STYRELSEN FOR
VINTERSJOFARTSFORSKNING

WINTER NAVIGATION RESEARCH BOARD

Research Report No 122

llkka Perala

PROPELLER SHAFT RESPONSE TO ICE EXITATION

Finnish Transport and Communications Agency Swedish Maritime Administration
Finnish Transport Infrastructure Agency Swedish Transport Agency

Finland Sweden



Talvimerenkulun tutkimusraportit — Winter Navigation Research Reports
ISSN 2342-4303
ISBN 978-952-311-792-1



FOREWORD

In this report no 122, the Winter Navigation Research Board presents the results of research
project ShaftRes, Dynamic response of propeller shaft due to ice impacts - Simulation and Ice trial
measurements onboard R/V Aranda. Full-scale results of torque shaft measurements of propeller-
ice interaction events were compared with simulated results to gain insight into the applicability of
the ice milling excitation in the current version of the Finnish-Swedish Ice Class Rules.
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1. Introduction

Maximum shaft torque due to propeller-ice interaction is important design criteria for ice-going ships. The
Finnish-Swedish Ice Class Rules (FSICR) give ice class dependant design loads for the propeller that
have to be fulfilled [1]. In addition to maximum static blade loads, there is a requirement to carry out a
torsional vibration analysis (TVA) of the shaft line. The detailed requirements for the TVA are given in
rule chapter 6.5.3.4 [1]. The vibration excitation due to ice comprises of four exaction cases, as seen in
Figure 1. The propeller size, rpm and ice class define the amplitude of the vibration. As with all vibration
cases, the worst situation is when the natural torsional frequency of the shaft line coincides with the
excitation frequency. These resonance cases should not happen with normal operating rpm range.
However, as the ice torque excitation frequency depends on the propeller RPM and number of propeller
blades (blade order frequency) there is usually always some resonance cases which are passed through
when accelerating from zero to operating condition.

Number of blades Z=3 Number of blades Z=4 Number of blades Z=5 Number of blades Z=6
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Figure 1. The shape of the propeller ice torque excitation sequences in ice milling events for propellers
with 3, 4, 5 or 6 blades (FSICR 2017, figure 6-4).

The rules give lower ice torque levels for ducted propellers than open propellers. This is expected as
ducted propellers are covered inside the duct from larger ice blocks. However, in harsh conditions ice
blocks can completely block the duct which reduces the thrust of the propeller significantly. It can also
increase the loads. In addition to torsional loads on the propeller and shaft line, the sudden ice torque
causes a drop in the rpm as the engine cannot react to the increased load. In some cases the engine
can even stall due to too high torque (usually problem with directly coupled diesel engines with fixed
pitch (FP) propeller). This depends on the engine type and the dimensions of shaft line (shaft line
component inertias). Currently in the rules the rpom drop and engine stalling is not considered.

In the past there has been quite a lot of calculations and measurements on ships to validate the loads
given in the rules (see for example WNRB Research Report No 97). However, most of the
measurements have been carried out with open propellers. One interesting test regarding the
comparison of open and ducted propellers was carried out on icebreaker Karhu in 1986. Karhu has two
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shafts and the other shaft was open propeller and the other one was fitted with the same propeller but
with a duct. The measurements are reported in [2].

In this project the goal is to compare shaft torque measurements from R/V Aranda to calculated ones

from TVA. As the R/V Aranda has a ducted propeller this will give valuable information on the ice loads
on ducted propellers.

2. lce trial measurements on R/V Aranda

R/V Aranda is a research vessel owned by Finnish Environment Institute (SYKE). It is mainly used to
make observations and research work at the Baltic Sea. Voyages are also made during winter in ice
conditions.

The shaft torque measurement data was gathered during R/V Aranda ice trials on February 2020. Ice
trials were carried out after the 2018 modifications to R/V Aranda hull and propulsion arrangement. The
hull length was increased and the propulsion arrangement was changed from directly coupled diesel
engines to diesel electric propulsion. This will enable the use of batteries and fuel cells in the future. R/V
Aranda can be seen in Figure 2. during the ice trials.

