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PROPELLER HYDRODYNAMIC CHARACTERISTICS IN OBLIQUE 
FLOW BY UNSTEADY RANSE SOLVER
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Amirkabir University of Technology, Tehran, Iran

ABSTRACT

Propellers may encounter oblique flow during operation in off-design conditions. Study of this issue is important from 
the design and ship performance points of view. On the other hand, a propeller operating in oblique flow may sometimes 
result in a better propulsion efficiency. The main goal of the present study is to provide an insight on the propeller 
characteristics in the oblique flow condition. In this research, the performance of the DTMB 4419 propeller is studied 
by the numerical method based on solving Reynolds Averaged Navier‒Stokes (RANS) equations in several inflow 
angles. The sliding mesh approach is used to model the rotary motion of the propeller. Initially, the numerical method 
is verified by grid and time step dependency analysis at various inflow angles. Additionally, computed results at zero 
inflow angle are compared with the available experimental data and good agreement is achieved. Finally, the forces 
and moments acting on the propeller are obtained for 0° to 30° inflow angles. It is concluded that the inflow angle up 
to 10° has no significant influence on the thrust and torque coefficients as well as the propeller efficiency. However, 
at high angles up to 30°, the thrust and torque coefficients increase as the inflow angle increases, which may result in 
a significant improvement of propeller efficiency.

Keywords: DTMB-P4119 propeller, URANS equation, oblique flow, sliding mesh technique

INTRODUCTION

Ship propellers are mounted symmetrically behind ships 
and the dominant inflow is axial. So, propeller performance 
is evaluated in a straight path of constant forward speed 
in a calm water condition. Propeller design is intended to 
achieve maximum efficiency for the required thrust, using 
conventional propeller geometry available by regression 
methods. The blade sections are located in such a way as to 
have the highest lift-to-drag ratio at the design speed at an 
appropriate angle of attack with respect to the axial inflow.

In the  straight path condition, a  vessel’s wake flow 
field is composed of velocity components in the  axial, 
radial and tangential directions, where the  radial and 
tangential components are significantly smaller than 
the axial component. The radial and tangential velocities 

components are in the propeller plane and may be called 
in-plane components. It is worth mentioning that the in-plane 
component around the propeller disc is symmetric.

However, during their lifetime, ships may experience 
conditions other than straight paths, such as turning 
manoeuvres, operating in rough seas, and so on. During 
ship manoeuvring, such as a turning manoeuvre, the in-plane 
velocity component increases considerably relative to the axial 
component. Furthermore, in the  turning manoeuvre, 
the propeller faces an asymmetric or oblique flow. The in-plane 
component of the oblique flow causes a different angle of attack 
of each blade. Therefore, the summations of hydrodynamic 
loads of blades are no longer symmetric.

In the case of symmetric flow, thrust force is the only load 
generated by the propeller. As far as the asymmetric condition 
is concerned, transverse and vertical forces are also generated 
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with a moving reference frame (MRF) and the sliding mesh 
method, they showed that the hydrodynamic loads depend 
on the advance coefficients and inflow angles, and in the non-
symmetric flow, the propeller generates significant forces 
and moments. 

Abbasi et al. [1] studied the hydrodynamic characteristics 
of a  B-Series propeller (B:4-70) in oblique flow using 
the RANS solver of the StarCCM+ software. They claimed 
that the propeller thrust and torque coefficients are reduced 
by increasing the inflow angle and the advance coefficient. 
Dubbioso et  al. [8,  9], using the  dynamic overlapping 
grid technique and an in-house CFD solver, studied 
the performance of the INSEAN E779A model propeller 
in the oblique flow condition. Numerical calculations were 
carried out for two advance ratios, and two inflow angles, 
and blades forces and flow characteristics were obtained. 
The results of the open water propeller performance in 
the axial flow are in good agreement with the experiment, 
but the results are not evaluated in oblique flow due to a lack 
of experimental data. Yao [28] calculated the hydrodynamic 
performance of a propeller using the RANS solver of Open 
FOAM software. The sliding mesh technique is used to 
model the propeller’s rotary motion. The results have an 
acceptable agreement with the experimental data. Ortolani 
et al. [19, 20] conducted studies on the propeller’s transverse 
and vertical forces for a twin-screw ship by means of free 
running model tests. For the same model, Dubbioso et al. [10] 
performed numerical studies to examine the characteristics 
of the forces generated by the propeller in the oblique flow 
condition during a turning manoeuvre. 

As reviewed above, sea trials have shown that during 
turning manoeuvres, the propeller power/torque demand 
significantly increases in respect to a  straight path. 
Consideration of the propeller loads in the oblique flow 
condition is crucial to develop an appropriate control system 
to prevent structural damage [6]. Therefore, investigation 
of the propeller performance at oblique inflow angles is of 
paramount importance to improve the propeller sizing and 
design. Furthermore, reliable prediction of relevant loads 
on the propeller exerted during manoeuvres is essential 
to provide an accurate estimation of the vessel’s dynamic 
response.

Moreover, oblique inflow may have a capability for 
propeller efficiency improvement if used as a  tool for 
ship fuel consumption reduction. Based on the above 
consideration, the  hydrodynamic characteristics of 
the DTMB-P4119 propeller at different inflow angles up 
to 30° are calculated using the numerical simulation of 
unsteady RANS equations.

Computations for the DTMB-P4119 model were carried 
out in symmetric flow using the commercial CFD software, 
FLUENT R14.5, and validated by the available experimental 
data. The study continued in oblique flow conditions for 
inflow angles up to 30° where thrust, transverse and vertical 
forces in conjunction with propeller torque are calculated. 
The study shows that there is room for a considerable increase 
of propeller efficiency at high inflow angle. 

in addition to the thrust force. Although the transverse and 
vertical forces disturb the mechanical system of ships, it has 
been claimed that the propeller efficiency may increase at 
oblique flow in certain conditions.

Numerous numerical and experimental researches have 
been carried out to study propeller characteristics in open 
water. In most studies, a propeller in axial symmetric flow 
has been investigated. Viviani et al.[26] conducted a study 
on a twin-screw vessel. They showed that, during the turning 
manoeuvre, the propeller power/torque ratio increases in 
respect to the straight path, by up to 50% and 100% for 
the internal and external propellers (relative to the centre 
of rotation), respectively. Atsavapranee et al. [2] proved that 
the vertical and transverse forces generated by the propeller 
during oblique flow might strongly influence the dynamic 
response (path stability and turning quality) of the craft 
based on the test results. Durante et al. [12] utilised a hybrid 
model with promising results, including an actuator disc for 
considering the axial flow component and Ribner’s lateral 
force model [22] to account for transverse flow effects. They 
emphasised the need for a propeller lateral force model to 
estimate the complex phenomena related to oblique flow. 
Broglia et al. [3] carried out a numerical calculation on 
a twin-screw model with a single rudder using the unsteady 
RANS solver. Several propeller models have been investigated 
in order to consider the effect of oblique flow components 
occurring during the turning manoeuvre. The main features 
of the flow as well as vertical structures detached from 
the hull were studied.

In recent years, numerical methods based on solution of 
the RANS equations have been significantly improved and 
widely used to solve marine hydrodynamic issues. As an 
example, Hochbaum [13] predicted the manoeuvring of a ship 
based on the determination of hydrodynamic derivatives using 
a virtual PMM test (in the software environment). A similar 
study was carried out by Simonsen et al. [25] to perform 
the IMO standard deep water manoeuvring simulation 
for a model ship in which hydrodynamic coefficients were 
calculated by a  combination of the  RANS method and 
measurement. 

Krasilnikov et  al. [16] studied the  blade forces for 
a podded propeller in pulling and pushing modes in oblique 
flow through the solution of unsteady RANS equations. 
Based on the analysis of the results, they concluded that 
the blades in pulling mode encounter considerable force at 
positive and negative inflow angles, which are influenced by 
the lateral flow. Dubbioso et al. [7] investigated the turning 
manoeuvre performance of a twin-propeller ship using model 
tests and numerical simulations. The results indicate that 
during vessel turning, the wake flow has an asymmetric 
distribution, which causes different oblique flows to be 
imposed on the propellers. Coraddu et al. [6] showed that, 
during a hard manoeuvre, the propeller torque increases 
by more than 100% relative to steady motion. Shamsi and 
Ghassemi [23, 24] studied the effects of the inflow angle 
on the characteristics of a podded propulsor and a DTMB 
propeller. In these researches, using the RANS solver along 
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GOVERNING EQUATIONS

The  f luid f low governing equations, including 
the conservation equation for mass and momentum and 
Navier‒Stokes equations, are written as follows: 

     (1)

where ρ is the water density, ui is the ith velocity component,  
xi is the  ith coordinate axis and Sm is a source term. In 
the incompressible fluid flow around the propeller, density 
is considered to be constant. So, the mass continuity equation 
is modified as follows:

       (2)

The momentum conservation equation is expressed as:

  (3)

where p is the static pressure, дi is a gravitational constant, 
Fi  is body force components. The body force  and  are regarded 
as zero in the present research. Here τij is the Reynolds stress 
tensor, which is calculated as below:

      (4)

where μ is the  dynamic viscosity coefficient and δij is 
the Kronecker delta, which is equal to unity when i = j and 
zero when i ≠ j. The Reynolds averaged form of the momentum 
equation, including the turbulent shear stresses, is written 
as follows:

  (5)

The last term on the right-hand side is related to the Reynolds 
stresses, in which úl is the component of the instantaneous 
velocity in the ith direction. This term can be written, using 
Boussinesq’s eddy viscosity hypothesis, as follows:

        (6)

where μt is the turbulence viscosity and ij is the average strain 
rate tensor. Therefore, by substituting the above expression 
equivalent to the Reynolds stress tensor, the momentum 
conservation equation, Eq. (3), changes as shown below:

  (7)

The above equations along with the continuity equation are 
called the Reynolds Averaged Navier‒Stokes (RANS) equations. 
Eq. (5) is very similar to the laminar flow governing equation, 
Eq. (3). The only difference is in the diffusion term due to 
the existence of the turbulence viscosity. Therefore, in turbulent 
flow simulation, using the Boussinesq hypothesis, turbulence 
modelling is performed by calculating the  turbulence 
viscosity coefficient (μt). To calculate the turbulence viscosity, 
the auxiliary equations of different turbulence models such as 
k-ε or k-ω can be employed. Assessment of the results of similar 
studies on the numerical simulation of flow around marine 
propellers such as [4, 17, 18, 21], regarding the influence of 
the various turbulence models on the precision of the propeller 
performance prediction, demonstrate the preference for 
the k-ω turbulence model relative to others. Therefore, this 
model, developed by Wilcox [27], is employed in this study. 
The equations of this model are as follows:

  (8)

where k is the  turbulence kinetic energy representing 
the velocity scale and ω is the turbulence dissipation rate 
which represents the length scale of turbulence. σk and σω 
are the turbulent Prandtl numbers for k and ω, respectively. 
The  turbulence viscosity is calculated by the  following 
equation:

            (9)

CASE STUDY

PROPELLER MODEL 

The P4119 David Taylor Model Basin’s propeller model 
is selected for the study, for which experimental data is 
available in the open water condition for steady axial flow. 
The DTMB-P4119 is a three-bladed fixed-pitch propeller 
with diameter of D = 0.305 m. The geometry specification 
and open water propeller test results were published in 
[14, 15]. The main particulars of the propeller are given 
in Table 1 and its hydrodynamic coefficients are depicted 
in Fig. 5 in comparison with the numerical results of this 
study. The propeller geometry and coordinate system axes 
are shown in Fig. 1. The flow enters from the undisturbed 
side into the propeller disc. The X-axis is along the shaft 
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line opposite to the flow direction, the Z-axis is vertically 
upward and the Y-axis direction is according to the rule of 
the right-handed coordinate system, as depicted in Fig. 1(a). 
The inflow angle, β, is defined as the angle between the x-axis 
and the direction of free stream velocity. Here, β is specified 
in the x-y plane (see Fig. 1(b)).

COMPUTATIONAL DOMAIN  
AND BOUNDARY CONDITION

The computational domain is a cubic volume having 
dimensions of –6.5D ≤ x ≤ 4D, –5D ≤ y ≤5D and –5D ≤ z ≤ 5D, 
where D is the propeller diameter. The  inlet and outlet 
are located at 4D and 6.5D upstream and downstream of 
the propeller plane, respectively. In addition, far-field walls 
are located at 5D from the propeller’s centre axis. Fig. 2 shows 
the computational domain around the propeller and relevant 
boundary conditions (BC). At x = 4D and y = –5D, which 
are inlet boundaries, uniform velocity, k, and ω as well as 
a zero gradient of pressure are imposed. At x = –6.5D and 
y = 5D, which are outlet boundaries, the pressure is specified 
and the gradients of flow velocity, k and ω are set to zero. 
The no-slip boundary condition imposed on the propeller 
blades, hub and shaft, i.e. flow velocity, pressure gradients 
and turbulence quantities, are zero.

In order to model the propeller rotation within the fluid, 
the  sliding mesh method has been utilised. To use 
the method, the computational domain is divided into two 
parts, an outer fixed part and inner moving part. The inner 
part of the cylindrical shape surrounding the propeller can 
have rotational motion relative to the outer part as depicted 
in Fig. 3.

At surfaces between fixed and moving parts, the interface 
boundary condition is imposed. In the interface boundary, 
two parts are connected through the interpolation of the flow 
data exchanged between the adjacent joint surfaces. Fig. 3 
shows a view of the grid generated on the propeller. The inner 
part containing propeller and grid elements rotates at each 
time step during the simulations. The thick black circle in 
Fig. 3 distinguishes the sliding surface that is the interface 
boundary.

COMPUTATIONAL GRID

Due to the complexity of the propeller geometry, an 
unstructured grid is generated to perform simulations. To 
capture the details of the flow, a high grid resolution has to 
be used near the propeller surface. The grid is composed of 
triangular prism layer meshes on the propeller surfaces, which 
is known as boundary layer mesh, and tetrahedral cells in 
the remaining spaces. For the grid generation, according to 
the wall treatment in the turbulence model, special attention 
should be given to the dimensionless distance from the wall 
(Y+). Based on the pre-calculation, the distance of the first grid 
to the wall is 0.2 mm, which results in an appropriate Y+ in 
the present simulations. The boundary layer mesh technique 
facilitates adjustment of the first grid distance from the wall, 
as well as preventing a significant increase of the number of 
cells. In order to study the mesh independency, three coarse, 
medium and fine grids are generated, which have roughly 
1.1 million, 2.5 million and 4.2 million elements, respectively. 
Fig. 4 shows schemes of the medium grid in mid-plane of 
the propeller.

Fig. 1. Propeller geometry of DTMB-P4119 and oblique flow angle,  
(a) propeller geometry (b) inflow angle, β

Fig. 2. Computational domain and relevant boundary conditions

Tab. 1. Main particulars of the DTMB-P4119 [15] 

Diameter (m) 0.305

Number of blades 3

Hub ratio 0.2

Rotation Right-handed
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SOLVER SETTING, GRID  
AND TIME-STEP INDEPENDENCE  

STUDIES AND VALIDATION

SOLVER PARAMETERS SETTING

The settings of the solver parameters for the propeller open 
water simulations are given in Table 2.

GRID AND TIME-STEP INDEPENDENCE STUDIES

In order to obtain reliable numerical results, it is 
necessary to perform grid and time-step independence 
studies. For this purpose, numerical simulations are carried 
out on the coarse, medium and fine grids for two cases 
of J = 0.5 (n = 10 rps, U = 1.525 m/s) at a 30° inflow angle 
and J = 0.833 (n = 10 rps, U = 2.541 m/s) at a 10° inflow 
angle. The time-step size is chosen based on the number of 
time-steps (NS) in one propeller revolution. For the grid 
study, the time-step is fixed at 200 per revolution. To study 
the time-step independence, the number of time-steps in 

each propeller revolution is specified as 100, 200 and 400. 
Tables 3 to 6 show the results of the grid and the time-step 
independence studies.

As far as the  grid independence study is concerned, 
comparison of the results of the fine and medium grid reveals 
that the discrepancy of the propeller force and moment 
coefficients is very small and they are not sensitive to the grid 
resolution. Except for the vertical force coefficient (KTz), which 
is probably due to the small absolute values, discrepancies 
in both advance coefficients are less than 3%. Therefore, 
the medium grid is chosen for subsequent calculations in 
this research. As far as the time-step independence study 
is concerned, by increasing the NS, the relative differences 
of the force coefficient are reduced. When NS reaches 200, 
the relative errors of the force and moment coefficients are 
approximately less than 3%. Therefore, it can be concluded 
that the effect of the time-step size on the numerical results 
is negligible. Thus, further calculations were conducted at 
NS equal to 200.

VALIDATION 

To validate the numerical approach, the DTMB-P4119 
model propeller was simulated in the open water condition 
for a range of advance coefficients in the axial flow condition. 
The thrust and torque coefficients and the efficiency are 
calculated using Eqs. (10), (11) and (12) respectively.

           (10)

           (11)

          (12)

where T and Q are the thrust and torque, η0 is the efficiency 
and n is the rate of revolution. 

Fig. 4. Schemes of the medium grid in mid-plane of propeller 

Fig. 3. Computational grid generated on the propeller plane and sliding surface
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In Fig. 5, the calculated thrust and torque coefficients are 
compared with the experimental data presented by [14]. As 
can be seen, the curves trends are well predicted. However, 
the numerical results over-predict and the discrepancies 
increase with decrease of the advance coefficient. This might 
be due to the hard-to-conform experimental conditions in 
the numerical simulation. The relative error for various advance 
coefficients is given in Fig. 6. The maximum error is about 8% 
and 10% for the thrust and torque coefficients, respectively, 

which can be regarded as a fair agreement. Unfortunately, 
experimental results are not available for the propeller model 
under consideration in the oblique flow condition. Thus, 
the present numerical method set-up is utilised for oblique 
flow calculations regarded as a verified method.

Tab. 2. Solver parameters setting

Fig. 5. Comparison of numerical and experimental thrust and torque coefficients

Fig. 6. The relative error of numerical results of thrust and torque coefficients

Tab. 3. Grid study for J = 0.833, β = 10° at time-step of 200 per revolution

Tab. 4. Grid study for J = 0.5, β = 30° at time-step of 200 per revolution

Tab. 5. Time-step study for J = 0.833, β = 10°, for medium grid

Tab. 6. Time-step study results for J = 0.5, β = 30°, for medium grid

Parameter Setting

Solver 3D, pressure-based, unsteady

Velocity formulation Absolute

Viscous model k-ω turbulent model 

Wall model Enhanced wall function

Gradient discretisation Least squares cell-based

Pressure discretisation Standard

Momentum discretisation Second order upwind

Turbulent kinetic energy 
discretisation Second order upwind

Turbulent dissipation rate 
discretisation

Second order upwind

Pressure‒velocity coupling SIMPLE

Grid KTx Err% KTy Err% KTz Err% 10KQx Err% 10KQy Err% 10KQz Err%

Coarse 0.157 3.09 0.0365 9.28 0.0059 11.9 0.335 2.39 0.107 2.88 0.0088 4.6

Medium 0.162 0.61 0.0334 1.52 0.0067 5.63 0.324 1.90 0.104 0.95 0.0093 1.06

Fine 0.163 -- 0.0329 -- 0.0071 -- 0.315 -- 0.105 -- 0.0094 --

Grid KTx Err% KTy Err% KTz Err% 10KQx Err% 10KQy Err% 10KQz Err%

Coarse 0.311 3.75 0.0405 8.3 0.0272 14.19 0.519 2.99 0.232 3.11 0.0748 4.83

Medium 0.323 0.62 0.0374 2.18 0.0317 6.49 0.535 2.29 0.225 0.89 0.0786 1.00

Fine 0.325 -- 0.0366 -- 0.0339 -- 0.523 -- 0.223 -- 0.0794 --

Grid NS KTx Err% KTy Err% KTz Err% 10KQx Err% 10KQy Err% 10KQz Err%

Medium 100 0.152 6.17 0.0316 5.39 0.0061 8.95 0.308 4.93 0.101 2.88 0.0096 3.22

Medium 200 0.162 2.41 0.0334 1.84 0.0067 2.89 0.324 2.99 0.104 1.89 0.0093 1.06

Medium 400 0.166 -- 0.0340 -- 0.0069 -- 0.3334 -- 0.106 -- 0.0094 --

Grid NS KTx Err% KTy Err% KTz Err% 10KQx Err% 10KQy Err% 10KQz Err%

Medium 100 0.301 6.81 0.0352 5.88 0.0287 9.46 0.505 5.61 0.218 3.11 0.0757 3.69

Medium 200 0.323 2.71 0.0374 2.09 0.0317 3.06 0.535 3.25 0.225 2.17 0.0786 1.50

Medium 400 0.332 -- 0.0382 -- 0.0327 -- 0.553 -- 0.230 -- 0.0798 --
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RESULTS AND ANALYSIS

RESULTS

For all calculations, the rotational speed of the propeller is 
set as n = 10 rps, and the free-stream velocity is specified for 
different advance coefficients according to J = U/nD. Fig. 7 
presents the propeller hydrodynamic forces and moments 
versus the advance coefficient for a range of inflow angles. 
The forces and moments coefficients are defined as follows:

           (13)

     (14)

The open water propeller efficiency is calculated by:

         (15)

where Ti = (Tx, Ty, Tz), where Tx, Ty and Tz are the forces in 
the x, y and z directions, respectively. Qi = (Qx, Qy, Qz), where 
Qx, Qy and Qz are the moments in the x, y and z directions, 
respectively. The coefficients shown in Fig. 7 are time-averaged 
values of forces and moments in one revolution calculated 
by the following equations.

         (16)

         (17)

where τ is the  time duration for one revolution, dτ is 
the time-step,  and  are the time-averaged values 
of the force and moment coefficients, respectively. As can 
be seen in Fig. 7, the thrust and axial torque coefficients 
(KTx, KQx) decrease as the advance coefficient increases. 
Increasing the inflow angle up to 10° results in no significant 
change to the coefficients. However, at high inflow angles, 
the thrust and torque coefficients get larger, and the change 
is more visible for the high advance ratios. The side force and 
moment coefficients (KTy, KQy) become larger with increase 
of the advance ratio at non-zero inflow angles. Increasing 
the inflow angle will result in an increase of the side force 
and moment coefficients, and it is more pronounced as 
the advance coefficient becomes larger. The vertical force and 
moment coefficients (KTz, KQz) are much smaller than the side 
force and moment coefficients. Increase of the advance ratio 
initially increases and finally decreases KTz. As expected, 
increase of the inflow angle increases KTz. Considering 
the inflow angle effect on KQz, as the angle increases from 
zero to 30°, a small moment coefficient is generated. For 

a given inflow angle, KQz changes its direction from up to 
down. The small KQz values compared with KQy are due to 
the oblique flow direction.

The open water characteristic curves of the propeller are 
depicted in Fig. 8 for different inflow angles. As can be seen, 
with increase of the inflow angle up to 10°, no appreciable 
change is observed in the  propeller thrust and torque 
coefficients. However, at high inflow angles, the coefficients 
change considerably. The thrust (KTx) and torque (KQx) increase 
by up to 42% and 22%, respectively, for the medium advance 
ratio (J = 0.88), and by up to 10% and 6% for the lower one 
(J = 0.5), respectively. An interesting result is that the propeller 
efficiency improves with increase of the inflow angle. As 
the angle increases, the peak of efficiency grows and it shifts 
to the higher advance coefficients. For instance, at the 30° 
inflow angle, the efficiency increases by about 15% relative 
to the zero angle.

ANALYSIS

To explain the  numerical results at the  inflow angle 
condition, velocity vectors for a blade section operating in 
oblique flow are plotted in Figs. 9 and 10. For this purpose, 
the velocities are projected in the reference frame moving with 
the blade. As can be seen, the inflow velocity consists of axial 
(uα) and tangential (vtan) components that are defined as below:

uα = U∞cosβ           (18)

vtan = vω + vβ = ωr – U∞sinβ, sinθ    (19)

where U∞ is the free-stream velocity, θ is the blade angular 
position, ω is the propeller revolution rate and r is the radial 
position of the blade section. vω and vβ are tangential velocity 
components due to propeller rotation and transverse flow, 
respectively.

It is obvious that, for a given revolution rate and the oblique 
angle, uα and vω remain constant, whereas vβ changes during 
a 360° propeller rotation. Consequently, according to Eq. (19), 
the tangential component of inflow into the blade section 
(vtan) exhibits sinusoidal variations. Thus, the angle of attack 
of the inflow varies during propeller rotation. The angle of 
attack is defined as follows:

         (20)

where Φ is the geometric pitch angle of the blade section. 
In order to examine  the  effects of the  transverse flow 
component on the blade hydrodynamics, velocity vectors 
for a blade section are sketched in Fig. 9 in two different 
angular positions (θ1 and θ2). In the θ1 position, vω and vβ 
are in opposite directions while in the  position, they have 
the same direction. Therefore, in the θ1 position, the angle 
of attack reduces and in the θ2 position it increases with 
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respect to pure axial flow. Consequently, for the oblique flow 
condition, time-dependent blade loads during the propeller 
rotation result in the generation of time-varying forces and 
moments in the propeller-plane.

The variations of blade forces and moments during one 
propeller rotation are presented in Fig. 11 for J = 0.833 at 
a 10° inf low angle. Fluctuation of blade loads shown in 
Fig. 11 is due to oscillatory (harmonic) variation of the f low 
angle of attack. As illustrated, during the blade movement 

in the  lower half of the propeller disc (180 < θ <360), 
the thrust and side force coefficients have larger values 
than the upper half (0 < θ <180) and their maximum 
values occur around θ = 270°. It is interesting to know 
that, although there is no vertical velocity component in 
the inf low, the mean value of the vertical force (which is 
much smaller than the side force) is not zero. That is due 
to the non-uniform distribution of the induced velocity 
in the propeller disc [5, 11].

Fig. 7. Hydrodynamic force and moment of propeller versus J for different inflow angles 
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Fig. 8. Propeller open water characteristic curves for different inflow angles 

Fig. 9. Velocity components in propeller plane in oblique flow condition

Fig. 10. Blade section velocity vectors for oblique flow condition in two different angular positions [11]
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CONCLUSION

The main intention of the present study is to evaluate 
the  effect of the  inflow angle on the  hydrodynamic 
characteristics of a propeller using an unsteady RANS 
equation. The  sliding mesh technique is employed to 
simulate the propeller’s rotational motion. The numerical 
results have been validated by experimental data at 
a zero inflow angle. From the studied case, the following 
conclusions can be drawn: -

•  Small inflow angles such as 10° or less may have no 
significant influence on the thrust and torque coefficients 
or propeller efficiency. At high inflow angles, the thrust 
and torque coefficients may increase, which results in 
a considerable improvement of propeller efficiency for 
the studied case. For instance, at a 30° inflow angle, 
the propeller efficiency improved by up to 15%.

•  Transverse and vertical forces and moments are developed 
at non-zero inflow angles, where the vertical components 
are much smaller than the  transverse components. 
Increasing the inflow angle increases the transverse and 
vertical loads. The influence of the inflow angle is more 
pronounced at high advance coefficients.

•  The blade’s force and moment during one propeller 
rotation result in the generation of time-dependent forces 
and moments, which is due to the oscillatory nature of 
the flow angle of attack.

•  The results show a gain of propeller efficiency at high 
inflow angles, which can potentially be utilised as a tool 
for reducing ship fuel consumption. At the same time, it 
develops excessive lateral loads on the ship stern, which 
should be considered in structural design. The lateral 
loads must be also included in the ship steering system.

This study may be pursued further to investigate 
the propeller shaft angle in the propeller design.
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ABSTRACT

In order to quickly obtain practical ship forms with good resistance performance, based on the linear wave-making 
resistance theory, the optimal design method of ship forms with minimum total resistance is discussed by using 
the non-linear programming (NLP) method. Taking the total resistance as the objective function (the Michell integral 
is used to calculate the wave-making resistance and the equivalent plate friction resistance formula is used to calculate 
the frictional resistance), the hull surface offset as the design variable and appropriate displacement as the basic 
constraints, and considering the additional constraints, the hull bow shape and the whole ship are optimised, and 
an improved hull form is obtained. The resistance of the ship before and after optimisation is calculated by the CFD 
method to further evaluate the resistance reduction effect and performance after optimisation. Finally, an example 
of optimisation calculation of an actual high-speed ship is given. The obvious resistance reduction results confirm 
the reliability of the optimisation design method.

Keywords: potential flow theory; CFD; high speed ship; ship form optimisation

INTRODUCTION

Under the concept of “green ship” design and construction, 
it is urgent to build a resource-saving and environmentally 
optimised shipbuilding industry. The international rules and 
regulations that will soon come into force require future 
ship design to be safer, more environmentally friendly and 
more economical. Therefore, energy saving and emission 
reduction have become the theme of foreign ship design. 
The key to reducing fuel consumption and carbon emissions 
is to reduce the actual navigational resistance of ships under 
design conditions, that is, to design a “green ship form” [1]. 
In the past, ship form design strongly relied on the experience 
of ship model series tests and designers, and lacked a scientific 
evaluation system. In recent years, with the continuous progress 
of mathematical knowledge and the rapid development of 
computer technology, numerical evaluation technology, 
optimisation theory and hull geometry reconstruction 

technology are being effectively integrated. Under given 
constraints, it is possible to seek the optimal design of a ship 
form with optimal navigational performance, which greatly 
promotes advances in ship form design from the traditional 
empirical mode to an intelligent and knowledge-based 
mode [5]. Based on potential flow theory, Japanese scholars 
began to study ship form optimisation as early as the 1960s. 
The main representative is Kazuo Suzuki (Kazuo, 2001), who 
used the wave-making resistance calculated by the Rankine 
source method and combined this with the  sequential 
quadratic programming(SQP) method to study the ship form 
optimisation problem with minimum wave-making resistance. 
In addition, C. C. Hsiung (Hsiung, 1981&1984) of Canada 
first proposed the method of expressing the hull surface with 
a ‘tent function’. The Michell integral method was used to 
calculate the wave-making resistance, which was expressed 
as a function of its shape value, thus constituting a quadratic 
programming problem for ship form optimisation. In China, 
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used as the hull geometry reconstruction method, and a multi-
objective genetic algorithm was used to optimise the resistance 
performance and seakeeping performance of the hull. Huang 
Fu-Xin et al. (Huang, 2015) proposed a proxy model based on 
the radial basis function (RBF) to approximate the objective 
function, to optimise the resistance performance and improve 
the seakeeping performance of ships. The objective function 
was evaluated by linear wave-making resistance theory 
and slender theory. Zou Yong (Zou, 2012) studied the high 
performance ship optimisation design method based on 
the Energy Efficiency Design Index (EEDI). Taking the two 
important factors influencing the ship’s EEDI as speed and 
load capacity, a multi-objective genetic algorithm was used to 
optimise the model. The results show that the energy efficiency 
level of the ship can be effectively improved in the early stage 
of high-performance ship design. Most of the above studies 
take the wave resistance and EEDI as the objective function, 
which are implemented in a business optimisation platform 
and self- programming interface. At present, although CFD-
based ship form optimisation has become possible, it takes 
a long time to evaluate the resistance of a ship by the CFD 
method. If combined with the  optimisation method, it 
is difficult to achieve without a  supercomputer or large 
workstation, especially for some early ship form designers. 
Therefore, in the preliminary optimisation design stage of 
a ship, it is more appropriate to use the potential flow theory, 
which has a fast evaluation ability and a certain engineering 
accuracy. Moreover, as an example, an offshore wind power 
operation and maintenance vessel has very high speed, and 
its main resistance component is the wave-making resistance. 
Therefore, in the optimisation design, the main consideration 
is how to reduce the wave-making resistance. Finally, the CFD 
method is more appropriate to evaluate the final drag reduction 
effect. Therefore, for the purpose of minimising the total 
resistance of a full-scale ship, an optimal design method is 
proposed based on the Michell integral method and the NLP 
method. The hull shape is optimised with total resistance as 
the objective function, with the hull surface offset as design 
variables, with an appropriate displacement as a constraint, and 
with the allowable variation of the hull shape as an additional 
constraint. To evaluate more precisely the resistance reduction 
effect of the full-scale ship by the present method, the wave-
making resistance is re-calculated with the CFD method 
for both the optimised ship and the original one. Finally, 
numerical optimisation examples for full-scale container 
ships are provided, and indicate that the resistance is reduced 
distinctly by this optimal design method.

POTENTIAL FLOW THEORY

MICHELL INTEGRAL FORMULA

Letting a uniform flow be the basic flow, the volatility 
potential superimposed on this basic flow satisfies the linear 
free surface condition. Under the conditions of a thin hull, 

Ye Heng-Kui (Ye, 1985) first discussed the optimisation of 
the ship form with minimum wave-making resistance based on 
linear wave-making theory. The Michell integral method was 
used to calculate the wave-making resistance, C.C. Hsiung’s 
tent function was used to express the  hull surface, and 
the mixed penalty function method was used to transform 
the constrained optimisation problem into an unconstrained 
optimisation problem. Ma Kun (Ma, 1994) conducted a lot of 
research on the optimisation of the minimum resistance ship 
form based on the theory of wave-making resistance, and 
studied methods of ship form design with both minimum 
wave-making resistance and minimum total resistance. 
The control of viscous separation at the stern is taken as 
the constraint condition, and the minimum total resistance of 
the hull is taken as the objective function. This method not only 
simplifies the calculation model and improves the computation 
speed, but also considers the influence of tail viscosity. Most 
of the above studies are based on the NLP method. Generally 
speaking, this kind of ship form optimisation process will often 
result in strange shapes that lack practical significance, but it 
is easy to understand the influence of the change of hull shape 
on the resistance performance from the mechanism. This is of 
great significance for clarifying the optimisation direction and 
guiding the design modification. In order to obtain a practical 
ship type, we can add the corresponding restriction conditions 
in the refinement process according to experience to make 
the optimised ship type closer to a practical ship type, and 
carry out the optimisation calculation again.

In order to obtain the  ship type with the best sailing 
performance, researchers have begun to establish 
the relationship between ship navigation performance and ship 
type parameters according to a regression formula for series of 
ship model test results, and to carry out ship type optimisation 
design at the design stage. Wang Bin (Wang, 2013) proposed 
a multi-objective ship type optimisation system that minimises 
the  wave resistance and the  increasing wave resistance, 
calculated the wave-making resistance using CFD software, 
and calculated the wave resistance based on the potential 
flow theory. The full parameterised model is established in 
FriendShip software, and the above modules are integrated 
through a self-programming interface. The feasibility of this 
method for the optimisation of wave-resistant ships is verified 
by an example of an oil tanker. Zhang Wen-Xu (Zhang, 2012) 
studied the multi-disciplinary optimisation of shipboard 
vessels in the waves of container ships based on an Energy 
Efficiency Design Index (EEDI). This takes the navigation 
performance (wave resistance, EEDI energy efficiency index) 
as the objective function in the wave and the full parametric 
model based on the ship’s wave-resistance standard, and 
uses the ISIGHT multidisciplinary optimisation platform 
to carry out integrated integration, which can be used in 
different optimisation strategies to complete the waves in 
the ship type optimisation. Based on OPTShip-SJTU, a self-
developed ship form optimisation platform, Wu Jian-Wei and 
Liu Xiao-Yi et al. (Wu, 2016; Liu, 2016) studied the ship form 
optimisation problem based on hydrodynamic performance. 
Based on linear wave resistance theory, the FFD method was 
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infinite water depth and symmetrical flow, Michell uses 
the method of separation of variables to get the corresponding 
velocity potential and the  corresponding wave-making 
resistance formula [4].

Take the right-hand rectangular coordinate system fixed on 
the hull: the origin o is taken on the undisturbed stationary 
surface and is at the bow of the load waterline where the ox 
axis and the oy axis coincide with the still water surface. 
The ship is in uniform linear motion along the X-axis in 
a negative direction at a speed of U. According to the principle 
of motion conversion, it can be considered that the ship is in 
a uniform flow of velocity U, as shown in Fig. 1.

        (1)

where

where K0 is the wave number, and K0=g/c2, c is the ship speed; 
g is the gravitational acceleration; ρ is the water density; 
y = ± f (x, z) is the surface equation of the ship form; L is 
the length, d is the draft.

TENT FUNCTION

The key to the numerical calculation of wave resistance 
using Michell’s integral method is how to express the hull 
function [2]. However, the hull surface is usually expressed 
in the form of discrete point values, whereas the tent function 
can relate hull shape values to the formula of wave-making 
resistance. When using the tent function to express the hull 
value, the hull surface is first divided into rectangular grids 
with a certain number of waterlines and station numbers, 
as shown in Fig. 2.

When deploying the station number and waterline, place 
the first station line at the forefront of the hull and the last 
station line at the rear end of the hull, with the first waterline 
being the baseline and the last waterline being the design 
waterline. The rectangular cells at (xi, zi) grid points are 
composed of (i-1), (i+1) station number lines and the (j-1), 
(j+1) the waterlines. Now define a unit tent function, as shown 
in Fig. 3, which has a value equal to 1 at the grid point (xi, zi) 
and a value equal to 0 at the cell boundary.

