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Preface

Elias/Anders: {Motivation from the industrial point of view (1-2 pages)}

Pekka/Jari: {Motivation from the research point of view (1-2 pages)}
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WORK PACKAGE 1: Arctic loadings

Objectives:

To study impact load prediction methods for thrusters and to develop model for large
size bevel gears that enables life prediction in real operating conditions with different
types of lubricants and finally to give recommendation of lubricants for environmentally
acceptable lubrication.

{Figure here}

Projects:
e Ice impact and dynamic load on thruster = VTT
e Elasto-Hydrodynamic contact performance under ice loads — TUT TRIB

e Environmentally acceptable lubrication systems - LTU
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WP1 Ice impact and dynamic load on thruster — VTT

A. Load scenarios and simulation, Aki Kinnunen VTT/Vibarc

Goals

In the ARTECO project task called Arctic Loadings, the arctic external loads for thruster and their
effect to the structure were studied.

The study included ice-related loadings such as propeller ice loads, thruster body contact with ice
block and ice ridge. The dynamic response in the propulsion shaft line to propeller ice torque load
was studied with simulation.

The background setting for the ice load analysis was selected to come from the Finnish-Swedish
ice class rules. They cover low ice classes in comparison to polar classification, but describe the
methods for ice load assessment quite reasonably. There are existing methods for propeller ice
torque analysis, and also proposed methods for ice block impact to thruster and thruster contact
with ice ridge. The proposed methods means that they are being proposed to become a part of the
rules but are still in validation.

The load estimates for thruster are derived for the best available data for thruster dimensions and
ice conditions, and can be considered as an application example of the methodology.

Results

The arctic loadings were considered for the load scenarios
e Ice impact to thruster
e Thruster interaction with ice ridge
e Propeller ice loads

The thruster body ice load scenarios are presented Figure 1 and in Figure 2.

Figure 1. Principle of ice block impact to thruster.
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Figure 2. Principle of ice ridge contact load with thruster.



The ice loads were calculated with these priciples according to the load cases presented in the daft
of Finnish-Swedish ice class rules that were available at the time of the work.

Ice loads to thruster body

The straightforward way of estimating the ice block impact load to thruster body is to use the
simplified formula

Fei = Cpuy 34.5 R2® (M v2) %33 [kN] (0.1)
Where Rc is impacting part sphere radius [m]
Mice is ice block mass [kg]
Vs is ship speed at the time of contact [m/s]

Com is the dynamic magnification factor for impact loads, 1.3 if not known.

In addition to the simplified formula, a time domain simulation for thruster and ice contact was
used. The simulation estimates contact load at thruster-ice interaction area and response at the
thruster-ship joint. Example is shown in Figure 3.
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Figure 3. Ice impact time history for ice class IA. Ice block 18000 kg, speed 5 m/s (~10 knots). Blue
is contact force at gear housing, red is estimated response at thruster-ship connection.

The thruster body contact to ice ridge load is estimated with thruster projection area contacting the
ice ridge. The load cases were taken from the Finnish-Swedish ice class rule draft. The load is
calculated according to formula

F, =0.032-v°%.H . A% [MN] (0.2)

Where Vs IS ship speed [m/s]
H. is design ridge thickness [m]
A is projected area of the thruster [m?]

The projection area is limited by ridge height H; if thruster is taller than the ridge.
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An example impact load and ridge load calculation for WST14 thruster size is listed in Table 1. The
calculation parameters are the thruster dimensions, and the Finnish-Swedish ice class rule draft
from 2015/2016. The numbers may be different with the current version of the rule version.

Table 1. Ice impact load summary for WST14 thruster, simulation and simplified formula

Simulation : - Ice ridge load

Simplified . s
Ice class Contact Response fomula (Tlacase | ,_ simplified

maximum maximum ) formula (T4a
case)
| A Super 2,1 MN 2,4 MN 3,0 MN 0,7MN
A 1,7 MN 2,2 MN 2,3 MN 0,4MN
IB 1,4 MN 2 MN 1,8MN 0.35MN
IC 1,2 MN 1,2 MN 1,5MN 0,3MN

Propeller ice loads

For the propeller, the ice loads were determined based on the dimensions and the Finnish-swedish
ice classes. The load components that were determined are

e Backward bending load, Fb

e Forward bending load, Ff

e Propeller spindle torque, Qsmax

e Propeller ice torque magnitude, Qmax
The loads were calculated for open propeller and ducted propeller, with a typical propeller
dimensions for WST14 thruster. The effect of duct is that it clearly limits the blade bending loads

compared to open propeller. Results are summarized in Table 2.

Table 2. Summary of propeller ice loads for ice classes IC .. IA Super, open and ducted version.

IA Super 1A IB IC
Load Open Ducted Open Ducted Open Ducted Open Ducted
Fb kN 270 92 218 92 159 92 123 92
Ff kN 129 129 129 129 129 129 129 129
Qsmax  kNm 61 29 49 29 36 29 29 29
Qmax kNm 54 38 54 38 54 38 54 38

Propeller ice torque distribution

An example of propeller ice torque distribution was considered with assumptions:
o Propeller ice load is generally RPM — dependent
e Propeller in practice has some RPM distribution in operation
e The RPM distribution can be thus translated into load distribution

The applied method is simple and straightforward and it yielded a sorts of expected result, where
the lower RPM — dependent lower ice torques are forming the high load / low cycle end of the load
level / load cycle curve, the calculated example is in Figure 4
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Figure 4. Number of ice loads on y axis, ice torque on X axis, and the number of ice loads as a
function of RPM distribution.