Figure 2. R/V Aranda during ice trials on February 2020 at bay of Bothnia.

2.1 Instrumentation
The propeller shaft was instrumented with strain gauges for torque measurement and a pulse counter to

measure the RPM. Typical full bridge torsional strain gauge arrangement was used, where two XY strain
gauges are installed on opposite sides of the shaft at the same cross section. The telemetry devices
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transmitted the strain signal from the shaft and also provided power with wireless coil system. The whole
data acquisition system consisted of imc Cronos PL2 and CRFX type amplifiers which were distributed
around the ship. The other data, which were measured with the same system, included the ship speed
and navigation data, as well as hull ice loads which were measured at the bow of the ship. Figure 3.
shows the whole measurement system. More information on the RV Aranda propulsion arrangement is
provided in chapters 3 and 4.

R/V Aranda GA with VTT measurement system locations

Monitoring display

. ' _ _
= . | | ® \ ‘
it I . Ai ) ﬂ i - o LS o FLI LE L3Le L5 LE s --?Iﬂ JDI ' I/ s - e ! ' ' *I ' ' e . ) e lﬂl ' ! § ,I ! ;

Machinery: Propulsion Vessel data: speed, Hull ice loads on bow
power, propeller torgue heading etc.

Figure 3. Measurement system during the R/V Aranda ice trials.

2.2 Ice trials

Data was gathered during the whole test leg and it included the transit voyages in ice channel. The ice
trials included level ice breaking tests with varying power levels, turning circle tests in level ice, ice
channel break out tests and reversing tests in an ice channel.

The ice conditions during the tests were mild/moderate, the measured level ice thickness was 30 - 40
cm. No ice ridges were encountered. It should be noted that R/V Aranda has an FSICR ice class IA
where the required maximum level ice thickness is 0.8 m. The conditions during the ice trials were more
comparable to maximum ice conditions for ice class IC (maximum ice thickness 0.4 m). Figure 4. shows
the ice chart at the time of the ice trials as well as the R/V Aranda track and the area where the ice trials
were carried out.
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Figure 4. Ice chart from the time of ice trials 2.2 - 4.2.2020. Aranda track during the voyage to the ice trial
area shown in red line. The voyage back to Oulu from the ice trials was the same (same ice channel).

Some time histories and peak distributions from the measurements can be seen in Figure 5, Figure 6
and Figure 7. The highest propeller shaft torques were recorded during the reversing tests in an ice
channel. The speed of the ship was low, about 2 - 3 kn. It would appear that larger ice blocks hit the
propeller during reversing than in forward operation. This is probably because the hull is not covering the
propeller as well as in forward operation.
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Figure 5. Highest measured propeller shaft torque during reversing tests
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Figure 6. Propeller shaft peak torque distribution during two reversing tests. These are amplitudes
around the mean torque.
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Figure 7. Propeller shaft max torque during forward operation in an ice channel.
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Figure 8. Propeller shaft peak torque distribution during transit voyages in ice channel. Amplitudes are
calculated around the mean torque. Bin width 2.5 kNm. Voyage 1 is the outbound and voyage 2 is the
return.

When looking at the torque peak distributions during transit voyages in ice channel, Figure 8, it is evident
that the outbound voyage (1) has slightly larger amplitude peaks. The total number of peaks is quite
similar (114 000 for voyage 1 and 122 000 for voyage 2), which is logical as the outbound and return
voyages were essentially made in the same ice channel and had similar length. The comparison of ice
induced large peaks (Amplitude over 15 kNm) shows that the voyage 1 has 60 % more higher peaks
than voyage 2. The reason for this might be that the ice conditions had slightly changed in the ice
channel during the one day of ice trials. Another reason might be linked to the dynamic behaviour of the
shaft line. The voyage 1 was made with power setting of about 1200 kW and propeller RPM 176,
whereas the voyage 2 was made with power setting of 2240 kW and propeller RPM of 215. The propeller
RPM 176 is closer to the resonant region as shown in the next chapter.

