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ABSTRACT

A ship’s propulsion shafting system is subjected to varying magnitudes of intermittent loadings
that pose great risks such as failure. Consequently, the dynamic characteristic of a propulsion shaft-
ing system must be designed to withstand the resonance that occurs during operation. This resonance
results from hydrodynamic interaction between the propeller and fluid. For ice-class vessels, this in-
teraction takes place between the propeller and ice. Producing load- and resonance-induced stresses,
the propeller-ice interaction is the primary source of excitation, making it a major focus in the de-
sign requirements of propulsion shafting systems. This paper examines the transient torsional vi-
bration response of the propulsion shafting system of an ice-class research vessel. The propulsion
train is composed of an electric motor, flexible coupling, spherical gears, and a propeller
configuration. In this paper, the theoretical analysis of transient torsional vibration and propeller-ice
interaction loading is first discussed, followed by an explanation of the actual transient torsional vi-
bration measurements. Measurement data for the analysis were compared with an applied estimation
factor for the propulsion shafting design torque limit, and they were evaluated using an existing in-
ternational standard. Addressing the transient torsional vibration of a propulsion shafting system with
an electric motor, this paper also illustrates the influence of flexible coupling stiffness design on re-
sulting resonance. Lastly, the paper concludes with a proposal to further study the existence of neg-

ative torque on a gear train and its overall effect on propulsion shafting systems.
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The unpredictable responses of excitation loads

during propeller—ice interaction in ice-class pro-

pulsion

Although classification societies have rules and
provisions for the different designs of ice-class
propulsion shafting systems, it is stated that not
all aspects of design for cold climates are ac-

counted for by Ice Rules
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Nomenclature

: Damping matrix

. Diameter

1.81'Hic.

: Propeller hub diameter

: Ice thickness for machinery strength design
: Stiffness matrix

: Moment of inertia matrix

: Rotational speed at bollard condition

: Propeller pitch at 0.7R

: Torque

: Radius of propeller

Ice strength index for blade ice torque

: Torque vector
: Max. thickness at 0.7R

: External excitation torque vector

Internal excitation torque vector

: Angular amplitude vector

1. Introduction

shafting  systems are

(2)

challenging(l).

. The steady and tran-
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sient state torsional vibration analysis will provide
an overview of a propulsion system’s overall dy-
namic characteristic.

However, each propulsion configuration will

produce different vibratory responses, so con-
tinuous research is necessary to address this issue.
An

with an electric motor, coupling, gear train, and

ice-class vessel propulsion shafting system
azimuth propulsor configuration is analyzed in this
paper. Table 1

pulsion shafting specifications. Figure 1 shows the

lists the research vessel’s pro-

propulsion shafting system configuration, and Fig. 2
shows the mass—elastic model of the system.

All propulsion components contribute to the
the

resonance in the transient state of the system.

overall dynamic characteristic, including

Table 1 Propulsion shafting system specifications

Component Description
Type US ARC 0.8
Thruster unit Classification DNV ice-class
polar 10
Type Variable speed
Motor Power 5,000 kW
Type Cyclo palloid
Material High alloy steel
Gear 17CrNiMo6
Reduction ratio 4.188:1
Type Open, fixed
pitch
Material Stainless steel
Propeller Diameter 4m
No. of blade 4
Maximum 186 rpm
propeller Speed
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Transient excitation of the electric motors takes
place during start-ups, as oscillating torque devel-
ops owing to slippage between the rotor and sta-
tor fields”. On the other hand, the gear train ex-
citation develops owing to dynamic loading or
negative torque'”. Including an optimally designed
coupling in the system can create a change in the
mode shapes and damping that dissipate the tor-
sional stresses. However, in this type of marine
propulsion system, the main source of resonance
excitation is attributed to propeller—ice interaction.

As such, this study investigates the dominant
stresses of transient torsional vibration of an
ice-class motor-driven propulsion system vessel.
Theoretical analysis of system loading and tran-
sient vibration using the Newmark method is re-
viewed along with actual vibration measurements
conducted on the subject vessel. The flexible cou-
pling stiffness value used in the analysis was si-
mulated to study its effect on the dynamic charac-
teristic of the system. A detailed summary of

findings from the analysis follows thereafter.

TH]--E-.

Flexible Flexible Motor
Link Coupling

Propeller

Fig.1 Propulsion shafting configuration of subject
vessel
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Fig. 2 Mass—elastic model of subject vessel

2. Measurement Data and System
Excitation Loading Theoretical Analysis

2.1 Data Measurement and Torsional
Vibration Analysis

To observe the dynamic characteristic of the
propulsion shafting system, torsional vibration
measurements were carried out on the subject
vessel. Figure 3 shows the measuring points for
the torsional vibration analysis. The measurements
were carried out in accordance with KR Rules
and Guidelines stating that the alternating torsional
stress amplitude can be measured on a shaft in a
relevant condition over a repetitive cycle. Figure 4
shows the laser vibrometer installation for data
collection. The Engine and Vibration Monitoring
System(EVAMOS)

Dynamics Laboratory of Mokpo National Maritime

software designed by the

University was used to analyze the acquired data.