Propulsion shaft line response to ice torque — simulations

The propulsion system shaft line response to ice torque input at propeller end is required to be
calculated in the current Finnish-Swedish ice class rules. The simulation usualy takes the shaftline
components as parameters, and the propulsion motor and propeller as torque inputs.

The used model was solving the system in time domain so the results represent same kind of
results that can be measured from e.g. propeller shaft or on the input shaft of a mechanical
azimuthing thruster.

The simulation case for the example WST14 thruster was Finnish-Swedish ice class rules IA
Super, excitation case 1.

The general overview of the simulation is in Figure 5. The results show the torque response in the
propeller shaft. First, the speed-up of propeller to nominal speed is seen, ant the ice load is
appearing as a short duration peak in the results. In upper curve, the blue curve is the propeller
shaft response, and the yellow line is the ice torque. the lower curve is propeller rotation speed.

The detailed view of the ice-.propeller interaction event is seen in Figure 6. There the propeller
shaft response dynamics to ice torque is seen more in detail, and the speed drop is also visible in
the lower curve.

The peak ice torque excitation amplitude for excitation case 1 of FSICR is about 39 kNm for ice
class IA Super. Propeller shaft response is approx. 92 kNm, including about 40 kNm hydrodynamic
load. This gives for ice excitation of 39 kNm the dynamic ice response 52 kNm meaning dynamic
magnification is 1.33, that is well in the range of dynamic systems of this type. Propeller speed
drop in simulation is from 348 RPM to 300 RPM. This speed drop is reasonable level for extreme
ice load.
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Figure 5. Response of propeller shaft torque ( top, blue) and rotation speed ( bottom, yellow) to ice
torque ( top, yellow). Overview of simulation, with a ramp-up to full speed.
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Figure 6. Response of propeller shaft torque ( top, blue) and rotation speed ( bottom, yellow) to ice
torque ( top, yellow). Detail of ice interaction simulation at full speed.

Impact

The study of arctic loadings for thruster revealed the scale of loadings for various components and
the applicability of the methods. In addition, the load calculation mehods reveal the ice loading
mechanisms for the components. This brings visible the potential for designing the propulsion unit
optimized for ice conditions.



The thruster body ice load analysis shows that ice loas are mainly dependent on the size and
shape of the propulsion unit and at the speed of ice contact happens. The speed is an operational
factor, e.g. in Baltic Sea winter navigation some 10 knots is fairly achievable speed in ice channes.
This speed level can thus be considered normal.

For the size and shape of the thruster with respect to the ice loadings, size can be determined by
the power requirement, but the shape can be considered for ice operation to have and effect for
the ice load level.

Propeller ice loads are determined based n the propeller and ice dimensions. The propeller in this
application was rather small compared to the ice dimensions presented in the Finnish-Swedish ice
class rules. This resulted in rather same ice torque level for all ice classes.The propeller blade
bending loads are determined more by the mass of ice , and it had clear effect depencing on ice
class.

The ice torque simulation revealed how the dynamic system responds to external torque excitation,
and the modelling approach is very straightforward to be used to study propulsion system torque
response control to ice loading. For example, design of flexibe couplings, possible vibration
damper(s) can be test driven with such a simulation platform - and this was done within the project
as well.

B. Load reduction, llkka Perala VTT

Goals

Ships navigating in winter conditions frequently meet ice blocks floating on the waterways. The ice
blocks can collide with the propulsion machinery of the ship. Especially the interaction between ice
and ship azimuthing propulsion call for greater understanding.

Ice blocks can collide with the azimuthing propulsion units in many different ways, one of them
being the propulsion unit hitting the ice block as the ship advances. This is an impact type loading
case and the dynamics of the thruster and ship hull affect to the load response level obtained in
this case. In a dynamic system, the damping is greatly affecting to the response level.

For understanding the effect of dynamics in ice impact to ship thruster, a full scale impact test in
laboratory conditions was arranged. The test setup included a thruster mounted in a testbed and
ice block was impacted to the thruster. The ice was on a carriage traveling on rails, and the ice was
accelerated to impact speed with a falling mass & wire arrangement. In the tests, the structural
response from thruster was measured with acceleration sensors and strain gauges, and the ice
was instrumented with acceleration sensor. High speed video was also recorded for understanding
the impact case.

Studying the dynamic magnification factor (DMF) was one of the key interests in the tests. DMF is
the ratio of the response force and the impact force. DMF is affected by the natural frequency of
the system, dampign and the impact duration.

Another task was to study the effect of the contact geometry to impact load. This was achieved
with three variants of thruster contact region geometry. The standard lower gearbox housing
(hubcap) was tested as a reference case and then conical shape and ‘knife’ geometries were
tested as an alternative design.



