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Abstract

To match the high expectations and demands of customers for long-lasting machines, the development of
reliable products is crucial. Furthermore, for reasons of competitiveness, it is necessary to know the future
product lifetime as accurately as possible to avoid over-dimensioning. Additionally, a more detailed system
understanding enables the designer to influence the life expectancy of the product without performing an
extensive amount of expensive and time-consuming tests.

In early development stages of new equipment only very basic information about the future system
design, like the ratio or the system structure, is available. Nevertheless, a reliable lifetime prediction
of the system components and subsequently of the system itself is necessary to evaluate possible design
alternatives and to identify critical components beforehand. Lifetime predictions, however, require many
parameters, which are often not known in these early stages.

Therefore, this paper performs a sensitivity analysis on the drivetrain of an offshore winch with active
heave compensation for two typical load cases. The influences of the parameters gear center distance and
ambient temperature are investigated by varying the parameters within typical ranges and evaluating the

quantitative effect on the lifetime.
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1 Introduction

Thorough system knowledge enables the designer to
accurately dimension a future system and its compo-
nents to achieve the demanded product lifetime. If
it becomes clear, throughout the development process,
that the life expectancy will not match the demanded
specifications, the designer can react accordingly and
adjust the design of the system and its components sys-
tematically. In general, reliability evaluations of a final
manufactured product promise the highest accuracy of
predicted life expectancy but also cause the highest
costs. Therefore, it would be beneficial, if the lifetime
could already be calculated accurately in very early de-
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velopment stages. Basic gear parameters such as gear
ratio and number of teeth are set at the very beginning
of the development of new transmissions. Other pa-
rameters, such as gear center distance are set initially
as well, but might be subject to minor adjustments
throughout a development in iterative processes and
can subsequently influence the gear durability. There-
fore center distance is selected as an example for the
sensitivity analysis regarding the effect of gear param-
eters on the final lifetime. For bearings, parameters
such as lubricant temperature are often roughly esti-
mated, disregarding influences like dissipation power
and environmental conditions. In order to reveal un-
used potentials regarding economical bearing dimen-
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sioning, a sensitivity analysis of the ambient tempera-
ture is performed to determine the necessary accuracy
of temperature as input for bearing lifetime calcula-
tions for the investigated system, the drivetrain of an
offshore winch.

For offshore operations, the availability of the de-
ployed equipment is crucial, since failures on open sea
have a much higher impact compared to breakdowns
on land. The corrective maintenance is more elabo-
rate because spare parts have to be procured from dis-
tant locations. Additionally, the induced downtime can
cause a costly extension of the whole deployment.

The drivetrain subject to investigation in this pa-
per is part of the winch of a vessel-mounted offshore
crane for subsea operations with a lifting capacity of
150t. The deeper the payload is lowered below sea
level, the more the allowed payload has to be reduced
to compensate the wire’s own weight. An active heave
compensation (AHC) mode utilizes the winch of the
crane to compensate vertical movement of the crane
due to wave motion (see Figure 1). When activated,

Figure 1: AHC mode

this mode induces oscillatory loads in the drivetrain.
The winch drum is driven by 20 identical gearboxes,
ten on each side. The gearbox itself consists of two
planetary gear stages in one housing with the input
connected to a hydraulic motor. The connection to the
drum is implemented with pinions driving a cogwheel
(see Figure 2).
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Figure 2: Structure of winch drivetrain

In the following, the reliability calculation approach
will be presented, along with a short introduction into
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reliability basics. Thereafter, the sensitivity analyses
are performed and the results are discussed.

2 Approach

The life expectancy of technical components is the re-
sult of the ratio of applied loads and load capacity. To
assess the lifetime of a technical system, it is neces-
sary to determine the stress and strength of the used
components. The calculation of the components’ life-
times and the resulting system life expectancy as com-
bination of the components’ failure behavior has been
performed following the approach shown in Figure 3.
For further information it is referred to Neumann et al.
(2016) and Woll et al. (2017).