2.3 Torsional natural frequency of the shaft line

One interesting characteristic to check from the measured torque data, is the lowest torsional natural
frequency of the shaft line. This can be used to validate the simulation model later. Best way to excite
the natural torsional frequencies of the shaft line would be to have a very sharp torque impulse on the
propeller. However, this is usually not possible. Ice impacts on the propeller are not ideal, because in the
ice milling process the blade frequency is dominant and the natural frequency of the shaft might not be
noticeable.

The best way in this case is to choose a period of signal where the propeller is accelerated steadily from
zero to normal operating speed and carry out a spectrum analysis of this ramp. The natural frequencies
that are on this range can be seen as resonances in the torque signal. The excitation in this case comes
from the weak pressure pulses of the propeller blades and thus the excitation frequency range is from
zero to four times the max RPM (four bladed propeller). Example of this method is shown in Figure 9.,
although in this case the minimum speed was 80 RPM (5.3 Hz excitation). It was found out that the
lowest torsional natural frequency of R/V Aranda shaft line is very close to 9 Hz, which means a propeller
RPM of 135.
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Figure 9. Determination of shaft line lowest torsional natural frequency. On the left time history of RPM
and torque when propeller is accelerated from 80 rpm to 250 rpm. On the right spectrum analysis of the
torque signal.

2.4 Determining the propeller KQ curve from the measurements

For the simulation model the propeller torque due to hydrodynamic forces has to be determined.
Propeller torque and thrust characteristics are usually expressed with KT and KQ curves. KT meaning
the thrust and KQ torque. In this case only the KQ curve is of interest. With KQ curve the propeller
torgue can be estimated if propeller RPM and ship speed is known.

KQ curve was first derived from measurements during the sea trials in open water. However, in ice
conditions the KQ curve is different. According to [3] this is because of the increased viscosity of the
water due to ice. Another reason might the used pitch of the controllable pitch propeller. Second KQ
curve was then developed for ice conditions using the shape of the open water curve and measured
points from the ice trials. Because the ice conditions can vary quite substantially the smoothed curve is
only an approximation. However, it should give more realistic values, as the KQ in ice conditions is
usually higher than in open water. Figure 10. shows the derived KQ curves.

KQ U
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ce channel KO

Figure 10. Aranda propeller KQ curve for open water and ice conditions.
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3. Aranda shaft line model for torsional vibration analysis

To carry out a torsional vibration analysis of a shaft line all significant parts of the shaft line have to be
modelled with good accuracy. Thus, this requires detailed knowledge of the shaft line components.
Figure 11. shows the ducted propeller of R/V Aranda. Figure 12 shows the original shafting arrangement
where the dimensions and other information about the shaft line components can be seen. During the
modernization of R/V Aranda only the motor side of the shaft line was modified.

Figure 11. Ducted propeller of R/V Aranda (photo courtesy of SYKE)

\ [Position of strain gauges |

423920

o8 st staintess
saal sladding. |
/

Brpeliler shadn Propeller shaft 3 Hydraulic unit Iptermediate shaft

Propeller
Propeller shaft 2 Propeller shaft 4

Figure 12. Original shafting arrangement of R/V Aranda with comments, see table for details. New
gearbox and flexible couplings not shown.

Because the propeller shaft had different diameters along the shaft length, it was modelled in parts.
Inertia, torsional stiffness and damping values for the shafts were calculated from the geometry given in
Figure 12. The propeller inertia was taken from the shafting arrangement drawing where the inertia with
water added mass was given. Values for the flexible coupling were taken from the manufacturer’s
datasheet (Vulcan Rator G2D1H). Gearbox is modelled as ideal and only has the gear ratio parameter.
Some of the data was taken from the TVA analysis report performed by the Shipyard. Table 1. sums up
the values used in the simulation.
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Table 1. Shaft line data for torsional vibration analysis

Component Inertia [kgm?] | Stiffness [kNm/rad] | Damping [Nms/rad]
Propeller, hub, flange 1445 - KQ curve

Propeller shaft 1 13.3 171 000 954

Propeller shaft 2 8.4 114 000 619

Propeller shaft 3 14.1 56 700 562

Propeller shaft 4 114 42 100 438

Hydraulic unit 74 -

Intermediate shaft 30.2 8 620 322

Flexible coupling Vulcan Rator 9.9 261 3633

Electric motor 116 - 100

For the propeller torque the KQ curve developed in chapter 2.4 was used. This also takes into account
the damping of the propeller.