In addition, numerical analyses of the ice-structure interaction were carried out and these
simulations were compared with the impact test measurements. The simulation tool is a
phenomenological model of the contact process developed with small-scale experiments as
background validation of the assumptions. By comparing the results between the simulations and
the tests it was possible to gain valuable information to develop the impact simulations further.
Test preparation and instrumentation
To study the dynamics and damping in an ice impact event, the Wartsila Propulsion Test Center
(WPTC) was equipped with a test setup to allow for ice impact tests. For the tests a temporary rail
and carriage based system was built. This system consisted of following main components:

e 5 meter long rails to guide the carriage to the hubcap of the thruster

¢ \Wooden structure to support the rails

e A carriage with wheels to carry the ice block

o A Weight of 50 - 400 kg to accelerate the carriage and the ice block to desired impact
speed

e Pulleys and cable to transfer the force from the falling weight to the carriage

e Structure to shield the test rig from ice splinters

¢ Instrumentation on the thruster and carriage
Altogether 12 ice impact tests were conducted with ice blocks frozen for this purpose. The impact
speed was varied from 2 m/s to 6 m/s. Most of the tests were done with speed of 5,5 m/s. The
impacting mass was normally around 135 kg.
To capture the dynamic behaviour and other interesting phenomena, an extensive instrumentation
was installed to the thruster and test rig. Measurement setup in the thruster included the following

SEensors:

e Strain gauges in half bridge configuration to measure the bending force in the direction of
impact on the thruster strut (HBM DY11 6/350). This is called the response force.

e Strain gauges in half bridge configuration to measure the shear force on the thruster strut in
the direction of impact force (HBM XY41 6/350).

e Three triaxial acceleration sensors on the thruster body (PCB 629 A10).

¢ One triaxial acceleration sensor on the carriage to measure the accelerations, and thus the
contact force, of the impacting ice (PCB 629 A10).

e Two pulse sensors on the rails to measure the speed of the carriage just before impact.
¢ A high-speed camera to record the impact with speed of 2000 FPS.

o Alaser distance sensor to see the amount of movement on the bottom of the thruster (only
in final three tests).

o Three temperature sensors to measure the ice temperature during freezing (PT 100).



Measurements were recorded with IMC Cronos systems. Samplig rate in impact tests was 50 kHz.
In addition to the sensors mentioned above, the complete WPTC test bench measurement system
was recording all installed sensor readings. These included displacements, stresses and
temperetures inside the thruster.

Results

WPTC arrangement set some limits for testing of the ice impacts. First of all, the tests were scaled
down from actual impact energy. According to Finnish Swedish Ice Class Rules the ice block size
which the thruster with a lowest ice class (ice class IC) must stand is 1600 kg and the impact
velocity is 5 m/s. In these impact tests the impacting mass was around 135 kg and velocity was
around 5,5 m/s.Thus, the impact energy was about 10% of the real maximum values.

The WPTC test rig differs from the actual propulsion system in some ways. There is no propeller
attached to the thruster but instead the propeller shaft is connected to a gearbox with a splined
coupling and cardan shaft. The splined coupling has torque-dependent axial friction thus affecting
to the dynamics of the structure and it is significantly different in comparison to propeller. Propeller
thrust and other hydrodynamic forces acting on thruster are generated with hydraulic cylinders in
the WPTC test stand. The hydraulic cylinders have significant impat to the thuster dynamics in
impacts.

The test plan with all the completed tests can be seen in Table 3. Here the main parameters of the
test are listed. RPM is the rotational speed of the input shaft of the thruster. Ice impact mass is the
combined mass of the ice block and carriage. Torque is the torque of the propeller shaft which
simulates the torque coming from the propeller rotating in water. Thrust is the force generated with
the axial force cylinders to simulate the propeller thrust.

Table 3. Test plan. “Loose” means the force cylinders were detached.

Test Date RPM |iceimpact |iceimpact | Torque | Thrust | Geometry
number velocity mass [kg] [%0] force
[m/s] [KN]
1 30.11.2016 | 750 1,96 139 1 0 Original
2 1.12.2016 750 3,54 137 1 0 Original
3 2.12.2016 750 53 140 1 0 Original
4 7.12.2016 750 6,18 185 1 0 Original
5 12.12.2016 | 750 5,6 139 1 loose Original
6 14.12.2016 | 750 5,48 136 20 loose Original
7 14.12.2016 | 750 5,45 140 40 loose Original
8 9.12.2016 750 5,46 139 1 48 Original
9 9.12.2016 750 5,00 138 1 100 Original
10 15.12.2016 | 750 5,55 137 1 loose with cone
11 13.12.2016 | 750 5,44 137 1 loose with knives
12 15.12.2016 | 750 5,13 136 1 loose Original




Here only the most interesting tests are discussed. These are the tests 5, 10, 11 and 12. For full
analysis of the results see the full test report.

Results from tests 5 and 12, reference tests

These so called refence tests form the baseline to which the other tests are compared to. The
baseline parameters were:

e 1% of torque on the propeller shaft
¢ No force cylinders attached / all force cylinders mechanically disconnected
e Normal WST14 impact geometry on the hubcap (hemisphere with R = 0,27 m)

Two reference tests with same parameters, numbers 5 and 12, were run to see that tests are
consistent. There was a difference of 0,47 m/s in impact speed, test 5 having a higher speed, but
otherwise parameters were the same same.
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Figure 7. Tests 5 and 12, response (bending) force, filtered with low pass filter and 100 Hz cut-off
frequency.

The response force measurements for tests 5 and 12 are shown in Figure 7. There is good
overall correlation between the two tests. The vibratory behaviour is now clearly visible when the
force cylinders are detached. Eventough the test 5 had higher impact speed the response force
values are somewhat smaller.

