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Abstract

The relevance of this study lies in the fact that it presents a mathematical model of the dynamics of the propulsion 
system of a ship that takes into consideration the mass of water added to it. The influence of this phenomenon on the 
resonant frequencies of the propeller shaft is examined, and a transfer function for a controllable-pitch propeller is 
obtained for various operating modes. The purpose of the study is to improve the calculation of the dynamic operating 
modes of a controllable-pitch propeller by examining the features of a visual models. The VisSim software package is 
used in the study. A visual model is developed that considers the influence of the rotational speed on the value of the 
rotational inertia attached to the variable-pitch screw of the mass of water, and a special transfer function is proposed. 
The study shows that a transfer function of this type has a loop enabling negative feedback. An analysis of the operation 
of the propeller shaft at its resonant frequency is conducted based on the application of frequency characteristics using 
the transfer functions obtained. We show that in the low-frequency region, a consideration of the added rotational 
inertia using the proposed transfer function leads to a significant difference compared to the result obtained with the 
existing calculation method.
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INTRODUCTION

When calculating the free oscillations that occur in the 
propeller shaft of a ship, the inertia moment of the controllable 
pitch propeller (CPP) is usually increased by 20–40% to obtain 
a match between the calculated results and the experimental 
ones. Such a solution is not always optimal, since there is a 
discrepancy between the specified calculated frequencies and 
the actual ones, especially at low angular speeds of rotation. 
This means that when calculating the dynamic modes of 
operation of the propulsion system of a ship, it is necessary 
to use techniques based on a simplification of the physical 

process, as reported in [1-5].
One of the existing ways to increase the accuracy of the 

calculated results compared to those obtained in practice is 
to search for a solution using a mathematical model based 
on the construction of a visual image. This issue has been 
widely covered in a great number of studies. For example, 
in [6-10], the problems associated with the hydrodynamic 
interaction between a propeller and water are investigated, 
and the authors explore how the unevenness of the water flow 
affects the results of the axial and tangential forces acting 
on the propeller. However, it is not shown how the resulting 
harmonic components of the moments of these forces affect 
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the resonant phenomena in the propulsion complex. In 
[11-14], the interaction between the propeller and the 
elements of the ship’s hull is investigated, and it is shown 
that modern computational fluid dynamics solvers can 
give correct calculation results when the rudder operates 
in the propeller flow, although these studies rarely 
consider the features of the dynamics of the propulsion 
system from the action of the displaced water mass.

The studies in [15-20] explore the dynamics of a ship’s 
propeller when the water surface is agitated using a model that 
includes an increase in the rotational inertia of the propeller 
due to the simple addition of the water mass. The difficulty 
of this approach means that such studies are limited. Thus, 
despite abundant research in the field of dynamics on the 
propulsion system of ships, the issue of the features of stability 
and resonant frequency phenomena in the interaction of the 
propeller and the aquatic environment remains unresolved.

The purpose of this study is to improve the calculation of 
the dynamic operating modes of a controllable-pitch propeller 
by examining the features of a visual model.

MATERIALS AND METHODS

This study involves mathematical modelling of the process 
that occurs during the movement of the ship, that is, the 
interaction between a controllable-pitch propeller and the 
aquatic environment for a propulsion system represented 
in the form of a three-mass mechanical system (TMS) [21]. 
In this approach, three distinct masses represent integral 
components of the propulsion pathway. The first mass 
corresponds to the diesel engine, and includes its rotational 
inertia and the torque it produces. The intermediary mass 
represents the gearbox or reduction gear, and accounts for 
its rotational inertia and its role in moderating the engine 
speed for the propeller. The final mass represents the propeller 
and its shaft, and includes the propeller’s rotational inertia 
and the resistance it faces due to water and other factors. 
The VisSim software package is used here to visualise the 
results of the study. VisSim is a visual-based block diagram 
programming language tailored for simulation and embedded 
system development. It has been extensively employed in the 
design of control systems and digital signal processing, and 
facilitates multi-domain design and simulation. The language 
offers blocks for arithmetic, Boolean, and transcendental 
operations, in addition to digital filters, transfer functions, 
numerical integration, and interactive graph plotting [22]. 
Figure 1 shows a model diagram of the TMS of a ship’s 
propulsion system [17, 22], with a modified transmission 
function for the CPP in accordance with the one proposed 
in this study.

