter. The mass of the shaft coupling is 0.6 kg. A surface
roughness value for all free surfaces on the part is Ra = 3.2 mm, except for the specified surfaces
where Ra = 1.6 mm applies.
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Figure 2: Detail drawing of the original shaft coupling.

3. ANALYTICAL CALCULATION OF THE SHAFT COUPLING

Analysis of the initial design offers 3 locations for predicted coupling failure (Fig. 3).
Additional constraint implies that the failure location does not influence other vital assembly
components in the sense of happening unexpected damage. Thus, the areas of the cross-sections
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B-B and E-E are not desirable as failure position due to parallel key connection, as the most

important representative type of shaft connection based on form fit. Given this fact, the cross-

section D-D is the most suitable location to cause controlled failure due to following reasons:

¢ Predicted failure/fracture does not damage other assembly components,

¢ Due to geometric discontinuity, the geometric stress concentration factor influences stress
amplification.
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Figure 3: Observing the most important cross-sections.

As already mentioned in the Introduction, the torque overload case is rare but possible
during the working process. Using the results of analytical calculation of shear stress and
fatigue, the numerical model will eventually be validated.

The shear stress occurs in a cross-section as the most critical stress type for the shaft loaded
by torque. Geometrical stability of the shape o, as dynamic endurance of a specific shaft cross-
section must be smaller than the product of dynamic variable endurance of material and factor
of stability of the shape. The geometrical stability of the shape oo, as dynamic endurance of a
specific shaft cross-section, is defined by Eg. (1a). The discontinuity of geometry has a
significant effect on the stress distribution around it. Geometric stress concentration factors are
used to estimate the stress amplification in the vicinity of a geometric discontinuity.
Accordingly, Eqg. (1b) presents a stress concentration factor of a circular shaft [8].

1
k KtS = 1 +
OpN " K5 d \?
- <k- 4
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e T NC)
P 20 )

a) b)

In the case of the torsional loaded shaft, it is recommended that the minimum required shaft
diameter must be defined according to experiential values of allowable using Eq. (2a).

d 3 T T < X T - @
n= |noo T =—=<T1 T =K.—<T
min O-ZTallow. t_nom Wt allow. t_max ts Wt allow.

a) b) c)

The maximum and the minimum shear stress occurring at the critical cross-section of the
shaft are considered. Only the weight of an empty steel reel and its inertial masses produce
minimum stress. It takes the torque of T =200 Nm to drive all rotating components in the idle.

Using the output shaft rate at steel reel, the transmission ratio of the gearbox, fully loaded
steel reel and its inertial masses, maximum calculated torque to the entrance of gearbox is
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T =504 Nm. Nominal shear stress is calculated using Eq. (2b) based on calculated torque and
torsional section modulus.

Table Il shows analytical calculations of torsional section modulus and stress values,
nominal, minimal and maximum. Using the expression shown by Eq. (2c¢) and its influence on
the stress amplification-based to the shaft geometry, the maximum torsional stress is
598.76 MPa. Minimal torsional stress is calculated respectively, using minimal (idle) torque.
Both stress values (T, nom. Tt max) Satisfy the limit of allowable shear strength.

Table Il: Torsional section modulus and shear stress values for the D-D cross-section.

d Wt p-D | Tt.nom | Ttomin | Tt_max
Shape | mp | & | &2 | & | K | ) | pvipa] | [MPa] | [MPa]
Section 19 | 34 | 6 | 02 | 16 |1346.76 | 374.23 | 237.6 | 598.76

3.1 Fatigue analysis

For dynamically loaded shaft coupling, the failure occurs at lower stress than the allowable
stress is. Fatigue tests for notched or un-notched specimens are necessary to calculate fatigue
life in the case of realizing controlled failure [9]. For a qualitative estimate, we made a
comparison between analytical and numerical fatigue solutions. Previously conducted data
represents a base for fatigue tests. Fatigue strength depends on not only the stress concentration
factor but also other factors such as the material strength, mean and amplitude stress levels. As
a base for estimating the effect of all parameters, it is used zero-based loading type and long
life of N = 108 cycles to failure. Using Goodman's theory [10-13] fatigue factor of safety EFoS
is calculated according to Eq. (3a) considering the fatigue stress concentration factor Kss, Eq.
(3b), the notch sensitivity q, Eq. (3c), of the material and its tensile strength.