Figure 8. shows more results for test 12. Here the acceleration of the ice block is shown with
response force and laser displacement sensor data. Also, the contact force is estimated from the
acceleration data by multiplying the carriage acceleration with the impacting mass.
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Figure 8. Results for test 12. All signals filtered with low pass filter with 100 Hz cut-off frequency.
All the measurement signals shown in the results were low pass filtered with 100 Hz cutoff
frequency.

Key results are listed in Table 4. The natural frequency is calculated from the after impact
oscillation by measuring the duration of the first oscillation.

The dynamic magnification factor (DMF) can be calculated as a ratio of maximum measured
response force to maximum measured contact force.

DMF = | & 1
I:C
Theoretical estimation for DMF can be found from reference (Mercier, 1995). Presented in Figure

9. is a graph, where DMF is shown as function of impact duration in relation to structures natural
frequency for different shapes of impact impulses. The sine impulse should be used here.
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Figure 9. Dynamic magnification factor for various forcing functions as a function of ratio between
duration of impact and structural period (Mercier, 1995).

In both tests, the thruster oscillates after impact with its natural frequency. This frequency was
found to be almost the same in tests. Also damping ratios for both tests were similar.

Test | Impact | Max Max contact Max thruster Natural Damping | Measured | Theoretical
energy | response force [kN] bottom frequency | ratio [-] DMF [-] DMF [-]
[J] force [kN] displacement [Hz]
[mm]
5 2180 48,1 68,7 0,72 * 17 0,205 0,7 14
12 1790 49,9 63 0,72 16,5 0,217 0,8 1,3

Table 4. Calculted results from reference tests 5 and 12. * calculated from acceleration.

Dynamic magnification factor (DMF) was calculated for both tests. The measured DMF was
calculated with equation 1 and theoretical DMF was estimated with graph seen in Figure 9. It
should be noted that the DMF is quite sensitive to impact duration. For tests 12 the duration of
impact was easier to calculate because of better measurement signals. For test 5 the results were
more uncertain. The results seems to indicate that the real measured DMF values were lower than
predicted by the theoretical calculations.

Results from tests 10 — 11, different impact geometries

Tests 10 and 11 investigated the effect of different impact geometry. This was achieved by adding
two different heads for the thruster hubcap. Test 10 had a cone geometry and the test 11 had two
crossed knives geometry. These heads are shown in Figure 10.

The cone was actually made out of eight plates, thus forming a kind of octacon cone. The height of
the cone was 172 mm, base width 200 mm and the tip hemisphere had a radius of 25 mm.

The two crossed knives had a thickness of 10 mm and height of 60 mm.
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Figure 10. Hubcap geometries used in tests 10 and 11.
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Figure 11. Tests 10, 11 and 12, response (bending) force. filtered with low pass filter with 100 Hz
cut-off frequency.

Test | Impact | Max Max contact Max thruster Natural Damping | Measured | Theoretical
energy | response force [kN] bottom frequency | ratio [-] DMF [-] DMF [-]
[J] force [kN] displacement [Hz]
[mm]
12 1790 49,9 63 0,72 16,5 0,217 0,8 1,3
10 2110 17,9 25 n/a 16,5* n/a 0,7 1,7
11 2027 38 51 0,5 16,2 0,169 0,8 1,6

Table 5. Calculated results from tests 10 and 11. Test 12 shown as reference. * Estimated from

other tests.




The effect of different impact geometries is clearly seen in figure Figure 11 and Table 5. The cone
geometry has much lower contact and response forces than the reference case. Knives geometry
in test 11 also has lower levels but not as low as in test 10. When looking at at high speed camera
footage and the indentation to ice after tests it can be observed that in test 10 the cone indentates
completely into the ice (175 mm). Similarly, in test 11 the knives indentates to the ice completely
(70 mm) and then the thruster hubcap finally takes the impact. The higher indentation in test 10
divides the contact impulse for longer period and thus lowers the maximum response and contact
forces.

The dynamic behaviour for tests 10 and 11 is very different. In test 10 with the cone there is no
vibratory behaviour to be seen after the impact. In comparison the test 11 shows similar vibratory
behaviour than the refence tests. The reason is again the much longer contact duration of the
impact in test 10. The duration is almost the same as the period of the natural frequency of the
thruster, 0,06 s. This effectively kills any vibrations.

The measured DMF values for tests 10 and 11 are similar to reference tests. However the
theoretical DMF is significantly larger than in reference cases.

Comparison of simulation and tests

One of the objectives of the ice impact tests was to compare the measurements to numerical
simulation results. Simulation code for ice block to thruster impacts was developed at VTT and is
described in detail in references (Kinnunen 2013, Kinnunen 2014, Kinnunen 2016)

The code models the ice impact with an average contact pressure over the contact area, combined
with basic dynamics of the thruster structure. The contact area is based on the geometry of the
structure. A simple spherical geometry can be used in normal ice block to thruster impact, but also
other geometries are possible. The code also predicts the dynamic behaviour of the thruster when
thruster parameters are given. The system is solved with difference method in the time domain.