Fig. 3 Propulsion shafting system measuring points
for torsional vibration

Fig. 4 Gap sensor positions for torsional vibration
measurement
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The results of torsional vibration analysis for
the Geislinger Flexible Link coupling are shown
in Figs.5 and 6. Figures 6 and 7 are graphs of
the calculated and measured 4" order angular ve-
locities of the coupling, respectively. The calculated

and measured data show a significant disparity that
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Fig. 5 Calculated vibratory torque of Geislinger flexi-

ble link in frequency domain
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Fig. 6 Calculated angular velocity of Geislinger flexi-
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Fig. 7 Measured angular velocity of Geislinger flexi-

ble link coupling motor side
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may be due to the flexible coupling’s dynamic
stiffness and the motor rotor effective moment of
inertia. According to Fig.7, the torsional vibration
resonance frequency occurs around 7.8 Hz and at
an angular velocity amplitude of approximately
18.7 mrad/s.

2.2 Transient Torsional Vibration
Theoretical Calculation

The equation of motions can be solved by ap-
plying various step-by-step integration methods to
obtain the dynamic behavior of the system under
a specific loading, and the Newmark method is
commonly used in dynamic response analysis®.
The Newmark method is applied since dynamic
torsional stiffness shows a nonlinear aspect, de-
pending on the vibratory torque transmitted”. The
equation of motion for a propulsion shafting sys-
tem on torsional vibration can be expressed as

follows:
[ {o}+ (Cor+ (K1{0y={T}+{T)} ()

The basic equation of the Newmark method is

given in Egs. 2 and 3.

{0}, 0 =10}, +[(—a){0},+el0}, 0 ) Aat @
{0} 4 = {0}t+{9}tAt
. . 3)
+[(05—m {8}, +nl6},, 1] A2
(22148}, u+ [CHOY, o,
“
+ (&0} 4 =T}

Substituting Eq. 1 with Eqs. 2 and 3, the equa-
tion of motion can be expressed as shown in Egs.
5to7.

[]_(}{e}wm = {?}t+m (5)
{é}t+At :ao[{e}wm - {9}1]_“2{9]} _a3{é}t (0)

{é}t+At = {é}t+a6{é}t+a7{é}t+At Q)
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[ K] = [K]+a,[ M +a,[C],
{(n={1}+{1}
{?}Hm = {T}t+At
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2.3 Propeller-ice Interaction Loading
Theoretical Analysis
Under the rules of the Korean Registry of
Shipping applied to open propellers”, the max-
imum design ice torque on a propeller during pro-

peller—ice interaction is given as follows:

o d Py 1™
Qmaz =105 - {1_6] ¢ Sqioe * [ D
. 06 ©)
R [%} e (D)7 D?
when < Dy,
—202+ [1-2|. g "
Qma.’r, - ° 6 ¢ qice ° [ i(fz]
. |:P[)‘7 ](J.lﬁ ] [ﬁ]o.a (10)
D D

« [(nD)Y7 « DM

when D=Dy,

In Table 2, the ice-class factors are listed by
design ice thickness and ice strength index value
for estimating propeller ice loads according to
ship class type. Table 3 presents the milling se-
quences during propeller-ice interaction in three
cases, taking into account the torque excitation
parameters. The torque resulting from a single

blade impact as a function of propeller rotation

angle for the cases given in Table 2 is repre-
sented by Egs. 11 and 12,

. [ 180
Q@: stuk ° Sll’l(a—la)7 when ¢ =0 .. a; (11)

&, =0, when p=q; ...360 (12)

where Qpeak’ = QJ * Q)maw

From Egs. 11 and 12, the total ice torque of
the subject vessel was calculated in accordance
with the torque excitation parameters of Table 3.
Ice-class classifications PC1, PC4, and PC7 were
chosen for theoretical calculation.

In Figs. 8 to 10, the total theoretical ice torque
values for Ice-Class PC1 for Cases 1-3 are shown
to be around 2.562 MN-m, 3.416 MN-m, and
1.707 MN-m, respectively. In addition, the simu-
lated calculation values for the PC4 classification
ice torque for Cases 1-3 are 2.349 MN-m, 3.132
MN-m, and 1.565 MN-m, respectively. The ice
torque value for Cases 1-3 for the PC7 classi-
fication are 1.396 MN-m, 1.862 MN-m, and 0.930
MN-m, respectively.