The unit tent function h(i,j)(x, z) related to the grid point 
(xi, zi) can be written as follows:

        (2)

Looking closely at the expression, although the unit tent 
function h(i,j)(x, z) is not a linear function, in each quadrant 
of a cell, h(i,j)(x, z) is a linear function of x for a fixed z, or 
for a fixed x, h(i,j)(x, z) is a linear function of z. According to 
this feature of the tent function, the tent function family can 
be used to form a function together with the hull value to 
approximate the hull surface. If the hull value at (xi, zi) is yij, 
the approximate hull function can be defined as:

Fig. 2. Hull grid arrangement

Fig. 3. Unit tent function

Fig. 1. Coordinate system
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      (3)

According to the tent function, we can see that at the grid 
point (xi, zi), h(i,j)(x, z) = 1, so

h(x, z) = yij         (4)

Or 
h(x, z) = h(i,j)(x, z)

Eq. (4) can be used to approximate the surface function 
of the hull. The degree of approximation is related to the size 
of the mesh.

CFD BASIC THEORY

CONTROL EQUATION

The whole flow field uses the continuity equation and 
RANS equations as the governing equations [17]:

        (5)

        (6)

where Ui =(U, V, W) is the velocity component in the xi =(x, y, z) 
direction, and , μ, –  and f *i are the fluid density, static 
pressure, fluid viscosity, Reynolds stresses and body forces 
per unit volume, respectively.

TURBULENCE MODEL

The turbulence model adopts the RNG k-ε model, and 
the forms of the turbulence energy transport equation and 
energy dissipation transport equation are as follows [10]:

        (7)

        (8)

where μeff is the effective dynamic viscosity, k and ε are 
the turbulent kinetic energy and the turbulent dissipation 
rate. The quantities ∂k and ∂ε are the inverse effective Prandtl 
numbers for k and ε, respectively; Gk is the generation of 
turbulent kinetic energy by the mean velocity gradients; 
Gb is the generation of turbulent kinetic energy by buoyancy; 
YM represents the contribution of the fluctuating dilatation 
in compressible turbulence; C1ε, C2ε, and C3ε are empirical 
constants.

VOF METHOD

The volume of fluid (VOF) method is used to capture 
the free surface. It is a surface tracking method fixed under 
the Euler grid and simulates the multiphase flow model by 
solving the momentum equation and the volume fraction of 
one or more fluids. Within each control volume, the sum of 
the volume fractions of all the phases is one. As to Phase q, 
its equation is [18]:

        (9)

where q = 0 means that the unit is filled with water, q = 1 
means that the unit is filled with air, a0 and a1 are respectively 
the volume fractions of air and water, and  is the interface 
of water and air.

DISCRETISATION AND SOLUTION  
OF EQUATIONS

The commonly used numerical methods include the finite 
volume method, finite element method and finite difference 
method [19]. The finite volume method is the intermediate 
product of the finite element method and finite difference 
method. It is also one of the most widely used discrete 
methods in the field of CFD. In this paper, the finite volume 
method is used to discretise the governing equations.

A general form of governing equations for one-dimensional 
steady convection diffusion problems is

        (10)

where φ is the generalised variables, which can be physical 
quantities to be sought for velocity and wave forces. Γ is 
the generalised diffusion coefficient corresponding to φ. S is 
the generalised source terms, in the passive case S = 0.

The central finite difference scheme is used to obtain 
the discrete equations.

αFφF = αWφW + αEφE        (11)

ESTABLISHMENT OF THE SHIP FORM 
OPTIMISATION MODEL

OBJECTIVE FUNCTION

In the present study, the total resistance RT is selected as 
the objective function in the optimisation design process, RT is 
expressed as the sum of wave resistance RW and the frictional 
resistance of a flat plate RF, namely

Min RT=RW+RF          (12)

where the RW is calculated by the Michell integral method [20].
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    (13)

Cf0 is the frictional resistance coefficient of a flat plate:

Cf0 = 0.463 (log10 Re) (–2.6)

    (14)

where Re is the Reynolds number based on the body length, 
ν is the viscosity coefficient of fluid motion, S is the wet 
surface area, which is the function of the hull coordinates. 
It is approximately calculated by the tent function.

DESIGN VARIABLES

The  whole Wigley hull form and the  bow of a  high-
speed ship are selected as the deformation area respectively. 
The design waterline and the bottom of the hull are fixed, 
as shown in Fig. 4.

CONSTRAINT CONDITIONS

The  constraints are mainly considered to satisfy 
the geometric constraints and drainage volume requirements. 
There are two as follows:
1)  All ship offsets are non-negative, namely: y (i, j)≥0;
2)  Ensure the necessary displacement volume, namely: V ≥ V0 

where V0, V are the displacement volumes of the original 
hull and the improved hull, respectively.

3) Additional constraint: H – |y0(i, j) – y(i, j)| ≥ 0;
where y0(i, j) is the  offsets of the  original hull; 
|y0(i, j) – y(i, j)|represents the deformation values of each 
point of the improved ship form relative to the original ship 
form. The H value is the control value of deformation, and it 
should be selected properly.

OPTIMISATION METHOD

The  SUMT interior point method in nonlinear 
programming is adopted in the ship hull optimisation; that 
is, an additional term reflecting the influence of constraints 
is added to the objective function to form an unconstrained 
optimisation problem. Then, the gradient method in the direct 
search speed method is selected to find the minimum point 
and get the minimum resistance ship type. The general form 
of its mathematical model is as follows [8]:

Design variables: X = [x1, x2,……,xn]T 
Objective function: min f (X)
Constraints condition:  gi (X) ≥ 0, i = 1, 2,……, p. 

hi(X) ≥ 0, j = 1, 2,……, q. 
Constructing penalty function:

    (15)

In the  formula, f (X) is the  objective function of 
the  original problem, r(k), s(k) is a  variable parameter 
that is constantly adjusted with the  increase of K in 
the optimisation process. It is called a penalty factor and 
K is the number of iterations. In the process of optimisation, 
a  series of unconstrained optimisation calculations 
of penalty functions are carried out after a  series of 
penalty factors r(k) and s(k) are determined. When K → ∞, 
the advantage of the penalty function gradually approaches 
the best of the original objective function. Therefore, this 
method is often referred to as the “sequence unconstrained 
minimisation method”, or SUMT method for short.

Fig. 4. The scope of the optimisation design

a) Fore

b) Whole ship
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SHIP FORM OPTIMISATION PROCESS

The flow chart of ship form optimisation is shown in 
Fig. 5. First, the initial hull form value file is input, which 
includes the initial hull form elements and shape values, 
design scope, number of design variables, design speed, initial 
parameters of optimisation calculation, etc. Then, according 
to basic constraints 1) and 2), the optimisation calculation is 
carried out to get the improved ship form. The CFD method 
is used to further evaluate whether the total resistance of 
the improved ship is the smallest. If not, the designer can 
attach constraint condition 3), limit the deformation, then 
the optimisation calculation is carried out and the CFD 
method is used to evaluate the ship until the practical ship 
with the least resistance is obtained. In the objective function 
of the optimisation mathematical model, the Michell integral 
method, which can be used to calculate the wave resistance 
quickly, is used to facilitate the realisation of the optimisation 
calculation, but the calculation results and test values deviate 
greatly. The CFD method is used to evaluate the resistance 
of the ship before and after optimisation.

EXAMPLE OF SHIP OPTIMISATION FOR WIND 
POWER OPERATION AND MAINTENANCE SHIP

Taking a certain type of high-speed vessel as the research 
object, its main dimensions are shown in Table 1. The ship 
form is shown in Fig. 6.

SHIP FORM OPTIMISATION

 

Fig. 5. Flow chart of ship form optimisation calculation

Fig. 6. The geometric model of the high-speed ship

a) Bow optimisation

a) Bow optimisation

b) Full ship optimisation

b) Full ship optimisation
Fig. 7. The comparison of body plans between the original hull form 

and the improved hull form (First optimisation)

Fig. 8. The comparison of waterlines between the original hull form and the improved hull form (First optimisation)

Tab. 1. Main dimensions of high speed ship

Length 
between 

perpendiculars 
Lpp (m)

Breadth
B(m)

Depth
D(m)

Design 
draft 
d(m)

Displace-
ment 
Δ(t)

Design 
speed 
(kn)

37.2 7.2 3.2 1.65 197 20
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Fig. 7 and Fig. 8 show the comparison of the cross-section 
and water line of the improved ship Type 1 obtained under 
the basic constraint conditions with those of the parent ship. 
The calculation results are summarised in Table 2. From 
the above calculation, it can be seen that although the drag 
reduction effect of the improved hull form is very obvious, 
the shape of the improved hull type is rather strange, and it 
is difficult to use in practice. Therefore, it needs additional 
constraints to re-optimise. However, such ship form is of 
great significance for guiding the ship form design and 
understanding the effect of the ship form change on resistance 
from a mechanism point of view.

Because the ship form obtained by the first optimisation 
is strange and lacks practical significance, the additional 
constraint condition 3) is added and an improved ship form 
is obtained by re-optimisation. The comparison of the cross-
section line and waterline with the parent ship form is 
shown in Fig. 9 and Fig. 10. The results of the optimisation 
calculation are summarised in Table 3. From the above 
calculation results, it can be seen that although the change 
in the line shape of the improved ship type is not as big as 
that of the first optimised hull, it also achieves an obvious 
resistance reduction effect, and its shape is closer to that of 
the practical ship type.

a) Bow optimisation

a) Bow optimisation

b) Full ship optimisation

b) Full ship optimisation
Fig. 9. The comparison of body plans between the original hull form 

nd the improved hull form (Second optimisation)

Fig. 10. The comparison of waterlines between the original hull form and the improved hull form (Second optimisation)

Tab. 2. Results of the first optimisation calculation Tab. 3. Results of the second optimisation calculation

Fig. 11. Comparison of waveforms between optimised ship form 
and parent ship form

Ship 
hull

Con-
straint Speed Rw/Rw0 RF/RF0 RT/RT0 V/V0 S/S0

Optimal 
ship1 1), 2) 20kn 42.4% 99.0% 61.2% 117.9% 99.0%

Optimal 
ship2 1), 2) 20kn 57.4% 91.8% 78.7% 100.0% 94.8%

Ship 
hull

Con-
straint Speed Rw/Rw0 RF/RF0 RT/RT0 V/V0 S/S0

Optimal 
ship1 1),2),3) 20kn 88.4% 99.8% 94.2% 100.1% 99.6%

Optimal 
ship2 1),2),3) 20kn 83.6% 100.3% 90.7% 100.5% 100.2%



POLISH MARITIME RESEARCH, No 1/2020 25

From Fig. 11, it can be seen that both the bow optimisation 
(Optimal ship one) and the whole ship optimisation (Optimal 
ship two) have an obvious drag reduction effect, but the free 
surface waveforms of the optimal ship form obtained by 
the two schemes are not much different from that of the parent 
ship type, which indicates that, with the prediction method 
of ship resistance based on potential flow theory, it is difficult 
to reflect the effect of small changes in ship form on the drag 
performance.

EVALUATION OF VISCOUS FLOW THEORY

The accuracy of using CFD to predict ship resistance has 
been accepted by engineering circles. Therefore, the CFD 
method is used to verify the final drag reduction effect 
of the improved ship type. Firstly, the geometric model 
is established, the mesh is divided, the mesh quality is 
checked, and the appropriate boundary conditions are set. 
A three-dimensional unsteady separation implicit solver is 
used; the continuous equation and N-S equation are used as 
the governing equations of the whole model, and the RNG 
k-ε turbulence model is chosen to solve the whole flow field; 
the free surface is captured by the VOF method; the pressure 
field and velocity field are coupled by the Pressure-Implicit 
with Splitting of Operators (PISO) method; taking the speed 
equal to the speed of the vehicle as the  initial speed of 
the calculation, the  iteration is calculated. The detailed 
calculation process is shown in Fig. 12.

COMPUTING DOMAIN  
AND BOUNDARY CONDITIONS

CFD software is used to build a  three-dimensional 
numerical wave tank. Considering the  parameters of 
wavelength, period and wave height of the simulated linear 
wave, the flume with a primary calculation domain scale of 

4.5L×2.0L×2.5L is selected as the research object. The inlet of 
the flume is L from the bow of the ship, and the water depth 
is 1.5L. The specific size is shown in Fig. 13. The lower part 
is water, and the upper part is air.

The front surface, upper surface and lower surface of 
the numerical simulation pool are set as the velocity inlet, 
and the inflow velocity, i.e. ship speed, is given at the front 
surface boundary; the back surface is set as the pressure outlet; 
the hull is set as a rigid wall; and the two sides are set as 
symmetrical as shown in Fig. 14. 

GRID DIVISION AND QUALITY CHECK

Fig. 12. Prediction process of resistance

Fig. 13. Domain of simulation

Fig. 14. Boundary conditions in domain

b) Seen from side to a plane midship
Fig. 15. Mesh scene on free surface

a) Seen from above onto the free surface
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Mesh generation is an important part of numerical 
simulation. The quantity and quality of grids greatly affect 
the time and results of numerical simulation, and the quality 
of the grids plays a decisive role in the calculation accuracy. 
The area of the whole calculation is divided into a grid by 
the technology of a right-angle cutting grid. Considering 
the limitations of time and computer performance, a relatively 
sparse grid size is adopted for the basin, and only local mesh 
refinement is carried out at the fore and aft parts of the hull 
and at the free surface. The resulting number of grids is 1.38 
million. Fig. 15 is the mesh generation of the free surface. 
From the graph, we can see that the grid near the ship’s 
head and free surface is partially encrypted refined. Fig. 16 
is the hull grid division.

The RANS flow solver embedded into STAR-CCM+ is used 
for all simulations using the free-surface capturing approach 
(VOF method) and RNG k-ε turbulence model. To generate 
meshes for the dependency study, the initial cell sizes were 
multiplied with successive ratios of 1.25. The viscous layer 
area is meshed to be compatible with a wall function (first 
cell size made to ensure a y+ around 30, expansion ratio of 
1.2). The different numbers of cells are given in Table 4. For 
a speed of 20 kn, the results for the total resistance RT are 
given. With the increase of the number of grids, the total 
resistance does not change much. All the research in this 
paper is based on a medium number of grids of 1.38 million.

THE EVALUATION OF THE RESISTANCE  
REDUCTION

The effect of drag reduction evaluated by the CFD method 
is summarised in Table 5. It can be seen from the table that 
the drag reduction effect of the improved ship form is very 
obvious, whether the bow or the whole ship is optimised. 
The pressure resistance in the table can be considered as wave 
resistance, because the ship is a high-speed ship, and the shear 
resistance is mainly friction resistance. Although the pressure 

resistance has decreased greatly, the total resistance has not 
been reduced much. The main reason is that in addition to 
the increase of shear resistance, other resistance components 
may also increase, such as splash resistance. Therefore, when 
optimising the ship form with a certain resistance component 
as the main target, we must pay attention to the fact that other 
resistance components cannot be increased too much, so as 
to achieve the ultimate drag reduction effect.

– 

Fig. 17 is a waveform comparison of two optimised ship 
types. As can be seen from the figure, the waveform of 
the optimal hull form obtained by the two optimisation 
schemes has changed considerably compared with the parent 
ship. However, the calculation method based on potential 

Fig. 16. Mesh scene on hull

Tab. 4. Number of cells for the mesh dependency study

Mesh schemes Case1 Case2 Case3 Case4 Case5 Case6 Case7

Mesh density (millions) 0.31M 0.68M 0.84M 1.38M 2.0M 2.43M 4.35M

Total resistance coefficient ×103 3.16 3.15 3.14 3.15 3.10 3.15 3.17

Tab. 5. CFD method for evaluating optimisation results

Ship hull RW/RW0 RF/RF0 RT/RT0

Optimal ship 1 86.6% 102.3% 92.6%

Optimal ship 2 83.4% 105.6% 95.3%

b) Bow optimisation
Fig. 17. Waveform diagram of free surface

a) Full ship optimisation
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flow theory cannot reflect this change. This is the advantage 
of the CFD method, which can capture the influence of 
small changes of ship form on the flow field. When the bow 
optimisation is carried out, the bow wave of the optimal ship 
one system becomes narrower, and the wave system at other 
positions does not change much. When the whole ship is 
optimised, the whole wave system of the optimal ship two 
changes; especially the tail changes greatly, and the angle 
of the wave system becomes larger, so other resistance may 
increase.

CONCLUSION

(1)  Taking the total resistance as the objective function 
(in which the wave-making resistance is calculated 
by the Michell integral and the viscous resistance is 
expressed by the  function of the  wet surface area), 
the hull surface value as the design variable and no 
reduction in drainage capacity as the basic constraints, 
then considering the additional constraints of practical 
ship form, a  mathematical model of a  non-linear 
programming method is established for carrying out 
optimisation research of a bow or full ship shape.

(2)  Taking the  real ship (wind power operation and 
maintenance vessel) as the initial ship type, at a given 
design speed, the bow and the whole ship shape are 
optimised by adding different constraints. Two improved 
ship types are obtained. Compared with the original ship 
type, the wave-making resistance of the more practical 
improved ship type obtained by the second optimisation 
is reduced by 11.6% and 16.4% respectively, and the total 
resistance is reduced by 5.8% and 9.3% respectively.

(3)  The results show that the wave-making resistance of 
the two improved hulls decreases by 13.4% and 16.6%, 
respectively, and the total resistance decreases by 7.4% 
and 4.7%, respectively. From the calculation results, 
it can be seen that both improved hulls have obvious 
drag-reducing effects.

(4)  For a real ship, the calculation of wave-making resistance 
by the CFD method is closer to the experimental value 
than that by the Michell integral. If the CFD method 
is used instead of the Michell integral and added to 
the objective function for optimisation calculation, 
the improved ship form will be better optimised and 
more reliable, which is the next step of this study.
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ABSTRACT

A three-dimensional (3D) time-domain method is developed to predict ship motions in waves. To evaluate the Froude-
Krylov (F-K) forces and hydrostatic forces under the instantaneous incident wave profile, an adaptive mesh technique 
based on a quad-tree subdivision is adopted to generate instantaneous wet meshes for ship. For quadrilateral panels 
under both mean free surface and instantaneous incident wave profiles, Froude-Krylov forces and hydrostatic forces 
are computed by analytical exact pressure integration expressions, allowing for considerably coarse meshes without loss 
of accuracy. And for quadrilateral panels interacting with the wave profile, F-K and hydrostatic forces are evaluated 
following a quad-tree subdivision. The transient free surface Green function (TFSGF) is essential to evaluate radiation 
and diffraction forces based on linear theory. To reduce the numerical error due to unclear partition, a precise integration 
method is applied to solve the TFSGF in the partition computation time domain. Computations are carried out for 
a Wigley hull form and S175 container ship, and the results show good agreement with both experimental results and 
published results.

Keywords: Froude-Krylov forces; adaptive mesh technique; analytical; transient free surface Green function; precise integration method

INTRODUCTION

The design and operation of a ship requires accurate 
prediction of its wave-induced motions in various sea 
states. The three-dimensional time-domain methods have 
remarkable advantages over three-dimensional frequency-
domain methods in dealing with forward speed problems, 
strong nonlinear problems, transient problems, unsteady 
manoeuvre problems, and so on. Thus, the three-dimensional 
time-domain methods are widely adopted in engineering 
application.

For linear methods, incident wave elevation and ship 
motions are assumed to be small compared with the wave 
length. The evaluation of F-K forces, hydrostatic forces, 

radiation forces and diffraction forces is carried out over the 
mean wetted body surface. Based on the TFSGF method, Beck 
[1] solved the linearised radiation problem for a hemisphere 
at zero speed in still water using the linear impulse response 
functions. King [9] and Datta [4] further studied the linearised 
diffraction problem for ship motions with steady forward 
speed by the transient free surface Green function method. 
The accurate and efficient evaluation of TFSGF is essential 
to linear formulation for the diffraction and radiation forces. 
Beck [1] and King [9] applied series expansion and asymptotic 
expansions to different computational sub-domains due to 
the properties of the TFSGF. However, the partition between 
the small computational time sub-domain and the large 
computational time sub-domain is not clear, which may 



POLISH MARITIME RESEARCH, No 1/202030

lead to considerable loss of accuracy. Clement [3] discovered 
that the TFSGF is the solution of a fourth-order ordinary 
differential equation (ODE). Shen [15] solved the ODEs by 
the fourth-order Runge–Kutta method (RK44), but it leads 
to numerical instability after a long duration simulation, 
even for a quite small fixed time step. The precise integration 
method (PIM) [11], which is much more accurate and stable 
than the RK44 method for the same time step size, is applied 
to solve the ODE [10]. However, this method is quite time-
consuming due to excessive subdivisions of each time step 
size and a pretty high order of coefficient matrix.

The key to accurate evaluation of F-K forces and hydrostatic 
forces is the exact generation of the instantaneous wet hull 
surface under the incident wave profile, for which dynamic 
adaptive meshes are considered. Singh [16] adopted the 
wet‒dry method, in which the hull is defined by two sets of 
panels: the first set of panels is named coarse panels for the 
mean wet hull surface used to solve the linear hydrodynamic 
problem; the second set of panels is named fine panels for 
the full hull used for evaluating F-K forces and hydrostatic 
forces. At every time instant, if the centroid of the fine panel 
is under the incident wave profile then it is taken to be wet; 
otherwise it is considered dry. For dry panels, the pressures 
are considered to be zero. Thus, the pressure integrations 
for F-K forces and hydrostatic forces are solved by simply 
adding each panel’s contribution. However, even if the relative 
position change of the panel is much smaller than the panel 
size, a panel between two successive time steps may jump 
from a wet state to a dry state or from a dry state to a wet 
state, which may show discrete ‘jumps’ between successive 
time steps for the evaluation of forces. Sengupta [14] adopted 
the instantaneous mesh interception scheme to generate 
the instantaneous wet hull surface under the incident wave 
profile, in which the full hull is discretised only by coarse 
panels. He checked for the panels interacting with the incident 
wave profile, and determined the two intersection points 
for each panel by a standard least squares iteration method. 
The exact area of the partially wet panel and its centroid 
can be solved. This scheme makes the instantaneous wetted 
hull surface under the incident wave profile vary smoothly 
and continuously. If the wave height to wave length ratio is 
large, it is difficult to determine the interaction segments, 
and the iteration method used to acquire the interaction 
points is quite time-consuming. Rodrigues [13] proposed 
a third scheme based on the quad-tree subdivision approach. 
The third scheme is almost the same as the second scheme, 
except for the partially wet panel process. Following a quad-
tree subdivision approach, such panels are subdivided until 
a prescribed error limit is reached, and adjacent subpanels of 
the same tree level are agglomerated. However, agglomerating 
subpanels of the same level would be a troublesome step, and 
the algorithm is quite complex.

To accurately predict ship motions in regular waves, the 
adaptive mesh technique in light of a quad-tree subdivision 
scheme is adopted for generation of the instantaneous wet 
hull surface. For panels under both an instantaneous incident 
wave profile and a mean free surface, F-K and hydrostatic 

forces are calculated by analytical integration expressions 
on quadrilateral panels without loss of accuracy. For panels 
interacting with the instantaneous wave profile where F-K 
forces are significantly obvious and vary a lot, based on the 
quad-tree subdivision, such panels are subdivided into smaller 
subpanels until the prescribed precision is achieved. Due to 
the large memory of the computer and simplified procedures, 
there is no need to agglomerate adjacent subpanels of the same 
tree level, and the F-K and hydrostatic forces on subpanels 
are evaluated by Gaussian quadrature. Thus, the full hull can 
be discretised with coarse meshes for the evaluation of the 
nonlinear F-K and hydrostatic forces. Based on the TFSGF 
method, perturbation forces are still evaluated on the mean 
wet hull surface. To reduce the numerical error of TFSGF 
evaluation, the precise integration method is adopted for the 
partition computational domain between a small value of the 
time sub-domain and a large value of the time sub-domain. 
Finally, a Wigley hull and S175 container ship are used to 
validate the proposed ship motion model.

MATHEMATICAL FORMULATION

The fluid domain Ω is enclosed by free surface SF, body 
surface SB and infinite surface S∞, as shown in Fig. 1. The 
reference coordinate system oxyz is chosen, in which the 
plane oxy is coincident with the mean free surface and the 
positive direction of the oz axis is upward; and the reference 
system oxyz is moving with the ship at a constant speed U 
along the positive ox axis in an incident wave field.

S

FS BS

Wave
U

o
n

x

z y

Fig. 1. Ship coordinate systems and fluid domain definition

THE HYDRODYNAMIC PROBLEM

Boundary value equation
Based on potential f low theory, the hydrodynamic 

problem is formulated in the infinite fluid depth. In reference 
coordinate system oxyz, the total velocity potential in the 
fluid domain is written as [9] 

���� �� � 	Ux
����� 
 ����� �� 
  ����� ������  (1)

where 	Ux
�����  is the steady wave potential due to 
steady forward speed; ��  is the incident wave potential; 
���� � ����� ��� is the radiation potential; ��  is the 
diffraction potential; and  is the position vector.
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The perturbation potentialsatisfies the following conditions:
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(2)

where n is the unit normal vector pointing out of the fluid 
domain; ξκ is unsteady motion in the kth mode; n = (n1, n2, n3); 
r × n = (n4, n5, n6); (m1, m2, m3) = (0,0,0); (m4, m5, m6) = 
(0, Un3 – Un2); [9]; g is the acceleration of gravity.

The TFSGF is used to solve the perturbation potentialand 
given as [17]

@�A� B� � 	 C� � @D�A� B�E�� 	 C�+@F�A� B� � 	 C�G�� 	 C� (3)

where δ(t) is the Dirac function; H(t) is the Heaviside unit 
step function; P(x, y, z) is a field point; Q(ζ,n,ξ)is a source 
point; τ is the retard time; G0 =1⁄r − 1r'⁄ is the Rankine part 
of TFSGF; r=|P−Q|; r'=|P'−Q'|; Q'(ζ,n,−ζ) is the image point 
of Q above the mean free surface; @F  is the memory part of 
TFSGF and given by

@F�A� B� � 	 C� � �H :+I"J�,KL�9M.N:+I�� 	 C�OPD�IQ�=ID  (4)

where J0 is a Bessel function of order zero. 
G0 and its derivative integrations over the quadrilateral 

panels can be solved by the Hess‒Smith method [5]. @F and 
its derivatives can be solved in section 3.1.

The boundary value equation of perturbation potential 
Φκ can be given by [9]
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(5)

where Γ0 is the intersecting line between the mean wet body 
surface SB and the mean free surface SF; t0 is the initial time; 
nQ is a unit normal vector pointing out of the fluid domain 
at source point Q. 

Eq. (5) for the perturbation potential Φκ can be solved by 
the constant panel method, and the trapezoidal rule is used 
for convolution integration.

The hydrodynamic problem formulation
Based on the impulse response method, the radiation 

potential k can be written as [1]

���A� �� � H �c��A� � 	 C�2�4 �C�=C*
*U  (6)

where �c��A� � ) is the impulse response radiation potential 
in the kth mode. �c��A� � ) is decomposed into

�c��A� �� � d���A�e��� 
 d���A�f��� 
 g��A� �� (7)

Thus, the expression can be obtained for radiation forces 
Fjk as

hi����� 	�ji�2k���� 	 li�2�4 ��� 	 mi����2���� 	 H Ii��� 	 C�2�4 �C�=C*
D  (8)

where Fjk is the radiation force in the jth mode due 
to the kth mode motion; ρ is the density of f luid 
Ii���� � nS �&o)&* 3i 	 g�1i=W��X ; � ji� � 	nS d��3i=W�X ; �
mi� � 	nS d��1i=W�X ; �li� � nS �d��1i	d��3i�=W�X . 

The added mass Ajk(ω) and damping coefficients Bjk(ω)can 
be obtained via Fourier transform with coefficients ajk, bjk, 
cjk and Kjk in the time-domain (j = 1,2, ... ,6; j = 1,2, ... ,6; ω is 
the circular frequency) [9].In the reference coordinate system 
oxyz, the incident wave potentialis given by

���A� ��= pqU^r "Js,\p�tuvwxKywpzx�{"pr|* (9)

where η0 is the wave amplitude; α is the wave propagation 
angle (α =  is head seas); K = ω2⁄g is the wave number; 
ωe = ω − KUcosα is the encounter frequency.

The incident wave elevation ηI(t) at the origin o is given by

a����=aD"pr|* (10)

Based on the impulse response function method [1], I}�A� �) 
is the impulse response function of incident wave velocity 
����A� �� , �c��A� � ) is the impulse response function of 
���A� �� , and Kj7(t) is the impulse response function 
of diffraction force Fj7(t) (j = 1,2, ... ,6); I}�A� �), �c��A� �) and 
Kj7(t) are given respectively by

����A� �� � H I}�A� � 	 C�a��C�=CK
\  (11)

���A� �� � H �c��A� � 	 C�a��C�=CK
\  (12)

hi���� � H Ii��� 	 C�a��C�=CK
\  (13)
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In combination with Eqs. (2), (5), (11) and (12), the Kj7 can 
be obtained. Thus, the diffraction force Fj7(t) can be solved.

EVALUATION FOR F-K FORCES

x

*y
z

2P

1P
3P

4P

x

yo

z

o

Fig. 2. Reference coordinate system and panel coordinate system

Consider the two coordinate systems illustrated in 
Fig. 2: the reference coordinate system o*x*y*z* and the 
local panel coordinate systemdefined by the vertices 1 to 4 
in the counterclockwise direction, named P1, P2, P3 and P4 
respectively. The o*z* axis points positively to the exterior 
of the fluid. The transformation between the position vector 
r in the reference coordinate system oxyz and the position 
vector in the panel coordinate system o*x*y*z* is given by

�� � �~ 
 ��� (14)

where r0 = (x0, y0, z0) is the position vector in the reference 
coordinate system oxyz, which is the origin of the panel 
coordinate system o*x*y*z*; T is the unit transformation 
cosine-director matrix between o*x*y*z* and the oxyz system 
and is given as

� � �
���� �� ���� �� ���� ��
���� �� ���� �� ���� ��
���� �� ���� �� ���� ��

�� (15)

where x, y and z are unit base vectors for the oxyz system; 
x*, y* and z* are unit base vectors for the o*x*y*z* system; �, � 
stands for the internal product between base vectors..

Based on linear dynamic conditions, the incident wave 
elevation ηI(t)(z ≤ 0) is

a����=aD�-9s��� 	 I�;�-9� 
 <9M.��{ (16)

From the linearised Bernoulli equation, the incident wave 
pressure pI and hydrostatic pressure pH can be pI(t) = ρgηI(t)eKz 
and pH = ρgz respectively (z ≤ 0) [2].

The pressure pIH composed of pI(t) and pH can be given by

������=n+a����"J, 	 �n+/�/ � �� (17)

The F-K forces and hydrostatic forces should be obtained 
over the instantaneous wet hull surface, and pIH should be 
modified to satisfy the free surface condition [2].

The F-K forces and hydrostatic forces acting on the body 
in the ith mode in the reference system oxyz are given by

h������=S ������3�=W�5�*�  (18)

where FiIH is the combination of the incident wave force and 
hydrostatic force in the ith mode solved on the instantaneous 
wetted hull surface SI(t) which is under the instantaneous 
wave profile.

F-K forces based on analytical integration expression
The full hull is discretised by N coarse quadrilateral panels. 

For the ith quadrilateral panel under both the instantaneous 
wave profile and mean free surface, the F-K force FIi is given by

���=0�n+aDS "J,�-9s��� 	 I�;�-9� 
 <9M.��{=W��  (19)

where Si  is the area of the ith quadrilateral panel, and ni is 
the unit normal vector of the ith quadrilateral panel pointing 
out of the fluid.

Note that Eq. (19) can be rewritten in terms of the ith panel 
coordinate system o*x*y*z*

���=0�n+aDS "��t��y���-9��;�� <��=W��  (20)

where

��;�� <��=��� 	 Is�;D 
 ���� ��;� 

���� ��<���-9� 
 �<D 
 ���� ��;� 
 ���� ��<��9M.�{ 

(21)

��;�� <�� � I�/D 
 ���� ��;� 
 ���� ��<�� (22)

The jth edge of the ith quadrilateral panel can be 
parameterised by (j=1,2,3,4) 

+�i��� � �;D��i� � <D��i� � 
 ��;D��i� � �<D��i� ��� � $ s���{ (23)

where �;�i� � ;���i� 	 ;D��i� , �<�i� � <���i� 	 <D��i� , �
;D��i� � ;�i� ��� ; �;���i� � ;�i� ��� , <D��i� � <�i� ���and i
<���i� � <�i� ���.

A, B on the jth side of the ith panel can be expressed as 
with respect to parameter υ

��i��� � IN/D 
 ���� ���;D��i� 
 �;�i� �� 

�;�i� �� 
 ���� ���<D��i� 
 �<�i� ��O 

(24)
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Av,ij(υ) is the derivative of Aij(υ) with respect to v, and Bv,ij(υ)
is the derivative of Bij(υ) with respect to υ
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(26)

Ax*,i and Ay*,i are A’s derivatives on the i th panel and can 
be expressed with respect to parameter x* and y* respectively, 
and Bx*,i and By*,i are B’s derivatives on the ith panel and can 
be expressed with respect to parameter x* and y* respectively.  
Let , . Applying Green’s Theorem 
with parameterisation in Eq. (23), and resorting to integration 
by parts, if Ψx* ≠ 0, Eq. (20) can be expressed as

���= 0�©^qU§ª�
 �<�i� H "��«���N�t����-9��i��� 
�

D
¬
i��

�t���9M.��i���O=�
(27)

ΔCEij is to be understood as as[CEij(1)−CEij(0)] and ΔSEij is 
to be understood as [SEij(1)−SEij(0)] FIi can be given as

���= 0�©^qU§ª�
 �<�i� N�t���� ¡�i �
 �t����W¡�iO¬
i��  (28)

If Ψy* ≠ 0 FIi can be solved the same as Ψx*≠ 0 directly
Note that the analytical integration expressions for 

hydrostatic forces, hydrostatic moments and F-K moments 
can be solved in a similar manner.

F-K forces evaluation based on quad-tree subdivision 
scheme

There are three types of panels states for the full hull: 1) 
fully dry panel, in which all of the panel is above the incident 
wave profile; 2) fully wet panel, in which all of the panel is 
below the incident wave profile; 3) partially wet panel, in 
which part of the panel is under the incident wave profile. 
Partially wet panels, due to the large amplitude of the incident 
wave and large F-K forces variation, should be subdivided 
following a quad-tree subdivision as shown in Fig. 3.

1
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11 12
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143144

131 132

Fig. 3. Quad-tree subdivision for a partially wet panel

1) Check for the partially wet panel at each time step, if 
true, proceed to step 2. Otherwise the panel is eliminated if 
it is a fully dry panel, if not, the F-K pressures integration on 
the fully wet panel can be solved numerically and accurately 
by a 2 × 2 points Gaussian quadrature formula. 

2) Subdivide the partially wet panel into four smaller 
subpanels, and check for fully dry panels, fully wet panels 
and partially wet panels from the newly obtained subpanels 
respectively. From the partially wet subpanels, if the centre 
of each partially wet subpanel is below the incident wave 
profile, it is considered to be a fully wet panel, and otherwise 
is taken as a fully dry panel.

3) Add the contribution over each fully wet subpanel of 
the same level to solve the F-K pressures integration. For 
example, as shown in Fig. 3, the panels labelled ‘11’ and ‘12’ 
are the same tree level. Add the F-K pressure integration 
contribution from the different tree level.

4) Compare the F-K pressures integration between two 
successive subdivisions. If the relative error is less than the 
prescribed error limit, stop subdividing the partially wet 
panels, if not, proceed to step 2. 

SOLVING THE EQUATIONS OF MOTIONS

Using Newton’s Second Law, the six degrees of freedom 
motions of the rigid body in fixed space are determined by

�i2ki��� � h���� (29)

where h���� � h������ 
 h����� 
  h�i���®
i�� , and Eq. (29)can 

be given as

i
��i
j�i�2ki��� 
 l�i24i��� 
 mi����2i��� 

H I�i�� 	 C�24i�C�=C*
D � h������ 
 h����� 

(30)

Eq. (30) can be solved by the Runge–Kutta method. Finally, 
the time history of ship motions can be obtained.
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COMPUTATIONS AND RESULTS 
VALIDATION

3.1 THE EVALUATION AND ANALYSIS OF TFSGF

Eq. (4) can be transformed into non-dimensional form

@F�A� B� � 	 C� � �¯+ °± ²
³´ h�µ� ¶� (31)

Let · � I± , µ � 	 �/ 
 2� ±´ and 

¯

¶ � �� 	 C�¯+ ±´ . 
h�µ� ¶��is given by

h�µ� ¶� � H ¸·"\¹º9M.N¶¸·OPD°·:� 	 µ�²=·D  (32)

F(μ, β) is a solution to the following fourth-order ordinary 
differential equation
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Fig. 4. Computation domains for evaluation of TFSGF

For small values of β, the series expansion can be adopted 
to solve the TFSGF, while for large values of β, the asymptotic 
expansion can be used to solve the TFSGF [1,9]. However, the 
partition domain is not clear between the small values of the 
β computation domain and large values of the β computation 
domain, for which the numerical accuracy of the TFSGF 
reduces a lot. Huang took β = 8 + 1.515μ as the dividing line 
[6], where the partition domain is in the range 8~9.515. And a 
number of other researchers usually take 6~8 as the partition 
domain for β. In the present study, to solve Eq. (33), 4~12 is 
taken to be the partition computational domain in which 
the precise integration method (PIM) is adopted [11], while 
the fourth-order Runge–Kutta method (RK44) is adopted 
by Shen [15]. For different computational domains, different 
computation methods are adopted, as illustrated in Fig. 4.