The main input parameters for the simulation are:

e Impact speed

¢ Impacting ice mass

e Mass of the thruster

e Thruster ice contact area dimension

e Thruster natural frequency

e Ice compressive strength
Impact speed and impacting ice mass were measured for the impact tests. The mass of the
thruster means the effective mass of the first mode. Initially the mass was not known, and thus it

was estimated, based on a modal test and confirmed by the impact test acceleration
measurements. For ice compressive strength a value of 3 MPa was used in the simulations.
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Figure 12. Test 10 and 12, comparison of simulated and measured results.

In Figure 12, on the right side the comparison of simulation and measurements for test 12 is
shown. It is noticeable that in test 12 the simulation and measurements give similar response force
and similar vibratory behaviour for the thruster. However, there is quite a large difference in the
simulated contact force when compared to the measurements. The simulated contact force is
112% higher than the measured force but the duration of the contact on the other hand is 52%
shorter than the measured. The contact impulses, calculated as an integral of contact force over
the time, for simulation and measurements were 640 Ns and 800 Ns respectively. Thus, the impact
impulses are quite similar but the amplitude and duration differ.

It can be argued that the difference seen here is due to the cracking behaviour of ice blocks in the
impact. The simulation code does not take into account any sort of large cracking in the ice block,
which on the other hand was present in the tests discussed here. This is also seen in the simulated
indentation to ice which is 73% smaller than the measured indetation in the ice block after the
impact test.

In Figure 12, on the left side the comparison of simulation and measurements for test 10 is shown.
There is quite a large difference in the simulated and measured response. Simulated response
force is now more than twice as high as the measured response. In addition, the response duration
is longer. Simulation shows oscillatory movement of the thruster which is missing from the real test.
It would appear that the longer contact does not excite the thruster natural frequency. Indentation
to ice in the simulation was 110 mm, 37% less than measured in the tests.

The large amount of spikes in the simulated contact force is due to the cyclic crushing phenomena

modelled in the code. These spikes are not clearly seen in Figure 12 because of the scale of the
time history.

Impact

Ice impact tests presented here were unique in a way that no similar tests have been performed
before for full scale thruster in laboratory condition.

First, a task was to study the effect of the contact geometry to impact load. This was achieved with
three variants of thruster contact region geometry. The standard lower gearbox housing (hubcap)
was tested as a reference case and then conical shape and ‘knife’ geometries were tested. It was
found out, that for these tests with scaled down impact energy the cone geometry lowered the
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response force during the impact 64% when compared to reference case. For the knife geometry
the reduction was 24%.

Even though the results here suggest that a sharper geometry lowers the contact and response
forces significantly, it should be remembered that these tests are performed with scaled down ice
blocks. In reality the energy involved in the ice impacts can be ten times higher (Class IC, Finnish
Swedish Ice Class Rules). In that case the sharper hubcap should be scaled up accordingly to
achieve the same kind of affect as seen here. This might be impractical when considering the
thruster operation. In any case, the results here suggest that lower contact and response forces in
ice impacts are possible to achieve with a hubcap geometry designed to lengthen the impact
duration.

To estimate the response force reduction with full scale ice blocks Figure 13. shows the contact
area versus indentation for different shapes. The contact area plays major role in the level of
response force. With sharper geometry, this area grows slower dividing the dissipation of impact
energy for longer time period. This reduces the contact and response force level as the contact
process is assumed to be energy limited in this case. It can be seen that with the same radius, the
cone contact area grows slower. Also, it can be seen that the effect of ice knives is much less.
They may reduce the initial response force but clearly not as much as the sharper cone geometry.
The trend seen in the graph was observed in the impact tests too. Pure cone shape might be
impractical to use in azimuthing propulsion device, but some propositions for shapes are given in
Figure 14.

Contact area for different geometries
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Figure 13. Contact area for different geometries. Example thruster with lower body diameter of 1,2
m.
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Figure 14. Concepts for thrusters with lower response level in hubcap impact scenarios. Left:
Normal spherical geometry. Middle: Spherical geometry with ice knives. Right: Sharper
paraboloid/cone style hubcap.



WP1 Elasto-Hydrodynamic contact performance under ice loads — TUT
TRIB

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP1 Environmentally acceptable lubrication systems - LTU

Goals and motivation

According to 2013 version of Vessel General Permission (VGP 2013) by the United States
Environmental Protection Agency, lubrication systems in ships have to be operated with
environmentally acceptable lubricants (EAL). EAL fluids (common lubricants) have to be
formulated at least 90 mass% of biodegradable substances. The rest of constituents need not
biodegradable. Non-biodegradable substances may contain up to 5 mass % while the remainder
must be inherently biodegradable substances. In addition to above, any components should not be
bio-accumulative substances. The “biodegradability” in VGP 2013 has been defined as below.

o (Readily) biodegradable: Production of at least 60 percent of the theoretical carbon dioxide,
or consumption of at least 60 percent of the theoretical oxygen demand within 28 days by
the metabolism of microorganism according to the standard procedures such as OECD 301
A-F.

¢ Inherently biodegradable: Concrete evidences of degradation by the standard procedure
but production of carbon dioxides or consumption of oxygen is less than 60% of the
theoretical value in 28 days. It means the degradation takes place slower than that of
(readily) biodegradable substances.

¢ Non-biodegradable: No evidences of degradation by the standard procedure.