The lifetime of the components is calculated by com-
paring stress and strength of the gearbox components
separately using a damage accumulation hypothesis.
The strength or load capacity of the components is
evaluated by available standards (Bearings: DIN ISO
281 (DIN ISO 281, 2010), Gears: DIN 3990 (DIN 3990,
1987)). The results of the load capacity calculation
are usually Wohler-curves. For the calculation of the
stress, the external loads on the transmission need to
known. The loads are a result of the weight of the
payload and rope as well as the necessary torque to
rotate the winch’s inertia dynamically to compensate
the wave motion. To determine the wave motion, the
”Joint North Sea Observation Project” (JONSWAP)
wave model has been used (Hasselmann et al., 1973).
This model allows the calculation of the time functions
of wave height, vertical velocity and acceleration for
various wind speeds. It is based on measurements per-
formed in the North Sea and only requires a character-
istic wave height and peak frequency as an input. Both
parameters are documented for different wind speeds.
Based on the output, the torque, speed and angle of
the winch drum can be determined, assuming the ves-
sel with the mounted offshore crane experiences the
exact vertical motions as the waves, which is an ini-
tial estimation. For converting the overall torque and
speed to local loads and speeds of each component, the
layout and dimensions of the gearbox and its elements
are necessary, from which transfer functions can be de-
rived. The results of this conversion are load-time and
speed-time functions for each individual component.
To further process this load information for the life-
time calculation, the histories are converted into load
spectrums by means of counting methods. By apply-
ing a damage accumulation hypothesis on stress (load
spectrums) and strength (Wohler-curves), the damage
sum for each investigated component and subsequently
the expected lifetime for each component can be deter-
mined. To calculate the failure probability, the lifetime
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Figure 3: Reliability calculation approach

is combined with a failure distribution, obtained from
tests with similar components, see Figure 4.

The failure distributions for mechanical components
can be described by Weibull distributions, as given by
Eq. 1.

t—tg \?
Fit)=1- ef(T*to) (1)
The parameter t describes the characteristic lifetime,
to describes the failure free period at the beginning of
service life and b describes the shape of the distribution.
Based on a suitable system theory, the overall reli-
ability or failure performance of the entire system can
be determined from the separate failure distribution of
each component. The system theory used in this pa-
per is the Boole System Theory. For systems in which
a failure of a component means a failure of the entire
system, the equation for the system failure probability
is given by Eq. 2, where n stands for the number of
system elements.

n

Fys(t) =1-[[ 1 - F®)

i=1

(2)

Subject to the condition that the failure probability
cannot exceed 100 % and is always positive, the result-
ing system failure probability is equal or higher than
the failure probability of the weakest element. The re-
sulting system B10-lifetime is the point of time after
which a failure probability of 10 % is exceeded.

3 Application

The impact of changing gear dimensions might be
known intuitively by tendency, but the extent is less ob-
vious for some parameters. When designing a gearbox,
first of all, the overall ratio and the structure is defined.
Subsequently, the ratios of the individual gear stages
are defined and a rough dimensioning of the gears is

performed, based on estimations. In an iterative pro-
cedure the parameters are specified more accurately to
match required specifications (Niemann and Winter,
2003).

The investigations in this paper have been performed
with the assumption that the crane is operating in
the North Sea with an operating depth of approxi-
mately 500m. The ambient conditions for the wave
model are set to a wind speed of Beaufort 5 or about
9.5m/s, which is a mean value for the North Sea, ac-
cording to Miiller (2013). This corresponds to a sig-
nificant wave height of 1.65 m and a peak frequency of
0.163Hz (Journee and Massie, 2001). The calculations
consider two different load cases, both with activated
heave compensation but different payloads. In load
case I a small payload (wire and payload combined:
30t) is attached to the hook, in load case II the crane
carries the maximum payload (wire and payload com-
bined: 150t). The respective load case is applied to
the crane and its winch until the winch drivetrain fails.

An exemplary section of the resulting torque-time-
history at the output of the gearbox of load case II is
shown in Figure 5. The signal oscillates around the
mean value which results from the static load (payload
and own weight of the wire), whereas the oscillation
is induced by the dynamic loads in the system due to
acceleration of mass inertias.
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Figure 5: Torque-time history at gearbox output,
Load: 150t, Wind speed: Beaufort 5

The calculated load-time and speed-time-histories of
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the drum, based on the predicted wave motion is trans-
ferred to the investigated components as described be-
fore and transformed into load-revolution and speed-
revolution histories to achieve the number of load alter-
nation and their corresponding load and speed values,
as described in Woll et al. (2017). The histories are
then simplified to load spectra with 64 classes for the
load and 64 classes for the speed by means of the two
parametric-counting method level distribution count-
mg.