Figure 1. Model of the three-mass mechanical part of the propulsion system 
(Md – torque produced by the diesel engine, Mc – resistance torque on the 

propeller shaft, Jd, Jg, Jsp – rotational inertia of the engine, gearbox, and 
propeller respectively, Cis – stiffness of the intermediate shaft, Cps – stiffness 
of the propeller shaft, bis, bps – viscous friction coefficients for the shafts, s – 

differentiation operator)

Table 1 shows the designations of the model elements used 
in the study and their given values. The angular velocities of 
the rotating elements of the propulsion system, after being 
connected to the motor shaft, are assumed to be equal:

                    (1)

All values of frequencies and angular velocities in the text 
and figures are given in rad∙s-1 due to the limitations of the 
VisSim software product.
Table 1. Designations and technical parameters of the ship’s propulsion system

Elements of the 
propulsion system 

of the ship
Symbol Parameter values 

before casting
Parameter values 

after casting 

Diesel rotational 
inertia Jd 4.50·103 kg. m2 4.50kg. m2

Rotational inertia 
of the gearbox Jr 2.40·103 kg. m2 0.24kg. m2

Estimated 
rotational inertia 
of the screw

Jsp 3.2·103 kg. m2 0.32kg. m2

Rotational inertia 
of the added water

Jv=(0.2-
0.4)Jsp 

(0.6-1.2)·103 kg. m2 (0.6-0.12)kg. m2

Stiffness 
of the intermediate 
shaft

Cis 0.64·106 N.m 0.64N.m 

Stiffness 
of the propeller 
shaft

Cps 0.24×106 N.m 0.024N.m 

Gear ratio 
of the gearbox ig 3.19 3.19

Nominal angular 
rotation speed 
of the diesel engine

ωdn 40.317rad∙s-1 1

Since the action of the dissipative forces of the viscous 
action is assumed to be equal to zero, the values of the resonant 
frequencies in the shaft line obtained from experiment are 
close to the calculated values [22]. The study was conducted 
using the VisSim experimental setup shown in Figure 2. 
In addition to the TMS, the model shown in Figure 2 also 
contains an exciting scanning signal generator (SSG) [17]. 
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This generator supplies the diesel output with a sinusoidal 
signal with a constant amplitude and frequency, which varies 
in proportion to time with acceleration  .This 
signal simulates the rotation of the diesel engine, which leads 
to resonant phenomena in the shaft line.

The operation of the model and the interaction of its 
parts are described in [22]. Fixed frequency generators G1 
and G2 are designed to check and refine the values found 
during scanning of the critical frequencies Ωcr1 and Ωcr2. The 
experimental equipment for the study was provided by the 
Danube Institute of the Odessa Maritime Academy.

RESULTS AND DISCUSSION

It is known that in a ship’s propulsion system, a fixed-
pitch propeller (FPP) under ideal conditions, taking into 
account the slippage of the propeller blades relative to the 
water, displaces and swirls a unit mass of attached water per 
one revolution:

                     (2)

where mvE is the unit mass of the added water formed from 
one turn of the screw; Hsp is the pitch of the propeller; Dsp is 
the diameter of the propeller; ρ is the density of water; and 
α is the coefficient of sliding.

When using the above units, the angular frequency of a 
rotation and the rotational speed are related by the expression:

                                        (3)

The mass of the added water jet mv at the rotational speed 
of the propeller ωsp(rad/s) can then be represented by the 
formula:

        (4)

where n is the speed of rotation of the propeller, and ωsp is its 
rotational speed (rad/s).