Because of the importance of thickeners, the requirements of greases are different. EAL greases
have to be manufactured at least 75 mass% of biodegradable substances. The rest of the
constituent substances may be either inherently biodegradable or non-biodegradable, but may not
be bio-accumulative.

It needs the major revision of lubricant formulation in order to meet the regulation. Currently,
practical lubricants are manufactured from base oil(s) as the major component and several
performance additives. Depending on the type of machine component and the operation
conditions, gear lubricants are typically composed of mineral oils (petroleum origin fluids) and up to
30% of performance additives. Since most of mineral oils are inherently biodegradable (not readily
biodegradable), the major components have to be replaced by proper fluids. Natural triglycerides,
such as plant oils or animal tallow are well known as biodegradable substances. They have been
used as lubricants from ancient days but the total performances, especially the long-term stability
are insufficient for modern machineries. Certain synthetic fluids exhibit good lubrication
performances with acceptable biodegradability. Esters and poly-glycols have been applied for
practical lubricants. Currently, they are promising candidates of EALSs.

Besides the base fluids, performance additives for EALs needs considerable investigations.
Existing substances are mostly petrochemicals and inherently or non-biodegradable. Some
substances contain heavy metals that are bio-accumulative, and hence they will be restricted. It
should be noted that, due to the features of chemical structure, esters and poly-glycols usually
require high concentration of additives compared to mineral oils. In other words, low concentration
of additive in ester or poly-glycols may cause shortage of performances. Under these
circumstances, there exist trade-off between the lubrication performance and biodegradability in
EAL formulation.

Even though the regulations, complete replacement of the lubricants in machine components is
usually risky. Actually, minor trouble with EAL has been occasionally pointed out. Therefore, it
needs careful evaluation of EAL in advance. Among various methods of testing lubricants,
laboratory tribo-tests can offer clear differences in friction and wear properties between lubricants
under defined conditions. Although the outputs are rather limited compared to the bench test at the



propulsion test centre in Tuusula, laboratory tribo-tests can screen candidate lubricants in a time
efficient way. In this project, we employed 3 types of laboratory tribo-tests in the same
configurations and materials but different motions.

Reciprocating steel-ball against steel-flat under pure sliding, boundary conditions.

Steel-ball against rotating steel-flat (unidirectional motion) under pure sliding, boundary
conditions.

Rotating steel-ball against rotating steel-flat under sliding-rolling motion, elasthydrodynamic
conditions. Rotation of boll and flat were controlled independently.

Various EALs are available from different manufacturers. Among them, those for gear applications
were taken into account. Two EALSs of the same viscosity grade with the current lubricant
employed at Tuusula facility were chosen according to market research.

Results

Test lubricants: 4 samples were employed as below. All lubricants are those for gear applications
with viscosity grade of 150 mm? st at 40 “C. The difference between EALO1 and EALO2 is the
manufacturer. Therefore, the chemical structure of the base oil and the components in additive
package are different.

EALO1: Fully formulated, extreme pressure gear oils based on fully saturated esters with a
high degree of renewability, VGP approved.

EALO2: Fully formulated, environmentally considerable lubricant for gear boxes, roller
bearings and slide bearings with readily biodegradability, VGP approved.

PETOL1: Fully formulated, extreme pressure lubricant for highly loaded enclosed gears and
bearings, mineral based for general purposes.

PETO1-A: Aged PETO1 after 1700 h with the propulsion tester in Tuusula.

Test conditions:

Pure sliding in reciprocating motion: ASTM D 6425. Applied load of 25-300 N (corresponds
to Hertz contact pressure of 1.3 — 3.0 GPa); Frequency of 50 Hz; stroke of 1.0 mm; Oil
temperature of 25-100 °C; Material of ball and flat were AISI52100.

Pure sliding in unidirectional motion: ASTM G 99. Applied load of 25-300 N (corresponds to
Hertz contact pressure of 1.3 — 3.0 GPa); Revolution of 80 rpm (corresponds to sliding
velocity of 0.05 m s1); Oil temperature of 20-25 °C; Material of ball and flat were AlSI52100.

Sliding-rolling motion: Load of 600 N (corresponds to Hertz contact pressure of 2.4 GPa);
Oil temperature of 80 °C; Material of ball was AlSI52100, disc was AISI 9310.

o Stribeck test mode; Constant slide to roll ratio of 50% and Entrainment speed of 7.2
to 0.007 m s™.

o p-slip test mode; Constant entrainment speed of 3 m s** and slide-to-roll ratio of 2-
115 %.

o Wear test mode; Constant entrainment speed of 0.5 m s, slide-to-roll ratio of 150
%, and test duration of 2 h.
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Pure sliding motions

The influences of oil temperature on friction
were surveyed at the constant load of 200
N. During the test, oil temperature was
programmed to start at 25 °C and to
increase to 100 °C. Thereafter it was
programed to cool down to 25 °C. As Figure
1 shows, all lubricants displayed similar
friction curve at temperatures below 50 °C.
Friction fluctuation was observed at > 75 °C
for both EALO1L (3 test runs marked as e, ¢,
and A) and EALO2(marked as o, ¢, and A).
Friction fluctuation continued after cool
down to 50 °C, indicating that the
irreversible changes happened at 75 °C.
Both physical and chemical changes are
possible by increase in temperature.
Decrease in viscosity as increase in
temperature is common physical change
that is reversible after cool down. On the
other hand, chemical changes are
irreversible in most cases. The fluctuation
with EALs was unpredictable, especially for
EALO2.