For gears, the failures ”tooth base fracture” and ” pit-
ting” are considered and calculated individually, ac-
cording to DIN 3990-2 and DIN 3990-3. Scuffing is
not taken into account in this investigation since it is
not researched well enough to provide a reliable life-
time estimation (Boog, 2011). Additionally, scuffing
usually occurs only outside the predefined operating
conditions (Renius, 1976). For the damage accumu-
lation of pitting and tooth base fracture, the hypoth-
esis "Miner modified (Corten-Dolan)” is used to in-
clude small stress amplitudes, since they also have a
significant influence on the life expectancy. The neces-
sary shape parameters of the failure distributions are
chosen following Bertsche and Lechner (2004) and are
listed in Table 1. The chosen shape parameters are
referencing single teeth, since the load capacity calcu-
lation according to DIN 3990 is performed for a single
tooth. Additionally, there exist failure free periods at
the very beginning of the service life of some machine
elements. Tests revealed that they are proportional to
the B10-lifetime of the components (Bertsche, 1989).
The available shape parameters for gears are widely
scattered, since they depend on load levels and other
operating condition. For the investigation conducted in
this paper, a mean value, following the range provided
in Bertsche and Lechner (2004) has been adapted. The

=

shape parameters of bearings have been chosen accord-
ing to Bertsche and Lechner (2004). Processing the

Table 1: Weibull parameters of failure distributions,
following Bertsche and Lechner (2004)

] component \ cause of failure \ to/B10 \ b ‘
oar tooth base fracture 0.9 1.7
& pitting 06 | 1.3
ball bearing e 1.1
roller bearing prtting 0-2 1.35

data and calculating the lifetime of the components as
described above, the failure probability shown in Fig-
ure 6 can be derived for load case II. The probability of
failures naturally increases for all components individ-
ually over time (solid lines). The dashed lines represent
the combined failure probability of a component group.
The longer the system is used and the longer the com-
ponents are stressed, the higher is the probability of
failure.

It can also be observed, that the failure performance
of the gearbox mainly relies on the bearings which seem
to be the most critical components in the investigated
system.

3.1 Center Distance

The following investigation has been performed exem-
plary on the pinion/ring gear stage that connects the
gearbox to the winch drum at the output of the second
planetary gear stage, see Figure 2 and Figure 7. The
center distance is varied within the range of geometric
possibilities to investigate the influence of minor ad-
justments of the initially set center distance through-
out the development process. Changing the center dis-
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Figure 4: Process of damage accumulation for components
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Figure 7: Center distance and profile shift

tance of a gear stage influences other gear parameters
as well. However, in the course of this sensitivity anal-
ysis, the working angle, the number of teeth and the
modulus are kept constant. The profile shift is adjusted
to match the criteria of balanced specific sliding, which
is a favorable state regarding durability (Roth, 2001).
The range of investigated center distances is limited by
the geometric restrictions of involute gear teeth. Due
to the properties of the Wohler-curves used for the life-
time calculation, even small changes of the load capac-
ity induced by center distance modifications might have
a large impact on the bearable load alternations and
therefore on the life expectancy, see Figure 8.
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Figure 8: Sensitivity Wohler-curve

In Figure 9, the change in the B10-lifetimes, calcu-
lated by the method illustrated in Figure 3, is presented
for altering the center distance of pinion and ring gear
(and consequently the profile shift) for load case II.

Changing the center distance affects both gears and
the two causes of failure differently. Both gears are
becoming less durable against pitting with an increas-
ing center distance. The decrease in pitting lifetime
arises from the increase of the Hertzian pressure in the
contact due to the smaller contact radii as a result of
the profile shift, causing higher stresses in the tooth
flank, which leads to a facilitation of pitting. On the
contrary, resistance of tooth base fracture of the pin-
ion increases with a rising center distance, since the
tooth base of external gears becomes larger for a pos-
itive profile shift (see Figure 7). For internal gears,
however, the tooth base becomes smaller, leading to a
decrease in lifetime for the ring gear. To reveal sensi-
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Figure 9: B10-lifetime changes for center distance
modification,
Load: 150t, Wind speed: Beaufort 5

tivity changes for different loads, the same simulation
has been performed with a small payload (load case I).
The results are illustrated in Figure 10.
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Figure 10: B10-lifetime changes for center distance
modification,
Load: 30t, Wind speed: Beaufort 5