It should be noted that R/V Aranda has two electric propulsion motors which are linked together with the
reduction gearbox. There are also two flexible couplings (between the motor and gearbox). In the
simulation model these are modelled with only one motor and one flexible coupling. However, the values
are taken as double to have the correct inertia etc. This simplification should not greatly affect the
simulation results.

The simulation is carried out with Matlab Simulink (Simscape) in time domain. Figure 13. shows the main
simulation model.

Ship speed

Propeller hydro
torque

RPM target
E Electric motor

and control

Vulean coupling  Gaarbox Eep— i et baarg e Prop shaft 2

o o 1 2 1 2 1 2 o § 1 2| 1 z 2|
i T e I e el —eere. e o
! Intermediate  Hydraulic  Prop shaft 4 Prop shaft 3 Prop shaft 1 Propeller ice
shaft unit popser 1 () propae] torque
d Prapeller
p .

inertia

Figure 13. Matlab Simscape model of the Aranda shatt line.

As can be seen in Figure 13, the electric motor is added as a torque source on the motor end of the shaft
line and the hydrodynamic torque and ice torque are added as torque sources at the propeller end of the
shaft line. The Ice torque is calculated according to FSICR.

3.1 Simulated lowest rotational natural frequency of the shatft line

One simple way to validate the simulation model is to compare the natural frequencies of the shaft line to
those measured at the sea trials, see chapter 2.3. Matlab Simscape model does not give out the system
nominal frequencies directly, but they can be determined from the simulated timehistory of the torque
signal. In simulation a sharp pulse can be used for excitation, as seen in Figure 14. From the response
signal, the lowest torsional natural frequency of the shaft line was determined as 9.3 Hz, which is quite
well in line with the measurements. This indicates that at least the inertia and stiffness values in the shaft
line model are correct.
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Figure 14. Aranda Shaft line response, pulse excitation.

To have better understanding how the shaft line responds to ice excitation on wide RPM range,
simulations were run with different RPM and the ratio between response and excitation torque was
investigated. The excitation in this case was ice class IC case 1. Figure 15. shows the results. In
frequency range corresponding to propeller RPM 140 (9.3 Hz blade frequency) the resonance area is
clearly seen. The ratio between the Qres / Qexc iS called dynamic magnification.

Aranda Torque response, ice class IC case 1

Qres / Qexc
= = = =
= = N w N

o
©

0.8
90 110 130 150 170 190 210 230 250

RPM

Figure 15. Simulated torque response of the propeller shaft, excitation: ice class IC case 1.

3.2 Engine loading control

The electric motor in the simulation model is modelled with ideal torque source. The input to the ideal
torque source is the wanted torque value. However, the application of the torque in this case is instant,
which is not realistic and can cause problems in the model. Also, in case of increased torque demand
the electric motor is able to respond with overtorque, which is important in propeller ice milling situation.
Usually at least 25 % overtorque is possible.

For more realistic torque control, a simple control scheme with Simulink PID block is realised in the
model. Input to the control system is the wanted RPM of the propeller shaft. Thus, the control first runs
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the propeller to the correct RPM and then when the ice milling sequence starts the control tries to keep
the rpm at the ordered level. There is a limitation to the motor input torque so that the 25 % over torque
limit is not exceeded during the ice milling sequence.

4. Comparison of measured and calculated loads

Comparison of simulations and measurements are carried out. The comparison cases include different
ice class excitation cases (1 - 4 as in Figure 1.)

4.1 R/V Aranda maximum ice torque for different ice classes

Maximum ice torque is calculated as required in the FSICR chapter 6.5.3. Below in Table 2. the
parameters for the calculation are shown.