Table 2 Ice-class factors for estimating propeller—ice

loads
Ice class Hic[m] Sice[-] Sqice[-]
PCl1 4.0 1.2 1.15
PC2 3.5 1.1 1.15
PC3 3.0 1.1 1.15
PC4 2.5 1.1 1.15
PC5 2.0 1.1 1.15
PC6 1.75 1.0 1.0
PC7 1.5 1.0 1.0

Table 3 Torque excitation parameters

Tqrqqe Propeller-ice interaction C, o
excitation
Case 1 Single ice block 0.75 90
Case 2 Single ice block 1.0 135
Two ice blocks
Case 3 (phase shift 45" 05 | 4
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Case 1 excitation parameters
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Fig. 10 Calculated total ice torque for Polar Class 1
— Case 3 excitation parameters

3. Vibratory Torque and Transient
Torsional Vibration Analysis
through Simulation

For transient torsional vibration analysis, four (4)

mass members of the propulsion shafting system
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Fig. 11 Calculated transient vibratory torque response
of electric motor
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Fig. 12 Simulated transient vibratory torque response
of electric motor with modified coupling
stiffness

were observed for vibratory torque response. The
electrical motor, flexible coupling, upper reduction
gear, and lower reduction gear transient dynamic
phenomena were analyzed through simulation.
Measured torsional vibration data were utilized for
simulating the transient vibratory torque due to
acting on the
In addition, the
flexible coupling was increased from 1.29 MN-m/s
to 5.0 MN-m/s effect on the

transient response of the system.

torque from the ice impact

propulsion shafting component.
to observe its

Figure 11 graphs the transient vibratory torque
of the
considering Case 1 torque excitation parameters, is
1.0 MN-m/s, while for the

response on lower flexible coupling stiffness(Fig.

electric motor. The vibratory torque,

simulated

about

12), the transient vibratory torque increased by
about 30 % to 1.385 MN-m/s.
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of flexible coupling

—— Y
- ﬂ“’\f\ | ﬂ W hﬂ\)\w I \Jﬂ | ‘ﬂﬂu \J“Jbﬂ\]
ot YV

Fig. 14 Simulated transient vibratory torque response
of flexible coupling with modified coupling
stiffness

The calculated flexible coupling and modified
transient vibratory torque responses are illustrated
in Figs. 13 and 14. The calculated vibratory tor-
que values are shown to be about 0.875 MN-m/s
and 1.060 MN-m/s
flexible coupling stiffness, respectively. Figures 15

for simulated and modified

and 16 show the dynamic response on the upper
reduction gear. The simulated transient vibratory
torque was calculated to be approximately 1.5
MN-m/s.
pling stiffness resulted in an increase in the vi-
bratory torque value to 2.575 MN-m/s,
approximately 40 % higher than the value with

However, altering(lowered) of the cou-

which is

designed coupling stiffness.

Figures 17 and 18 indicate that the calculated
and simulated vibratory torque responses of the
lower reduction gear had the highest calculated
value. The transient vibratory torque was around
2.15 MN-m/s. However, when the flexible coupling
stiffness was modified, the vibratory torque value
increased by only 5% to 2.24 MN-m/s.
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Fig. 15 Calculated transient vibratory torque response
of upper reduction gear
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Fig. 16 Simulated transient vibratory torque response
of upper reduction gear with modified cou-
pling stiffness
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Fig. 17 Calculated transient vibratory torque response
of lower reduction gear
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pling stiffness
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3. Conclusion

This study investigated the transient torsional
vibration response of an ice-class vessel through
simulation using actual torsional vibration data and
a modified flexible coupling stiffness factor. The
subject vessel was installed with an electric motor
as a prime mover and an azimuth propulsion
configuration. The calculated vibratory torque of
the propulsion shafting system components was
compared with the design ice torque on the
propeller. The following conclusions were made:

(1) Flexible coupling stiffness design influences
the vibratory torque response of the propulsion
shafting system.

(2) Dominant transient torsional stresses oc-
curred on the lower reduction gear. Simulated the-
oretical calculation and modified flexible coupling
stiffness calculation of its vibratory torque re-
both this

Comparing these values with the propeller design

sponse confirmed phenomenon.
ice impact torque limit, and considering the ship’s
ice classification, the range limit is close to the
calculated transient vibratory torque.

(3) The high vibratory torque occurring on the
reduction gear confirms the occurrence of negative
torque during the propeller-ice interaction. This dy-
namic loading can be addressed through optimizing
the gear train design and material specification.
Further study on this propulsion shafting compo-
nent resonance characteristic is recommended.
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