The fourth-order ordinary differential equation Eq. (33) 
can be written as a system of first-order equations

ÀÁ4 �¶� � ÂÁ�¶�ÀÁ�¶� (34)

where ÀÁ �¶� � sh Ãh Ã¶´ Ã�h Ã¶�´ Ã³h Ã¶³´ {�and
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The initial conditions for Eq. (34) can be solved by series 
expansion with proper truncation error.

For ¶ $ s¶�� ¶�K�{,  let Ë � ½\½)
½)ÌÍ\½)

�Ë $ s���{�, then the 
relationship between the time variant system and unit time 
variant system in Eq. (34) is given by

�ÀÁs¶� 
 Ë�¶�K� 	 ¶��{ � �Î�Ë�ÂÁs¶� 
 Ë�¶�K� 	 ¶��{ � Â�Ë�
 (36)

where Â�Ë� �  Â�Ë��
��D  (Â�� is the time invariant coefficients 

matrix). The transformation relationship is

=�Î =Ë´ � �¶�K� 	 ¶��Â�Ë��Î�Ë� (37)

Plugging Eq. (37) into (34), Eq. (34) can be solved by PIM 
[10]. 

When μ = 0, the analytical expression of the TFSGF is 
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Fig. 5. Diagram of relative errorofcompared with analytical results 

To compare the numerical accuracy of PIM with RK44 
in the partition computational domain, the value of ÀÁ  (4) is 
solved by PIM and is set to the initial conditions for Eq. (34). 
When μ = 0, the time-step is set as 0.02, and the TFSGF can be 
solved by PIM, RK44 and the analytical method respectively. 
The numerical results obtained from both PIM and RK44 are 
compared to the analytical results, and the absolute relative 
error is denoted as σ.

From Fig. 5, in the partition computational domain 4~12, 
the numerical error of PIM is much lower than RK44. Thus, 
the PIM has great numerical advantages over RK44 in solving 
the TFSGF in the partition computational domain.
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THE HYDRODYNAMIC RESULTS AND ANALYSIS

The principal dimensions of a Wigley I hull and S175 
container ship are given in Table 1 [7,16].
Tab.1. Principal dimensions of Wigley I hull and S175 container ship

Hull L(m) B(m) D(m) (m3) kyy/L

Wigley I hull 3.0 0.3 0.1875 0.0946 0.25

S175 container ship 175 24 9.5 24140 0.24

The upper hull above the mean waterline of the Wigley I 
hull is vertical, and the meshes of the full hull are illustrated 
in Fig. 6.

Fig. 6. Panels distribution on Wigley I hull 

The Wigley I hull is studied at Froude number Fn=0.2 in head 
seas (α = π). Figs. 7~8 show non-dimensional hydrodynamic 
coefficients for the Wigley I hull. The experimental results are 
denoted as “Experiment”, the computational results obtained 
by the present method are denoted as “Present method”, and 
the computational results obtained by Magee are denoted as 
“Magee” [12].

The non-dimensional hydrodynamic coefficients are 
d e f i ne d  a s Ô³³ � Ô³³ �n��´ , �ÔÕÕ � ÔÕÕ �n�Ö��´ ,  
×³³ � :Ö +´ ×³³ �n��´ a n d  ×ÕÕ � :Ö +´ ×ÕÕ �n�Ö��´
respectively. The non-dimensional frequency is defined as 
� � �:Ö +´ .
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Fig. 7. Non-dimensional heave added mass and damping coefficients
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Fig. 8. Non-dimensional pitch added mass and damping coefficients

From Figs. 7~8, the hydrodynamic coefficients by the 
present method are closer to the experimental results than 
Magee’s. The numerical prediction of the damping coefficients 
is better than that of the added mass coefficients. In the low 
frequency range, the computational results have a greater 

deviation from the experimental results due to the singularity 
of the critical frequency.

THE GENERATION OF EXACT INSTANTANEOUS 
HULL SURFACE

The Wigley I hull advances at Froude number Fn=0.2 in 
head seas, the amplitude of the incident wave η0 is 0.036 m, 
and the wave length to length between particular ratio λ/l 
is 1.4..

Fig. 9 Panel subdivision diagram

Selecting a square panel under the mean free surface, the 
coordinates of the four vertices in the reference coordinate 
system oxyz are P1 (-0.5, 0, -1), P2 (0.5, 0, -1), P3 (0.5, 0, 0) and 
P4 (-0.5, 0, 0). At time instant t=0, the F-K pressure integration 
over the square panel by the analytical expression method 
mentioned in section 2.2.1 is 170.738 N (the precision is set 
to 0.001N). Also, the F-K pressure integration over the square 
panel can also be obtained by the Gauss numerical integral. 
The prescribed precision for the Gauss numerical integral can 
be obtained by progressively subdividing the square panel as 
shown in Fig. 9. The F-K pressure integration on each subpanel 
can be evaluated by 2 × 2 points Gaussian quadrature.
Tab. 2. Values of F-K pressure integration on the panels at t=0 (unit: N) 

Subdivision time 0 1 2 3

F-K pressure integration 170.341 170.714 170.737 170.738

From Table 2, when the subdivision time is 3, the square 
panel is subdivided into 64 smaller subpanels, and the 
computational result of the Gauss numerical integral for 
F-K forces is the same as the analytical integration. However, 
the number of panels required for the analytical integration 
method is much less than for the Gauss numerical integral 
method, which improves the computational efficiency without 
loss of accuracy. If the geometry of the ship body under the 
waterline is simple, the magnitude for the discretisation of 
the hull can be of O(10), which are extremely coarse meshes 
without loss of accuracy. For example, only six panels are 
needed for the initial mesh of a simple barge.

This paper presents a coarse grid of 80 × 8 for the Wigley I’s 
full hull, and panels interacting with the instantaneous 
incidental wave profile should be subdivided by the quad-tree 
subdivision scheme as shown in Fig. 3, named scheme 1. Singh 
presents a fine grid which subdivides each original coarse 
panel into 4 smaller subpanels; the fine grid is 160 × 16over 
the full hull, named scheme 2 [16]. Panels interacting with 
the instantaneous incidental wave profile, as shown in Fig. 
11, should be progressively subdivided until the F-K pressure 
integrations do not change at all. The obtained numerical 
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results of F-K pressure integrations can be regarded as the 
reference, named scheme 3. 
Tab.3. Values of F-K pressure integration on the panels of Wigley I hull  

at t=0 (unit: N) 

Panel scheme 1 scheme 2 scheme 3

pan1 -0.3947 -0.3575 -0.3947

pan2 -0.1777 -0.1652 -0.1777

pan3 0.0772 0.0000 0.0772

For a coarse grid, there are an arbitrary three panels 
interacting with the instantaneous wave profile at t=0, 
named pan1, pan2 and pan3 respectively. The pan1, pan2 
and pan3 centre coordinates are (1.4625, 0.0084, -0.0234), 
(1.4625, 0.0650, -0.0234), and (0.8625, 0.1069, 0.0234) in oxyz 
at t=0. The absolute error for F-K pressure integration is set 
as O(10-4).

From Table 3, the computational results of scheme 1 are 
much closer to scheme 3 than scheme 2. For scheme 2, the 
grid for F-K forces evaluation is denser than the perturbation 
forces, but for panels located around the instantaneous wave 
profile where the F-K forces are significantly obvious, the 
number of panels is not enough to achieve accurate results. 
For scheme 1, the scale of panels for F-K forces evaluation is 
the same as the perturbation forces, but the panels interacting 
with the instantaneous wave profile continue to be subdivided 
by the quad-tree subdivision scheme as mentioned in section 
2.2.2. The subdivision for all coarse panels is avoided, which 
could reduce the computational time. On the other hand, 
the great value and variation of F-K forces over the panels 
interacting with the instantaneous wave profile is considered. 
Finally, the exact F-K forces over each panel can be obtained.

The meshes of the full hull for the S175 container ship are 
illustrated in Fig. 10.

Fig. 10. Panels distribution on S175 container ship hull 

The S175 container ship is fixed in the reference system 
oxyz advancing at Froude number Fn =0.0 in head seas, the 
amplitude of the incident wave η0 is 5 .0m, and the wave 
length to length between particular ratio λ/l is 1.

This paper presents scheme 1, scheme 2 and scheme 3 for 
the mesh generation of the S175 container ship’s full hull, 
which is the same as the Wigley I’s full hull. The coarse grid 
is 100 × 16 over the full hull by scheme 1. The fine grid is 
200 × 32 over the full hull by scheme 2. Scheme 3 is still 
regarded as the reference. The numerical results of scheme 4 

are obtained based on the three-dimensional time domain 
linear method [13]. 

scheme 1 scheme 2

Fig. 11. Panel distribution of S175 container ship under instantaneous incident 
wave profile at t=0

From Fig. 11, the edge of the instantaneous wet surface 
obtained by scheme 1 has a better fit to the instantaneous 
incidental wave profile than scheme 2, so the exact 
instantaneous wetted hull surface can be obtained by scheme 
1. Thus, the present method’s accuracy is certified.
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Fig. 12. Time history of heave F-K forces

From Fig. 12, both scheme 1 and scheme 2 show good 
agreement with scheme 3. But the relative error of the 
heave F-K force amplitude between scheme 1 and scheme 
3 is 0.025%, while the relative error of the heave F-K force 
amplitude between scheme 2 and scheme 3 is 0.26%. In 
addition, the relative error of the heave F-K force amplitude 
between scheme 4 and scheme 3 is -18.47%. Due to the 
complex curvature of the S175 container ship, the linear 
method adopted to evaluate F-K forces by scheme 4 leads 
to larger relative error. Thus, the scheme 1 proposed by the 
present method is certified.

SHIP MOTIONS RESULTS AND ANALYSIS

The Wigley I hull advances at Froude number Fn=0.2 for 
λ/L = 1.25 and λ/L = 2.00 in head seas, and the amplitude of 
the incident wave η0 is 0.018 m. The non-dimensional heave 
motion displacement ξ'3 can be defined as ξ'3 = ξ'3 ⁄η0, the non-
dimensional pitch motion displacement ξ'5 can be defined as 
ξ'5 = (ξ'5L)⁄(2πη0 ), the non-dimensional time t' is defined as 
t ⁄tw, and tw is the wave encounter period. “Linear” denotes the 
computational results of the linear method, “Present method” 
denotes the computational results of the proposed method 
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in this paper, and “RAO” denotes the response amplitude 
operator.
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Fig. 13. Time history of non-dimensional heave and pitch motion (λ/L = 1.25) 

From Figs. 13~14, the mean position of heave motions 
using the present method deviates from zero, while the mean 
position of heave motions by the linear method is also zero. 
Since the F-K forces and hydrostatic forces are evaluated on 
the instantaneous wet hull surface, the ship’s heave motions 
are not strictly sinusoidal. The amplitude of pitch motion 
based on the present method is almost the same as the 
amplitude of pitch motions based on the linear method for 
its geometric symmetry around its middle station.
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Fig. 14. Time history of non-dimensional heave and pitch motion λ/L = 2.00

In Fig. 15, the “Kim” results are obtained by Kim [8]. The 
numerical results of heave motion RAO obtained by the 
present method agree quite well with experimental results for 
most wavelengths, and the numerical results of pitch motion 
RAO obtained by the present method are fitted well to the 
experimental results, except for λ/L = 1.75. For heave motions, 
both the present method and the linear method proposed 
by Kim [8] can obtain better results than the experimental 
results. For pitch motions, the numerical results by the present 
method are closer to the experimental results than the linear 
method. When λ/L approaches 1.75, the numerical results of 
the pitch response amplitude operator have non-ignorable 
error compared with the experimental results. When λ/L 
approaches 1.75, the encounter frequency is nearly equal to 
the natural frequency of pitch motion, so resonance takes 
place, and the experimental result is somewhat larger than 
the numerical result. The present method can incorporate 
the influences of the curvature of the ship, and the behaviour 
of the ship in waves could agree well with the experimental 
results.
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Fig. 15. Heave and pitch motion RAOs

CONCLUSIONS

1) The precise integration method, adopted for the partition 
computational domain between a small value of time and 
large value of time, can improve the numerical accuracy 
substantially. Based on the present method, the TFSGF is 
applied to solve the radiation problem of a Wigley I hull, 
and the hydrodynamic coefficients show good agreement 
with both experimental results and are better than other 
published results.

2) To evaluate the F-K forces, an adaptive mesh technique 
based on a quad-tree subdivision is applied to generate the 
instantaneous wetted hull surface. The panels interacting 
with the instantaneous wave profile are subdivided by 
quad-tree subdivision, on which F-K forces are solved by 
Gauss quadrature, and for panels under the mean free 
surface, the F-K forces are solved by analytical integration 
expressions. This process allows for coarser meshes with 
no loss of accuracy, and the evaluation of the F-K forces 
could incorporate the influence of the curvature of the 
hull surface. F-K forces evaluations were carried out with 
the different methods for an S175 container ship in head 
waves, and the adaptive mesh technique proposed by this 
paper obtained better computational results.

3) Comparisons were carried out with both experimental 
results and a linear method for the ship motions of a Wigley 
hull in head waves. The numerical results of the present 
method are in good agreement with the experimental 
results, especially for the time history of heave motions.
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ABSTRACT

To solve the nonlinear control problems of the unknown time-varying environmental disturbances and parametric 
uncertainties for ship course-keeping control, this paper presents an adaptive self-regulation PID (APID) scheme 
which can ensure the boundedness of all signals in the ship course-keeping control system by using the Lyapunov 
direct method. Compared with the traditional PID control scheme, the APID control scheme not only is independent of 
the model parameters and the unknown input, but also can regulate the gain of PID adaptively and resist time-varying 
disturbances well. Simulation results illustrate the effectiveness and the robustness of the proposed control scheme.

Keywords: ships, course-keeping control, self-regulation PID, adaptive control, Lyapunov

INTRODUCTION

Research on ship course-keeping control is important in 
the field of ship motion control, in which the accuracy of the ship 
course-keeping control has always been a hot issue [25, 7]. 

Due to uncertain environmental disturbances such as 
wind, waves, current and the effect of large inertia, delay and 
nonlinearity of the ship itself, which make the ship parameters 
uncertain and perturbed, ship course-keeping control 
encounters certain difficulties. When pilots are boarding or 
disembarking, the manoeuvring mode of the ship needs to be 
stable on a certain course [6]; the berthing angle needs to be 
adjusted continuously during berthing, and to achieve this, 
the course-keeping control model needs to be converted to 
a course-tracking control model, which means that the course-
keeping control needs to be more precise and multimodal. In 
addition, with the gradual promotion of research on intelligent 
unmanned commercial ships, course-keeping also needs to be 
further extended to the field of manoeuvring in port.

To make the ship course controller highly efficient or easy-
to-implement for its task, a lot of research work has been 
done, such as PID [6, 12], sliding mode [22, 26], nonlinear 
feedback [23], adaptive backstepping [5, 24] and adaptive 

neural network/fuzzy [3, 19, 2]. It was noted that although 
the control methods proposed in [5, 24, 3, 19, 2] did not need 
accurate models, their inherent complexities brought certain 
difficulties to engineering practice. In contrast, the PID 
control has a simple structure, fewer adjustment parameters, 
does not depend on an accurate model, and so on. However, it 
was found to be difficult to reflect the advantages of PID due 
to the poor robustness of traditional PID to external time-
varying environmental disturbances. Therefore, to improve 
the course control performance, various PID control schemes 
have been proposed, such as an iterative sliding mode variable 
structure PID [1] and integral compensation PID [11]. But 
the algorithms of these schemes cannot resist the effect of 
time-varying disturbances. Moreover, intelligent optimisation 
algorithms have also been used to adjust the gain of PID, 
such as fuzzy logic [14] and firefly swarm optimisation [20], 
simulated annealing [4], improved genetic [15], and so on. 
However, the fuzzy logic method needed to set the fuzzy 
relationship in advance, and its applicability was not universal; 
glowworm swarm optimisation, simulated annealing and 
the  improved genetic algorithm are offline optimisation 
algorithms that cannot fulfill the real-time requirements of 
course-keeping control.
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NONLINEAR SHIP MODEL

In the  nonlinear ship motion mathematical model, 
the relationship between the rudder angle δ and the course  
ψ can be described by the following Eq. (1) [7]:

  (1)

where T and K are the ship manoeuvring indexes, ξ is the external 
unknown time-varying disturbance, and the nonlinear function 
F( ) can be approximated as F( ) =  a  + b  , where a and 
b are constants.

Assume x1 = ψ, x2 =  = r, u = δ.
According to Eq. (1), we have

1 = x2            (2)

2 = θTf(x2) + ωu + ξ        (3)

y = x1            (4)

where y  R is the output of the control system, signalis the input 
of the control system, , , f (x2) = [x2, x2

3]T.

Assumption 1: The external disturbances ξ are unknown, 
bounded and also satisfy |ξ| ≤ Δ, where Δ is a positive constant. 
Assumption 2: Reference course yd is smooth. The signals  
and  are available.
Assumption 3: Model parameters θ and ω are unknown.
Based on the mathematical model of the ship motion (1) and 
considering the unknown time-varying disturbances the ships 
may encounter, a robust course-keeping controller is designed 
in this paper. The designed controller can ensure that the actual 
output course signals track the designed course signals and 
guarantee all signals are bounded in the whole closed-loop 
control system.

CONTROLLER DESIGN  
AND STABILITY ANALYSIS

Fig. 1 shows the configuration of the APID controller in ship 
motion, where the structure of the APID is the same as that of 
the PID, but the APID has an adaptive control law, which can 
achieve adaptive control in the face of external disturbances, 
and has better robustness. Considering the disturbances and 
the unknown model parameters, we will employ the Lyapunov 

An adaptive controller is a  controller that modifies its 
characteristics to accommodate changes in the dynamics of 
disturbances. Due to the unique advantages of the adaptive PID 
control method in dealing with nonlinear control problems, 
many researchers have paid much attention to it in the field of 
ship motion control. In [11], an integral compensation PID and 
parameter adaptive algorithm were proposed for eliminating 
the steady-state error resulting from outside disturbances, 
and the problems of overshoot and parameters adjustment 
resulting from conventional PID control were circumvented 
in the proposed algorithm. To get better closed-loop response 
parameters, a method of PID-like adaptive fuzzy control design 
for a linear time-invariant single-input and single-output dynamic 
plant is proposed in [10]. In [16], an adaptive proportional-
integral-derivative (PID) distributed power control algorithm 
(DPCA) for next-generation passive optical networks (NG-PON) 
is investigated. Using adaptive tuning procedures to calibrate 
the PID gains (proportional, integral, and derivative), the PID 
block control scheme is designed, to improve the response speed 
and stability of a self-propelled model, a fuzzy self-adapting PID 
control algorithm is proposed in [8].

In order to give the controller the advantages of high efficiency 
or being easy-to-implement for its task, many adaptive PID 
controllers have been proposed, such as adaptive robust 
proportional-integral-derivative (PID) [18], adaptive fuzzy 
proportional-integral-derivative (AFPID) [17], and adaptive 
fuzzy PID [21]. 

Based on the above analysis, a new self-regulating PID control 
scheme is proposed in this paper. This control scheme mainly 
includes the design of the control law, and self-adaptive law. 
The control law and self-adaptive law are designed by using 
the newly defined variables, Lyapunov function and Young’s 
inequality. The  main contributions of this paper can be 
summarised as follows:
(1)  Considering the unknown time-varying environmental 

disturbances and using adaptive technology, the APID 
control scheme is designed.

(2)  The  designed control scheme does not require prior 
knowledge of the model parameters.

(3)  The APID course-keeping control is effective and has good 
robustness for unknown time-varying disturbances.

The rest of this paper is organised as follows. In Section 2, 
the mathematical model and problem formulation are given. 
Section 3 is devoted to stability analysis for the proposed 
controller. In Section  4, the  training ship “YULONG” of 
Dalian Maritime University is used as the test object to verify 
the effectiveness of the proposed control scheme.

Fig. 1. Configuration of APID controller
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direct method and the adaptive technology to design the ship 
course-keeping control law and its adaptive law. The stability 
analysis of the closed-loop control system will be given later.

Define the following error:
e1 = y – yd          (5)

e2 =  = x2 –         (6)

Define the new variable s as:

s = λ1e1 + λ2e1dτ +        (7)

where λ1 > 0, λ2 > 0 are the design parameters.
According to (5)–(6), the time derivative of s is given by

 = λ1  + λ2e1 + 2 –        (8)

Then, substituting Eq. (3) into Eq. (8), we obtain

 = λ1  + λ2e1 –  + θT f(x2) + ωu + ξ   (9)

According to (9), the control law and adaptive law are 
designed as 

u = – (kd + h2(z)) s        (10)

 = rh2(z) s2 – δ          (11)

where kd, r and δ are the designed parameters, function  is 
the estimation of ϑ, h(z) and ϑ will be given later. 

We consider the following Lyapunov function candidate: 

         (12)

where  = ϑ – ω , and value r is the designed parameter. 
According to assumption 1 and Eqs. (9)–(12), we can obtain

(13)
where:

ϑ = max {|| θ ||, ξ, 1}       (14)

h(z) = | λ1  + λ2e1 – | + || f(x2) || + 1  (15)

z = [e1, x2, , ]T        (16)

Using Young’s inequality (p · q ≤ k1p2q2 +  (k1> 0)), 
we can get the following Eq. (17): 

|s| h(z) ≤ ωh2(z)s2 +      (17)

Substituting Eqs. (9)–(10) and (17) into Eq. (13), we can get 

V ≤ ωϑh2(z)s2 + sωu –   + 

≤ – ωkd s2 + ω h2(z)s2 –   [rh2(z)s2– δ ] + 

= – ωkd s2 +   + 
  (18)

Using  = ϑ – ω  and  =  (ϑ – ), we have 

 =  (ϑ – ) =  –  ≤  –  ≤  – 

  (19)
Substituting Eq. (19) into Eq. (18), we can obtain 

V ≤ – ωkd s2 –  + 

≤ – ΘV + C
  (20)

where Θ = min{2ωkd, δ} and C =  + . 
According to Eqs. (8) and (11), we have

u = – (kd + h2(z))(λ1e1 + λ2∫e1dτ + )

= –λ1(kd + h2(z))e1 – λ2(kd + h2(z))

∫e1dτ + (kd + h2(z))        (21)

Let kp = λ1kd, kp(·) = λ1 h2(z), ki = λ2kd, ki(·) = λ2 h2(z),  
kd(·) =  h2(z), then Eq. (21) can be written as:

u = – (kp + kp(·))e1–(ki +ki(·))∫e1dτ – (kp + kp(·))  (22)

From Eq. (22), the control law u which is designed in this 
paper has a similar structure to that of the traditional PID 
control law. However, unlike the traditional PID, the control 
law (22) has adaptive adjustment performance, and its adaptive 
adjustment performance is mainly reflected in adaptive law 
(11), kp(·), ki(·) and kd(·). When kp(·), ki(·) and kd(·) converge to 
zero, the control law (22) is the same as the traditional PID 
control law. 

According to the above analysis, there is the following 
lemma. 

Lemma [1]: Under assumptions 1 and 2, the control law 
(10) and self-adaptive law (11) can ensure that the design ship’s 
course tracks the reference course yd, and guarantee that all 
the signals of the ship’s course control closed-loop system are 
bounded. In addition, the ship’s course-keeping error can be 
adjusted to a smaller neighbourhood by selecting appropriate 
parameters λ, kd, r, and δ.

Proof: based on Eq. (18), there is

0 ≤ V ≤  + [V(0) –  ]e–Θt    (23)
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where V(0) is the initial value of V, and, according to Eq. (23), 
we know that when ,V is bounded. And C/Θ will 
decrease with the increase of kd and r. According to Eq. (13) and 
the boundedness of V, we can that obtain s and  are bounded. 
Following that, we can get . According to [9], the boundedness 
of s can guarantee the boundedness of e1, ∫e1dτ and ; thus, 
signal x2 is bounded. According to assumption 2, we can 
obtain the boundedness of h(z); thus, u is bounded in Eq. (11). 
Therefore, all the signals of the closed-loop system are bounded.

ILLUSTRATIVE EXAMPLE

To verify the  effectiveness of the  proposed control 
scheme, the training ship “YULONG” of Dalian Maritime 
University is used as the test object [25]. Firstly, the relevant 
parameters of the simulation are K = 0.478[s-1], T = 216[s], 
a = 1 and b = 30. Secondly, in the simulation process, we 
often need a differentiable reference course ψr. However, 
the actual reference signal is generally a step signal. So, to 
obtain the desired smooth continuous signal and to improve 
the control effect, the given actual reference signal is usually 
pre-filtered. The specific filtering process is as follows (24), 
which can achieve the performance requirement of control 
system quickly [13]. 

m(t) + 0.19 m(t) + 0.015ψm(t) = 0.015ψr(t)  (24)

where ψr is the input signal and ψm is an ideal course.  
To verify the effectiveness of the designed control scheme, 

simulation comparisons are carried out with two cases.
Case 1: The value of constant disturbances is chosen as ξ = 7; 
Case 2: Let the time-varying disturbances be 

ξ = ϖ(t)ħ(t) + 180 × (0.05 sin 0.8t 

– 0.02 cos 0.02t + 0.1) / π      (25)

where ħ(t) is Gaussian white noise, ϖ(t) =  .
The traditional PID control law is designed as:

uPID = Kpe1 + Ki ∫e1dτ + Kde1    (26)

We compare the  proposed control scheme with 
the traditional PID control method. In addition, the design 
parameters of the control law in the two cases are selected as: 
kd = 4, λ1 = 3, λ2 = 5, r = 0.5, σ = 0.1. Meanwhile, the traditional 
PID parameters are set as Kp = 45, Ki = 25 and Kd = 45. The initial 
conditions of the ship’s course control system are (0) = 0, 
ψ(0) = 5 × 180/π and (0) = 0. The simulation results of the two 
control schemes are shown in Figs. 2 and 3. 

The comparison results of the two control schemes under 
the constant disturbances are shown in Fig. 2. As is shown 
in Fig. 2 (a), from 0s to 4s, the solid line of course-keeping 
controlled by the APID scheme is closer to the reference course 
and faster than the PID. And the dynamic performance of 

the APID accords with the actual situation from 4s to the end. 
In addition, the course-keeping error duration curve shown 
in Fig. 2 (b) indicates that the keeping accuracy under the two 
control schemes is satisfactory. Fig. 2 (c) shows the rudder 
angle response. From Fig. 2 (c) we can see that the rudder 
angle response in the steady-state of the two control schemes is 
almost the same. Fig. 2 (d) shows the adaptive response curve 
of kp(·), ki(·) and kd(·) controlled by the APID control scheme. 

(c) Rudder angle

(b) Course-keeping error

(a) Course-keeping

(d) Curves of kp(·), ki(·) and kd(·) versus time
Fig. 2. The simulation results under constant disturbances
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As is shown in Figs. 2 (c)–(d), both the control input δ, kp(·), 
ki(·) and kd(·) are bounded.

The comparison results of the two control schemes under 
the time-varying disturbances are shown in Fig. 3. It can be 
seen from Fig. 3 (a) that the ship course response performance 
of the APID is the same as that of the traditional PID. But 
the dynamic adjustment performance of the traditional PID is 
poor from 0s to 5s. As is shown in Fig. 3 (b), the error of the APID 
control course-keeping is less, which means that the APID control 
can ensure satisfactory control accuracy. The simulation results 
of the rudder angle response under the two control schemes 
are plotted in Fig. 3 (c). It is clearly seen from Fig. 3 (c) that in 
the initial stage, the rudder angle of the PID changes more than 
the APID, which indicates that the PID control consumes more 
energy. Fig. 3 (d) shows the adaptive duration curve of kp(·), ki(·) 
and kd(·) under the APID control scheme. From Figs. 3 (c)–(d), 
the control input δ, kp(·), ki(·)  and kd(·) are bounded.

To further quantify the control effect, two popular performance 
specifications are used to evaluate the performance of the closed-
loop system. As is shown in Eqs. (27)–(28), the two specifications 
are the integrated absolute error (IAE) and the mean integrated 
absolute control (MIAC), designed as: 

IAE = 
0
 |e1 (t)|dt        (27)

MIAC =  
0
 |δ(t)|dt      (28)

where IAE and MIAC are used to assess the  transient, 
the steady-state performance and the properties of energy 
consumption in course-keeping control.

From Table 1, we can see that the MIAC of the two control 
schemes is the same under the constant and the time-varying 
disturbances, which means that the two schemes have the same 
energy consumption. In addition, we can see that under 
the constant disturbances, the IAE of the PID is larger than 
that of the APID, which means that the PID course-keeping 
error is larger than the APID, so the APID has better control 
performance. However, under the time-varying disturbances, 
the steady-state error of the traditional PID is too large, which 
proves that the PID control cannot resist the time-varying 
disturbances, whereas the APID control scheme has good 
robustness to resist environmental disturbances.

Furthermore, in order to meet the different needs of better 
control performance, we quantify the  influence of design 
parameters kd and r on the APID control scheme under the time-
varying disturbances, and the results are shown in Table 2. As is 
shown in Tables 1 and 2, we can see that the effect of kd and r on 
the MIAC can be almost neglected. In addition, kd has little effect 

(c) Rudder angle

(b) Course-keeping error

(a) Course-keeping

(d) Curves of kp(·), ki(·) and kd(·) versus time
Fig. 3. The simulation results under time-varying disturbance

Tab. 1. Comparison of control performance between APID and PID Tab. 2. Influence of APID design parameters on control performance

Disturbances APID PID

IAE
Constant 5.681 16.12

Time-varying 54.33 204.1

MIAC
Constant 7 7

Time-varying 1.84 1.84

IAE MIAC

kd = 1, r = 0.5 55.99 1.84

kd =0.5, r = 0.5 56.34 1.84

kd =4, r =1 47.69 1.84

kd =4, r =0.15 68.11 1.84
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on the IAE, whereas r has an obvious effect on the IAE. Therefore, 
we can improve the control accuracy by increasing the value of r.

CONCLUSION

In this paper, an adaptive PID control scheme of course-
keeping has been proposed for ships’ motion control subject to 
the unknown time-varying disturbances, and then an adaptive 
course-keeping control law was designed based on an adaptive 
technique. Compared with the traditional PID control law, 
our proposed control law has fewer adjustment parameters 
and strong robustness to external time-varying disturbances.

Furthermore, our proposed control scheme improves 
the dynamic performance of the course-keeping control 
system, reduces the course-keeping error and has a lower 
calculation load. Therefore, this control scheme can be easily 
applied in engineering. In addition, it can also be used for ship 
trajectory tracking control and dynamic positioning control.
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MULTI-CRITERIA OPTIMISATION OF MULTI-STAGE  
POSITIONAL GAME OF VESSELS

Józef Lisowski
Gdynia Maritime University, Poland

ABSTRACT

The paper presents a mathematical model of a positional game of the safe control of a vessel in collision situations at 
sea, containing a description of control, state variables and state constraints as well as sets of acceptable ship strategies, 
as a multi-criteria optimisation task. The three possible tasks of multi-criteria optimisation were formulated in the 
form of non-cooperative and cooperative multi-stage positional games as well as optimal non-game controls. The multi-
criteria control algorithms corresponding to these tasks were subjected to computer simulation in Matlab/Simulink 
software based on the example of the real navigational situation of the passing of one’s own vessel with eighteen objects 
encountered in the North Sea.

Keywords: maritime transport, optimisation, game theory, ship control, computer simulation

INTRODUCTION

The tasks of controlling the optimal transport and logistics 
processes can be divided into three groups, for the first of 
which the cost of the process is an unambiguous function 
of control, for the second the cost depends on the control 
method and on some accidental event with a known statistical 
description, and for the third the cost is determined by 
the choice of the control method and a certain indefinite factor. 
The third group of optimal control tasks concerns transport 
and logistic game processes, whose synthesis is carried out 
with the use of game theory methods [1]. The reconstructing 
nature of marine transport and logistics processes results 
from the participation of many control objects, imperfections 
of the COLREGs maritime route regulations, the high impact 
of hydro-meteorological conditions and the navigator’s 
subjectivity in making manoeuvring decisions [2, 3]. 

Game theory is a branch of modern mathematics that 
covers the theory of conflict situations and the construction 
and analysis of these models. The conflict may be military, 
social, or economic, with the influence of the natural, in 

the implementation of the control process during interferences 
by disturbances or other control objects [4]. 

The game in the concept of control theory is a process 
consisting of several transport objects remaining in a conflict 
situation that results from excessive proximity and collision 
risk, or a process with undefined disturbances or without 
full information.

The players are transport objects that participate with 
their strategies in a conflict situation. The strategy is a set 
of player control rules that cannot change an opponent’s or 
nature’s actions. Strategies can be pure, like elements of a set of 
admissible strategies, or mixed, like a probability distribution 
on a set of pure strategies. The game ends with a pay-out, which 
is the result of the game in the form of winning or losing or 
in the form of a probability of transport or logistics [5, 6].

The largest class of games that can be used in the game 
control of technical processes, and among them the control of 
maritime transport and logistics processes, represents fairly 
complex dynamic differential games [7, 8]. 

In practice, for the synthesis of game control algorithms 
in real-time objects, the differential game is simplified and 
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THE SETS OF ACCEPTABLE STRATEGIES

Steering to avoid collisions with objects is the player’s safe 
strategy. In practice, there are many possible strategies to 
avoid collisions, which form sets of acceptable strategies, 
from which the best solution is selected, i.e. the optimal one 
according to the previously accepted criterion of optimality. 
As a criterion, one can consider the minimum of road losses 
for safe passing of objects, i.e. at a distance not less than 
the previously assumed safe value Ds [12, 13].

The method of the geometrical determination of sets of 
acceptable strategies of the encountered k-th object, which 
is to pass the own vessel at a distance not less than value Ds, 
is shown in Fig. 2.

The set of acceptable own vessel strategies S0
k, which consists 

of the subsets S0ps
k and S0ss

k, is described by the following 
inequalities:

    (1)

    (2)

where V0x1, V0x2 are components of the V0 velocity of the own 
vessel in the coordinate system (x1, x2).

reduced to a matrix or positional kinematic games, and 
the object’s dynamics are taken into account by the advance 
time of the manoeuvre. The basic game control systems are 
positioning systems for the positional control of objects, and 
thus feedback systems representing position games, such as 
the safe steering of a vessel in collision situations at sea [8].

The  aim of the  paper is to present a  new, detailed 
mathematical model of a positional game of many objects 
and the synthesis of a multi-stage optimisation algorithm 
for a multi-criteria positioning game, taking into account 
the degree of cooperation of objects [9, 10].

MATHEMATICAL MODEL OF 
THE POSITIONAL GAME

The basis for the formulation of the positional game is 
the dependence of the own vessel strategy on the positions 
of the objects encountered at the current stage of movement. 
In this way, possible changes in the course and speed of 
the objects encountered during the control implementation 
are taken into account in the process model [11] (Fig. 1).

THE CONTROL AND STATE VARIABLES

The process of preventing collisions of ships is controlled 
by changes in the ψ0 course and V0 speed of the own vessel, 
as well as the ψk courses and Vk speeds of the k = 1, 2, …, K 
objects encountered.

The state of the process is determined by the own vessel 
position p0 and the k = 1, 2, …, K positions pk of the encountered 
objects. The source of information on the state of the process 
is the on-board ARPA anti-collision system, which also allows 
assessment of the distance Dk and bearing Nk to the k object 
encountered and the collision risk parameters in the form 
of the DCPA distance of the closest point of approach and 
the TCPA time to the closest point of approach.

Process control constraints take into account the dynamic 
properties of the objects and the condition of maintaining a safe 
passing distance of the Ds objects and the recommendation 
of the right of the COLREGs sea path.

Fig. 2. The method of determining the acceptable strategy sets of the own 
ship S0

k = S01
k  S012

k and the k-th encountered vessel Sk
0 = Sk1

0  Sk2
0, 

k = 1, 2, …, K

Fig. 1. The positional game of the own vessel – located in position p0(X0, Y0) 
and control u0 by changing speed V0 and ψ0 course, with the encountered 

k object – located in the position pk(Xk, Yk) and control uk by changing 
speed Vk and the course ψk, k = 1, 2, …, K
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Similarly, a set of acceptable strategies of the k-th object 
encountered against the own vessel is determined according to

    (3)

    (4)

where Vkx1, Vkx2 are components of the Vk velocity of the k-th 
encountered object in the coordinate system (x1, x2).