Contrary to the thermal effects, the
influences of load on friction were not
obvious as shown in figure 2 in reciprocating
motion and figure 3 in unidirectional motion.
Different  friction profiles between
reciprocating and unidirectional motions
were observed. Friction decreases as load
increases in the reciprocating motion, while
it increases as load increases in the
unidirectional motions. Careful analysis of
friction indicates that EALO2 (marked as o,
and ¢) was slightly inferior to PETO1 and
EALO1 at higher loads. Friction fluctuation
was observed at 200N and higher loads for
EALO2 and increase in friction as function of
test duration was observed for EALO2 at 300
N, in both reciprocating and unidirectional
motions.

The reference oail, currently in use at the
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propulsion test centre in Tuusula, displayed good lubrication properties under the test conditions. It
still provides good lubrication properties after 1700 h of the bench test, as marked e and ¢ in Figures
1-3. Little increase in friction during running-in period was observed at 75 °C for PET01 and PETO1-
A. Based on the above results, we chose load of 200 N and temperature of 75 °C as threshold
conditions. Tribo-tests were conducted at constant load and temperature. Average friction at the
steady state and wear on ball after the test were compared. As shown in Figure 4, friction and wear
are in the same level, regarding friction and wear, at 25 °C for all lubricants. As black marks (e and



¢) show, PETO1 displayed similar lubrication
performances at 25 and 75 °C. However,
remarkable high wear more than a
magnitude was found with both EALs at 75 2.0E-02 .
°C (¢ and ¢). Also, EALO2 displayed high
friction at 75 °C. The results suggest that
fluctuation of friction with both EALs was
accompanied with wear. In summary, EALs
displayed inferior performances, especially
wear properties, compared to mineral oil
(reference oil) at higher temperatures in .
pure sliding motions. EALs exhibited similar 2.0E-04 e > o
lubrication performances to the reference oil 010 011 012 013 014

below 50 °C Friction coefficient, -
' Figure 4. Lubrication performances for different oils
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@PETO01,25°C
*PET01,75°C
®PETO1-A 25 °C
+PETO1-A 75 °C
* ®EALOL,25°C
2.0E-03 +EALOL,75°C
®EAL02,25°C
+EAL02,75°C

Wear volume, pm?3

‘.

Machine components are ideally designed

to operate under (elast)hydrodynamic conditions. In this regard, sliding-rolling tests are more
suitable to predict the tribological properties of lubricants for gear applications at steady state.
Figure 5 shows the influence of velocity on friction between mixed and hydrodynamic lubrication
regime. Figure 6 shows the friction at different slide-to-roll ratio. In both tests, EALSs displayed low
friction compared to PETO1, although the viscosity grade is the same for all samples. It is
commonsense in lubrication engineering that viscosity is the most controlling factor in these
conditions. The results could be due to the differences in viscosity-pressure behavior between EAL
(synthetic esters) and PET (mineral oils).
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Both EALs displayed low friction and short running-in period compared to PETO01 in the wear test,
as shown in Figure 7. Worn surfaces on the disc specimen were analyzed. Both 3D surface profile
and scanning electron microscope (SEM) showed that PETO1 provided rough surface and deep
wear scar compared to both EALs. EALO1 showed better anti-wear properties than EALOL, based
on surface morphology. Elemental analysis of the worn surfaces using energy-dispersive X-ray
spectroscopy (EDX) found phosphorus on the surface for all lubricants. Among these samples,
EALO1 provided high contents of phosphorus compared to PETO1 and EALO2. The results indicate
that phosphorus-containing boundary film is responsible for the tribological properties.

The results in pure sliding tests and in sliding-rolling tests look inconsistent in terms of friction
reduction. It should be noted that the pure sliding tests were performed under boundary lubrication
conditions while sliding-rolling tests are under light-weight mixed and (elast)hydrodynamic



lubrication conditions. The results suggest that superior rheological properties but inferior surface
modifying properties of EALs compared to mineral oils.
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Figure 9. Analysis of worn surface (EAL-01) Figure 10. Analysis of worn surface (EAL-02)

Impacts

As the environmental regulations such as EPA VGP2013 require the major revision of lubricant
components, feasibility tests in advance are of importance to predict the lubrication performances
and to prevent troubles during the service for individual applications. For the purposes, laboratory
tribo-tests could be performed with time and cost effective ways. However, it is sometimes pointed
out that simple laboratory tribo-tests do not simulate the phenomena observed in practical
machineries. The main reason for these is that most laboratory tests are subjected to failure
analysis of lubricating parts. Therefore, test conditions to accelerate ageing or failure are
commonly employed. Even though, we paid attention to utilize laboratory tribo-testers for prediction
of practical performances through sophisticated experimental design. In this work, we have
employed 3 types of tribo-testers of the same configuration but different motions. In this regard,
experiments were well-designed to cover boundary, mixed, and (elast)hydrodynamic lubrication
regimes. The design concept is a combination of different testers that complement each other.