It can be observed, that the sensitivity of the failure
mode "pitting” barely changes for both gears, com-
pared to the other load case. Range and trend stay the
same as in the results with 150t load. The same obser-
vation can be made for the failure mode ”tooth base
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fracture” for the pinion. Regarding tooth base fracture
of the ring gear, however, the trend reverses and the
resistance increases for a larger center distance in the
investigated example. Since the overall stresses on the
gears are smaller during the load case with 30t, there
are load dependent factors in the standard DIN 3990-
3, e.g. KHalpha, which surpass a set threshold which
cause the trend of the B10-lifetime for ring gear tooth
base fracture to invert. An explicit conclusion regard-
ing the relation of center distance and lifetime sensitiv-
ity can therefore not be made for the gear stage subject
to research.
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Figure 11: Failure performance variance of the pinion,
broken down by failure modes,
Load: 150t, Wind speed: Beaufort 5

To further investigate the effect of geometry mod-
ifications on the lifetime, the failure performance is
shown exemplary for the reference center distance for
the pinion gear in Figure 11, including variance due to
modifications and how they influence the overall reli-
ability. The reliability of a gear’s tooth consists of its
resistance against pitting and tooth base fracture. The
failure probability of the gear’s teeth due to both fail-
ure modes are displayed. It can be observed, that the
probability of failure due to pitting is much higher com-
pared to the likelihood of failure due to tooth base frac-
ture for the investigated gearbox. The overall failure
distribution per tooth results from all failure modes.
As the failure of a single tooth causes the failure of
the whole gear, the gear failure probability has to be
calculated as a serial reliability system, with the num-
ber of teeth as number of serial elements, causing the
resulting lifetime of the gear to be much lower than
the life expectancy of a single tooth. For the combined
failure probability of all pinions, the same procedure is
applied, with the count of pinions as number of serial
elements. Due to the properties of the Weibull dis-
tributions, a change of the B10-lifetime of one of the
elements in a serial reliability structure will change the
resulting system B10-lifetime by the same percentage.

In Figure 12 the sensitivity of combined B10-lifetime
of all gears (pinions and ring gears) as a function of the
center distance modifications is presented for both in-
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vestigated load cases. The lifetime sensitivity for both
load cases (30t and 150t) follows the same function.
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Figure 12: Combined lifetime of group ”gears” for cen-
ter distance modifications,
Load: 30 /150t, Wind speed: Beaufort 5

Hence, it can be concluded, that the lifetime sensitiv-
ity is not load dependent for the researched gearbox.
In addition it can be seen, that changing the center
distance can influence the lifetime by -50 % to +125 %,
regardless of the applied load.

3.2 Temperature

As another critical parameter subject to investigation
in this paper, the ambient temperature has been se-
lected for analysis. Since DIN 3990 does not take tem-
perature into account for viscosity calculation, only
the impact on the lifetime of bearings according to
DIN ISO 281 has been considered in this research.
To determine the stationary temperature in the gear-
box depending on the ambient temperature and wind
speeds, a simple thermic model has been built up. For
calculating the natural and forced convection, it has
been assumed that the gearbox can be simplified as
a horizontal cylinder in cross stream. Based on these
boundary conditions, the calculations have been per-
formed according to VDI e.V. (2013). Thermal con-
duction has been assumed to be negligible. The dis-
sipation of the gears acts as the only source of heat.
Only the losses of the two planetary gear stages have
been considered, since the pinion/ring wheel stage is
located outside the gearbox housing (see Figure 2).

The results of the calculation are shown in Table 2.
The stationary gearbox temperatures (and lubricant
temperature) are presented for different ambient tem-
peratures. The combined efficiency of both planetary
stages has been calculated according to Niemann and
Winter (2003) to a value of 97 %, which is applied for
both load cases.