Table 2. Parameters used for ice class torsional calculations

Propeller Hub Diameter, d 0.8 m
Propeller diameter, D 26 m
Propeller speed 4.15 revs/s
hice (IAS=1.75,IA=1.5,1B=1.2,IC=1) 1.75 m
Propeller type (1 = open, 2 = ducted) 2
Propeller pitch type (1 = contrl, 2 = fixed) 1
Transmission type (1 = dir. Diesel, 2 = Electric/Turbine) 2
Propeller pitch at 0.7, Po 7 3.403

D limit 315 m

The resulting maximum ice torque Qmax (Which is added on top of the hydrodynamic mean torque at
nominal operating condition) for each ice class is listed below:

e |AS: 145.7 kNm
o A: 145.7 kNm
e |B: 118.1 kNm
o |C: 96.6 kNm

The maximum ice torque is the same for IAS and IA classes because the propeller is small when
compared to design ice block thickness. According to rules, it is possible to calculate the Qmax for
different propeller speeds. To simplify the analysis, in the subsequent analysis the Qmax is calculated only
for the maximum 250 RPM. With 120 RPM the change in this case would be 13 % lower Qmax.

Qmax is calculated for ducted propeller as is the case with R/V Aranda. For comparison, open propeller
maximum Qmax torque levels would be 41 % higher.

The ice class also affects the length of the ice milling sequence as described in FSICR chapter 6.5.3.4.1.
For IC ice class the sequence length is so short that it actually consists of only ramp up and ramp down.

From the maximum measured torques during the ice trials, as seen in torque distribution charts in Figure
6 and Figure 8, it is evident that the measured torques are much lower than the given maximum FSICR
torques in higher ice classes. Thus, the ice conditions have to be taken into account. For IC ice class
FSICR gives level ice requirement of 0.4 m ([1] table 4-1), which matches the measured ice thickness
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during the ice trials quite well. However the given level ice thickness is mainly intended for the hull
dimensioning. For the propulsion loads, the ice thickness is given for the ice block size in brash ice
channel. As it is considered the most realistic option, the simulations here are mainly carried out for the
IC ice class.

Figure 16. shows an example of the simulated results for all ice milling sequences (ice class IC cases 1 -
4, RPM = 215). As can be seen already from the Figure 15. the dynamic magnification at 215 RPM is
low, which is also visible here. The highest response is achieved in case 2 which is more static case
without dynamic behaviour. The higher frequency case 3 (twice the blade frequency) does not seem to
excite the shaft at this RPM.

<108 IC case 1, 215 RPM, Simulated 105 IC case 2, 215 RPM, Simulated
T T T T T T 230 F T T T T T

RPM
RPM

RPM
RPM

Figure 16. Simulated cases with excitation, response and RPM. Ice class IC, cases 1 - 4. Initial RPM =
215.

4.2 Comparison of simulated and measured torque levels

below the simulated results are compared to measurements for chosen cases. The first two cases in
chapters 4.2.1 and 4.2.2 are the maximum measured torque peaks during the transit voyages in ice
channel. Because the two transit voyages were run with different RPM levels it is interesting to compare
them to the simulations. As already discussed in chapter 2.2 the voyage 1, run with lower RPM and
lower power level, had the higher torque peaks (peaks around the mean torque). The third case in
chapter 4.2.3 is a reversing case in ice channel where the highest torque levels during the whole ice
trials were measured.
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42.1 Voyage 1, ice channel, 9.7 kn, 176 RPM

Ice class IC, case 1, 176 RPM
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Figure 17. Voyage 1, comparison of highest measured torque to simulated ice class IC case 1.
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Figure 18. Voyage 1, comparison of highest measured torque to simulated ice class IC case 2.

Ice class IC, case 3, 176 RPM
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Figure 19. Voyage 1, comparison of highest measured torque to simulated ice class IC case 3.

beyond the obvious



«10% Torque response

RESEARCH REPORT VTT-CR-00039-22

Ice class IC, case 4, 176 RPM
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Figure 20. Voyage 1, comparison of highest measured torque to simulated ice class IC case 4.