The values of the logic functions z0
K and zk

0 are determined 
on the basis of a semantic interpretation of the legal rules 
COLREGs of manoeuvring ships in collision situations.
The  safe and optimal manoeuvre of the  own vessel is 
determined from the following set of combined acceptable 
strategies for all encountered objects [14, 15]:

    (5)

MULTI-CRITERIA OPTIMISATION  
OF THE POSITIONAL GAME

Synthesis of the own ship’s optimal control u0* is achieved 
by determining successively:
1. the S0

k{S01
k, S02

k} set of the own ship’s acceptable strategies 
with respect to each of the k encountered vessels:

2. the own ship’s control u0
k, for each encountered vessel k, 

providing the shortest path L0 to the point of return of 
the set motion trajectory – min L0 = L0*:

3. the Sk
0{Sk1

0, Sk2
0} set of each encountered vessel’s acceptable 

strategies with respect to the own ship:

4. the  k encountered vessel’s control uk
0, for the  own 

ship’s control u0
k, from the set Sk1

0 or set Sk2
0, providing 

the longest path L0 of the own ship to the point of return 
of the set motion trajectory – max L0 = L0

*nc (uk
0nc with 

Sk1
0 subset for a non-cooperative game) or the shortest 

path L0 of the own ship to the point of return of the set 
motion trajectory – min L0 = L0

*c (uk
0c with Sk2

0 subset for 
a cooperative game):

5. the S0{S01, S02} set of acceptable own ship’s strategies, in 
relation to all K encountered vessels,

6. the own ship’s optimal control u0
*, in relation to all K 

encountered vessels, providing the shortest path L0 to 
the point of return of the set motion trajectory – min L0 = L0

*, 
for a non-cooperative game as u0

*nc and for a cooperative 
game as u0

*c:

7. the own ship’s optimal control u0
*ng, in relation to all K 

encountered vessels, providing the shortest path L0 to 
the point of return of the set motion trajectory – min 
L0 = L0

*, for non-game control, i.e. the assumption that 
the encountered vessels move at a constant rate and speed:
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MIN-MAX-MIN CRITERION  
OF NON-COOPERATIVE GAME

The  algorithm of the  multi-stage non-cooperative 
positional game MPG_nc uses the min-max-min form of 
multi-criteria optimisation of the own ship’s way while 
safely passing the encountered vessels, using the  linear 
programming method three times at each stage:

    (6)

L0 is the distance of the own ship to the nearest point of return 
on the reference cruise route.

First, the control of the own ship is determined to ensure 
the shortest trajectory of the change, i.e. the smallest loss of 
the road (min condition) for non-cooperative control of every 
vessel encountered, contributing to the largest extension of 
the own ship’s trajectory (max condition). At the end, from 
the acceptable set of the own ship’s control to the particular 
k encountered vessel, the own ship’s control is selected in 
relation to all K encountered vessels, ensuring the smallest 
loss of the road (condition min).

According to the three optimisation conditions (min-
max-min), the linear programming method is used to solve 
the game, obtaining the optimal values   of the course and 
the speed of the own ship. The smallest road losses are achieved 
for the maximum projection of the own ship’s speed vector 
on the direction of the reference course. Optimal control is 
calculated many times at each discrete stage of motion using 
the Simplex method to solve the triple linear programming 
problem for variables in the form of components of the own 
ship’s speed vector [16, 17].

MIN-MIN-MIN CRITERION  
OF COOPERATIVE GAME

The algorithm of the multi-stage cooperative positional 
game MPG_c uses the min-min-min form of multi-criteria 
optimisation of the own ship’s way while safely passing 
the encountered vessels, using the  linear programming 
method three times at each stage:

    (7)

The difference with the MPG_nc algorithm results from 
the use of cooperative action between ships in order to 

avoid collision by all the encountered vessels and to replace 
the second max condition by the min condition.

MIN CRITERION OF NON-GAME CONTROL

The algorithm of multi-stage non-game control MC_ng 
uses the min form of one-criterion optimisation of the own 
ship’s way while safely passing the encountered vessels, using 
the linear programming method once at each stage:

    (8)

The selection of the own ship’s optimal trajectory according 
to criteria (6), (7) and (8) boils down to determining its course 
and speeds so as to ensure the smallest loss of the path for 
safe passing of the encountered vessels, which is not less than 
the assumed value of safe distance for passing ships Ds, taking 
into account the dynamics of the ship in the form of the time 
to overtake manoeuvre. The smallest road losses are achieved 
for the maximum projection of the own ship’s speed vector on 
the direction of the reference course. The object’s dynamics 
are taken into account by the advance time of the manoeuvre. 
The time of advance of the manoeuvre consists of the time 
of advance of the change of course and the time of advance 
of the change of the own ship’s speed.

The  MPG_nc, MPG_c and MC_ng algorithms for 
determining a safe trajectory for the own ship in a collision 
situation were developed using the lp – linear programming 
function of the Matlab/Simulink Optimization Toolbox 
software.

VISUALISATION OF ALGORITHMS

The method of entering the initial data for calculations 
describing the navigational situation is shown in Fig. 3, and 
the form of the results of calculations of the own ship’s safe 
trajectory is illustrated in Fig. 4.

Fig. 3. Algorithm window with initial data of the navigational situation
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COMPUTER SIMULATION

The own ship’s safe trajectories in the situation of 18 
ships in the Kattegat Strait, in conditions of (rv) – restricted 

visibility at sea at Ds = 2.0 nm and (gv) – good visibility at 
sea at Ds = 0.5 nm, determined according to the algorithms 
of multi-criteria optimisation: MPG_nc, MPG_c and MC_ng, 
are shown in Figs. 5, 6 and 7.

Fig. 4. The algorithm window with the results of calculations of the own ship’s safe trajectory

Fig. 5. Safe trajectory of the own ship in a non-cooperative positional game

(rv)

(rv)

(gv)

(gv)

Fig. 6. Safe trajectory of the own ship in a cooperative positional game
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CONCLUSIONS

The formulation of a mathematical model of the process of 
safely guiding a ship’s movement while passing more ships as 
a positional game model makes it possible to take into account 
the indeterminacy of the navigational situation caused by 
the imperfection of the law of the sea route and the subjectivity 
of the navigator making the decision to avoid collision.

A  multi-criteria approach to the  task of safe control 
optimisation allows the development of appropriate non-
cooperative, cooperative, and non-game control algorithms. 
The safe own ship’s trajectories obtained differ primarily in 
the value of the final deviation from the reference trajectory 
of the movement.
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ABSTRACT

Tsunami disasters have frequently occurred in recent years. More and more researchers are focusing on this topic. To 
investi-gate the tsunami bore impact mechanism on a container model, a multi-functional slope-changing tsunami 
flume is built in this study. To simulate a tsunami bore, a dam-break wave was generated by a free-falling gate in 
a reservoir. A needle water level gauge and a high-speed camera were used to measure the tsunami wave heights and 
velocities for different storage water levels in the test flume, and the corresponding Froude numbers of tsunami waves 
were also calculated. The factors af-fecting the movement distance of the tsunami wave impacting the container 
model are explored in this experiment, and the results show that the movement distance is positively correlated with 
the storage water level, and negatively correlated with the container density and the coast slope.

Keywords: tsunami bore; dam break; container; Froude number; movement distance; coast slope

INTRODUCTION

Tsunami disasters have frequently occurred in recent years, 
and tsunami waves are characterised by fast propagation velocity 
[1], wide influencing areas and large released energy [2, 3]. It 
is difficult to generate large-scale broken-state tsunami waves, 
so dam-break waves have been used by international scholars 
to simulate tsunami waves after breakage and good simulation 
results have been obtained. Chanson found that tsunami waves 
propagate ashore in the form of breaking waves [4]. By observing 
and analysing the Indian Ocean tsunami, the results show that 
the analytical solution of dam-break waves is in good agreement 
with tsunami waves. Imamura et al. found that the process 
of coastal propagation such as tsunamis and tidal bores is 
consistent with dam-break flow in the physical mechanism 
[5]. Therefore, under laboratory conditions, this method of 
tsunami wave generation has been adopted by many researchers.

A tsunami wave is a highly destructive natural disaster. 
Saatcioglu et al. [6] found that great damage will be caused to 
structures during a tsunami. When the tsunami is near the shore, 

the damage may take the form of impacting and carrying away 
heavy objects. Shafiei et al. [7] found that tsunamis usually 
produce breaking waves near the shore, and then, in the form of 
high-speed water, impact and carry away heavy objects such as 
box structures, floating driftwood, vehicles and other. Numerous 
scholars have done research on tsunami waves impacting 
coastal structures. Robertson et al. [8] set up a test of tsunami 
waves acting on a composite wall/building system, finding 
that even in the same test settings, the initial impact pressure 
changes greatly, which is because the tsunami waves have been 
completely broken, with strong turbulent characteristics, while 
this instability is more obvious when tsunami waves propagate 
over the water. Chock et al. [9] also studied the mechanism 
of the tsunami wave force on a composite plate/wall system, 
with the plate height, wave height and hydrostatic depth as 
variables, and also put forward the design envelope on the basis 
of the pressure coefficient of the uplift forces.

Saatcioglu et al. [6] studied the load of a tsunami wave 
impacting a box structure. While the relationship between 
the tsunami wave intensity and the box structure changed, 
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MODEL STRUCTURE SETTING

The container model is 0.13 m in length, 0.037 m in width 
and 0.04 m in height, and filling material can be added inside 
the structure to change the density of the model. In reality, 
containers, vehicles, houses and other box structures are located 
on the dry bed of the coast, so the dry bed environment in 
the downstream of the flume is maintained in the experiment. 
The frictional coefficient between the container and its bottom 
is around 0.1‒0.3. In order to measure the factors influencing 
the change in the container model caused by the impact and 
carrying of the tsunami wave, different test conditions are set 
up: (1) The initial locations of the containers are 0.5 m and 
1.0 m behind the gate of the storage tank; (2) the storage water 
level is respectively taken as 0.13 m, 0.14 m, 0.15 m, 0.16 m and 
0.17 m, thus generating tsunami waves of different intensity; 
(3) the container density ranges from 1,150 to 1,550 kg/m3, 
with intervals of 50 kg/m3, so as to explore the influence of 
the container density on the change; (4) the bed slope is taken 
as flat (0°) and climbing (1°), in order to explore the sensitivity 
of the container change to the bank slope. Repeatability tests 
are conducted at least five times for each group of experimental 
conditions, and the final data are averaged.

MEASUREMENT OF KEY FACTORS 
IN EXPERIMENT

During the experiment, the physical quantities that need 
to be measured include the tsunami wave height, velocity, 
movement distance of the container model, etc. The highest 
tsunami wave height of 0.40 m can be measured by a needle 
water level gauge in the multi-functional slope-changing 

the change in the relationship between the flume slope and 
the box structure was not discussed. In this paper, the motion 
characteristics of a container model under the impact of dam-
break waves made in the laboratory to simulate tsunami waves 
will be observed. Finally, the factors affecting the impact and 
movement mechanism of tsunami waves on the container 
model will be revealed.

EXPERIMENTAL FLUME AND MODEL 
SETTING

FLUME SYSTEM OF TSUNAMI WAVE

This experiment was carried out in a multi-functional slope-
changing flume in the open channel of the Water Conservancy 
Hall of Fuzhou University. The flume system structure of 
the tsunami wave is shown in Fig. 1. The dimensions of 
the experimental flume are 4.40 m in length, 0.30 m in width 
and 0.30 m in height, with the maximum working water level 
of 0.265 m. The flume is made of plexiglass, and the bottom 
and wall of the flume are smooth to reduce the influence of 
the boundary effect. The flume is divided into a storage section 
and test section, and a free-falling sluice is set between the two, 
with a thickness of about 20 mm. The upstream storage water 
level can be controlled by a gate switch. When the gate is laid 
down freely, the water in the storage tank collapses and is 
released, forming the broken-state tsunami wave similar to 
a dam-break in the downstream flume, and then flows out from 
the end of the flume after passing through the downstream 
dry bed, which is a self-circulating device as a whole.

Fig. 2 Stereogram of the test flume and set-up of the model

Fig. 1. Schematic of tsunami wave flume system
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flume. The tsunami wave heights under different conditions 
can be measured by setting the needle water level gauge 
in the dry bed areas and cooperating with a high-speed 
camera for confirmation. The time interval between adjacent 
needle water level gauges of the tsunami waves is recorded 
by the high-speed camera so as to calculate the movement 
velocity of the tsunami waves. The movement distance of 
the container can be measured after draining the residual 
water in the test area at the end of each impact process.

EXPERIMENTAL RESULTS AND 
DISCUSSION

WAVE HEIGHT AND VELOCITY

Through the different combinations of the storage water 
level and flume gradient, eight groups of tsunami wave 
current conditions with different states were produced in this 
experiment. With the increase of the tsunami wave height in 
the flume (0.033 m to 0.048 m), the tsunami wave velocity also 
increases (0.53 m/s to 1.00 m/s). The tsunami wave’s Froude 
number characterises the motion characteristics of the wave, 
and its calculation formula is as follows:

           (1)

where Frb is the  tsunami wave Froude number, ub is 
the tsunami wave velocity, h is the tsunami wave height and 
g is gravity acceleration.

In reality, the tsunami wave’s Froude number depends 
on the conditions near that point, such as the bed slope, 
surrounding terrain or obstacles. The Froude number in this 
experiment is taken from 1 m away from the gate. The wave 
heights and velocities with different intensities produced in 
this experiment are shown in Table 1, and the numerical range 
of Froude numbers in the test condition is calculated to be 
between 0.93 and 1.52. It can be seen from the table that when 

the storage water level is low (0.13‒0.15 m), the Froude number 
is close, slightly greater than 1, which belongs to the category 
of torrent. When the storage water level is high (0.16‒0.17 m), 
the Froude number increases suddenly and jumps to more 
than 1.20, which indicates that the flow pattern of the tsunami 
wave is more acute at a high storage water level, and the inertia 
force action is obviously greater than the action of gravity. 
In addition, it can be seen from the table that at the same 
storage water level, the Froude numbers of the tsunami wave 
in a climbing state are all less than the values in the flat state.

VARIATION IN WATER FLOW PATTERN 
AT THE GATE

For the experiment on the dam-break physical model, 
the gate is a very important and special position, which 
controls the upstream initial water level and bears the water 
pressure imposed by the water tank, so the variation in water 
level here often reveals the hydrodynamic characteristics of 
tsunami waves.

The water flow patterns of tsunami generation and propagation 
are different, so it is necessary to observe the water flow pattern 
at the gate (Fig. 3). After the dam-break, due to a large number 
of water dislocations, water flows rapidly from upstream to 
downstream, forming the tsunami waves, which then move 
rapidly downstream due to the effect of gravity and inertia. In 
the process of tsunami wave generation at the gate, the upstream 
initial water levels in the three groups of experiments are 0.13 m, 
0.15 m and 0.17 m, respectively, and the variation in water level 
at the gate at the moment of dam-break can be obtained by 
using the image information. The higher the upstream water 
level, the faster the dam breaks. By comparing the results of 
theoretical solutions, it can be concluded that the water level 
at the gate satisfies three changing processes: a rapid descent 
stage, a relatively stable stage and a slow descent stage.

Rapid descent stage (Fig. 3(a)): Once the gate falls down at 
the bottom of the flume representing a dam-break, a water 
level difference of about 30 mm near the gate causes strong 
turbulence.

Tab. 1. Moving directions of tropical cyclones in Guangdong coastal areas

Bore strength case Bottom bed slope Storage water level (m) Wave height (m) Wave velocity (m/s) Froude number

1 Flat slope 0.13 0.035 0.59 1.01

2 Flat slope 0.14 0.037 0.63 1.05

3 Flat slope 0.15 0.041 0.67 1.06

4 Flat slope 0.16 0.042 0.77 1.20

5 Flat slope 0.17 0.044 1.00 1.52

6 Climbing slope 1° 0.13 0.033 0.53 0.93

7 Climbing slope 1° 0.15 0.040 0.63 1.01

8 Climbing slope 1° 0.17 0.048 0.83 1.21
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Relatively stable stage (Fig. 3(b)): The dam-break flow in 
the flume is concentrated in the middle and forms an arc-
shaped flow pattern.

Slow descent stage (Fig. 3(c)): The higher the upstream 
initial water level and the longer the duration, the smaller 
the impact of the water flow in this stage on the downstream 
structure. Due to the limited length of the flume, the reflected 
wave will soon return to the gate during the slow descent stage 
of the water level at the gate, and the water level difference 
caused by the gate factor will gradually disappear. At this 
time, the dam-break wave will not have the effect of carrying 
the container model.

FLOW PATTERN OF TSUNAMI WAVE 
IMPACTING CONTAINER MODEL

The process of the tsunami wave impacting and carrying 
the container model is characterised by short time, high 
intensity and fast change of the  flow pattern. Through 
the high-speed camera observation, it can be divided into 
the following five typical processes:

Impact stage of wave front (Fig. 4(b)): The wave foot of 
the tsunami waves first touched the lower part of the container 
model, but at this moment the wave did not impact the whole 
container model, so the impact area was limited. Under this 
condition, the container model was still stationary because 
it was impacted by the tsunami wave foot, which was not 
enough to counteract the weight of the container model and 
the ground friction.

Splashing stage of wave front (Fig. 4(c)): After the tsunami 
was hindered by the container model, the water flow along 
the original central axis of the flume changed its direction 
of travel and splashed upwards to form a water wall, which 
reached two to three times the height of the container model. 
In the process of water flow movement, the high-jumping water 
flow was mixed with a large amount of air. The flow on both sides 
of the flume did not change the direction of travel, but continued 
to move forward. Under this condition, the container model, 
affected by the impact of the tsunami wave, its self-weight and 
the friction between the container model and the base plate, 
may or may not move, depending on the density of the container 
model, the initial section area and other factors.

Rising water level stage (Fig.  4(d)): In this stage, 
the splashing of the water wall along the wave front fell down 

to the area behind the container model, and the water flow 
on both sides of the model also reached behind the model. 
The main body of the tsunami wave submerged the container 
model and began to carry the model away. At this time, 
the water level in front of the container model rose rapidly, 
forming a difference with the water level behind the model. 
Under this condition, the container model was subjected to 
the impact force of the tsunami current and the residual water 
pressure in the front and rear of the model, while the above 
resultant force was greater than the ground friction force. 
In addition, because the container model was submerged in 
water, the existence of buoyancy reduced the friction between 
the model and the base plate, which made the model most 
prone to accelerated movement.

Quasi-constant stage (Fig. 4(e)): The water level in front 
of the container model has gradually risen to a stable value, 
and the water level difference between the front and rear of 
the model has gradually decreased. The large-scale white hat 
phenomenon disappeared, and there was only a small-scale 
white hat phenomenon behind the container model caused 
by falling water. The flow pattern tended to be stable, and 
the container model continued to move in the direction of 
the water flow. The wave height and velocity decreased, but this 
stage lasted the longest. Under this condition, the container 
model was mainly affected by the impact force and buoyancy 
of the water flow, and the change speed of the model gradually 
became the tsunami velocity. After that, the water level 
dropped slightly and the buoyancy decreased slightly, which 
led to the increase of ground friction, so the moving speed 
of the container model finally decreased.

Water recession stage (Fig. 4(f)): This stage marks the end 
of the tsunami. Due to the closure of the gate and the drainage 
facilities installed downstream of the  flume, the  water 
level in the  flume began to decline, while the  tsunami 
gradually weakened and finally completely receded. Under 
this condition, the carrying capacity of the tsunami water 
was gradually weakened, and the weight of the container 
model and the ground friction were gradually restored to 
the dominant position. Finally, the carrying capacity was less 
than the maximum static friction, and the container model 
slowed down gradually until it stopped. It can be concluded 
that the movement distance of the container model can 
be used to roughly retrieve the intensity and duration of 
the tsunami waves.

Fig. 3. Variation in water flow at the gate
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EXPLORATION ON INFLUENCING FACTORS 
OF CONTAINER MODEL MOVEMENT

This experiment is to explore the  factors affecting 
the change of the impact of the tsunami wave on the container 
model, including the storage water level (tsunami wave 
intensity), container density and bed slope.

(1) Storage water level
Fig. 5 shows the movement distance of the container model 

on a flat bed (Fig. 5(a) and Fig. 5(b)) and a climbing slope 
(Fig. 5(c)), in which Fig. 5(a) shows the case when the initial 
position of the container is 0.5 m behind the gate, and Fig. 5(b) 
and Fig.  5(c) show the  case when the  initial position of 
the container is 1.0 m behind the gate. When the movement 
distance of the container exceeds the length of the test section in 
the flume (in Fig. 5(a) 1.75 m, in Fig. 5(b) and Fig. 5(c) 1.25 m), 
the measured data only take the range value. By comparing 
Fig. 5(a) with Fig. 5(b), it can be concluded that the farther 
the initial position is from the gate, the larger the migration 
distance is, which is because the tsunami wave grows along 
the way after being generated behind the gate, and also because 
the tsunami wave gathers in the process of coastal propagation.

It can be seen from Fig. 5 that the movement distance of 
the container model is greatly affected by the storage water 
level (tsunami wave intensity), and there is a linear positive 
correlation between the storage water level and the movement 
distance on both the flat bed and the climbing slope. Taking 
the container density of 1400 kg/m3 in Fig. 5(a) as an example, 

Fig. 4. Process of tsunami waves impacting container model

Fig. 5. Influence of storage water level on movement distance: 
(a) for initial container position 0.5 m behind gate, and for flat bed;
 (b) for initial container position 1.0 m behind gate, and for flat bed; 

(c) for initial container position 1.0 m behind gate, and for climbing slope
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when the storage water level increases from 0.13 m to 0.17 m, 
the container movement distance increases approximately 
linearly from 0.43 m to 1.51 m. The origin of the linear 
influence of the  tsunami wave height on the  container 
movement distance is as shown in Eq. (1); when the Froude 
number Frb does not change much, the tsunami wave height 
(h) is approximately proportional to the tsunami wave energy 
(1/2mu2

b), with the  result that the container movement 
distance is also proportional.

It should be noted in Fig. 5(b) that, after the storage water 
level of 0.15 m, the movement distance does not change 
because of the limitation of the flume bed length. To be 
more specific, the total length of the flume bed is 2.25 m, 
and the initial position of 1.0 m behind the gate results in 
a maximum movement distance of 1.25 m.

(2) Container density
The  container density is also the  influencing factor 

of movement. At the same storage water level, the larger 
the container density, the smaller the movement distance. 

Fig. 6 shows the movement distance of the container 
model on the flat bed (Fig. 6(a)) and on the climbing slope 
of 1° (Fig. 6(b)), and the initial state of the container is taken 
from 1 m behind the sluice. It should be noted in Fig. 6(a) 
that the maximum movement distance is 1.25 m because 
of the limitation of the flume bed length, as detailed above.

Taking Fig. 6(b) as an example, it shows the movement of 
the container with different densities in the climbing state. 
It can be seen that the data have a certain randomness and 
discreteness, but the overall trend shows that the container 
density has a negative correlation with the movement distance. 
When the three storage water levels impact the container, 
their movement distances all decrease with the increase of 
container density. 

(3) Bed slope
Fig.  7 compares the  movements of the  container on 

the flat bed and climbing slope (1°) (taking the storage level 
of 0.13 m as an example). The results show that, on the flat 
bed, the  increase of container density can significantly 
reduce the movement distance. However, on the climbing 
slope, the increase of container density only slightly reduces 
the movement distance. On the other hand, the smaller 
the container density is, the more sensitive it is to the change 
of the bed slope; the larger the container density is, the less 
significant the bed slope factor of the container movement is.

CONCLUSIONS

A tsunami wave is generated in a test flume by using a dam-
break wave to study the mechanism of the tsunami wave 
impacting a container model. The result shows that the tsunami 
wave’s Froude number is slightly greater than 1 at a low storage 
water level, but increases significantly at a high storage water 
level. The Froude number of the tsunami wave in climbing state 
is less than that in the flat bed state. When the tsunami wave is 
generated, the water flow at the gate of the energy storage tank 
can be divided into three stages, respectively a rapid descent 
stage, relatively stable stage and slow descent stage. The process 
of the tsunami wave impacting the container model can be 
divided into an impact stage of the wave front, a splashing stage 
of the wave front, a rising water level stage, a quasi-constant 
stage and a water recession stage. In the process of the tsunami 
wave impacting and carrying away the container model, 
the main driving force is the wave’s impact and buoyancy, 
while the main resistance is from the gravity of the container 
model and ground friction. This experiment explores the factors 
that affect the movement distance of the container model, 
including the storage water level, container density and coastal 
slope, while the movement distance is positively correlated 
with the storage water level, and negatively correlated with 
the container density and coastal slope.
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ABSTRACT

The aim of the paper is to outline a project focussing on the development of a new type of ship weather routing solution 
with improved uncertainty handling, through better estimation of ship performance and responses to sea conditions. 
Ensemble forecasting is considered to take into account the uncertainty levels that are typical of operations in a stochastic 
environment. Increased accuracy of weather prediction is achieved through the assimilation of real-time data, measured 
by an on-board monitoring system. The proposed system will allow smooth integration of short-term Decision Support 
Systems for ship handling in dangerous or peculiar situations with long-term Decision Support Systems for weather 
routing. An appropriate user interface is also a critical part of the project and it will be implemented in a commercial 
Electronic Nautical Chart environment. A prototype of the full system will be installed and tested on a commercial 
vessel in regular operations and under real environmental conditions.

Keywords: weather routing, Decision Support Systems, uncertainty handling, ensemble forecast

INTRODUCTION

Improving safety and navigation performance is a prime 
challenge in the current global economic scenario and this 
strongly relies on the ability of the shipping industry to 
efficiently move feedstocks and goods. Increased attention 
to seakeeping, since the early stages of design, has resulted 
in encouragingsafety reports and more competitive 
transportation [10, 13]. Moreover, the urgent need to reduce 
emissions has boosted research into advanced methods for 
improving a ship’s operational efficiency. 

Ocean-going vessels are required to operate all year 
round, often in weather conditions that are far from 
calm. Over the years, a  strong research effort has been 
dedicated to the development of techniques for investigating 
the most favourable paths and speed profiles, depending 
on the expectedweather conditions, in order to efficiently 
accomplish this. These methods are generally referred to 
as weather routing (WR). The first approach to WR was 

the isochrone method [20], proposed for manual usage, 
based on geometrically determined and recursively defined 
time fronts (isochrones). Computer implementations of 
the method have been developed over the years (e.g. [14]). 
The isochrone method has a single-objective and, therefore, 
limited possibilities for handling dynamic constraints. 
The other approaches to WR include dynamic programming 
for a grid of points (which was proposed by [26, 56]) and in 3D 
(by [5, 38, 58). Graphic algorithms have also been successfully 
adopted, typically adopting the A* or Dijkstra algorithm, as 
presented in [23, 29], for motor-driven vessels, and in [61, 62], 
for sailing vessels.

The importance of accounting for multi-objective solutions 
to guarantee an adequate balance between safety and costs 
was raised at an early stage. The issue was initially overcome 
by aggregating the objectives to a single criterion (as in [49]) 
or maintaining the most promising solutions encountered 
during the search process (as proposed in [41]). In recent 
years however, the application of dynamic programming 
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and evolutionary algorithms has become more popular, 
allowing the objectives to be kept separated and offering 
a set of favourable solutions, in the form of a Pareto-optimal 
set, from which the final route can be selected. A purely 
mathematical approach to such optimisation was proposed 
by [15, 24, 43, 53]. Efforts made by the industry to integrate 
more advanced route optimisation procedures in the daily 
operations of seafarers are also described in [6, 50]. More 
complete reviews of the weather routing methods proposed 
in the literature are provided by [7, 33, 40]. The results 
from the various types of weather routing systems showed 
that ship traffic has main routes for ocean crossings [51] 
and for coastal navigation [39] but bad weather is avoided 
whenever it is deemed appropriate [9] and ships deviate 
from these routes. Thus, the effects of the weather that ships 
experience in their lifetime must be incorporated into their 
design [54, 55]. 

Although remarkable progress has been made, shipping 
is still largely weather-dependent, especially with regards 
to schedule, reliability and control of fuel consumption and 
emissions [12]. One of the main reasons is the stochastic 
behaviour of oceanic and atmospheric processes, making 
the weather forecasts subject to significant uncertainty. 
Nowadays, this is in great part due to inaccurate or missing 
information regarding the initial conditions, rather than 
numerical limitations. The effect of this is a reduction in 
the accuracy of the estimation of effects that are affected by 
the predicted weather conditions [27], such as ship motion 
and added resistance. 

The  recent ROUTING project was initiated with 
the objective of overcoming the limitations of the currently 
available systems. The project aims to develop a prototype 
for a  brand-new, on-board solution for ship weather 
routing which is able to handle the  uncertainties from 
weather forecasting during ship voyages and to conduct 
continuous updates of local weather predictions, based on 
the measurements and modelling of sea-ship interactions. 
The goal is achieved by taking into account uncertainties 
in the prediction of the sea-states the ship will sail through 
and the adoption of ensemble forecasting, as described 
below. Moreover, a complete monitoring system (installed 
on-board) will allow the collection of information about ship 
behaviour and performance in navigation and estimation of 
the sea conditions encountered along the route by exploiting 
the ship-buoy analogy [16, 31]. The latter will eventually be 
assimilated in the forecast [17] for a real-time update. Details 
on the methodology adopted are described below, including 
an overview of the  system design, the  integration with 
commercial ENC-class software and a suitable user interface, 
to facilitate the officers’ interaction with the software.

This new approach is expected to result in a reduction of 
long-range ship transportation costs (i.e. fuel consumption), 
improved schedule-keeping and improved safety and security 
of the crew, cargo and the ship itself. An in-service experience 
is planned for the last part of the project, in order to test 
the system under real operational conditions and analyse 
the technical requirements, as well as its capability of being 

smoothly integrated into on-board operations, in order to 
effectively predict the expected impact on shipping.

DEALING WITH UNCERTAINTIES

For all weather-routing methods, the main objectives 
are the optimisation of safety and cost. These factors are 
related to the ship motions that, besides compromising 
safety, may impose voluntary speed reductions and affect 
the efficiency of the propulsion system, in terms of fuel 
consumption and attainable ship speed. On the other hand, 
for a given ship, motion and efficiency are strictly related to 
the weather conditions in which it is navigating and, thus, to 
the uncertainties associated with their prediction. The direct 
consequence is that a reliable route optimisation primarily 
requires a trustworthy weather forecast as well as an accurate 
ship model, in order to be able to assess the behaviour in 
any given sea-state. While results from classical ship models 
are largely considered as being satisfactory for operational 
purposes (particularly with regards to ship motions), this 
may not be the case for weather forecasting. Even state-of-
the-art mathematical models are affected by uncertainties 
in the initial conditions.

To cope with this issue, ensemble forecasts are often 
generated[2, 22]. These consist of several runs of the same 
model (or different models in the case of multi-ensemble), each 
with some deviation in the parameters defining the initial 
conditions, according to their probability distributions [57]. 
In this way, the  output of the  forecast can be given in 
a probabilistic manner, namely the probability distribution 
of the predicted parameters (e.g. the significant wave height) 
or, more commonly, the average values and the corresponding 
confidence intervals or standard deviation, the latter typically 
increasing with the time-lag of the forecast.

Uncertainties can also be estimated when ensemble forecasts 
are not available. A recent study conducted by ECMWF [4] 
provides a quantitative assessment of the uncertainties from 
different forecast centres. It can be seen that a scatter index 
(standard deviation of the error divided by the mean value) 
of below 0.3 is realistic up to five days ahead.

The ROUTING project aims at dealing with the uncertainties 
related to weather forecasts in two ways: by continuously 
updating the forecast and by assimilating the information 
relative to the uncertainties in the optimisation procedure, 
thus propagating such information until the evaluation of 
the objectives and the constraints driving the optimisation. 
For the latter, two different approaches are currently being 
researched, i.e. the “probabilistic approach” and the “ensemble 
approach”.

PROBABILISTIC APPROACH

Probabilistic methods are typically adopted in the structural 
reliability analysis of ships [36, 45, 46]. These are used to define 
the safety factors to be used in the Rules of Classification 
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Societies for ship design [11, 19]. Applications to short-term 
periods, more compatible with the time interval of ocean 
passages, can be found in [45, 47]. With regards to the maritime 
industry, risk assessment analysis is often applied to accidents 
(for instance, through Bayesian networks [3, 25, 48, 59]) or 
Formal Safety Assessment (FSA) approaches [18]. Reliability 
analysis is also adopted for the assessment of the probability 
of on-board human error.

A peculiarity of route optimisation is that safety and 
efficiency depends on several factors (e.g. roll amplitude, 
local accelerations, slamming, propeller racing, etc.) and 
so the joint effects have to be estimated [8]. The aim is to 
develop a probabilistic risk assessment model for the ship’s 
journey that allows for the definition of a reliability index, 
based on the probability of all potentially dangerous events 
occurring. Following the classical method for evaluating 
ship operability [8], a limit state can be defined as the line 
in the HS–TP graph, above which the ship cannot operate 
due to the exceedance of at least one seakeeping criteria 
(see Fig. 1). This concept can easily be extended to include 
different headings, in which case the limit state assumes 
the dimensions of a surface.

Contrary to traditional methods, and because weather 
conditions cannot be deterministically estimated, the sea-
state (described by the HS, TP duplet in Fig. 1) that the ship 
will face will be represented by a point and contours of 
decreasing probabilities will be centred on the mean forecasted 
conditions. An example is given for a forecasted sea-state in 
Fig. 2, where HS = 3 m and TP = 6 s, with standard deviations 
of 0.4 m and 0.1 s, respectively. 

In Fig. 2, the black line indicates the maximum allowed 
wave height for the ship to be operable, meaning that all of 
the seakeeping criteria are respected, while the contour shows 
an estimation of the probability distribution of the predicted 
sea-state, assuming a Gaussian probability density function. 
The risk coefficient that reflects the probability of failure 
(when the ship will be operating above the maximum allowed 
significant wave height) is represented by the portion of 
the contour above the black line and can be calculated as:

   (1)

where ri is the risk coefficient in the specific navigation 
location and f(HS,  TP)represents the  standard bivariate 
normal distribution. In the examples above, HS and TP have 
been considered independently, for simplicity, however, 
a correlation coefficient can be estimated from weather 
databases.

The above considerations are valid for a specific navigation 
location or a  short track, in which weather and sailing 
conditions can be considered to be stationary. To extend 
the results to the whole route, a long-term probability of 
failure can be calculated as:

Rr = Σi f(li)ri         (2)

where Rr is the risk coefficient for the proposed route and 
f(li) is the probability of the ship sailing on the specific track, 
which can be calculated as:

            (3)

where di is the time required to sail the ith track and dr is 
the duration of the voyage.

Fig. 1. Example of the maximum allowed wave height for different  
seakeeping criteria (from [8])

Fig. 2. Example of the application of the probabilistic operational risk assessment 
method. Black line refers to the maximum allowed Hs and the contour 

indicates the probability distribution of the forecasted sea-state 
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Besides representing an innovative approach to a ship’s 
operational risk assessment, this method allows the smooth 
integration of ensemble forecasts, thus taking into account 
uncertainties associated with weather predictions (which 
are most significant in weather routing). In addition, this 
methodology allows consideration of special threats which are 
difficult to include in traditional approaches (e.g. ice, traffic, 
human errors and piracy), as well as other factors affecting 
the efficacy of the mission from a wider perspective (such 
as fuel consumption and voyage duration) once the targets 
are defined.

The  method described so far, deals with handling 
uncertainties within the constraints of the optimisation. 
The proposed probabilistic approach requires the definition of 
the objectives (дi) by means of a response surface, calculated 
for a  series of expected weather conditions. Expanding 
the response surface in its first order Taylor series, the First 
Order Second Moment (FOSM) method can be used to 
estimate the expected value (μдi) of the objective of interest as 
well as its variance (σ2дi)in a specific navigation location. Thus:

μдi ≈ дi (μx1 , …, μxn)         (4)

 (5)

where ρij represent the  correlation coefficients between 
the variables influencing the given objective, which must be 
estimated numerically.

The objectives of the optimisation procedure (and its 
associated uncertainties) can then be calculated by summing 
the expected values and variances for all the tracks that 
comprise the route.

ENSEMBLE APPROACH

An alternative to the  ‘probabilistic approach’ is 
the  ‘ensemble approach’. In the probabilistic approach, 
the sea-state (described by the HS, TP duplet in Fig. 1) is 
represented by a contour of decreasing probabilities, centred 
on the mean forecasted conditions. In the ensemble approach, 
the predicted sea-state is given by 20 different but equally 
probable forecasts. The different variants in the forecast are 
called ensemble members and can be directly processed by 
the optimisation method. Theoretically, ensemble members 
can be handled in a number of ways but, as will be shown 
here, some of them are not satisfying, in terms of effectiveness 
or efficiency. Three possibilities are briefly discussed below.

First of all, the weather routing optimisation process 
could be run separately for each of 20 ensemble members 
and then the  results would be aggregated. In this case 
the optimisation process would be run 20 times, including 
all three optimisation objectives in each run. Each ensemble 
member would produce a separate set of Pareto-optimal 
solutions, which could then be joined and filtered to select 

the best candidate routes. Unfortunately, a solution found 
for one ensemble member can perform poorly for another 
member and there is no certain way of obtaining a solution 
that would be acceptable (safe) for all ensemble members. 

The second possibility is that each combination of ensemble 
forecast and basic objective could represent a separate, new 
optimisation objective. Unfortunately, this means that if 
there were, for example, 20 ensemble members and 3 basic 
optimisation objectives, this would produce 60 separate 
optimisation objectives, which is impossible to handle efficiently.

The third option is handling all ensemble members during 
a single run of the weather routing optimisation process, 
taking into account just three optimisation objectives. For 
each considered route, an objective’s value can be computed 
separately for all ensemble forecast members and then 
aggregated, by means of a weighted average, which can be 
biased towards a pessimistic assessment of the objective 
values. As for weather-related safety constraints, they would 
also have to be checked separately for all combinations of 
considered routes and all weather forecast ensemble members. 
However, in terms of constraints, instead of a weighted 
average, the most pessimistic assessment obtained over all 
ensemble members should be taken into account. Owing to 
this, a route could only be considered acceptable if it is safe 
for all ensemble members. 

The third ensemble approach, described above, is the one 
that combines acceptable computational time (due to a limited 
number of optimisation objectives) with satisfying safety 
checks (all weather forecast ensemble members are taken 
into account). Therefore, it is this solution that is considered in 
terms of the ensemble-based approach to uncertainty handling.