As reported vide supra, the results in pure sliding conditions and those in sliding-rolling conditions
are not exactly consistent. However, the results are reasonable after careful analysis in
consideration of related knowledge. As we have discussed, EALs displayed poor tribological
properties at higher temperatures above 75 °C in pure sliding conditions. Since the pure sliding
tests were performed under boundary lubrication regime, the test conditions are analogous to
running-in process. It has been pointed out by maintenance sectors that synthetic lubricants may
occasionally cause minor troubles during running-in process. In this term, our results clearly



indicate that EALs (composed of synthetic esters as the major component) have the risk of trouble
during running-in process. On the other hand, sliding-rolling tests suggested that EALs have great
potentiality to improve the fuel economy compared to mineral based lubricants under steady state
operations.

Because of the major revision of lubricant components according to the environmental regulations,
the demands of evaluation methods are increasing. For example, updated EPA VGP will be
enforced by the end of 2018. New EALs will be developed and they have to be evaluated in proper
ways. It should be noted that current available results are limited to those of fresh EALs. Due to
short history of practical uses of EALs, compared to mineral based lubricants, the ageing
phenomena are still being unexplored. It needs plenty of test runs and therefore the methods in
time and cost efficient ways are necessary.

In conclusion, this work contributes to evaluation of lubricants with time and cost efficiency. Even
though using existing laboratory tests, instructive data will be acquired by;

e Well-designed experiments by combination of different tests that complement each other

e Careful analysis of the results on the basis of established knowledge in science and
engineering.
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WORK PACKAGE 2: Load and vibration damping

Objectives:

Validated concept to dampen critical component impact and dynamic loads by 30%.
Development of robust damper solution for ice induced global and shaft vibrations.

{Figure here}

Projects:

e Hydraulic-mechanic load and vibration control concept — TUT IHA

e Non-linear damper concept - VTT



WP2 Hydraulic-mechanic load and vibration control concept — TUT IHA

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP2 Non-linear damper concept - VTT

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}
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WORK PACKAGE 3: Smart gears

Objectives:

Implementation of new sensing, transmission and analysis methods for smart gear
concept.

Utilizing new tooth geometry features to increase power density by 15 %.

Create new concepts for cylindrical and planetary gears for marine arctic conditions with
regards to power density, bearing types and lubrication aspects.

Provide technologies to prolong maintenance intervals from current 5 years to 10 years, as
well as exploring possible new gear layouts suitable for marine arctic conditions.

{Figure here}

Projects:
e Sensors and tools for gear specific measurements and monitoring— VTT
e Smart Gear Concept for Bevel Gears — ATA Gears

e Marine cylindrical and planetary gears including integration into gearboxes— Katsa



WP3 Sensors and tools for gear specific measurements and
monitoring— VTT

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP3 Smart Gear Concept for Bevel Gears — ATA Gears

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP3 Marine cylindrical and planetary gears including integration into
gearboxes— Katsa

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WORK PACKAGE 4: Shaft bearing optimisation

Objectives:

Determination of component loads under operational conditions, analysing the required
test rig loads to reproduce these operational conditions, development of propeller load,
motor and control models

Theoretically and experimental investigations to the load capacity of bevel gear stages.

Developing new gearbox designs to enlarge operating time

{Figure here}

Projects:

e Sensors and tools for bearing specific measurements and monitoring— SKF



WP4 Sensors and tools for bearing specific measurements and
monitoring— SKF

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WORK PACKAGE 5: Extreme Value Ice & Arctic Thruster

Objectives:
Creating next generation Arctic/lce thrusters technology.

e dampening feature (electric/mechanical/hydraulic) with aim to reduce impact of
peak loads for sizing as well as improve fatigue behaviour

e Efficient lubrication system

e Fully EAL compatible

Incorporate findings in research projects with respect to:
e sizing criteria’s (gears/bearings/structural)
e failure models
¢ lubrication systems

e new sensor technology

{Figure here}

Projects:

e Testing at WPTC for extreme value thruster— Wartsila



WP5 e« Testing at WPTC for extreme value thruster— Wartsila

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WORK PACKAGE 6: Load definition, simulation and virtual prototyping

Objectives:
- Determination of component loads under operational conditions
- Analysing the required test rig loads to reproduce these operational conditions
- Development of propeller load, motor and control models

- Theoretically and experimental investigations to the load capacity of bevel gear
stages

- Developing new gearbox designs to enlarge operating time

{Figure here}

Projects:
e Multibody-system simulation models of the test rig and thrusters— Dresden — DTU
e Analyse and improve the load capacity of bevel gear stages — DTU
e Studies of CBM methods and Sensor/Measurement technologies — DTU

e Assessment and optimisation of gearbox designs — DTU



WP6 Multibody-system simulation models of the test rig and
thrusters— Dresden — DTU

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP6 Analyse and improve the load capacity of bevel gear stages —
DTU

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP6 Studies of CBM methods and Sensor/Measurement technologies
-DTU

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}



WP6 Assessment and optimisation of gearbox designs — DTU

Goals and motivation

{Text, relevant figures and tables here (1-2 pages)}

Results

{Text, relevant figures and tables here (2-5 pages)}

(Industrail) Impacts

{Text, relevant figures and tables here (1-2 pages)}
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ARTECO RECAP - Future extreme value thruster concept

Objectives:

{Figure here}

Vision for future EVT concepts
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ArTEco recap Future EVT concepts

Vision

{Text, relevant figures and tables here (2-5 pages)}

Industrial benefits

{Text, relevant figures and tables here (1-2 pages)}
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