L _Sm_ SaKpes
EFoS R, ' S,-ks-ky
a) b) c)

The fatigue ranges from 40 to 60 % of the tensile strength for the steels up to 1400 MPa of
tensile strength [14, 15]. If we take the upper range limit, endurance limit Se of the shaft
coupling material is calculated using Eq. (4a). Various correction factors influence the fatigue
strength. Correction factors: reliability factor (for 90 % reliability) ks = 0.897 and surface factor
(fine polished) ks = 0.95 are selected; size factor k, is calculated using Eq. (4b). Using Eq. (4¢)
correction factors, the new fatigue strength S'e is calculated. Finally, for torsional loading, the
fatigue strength at 1000 cycles (kr = 0.897 for 90 % reliability) is calculated using Eq. (4d) [14].

S,=0.6R, ky=(d/7.62)°17 §' =S, ko -ky-kp Sei000=0.9(0.8RDkr (4)
a) b) c) d)

To determine fatigue or endurance factor of safety (EFoS), we calculated mean stress (Sm)
and amplitude stress (Sa) based on maximum (Smax) and minimum (Smin) Stress values.
Maximum stress value occurs at the fully loaded mode, while minimum stress occurs at the
idle. We start from the assumption that failure always occurs at the critical zone at maximum
stress value caused during extreme loading conditions. Therefore, variable amplitude stress is
being transformed into constant amplitude stress to calculate mean stress. Using the highest
torque value required to drive a fully loaded machine, maximum stress is: Smax = 598.76 MPa.
The same as previous, using the minimum required torque value to drive the machine in the

Kiis =1+q(K;s—1)  q=(14..08)1073R, <1 (3)
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idle, minimum stress is: Smin = 237.6 MPa. Mean stress value and amplitude stress value are
presented in Table I1I.

Table 111: Analytical solution results of mean and amplitude stress including fatigue factor of safety.

Sm Sa
pa] | [MPa] | O Kis | EFOS
Original configuration 418 180 0.84 15 1.05

Analytically calculated fatigue safety factor (EFoS) expresses low confidence and
reliability of endurance in the case of extreme loading conditions. For a thorough analysis of
the fatigue life, the cycle is estimated by the following assumption: the steel reel rotates at a
speed of 2 rpm. In eight working hours, it rotates 960 times, then in one year for 360 working
days, it rotates 345600 times, and in five years (predicted life of the workstation), it rotates
1728000 times. The predicted life of the shaft coupling is obtained by multiplication of the last
number with a transmission ratio of 14.5. Considering these explanations, the predicted life of
the shaft coupling is approximately N = 2.5 E+07. The endurance limit is determined on the
basis of the high cycle region of Nt = 1.0 E+08 cycles to failure.

To create an S-N curve using predicted shaft coupling lifetime and endurance limit, the
following Eq. (5) is used:

1

Fig. 4 shows the Wohler's S-N curve for the original configuration based on the endurance
limit of N¢ = 1.0 E+08 load cycles to failure. To get more data points in creating a smooth curve,
a various number of cycles was included in Eqg. (5), starting from 5.0 E+05 cycles, as the low
cycle region. All data points are logarithmically presented along the horizontal axis, while the
vertical axis shows stress values.

S-N curve of EN1.4418
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Figure 4: Wohler’s S-N curve; Low cycle region, N =5.0 E+05; High cycle region, Ns = 1.0 E+08.

Using Eq. (5) in combination with the characteristic number of load cycles, the Wohler's
S-N curve was created, bounded between two intervals, low cycle region and high cycle region.
The stress value obtained using Eq. (5) presents ultimate (short-lived) dynamic strength for a
characteristic number of load cycles. Observing S-N curve, the ultimate (short-lived) stress
value for the predicted lifetime at N=2.5 E+07 cycles is 555 MPa. Compared with the
maximum stress (555.56 MPa) calculated by numerical solution (discussed in continuation),
the relation satisfies the ultimate strength condition. The maximum stress (598.76 MPa)
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calculated by the analytical solution exceeds the ultimate strength limit. Nevertheless, as we
already said, it is the more conservative result at the upper range limit so that we can interpret
it as acceptable.

By Goodman's theory and calculated fatigue factor of safety, it has also been determined
ultimate stress value for the predicted life. According to that, the original shaft coupling design
will endure the outlined number of load cycles and more.

4. NUMERICAL ANALYSIS OF THE SHAFT COUPLING

4.1 Static structural analysis

In the further research process, the analytical solution is used to verify the numerical model
using finite element analysis for additional accuracy and validation of the results. Fig. 5 shows
the parameterized FE model with defined mesh parameters.
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Figure 5: Parameterized FE model with defined mesh parameters with parameters.

The data represent a continuum discretized by finite elements, with three degrees of freedom
in each node. Discretization may be described as a process by which the given body is
subdivided into an equivalent system of finite elements.