FORECAST UPDATE THROUGH REAL-TIME 
WAVE ESTIMATION

One of the  key aspects of the  project is the  ad-hoc 
correction of weather predictions, tailored to the navigation 
area of interest. Monitoring of ship behaviour and 
on-board performance is more and more affordable, as 
well as communication and data exchange between ship 
and shore. This gathering of information does not always 
correspond to a capability of taking effective advantage of 
the new possibilities offered. Within the scope of this project, 
the ship-buoy analogy can be exploited to offer a continuous 
assessment of the actual sea-state along the followed route, 
due to a suitable on-board monitoring system.

The estimation of the directional wave spectrum, based 
on ship motions, is achieved through a parametric procedure 
[16, 31, 32]. The wave spectrum is a-priori assumed to be 
composed of one or more wave systems, each characterised by 
a parameterised spectral shape (e.g. the generalised JONSWAP 
spectrum). The parameters governing the spectral model are 
estimated by applying a genetic algorithm to fit the current 
sea-state conditions.

The sea-state estimation method has been tested on board 
a relatively small navy ship (28.4 m long) equipped with a full 



POLISH MARITIME RESEARCH, No 1/202064

monitoring system including, among the others, redundant 
accelerometers and angular rate sensors, accurate GPS and 
a wave radar for real time measurements of the encountered 
sea-state. The monitoring system was integrated in ViewLab 
(see Fig. 3).

A comparison of the estimated wave spectrum (1D to 
simplify the visualisation) and the measured one is shown 
in Fig. 4.

The  actual sea-states computed through the  above-
mentioned procedure can then be compared with the predicted 
ones. The availability of the information regarding the gap 
between the two values in real-time and along the ship route, 
can be used to update the weather forecast through a data 
assimilation procedure [1, 17, 37].

The  proposed procedure is promising, not only for 
providing more reliable inputs to the route optimisation 
system (achieving up to 25% of improvement in the forecast 
in the vicinity of the measurement spot, as shown in [17]) but, 
also, to fully exploit the widely-recognised value of in-situ 

ship measurements for the improvements of meteorological 
prediction and safety.

SYSTEM DESIGN 

The proposed ROUTING system (Fig. 5) would consist of 
the following elements:

ship handling decision support system (ship handling DSS),
weather routing decision support system (weather routing 
DSS),
ship-internet data transmission module.
The main objective of the weather routing DSS would 

be to provide a route recommendation for given departure 
and destination points, taking into account forecast weather 
conditions as well as a pre-defined set of optimisation criteria 
and constraints (both static and dynamic) for the ship having 
the system installed. Some parts of the data processed by 
the DSS would be uncertain and the uncertainty would 
propagate through the system (as described earlier) and, thus, 
an uncertainty level is associated with the objectives that are 
achievable, following the resulting recommendation. However, 
the system would be able to work just as well with entirely 
certain data sources (with no uncertainty level defined). 

The optimisation part of the weather routing DSS would 
be implemented as multi-objective metaheuristics (MOMH), 
most probably based on the SPEA 2 method [60] but strongly 
customised to suit the special requirements of the weather 
routing problem. The optimisation criteria set would include 
two economy-related criteria (fuel consumption [35] and 
passage time [12] or delay) as well as a safety-related criterion 
(modelled as safety index, taking into account ship stability 
and other factors). The set of constraints would allow for 
the inclusion of land and shallow waters, as well as areas of 
excessive wave or wind conditions and areas with violations 
of IMO Circ. #1228 (which states that some combinations of 
wave length and wave height may lead to dangerous situations 
for ships, under certain operating conditions).

Proper modelling of the ship response parameters (made 
for the ship on which a prototype of the system would be 
installed and tested) would be one of the crucial elements 
required for successful deployment of the ROUTING system. 
Thus, a ‘ship model’ library or module would be separated 
inside of the weather routing DSS, providing information 
about the ship’s optimal operational parameters (speed, 
fuel consumption, safety index, etc.) for given forecasted 
weather conditions. Separating the ship model from the route 

Fig. 5. A general overview of the proposed ROUTING system

Fig. 4. Comparison of estimated and measured wave spectrum (from 16)

Fig. 3. ViewLab user interface (from 16)
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optimiser is good design and programming practice, since it 
strongly facilitates the process of exchanging the ship model 
(in the case of changing the ship operating the system) but 
keeping the rest of the DSS intact.

The ROUTING system would utilise commercial ENC-
class software [28] (NaviWeather, (NavSim, Poland) which 
would, above all, provide a means of uploading, analysing and 
displaying weather data, targeted at yachts and fishing vessels 
as well as commercial marine transportation. The tool will be 
utilised as a source of S-57 sea maps and provide an interface 
for GRIB files and weather forecast data. NaviWeather will 
provide a Graphical User Interface (GUI) for communication 
with users and present route recommendations. The weather 
routing DSS would be integrated with NaviWeather by 
NaviAPI as a separate software plugin.

The weather routing DSS would be located on a shore-
based server to achieve high computational power and faster, 
cheaper access to standard weather forecasts. However, 
additional client-server communication would be required 
to achieve ship to shore data transmission. These data packets 
would include:

origin and destination points (lon; lat),
departure and ETA,
ship performance statistics (to be uploaded to a  data 
assimilation module).

In the opposite direction, ‘shore to ship’ packets of data would 
include the following:

resulting routes,
limited weather forecasts (compared to the server-side) to 
be displayed to the user to show the routes’ performance.
The  last data transmission module of the  ROUTING 

system would handle all of the required ship-internet data 
transmissions. It would be associated with on-board equipment 
in order to allow interactive performance. Since transmission 
of vast weather forecast files via the satellite channel (Iridium) 
might be expensive, some kind of transmission cost 
optimisation would be required, as well as the application of 
proper system architecture for minimising the required data 
exchange. Therefore, in the ROUTING system, ship-shore-
ship transmission would be realised via one of the Wi-Fi/
GSM/Iridium satellite radio-modem communication channels. 

During the project, a hardware and software tool would be 
constructed to optimise the transmission costs, where available. 
An overview of the architecture of the entire ROUTING system 
proposed is provided in Fig. 6. 

IN SERVICE EXPERIENCE 

With the aim of demonstrating the complete operability 
of the  system, an agreement has been reached with 
the Portuguese shipping company Transinsular, making 
possible the realisation of a six-month long, full-scale test, 
under actual operational and weather scenarios. An on-board 
monitoring system will be installed on an 8,850 t, 126 m long 
container vessel sailing the North Atlantic waters around 
the Iberian Peninsula (connecting continental Portugal to 
Madeira and the Azores (Fig. 7)). The system is expected to 
measure or retrieve all the required information to be used 
for the estimation of the sea spectrum data assessment from 
the ship data acquisition tools. Post-processing of the data 
would be carried out in order to analyse the accuracy of 
the models adopted and the efficacy of the optimisation 
method implemented, by comparing the  actual route 
with the proposed one. Furthermore, with the scope of 
providing an insight into the integration of the system into 
daily, on-board operations, a short and simple template 

Fig. 6. Overview of the proposed ROUTING system architecture Fig. 7. Monte Brasil container-ship approaching the port 
of Lisbon (top) and typical route sailed
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will be prepared for the seafarers in charge to record their 
experiences using the tools. This will eventually allow us 
to highlight any erroneous performance issues, as well 
as any difficulties in the utilisation of the DSS (for ship 
handling and weather routing) created during the course 
of the project.

The configuration of the on-board monitoring system will 
exploit the experiences encountered by previous projects [34]. 
The System Sensors are responsible for measurements of 
a  ship’s motions, the  speed and location, the  weather 
conditions (in terms of wind), waves and sea-surface currents, 
the  engine operation point and fuel consumption and, 
possibly, the structural stresses of the hull girder. The sensors 
include a GPS, a midship inertial measurement unit (IMU), 
a bow accelerometer, a weather station, a wave sensor, long-
base strain gauges and a flow meter. The integration of all 
data is carried out through a data acquisition system and 
sent to a computer located on the bridge, where the GUI and 
the NaviWeather software are installed to communicate with 
the user. The ship will also be equipped with a communication 
system designed to transmit information ashore, where 
the  heaviest calculations are performed (e.g.  the  data 
assimilation and weather forecast update) and developers 
can control the correct functionality of the system.

CONCLUSIONS

The  paper presents the  first phase of research on 
the ROUTING project. The project aims at developing 
a novel solution for optimising ship routes, based on detailed 
models of ship behaviour, dynamic hydro-meteorological 
data and refined multi-objective meta heuristics (MOMH). 
The data sources will include weather forecasts, updated 
dynamically with real-time information, gathered by 
the ship sensors. The solution under development will 
take into account multiple problem-related uncertainties, 
including those associated with weather forecasts and 
those resulting from ship performance and responses to 
sea conditions. As for the former, they will be modelled 
here as ensemble forecasts and directly taken into account 
in the long-term optimisation process. The latter will be 
handled by a short-term Decision Support System. All of 
the available data will be processed by the main module of 
the system, utilising state-of-the-art, evolutionary, multi-
objective optimisation (EMO) and incorporating decision 
maker (DM) preferences by means of configurable trade-offs 
between various optimisation objectives. The final results 
(routes recommended by the system) will be transmitted 
to the client application on board a ship and visualised in 
the ENC-class NaviWeather software. The proposed solution 
will be implemented as a prototype system and verified 
on board a container-ship navigating between continental 
Portugal and its archipelagos of Madeira and the Azores. 
The obtained results will be disseminated as well as used 
for further research on ship routing and ship behaviour in 
various weather conditions.
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NEURAL NETWORK ENSEMBLE APPROACH TO PUSHED  
CONVOYS DISPATCHING PROBLEMS
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ABSTRACT

This paper investigates the use of neural networks (NNs) for the problem of assigning push boats to barge convoys in 
inland waterway transportation (IWT). Push boat‒barge convoy assignmentsare part of the daily decision-making 
process done by dispatchers in IWT companiesforwhich a decision support tool does not exist. The aim of this paper is 
to develop a Neural Network Ensemble (NNE) model that will be able to assist in push boat‒barge convoy assignments 
based on the push boat power.The primary objective of this paper is to derive an NNE model for calculation of push 
boat Shaft Powers (SHPs) by using less than 100% of the experimental data available. The NNE model is applied to 
a real-world case of more than one shipping company from the Republic of Serbia, which is encountered on the Danube 
River. The solution obtained from the NNE model is compared toreal-world full-scale speed/power measurements 
carried out on Serbian push boats,as well as with the results obtained from the previous NNE model. It is found that 
the model is highly accurate, with scope for further improvements.

Keywords: Neural Network Ensembles, push boat, inland waterway transportation, full-scale speed/power trials

INTRODUCTION

In recent decades there have been significant changes in 
inland waterway transport (IWT) in Serbia. Safe conditions 
for inland navigation are being established through 
the maintenance and development of inland waterways, 
while communications between ships and operators are 
being improved. Conditions for the use of different types 
of both self-propelled and non-self-propelled inland ships 
are being determined in that way. This has turned out to 
be important in barge transportation due to the possible 
large number of combinations of barges in push boat‒barge 
convoys (pushed convoys). At the same time, this has caused 
changes in the organisation of the IWT companies and their 
management structure.

IWT in Serbia plays a significant role in the transportation 
of cargo to and from Serbian river ports. There are roughly 
2,500 ships, mostly consisting of barges owned by Serbian and 

foreign IWT companies. Companies cannot become more 
competitive by increasing their market share significantly 
unless they can set up cooperation with a large number of 
other operators.Severe competition and the resulting low 
margins in the main market imply that their profits can only 
be improved by lowering costs and improving their service 
by improving their operational efficiency [1].Furthermore, 
the options that are open to all IWT companies to improve 
their services are limited, as service improvement usually 
consists of complex organisational and technical actions 
necessary for the rational use of ships (barges), ports and 
waterways.

Some of the operational efficiency in IWT derives from 
the assignment of push boats to barge convoys (assignments). 
Assignments are made by dispatchers who work for companies 
on the basis of the availability of push boats and their power 
at a given moment. Most studies in the literature [1, 9, 20] 
have only focused on assignments without a precise analysis 
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training and testing neural networks(NN). The most important 
feature of the future NNE model will be the ability to select 
the best possible push boat for the transport of the given 
barge convoy with the minimal error. Consequently, minimal 
errors and variations of predicted data will be the criteria for 
the selection of various NNE models. The model is intended for 
use in situations in which the dispatcher makes decisions about 
assigning one of several available push boats to a barge convoy. 
Situations that precede or take place after the availability 
of push boats will not be considered. This makes the NNE 
model similar to a decision support tool for dispatching ships. 
After the initial information about the availability of push 
boats and before dispatching the barge convoys with push 
boats, the dispatcher should consult the NNE model for his 
decisions.At that moment, the NNE model should guarantee 
less work and more accurate information and assistance for 
the dispatcher. The NNE model’s ability to predict the best 
push boat for a barge convoy could be a benefit for any IWT 
company.

The contributions of the paper are the following: to offer 
a completely new way of helping with dispatcher decisions, 
where the proposed model is a reliable approach for push 
boat‒barge convoy assignment.

For the  design and building of the  neural network 
architectures in the NNE model, data from full-scale speed/
power trialsare used.Classification of the neural networks in 
the NNE model is done by AdaBoost Regression and Threshold 
(AdaBoost.RT), given in [17]. NNs are trained by theResilient 
backpropagation(RPROP) learning algorithm. Several NNE 
models are made in the process of finding a final solution 
before the best model is selected on the basis ofgraphical and 
numerical methods.Finally, the best NNE model is compared 
with the previous NNE model given in [11].

As a result oftraining NNs and applying the AdaBoost.
RT algorithm over roughly 80% ofthe data from a target 
dataset [4, 11], it is shown that the NNE model can be used to 
assign a push boat to a barge convoy and carry out transport 
in a predetermined period of time.The results have shown 
that anew NNE model could be made quickly if the new data 
had to be included in a partly repeated process of modelling 
the new NNE and training itsNNs. However, the NNE model 
is not applicable to shallow draft navigation.

LITERATURE REVIEW

Over the past few years there has been a significant increase 
in the number of papers investigating the use of NNs in IWT.
In addition to using NNs, researchers also use regression 
analysis to solve various problems in IWT. In the past, 
regression analysis was used to solve every problem, but it 
isgradually being replaced by NNs.

Today, NNs are being used as an important decision 
support tool in a variety of applications. Papers related to 
IWTand in which NNs are investigated as a tool for solving 
problems in IWT can be roughly divided into the following 
two groups: papers directly related to IWT [10, 11, 20] and 

of the assignment possibilities on the basis of the push boat 
power and barge convoy speed. However, in order to operate 
at predefined speeds, there is still a need for calculation of 
the push boat power in pushed convoys. If the push boat 
cannotprovidethe necessary power, it will not be paired 
with the barge convoy. If there is enough power for the given 
pushed convoy speed and if there is more than one available 
push boat at a given time, there will then only be a question 
of which push boat can be more conveniently assigned to 
the barge convoy from the view point of the power use and 
energy consumption.

When it comes to dispatcher decision-making, it is 
assumed that the dispatcher has enough knowledge to make 
the right decision. Dispatcher decisions arise from previous 
experience and available full-scale speed/power trials [20]. 
It is not recommendedfor dispatchers to make decisions 
on the basis of their own calculations if thesehave not been 
previously verified. Correct assignments of push boats to 
barge convoys should be beneficial for the IWT companies.

Barge convoys propelled by push boats offer flexibility in 
barge scheduling as well as in cargo scheduling. For example, 
an IWT company owns and operates an inland fleet, including 
b+p vessels. The fleet consists of b barges and p push boats. 
There are push boats of different sizes, from the smallest one 
that can push up to 1 barge to large ones that can push up to 
k barges (k<b). Between the smallest and largest push boats, 
there are many push boats that can push almost any barge 
convoy between 1 and k barges. It is assumed that each push 
boat can move any barge convoy and that it will operate at 
full power. The question is at what speed it can do it. Since 
the speeds are determined by the time of arrival of the cargo 
at the given location, the final question is whether each push 
boat can satisfy a predefined barge convoy time of arrival at 
full power. In other words, although more than one push boat 
can carry out transport with the given barge convoy, only one 
can do it with the most efficient use of power. The person who 
should answer these questions is the dispatcher.

Depending on the type of barges, different types of cargo 
can be transported between any two points where loading 
and unloading of barges take place. The interest of the IWT 
company is in transporting barges with the maximum draft. 
In order to avoid the transport of empty barges, terminals 
where barges are unloaded are used also for the loading of 
empty barges at the same time. In that way, barge convoys are 
disassembled and new convoy barges are assembled at the same 
terminal. If, for some reason, transport of a barge convoy 
must be stopped and one or more barges have to be taken 
out of it and left at anchorage, the new barge convoy without 
these barges will continue its journey to the next terminal for 
unloading and loading. While some barges are transferred to 
the terminal and then loaded and unloaded, the transport of 
each barge convoy is continuously carried on. And whether 
the barge convoys are assembled or disassembled, there is also 
a need for a change of push boats at the terminals if more than 
one push boat is intended to push them.

The aim of this paper is to propose the bestNNE model 
among several options that are idenitified in the process of 
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papersin which NNs can be applied indirectly or for solving 
problems that are beneficial for IWT [5, 12].The second 
group of papers are usuallythose in which NNs are used to 
predict the values of resistance of ships or coefficients that 
are important for shipbuilding.

Couser & Mason [5] investigated the accuracy of NNs 
as prediction tools for the hull resistance of catamarans. 
The goal of the paper was to determine a predictive model 
for residuary resistance based on input values of the Froude 
number, beam-to-length ratio, draft-to-beam and length-
toslenderness ratio. The data used for the investigation 
originated from a  series of tank tests. The  authors 
demonstrated that a combination of genetic algorithms and 
artificial neural networks could be used as an optimisation 
tool for catamaran design parameters.

Vukadinovic et al. [20] proposed anNN to be used as 
the dispatcher’s decision support system. The main objective 
was to apply the NN technique to the assignment of loaded 
barges to pusher boats for the planned period of one day 
within inland waterways and to develop the dispatcher’s 
decision support system. They showed that the proposed 
NN can be used to help the dispatcher’s decision making. 
Their results could be applied to any mode of transportation.

Reich & Berai [12] created an NNE model to predict 
the propeller thrust coefficient, the propeller torque coefficient 
and the propeller efficiency. Input variables were the propeller 
pitch‒propeller diameter ratio, expended area ratio, number 
of blades, advance coefficient and cavitation number. They 
concluded that NNE model design should be done carefully, 
starting from data collection, model quality estimation, 
to solution deployment. They recommended that further 
improvement of the NNE model quality is possible by using 
advanced methods.

Radonjic and Vukadinovic [11] proposed an AIC-based 
NNE model and a single NN with two hidden layers to predict 
pushboat shaft power. These two models were compared 
on the basis of their calculated mean absolute error (MAE) 
values, root mean squared error (RMSE) values and relative 
errors. Computational results from this numerical example 
showed that the NNE definitely outperformed a single NN 
with two hidden layers.

Parks et al. [10] appliedthe NN technique to train and test 
data acquired during normal operational service of three sister 
merchant vessels. A key aspect in their paper was to determine 
NN architectures that could give close relationships between 
the input variables and shaft power. The input variables were 
the following: GPS ship speed, wave height, true wind speed, 
apparent wind direction, draft and trim.Predictions of shaft 
power were made by NNs. Their values werecompared to 
the values calculated using regression analysis on the same 
dataset.The predictions of shaft powershowed an error of 
less than 10%, while the NN showed good repeatability of 
the relationshipsbetween the input variables and the measured 
shaft power. They concluded that their method and their 
NN may be capable of providing a baseline for performance 
monitoring across a wide range of environmental conditions, 
thus allowing faster decision-making.

PROBLEM DESCRIPTION

Part of the cargo transport in which push boats are assigned 
to barge convoys has to be solved by dispatchers in operating 
centres. Fig.  1 shows an example of a  dispatcher’sdaily 
push boat to barge convoy assignment decisions based on 
experience.

Loaded barge convoys are ready to be transported by push 
boats at certain times. If there is enough power to propel 
the given barge convoy at maximum speed, a push boat will 
be assigned to thebarge convoy by the dispatcher. Otherwise, 
the dispatcher will wait for another more powerful push 
boat, ora barge convoy will be disassembledin such a way 
as to satisfy the power constraints of the available push 
boat. In Fig. 1, two push boats are available for transporting 
the first barge convoy at time t1. Since the first push boat is 
able to transport the first barge convoyon its own (Δ1<Q1), 
it is assigned accordingly and the second push boat is left 
to wait for another barge convoy. At time t2, the second 
barge convoy is formed and is ready to be pushed to its final 
destination. Like a couple of hours earlier, two push boats 
are available to transport it, but the second push boat meets 
the criteria for coupling with it (Δ2<Q2 and Δ2>Q3). As can 
be seen in Fig. 1, the third push boat cannot be assigned to 
any of the upcoming barge convoys until time t5. At that 
time,the fifth barge convoy is reduced to three barges in order 
to be available for the sixth push boat, and the convoy’s fourth 
barge is assigned to the third push boat.

All the dispatcher assignments in Fig. 1 are results of his 
experience,and are not confirmed bya mathematical model.
Therefore, an NNE model is proposed in this paper to help 
the dispatcher with his decision and improve the existing 
decision-making process.

Dispatchers should enter the input values of the pushed 
convoy’s slenderness ratio, length-to-beam ratio, draft-to-
beam ratio, Froude number, propeller diameter, propulsive 
efficiency and cavitation number into the NNE model to get 
the required push boat SHP. On the basis of the calculated 

Fig. 1. Example of dispatcher’s push boat to barge convoy assignment decisions
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SHP and NNE model errors, the dispatchers decide if 
the push boat will be able to carry out the transportation 
of the given barges.

DATA DESCRIPTION

Full-scale speed/power trials are performed whenever an 
IWT company has to confirm that the newly built ship has met 
its specification as regards design speed [18], whenever a new 
propeller is being installed on a push boat, and for scientific 
purposes [4]. Data from the full-scale speed/power trials are 
divided into row data and target data in this paper. Row data 
consist of all data from the trials, while target data encompass 
only the data that will be used in the process of NN training 
and the prediction performance of the NNE model. The idea is 
to separate valid target data from the data that are unnecessary 
and do not contribute to improvement of the NNE model 
results, but can increase the NN training time.

For example, all the new data in this paper consisting of 
pushed convoy speeds lower than the highest speeds (which 
can be reached at full power of the push boats’ main engines) 
will not be added to the target data. This means that there 
will be many combinations of push boats and barge convoys 
with the same SHPs, but different input data in the target 
data. Thisfurther means that the NNE model is a complex 
nonlinear prediction model.

Target data are gathered from full-scale speed/power trials 
of Serbian push boats. Some of the data are listed in [11], while 
the rest are given in [4]. Together, thesemake upthe single 
target dataset in this paper.

Input data included the following variables: pushed convoy 
slenderness ratio (length–displacement ratio or ⅓/L), pushed 
convoy length-to-beam ratio (L/B), pushed convoy draft-to-
beam ratio (d/B), Froude number (Fr), propeller diameter (Dp), 
propulsive efficiency ηD) and cavitation number (σ).The number 
of blades was not included in the input variables due to the fact 
that all propellers have the same number of blades.

The output data included the push boat shaft power 
(SHP),making the  future NNE modela model for 
the  estimation of the  power requirements in pushed 
convoys. It was assumed that the  push boat SHP was 
a function of the geometric characteristics of the pushed 
convoys,the  pushed convoy speed through water,and 
the propulsive characteristics of the push boats. The geometric 
characteristics and pushed convoy speed through water 
were represented in the first four input variables, while 
the propulsive characteristics included the last three input 
variables. Pushed convoys with the same number ofbarges 
arranged in a row and with ahigher draughtrequiremore 
power to operate than those arranged in a line. The ratios 
of the main dimensions are incorporated into the model 
as inputs accordingly [11].The last three input variables are 
added into the input dataset because the motions of pushed 
convoys areaffected also by the propulsive characteristics 
of the  push boats, and are expressed in power losses. 
The push boat SHP was taken as an output variable because 

full-scale speed/power trials were performed on the basis 
of measurements of shaft power on push boats.

The example set of input values is given in Tab. 1. [next page]
The greatest power losses are expressed via ηD and appear 

in the segment of the push boat power chain which includes 
part of the chain from shaft power (SHP)to effective power 
(Pe) (see Fig. 2). ηD is calculated as the ratio of effective power 
(Pe) per shaft power (SHP). Power losses due topropeller 
geometry and operating conditions are described by propeller 
diameter (Dp) and cavitation number (σ) [12]. Cavitation 
causes several undesirable effects [22], among which reduction 
of the propeller performance is the most important part that 
affects the value of the pushboat SHP, while the increase of 
Dp causes an increase in the pushboat SHP.

The first four input variables have been calculated by 
applying the methodology presented in [11] to all combinations 
of push boats and barge convoys in this paper. All the data in 
the target dataset are normalised by linear transformation 
to [0,1] [23].

The values of the propeller diameters were provided by [4], 
while cavitation numbers were calculated on the basis of 
the Burrill cavitation number [3].Propulsive efficiencies (ηD)
are calculated as a ratio of each push boat’seffective power (Pe) 
and each push boat’smeasured SHP. The push boat effective 
powers (Pe) were calculated from [19].

The process of designing the NNE model was divided into 
two stages. The first stage included training of NNs, while 
the second stage included validation of the NNE model. For 
the training purposes, appropriate data splitting was done. 
It was assumed that NN training over bigger datasets should 
output NNE models with smallerroot mean square error 
(RMSE) and mean average error (MAE)values, as well as 
models with smaller deviations and variations.

The target dataset was divided according to combinations 
of push boat and barge convoysinto smaller datasets with 
roughly 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% of 
all the collected target data. The number of datasets is denoted 
as N (n = 1, 2,…, 9, N = 9). These datasets were divided into 
test data and training datathat were used in the NN training 
process. The rest of the target data were included as test data. 
However, 100% of the target data were used to test the NNE 
models. Before the testing, all input data were normalised 
[23] so that they could be processed in the NNE model. Upon 
the testing, all output data were denormalised and as such they 
were analysed. The aim was to develop an NNE model that 

Fig. 2. Schematic overview of the push boat propulsion system 
(power losses expressed by ηD, Dp and σ) (Source: [4])
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would not fully depend on all the target data during model 
creation. At the same time, the new NNE model would be 
valid only if it was tested on all the target data. The validation 
process of the NNE model is in accordance with the policies 
of shipping companies, in which cargo is transported with 
fully loaded ships on rivers.

There was a total of 918 data points that formed the target 
dataset. The  scatter plots of the  target dataset with all 
the measured data are composed using the measured pushed 
convoy SHPs data (ordinate) and pushed convoy slenderness 
ratios ( ⅓/L), pushed convoy length-to-beam ratios (L/B), 
pushed convoy draft-to-beam ratios (d/B), Froude numbers 
(Fr), propeller diameters (Dp), propulsive efficiencies (ηD) 
and cavitation numbers (σ) (abscissas), as shown in Fig. 3 
[next page].

After careful observation, the  complex nonlinear 
characteristics of the measurements data are found in Fig. 3.

Division of the target dataset into smaller datasets (n) was 
done according to the following rule:
1.  Number 193 was set as the 0% of data, as these 193 data 

were initial for the creation of the rest of the target dataset.
2.  The difference between number 918 and number 193 was 

multiplied by 10% or 20% or … or 90%, then added to 193 

and rounded down to the integer to get the numbers of 
data points in each dataset n. 
Based on the previous rule, the following numbers of 

datapoints per datasets n were obtained: 266 for n = 1.339 
for n = 2.412 for n = 3.485 for n = 4.557 for n = 5.630 for 
n = 6.703 for n = 7.776 for n = 8 and 849 for n = 9.

The principle of target dataset partitioning was done in 
accordance with [21], which found that too many or too 
few samples in the training set havea negative effect on 
the estimated modelperformance, and thata good balance 
between the sizes of the training set and validation set is 
necessary for reliable estimation of model performance.

METHODOLOGY

NEURAL NETWORK ENSEMBLE METHODOLOGY

Prediction of the push boat SHP was done by usingseveral 
Feed Forward NNs. NNs were trained by using the RPROP 
learning algorithm [14]. The AdaBoost.RT algorithm [17] 
was used to combine NNs in an ensemble and to create an 

Tab.1. Example set of input values related to few pushed convoys

Length-to-beam 
ratio (L/B)

Draft-to-beam 
ratio (d/B)

Slenderness ratio 
(V ⅓/L)

Froude Number 
(Fr)

Propeller diameter 
(Dp) in meters 

(mm)
Propulsive 

efficiency (ηD)
Cavitation number 

(σ)

8.941176 0.099020 0.095382 0.065996 1500 0.270571 0.600208

8.219453 0.112414 0.109381 0.06497 1650 0.335688 0.704681

11.49316 0.112414 0.088705 0.046268 1650 0.301756 0.710474

5.481421 0.074967 0.124034 0.058131 1650 0.335095 0.639230

6.055263 0.144737 0.138876 0.134967 1600 0.399969 0.715922

10.13421 0.144737 0.101854 0.087178 1600 0.305555 0.734457

6.75614 0.096491 0.115529 0.071457 1600 0.235865 0.748878

14.21316 0.144737 0.082374 0.059132 1600 0.197835 0.751965

5.067105 0.072368 0.126561 0.062168 1600 0.208157 0.760211

10.47479 0.222743 0.114307 0.128539 1170 0.596787 0.655714

5.237397 0.111372 0.141232 0.10696 1170 0.52969 0.695191

5.915378 0.072877 0.117171 0.084462 1800 0.517824 0.559295

8.873066 0.109316 0.10288 0.100339 1800 0.558304 0.524407

25.02366 0.218631 0.066571 0.089311 1800 0.468053 0.519611

5.232484 0.109316 0.140503 0.129009 1800 0.329565 0.525384

17.74431 0.218631 0.082894 0.117491 1800 0.493101 0.509415

6.832968 0.086881 0.1112 0.086241 1800 0.256204 0.565607

5.121919 0.064661 0.121318 0.077503 1800 0.248758 0.573698

9.542507 0.086374 0.090167 0.0604 1800 0.234184 0.573168

6.77734 0.094015 0.11404 0.076667 1800 0.279898 0.786509

9.487752 0.092946 0.088939 0.056607 1800 0.279624 0.813906

14.77902 0.212222 0.091492 0.109589 1600 0.388818 0.758877

4.342943 0.106202 0.155808 0.135065 1600 0.391985 0.787975

20.89252 0.214087 0.07342 0.079085 1600 0.396488 0.797247

7.398881 0.107136 0.103749 0.0886 1600 0.400375 0.809415
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NNE model. It has been suggested in [6, 15, 16] that boosting 
techniques and particularly AdaBoostwork well with NNs.

For the purposes of modelling, Python programming 
language is used for training and testing as well as for 
weights (Wtn

) determination by the resampling technique 
[2] within the AdaBoost.RT algorithm, where tn = 1, 2, …, Tn 
is the number of potential NNE models per dataset n.

AdaBoost.RT was first outlined as an adaptive ensemble 
method by [17]. Its main difference from other AdaBoost 
algorithms is its threshold (θ), which separates correct and 
incorrect predictions. The main part of the algorithm was to 
determine weights (Wtn

) in order to improve predictions from 
separate models. The separate models are the NNs in this 
paper. The AdaBoost.RT presented in [17]does not specifically 
address the number (Tn) of NNs in any given ensemble 
model. It is obviously left to the authors to set Tn, depending 
on the  level of difficulty of the problem they encounter 
during the training of NNs. Therefore, Tn was not fixed 
before the beginning of the application of the AdaBoost. RT 
algorithm in this paper.

For the purpose of getting the best possible NNE model, 
it was decided that the best procedure for this investigation 
should contain twostages. These consisted of training and 
testing single-hidden layer NNs (NNs in the following text) 
on the different datasets described in the section “DATA 
DESCRIPTION”.

In the first stage, K-fold cross-validation [8] and a golden-
section search procedure were done to avoid overfitting, 
to determine the number Tn, to select NNs for the NNE 
model and to get a more accurate estimate of the NNE 
model prediction performance. Datasets partitioning was 
performed by K = 4 different datasets divisions. They were 
split into 3, 4, 5 and 10 consecutive parts. Each part was then 
used once as a validation and as a test set in the same time, 
while the other threeparts made the training set. Based on 
the number of training data (Ntr), the number of inputs (NI) 
and number of outputs (NO), and number of hidden nodes 
(Nh) was calculated by the methodology presented in [13, 20] 
for every dataset. As NI and NO, were fixed, the architecture 
of the NN per dataset depended only on Nh. Calculation of 

Fig. 3. The nonlinear characteristics of measured full-scale speed/power trials data
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more Nh per each dataset n meant that more NNs per dataset 
n were potential candidates for the NNE model.

Following the large number of NNs generated as a result 
of data splitting, dataset partitioning and Nhcalculation, only 
carefully selected NNs were selected to be trained. This was done 
due to avery possible scenario that could includethe training of 
NNs that would never enter the NNE model, which would also 
be a waste of time in the process of creating the NNE model. 
The resulting numbers of selected NNs and sets of possible NNs 
that could enter the NNE model per dataset were obtained by 
the golden-section search procedure [13]. Thiswas the input 
for the determination of Tn in the AdaBoost.RT algorithm.

Based ongolden-section point calculation, each NN was 
trained 10 times with 3, 4, 5 and 10 different combinations 
of trainedparts and tested partsthat were made up with 
the  help of bootstrap sampling  [7]. The  average RMSE 
value(of  10  NNs of the  same architectures) calculated 
overthe trained datawasinput for the calculation of the AIC 
numbers [13] of one NN architecture per part. With the help 
of the AIC numbers, the best NN architecture per part as well 
as a collection of trained NNs per part were gathered to form 
a set of trained NNs per one part (SnK). Since there were 4 parts 
per dataset, 4 SnK setswere formedafter the application of 
the golden-section search procedure. The intersection of four 
different sets (SnK) gave another set, the final set (Sn) ofpotential 
NN candidates for the NNE model within a datasetn. The first 
stage is explained in Fig. 4.

In the second stage, the AdaBoost.RT algorithm was 
applied to create the best NNE model per each dataset n. First, 

set P(Sn) was created for all n. Each P(Sn) was the collection 
of all subsets of Sn sets. The number of possible NNE models 
per each dataset n (CTn

) was equal to the number of different 
combinations of NNs in each dataset n. It is defined by 
the following Eq. (1):

           (1)

Dataset n was split following a 72/28 rule, where 72% of 
the data were used for training NNs, while 28% of the data 
were used as test data. Each NN from P(Sn) was trained to get 
the functional relationship between the inputs and output 
(ftn

(x)). ftn
(x) is used to get the weights of the NNs (Wtn

) with 
the AdaBoost.RT algorithm. The AdaBoost.RT algorithm 
applied with the previous assumptions is as follows: 

START (dataset n, cTn
-th combination)

Input: (x1, y1), …, (xin
, yin

), …, (xmn
, ymn

), x, y  ;
Where:
xin

 = ( in
⅓/Lin

, Lin
/Bin

, din
/Bin

, Frin
, Dpin

, ηDin
, σin

)
yin

 = SHPin
Initialise the distribution for all in: tn

(in) = 
Set the threshold: θ = 0.07

FOR tn = 1, 2, …, Tn
IF tn = 1
Select the training data based on random numbers End IF
IF tn > 1
Select the training data based on distribution tn

(in) End IF

Fig. 4. An example of a derivation of one set (Sn) from K-fold cross-validation and golden-section search procedure applied together with NN training in the first stage
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Train one hidden layer NN with a maximum of 100 
iterations before calculation of total error of NN. If total 
error doesnot drop in the next three 100 iterations, stop NN 
training, get the values of weights where the total error was 
minimum and obtain ftn

(x) as

    (2)
where:
wIh – weights between I-th input neuron and h-th hidden 
neuron (randomly initialized at the network configuration)
whO – weights between h-th hidden neuron and O-th output 
neuron (randomly initialized at the network configuration)
wbh and wbO – bias parameters (always have value of 1)
ftn

(x) − push boat SHP function based on ⅓/L, L/B, d/B, Fr, 
Dp, ηDand σ
s − sigmoid activation function
Nh=Nhtn

Calculate absolute relative error for each dataset example as:

       (3)

Calculate the error rate of ftn
(x)

        (4)

Calculate ωtn 
= εc

tn
, where c is a power coefficient (e.g. linear, 

square or cubic)
Update distribution tn

(in) as

    (5)

Ztn
 is a normalisation factor chosen such that tn+1 will be 

distribution
END loop
Output the final weights

         (6)

       (7)

where fn(x) is the push boat SHPfunction based on ⅓/L, L/B, 
d/B, Fr, Dp, ηD and σ.

The AdaBoost.RT algorithm was applied up to CTn times in 
order to form up to CTn NNE models. Each NNE modelwith 
the minimum RMSEn and MAEn valueswas declared to be 
the best NNE model among all of the NNE modelsthat were 
trained on each dataset n. TheRMSEn and MAEn values are 
calculated from Eq. (8) and Eq. (9). 

    (8)

      (9)

Calculations of the RMSEn and MAEn values are performed 
over the target dataset.