If the rotating mass of water is a full-bodied cylinder with 
radius:

                                          (5)

then, from Eq. (4), the following can be obtained:

          (6)

In the existing method of dynamic calculation, the problem 
of finding the moment:

                                   (7)

is reduced to simply increasing it by 20–40% of the calculated 
value:

                             (8)

This allows for some coincidence between the results of 
the calculation of critical frequencies with their real values. 
However, it follows from Eq. (6) that the moment Jv is not 
constant, but changes over time depending on the changes 
of the variable components ωsp(t) and Hsp(t). The dynamics 
equation for the screw in this case takes the form:

Figure 2. Diagram of the dynamic model of the three-mass mechanical part of the propulsion system of the ship
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(9)

The second part of Eq. (9) represents the torque of the 
displaced water mass Mv, which contains the differential of 
the product of the variables H(t) and ωsp(t). This product is 
differentiated as follows:

      (10)

If the expression in Eq. (10) is substituted into Eq. (9), 
then we have:

    (11)

The terms of this equation by derivatives after grouping are:

     (12)

This expression for the moment Mps holds both for a unit 
with an FPP and for a unit with a CPP. It describes a single 
dynamic process that occurs when both accelerating or 
decelerating ωps(t), and when changing the step Hsp(t) towards 
an increase or decrease. There is also a scenario where these 
two cases act simultaneously. In this study, we investigate the 
option in which the ship has FPP or a CPP that operates with 
a given fixed step Hsp. Eq. (12) then takes the form:

       (13)

where Mps is the torque of the propeller shaft with the FPP.
Part of the second term in Eq. (13) can be interpreted as 

the rotational inertia of the added water for one revolution 
of the propeller, and is expressed by the formula:

                      (14)

Considering the damping effect of water, we can write Eq. 
(13) with respect to the rotational inertia of the propeller Jsp 
as follows:

        (15)

Then, the equation for the propeller dynamics takes the 
form:

                 (16)

where   is the torque from 
the water added to the propeller.

If we assume that the moment of the load Mc(s) = 0 then 
under zero initial conditions of the dynamic process, Eq. (16) 
in the operator form is:

          (17)

where s is the Laplace operator.
Since the propeller is affected by two torques, Mps(s) and 

Mv(s), the mathematical model of this interaction takes the 
form shown in Figure 3.

Figure 3. Diagram of the mathematical model of the dynamic interaction 
between torque  and a unit moment 

In the diagram of the propulsion system model in Figure 
2, this node is highlighted in colour. It contains the values 
of the elements that correspond to numerical experiment. 
As can be seen from Figure 3, the moments Jsp and JvE are 
combined into a loop containing negative feedback. The total 
transfer function of the FPP  can be then presented in 
generalised form as:

               (18)

It follows from Eq. (18) that the model of the total transfer 
function of the propeller  has the form shown in 
Figure 4.

Figure 4. Model of the generalised transfer function of the CPP   
considering the added water mass

The transfer function of the FPP  found here differs 
significantly from the one used today in practice, which is 
accepted as:



POLISH MARITIME RESEARCH, No 4/202378

                    (25)

The transfer function Wv(s) is implemented as a typical 
differentiating link:

                            (26)

The total value of the moment JΣ in this case is equal to:

                  (27)

After modelling the dynamic process, the critical 
frequencies are found by scanning the model with the SSG 
variable signal generator for the three variants, and have the 
following values: Ωcr1-1 = 0.2081rad*s-1, Ωcr1-2 = 0.22329rad*s-1, 
Ωcr1-3 = 0.2603rad*s-1, Ωcr2-1 = Ωcr2-2 = Ωcr2-3 = 1.4332rad*s-1.