Static structural analysis as a part of FEA is conducted in the Ansys Workbench (Fig. 6).
The geometry used to calculate shear stress is shown in Fig. 3. Using two different torques
required driving the idle and fully loaded mode, numerical solution verifies stress calculation
done before in analytical procedure. The criterion for a decision whether the construction is in
failure condition was: if the shear stress is greater than the allowable stress of the material, then
the construction is in failure condition. The material used in FEA for the shaft coupling belongs
to Ansys Workbench Materials, and it is equivalent to EN 1.4418.

According to the applied torques, boundary conditions of the parameterized model and
material properties, shear stress results are expressed (Fig. 6). Maximum shear stress in the fully
loaded mode is 555.56 MPa respect to the analytical solution of 598.76 MPa (Table I1) in the
critical zone D-D. The slight difference between the two kinds of results is addressed to the
more conservative method we used in the definition of the stress concentration factor. The
difference is also reflected in the opposite direction of calculation in the idle. Minimum shear
stress in the idle is 220.46 MPa respect to the analytical solution of 237.6 MPa. Analytical
solution results are expected to be higher due to the geometric stress concentration factor. The
geometric curvature of the long slope between two shaft diameters has greatly influenced the
high value of the stress concentration factor (Kts). Using this verification step, stress results of
both calculation solutions have been verified. Now, we have determined stress around the
critical area of the cross-section D-D using static structural analysis.
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A: Shaft Coupling original config.
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Figure 6: Results of static structural analysis: maximum shear stress in the fully loaded mode (7; ;qx)
and the idle (T, in).
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Equivalent Alternating Stress

Type: Equivalent Alternating Stress
Unit: MPa

306.2020.17:46

360,61 Max
32054

28047

2404

20034

16027

1202

80,136

40068
2,2751e-7 Min

Y
)\
0000 10,000 20,000 (mm) 2 X
[ B E—

5,000 15,000

0000 10,000 20,000 (mm) Z)\ X
[ BN .

5,000 15,000

Figure 7: Calculated EFoS and equivalent alternating stress for the case of constant amplitude loading.

Previous conducted analytical solution of the fatigue analysis and its numerical solution are
being compared. Using the same mesh parameters as in previous analyses, the numerical
solution shows the fatigue safety factor of 1.2325 for the critical zone (Fig. 7). Using the
endurance limit of Nf = 1.0 E+08 cycles to failure the result indicates the infinite life for the set
parameters. Since the fatigue safety factor calculated by the numerical solution is greater than
the analytical, the relation between safety factors also confirms the conservative approach we
have chosen for the analytical solution. For a further fatigue analysis, the equivalent alternating
stress is additionally used to query the S-N curve with a defined loading type. Since loading has
a constant maximum value during extreme conditions, only one set of FE stress results is
required to calculate alternating stress, which makes loading proportional (stress does not
change over time).

Regarding constant amplitude loading and respect to the zero-based measuring, it can be
identified as critical fatigue locations. Therefore, we introduce the equivalent alternating stress
as the last calculated stress amount before determining fatigue. Based on conducted fatigue
analysis (Fig. 7), the equivalent alternating stress is 360.61 MPa. Since the alternating stress we
consider as the last calculated value, it is acceptable not only for the predicted life (N=2.5 E+07)
but also for the high cycle region (Ns = 1.0 E+08). According to the comprehensive analysis,
the original shaft coupling has to be redesigned.
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5. REDESIGN FOR CONTROLLED FAILURE

To achieve the required task of the shaft coupling, the intention is to add a groove in the cross-
section D-D [16]. Redesign configuration must ensure enough amount of stress concentration
to cause controlled failure in acceptable timeframe under overload. According to that, the
decision has been made to design and dimension two types of grooves: rectangular and
trapezoidal at the location of the maximum shear stress (Fig. 8). Semi-circular groove is not
considered due to its favourable influence of shape geometry to stress concentration decreasing.
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Rectangular groove Trapezoidal groove

Figure 8: Rectangular and trapezoidal grooves with detailed dimensions.

Taking into account groove machining technology, to create appropriate grooves shown in
Fig. 8, the smallest cutting tool dimensions are used. Groove width of 2 mm is a tool entrance
while cutting depth is defined by the expression in Eq. (2a). and is equal to 1.5 mm. Grooves
are modelled in rectangular and trapezoidal forms (Fig. 8). Using the same boundary conditions
(mesh settings and parameterized model) as it was presented in previous conducted FE analysis,
a new fatigue analysis of redesign configurations has been carried out.

Fig. 9 shows the graphic representation of stress distribution. The shaft coupling
configuration including rectangular groove ensures N =236 cycles against N =34 cycles for the
trapezoidal groove configuration. The cycles' relation between these two redesign
configurations was expected (the configuration with a trapezoidal groove is more
unfavourable), but the exact number of cycles to failure has not been known before.