4.2.2

x10° Torque response

RPM

184

RPM

182

180 -

178 -

176

174

172

170

168 -

Simulation
Measured | 7|

166

Voyage 2, ice channel, 10.5 kn, 215 RPM
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Figure 21. Voyage 2, comparison of highest measured torque to simulated ice class IC case 1.
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Figure 22. Voyage 2, comparison of highest measured torque to simulated ice class IC case 2.
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Ice class IC, case 3, 215 RPM
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Figure 23. Voyage 2, comparison of highest measured torque to simulated ice class IC case 3.
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Figure 24. Voyage 2, comparison of highest measured torque to simulated ice class IC case 4.
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4.2.3 Reversing test in ice channel, 3.7 kn, 169 RPM
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Figure 25. Reversing test, comparison of highest measured torque to simulated ice class IC case 1.
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Figure 26. Reversing test, comparison of highest measured torque to simulated ice class IC case 2.
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Figure 27. Reversing test, comparison of highest measured torque to simulated ice class IC case 3.
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Figure 28. Reversing test, comparison of highest measured torque to simulated ice class IC case 4.
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Ice class IA, case 1, 169 RPM
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Figure 29. Reversing test, comparison of highest measured torque to simulated ice class IA case 1.

4.2.4 Analysis of comparison between measured and simulated torque response

By visually inspecting the results from voyage 1 (Figure 17. - Figure 20.), it seems that the ice milling
sequence in case 4 offers a quite good match with the measured data. Also, in case 4, the RPM drop is
well in line with the measurements. Case 1 simulation predicts a much higher torque response, which is
not visible in the measurements. Cases 2 and 3 do not match the measured sequence very well. It
should be reminded here that it is not known what the real milling sequence at the propeller is, only the
response is visible in the measurements. As stated earlier the ice milling cases from the measurements
are chosen as they are the maximum cases.

In voyage 2 the simulated case 1 (Figure 21.) is well in line with the measurements, and also se
simulated RPM drop is similar than in the measurements. The ice milling sequence chosen from the
measured voyage 2 torgue timehistory (again the maximum torque case) seems to be a bit longer than
the ice class IC ice milling sequence. As already seen in Figure 16, with same simulation parameters,
the case 2 gives the highest simulated response. Again, this is because there is not much dynamic
maghnification at 215 RPM, and thus the case 1 does not excite the shaft as much as seen in voyage 1
simulations with lower RPM.

Finally, the reversing tests in ice channel reveal that the measured torque values are higher than any of
the simulated cases with ice class IC, and that the measured ice milling sequence is longer than the
simulated one (Figure 25. - Figure 28). The reversing tests were carried out with 169 RPM which is quite
close to the resonance area and where the dynamic magnification is already quite high. However, the
measured values are much higher than what was measured with almost the same RPM in voyage 1.
Thus, it is evident that at least with this ship configuration (shape of the ship aft, rudder arrangement and
shape of the nozzle) in reversing mode the ice impacts on the propeller are more severe than in ice
channel. It might be that the nozzle has been completely blocked at times during the reversing, which
could give rise to added hydrodynamic forces as well. Finally, a simulation was carried out also with
higher ice class IA case 1 excitation, and this seem to predict the measured levels better. Also, the
longer length of the 1A milling sequence is a better fit to the measured one.
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In Table 3 the maximum values from Figure 17 - Figure 29 are gathered for an overview.

Table 3. Maximum torque response from measurements and simulations

MAX RESPONSE TORQUE [KNM]
Measured | Simulated
ICcasel ICcase2 ICcase3 ICcased4 I|Acasel

VOYAGE 1, 176 RPM 109 145 136 93 114

VOYAGE 2, 215 RPM 135 147 158 117 123

REVERSING, 169 RPM 176 171 155 117 143 184
4.3 Ice milling sequences

This chapter offers a quick look at the different ice milling sequences (Figure 1.) presented in the rules,
and how they compare to ice milling events seen in measurements. Obviously, there are hundreds of
milling events in the measurement data, so here only a couple of interesting ones are investigated.