Figure 5. Critical frequencies of the torque Ωcr1-1, Ωcr1-2, and Ωcr1-3 for the 
TMS propulsion system for various values of the moment Jv

As can be observed from the oscillogram in Figure 5, 
the high critical frequencies of the torque , Ωcr2-1, Ωcr2-2 and 
Ωcr2-3 are almost the same. This allows us to conclude that 
the rotational inertia of displaced water Jv has little effect on 
critical frequencies that occur below the maximum engine 
speed [27-31].

CONCLUSION

Our results show that for the propulsion system considered 
here, the critical frequency Ωcr1-2 obtained using the propeller 
transfer function proposed in this study is within the existing 
range of changes in critical frequencies, which are typically 
estimated in practice by increasing the moment Jsp by 20–40%. 
It corresponds to a total moment Jsp  = 0.3885 kg ∙ m2, which 
represents an increase of 21.9% and confirms the validity of 
its application. The proposed method for determining the 
rotational inertia of a screw with a displaced water mass 
allows us to calculate the ratio directly, without the need for 
approximate empirical formulae such as Kutuzov’s formula, 

                            (19)

It can also be seen from Eq. (18) that the value JvE is specific 
to each case, and is subject to calculation. The moment Jv is 
inversely proportional to the unit moment JvE. It follows from 
this that with a decrease in the step ratio

                               (20)

the critical frequency Ωcr1 shifts downwards. For a TMS 
propulsion system, this displacement mainly affects low 
rotational speeds, and may go beyond the range that 
corresponds to (1.2 - 1.4) Jsp. When calculating the dynamic 
modes, attention should be paid to this phenomenon. A 
numerical experiment is conducted with a dynamic model 
as shown in Figure 2, where the values of the elements of 
this model are shown in the diagram in accordance 
with Table 1. Descriptions of the interaction between 
the parts of the model are presented in [23-26]. For 
example, the propulsion system of the ship is taken as 
an FPP with the following technical characteristics: 
step ratio λsp = 1.045; coefficient of relative slip α = 
0.14; screw diameter Dsp = 1.1 m; and engine 6NVD 
48A-2U with rated power 852 kW (1158.4 hp), rated 
engine speed ndn = 385 rpm, and rated speed of 
the propeller shaft nsp = 118 rpm. A comparative 
analysis of the dynamics of the propulsion system is 
conducted for three scenarios. In the first, the FPP 
has an estimated rotational inertia of

                             (21)

and in the second, the FPP has a rotational inertia that is 
increased by 40%:

                             (22)

The third involves a screw with a rotational inertia 
determined using the method proposed in this study in 
accordance with Eq. (18). The unit moment JvE is calculated 
by Eq. (2), where the screw pitch Hsp is replaced by a step ratio 
λsp. Then, for ωspn = 1, Eq. (2) becomes:

                 (23)

where  is the moment reduction coefficient.

By substituting the values of the circuit elements (Table 1) 
into Eq. (23), the following estimate can be obtained:

(24)

The transfer function of the added moment Wv then takes 
the value:
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which does not consider the dependence of the moment Jv on 
the rotation frequency of the mass of the water jet.

A visual dynamic model was developed that considered the 
influence of the rotational speed on the value of the rotational 
inertia of water mass added to the CPP, and a special transfer 
function for the propeller was proposed. It was established 
that such a transfer function has a loop with negative feedback. 
The operation of the ship’s shaft line when using the proposed 
transfer functions in the model of the propulsion system was 
explored. An analysis of the resonant modes based on the 
application of frequency characteristics using the transfer 
functions obtained in the study was conducted. It was found 
that when determining the critical oscillation frequencies 
of the shaft line in the lower part of the propeller operating 
range, considering the added moment leads to a significant 
difference compared to the results obtained from the existing 
method.

NOMENCLATURE

CPP Controllable-pitch propeller

FPP Fixed-pitch propeller

SSG Scanning signal generator

TMS Three-mass mechanical system
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