1e8 Max 5620466 3,1589¢e5 17754 99787 1e8 Max 3,6698e6 13467e5 49422 18137

23707e7 1.3325e6 74890 42091 236,57 Min 1,9157e7 7.0301e5 25799 946,76 34,744 Min
C: Redesign: rectangular groove, dmin=16mm D: Redesign: trapezoidal groove, dmin=16mm
Life Life

Type: Life Type: Life
1.8.2020. 1345 18.2020.13:20

Figure 9: Estimated life of the redesign configurations with rectangular and trapezoidal grooves for
dmin = 16 mm.
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6. EXPERIMENTAL VALIDATION AND RESULTS DISCUSSION

To validate the numerical simulation and define the number of cycles to failure under overload,
we performed experimental testing of prepared specimens. Zwick dynamic testing machine was
adapted to conduct dynamic measurements with a determined number of repeats necessary to
simulate cycles to failure. To simulate torque transmission over specimen body, torque wrench
was installed on the testing machine. The used torque wrench has a capacity range between
400-800 Nm. In the case of our testing, it is calibrated to 504 Nm, which value was calculated
before [2]. The used testing technique has disparities of £50 Nm in achieving maximum torque,
which is seen by the height of the peaks (Fig. 10).
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Figure 10: Experimental life measuring of configuration with trapezoidal groove, dmin = 16 mm.

Contributing to the better results reliability, we conducted experimental testing using five
specimens for each groove shape. For further analysis, we only used the four results that were
closest to the mean value.

As predicted, specimens with rectangular grooves withstand a much greater number of
cycles before failure and therefore longer life under extreme loading conditions. Comparing to
numerical results, a larger difference is noticed in the case of rectangular grooves. The
difference between the highest and the smallest number of cycles to failure is 78. The mean
value represented by a mean line on a diagram (Fig. 11 a) is 155.75, and the standard deviation
is 32.00 (covering 60 % of all results obtained by experimental testing). Upper boundary value
as the ultimate limit of results reliability (x + o = 187.75) does not match with the numerical
solution of 236.57 cycles to failure. The difference can be assigned to the imperfection of the
machining (cutting operations), which is reflected in the specimens.
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Figure 11: Standard deviation for specimens.
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In the case of specimens with trapezoidal groove shape, the results are closer to each other
that is visible from a diagram scale in Fig. 11 b. Experiments have shown that specimens with
this type of groove withstand fewer loading cycles and therefore, shorter life under extreme
loading conditions. The results have not been scattered and the difference between the highest
and the smallest number of cycles to failure is 21. The mean value represented by a mean line
on a diagram (Fig. 11 b) is 53.75 and standard deviation of 9.04 (60 % of all results obtained by
experimental testing). Lower boundary value as the ultimate limit of results reliability (x — o =
44.71) almost matches with the numerical solution of 34.74 cycles to failure. This fact confirms
the high reliability of results as well as their consistency in obtaining a reliable number of cycles
to failure. Again, the difference can be assigned to the imperfection of the machining (cutting
operations), which is reflected in the specimens.

Results obtained by experimental dynamic testing ensure a certain number of cycles to
failure under extreme loading conditions. In dynamic types of tests, it is difficult to expect a
large number of matches at measured results values. However, less scattering of results is
expected as an indicator of better reliability and consistency.

Using applied analysis and appropriate solution, redesigned configurations will endure
between 5.3 minutes (for specimens with rectangular groove) and 1.6 minutes (for specimens
with trapezoidal groove) to failure under extreme loading conditions.

/. CONCLUSION

This paper presents the results of the analytical, numerical and experimental study on the
controlled failure of the shaft coupling. Although it is a matter of solving a specific problem
from the industry, a methodology has been set up. Shear stress caused by the maximum torque
was determined and located. On that basis, fatigue strength and the number of cycles to failure
are determined considering the factor of safety as high enough. According to that, the presented
study aims to design and dimension the controlled weak position on the shaft coupling. To
prevent bearings and shafts damage, redesign of the shaft coupling was made in the direction
of achieving controlled weak position. Minimum diameter and dimensions for making grooves
are defined. By this way, the minimum number of cycles to failure was ensured.

Results of the studies conducted show that conventional analytical methods for calculating
the endurance capacity can be used for dimensioning a component with a known target number
of loading cycles before failure. The paper's main contribution is based on the presented
methodology of design and dimensioning the controlled failure of custom-built rigid shaft
coupling, which has been thoroughly developed and described.
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