For an ambient temperature range of —20°C' to
40°C, which is a typical range for offshore cranes, the
calculated stationary gearbox temperature, without oil
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Table 2: Thermic gearbox model - results

ambient temperature

load case —20°C —10°C 0°C 10°C 20°C 30°C 40°C
I (30¢) —6.7°C 3.1°C 12.9°C 22.7°C 32.3°C 41.9°C 51.4°C
II  (150¢) 19.0°C 29.2°C 39.3°C 49.4°C 59.3°C 69.1°C 78.9°C

heating, is in the range of 19°C to 78.9 °C for the load
case with 150t and in the range of —6.7°C to 51.4°C
for 30t. Similar to the previous section, a sensitivity
analysis has been performed to quantify the influence
of changing ambient temperatures (and consequently
the oil temperature) for the same two load cases.

The deviation of B10-lifetime from the reference
temperature of 0°C with a load of 150t is shown in
Figure 13 for different ambient temperatures.
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Figure 13: B10-lifetime changes of bearings for differ-
ent ambient temperatures,
Load: 150t, Wind speed: Beaufort 5

For this load case the B10-lifetime differs by -66 %
to +102% from the reference lifetime at an ambient
temperature of 0°C'. The bearing lifetime for lower
temperatures is naturally higher since the viscosity in-
creases, causing a thicker lubricating film in the fric-
tional contact of the bearing. It can also be observed
that the influence of the temperature is significantly
higher for low ambient temperatures.

As before, the investigation has also been repeated
for the load case with a load of only 30t. The results
are shown in Figure 14. The B10-lifetimes differ from
the reference lifetime by -90% to +0%. Compared
to the load case with 150t, the lifetime for the lower
load case is slightly more sensitive for higher ambient
temperatures. However, for low ambient temperatures
there is no change in the calculated lifetime at all. Be-
low ambient temperatures of 0°C fluid film lubrica-
tion with a sufficiently thick lubrication film occurs,
for which the lifetime is not influenced by temperature
changes anymore. The same effect will occur during
the previous load case when the ambient temperatures
are sufficiently low. Summarising, it can be observed,
that for high ambient temperatures, the sensitivity re-

garding bearing lifetime is relatively small. Therefore,
if the bearings were to be dimensioned for the investi-
gated gearbox operating in a warm environment, the
temperature would not have to be known very accu-
rately since the deviation from the actual bearing life-
time would by relatively small. A similar effect can
be observed for very low ambient temperatures, where
the bearing lifetime reaches its maximum value, due
to a sufficiently thick fluid film in the tribological con-
tact. In between, however, the sensitivity is relatively
high. Hence, for very accurate lifetime predictions, the
temperature has to be known very precisely.
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Figure 14: B10-lifetime changes of bearings for differ-
ent ambient temperatures,
Load: 30t, Wind speed: Beaufort 5

4 Summary

The present work investigated the sensitivity of the
lifetime of a crane winch gearbox with Active Heave
Compensation for offshore applications regarding se-
lected parameters. The JONSWAP wave model has
been used for load predictions, neglecting the vessel
dynamics. The machine elements subject to research
have been gears and bearings with the aim to estimate
deviations in reliability calculations that might occur
with only basic knowledge of the gearbox parameters.

For this investigation, sensitivity analyses have been
performed exemplary for one selected gear parameter
and one selected bearing parameter. Firstly, the cen-
ter distance of a pinion/ring gear stage of the gear-
box subject to research in this paper has been varied
within the limits of possible tooth geometry, since the
center distance might by subject to minor adjustments
throughout a gear stage development process. Failure
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due to tooth fracture is subject to complex interde-
pendencies which do not suggest a definite conclusion
regarding the relation between lifetime sensitivity and
center distance for the gear stage, investigated in this
work. However, it has been shown that pitting is the
primary cause of failure, whose sensitivity is also load
independent. Furthermore, it has been revealed, that
only by changing the center distance, the lifetime of
the gear stage can be changed by -50% to +125 %.

For bearings, the ambient temperature of the gear-
box has been varied. For an estimation on how the
gearbox temperature depends on the ambient temper-
ature, a simple thermic model of the gearbox has been
built up to calculate the stationary temperature in-
duced by gear dissipation. It has been shown that the
lifetime sensitivity is relatively small for very low and
high ambient temperatures. In between, however, the
temperature has to be known very accurately, since
even small temperature changes might lead to large
deviations in lifetime.

In future, the investigations regarding lifetime sensi-
tivity need to be extended to other relevant parameters
to receive a more comprehensive system knowledge and
enable an accurate lifetime estimation in early devel-
opment stages. Furthermore, the vessel dynamics will
be considered for load applications, to investigate the
influence of such models.
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