There were a total of 9 potentially best NNE models, 
each created as a result of training the NNs and applying 
the AdaBoost.RT algorithm on every dataset n. The procedure 
for the creation of one NNE model per dataset n is presented 
in Fig. 5. [next page]

In an effort toreduce the number of iterations in the second 
stageand to speed up the procedure, the following rule was 
adopted: If the RMSEn and MAEn values are equal to or lower 
than the threshold RMSE and MAE values, NN training is 
interrupted, and the best NNE model at this point is taken 
as the best NNE model overall and the procedure of getting 
the best NNE model is stopped. Threshold RMSE and MAE 
values were set just after the end of the first stage and they were 
70 kW and 30 kW respectively. The pseudo-code of the entire 
procedure for getting one best NNE model is presented in 
Fig. 6. [next page]

NNE modelling was done separately by using iterations in 
which different datasets were used. As soon as an acceptable 
result had been reached by one of the previous datasets, 
training and testing of NNs were stopped and the NNE 
model was created.

This procedure represents an innovative alternative to 
present datamapping with NNs in waterway transportation. 
It is believed that this procedure will improve the results 
obtained by training only single NNs.

DATA EVALUATION

In the SNNE setthere area possible 9 NNE models that are 
the best for each dataset n. Only those NNE models with 
RMSE and MAE values lower than 100 kW and 50 kW 
respectively will be analysed by graphical and numerical 
methods. Deviations and variations of push boat SHPs from 
a linear plot and the randomness and unpredictability of 
eachNNEmodel will be analysed by graphical methods, while 
theRMSE, MAE and R-squared valuesof each NNE model 
(R2

n), presented in Eq. (12),will be the focus of the numerical 
method. In this way, anNNE model that may have lower 
RMSE and MAE values but higher variance of the data than 
some other NNE model in theSNNE set will be compared to 
an NNE model with high RMSE and MAE values but lower 
variance of the data.

R-squared of each NNE model (R2
n) measures how close 

the predicted SHPs are to the linear plots. It also indicates 
the variation of the data and is defined as the ratio of sum 
of squares regression (SSR), as calculated from Eq. (10) and 
Eq. (11) and the total sum of squares as in Eq. (12).
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     (10)

       (11)

       (12)

The graphical method includes comparison based on 
the prediction plots and residual plots per NNE models.

RESULTS AND DISCUSSION

In this section, the results from training the NNs and 
the application of the AdaBoost.RT algorithm are presented.

The computational results are presented and discussed in 
an effort to assess and analyse the efficiency of the best NNE 
model. The generalisation abilities of all the NNE models 
are assessed from two points of view: the graphical method, 
which includes the prediction plot and residual analysis, 
and numerical methods that include the RMSE value (see 
Eq. (8)),MAE value (see Eq. (9)) and theR-squared value (see 
Eq. (12)).

Eight NNE models were gathered in theSNNE set. The RMSE 
and MAE values of each NNE model from SNNE set are given 
in Tab. 2.

Fig. 5. Procedure for creation of one NNE model per dataset n

Fig. 6. Procedure for getting the best NNE model from the input and output data
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From Tab. 2, it can be observed that last three NNE models 
(n = 6, 7, 8) can be subjects forcomparison by the graphical 
and numerical methods in this paper.

PREDICTION PLOT ANALYSIS

Prediction plots are used to show relationships between 
the actual push boat SHPs and NNE models SHP predictions.
The desired relationships are assumed to be linear, meaning 
that the actual SHPs are equal to the predicted SHPs. They 
are presented with linear plots in each prediction plot as red 
lines. The predicted SHP values are along the Y-axes while 
the actual SHP values are along the X-axes. They are visualised 
as scatter plots. Each dot on the scatter plot represents one 
actual SHP along the X-axis and one predicted SHP along 
theY-axis. The predictions from the entire target dataset are 
plotted and visualisedin each plot.

Fig. 7 representsthe prediction plots that refertothe last 
three NNE models (n = 6, 7, 8).

In each of the three prediction plots (see Fig. 7), there 
are dots that deviate more or less from the red lines. Going 
from Fig. 7 a) to Fig. 7 c), the deviations are smaller, pointing 
to the already assumed fact that NNE models created over 
a larger amount of data have smaller deviations. In the case of 
SHP predicton, the NNE model created over 80% of the data 
has the smallest deviations among all NNE models. The lowest 
variance of the the data along the desired response red line 
in Fig. 7 c) indicates that the last NNE model (n = 8) has 
the highest accuracy of all the NNE models. The variations 
amongthe data are also the smallest in the NNE model created 
over 80% of the data. In fact, as the percentage of data for 
creation of the NNE model rises, the variation between 
the data reduces. Consequently, the last NNE model has 
the highest precision of all the NNE models.

RESIDUAL ANALYSIS

Residual plots validate the randomness and unpredictability 
of the  NNE models in this paper. A  residual indicates 
the difference between the actual SHP and predicted SHP.
Fig. 8 illustratesthe residual plots of the last three NNE models 
(n = 6, 7, 8).

From Fig. 8 [next page], it can be seen thatthe dots, in 
general, are clustered around the  lower single digits of 
the residual axis. As n increases, the accumulations around 
the red lines increase. This suggests that the NNE model 
created over 80% of the data has the lowest residuals among 
all three analysed. None of the NNE models is symmetrically 
distributed and they all have outliers, which means that all 
three NNE models have room for improvement in terms of 
residuals. Indeed, a specific curve that could fit the residuals 
cannot be found in Fig. 8 c).The last positive thing about each 
NNE model is that they do not have clear patterns. From 
the observation of the residual graphs, it can be concluded 
that all three residual plots are stochastic because the points 
are random and unpredictable due to the lack of any observed 
specific curve, but the residuals are the smallest in Fig. 8 c). 
As a conclusion, the best fit for the estimation when it is 
evaluated by residual analysis is the last NNE model.

NUMERICAL EVALUATION METHODS

A  summary of the  analysis by numerical evaluation 
methods is presented in Tables2 and 3.

From Tab. 3 [next page], it can be observed that R-squared 
analysis for the n = 4, 5, 6, 7 and 8 NNE models has a good 
fit with values more than or equal to 0.92. However, if 
the evaluation is examined further, the last NNE model (n = 8) 
has a value of 0.98, which is better than the other NNE models. 

Fig. 7. Prediction plots of pushboat SHP estimation using NNE model created by training NNs over 60%, 70% and 80% of data

Tab. 2. RMSE and MAE values of all 8 NNE models

n 1 2 3 4 5 6 7 8

Number of NNsin each NNE model 2 2 3 2 2 3 4 2

NNE model (Nhs per n) (8,9) (8,10) (9,10,12) (13,15) (14,16) (16,17,18) (16,17,18,20) (19,22)

RMSE(kW) 233.19 180.31 154.08 103.17 99.80 88.53 89.45 45.22

MAE (kW) 148.42 107.05 91.96 57.94 55.50 46.08 34.69 24.95
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For the MAE evaluation (see Tab. 2), the last NNE model 
(n = 8) has the lowest error of 24.95 kW. This was followed 
by the other NNE models, among which the first five models 
didnot satisfy the predefined MAE requirements.

The lowest RMSE value of 45.22 kW (see Tab. 2)was found in 
the last NNE model (n = 8). The second lowest RMSE value of 
88.53 kW was from the NNE model created over 60% of the data 
from the target dataset, while the third lowest RMSE value of 
89.45 kW was from the NNE model created over 70% of the data 
from the target dataset. The other NNE models did not come 
into analysis as their RMSE values were above 100 kW except 
for the fifth NNE model, whose value of RMSE is 99.80 kW but 
whose MAE value is higher than 50 kW and which therefore 
doesnot satisfythe predefined conditions for analysis.

From the analysis performed by graphical and numerical 
methods, the last NNE model (n = 8) is selected for prediction 
of pushboat SHPs due to having the lowest RMSE, MAE and 
R-squared values of all the NNE models as well as the lowest 
variations of predicted SHPsand lowest residuals.

However, after a careful analysis of the best NNE model, 
caution regarding some of the predicted SHPs should be taken, 
particularly considering the data pointsat which the MAEs 
are above 200 kW (see Fig. 8 c). This is the major weakness 
of the best NNE model.

The other weaknesses refer to the RMSE and MAE values 
if these are compared to the RMSE and MAE valuesof similar 
NNE models. One such NNE model was found by [11] with 
RMSE and MAE values of 20.45 kW and 9.94 kW respectively.
Although [11] found lower RMSE and MAE values than 
thevalues in this paper, it can be concluded that the predicted 
SHPs from the best NNE model in this paper have reasonable 
accuracy if the number of data and push boat operation only 
at full power are taken into account.

CONCLUSION AND FURTHER WORK

In this paper, Neural Network Еnsembling with 
the AdaBoost.RT algorithm for the prediction of push boat 
SHP is presented to improve the operational efficiency of IWT 

companies and to help dispatchers in theirdaily decision-
making processes. Full-scale speed/power trials are arranged 
in a dataset from which the target dataset is derived. The target 
dataset is used for training of NNs which are then ensembled 
in one NNE model with the AdaBoost.RT algorithm.

Eight different NNE models were created based on division 
of the target datasetinto 8 smaller datasets. Three models were 
chosen for analysis by graphical and numerical methods.
On the basis of variations of SHPs in the prediction plots 
and residual plots and RMSE, MAE and R-squared values, 
a NNE model created using 80% of the data was declared as 
the best NNE model.

The model has two major weaknesses, however. One refers 
to a couple of data pointerrors representing deviations from 
the predicted SHPs, while the other refers to the comparison 
of the RMSE and MAE values to the same values obtained 
by the model found in [11]. Both weaknesses suggest that 
the  limitation of the RMSE and MAE values might be 
decreasedbelow the already defined threshold values.

By using the  NNE model, effects on the  IWT like 
punctual arrivals of cargo, costs of transport and profit of 
IWT companies could be investigated. Indirect benefits 
to transport such asincreased environmental protection, 
better energy efficiency and better utilisation of barges and 
push boats should emerge also from further investigation. 
Overall, it improves customer satisfaction, and eliminates 
the movement of empty transport vehicles, for example.

The model and solution methodology given in this paper 
could be a very useful practical tool for dispatchers to make 
the right decisions about the assignment of push boats to 
barge convoys. They can use the best NNE model as a decision 
support tool to solve their daily assignment tasks, test different 
solutions related to the planning, routing and scheduling of 
pushed convoys, and choose assignments which are suitable 
for their own needs at any given moment. Therefore, the part 
ofthe decision-making related to correct assigning according 
to the push boat SHP in the IWT company could be improved 
by applying the proposed decision support tool.

Further research should be undertaken in the following 
two directions: additional data and new methodologies.

Additional data from the full-scale speed/power trials 
could be incoroporated into the target dataset. These data 
would refer not only to pushed convoy speedsat full push 
boat power, but also to any pushed convoy speed. Overall, 

Fig. 8. Residual plots of pushboat SHP estimation using NNE model created by training NNs over 60%, 70% and 80% of data

Tab.3. R-squared values of each NNE model

n 1 2 3 4 5 6 7 8

R-squared 0.58 0.75 0.82 0.92 0.92 0.94 0.94 0.98
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this would contribute to better knowledge of pushed convoy 
arrival times.

New methodologies include machine learning algorithms. 
Important factors like the complex and finite datasets that 
are contained in this paper are a good starting point for 
the application of machine learning algorithms.
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ABSTRACT

At present, LNG vessels without reliquefaction plants consume the BOG (boil-off gas) in their engines and the excess is 
burned in the gas combustion unit without recovering any of its energy content. Excess BOG energy could be captured 
to produce H2, a fuel with high energy density and zero emissions, through the installation of a reforming plant. Such 
H2 production would, in turn, require on-board storage for its subsequent consumption in the propulsion plant when 
navigating in areas with stringent anti-pollution regulations, thus reducing CO2 and SOX emissions. This paper presents 
a review of the different H2 storage systems and the methods of burning it in propulsion engines, to demonstrate the 
energetic viability thereof on board LNG vessels. Following the analysis, it is identified that a pressurised and cooled 
H2 storage system is the best suited to an LNG vessel due to its simplicity and the fact that it does not pose a safety 
hazard. There are a number of methods for consuming the H2 generated in the DF engines that comprise the propulsion 
plant, but the use of a mixture of 70% CH4-30% H2 is the most suitable as it does not require any modifications to the 
injection system. Installation of an on-board reforming plant and H2 storage system generates sufficient H2 to allow for 
almost 3 days’ autonomy with a mixture of 70%CH4-30%H2. This reduces the engine consumption of CH4 by 11.38%, 
thus demonstrating that the system is not only energy-efficient, but lends greater versatility to the vessel.

Keywords: boil-off gas; efficiency; H2 storage; LNG vessel, reforming

NOMENCLATURE

BOGE  BOG chemical exergy (kW)
E  CH4 chemical exergy (kW)

2HE  Hydrogen chemical exergy (kW)
m  Mass flow rates (kg/s)
a-q Molar composition
h Specific enthalpy (kJ/kg)
p Pressure (Pa)
Pot Power (kW)
Q  Heat transfer rate (kW)
T Temperature (ºC)

SUBSCRIPTS

BOG Boil-off gas
Comp Compressor
Cons Consumed
Reform Reforming
Therm Thermal 

GREEK CHARACTERS

η Energetic efficiency
ηPlant Plant efficiency
ηThermal Thermal efficiency
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ACRONYMS

4S DF 4-stroke dual fuel
4S 4-stroke
BOG Boil-off gas
DF Dual fuel
ECA Emission control area
EES Engineering equation solver
GCU Gas combustion unit
GVU Gas valve unit
HTS High temperature shift
HX Heat exchanger
LD Low duty
LNG Liquid natural gas
LTS Low temperature shift
NG Natural gas
IMO International Maritime Organization
PSA Pressure swing adsorption

INTRODUCTION

Strict marine pollution prevention regulations are forcing 
the maritime industry to develop technologies that adhere 
to such regulations, thereby currently giving rise to great 
technological and economic changes in the sector [22]. The 
IMO (International Maritime Organization), in Annex 
VI of the international MARPOL Convention, stipulates 
regulations pertaining to maritime pollution [9, 7]. IMO 
emission standards, commonly referred to as Tiers, mainly set 
limits on NOX and SOX emissions depending on the navigation 
zone, with more stringent requirements applicable to ships in 
Emission Control Areas (ECA) and ports [7, 24, 16].

A large expansion of the fleet of vessels engaged in the 
transport of liquefied natural gas (LNG) has been brought 
on by the high international demand for natural gas (NG) 
[1, 26, 28, 38]. Stringent anti-pollution regulations have led 
to dual-fuel (DF) propulsion plants being the most used 
system on board LNG vessels [14]. DF engines enable ships 
to be operated on different fuels simultaneously: diesel fuel 
and the boil-off gas (BOG) generated in the cargo tanks as 
a consequence of heat transfer from the environment [3, 15, 
29, 37, 41]. The BOG that is not consumed in the propulsion 
plant is termed ‘excess’ and can be treated through various 
methods, the most notable being reliquefaction plants and 
gas combustion units (GCU) [3, 12-14, 17, 35, 39, 42].

The principle of the reliquefaction plant is to reliquefy 
excess BOG, thus avoiding losses in the load. The plant 
cost and high energy consumption must also be taken into 
consideration, however [35]. GCUs, in contrast, are installed 
on ships with no reliquefaction plants for the sole purpose of 
burning the excess BOG. Their main function is to control 
the pressure inside the tanks, but the plant performance is 
considerably reduced due to the impact of burning the excess 
without any contribution of energy [39, 41].

In consequence, strict anti-pollution regulations along with 
the wastage of excess BOG energy have prompted the need 

to develop an efficient and environmentally friendly system. 
This was the standpoint taken by the authors when carrying 
out an energetic study of a hydrogen generation plant using 
the excess BOG [4]. Once this H2 is available on board, its 
storage and consumption in the propulsion system need to 
be tackled. A wide range of H2 storage methods were found 
after carrying out a thorough review of works in this field, 
but none were adapted to LNG vessel systems. Therefore, this 
paper seeks to present a study of the different storage methods 
and the alternatives for consuming H2 on board, taking the 
latest technological developments in this field into account.

LNG VESSEL WITH DUAL-FUEL DIESEL 
ELECTRIC PROPULSION AND H2 

GENERATION
The conventional configuration of a dual-fuel diesel 

electric (DFDE) propulsion system is shown in Fig. 1. This 
configuration has four reciprocating 4-stroke dual-fuel (4SDF) 
internal combustion engines coupled to electric generators 
that power the entire ship, including the electric propulsion 
engines [8, 29, 39].

DF motors are designed to use methane as fuel, so it is 
essential that the BOG is treated in a gas management unit, as 
illustrated in Fig. 2. The most important process is to separate 
the methane from the other BOG components in order to 
avoid knocking and thus ensure correct combustion [29, 37, 
39]. This process is performed in the oil mist separator [37, 40]. 
At the separator outlet, the BOG pressure increases in the 
blades of low-duty (LD) compressors and so does the variable 
speed [13, 37]. A gas heater is installed at the compressor 
outlet to stabilise the temperature prior to entering the gas 
valve unit (GVU) [30, 31, 37]. 

BOG generation is not always constant, so it could be that 
natural generation is not sufficient and thus must be forced 
through a ‘forcing vaporiser’ heat exchanger. Moreover, the 
system also comprises a GCU to burn the excess BOG that 
is not consumed by the propulsion system, with the sole 
purpose of stabilising the cargo tank pressure [8, 13, 35, 39]. 
Should such a situation occur, burning the excess in the GCU 
reduces the overall efficiency of the plant since none of its 
energy is exploited [3]. This therefore leads to the need to 
develop an alternative to recover the excess BOG energy. The 
authors propose the integration of a hydrogen generation 
plant through steam reforming, described in the following 
section.
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H2 GENERATION PLANT

Fig. 3 illustrates the layout of the reforming system analysed 
in [4]. The system is divided into three stages, which need to 
be carried out in order to complete the process of obtaining 
H2 using BOG as the raw material. The BOG feeding the 
reformer is obtained from the excess generated on board (14) 
after its pressure is increased in the LD compressors (14‒15) 
and not consumed in the electric generation engines (31).

In the first stage, called reforming (5‒6), an endothermic 
reaction between steam (4) and NG (18) is performed inside 
a tubular reactor. This reaction takes place in an Ni catalyst 
on alumina located on the walls of the tubes, forming H2 and 
CO at the tube outlet, as expressed through the following 
reaction [37, 40]:

422224 gCHOfHeHdCOcCOQObHaCH reform �������
�
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Fig. 3. Reforming process using steam from the excess BOG generated in the tanks of an LNG vessel
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In Eq. (1), coefficients a, b, c, d, e, f and g represent the 
molar composition of the mixture, whilst reformQ  is the 
heat externally supplied to produce the reaction between 
the NG and the H2O. This reaction is performed at 900°C 
and at a pressure between 15 and 3 MPa (16‒17), reheating 
the mixture prior to entering the reformer for the purpose of 
enhancing the performance of the system [37]. The water is 
preheated in process (1-4) with the reforming gas itself, while 
the BOG, between (17‒18), increases in temperature with the 
flue gases (27‒28). The reaction between the NG and the steam 
is endothermic, hence requiring a substantial external heat 
contribution in order to reach the reaction temperature. The 
reaction is performed in a reactor located inside a furnace 
or boiler where combustion takes place at 1300°C (26‒27) 
between the BOG (19), the waste gas stream/flow from process 
(25) and air (23) [32, 36]. The air (20‒23), and the CH4 (16‒19) 
are preheated before entering the combustion chamber to 
improve the process efficiency. Air is preheated with both the 
reforming stream (9‒10) and exhaust gases (28‒29), whereas 
the exhaust gases alone preheat the CH4 (29-30).

The second stage, the Shift depicted in Fig. 3 between 
points (6‒12), is designed to reduce the concentration of CO 
in the emissions generated in the first stage [40]. To achieve 
a reduction in CO concentration, two catalysts are placed 
in series, producing exothermic reactions that cause CO2 
emissions. The first stage, (7‒8), is performed in a catalyst 
constructed with iron and chromium oxides, at about 350°C, 
based on Eq. (2) below, where coefficients h, i, j, k and l 
represent the molar composition of the mixture.

42224222 lCHOkHjHiCOhCOgCHOfHeHdCOcCO ���������  (2)

The second stage, (10‒11), is performed in a copper zinc 
catalyst at a temperature of 200°C [31, 37], obtaining CO 
concentration values of around 0.2‒0.3% (wet basis) at the 
reformer outlet. This process is based on Eq. (3), where the 
coefficients 1, m, n, o, p and q represent the molar composition 
of the mixture.

42224222 qCHOpHoHnCOmCOlCHOkHjHiCOhCO ���������  (3)

The values found at the outlet of the reformer after the 
two catalysts are 56.9% H2, 24.6% H2O, 13.4% CO2, 3.5% 
CO, and 1.3% CH4 [36]. This yielded gas stream is introduced 
into a heat exchanger to condense the H2O present in the 
mixture (12‒13).

The residual heat of the plant is exploited in order to 
improve the performance thereof, since the mixture must 
be cooled between the different stages described in the process 
to obtain the optimum temperature in each process. For this 
purpose, heat exchangers are used to heat both the BOG and 
H2O used in the reforming [30, 31].

In the last step of the process, the stream of H2 generated 
is purified (13‒32), obtaining a purity of around 99.99% 
[37]. PSA (pressure swing adsorption) modules are used for 

this, consisting of a structure made up of multiple packaged 
beds (activated carbon, alumina or zeolites), absorbing the 
impurities of the H2 stream [31, 37].

A residual stream is produced in this step (24), comprising 
the rest of the gases that make up the mixture (H2, CH4, CO2 
and CO), which are recirculated to reduce the flow of fuel 
that feeds the boiler [30, 31].

The reforming process was the object of investigation in a 
paper produced by the authors [4], in which an energy analysis 
of the plant was performed, obtaining efficiency and thermal 
performance values based on the following equations:

Power consumed by the plant:

.comprB.comprair )hh(m)hh(m)hh(mPot OG inoutin inoutinPumpinoutincons (4)

BOG chemical energy at the reforming entrance:

)(BOG BOGBOG hPCImE (5)

H2 chemical energy at the reforming exit:

)(
222 HHH hPCImE (6)

CH4 chemical energy for reforming combustion:

)(
44

44 CHCHCHCH hPCImE ��
��  (7)

Global energy efficiency of the plant:

consBOGCH

H
plant PotEE

E
��

� ��
�

4

2�  (8)

Thermal efficiency of the plant:

consBOGreform

H
Thermal

PotEQ

E 2 (9)

Table 1 contains the results obtained, displaying the 
hydrogen generated under conditions of maximum efficiency, 
the mass flows of each stream and the power consumed by 
the plant. It is important to mention that 0.37 kg/s of H2 are 
generated for each kg/s of BOG.
Tab. 1. Results of the energetic study of the plant in Fig. 3

Parameters Value

BOG compressor 205.10 (kW)

Water pump 5.09 (kW)

Air compressor 960.60 (kW)

η plant 64.04%

η thermal 74.49%
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Parameters Value

BOG 1 (kg/s)

Water 2.96 (kg/s)

BOG comb 0.41 (kg/s)

Air 11.41 (kg/s)

Waste gas 2.69 (kg/s)

Flue gas 14.52 (kg/s)

H2 0.372 (kg/s)

CHARACTERISTICS OF THE MODEL LNG 
VESSEL UNDER STUDY

This section studies the specific case of a vessel with 
a capacity of 173400 m3 of LNG, possessing the characteristics 
shown in Table 2. Data was collected during a 33-day voyage 
with the ship in maximum load conditions. In this type of 
ship the theoretical generation of BOG is considered to be 
0.15%/day of the total cargo [15, 35]. A comparison is carried 
out in Fig. 4 between the theoretical and actual BOG, which 
is 0.13%/day, with both values being very similar.

Fig. 5 shows the values of the generated BOG; that 
consumed in the DF engines and that burned in the GCU 
throughout the crossing. An average of 228 m3/day of BOG 
is produced and the consumption needed for the 4 DFDE 
engines is 182 m3/day, generating an excess that needs to be 
burned in the GCU to stabilise the pressure inside the cargo 
tanks. The purpose of installing the H2 generation plant is to 
take advantage of the excess BOG (46 m3/day), thus increasing 
the performance of the plant while simultaneously reducing 
the pollutant emissions of the vessel.

Once H2 has been generated on board, it must be stored 
to be later consumed in the propulsion plant or auxiliary 
elements of the ship. The sections below look into H2 storage 
systems, and the different methods of consuming it on board.

Tab. 2. Characteristics of the model vessel and cargo

Vessel type Gas carrier

Cargo LNG

DNV classification +1A1, oil tanker for liquefied gas,
Vessel type 2G(-163ºC, 500 kg/m3)

Propulsion system 4 x DFDE 4S

Overall length 290 m

Propulsive power 2 x 13240  kW (77.80 rpm)

Speed 15 kn

Outbound Inbound

LNG volume (m3) 170841 163180

LNG temperature (ºC) -160 -159
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H2 STORAGE

There are currently a multitude of methods for storing H2 
in industrial plants, but none are adapted to LNG vessels. 
Fig. 6 illustrates the different storage methods that could be 
installed on an LNG vessel, classifying them according to 
the technology to be used [11, 19].
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Fig. 6. H2 storage methods
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STORAGE OF H2 IN TANKS

H2 tank storage has been the most widespread method for 
over a hundred years [21]. This storage method can be done 
at low or high pressure, depending on the need and amount 
to be stored. Low-pressure storage is usually performed in 
systems that require a high H2 flow, where production and 
consumption are carried out in the same plant [20]. This 
system does not bring about any significant problems and 
so, for this reason, was extended to the storage of other gases 
such as NG, with storage in large spherical tanks being the 
method of choice [20, 34].

Storing H2 at high pressure enables the storage of a large 
quantity inside a reduced volume. The most frequent storage 
pressures are in the range of 20 to 45 MPa [21], sometimes 
even reaching 70 MPa [6, 10, 43]. Storage cylinders for high 
pressures are usually cylindrical and the material in which 
they are manufactured depends on the specific needs, with 
steel, aluminium and carbon fibres being the most widely 
used [21].

Liquefying the H2 for its subsequent storage is a method 
that achieves a high mass‒volume ratio. The disadvantage 
of this system is that it demands a high amount of energy 
to reduce the temperature below its critical point (-239.8ºC) 
[5, 33]. It is estimated that the energy input required for 
liquefaction is 1/3 of the H2 energy [21].

H2 STORAGE USING ABSORPTION

H2 storage using metal hydrides is based on the property 
possessed by some metals of forming reversible covalent 
bonds when they react with H2 [10]. This is a safe and reliable 
method of storage that consists of subjecting a metal to high 
H2 pressures in order to trap the atoms in their crystalline 
structure [32]. The stored H2 can be released by decreasing 
the external pressure of the metal or by heating it [21].

Group V transition metal alloys are the most 
commonly used for this method due to their high 
storage capacity and the low temperatures required 
to dissociate the hydride. As can be seen in reaction 
(10), an exothermic reaction takes place in the H2 storage process to form the compound, where M 
represents the metal, element or alloy and n is the 
number of H2 moles. The process of releasing the 
H2, on the contrary, is an endothermic reaction, 
requiring an external heat input, as reflected in 
reaction (11) [43].

HeatHMnHM n ��� 22  (10)

22 nHMHeatHM n ��� (11)

STORAGE THROUGH ADSORPTION

Hydrogen can be adsorbed and stored reversibly in carbon 
nanotubes or in graphite particles, depending on the pressure 
and temperature applied. Carbon nanotubes are made up of 
hexagonal carbon nets, forming light and porous tubes that 
are highly capable of storing hydrogen. Nanotubes can be 
classified into two groups; single-walled (SWNT) or multi-
walled (MWNT), depending on the number of layers that 
compose it. The technique consists in distributing carbon 
nanotubes in a chamber where H2 is introduced at a pressure 
with values of 1 to 10 MPa [32, 33, 43]. Temperature is another 
factor that affects the adsorption capacity of the system, with 
temperatures below ambient being favoured [33].

Another adsorption system worth emphasising is the 
storing of hydrogen in tanks filled with graphite particles. 
The material costs of this system are low in comparison with 
carbon nanotubes, whose high price is a serious drawback [31].

Adsorption systems generally pose a serious issue in terms 
of safety when transporting hydrogen because the volumetric 
and gravimetric density values are significantly below the 
minimum values established by state and international 
regulations. Improvements in transportation safety are 
currently being worked upon to make it a technology to 
consider because of its high storage capacity [36].

STORAGE IN GLASS AND ZEOLITE MICROSPHERES

The storage of H2 in glass and zeolite microspheres 
is a rapidly expanding technology due to storage density 
limitations [33]. The system consists of storing H2 at high 
pressure inside hollow spheres with diameters between 25 and 
500 microns at a temperature in the range of 200 to 400ºC 
[2, 18]. This high temperature is necessary to make the walls 
of the spheres permeable and allow the inward passage of 
gas. The spheres need to be heated to release the gas from 
them, or they can also be crushed, meaning, however, that 
they cannot be reused [18]. This system entails high costs 
in the materials used, and so is a process that is still under 
technological development [20].

STORAGE IN LIQUID HYDRIDES

The liquid hydride storage system allows for the safe 
storage of H2 over long periods of time at reduced volumes 
[37]. Liquid hydrides are chemical compounds capable of 
binding hydrogen with cyclohexane metals, ammonia and 
methanol [21, 10, 43]. A dehydrogenation unit is needed to 
recover the stored hydrogen, thereby implying a costly system, 
but it must be highlighted that none of the stored H2 is lost 
with this system [10].

CHOICE OF ONBOARD STORAGE SYSTEM

Given that an LNG vessel has a low temperature energy 
source, such as the load itself and the generated BOG, 
it is important to take advantage of this cold energy to 
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reduce the H2 temperature before storage [3, 15, 39, 41]. 
Furthermore, vessels require simple and reliable plants to 
avoid compromising their safety. It is thus considered that 
the most appropriate storage method is pressurised and at 
low temperature due to the maturity and low cost of the 
technology [20, 21, 34, 43]. Placing the H2 tanks inside the 
LNG cargo tanks could be considered as a strategic location. 
In this way, the stored H2 is maintained at a low temperature 
without requiring energy input. The other systems, in effect, 
have been discarded due to the following:
– Storage using metal hydrides involves high costs and 

requires heat to release the H2, and so its location inside 
LNG tanks is unfeasible as it increases the generation of 
BOG [15, 43].

– The method of adsorption with nanotubes offers low 
volumetric and gravimetric density values so it is not 
considered suitable for the transportation usage [32].

– The lack of safety in adsorption storage systems rules it out 
as an option to install on board. This system is high-risk 
because the volumetric and gravimetric density values 
are significantly below the minimum values established 
by state and international regulations [21, 33, 43].

– Glass and zeolite microspheres require large tanks because 
the storage density is very low, thus requiring large spaces 
on board to install the system [2, 18].

– Liquid hydrides are a system to be taken into account but 
it is discarded as a result of its high cost and safety issues 
resulting from the use of chemical compounds inside the 
cargo tanks [10, 43].
In the following sections, the authors propose a low 

temperature and pressurised storage system, suited to an 
LNG vessel.

HYDROGEN STORAGE SYSTEM ON THE 
MODEL SHIP

The H2 generated on board can be stored in three different 
ways: pressurised, cooled and combined. The three systems 
are based on different configurations, using only compressors 
and heat exchangers. This section analyses each system 
individually to later carry out an energy balance of the plant. 
To simplify the analysis, the following is assumed:
– The NG is composed of only methane.
– It is a steady-state system.
– Adiabatic components.
– Kinetic and potential energy are negligible in comparison 

to thermal.
The equations for performing the energy analysis of the 

plant are presented below.

Energy balance in heat exchangers:

�� ���
��

outinoutoutinoutinm )hh(m)hh( in  (12)

Plant power consumption:

.comprH)hh(mPot  2inoutincons �� �
�

 (13)

To study each storage system, the key parameters 
such as the H2 pressure and temperature are modified at 
different points in the process. The simulation is performed 
using EES (Engineering Equation Solver) software, which 
usefully includes the properties of a wide range of fluids 
and optimisation tools [25]. Table 3 depicts the parameters 
assumed for the simulation of the model plant. The results 
obtained in the study are referred to in kg/s of reforming BOG.
Tab. 3. Main parameters and assumptions for the analysis of the storage plant

System Parameters Value

LNG tanks
LNG temperature -163ºC
LNG pressure 0.1 MPa

Oil mist separator

BOG temperature (in) -156ºC
BOG pressure (in) 0.1 MPa
Methane temperature (out) -130ºC
Methane pressure (out) 0.1 MPa

Low-duty
Methane pressure (in) 0.1 MPa
Methane pressure (out) 0.5 MPa

Reforming

Methane temperature 25ºC
Methane pressure 0.5 MPa
H2O temperature 0.1 MPa
H2O pressure 25ºC
H2 temperature 25ºC
H2 pressure 1.3 MPa

Seawater Temperature 25ºC

STORAGE OF PRESSURISED H2

A compressor is installed in the pressurised H2 storage 
plant, at the exit of the reforming plant, to reduce the specific 
volume and to store a greater amount. As shown in Fig. 7, an 
exchanger with seawater must be installed to stabilise the H2 
temperature at around 25ºC prior to storing it in the tank, 
as it is considerably increased in the compression process.
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Fig. 7. Pressurised H2 storage
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In this case, the storage pressure of the H2 is varied from 
1.3 MPa (pressure at the exit of the reforming plant) to 70 
MPa (the highest for storing H2 under pressure) [10]. As the 
H2 pressure increases, its specific volume decreases, but the 
work performed by the compressors considerably increases 
from 114.1 kW for 1.4 MPa to 12 MW for 70 MPa, as reflected 
in Fig. 8(a). In this process, a temperature of 789°C is reached 
at a pressure of 70 MPa in the compressor outlet, as shown in 
Fig. 8(b). These H2 conditions prompt the need to install an 
exchanger with seawater in order to stabilise the temperature 
at around 25ºC before storing it in the tank and thus avoid an 
increase in BOG generation, whilst simultaneously reducing 
the volume of the H2 tank.

This system allows a reduced storage volume of H2 due 
to the high working pressures. However, given that the high 
temperatures reached compromise the safety of the vessel, 
and that high energy consumption is required, this system 
is discarded for use on board.
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STORAGE OF COOLED H2

H2 storage by means of cooling involves a single heat 
exchange step at the exit of the reforming plant, as shown in 
Fig. 9. The H2 is cooled with the BOG generated in the cargo 
tanks, which is at a temperature of -130ºC at the entrance 
of the exchanger.
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In this case, the H2 
temperature is reduced at the 
exit of the reforming plant prior 
to entering the storage tanks 
from 25ºC (H2 temperature at 
the exit of the reforming plant) 
to -125ºC (limited by the BOG 
temperature, which is -130ºC).

Fig. 10(a) shows that as the 
H2 temperature decreases so 
does its volume, whilst the 
BOG temperature increases as 

a consequence of the heat exchange. As the BOG temperature 
increases, its specific volume and the work performed by the 
LD compressors increase by 44%, from 1407 kW to 2521 kW, 
as illustrated in Fig. 10(b).

Lowering the H2 temperature achieves a decrease in its 
specific volume and in the generation of BOG, but it must 
be taken into account that the work of the LDs considerably 
increases. Fig. 11 illustrates the variation in BOG generation 
depending on the H2 storage temperature, varying from 25°C 
to -163°C. In the worst-case situation, which is to introduce H2 
at 25°C, an excess of only 0.0075% more than the theoretical 

amount would be generated, 
which for a ship of 173000 m3 is 
0.15%/day [13, 17]. This system 
is ruled out for onboard use 
due to the high specific volume 
and the increased consumption 
in the LDs.
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STORAGE OF PRESSURISED AND COOLED H2

Fig. 12 depicts the combined storage process, where the H2 
is cooled and pressurised to store it in a concentric tank inside 
the cargo tanks [23, 27]. The BOG generated as a result of heat 
transfer from the environment is drawn from the cargo tanks 
to prevent overpressure that could cause damage to them (13). 

The extracted BOG is treated in the oil mist separator (1‒2), 
whose purpose is to separate the methane from the other 
NG components for consumption in the engines (6), the 
H2 generation plant (7) or the GCU (5). At the outlet of the 
separator, the methane is introduced into a heat exchanger 
(2‒3) to cool the generated H2 prior to the compression and 
storage process (9‒10). Following heat exchange with the H2, the 
BOG is compressed in the LDs at a pressure of 0.5 MPa (3‒4) 
and re-cooled in an exchanger with seawater (16‒17) to stabilise 
it at a temperature of 25ºC (4‒5) and enable its consumption 
in the engines (6), reforming plant (7) and GCU (5).

The H2 obtained in the reforming plant (9‒10) is cooled with 
the BOG at the oil mist separator outlet (2‒3), as explained 
above. On leaving the exchanger, the H2 is compressed (10‒11) 
and as a result its temperature is raised again, hence needing 
to cool it (11‒12) in an exchanger with seawater (14‒15). The 
pressurised and cooled H2 enters the concentric tanks (18) 
located inside the cargo tanks (13), where it continues to 

decrease in temperature because of heat transfer with the 
LNG, which is at a temperature of -163°C.
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A study is carried out in this process, varying the H2 
pressure and temperature at different points of the system 
in order to analyse the behaviour of the elements of the plant 
and the conditions of the hydrogen for its storage.

In the first case, the H2 temperature at the exit of the 
exchanger with the BOG (point 10) is varied from 25°C to 
-125°C (a process restricted by the BOG temperature), keeping 
the storage pressure constant at 20 MPa. As shown in Fig. 
13(a), as the H2 decreases in temperature, the BOG increases 
in temperature, resulting in an increase in LD compressor 
consumption from 1407 kW to 2524 kW.