For clarification, the given ice milling cases in the FSICR are the excitation loads on the propeller. As
stated before, the ice milling excitation on the propeller cannot be directly measured from the shaft with
strain gauges, because the strain gauges see the response torque, which is a consequence of the shaft
line dynamic behaviour. However, with the simulation model it is possible to compare the measured
response and the simulated response, and thus link the real excitation to the given rule excitation. This
method of course rely on the model capturing the dynamic behaviour of the shaft line correctly.

In general, the excitation case 1 represents a normal situation where one ice block is milled by the
propeller. Thus, the torque spikes due to propeller blade hitting the ice block are in blade order
frequency. Case 2 represent an event where one ice block is present but the contact time is longer than
in case 1 (90 deg vs 135 deg) and the spikes are kind of merged together. In case 3 it is assumed that
there are two ice blocks in contact with the propeller blades and thus the torque spikes are with twice the
blade order frequency. Case 4 is again with one ice block but with shorter contact time (45 deg) and thus
the spikes are sharper than in case 1, but with the same blade order frequency. For all excitation cases
there is a 360 degree ramp in which time the torque is raised to the maximum value. At the end of the
sequence there is similar ramp down from the maximum value.

From the measurements is seems that the case 1 and case 4 type milling events are frequent. Case 2
events are not so frequent but can be found also. In case 3 type events the response, at least in this
case, seems quite similar than in case 2, only with lower amplitude. Figure 30. shows couple of
examples.

One noticeable feature of the measured milling sequences is the max torque value is often achieved with

the first or the second blade impact, indicating that there might not be much ramp present in these
cases.
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Figure 30. Examples of ice milling sequences from measurements. In the middle the different response
patterns for excitation cases 1 - 4 can be seen.

5. Discussion

From results presented in chapter 4, it can be said that the maximum simulated loads are higher than
measured ones in normal ice channel operation. The highest measured torque was 15 % lower than
highest simulated one. As the lowest ice class IC was used for the simulations, this presents the lowest
rule loads. The matching of the ice conditions to the used ice class was done with the level ice thickness.
However, this is not exact as there are variations in ice conditions and ice channel characteristics during
the voyages. Still, it can be said that the simulated torque levels are quite well in line with the measured
ones. Also the RPM drop was quite well captured in the simulations when the torque pattern coincided
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with the measured one. The correct RPM drop can be important in stalling analysis of directly coupled
diesel engines.

The reversing tests in ice channel produced much higher torque levels than what was seen in normal ice
channel operation. Also the simulated maximum response torque levels were slightly lower than the
measured ones for IC ice class. When the IA ice class excitation was used the simulated torque was
quite well in line with the measured one.

Lastly it should be noted that the measurements presented here cover only about four hours of ice

channel operations, which might not be sufficient to capture the highest loads. Longer measurements
on-board R/V Aranda are hopefully possible in the future.

6. Summary

R/V Aranda performed ice trials in February of 2020. On-board Measurements included torque
measurements on the propeller shaft. In this study these measurements are compared to simulated
torgue response when using the ice milling excitation as given in current Finnish Swedish ice class rules.

The model to simulate the shaft line torsional vibrations was build in Matlab Simscape where time
domain simulation can be carried out. Technical drawings and previous analysis by the shipyard were
used as input to the model creation.

For ice torque excitation ice class IC was used, as this matched with the mild ice conditions of the ice
trials. R/V Aranda has an ice class IA. The comparison data from measurements was chosen from as
the maximum torques during the outbound and return voyages in ice channel. These two voyages were
run with different speed, power and rpm settings so they offered two different comparison cases. In
addition the reversing test in ice channel was also simulated as this had the highest torque levels of all
measurements.

Comparison shows that the measured and simulated torque responses during the ice channel voyages
are quite similar, with simulation giving slightly higher torque levels. In the reversing tests the measured
torque levels were higher than the simulated ones for IC class. For IA ice class the results were quite
comparable.

In conclusion, it can be said that the simulated and measured levels, when taking into account the ice
conditions, in case of R/V Aranda are quite similar. Thus, the rule load matches the given ice conditions
well. It also seems that the 41 % lower ice torque for ducted propeller is in this case justified. However,
the torque during reversing tests in ice channel was much higher than in normal forward operation and
might be something to study in the future in harsher ice conditions.
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