Fig. 13(b) compares the power consumed by the H2 
compressor and the LDs in relation to the H2 temperature. 
With a constant H2 temperature of 20°C at the exchanger 
outlet, the LD compressors show a consumption of 1407 kW, 
and the H2 compressors of 6447 kW. Alternatively, if the H2 
temperature at the exchanger outlet is decreased to -125°C, 
the power consumed by the LDs increases to 2524 kW, while 
that of the H2 compressor decreases to 3438 kW. In conclusion, 
it should be emphasised that cooling the H2 reduces the total 
consumption of the plant (H2 and LD compressor).

In the second case, the H2 
temperature is maintained 
at -125°C at the exchanger 
outlet, and the storage 
pressure is varied between 
1.3 and 70 MPa (point 11). 
As shown in Fig. 14(a), as the 
H2 storage pressure increases, 
the compressor consumption 
increases proportionally to 
6447 kW. As a result of the 
increase in H2 pressure from 
1.3 to 70 MPa, its temperature 
increases respectively from 
-130 to 264.5ºC, thus creating 
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a need to install a seawater exchanger in the compressor 
discharge to avoid generating BOG when introducing the 
H2 into the storage tank.

In Fig. 14(b) a comparison is made between the 
consumptions of the compressors, keeping the H2 pressure 
constant at -125°C. Under these plant conditions, the LD 
compressor consumption remains constant at 2524 kW, while 
the H2 compressor varies in consumption depending on the 
storage pressure. Varying the H2 storage pressure from 1.3 
to 70 MPa results in a decrease in volume as it is inversely 
proportional to the pressure. It must be taken into account, 
however, that the decrease in volume is more significant 
between the pressures of 1.3 and 20 MPa and thus, if the H2 
pressure is further increased, so is the energy consumption, 
but the volume barely changes.

The study of both cases had led to the observation that 
the ideal working situation of the system is the point where 
the H2 compressor power curve is cut (8.867 MPa) and that 
corresponding to its specific volume (0.13 m3/kg) in Fig. 14(b). 
This point has been selected because, from observation, the 
storage volume is barely reduced while the H2 compressor 
power increases considerably.
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HYDROGEN USAGE ON BOARD

Once stored H2 is available on board, it needs to be 
consumed in the propulsion system or auxiliary equipment. 
The use of H2 as fuel has two clear advantages: The main 
advantage is that there are no contaminating emissions, 
enabling the vessel to navigate in areas with stringent anti-
pollution regulations such as ECAs [7, 16, 24] and also in port 
stays, not requiring shore-to-ship power (cold ironing) and 
so avoiding this large expense [24]. The second advantage 
to be highlighted is that internal combustion engines are 
a widely developed technology and can reliably consume 
hydrogen with minor modifications to the fuel and control 
system [29, 31, 39].

Using H2 as fuel features various characteristics that 
considerably differentiate it from other fuels. With internal 
combustion engines, especially reciprocating engines, 
decreasing the power is a factor to be taken into account 
since the energy content per unit volume of H2 is lower than 
that of other fuels [29]. This is because its low density reduces 
the space available in the cylinder or combustion chamber for 
the intake of air, reducing its power by up to 15%. To avoid 
this problem it is recommended to inject the hydrogen in 
a liquefied or pressurised state [29, 39].

When H2 is consumed in the engines, its low self-igniting 
temperature presents a serious safety risk as the mixture could 
self-ignite [29]. It is for this reason that hot spots should be 
prevented from forming, as these can cause the mixture to 
ignite prematurely, generating knocking effects and shortening 
the life of the engine. To avoid this problem, hydrogen can be 
injected in a liquid state, since its low temperature prevents 
pre-ignition, or the injection of hydrogen into the cylinder 
can be delayed [31].

In order to burn 100% of H2 in natural gas engines, the 
injection system must be modified, with three possibilities to 
highlight. The first option is called central injection, in which 

the system has a carburettor 
to perform the mixture of air 
and H2. This system enables 
working with relatively low 
injection pressures, but the 
main drawbacks are the 
possible and easy pre-igniting 
of the fuel, and irregular 
combustion [31].

The second option is 
injection by means of gas 
valves, in which the H2 is 
directly supplied moments 
after beginning the intake 
cycle. The probability and 
magnitude of the effects of 

pre-ignition are reduced with this system, but the main 
disadvantage is the high injection pressures [29, 36].

Direct injection is the third option and the one that can 
best be adapted to the vessel because of its similarity to the 
existing system. Injection would be performed during the 
compression cycle while the intake valve is closed, achieving 
a homogeneous mixture between the air and the H2. Pre-
ignition is avoided with this system, and the engine power 
increases, but the drawback lies in the fact that the injection 
pressure is high in comparison with the other systems [29, 39].

Table 4 lists the advantages and disadvantages of the 
different systems when adapting the engines to consume H2.

From the following assessment, it is concluded that 
the CH4-H2 mixture is the most viable system because no 
modification is required and polluting emissions are less.
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Tab. 4. Advantages and disadvantages of adaptation systems for the 
consumption of H2 in the engines

System Advantages Disadvantages

70%CH4-30%H2 
mixture

No fuel system 
modifications required Emissions are not 

completely reduced
Less polluting 
emissions

Central injection Low pressure
Pre-ignition

Irregular combustion

Gas valve injection The possibility of pre-
ignition is reduced

Higher injection 
pressure

Direct injection
Pre-ignition is avoided Extremely high 

injection pressureIncreased engine power

The model vessel used during the study comprises 
a propulsion system using DF engines with the option of 
consuming liquid and gas fuels. DF engines do not require 
any modifications to the injection system in order to consume 
the stored H2, because they can run on a blend with the 
proportion of 70% CH4 and 30% H2 in molar base [34].

There is currently a fuel called Hythane comprising 
a mixture of 80% CH4 and 20% H2, which is designed to be 
used by natural gas engines, reducing hydrocarbon, CO and 
CO2 emissions [20, 34, 36].

The data obtained from the conventional gas management 
plant on board the LNG vessel along with the results of the 
reforming study in [4] are used to calculate the autonomy 
and the polluting emissions of a vessel burning a mixture of 
70% CH4 and 30% H2.

An LNG vessel with the characteristics specified in Table 
2 generates 228 m3/day of BOG, of which 182 m3/day are used 
in the propulsion plant, and the excess 46 m3/day is sent to the 
reforming plant to generate H2. The steam reforming plant 
generates 0.37 kg/s of H2 for each kg/s of BOG [4]. Thus, if 
46 m3/day of LNG is available, a total of 6836.225 m3/day of 
H2 can be obtained at 25°C at 1.3 MPa.

If a mixture of 70% CH4 and 30% H2 is taken as reference 
to power the engines, 161.28 m3/day of LNG is needed and 
3459.29 m3/day of H2 in gas state. As can be seen, when H2 
is used as fuel, the amount of CH4 required considerably 
decreases. This implies that the excess BOG increases and 
therefore more CH4 is available which can be used in the H2 
generation plant. Table 5 depicts the values of consumption, 
autonomy and CO2 emission reduction. It is important to 
highlight that with the implementation of the system, for 
each day that the reforming plant is in operation, enough H2 
is generated to supply power for almost 3 days and engine 
consumption decreases by 11.38%. This demonstrates that 
the system is energetically feasible and allows for greater 
versatility.

Tab. 5. Main parameters and assumptions for autonomy and emission analysis

System Parameters Value Conditions
LNG tanks BOG generation 228 m3/day 1 bar, -163ºC

System Parameters Value Conditions

Engine

Engine fuel: CH4

BOG consumed  
182 m3/day

1 bar, -163ºC
0.894 kg/s

Engine fuel: mixture 70%CH4-30%H2

BOG consumed 
161.28 m3/day

1 bar, -163ºC
0.793 kg/s

H2 consumed 
3459.29 m3/day

13 bar, 25ºC0.042 kg/s
CH4 fuel saved 11.38%

Reforming

BOG for H2 
generation 66.72 m3/day 1 bar, -163ºC

H2 generation per 
kg/s of CH4

0.370 kg/s 1 bar, 25ºC

H2 produced per day 10189.625 m3/
day 13 bar, 25ºC

Autonomy with 
70%CH4-30%H2

Per operation day of 
the reforming plant 2.94 days

Emissions CO2 reduction 11.38%

CONCLUSIONS

Management of the BOG generated on board LNG vessels 
needs to be improved in order to optimise energy use. To this 
end, new systems that process the excess BOG generated on 
board, which is usually burned in the GCU without utilising 
its energy, need to be developed. Installing a reforming plant 
to obtain H2 supports the optimum utilisation of the excess 
of BOG that is burned in the GCU, obtaining a fuel which is 
high in energy content and null in ozone-depleting emissions. 
The availability of H2 on board thus leads to a need to store 
it on board, so that it can be subsequently consumed during 
navigation, thereby reducing CO2 and SOX emissions. An 
alternative H2 storage system is proposed in this paper so that 
the H2 can be used later in the propulsion system.

The analysis performed has led to the following conclusions:
– The storage of pressurised and cooled hydrogen in 

concentric tanks is a system that provides simplicity, 
maturity, low cost and safety in comparison with other 
systems, making it the most suitable method for LNG 
vessels.

– The availability of a low-temperature source as is LNG at 
-163°C facilitates the cooling of the hydrogen, reducing 
the storage volume by 85% and the power required by the 
compressors by 45%.

– Introducing hydrogen into the storage tanks at 
a temperature of 25°C would only affect the daily formation 
of BOG by 0.0075%.

– DF engines support a mixture of 70% CH4 and 30% H2 as 
fuel, without requiring any modifications to the injection 
system.

– Each day of operation of the reforming plant can generate 
enough H2 for an autonomy of almost 3 days, and engine 
consumption decreases by 11.38%.

– Pollutant emissions are reduced in relation to the amount 
of CH4 used, as it is the only component that is associated 
with its carbon composition.
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In view of the above, the generation, storage and subsequent 
consumption of hydrogen in LNG propulsion plants is an 
energy-viable option, reducing ozone-depleting emissions 
whilst offering increased versatility to the vessel.
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APPLICATION OF STIRLING ENGINE TYPE ALPHA 
POWERED BY THE RECOVERY ENERGY ON VESSELS

Jacek Kropiwnicki
Gdansk University of Technology, Faculty of Mechanical Engineering, Poland

ABSTRACT

The Stirling engine is a device in which thermal energy is transformed into mechanical energy without any contact 
between the heat carrier and the working gas enclosed in the engine. The mentioned feature makes this type of engine 
very attractive for the use of the recovery energy taken from other heat devices. One of the potential applications of 
Stirling engines is the use of thermal energy generated in the ship’s engine room for producing electricity. The work 
presents the concept of the Stirling engine type alpha powered by the recovery energy. The model of Stirling engine 
developed in this work allows a quantitative assessment of the impact of the design features of the engine, primarily the 
heat exchange surfaces and the volume of control spaces, on the achieved efficiency and power of the engine. Using an 
iterative procedure, Stirling engine simulation tests were carried out taking into account the variable structural features 
of the system. The influence of the size of the heater and the cooler, as well as the effectiveness of the regenerator and 
the temperature of the heat source on the efficiency and power produced by the Stirling engine have been presented.

Keywords: Stirling engine,the recovery energy,efficiency,regenerator

NOMENCLATURE

Ag  – heater area of the heat exchange [m2], 
Aw  – cooler area of the heat exchange [m2],
cp  – specific heat capacity of the working fluid at constant 

pressure [J/(kg·K)],
cv  – specific heat capacity of the working fluid at constant 

volume [J/(kg·K)],
  – rate of increase of the internal energy of the working 

gas in the space x [W],
HVM  – heater (cooler) volume multiplication [-],
m  – total mass of gas in the engine [kg],
mx  – mass of the working gas in the space x [kg],

  – mass flow of the working gas between the spaces x 
and y [kg/s],

  – mass flow of the working gas coming into (out of) 
the analysed space [kg/s],

p  – pressure of the working gas [Pa],
Qin  – energy delivered to the Stirling engine [J],
Qout  – energy loss during cooling of the Stirling engine [J],

  – rate of heat transferred into the space x [W],
  – average rate of heat delivered to the working gas in 

the heater [W],
  – average rate of heat received from the working gas 

in the cooler [W],
R  – gas constant [J/(kg·K)],
Tx  – temperature of the working gas in the space x [K],
Txy  – temperature of the working gas flowing between the 

spaces x and y [K],
Tin(out)  – temperature of the working gas coming into (out of) 

the analysed space [K],
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W  – net work produced by the Stirling engine [J],
 – rate of work done on the surroundings in the space 

x [W],
VSC.c  – volume of the compression space swept capacity 

[m3],
VSC.e  – volume of the expansion space swept capacity [m3],
Vx  – volume of the space x [m3],

GREEK SYMBOLS

α  – angle of the phase shift between the spaces of 
expansion and compression,

DTr  – regenerator temperature difference,
ε  – regenerator effectiveness,
ηth  – thermal efficiency of the Stirling engine,
ϕ  – angle of rotation of the crankshaft shaft with respect 

to the cylinder of the expansion space,
κ  – isentropic exponent,
tc  – time of the cycle,

SUBSCRIPTS

c  – compression space,
e  – expansion space,
g  – gas supplying the heat to the engine,
h  – heater,
k  – cooler
r  – regenerator,
ref  – reference value,
test  – tested value,
w  –  cooling water.

INTRODUCTION

The contemporary aspiration of modern economies to 
minimise energy consumption and the emission of toxic 
compounds is reflected in the development of energy-saving 
drives in land and sea transport [16]. New types of fuels are 
being used, which on the one hand enable the development 
of substances that are difficult to use in the energy sector, on 
the other hand giving the possibility of reducing the emission 
of toxic compounds [13, 14]. Modern marine propulsion 
systems mainly use reciprocating engines, which enable the 
production of mechanical energy that is used as the main 
drive and the drive for auxiliary devices, e.g. in hopper 
suction dredgers [2]. Ships, as autonomous energy objects, 
must also have facilities that produce electricity and heat. The 
complex production system of these three types of energy on 
the one hand increases the capital costs and complexity of 
the system, and on the other hand gives the opportunity to 
increase the overall energy efficiency of the ship by treating 
heat as an equivalent energy carrier. However, if the heat 
production exceeds the demand, it is treated as waste and 
returned to the atmosphere. However, the thermal energy 
leaving the combustion engine [11] can be transformed into 
mechanical or electric energy in specially designed recovery 

energy systems [18]. One of the most popular commercial 
solutions of this type is a system powered by exhaust gases 
from a reciprocating engine. The system uses a gas turbine, 
steam turbine or both [17, 24]. This solution makes it possible 
to reduce the specific fuel consumption by approx. 2% at 
nominal load. However, it is not very popular, mainly due 
to the high investment cost and the large space required for 
an additional installation, which is currently lacking in the 
modern engine room. For small boats like fishing or tourist 
vessels, the Stirling engine can be an effective solution for 
the recovery of energy and transforming it into electricity. 

The Stirling engine [12] is a device in which thermal 
energy is transformed into mechanical energy without 
any contact between the heat carrier and the working gas 
enclosed in the engine. Stirling engines are characterised by 
relatively simple construction in comparison with internal 
combustion engines; the engine’s moving parts do not have 
direct contact with the substance that supplies thermal energy 
to the device and operate at lower temperature differences. 
All this influences the durability of Stirling engines, and 
often eliminates servicing at all.  Currently, as a result of the 
growing interest worldwide in the use of renewable energy 
sources to generate electricity [3, 15], a series of research 
works on Stirling engines are being conducted [3, 8, 10]. 
There are solutions that allow the direct use of the Stirling 
engine for propulsion, e.g. the system used by Saab (Kockums) 
in submarines [21]. In commercial applications, Stirling 
engines are not yet used as the main propulsion. However, 
research is being conducted in this area, for example in [9] 
the concept of a 20 MW Stirling engine using diesel as a heat 
source is presented. The authors admit that at the current 
stage of construction development, the efficiency achieved 
by a Stirling engine will be lower than that of traditional 
reciprocating engines for marine applications.

To conclude, the Stirling engine is not yet considered to 
be the main propulsion of the ship, due to the low degree of 
technological development and lower efficiency than modern 
low-speed internal combustion engines. However, it can be 
an effective solution to reduce fuel consumption on ships 
[9, 26, 27], because it uses energy otherwise emitted to the 
atmosphere. For example, in [21], the authors presented 
the concept of generating electricity using a Stirling engine 
powered by exhaust gases from a 578 kW main engine. 
Assuming the exhaust gas stream and the system efficiency, 
the authors calculated the potential fuel savings at 3%. 

Such systems do not have to be installed in the immediate 
vicinity of the source of the heat, which seems particularly 
attractive for the limited space of the engine room. The 
thermal energy is supplied to the Stirling engine through 
the walls of the heater, which has some thermal inertia. That 
enables uninterrupted work for several minutes without a heat 
supply from external devices. Such a solution can also be 
adopted as a support for the backup power system for a few 
minutes. 

Fig. 1 shows the energy system diagram of a fishing vessel 
equipped with a main engine, an oil-fired boiler and an 
electric power generator driven from the crankshaft of the 
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engine. The use of the Stirling engine in such a system makes 
it possible to recover energy leaving the main engine in the 
form of exhaust gases. However, in the case of switching off 
the main drive and starting the oil-fired boiler only for heat 
production, the system gives the possibility of producing 
additional electricity using the exhaust gas leaving the boiler. 

Fig. 1. The energy system diagram of a fishing vessel equipped with a main 
engine, an oil-fired boiler and the Stirling engine producing electricity

The work presents the concept of the Stirling engine type 
alpha powered by the recovery energy. The model of the 
Stirling engine in the form of a set of equations is presented. 
The model developed in this work allows a quantitative 
assessment of the impact of the design features of the Stirling 
engine, primarily the heat exchange surfaces and the volume 
of control spaces, on the achieved efficiency and power of the 
engine. Prospectively, application of this model will enable 
optimisation of the energy recovery system, which uses 
a Stirling engine powered by low-temperature energy sources. 
Using the iterative procedure, Stirling engine simulation tests 
were carried out taking into account the variable structural 
features of the system. The influence of the size of the heater 
and the cooler, as well as the effectiveness of the regenerator 
and the temperature of the heat source on the efficiency and 
power produced by the Stirling engine are presented.

MODEL OF THE STIRLING ENGINE

The principle of operation of the engine without internal 
combustion with a fixed mass of gas (the working medium) 
is shown in Fig. 2. The gas enclosed in the elastic sphere 
is cyclically heated and cooled. Due to changes of the gas 
temperature, the sphere expands or shrinks cyclically. 
The point is to synchronise the processes of heating 
(expanding) and the mechanical energy being received by 
the user. Similarly, the cooling process (compression) must 
be synchronised with the supply of energy, e.g. using the 
kinetic energy accumulated in the crank mechanism. The 
diagram presented does not include the regeneration process, 
which is very important in the Stirling engine, dramatically 
increasing the efficiency.

Fig. 2. The principle of operation of the engine without internal combustion 
with a fixed mass of working gas

The principle of operation of the engine operating according 
to the Stirling theoretical cycle is shown in Fig. 3. The Stirling 
theoretical cycle consists of four transformations (Fig. 3):
1-2 intensive cooling of the cylinder during compression,
2-3 stopping the piston at top dead centre (TDC) and 
providing heat from the regeneration process,
3-4 intensive heating of the cylinder during expansion,
4-1 stopping the piston at bottom dead centre (BDC) and 
heat recovery from the regeneration process.

Fig. 3. The Stirling engine theoretical cycle

In the Stirling engine’s theoretical cycle, it is assumed 
that regeneration takes place in a perfect way. The practical 
design of the Stirling engine can be derived by solving three 
major technical problems:
• continuity of movement of the displacement element,
• transfer of the total mass of gas from low to high 

temperature space and back without volume change,
• completing the process of heat regeneration in one cycle.
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Among the many practical constructions of Stirling 
engines, three main types can be distinguished: alpha, beta 
and gamma [12]. In the presented work only the alpha type 
will be considered. In Fig. 4 the simplified layout of the Stirling 
engine type alpha is presented. The layout is presented in 
4 versions corresponding to each process detailed in the 
theoretical cycle above (Fig. 3).

Fig. 4. Simplified layout of the Stirling engine type alpha with the four phases 
of the cycle

The theoretical Stirling cycle is a highly idealised 
thermodynamic cycle [1, 17], so its use is not recommended for 
quantitative analysis. For practical analysis, the isothermal or 
adiabatic model [4, 22, 23, 25] is most often used, which allows 
the functional separation of engine working spaces into: 
compression space, cooler, regenerator, heater and expansion 
space. Unfortunately, based on the fundamental assumptions 
for the isothermal model, the temperature of the gas in 
compression and expansion space is constant (as well as in 
each distinguished space). This implies that these exchangers 
are useless and the whole heat exchange process take place in 
the compression and expansion space only.  Obviously this 
cannot be correct, since the cylinder walls are not able to 
cover the expected heat demand. Additionally, this approach 
prevents calculation of the size of the heat exchangers (cooler 
and heater).  In real machines the compression and expansion 
spaces will tend to be adiabatic rather than isothermal. For 
this reason, in this work, the analysis of Stirling engine 
operation will be carried out using the adiabatic model.

Fig. 5 presents the diagram of the analysed Stirling engine 
type alpha. The analysis was conducted with the assumption 
that there is no heat exchange in the compression space, the 

regenerator, the expansion space or in adjacent pipelines (the 
grey band indicates perfect insulation). 

Fig. 5. Adiabatic arrangement of spaces of the Stirling engine type alpha

The starting point of the analysis is that the instantaneous 
pressure in each element of the Stirling engine is the same 
for the indicated crankshaft position. The total mass of gas 
in the machine is constant, thus:

1 � 1Ø 
1� 
1Ù 
1Ú 
1�=const (1)

Hence, Eq. (1) can be transformed to the following form:

14 Ø 
 14 � 
 14 Ù 
 14 Ú 
 14 � � � (2)

For the compression space the energy equation can be 
given in the form:

B4Ø 
 �mÛ Ò 14 �Ü Ò Ý�Ü 	 mÛ Ò 14 Þß* Ò ÝÞß*� � à4Ø 
 ¡4Ø (3)

where:

à4Ø � � Ò á4Ø (4)

¡Ø � mâ Ò 1Ø Ò ÝØ (5)

using the equation of state we obtain:

¡Ø �
mâ
Q Ò � Ò áØ (6)
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hence:

¡4Ø �
mâ
Q Ò ��4 Ò áØ 
 � Ò á4Ø� (7)

Assuming that heat transferred into the compression space 
is zero as well as the mass flow of the working gas coming 
into the analysed space, Eq. (3) can be simplified:

	mÛ Ò 14 Ø� Ò ÝØ� � � Ò á4Ø 

mâ
Q Ò ��4 Ò áØ 
 � Ò á4Ø� (8)

And assuming that:

14 Ø� � 	14 Ø (9)

we obtain:

14 Ø �
�

Q Ò ÝØ� Ò � Ò á
4Ø 


�
ã Ò Q Ò ÝØ� Ò �4 Ò áØ (10)

Analogically, for the expansion space the rate of mass can 
be calculated:

14 � �
�

Q Ò ÝÚ� Ò � Ò á
4� 


�
ã Ò Q Ò ÝÚ� Ò �4 Ò á� (11)

For the cooler, the energy equation can be given in the 
form:

B4� 
 �mÛ Ò 14 Ø� Ò ÝØ� 	 mÛ Ò 14 �Ù Ò Ý�Ù� � à4 � 
 ¡4� (12)

where:

¡4� �
mâ
Q Ò ��4 Ò á� 
 � Ò á4�� (13)

Assuming that for the heat exchanger the following 
conditions are met: 

à4 � � �� and á4� � � 
we obtain:

B4� �
mâ
Q Ò �4 Ò á� 	 �mÛ Ò 14 Ø� Ò ÝØ� 	 mÛ Ò 14 �Ù Ò Ý�Ù� (14)

Analogically, for the regenerator and the heater we obtain 
respectively:

B4Ù �
mâ
Q Ò �4 Ò áÙ 	 �mÛ Ò 14 �Ù Ò Ý�Ù 	 mÛ Ò 14 ÙÚ Ò ÝÙÚ� (15)

B4� �
mâ
Q Ò �4 Ò áÚ 	 �mÛ Ò 14 ÙÚ Ò ÝÙÚ 	 mÛ Ò 14 Ú� Ò ÝÚ�� (16)

For the cooler, where the volume and the temperature are 
constant the equation of state can be transformed into the 
following form:

�4 Ò á� � 14 � Ò Q Ò Ý� (17)

hence, we obtain the definition of the derivative of the mass 
concentration in the cooler:

14 � � �4 Ò
á�
Q Ò Ý� (18)

Analogically, for the regenerator and the heater we obtain:

14 Ù � �4 Ò
áÙ
Q Ò ÝÙ (19)

14 Ú � �4 Ò
áÚ
Q Ò ÝÚ (20)

Inserting Eqs. (10), (11), (18), (19) and (20) into (2) we 
obtain:

�4 � 	� Ò ã Ò
ä á4ØÝØ� 


á4�
ÝÚ�å

áØ
ÝØ� 


á�
ÝÚ� 
 ã Ò °

á�
Ý� 


áÙ
ÝÙ 


áÚ
ÝÚ²

 (21)

For the compression space the equation of state takes the 
form:

ÝØ �
� Ò áØ
1Ø Ò Q (22)

and can be transformed to the following form:

Ý4Ø �
áØ

1Ø Ò Q Ò �4 

�

1Ø Ò Q Ò á
4Ø 	
� Ò áØ
Q Ò �1Ø� Ò 14 Ø (23)

hence:

Ý4Ø �
ÝØ
� Ò �4 


ÝØ
áØ Ò á

4Ø 	 1Ø Ò ÝØ Ò
�
1Ø� Ò 14 Ø (24)
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and:

Ý4Ø � ÝØ Ò æ
�4
� 


á4Ø
áØ 	

14 Ø
1Øç (25)

where:

1Ø �
� Ò áØ
ÝØ Ò Q (26)

Analogically, for the expansion space we obtain:

Ý4� � Ý� Ò æ
�4
� 


á4�
á� 	

14 �
1�ç (27)

where:

1� �
� Ò á�
Ý� Ò Q (28)

The mass flows used in earlier equations can be defined 
using the following relations:

è
14 Ø� � 	14 Ø

14 �Ù � 14 Ø� 	 14 �
14 ÙÚ � 14 � 
 14 Ú
14 Ú� � 14 �

 (29)

In the regenerator the gas flows cyclically from the cooler to 
the heater and in the reverse direction. The gas is respectively 
heated and cooled by the metal mesh placed in the regenerator. 
The net heat transfer per cycle is zero. The regenerator quality 
is defined by the regenerator effectiveness (ε), which parameter 
allows us to calculate the regenerator temperature difference:

�ÝÙ �
�ÝÚ 	 Ý��

� Ò �� 	 é� (30)

Hence the temperature of the gas coming into the cooler 
from the regenerator will be higher than the temperature 
of gas in the cooler by 2xΔTr; analogically, the gas coming 
into the heater from the regenerator will be lower than the 
temperature of gas in the heater by 2xΔTr.

The net work produced by the Stirling engine in the 
expansion and compression spaces for the whole cycle equals:

à � ê � Ò �á4Ø 
 á4�� Ò ë�
Zì

D
 (31)

The energy delivered to the engine is given by:

B�Ü � ê B4Ú
Zì

D
Ò ë� (32)

The energy loss during cooling is given by:

BÞß* � ê B4�
Zì

D
Ò ë� (33)

The thermal efficiency of the Stirling engine can be 
calculated using the following formula:

a*Ú �
à
B�Ü (34)

For more realistic analysis it is convenient to define the 
temperature of the gas delivering heat to the Stirling engine 
(the waste energy) and the temperature of the water receiving 
heat from the device instead of the temperature of the working 
gas respectively in the heater and the cooler [5, 6]. Hence, 
assuming the energy is transferred with 100% efficiency 
through the heat exchanger, we can define the average rate 
of heat delivered to the working gas in the heater: 

B4íÚ �
B�Ü
CØ � �^ Ò Ô^ Ò �Ý̂ 	 ÝÚ� (35)

and the average rate of heat received from the working gas 
in the cooler:

B4í� �
BÞß*
CØ � �î Ò Ôî Ò �Ýî 	 Ý�� (36)

The equations presented in this section are used to 
determine the desired parameters of the working gas, e.g., the 
pressure, temperature in the compression space, expansion, 
engine efficiency, etc. Some of the variables contained in the 
equations we can assume, for example, the volume of the 
compression space:

áØ � �ïð Ò á�ñïØ Ò �� 
 mòË�ó 	 � 	 ô�� (37)

and for the expansion space: 

á� � �ïð Ò á�ñï� Ò �� 
 mòË�ó 	 ô�� (38)

Some others of the variables are conditional on the 
direction of mass flow. Hence, the temperature of the working 
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gas coming into the cooler from the compression space can 
be defined using the following formula:

ÝØ� � õÝØ�ö÷�14 Ø� ø �Ý��ö÷�14 Ø� ù � (39)

Analogically, for the temperature of the working gas 
coming into the regenerator from the cooler we obtain:

Ý�Ù � õÝ��ö÷�14 �Ù ø �ÝÙ�ö÷�14 �Ù ù � (40)

for the temperature of the working gas coming into the heater 
from the regenerator we obtain:

ÝÙÚ � õÝÙ�ö÷�14 ÙÚ ø �ÝÚ�ö÷�14 ÙÚ ù � (41)

for the temperature of the working gas coming into the 
expansion space from the heater we obtain:

ÝÚ� � õÝÚ�ö÷�14 Ú� ø �Ý��ö÷�14 Ú� ù � (42)

When the initial values of the variables are not known, 
e.g., pressure, the temperature in the compression and 
expansion space, etc., we need to use an iterative procedure 
for calculations. In such a procedure, we assume that the cycle 
is of a repetitive nature, which means that the calculations 
can be completed when the respective values at the beginning 
and the end of the cycle are the same, e.g., the temperature 
of the working gas in the compression space. Hence, the 
results of the calculations of one cycle of work are used as 
the initial conditions in the next iteration. In the iterative 
procedure, the initial pressure and temperature values in 
all control volumes are assumed, as well as the temperature 
of the exhaust gas supplying heat to the engine and the 
temperature of the cooling water. In the first calculation step, 
the direction of the working gas flow in the Stirling engine 
is determined on the basis of the volume change balance 
in the expansion and compression space. Hence the initial 
values of the gas stream and its temperature between control 
volumes are calculated. In the next steps, only the results from 
the previous calculation steps are taken into account. After 
each calculation step, the indicated work is calculated along 
with the amount of heat supplied, removed and accumulated 
by the regenerator. The convergence was controlled by the 
conformity of the compression and expansion temperatures 
at the end of one cycle and the beginning of the next one, as 
well as by the energy balance released and absorbed in the 
regenerator, which should equal zero.

INFLUENCE OF THE DESIGN FEATURES 
ON THE OPERATING PARAMETERS

The calculations were made for the system: heat source 
- Stirling engine powered with the waste heat (Fig. 1). It 
was assumed that the stream of exhaust gases flowing to 
the Stirling engine heater can be delivered by an internal 
combustion engine and an oil-fired boiler. It was assumed 
that the temperature of the exhaust gases heating the Stirling 
engine can be changed in the range of 450‒750 K. The Stirling 
engine cooler is fed with 323 K cooling water. The adiabatic 
model of the Stirling engine described in the previous section 
was applied to test the influence of the size of the heater and 
the cooler, as well as the effectiveness of the regenerator and 
the temperature of the heat source on the efficiency and power 
produced by the Stirling engine. The calculations were carried 
out using the author’s iterative procedure described in the 
previous section. Table 1 shows the basic specification of the 
analysed Stirling engine. 
Tab. 1. Main parameters and proprieties of the analysed Stirling engine type alpha

Parameter Value

Working gas air

Charge pressure 1.0 MPa

Compression (cold) volume: swept capacity 730 cc

Pipeline (cold part) 427 cc

Cooler volume (reference value) 304 cc

Regenerator volume 289 cc

Heater volume (reference value) 1140 cc

Pipeline (hot part) 427 cc

Expansion (hot) volume: swept capacity 730 cc

Using the constitutive equations given in the previous 
section, the temperatures (Fig. 6) in the analysed spaces were 
calculated for the selected temperature of the heat supply 
gas and cooling water. Also given was the condition of 
convergence in the iterative procedure that the mean pressure 
of the working gas equals 1.0 MPa. It can be observed that, 
due to the assumed non- isothermal transformation taking 
place in the compression and expansion space only, there the 
temperature follows the change of pressure and total volume 
of the working gas (left part of Fig. 6). In Fig. 6, right part, the 
conditional temperatures are presented. The levels of these 
conditional temperatures change rapidly due to the change 
of direction of the working gas flow.     
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Fig. 6. Temperatures distribution for one cycle; regenerator effectiveness 80%

Fig. 7. Rate of the heat flow in: heater, regenerator and cooler; regenerator 
effectiveness 80%; temp. of the heat supply gas 600 K; temp. of the cooling water 

323 K

Fig. 8. Volume–pressure diagram; regenerator effectiveness 80%; temp. of the 
heat supply gas 600 K; temp. of the cooling water 323 K

Fig. 7 presents the rate of the heat flow in the heater, 
regenerator and cooler. It can be observed that the energy 
balance is positive for the heater and negative for the cooler, 
which respectively corresponds to energy delivery and 
reception. The energy balance for the regenerator equals zero, 
which proves correct convergence of the calculation. Fig. 8 
presents the volume–pressure diagram of the tested Stirling 
engine. It can be observed that the mean pressure is 1.0 MPa, 
which is in line with the assumed calculation condition. 

Fig. 9 presents the influence of the regenerator effectiveness 
on the pressure change of the working gas in the tested Stirling 
engine. For the assumed test conditions the regenerator 
effectiveness, in the range 80‒100%, has an explicitly 
strong influence on the efficiency; for reduced regenerator 
effectiveness the influence is weak (Fig. 10). That result 
leads to the important conclusion that the effort put into the 
regenerator development pays back effectively if we operate 
in the high value range. On the other hand, a low-quality 
regenerator that gives off high hydraulic resistance brings 
more costs than benefits and may not be needed at all.

Fig. 9. Volume–pressure diagram for different values of regenerator 
effectiveness; temp. of the heat supply gas 600 K; temp. of the cooling water 

323 K
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Fig. 10. Influence of the regenerator effectiveness on the efficiency and power 
of the Stirling engine; temp. of the heat supply gas 600 K; temp. of the cooling 

water 323 K

Fig. 11 presents the influence of the temperature of the heat 
supply gas on the efficiency and power of the Stirling engine. 
The poor heat exchange conditions between the working gas 
(air) and the gas supplying the heat (exhaust gases) cause 
a rise of the heat exchange surface to cover the heat demand. 
That results in a relatively large volume of the heater, which 
means a relatively low efficiency of the Stirling engine, even for 
a higher temperature range. Nevertheless, the Stirling engine 
power increases almost proportionally to the temperature. 

Fig. 11. Influence of the temp. of the heat supply gas on the efficiency and 
power of the Stirling engine; temp. of the cooling water 323 K; the regenerator 

effectiveness 80%

The analysis of the influence of the heater/cooler size on 
the efficiency and power of the Stirling engine was performed 
assuming that the relation between the gas volume and 
the heat exchange surface is constant. Additionally, it was 
assumed that the relation of the gas volume in the heater to 
the gas volume in the cooler is also constant. The heater and 
cooler size were defined using one parameter – the heater 
volume multiplication:

fá � áÚ�ú|ûúáÚ�ü|ý
� Ô^�ú|ûúÔ^�ü|ý

� á��ú|ûúá��ü|ý
� Ôî�ú|ûúÔî�ü|ý

 (43)

The influence of the heater/cooler size (HVM) on the 
efficiency and power of the Stirling engine is presented in 
Fig. 12. For the initial HVM range, the rise of the heater 
volume causes a significant increase in the amount of thermal 
energy supplied to the engine, which results in a sudden 
increase of efficiency and power. In the vicinity of HVM = 1, 
the maximum of the efficiency and the power is reached, and 
then, as a result of the significant impact of dead space, the 
efficiency and the power of the Stirling engine decreases.

Fig. 12. Influence of heater/cooler size (HVM) on the efficiency and power 
of the Stirling engine; the regenerator effectiveness 80%; temp. of the heat 

supply gas 600 K; temp. of the cooling water 323 K

CONCLUSIONS

For small boats like fishing or tourist vessels, the Stirling 
engine can be an effective solution for recovering energy and 
transforming it into electricity. Such systems do not have to be 
installed in the immediate vicinity of the source of the heat, 
which seems particularly attractive for the limited space of 
the engine room. The adiabatic model of the Stirling engine 
presented in this paper has been evaluated for application 
in the iterative procedure, which in practice means that not 
all the initial conditions need to be known and that they 
will be determined as an effect of calculations in preceding 
calculation steps.

The efficiency as well as the power of the tested Stirling 
engine are affected very intensely by the temperature 
of the heat supply gas and the regenerator effectiveness; 
the higher the values of those parameters, the higher the 
efficiency and the power. A particularly intensive influence 
of the regenerator effectiveness on the engine efficiency is 
observed for the range 80‒100%, while for reduced regenerator 
effectiveness the influence is weak. That result leads to the 
important conclusion that the effort put into the regenerator 
development pays back effectively if we operate in the high 
value range. On the other hand, a low-quality regenerator 
that gives off high hydraulic resistance brings more costs 
than benefits and may not be needed at all.



POLISH MARITIME RESEARCH, No 1/2020 105

The influence of the size of the cooler and the heater is 
not so obvious. On the one hand, increasing the size of heat 
exchangers causes more energy to be supplied to the engine, 
but on the other hand, it increases the dead space, which 
reduces the efficiency of the engine. The influence of those 
factors means that increasing the volume (surface) of the 
heat exchangers has a positive effect only for the small range 
(up to HVM=1), while a further volume increase results in 
a gradual decrease in the efficiency and power of the device.
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ABSTRACT

Dynamic properties are vital for the working reliability of aft stern tube bearings. However, the determination of such 
properties currently involves several simplifications and assumptions. To obtain its dynamic characteristics accurately, 
the aft stern tube bearing was divided into several bearing segments. The oil film reaction force was considered in the 
calculation of shaft alignment, and the journal deflection and actual oil film thickness were obtained accordingly. 
Subsequently, the perturbed Reynolds equation was solved using the finite difference method when the dynamic 
characteristics of journal bearings with finite width were evaluated. Then, a calculation program was developed and 
verified by comparing with the results of other studies. Finally, the dynamic characteristics were calculated under 
different revolutions. The results showed that the stiffness at the vertical direction of the aft stern tube bearing was 
several times that of the horizontal direction and varied with the revolutions of the shafting system. These findings can 
provide the foundation for the precise calculation of the journal trajectory under dynamic conditions, as well as for 
the evaluation of the oil film thickness. Moreover, the results led to favorable conditions for the accurate calculation 
of the shafting whirling vibration.

Keywords: journal deflection, aft stern tube bearing, dynamic characteristic.

INTRODUCTION

Large merchant ships often adopt low-speed two-stroke 
diesel engines to directly drive single propellers. The aft 
stern tube bearings play an important role in the propulsion 
shafting of ships. In recent years, with the trend towards 
large-scale ships, as well as the pursuit of navigation economy, 
the power of the main propulsion has increased with the use 
of low-speed and large-diameter propellers in propulsion 
systems. The propeller weight and unbalanced force caused 
by the uneven wake at the stern of the ship are increasing, 
thereby highlighting the effect of edge load on the aft stern 
tube bearing, which increases the risk of failure. 

Under extreme working conditions, such as the partial 
immersion of propellers and the turning test of ships, a high 

temperature might occur in the aft stern tube bearing. Since 
2014, when environmentally acceptable lubricants were 
introduced for use in stern tubes, the probability of a high 
temperature occurring in the aft stern tube bearing has greatly 
increased because the performance indexes of these lubricants 
are not as good as those of traditional mineral lubricants. 
Given that dynamic behaviour plays an important role in the 
operation of shaft and bearing systems, their stiffness and 
damping coefficients should be calculated to determine the 
design margin of the shaft and bearing system.

The two main types of damage to aft stern tube bearings 
are fatigue and wiping. Wear of the bearing surface can 
be prevented by completely separating the bearing and 
journal through an oil film and accordingly establishing 
a hydrodynamic lubrication oil film. During the operation 
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of the aft stern tube bearing, the unbalanced force produced 
by propellers is not constant due to different sea conditions 
and ship motions. These unbalanced forces act on the hull 
through the oil film. Therefore, the dynamic characteristics 
of the lubricant film should be determined to analyse the oil 
film performance during bearing operation and ensure that 
the oil film is sufficiently thick.

Local and foreign scholars have conducted numerous studies 
on the dynamic characteristics of journal bearings [1–5]. 
Litwin et al. [6] studied the influence of shaft misalignment 
on water-lubricated sliding bearings. Chatterton et al. [7] 
performed an experimental investigation on hydrodynamic 
bearings under severe operation conditions. Jiang [8] and 
Tang et al. [9] calculated the oil film characteristics of an aft 
stern tube bearing by adopting the assumed journal centre 
line position in the calculation and neglecting the journal 
bending deformation. He et al  [10] conducted the lubrication 
analysis of aft stern tube bearings with journal deflection. 
Furthermore, Zhou et al. [11] and Geng et al. [12] considered 
the oil film reaction force of aft stern tube bearings in shaft 
alignment calculations, in which the bearings were assumed 
to be parallel. Zhang et al. [13] and Yang et al. [14] divided 
the aft stern tube bearing into several bearing segments to 
calculate the static contact between the bearing and the 
journal. Yang et al. [15] divided the aft stern tube bearing 
into several bearing segments and considered the oil film 
reaction force in the calculation of the shafting alignment, 
thereby resulting in a reasonable journal centre deflection 
position. Jakeman [16] presented a nonlinear oil film response 
model for aft stern tube bearings.

The ultimate purpose of calculating the oil film pressure 
for journal bearings is to obtain the static and dynamic 
characteristics through the pressure distribution and its 
derivatives, as well as to study the stability of the journal 
bearings. Therefore, journal deflection should be divided into 
several segments when calculating the dynamic characteristics 
of the aft stern tube bearings. This deflection is obtained by 
iteratively solving the Reynolds equation and shaft alignment 
calculations. Consequently, the dynamic parameters can be 
obtained. 

SOLUTION FOR THE DYNAMIC 
COEFFICIENT OF JOURNAL BEARINGS

Infinitely wide and long bearing theories can simplify 
2D problems into 1D ones to produce analytical solutions. 
However, only approximate qualitative analyses are available 
for complicated problems. Therefore, 1D solutions have 
limitations. Hence, practical results can only be obtained 
using 2D numerical solutions.

COEFFICIENT FOR DYNAMIC CHARACTERISTICS

Aft stern tube bearings belong to journal bearings. As 
shown in Fig. 1, under the action of the oil film forces yF  
and zF , the journal centre 2O  rotates at an eccentric position 

relative to the bearing centre 1O . The figure also illustrates 
the eccentric distance e , attitude angle , inner radius of 
the bearing 1R , outer radius of the journal 2R , and the radial 
clearance 21 RRc . The hydrodynamic lubrication film is 
formed by the relative motion between the inner surface of 
the bearing and the outer surface of the journal. In addition, 
the lubrication state belongs to hydrodynamic lubrication. 
The Reynolds equation can be used to describe the viscous 
flow phenomena in this narrow gap. 
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Fig. 1. Shaft centre position

When the journal is disturbed by displacement or velocity 
at the static equilibrium position, the reaction force that acts 
on the journal changes. The relationship between the change 
in force and disturbance is nonlinear. To simplify the analysis, 
the oil film force can be approximately regarded as a linear 
function of the small displacement and velocity of the journal 
when the disturbance is small. The Taylor method is applied 
to expand the oil film force against the disturbance parameter 
and maintain the first order as Eq. (1).
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where zF  and yF  are the components of the oil film force in 
the z and y directions, respectively; and 0zF  and 0yF  denote 
the component oil film forces in the z and y directions at the 
static equilibrium position, respectively.

On the one hand, the coefficient of oil film stiffness is the 
increment in the oil film force caused by the unit displacement.
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On the other hand, the oil film damping coefficient is the 
increment in oil film force caused by the unit velocity.
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where the first and second coordinates of each coefficient 
represent the force and the displacement or velocity direction, 
respectively.

In addition, ,  and ,  are the cross-stiffness 
and cross-damping/dynamic coefficients, respectively. 
These coefficients reflect the coupling action of the oil film 
force in two mutually perpendicular directions (i.e., the 
incremental direction of the oil film force is inconsistent 
with the displacement or velocity direction of the journal). 
The magnitude and sign of the cross-dynamic coefficients 
affect the bearing’s stability.

CALCULATION OF DYNAMIC CHARACTERISTIC 
COEFFICIENT 

If the Reynolds equation of unsteady motion has an 
analytic solution, such as infinitely long and infinitely 
short bearings, then the oil film stiffness and damping 
coefficient can be directly obtained. The equations of the 
general journal bearings have no analytical solution and 
can only be solved using numerical methods. For general 
journal bearings, the commonly used calculation methods 
include difference, partial derivative, small parameter, 
and finite element methods. When the difference method 
is adopted, accuracy depends on the selected disturbance. 
Partial derivative and small parameter methods must solve 
the Reynolds equation four times, and the computation 
speed and precision of both methods are approximately the 
same. In this study, the small parameter method is used to 
solve the coefficient of the dynamic characteristics. When 
the journal is disturbed, the components of the disturbing 
velocity of the journal centre on the two axes are y  and z . If 
the elastic deformations of the bearing and journal surface are 
not considered, then the Reynolds equation for the unsteady 
motion of an incompressible hydrodynamic journal bearing 
can be expressed as
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where h is the film thickness, p denotes the film pressure, 
 indicates the dynamic viscosity of the lubricating oil, x 

represents the axial coordinate, and  refers to the angular 
velocity of the journal rotation. Fig. 1 displays the other 
symbols.
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where c and L are the half clearance and effective length of 
the bearing, respectively.  represents the clockwise rotation 
angle from the y-axis, and the dimensionless form of Eq. (3) 
is written as
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For the small parameter method, the expressions of oil 
film thickness and pressure under small displacement and 
velocity perturbations (only linear terms are retained) are 
presented as follows.
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The following equation is obtained by substituting these 
expressions into Eq. (3) and omitting the higher order as 
follows.

cos
sin

p
H

cosHH
H

cossin

p
H

sinHH
H

sincos

H

p
p
p
p
p

H
L
DH

y

'z

y

z

6
6

393

393

3

0

0

3
0

0

0

0

0

3
0

0

0

0

0

3
2

3

(4) 

The first formula refers to the static Reynolds equation, 
and the four subsequent formulas are the perturbation 
equations. The stiffness and damping coefficient of the oil 
film can be obtained by solving the four subsequent formulas 
and integrating them as Eqs. (5) and (6).
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If the lubrication pressure is expressed by p, then the 
Reynolds equation is written in standard form as a 2D two-
order partial differential equation.
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where A, B, C, and D are known variables. The relationship 
among the variables of each node and the adjacent nodes 
can be determined by substituting the sum of the difference 
quotients using the previous equation. This relationship can 
be written as
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The following boundary conditions are used when the oil film 
force is solved using the static Reynolds equation.
1) Axial direction, 0

21Y
P .

2) Circumferential direction, 0
0

P , 0
2

P , and 

0P

2

.

If P < 0 in the iteration for a node, then P = 0. The final 
location of the oil film is determined after the iteration.

In solving the perturbed Reynolds equation, the 
perturbation pressure on all boundaries of the entire oil film 
region is zero, which is basically the boundary condition.

COMPUTATIONAL VALIDATION

In the calculation, the circumferential direction was divided 
into 72 equal parts, whereas the bearing axial direction was 
divided into 50 equal parts. The relative accuracy criterion of 
the Reynolds equation is 1E-6. Table 1 shows the comparison 
of the calculated results for a circular bearing with L/D = 1, 
which is adopted from the study by Zhang et al. [17]. The 
dimensionless coefficients of the dynamic characteristic under 
different eccentricities (ecc.) are enumerated. The results are 
nearly the same, except for the results in  and   and those 
with 0.95 ecc. Zhang et al. stated that the difference mesh 
should be finely divided when ecc. is greater than 0.9. For the 
grid spacing in the circumferential direction, 2–3° spacing 
is suggested. Therefore, the 5° spacing used in the present 
work possibly caused the differences. Figs. 2–5 present the 
distributions of the dimensionless disturbance pressures of 
the displacement and velocity in the y and z directions when 
ecc. is 0.4, respectively.

The columns marked with “*” contain the results of this 
work, whereas those marked with “**” present the results in 
[17], in which the coefficients are combined given that the 
cross-damping coefficients are theoretically equal. Moreover, 
these coefficients are equal to the cross-damping coefficient 
in the present study, thereby validating the program.

Tab. 1. Comparison of dimensionless dynamic characteristics

ecc
θ kzz kzy kyz kyy czz czy cyz cyy

* ** * ** * ** * ** * ** * ** * * ** * **

0.1 75.3 75.1 0.26 0.27 −0.49 −0.52 1.97 2.07 0.44 0.33 1.00 1.04 0.26 0.26 0.28 3.96 4.15

0.2 64.1 63.6 0.56 0.58 −0.54 −0.60 2.32 2.43 0.98 0.72 1.22 1.27 0.59 0.60 0.62 4.69 4.92

0.3 56.1 55.6 0.96 0.99 −0.63 −0.73 2.92 3.05 1.74 1.26 1.63 1.68 1.10 1.10 1.14 5.96 6.24

0.4 50.3 50.1 1.51 1.50 −0.72 −0.94 3.85 4.01 2.95 2.10 2.25 2.32 1.87 1.87 1.92 7.97 8.32

0.5 45.6 45.3 2.15 2.10 −0.63 −0.82 5.20 5.29 5.16 3.81 2.71 2.51 2.65 2.66 2.43 10.8 11.0

0.6 40.9 40.5 3.16 3.21 −0.40 −0.83 7.58 7.78 9.40 7.15 3.40 3.41 3.93 3.93 3.93 15.8 16.2

0.7 35.9 36.0 4.88 4.98 0.34 −0.20 12.2 12.5 19.0 15.1 4.18 4.33 5.78 5.77 5.94 21.2 26.0

0.8 30.3 30.2 8.89 8.97 2.72 2.10 24.2 24.6 47.5 40.2 6.05 5.90 10.4 10.3 10.0 49.2 49.5

0.9 22.8 23.0 24.3 24.9 16.6 14.2 80.3 82.1 206 181 12.2 13.0 28.9 28.5 30.8 158 164

0.95 17.1 18.1 60.4 62.3 77.5 43.1 255 260 890 719 20.2 32.8 65.8 63.5 99.9 468 514
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Fig. 2. Displacement disturbance in the z direction 

Fig. 3. Displacement disturbance in the y direction

 

Fig. 4. Velocity disturbance in the z direction

Fig. 5. Velocity disturbance in the y direction

SOLUTION FOR THE JOURNAL 
DEFLECTION

To solve the journal deflection, the oil film reaction force 
of the aft stern tube bearing is considered in the calculation 
of shaft alignment. The aft stern tube bearing is divided into 
several segments. The deflection in the journal’s centre line 
is characterised by the midpoint of the bearing sections. 
Then, the oil film thickness is obtained and the oil film 
force is calculated to solve the static Reynolds equation. The 
convergence solution for the final midpoint locations can 
be obtained through the iterative process between the shaft 
alignment calculation and the Reynolds equation. Fig. 6 
presents the flow chart of the process.
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Fig. 6. Flow chart

EXAMPLE

This study takes the propulsion shafting system of a second-
generation 400k very large ore carrier as an example (Fig. 7). 
The major information of shafting, which uses the main 
engine MAN 7G80ME to directly drive the single propeller 
with a maximum continued revolution of 58 r/min, is listed 
in Table 2. The propulsion shafting is composed of a propeller 
shaft, intermediate shaft, and crankshaft. Moreover, white 
metal-type journal bearings, such as the aft stern tube, 
forward stern tube, and intermediate shaft bearings, are 
arranged. The bearings are numbered from small to large 
from the aft side to the forward side. In accordance with 
the MDT’s recommendation, six main engine bearings are 
selected, and nine bearings are included in the calculation 
of shaft alignment.
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Fig. 7. Shaft alignment calculation model

When the propeller is working at the stern of the ship, 
unbalanced force and moment are produced because of the 
non-uniform flow field (Fig. 8). The propeller’s Cartesian 
coordinate system is defined as follows. The x-axis coincides 
with the centre line of the shaft system, pointing to the bow. 
The coordinate’s origin O is located at the propeller disc, 
with the y-axis in the straight up direction and the z-axis at 
the starboard. In the calculation of the shafting alignment, 
the moments in the y and z directions are considered. When 
the shaft rotational speed is 58 r/min, My = 405 kN m and 
Mz  =  −721 kN m. The calculated moment of the other 
revolutions can be converted on the basis of the quadratic 
relationship

y
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x
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Fig. 8. Unbalanced force and moment on the propeller
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Fig. 9. Stiffness of the aft stern tube bearing
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Fig. 10. Damping of the aft stern tube bearing

Tab. 2. Major information of shafting

Item Content
Oil viscosity 100 cst @ 40°C

Propeller Diameter:11.2 m
Weight:69.45 ton (in air)

Propeller shaft Diameter × length:
Φ890 mm ×10990 mm

Intermediate shaft Diameter × length:
Φ680 mm ×10880 mm

Aft stern tube bearing Inner diameter × length:
Φ891.2 mm × 1850 mm

Forward stern tube bearing Inner diameter × length:
Φ894.2 mm × 670 mm
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Figs. 9 and 10 show the relationships of the stiffness and 
damping of the aft stern tube bearing with revolutions. The 
lower the number of revolutions is, the thinner the oil film 
thickness required to produce a similar oil film lift force, 
which will result in the low relative position of the journal 
in the aft stern tube bearing, as well as an evident increase 
in the stiffness and damping in the vertical direction. In 
addition, the cross-stiffness is not zero, thereby causing 
journal whirling. The journal stability can be assessed on 
the basis of the calculated values of stiffness and damping for 
the oil film of the aft stern tube bearing at each revolution.

In the calculation of the whirling vibration for marine 
propulsion shafting, the support stiffness of the aft stern tube 
bearing is often considered the same within the calculated 
revolution range, and the difference between the vertical and 
horizontal directions is neglected. However, in this example, 
the vertical support stiffness of the aft stern tube bearing, 
which is several times the horizontal support stiffness, 
changes with the different number of revolutions. The higher 
the number of revolutions, the smaller the stiffness. Therefore, 
the present work is helpful in accurately calculating the 
whirling vibration of the ship propulsion shafting.

Considering that the length and diameter ratio of the 
aft stern tube bearing is approximately 2, the aft stern tube 
bearing is divided into 20 sub-bearing segments. The obtained 
stiffness and damping values of each bearing segment are 
shown in Figs. 11 and 12, respectively. In Figs. 10 and 12, 
the cross-damping is equal. This result is consistent with the 
theoretical qualitative conclusion. Moreover, the accuracy of 
the calculation program is verified.
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Fig. 11. Bearing segment stiffness
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Fig. 12. Bearing segment damping

The journal centre trajectory is compared with the journal 
that was considered as a straight line.To obtain the result for 
the journal centre without considering journal deflection, 
the modulus of elasticity of the journal part was set to 1,000 
times the normal value to increase the stiffness of the shaft. 
The journal centre was presented by the midpoints of the sub-
bearing segments. In Fig. 13, case “1” refers to the result for 
considering journal deflection, whereas case “2” corresponds 
to the result without considering journal deflection at  
20 r/min. The journal centres are different. The journal centre 
line bends in the y direction in case “1” due to the bending 
moment caused by the heavy propeller. By contrast, the line 
is straight in case 2. Furthermore, given that the bending 
moment in the z direction is small, no evident deflection was 
observed in this direction.
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Fig. 13. Comparison of journal centre displacement

Fig. 14 presents the comparison of the minimum oil film 
thickness and maximum oil film pressure along the bearing 
axis direction. Because of the journal deflection, the edge 
load occurs at the after end of the aft stern tube bearing, 
which is obviously at the very low revolutions of 20 r/min. 
Therefore, a reasonable result is obtained by considering the 
bearing journal deflection. Consequently, precise dynamic 
characteristics are obtained.
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Given the varying pressure distribution when the deflection 
of the bearing is neglected, the stiffness and damping values 
will also be different. The results of the dimensionless stiffness 
at 20 r/min with and without considering journal deflection 
are displayed in Figs. 15 and 16, respectively. The stiffness 
curve is similar to the maximum pressure line in Fig. 14. The 
stiffness is affected by the edge load effect when the deflection 
of the journal centre line is considered, thereby increasing the 
stiffness at the after part. Moreover, the pressure disturbance 
is large when the deflection of the journal centre line is 
considered because of the high local pressure. 
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Fig. 15. Bearing segment stiffness when journal deflection is considered
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Fig. 16. Bearing segment stiffness when journal deflection is neglected

CONCLUSION

Dynamic performance is crucial to the working reliability 
of aft stern tube bearings. The deflection of the journal should 
be considered to obtain accurate and reliable dynamic 
characteristics. 

The reasonable journal deflection of the aft stern tube 
bearing can be obtained from the iteration between the 
shafting alignment and the Reynolds equation. 

The calculation of the dynamic characteristics of the aft 
stern tube bearings provides the foundation for the calculation 
of the journal trajectory, as well as a reliable stiffness value 
for the calculation of the whirling vibration. In the past, the 
stiffness of the aft stern tube bearing was an assumed value, 

but in the future, each case can be separately considered and 
accurate calculation results can be obtained.
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ABSTRACT

In this paper, a numerical code for predicting the hydrodynamic performance of vertical-axis tidal turbine array is 
developed. The effect of the tip speed ratio, solidity, and preset angle on the hydrodynamic performance are discussed 
using a series of calculations. The load principle of the rotor and the variation principle of the turbine power coefficient 
are studied. All these results can be considered as a reference for the design of vertical-axis tidal turbines.

Keywords: vertical-axis turbine, configuration parameters, structure strength, tidal energy, efficiency

INTRODUCTION

Compared with fossil energy, tidal energy is a pollution-free 
and renewable energy resource. All the countries in the world 
are competitively researching and developing the exploitation 
of tide energy technology [6, 18]. To exploit tidal energy, first 
that energy has to be converted into mechanical energy by 
a transducer, then the mechanical energy will be transformed 
into electric power by driving a generator. Thus, research on 
transducers is an important task for developing tidal energy. 
Traditional transducers can be divided into impeller-type and 
non-impeller-type. Tidal turbines are currently widely used as 
a kind of impeller-type transducer. Based on the turbine shaft 
direction and incoming flow direction, tidal turbines can also be 
divided into horizontal-axis turbines and vertical-axis turbines. 
If the turbine shaft is parallel to the incoming flow direction, it is 
called a horizontal-axis tidal turbine [8, 15]; if the turbine shaft 
is vertical to the incoming flow direction, it is a vertical-axis 
tidal turbine [3, 16, 17]. There are several vertical-axis turbines 
in use around the world including the following:

The AK-1000TM [1], SeaGen [4], Open Centre [2] in Ireland; 
Davis Hydro Turbine [12] and EnCurrent [9] in Canada; Gorlov 
[11] and OCGen [20] in the USA; Kobold [10] in Italy, are 
typical horizontal-axis tidal turbines. WanXiang , WanXiang 2 
and HaiNeng 1 in China [14] are vertical-axis tidal turbines.

A typical vertical-axis turbine is shown in Fig. 1. Its blade 
can be assumed as a two-dimensional airfoil and is not limited 
by the direction of the current. The work speed ratio and 
the work noise of the vertical-axis tidal turbine are low, and 
the electrical power generating system can be installed above 
sea level. Therefore the vertical-axis tidal turbine has attracted 
extensive attention from researchers.

Fig. 1. Vertical-axis turbine
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A whole vertical-axis tidal turbine consists of a main 
shaft which supports the turbine, vertical long blades and 
the connecting device between them. The work condition of 
the vertical-axis tidal turbine is not restricted by the incoming 
flow direction. That is, flow with the direction ranging from 
0 to 360 degrees can drive the tidal turbine. There is no need 
to regulate the device for incident flow directions. Under 
interaction with the ocean current, the vertical-axis tidal 
turbine (lift-type) will start rotating. During one rotating cycle 
of the turbine, the blade approach stream velocity is the sum of 
the blade rotating speed and the current speed in the far field. 
Thus, the actual approach stream velocity of the blade changes 
with differences of its position angle, the lift and the drag. 
Because the rotation of the rotor is driven by a periodical lift 
force, the load on the turbine rotor is also periodic [5, 14].

As for a given blade airfoil, the main parameters that affect 
the energy conversion efficiency and structural strength of 
a vertical-axis tide turbine are the tip speed ratio, solidity, 
radius‒chord length ratio and preset angle. In the following 
equations, Q is defined as the turbine torque, λ is the tip 
speed ratio and Cp stands for the energy utilisation coefficient. 
R, D and σ are the radius, diameter, and solidity of the turbine, 
respectively. C and b are the chord length and span of the blade. 
The number and deflection angle of the blades are written 
as N and φ. α, θ and ω represent the attack angle, turbine 
rotation angle, and rotating speed of the turbine. The speed 
of the incoming flow and the flow relative to the blade are 
defined as V and VR.

The  positive f low is along its incoming direction 
and the  corresponding positive direction of rotation is 
counterclockwise. 

λ = ωR/V          (1)

Cp = Qω/(0.5ρV 3Db)        (2)

σ = NC/πD          (3)

     (4)

      (5)

Re = ρVRC/μ          (6)

At present, there are several numerical methods for 
the hydrodynamic analysis of vertical-axis tidal turbines, 
including the stream-tube model method [19], the vortex 
model method [13], and the computational fluid dynamics 
(CFD) method [7]. With the stream-tube model method, 
based on the momentum theorem, it is hard to predict the flow 
field characteristics of turbines when the speed ratio increases 
to a certain extent. The classic vortex model uses a bound 
vortex filament to replace the rotor blade and changes its 
strength as a function of azimuthal position. But the model 
cannot match the Kutta condition, resulting in inaccurate 
calculation of the forces on the blades. The developed vortex 

model combined with a finite element analysis of the flow 
surrounding the blades improves the accuracy of the vortex 
model, but the computational cost is expensive. In recent years, 
the application of a CFD method to analyse the performance 
of turbines has become more popular, but too many factors 
can affect the results of CFD. So the results need to be verified 
by experimental tests. Further, the computational cost of CFD 
is huge, even though a small-scale model is usually used. 

In this paper, an unsteady boundary element model is 
developed for hydrodynamic analysis of a vertical-axis tidal 
turbine. The performance of the tidal turbine is evaluated by 
changing three important parameters: the tip speed ratio, 
preset angle and solidity of the turbine. The influence rules 
of the three parameters on the hydrodynamic force, torque 
and power coefficient of the turbine are revealed by making 
a series of calculations. The research results can provide 
guidance for the design, optimisation and array layout of 
vertical-axis tidal turbines.

CALCULATING THEORY

The schematic diagram of the blade motion is shown in 
Fig. 2. O is a reference point and U is the translational velocity 
of the blade. The rotational angular velocity is written as Ω. 
Uniform incoming flow is expressed as:

Fig. 2. Schematic diagram of blade motion

(a)

(b)

(c)
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The coefficient of normal force acting on the blade is:
      

The coefficient of torque acting on the turbine rotor from 
a single blade: 

      

The coefficient of resultant forces acting on the rotor can 
be computed by 

      

The coefficient of average torque acting on the rotor is 
represented by 

      

RESULTS AND DISCUSSION

Many researchers have already made detailed studies on 
the hydrodynamic performance of the vertical-axis turbine, 
and Strickland’s test is one of the most representative tests [15]. 
Using the numerical method proposed above, a simulation 
for the  same model as Strickland’s test is carried out 
under the same conditions, and the results compared with 
Strickland’s test are shown in Fig. 3.

VA = (VAx , VAy )         (7)

Defining Φ(p,  t) as the  velocity potential, it satisfies 
the Laplace equation in the fluid domain.

2Φ(p, t) = 0  (p  τe)      (8)

The non-penetration boundary condition on the blade 
surface is

      (9)

where nb is the normal of the blade surface, Sb; r is the vector 
from the origin, o, to any surface point in the coordinate 
system, ζoη. At infinity, Φ(p, t) satisfies the velocity potential 
for uniform incoming flow according to

Φ( p, t ) = xVAx + yVAy  ( p→∞ )  (10)

If ϕ is the perturbation velocity potential, then Φ can be 
decomposed into two parts:

Φ = xVAx + yVAy + ϕ       (11)

Assuming a zero initial perturbation, ϕ should also satisfy 
the following equation and boundary conditions:

2ϕ( p, t ) = 0  ( p  τe )      (12)

    (13)

ϕ→0  ( p→∞ )        (14)

ϕ→0  ( t = t0 )        (15)

where t0 is the initial time.
The blade surface pressure coefficient is defined as:

         (16)

So the load on the blade surface can be written as Eq. (17): 

      (17)

where S is the blade surface area.
The torque referred to the point O is: 

    (18)

If all the forces acting on each single blade can get the force 
acting on the rotor, the resultant force F and the corresponding 
torque Q are calculated by:

       (19)

(a) Strickland’s test results

(b) Results predicted by this paper
Fig. 3. Simulation results compared with test results
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Fig. 4 shows the calculation results of the present method 
compared with references for the same model under the same 
conditions. In these figures, the circles show the motion path 
of the turbine blade, the upper parts (blue) are the results from 
literature and the lower parts (red) are the present results. 
Through the comparison, we can see that the forecast of 
the turbine trailing vortex in this paper is in good agreement 
with the forecast results of the literature.

The hydrodynamic characteristics of a single vertical-axis 
tide turbine with fixed angle mainly includes the average 
and instantaneous torque of the  rotor and energy 
conversion efficiency, the average and instantaneous load 
acting on the blade and the flow field characteristics, etc. 
The hydrodynamic characteristics of the turbine will be 
influenced by the installation position, deflection of the blade, 
tip speed ratio and solidity of the turbine. The effect of these 
parameters on the turbine efficiency and the load acting on 
the blade and rotor are analysed in detail in this paper.

ROTOR WAKE TRACK

Fig. 5 and Fig. 6 show the  development process of 
the trailing vortex after the turbine blade. From the figures 
we can see that the blade passes through the fourth and 
the first quadrant successively when rotating, and crosses 
over the  trailing vortex stream twice. The  interference 
between the blades and trailing vortex is obvious when 
the blade rotates through the downstream area and crosses 
over the trailing vortex stream. At the same time, there is 
also interference between trailing vortices. As the wake 
vortices move down, the trailing vortex from different blades 
and the trailing vortex from the same blade at different 
time periods intertwine. After the blade passes through 
the fourth and first quadrant, two turn-up turbulent belts 
are generated in the trailing vortex stream. The turbulent belt 
in the first quadrant is obviously more disordered, mainly 
because the blade passes through the vortex downstream 
in the fourth quadrant and against the current in the first 
quadrant. The turbulent belt moves down with the trailing 
vortex, and moves gradually closer to the middle, and is 
finally broken down and dissipates when moving to a certain 
distance. The interference between the blade and trailing 
vortices is mainly concentrated in the downstream area. With 
the increase of the number of blades, the phenomenon of 
the blade passing through the trailing vortex becomes more 
frequent, and the interference between blades and vortices 
becomes more violent. In general, such intense interference 
is harmful to the turbine’s hydrodynamic performance.

Fig. 5. Wake track with Z=1, λ=2Fig. 4. Calculation results compared with literature results

(A) θ = 780°

(B) θ = 1040°

(C) θ = 1400°

(D) θ = 1760°
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EFFECTS OF TIP SPEED RATIO  
ON HYDRODYNAMIC CHARACTERISTICS

In this paper, the effect of the tip speed ratio of a fixed-
angle vertical-axis turbine on the transient load and average 
load on the blade and rotor is discussed. The diameter of 
the turbine model D = 2 m, blade number Z = 3, the blade 
airfoil is NACA0018, and chord C = 0.25 m.

By changing the tip speed ratio from λ = 1.2 to λ = 2.8, 
Fig. 7 shows the curves of the force coefficient varying with 
the angle of the blade position for different tip speed ratios, and 
the curves clearly show the blade force bearing status at different 
positions. In addition, during the rotation of the blades, 
the  force on the blade increases along with the  increase 
of its tip speed. The maximum value of all the blade force 
coefficients appears near to the position angle θ = 1170°. At 
this point the blade is in the upstream disc and the blade chord 
direction is perpendicular to the incoming flow; the blade 
resultant velocity is larger and so is the projected area along 
the direction of resultant velocity, therefore the force is larger. 
The minimum value appears in position angles θ = 1080° and 
θ = 1260°. In both of these positions, the blade chord line 
is parallel to the flow velocity; one position has the leading 
edge facing the flow, the other is toward the trailing edge. 
The position towards the flow area is small, resulting in a small 
force. Overall, the blade force values with θ changing from 
1080° to 1260° were significantly higher than the force within 
the interval of θ changing from 1260° to 1440°. This is mainly 
because the interval where θ is changing from 1080° to 1260° 
is in the upstream disc and the interval where θ is changing 
from 1260° to 1440° is in the downstream disc. The small 
interference between the blade and vortex and between 
vortices results in a small force on the blade.

Fig. 8 shows the curves of force acting on the turbine rotor 
for several different tip speed ratios changing from λ = 1.6 to 
λ = 3.1, which vary with the position angle. The results show 
that the force acting on the turbine rotor is enhanced by 
the increasing tip speed ratio. The force acting on the rotor 
fluctuates periodically in a rotating period and will become 
more acute with the increasing tip speed ratio. Therefore, in 

the turbine design process, we should consider the periodical 
and maximum instantaneous load, besides the average force 
of the rotor.

Fig. 9 shows the variation of the moment coefficient on 
the same individual blades of the turbine with the change 
of position angle, at a  tip speed ratio of λ = 1.6. Fig. 10 
shows the torque coefficient of a single blade changing with 
the position angle for a number of different tip speed ratios. 
Fig. 11 shows the torque coefficient of the rotor changing 
with the position angle for a number of different tip speed 
ratios. When the torque coefficient of a single blade is positive, 
we define the corresponding range of the position angle as 
the output area. From Fig. 9 and Fig. 10, it can be seen that 
the output area is mainly in the upper disc, the peak appears 
near the position angle of the blade chord perpendicular to 
the flow velocity, and the moment coefficient is relatively 
small, even negative at some position angles. Since the torque 
coefficient of the total turbine rotor is the sum of a single blade, 
the torque coefficient in Fig. 11 shows the cyclical changes in 
one revolution of the turbine. From Fig. 7, Fig. 9 and Fig. 10, it 
can be seen that both the fluctuation of moment and the force 
acting on the blade in the downstream area of the turbine are 
always more violent than in the upstream region. It is also 
verified in the previous section that interference between 
the blade and trailing vortex and between vortices is more 
severe in the downstream area.

As can be seen from Fig. 10, both the mean coefficient 
and the peak coefficient of the turbine blade first increase 
and then decrease with the increment of the tip speed ratio. 
The turbine rotor torque coefficient is the same as the case 
in Fig. 11. Calculation of several tip speed ratios shows that 
the maximum torque coefficient appears at λ = 1.9. The analysis 
of this phenomenon is as follows. As is seen from Fig. 10 and 
Fig. 11, in most cases the tip speed ratio of the turbine blade 
torque values is negative in the downstream disc. Only when 
λ = 1.6 and λ = 1.9 is the torque coefficient positive, though still 
very small. Therefore, the torque of the blade in the upstream 
turbine disc contributes most of the  total torque. When 
the blade rotates in the upper area of the disc, with the tip 
speed ratio becoming larger, the angle of attack becomes larger 
in the angle range of the best lift-to-drag ratio characteristic, 
and the moment coefficient increases. After the tip speed ratio 
exceeds a certain value, with the tip speed ratio increasing, 
the angle of attack range of the best lift-to-drag ratio decreases, 
which results in the torque coefficient decreasing.

Fig. 7. Force coefficient of single blade, Z=3

Fig. 6. Wake track with Z=2, λ=2
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INFLUENCES OF BLADE PRESET ANGLE 
ON HYDRODYNAMIC CHARACTERISTICS

The blades have a preset angle when mounted on the rotor 
of the fixed angle vertical-axis turbine. The preset angle 
changes the  distribution of the  angle of attack during 
rotation of the turbine. The effects of the blade preset angle on 
the hydrodynamic performance of the turbine are discussed 
in detail below. The diameter of the turbine model D = 8.32 m, 
the blade chord C = 1 m, with the NACA0018 airfoil. We set 
the preset angle φ as: φ = 5°, φ = 3°, φ = 0°, φ = -3° and φ = -5°, 
and calculate two different tip speed ratios for each preset 
angle. The blade lies in the tangential direction of the locus 

circle of the turbine when φ = 0°. When the blade is outside 
the locus circle of the turbine (φ = 5°, φ = 3°), the absolute 
value of the angle of attack increases in the upstream disc and 
decreases in the downstream disc. The opposite happens when 
the blade is inside (φ = -3°, φ = -5°). The graphs in Fig. 12 show 
how the resultant force coefficient under different preset angle 
changes with the position angle. It can be seen from the figure 
that, compared to φ = 0°, in the upper reaches of the disc, 
the greater the outer partial preset angle is, the greater 
the blade resultant force coefficient is; the greater the inner 
partial preset angle is, the smaller the blade resultant force 
is. When there is an outer preset angle, the corresponding 
position angle of the force coefficient peak point advances. 
The greater the outer preset angle is, the further forward 
the  peak point is. The  opposite appears in the  case of 
the blade’s inner partial preset angle. In the downstream, 
the variation of force acting on the blade is more complicated. 
It is impossible to summarise the principle of the blade force 
from the calculated result. Because the magnitude of the force 
on the blade in the downstream is much smaller than in 
the upstream, the influence of the preset angle on the force 
of the blade in the downstream can be neglected. 

The force acting on the turbine rotor for two tip speed ratios 
varies with the preset angle, which is shown in Fig. 13. It can 
be seen from the figure that the influence of the preset angle on 
the force acting on the turbine rotor is almost the same as that 
on the blade. Since the force on the rotor is the superposition 
of the force on the blade, which is shown in Fig. 13, the force 
during a rotation period fluctuates cyclically.

Fig. 14 shows that the torque coefficient of a single blade 
varies with the change of the blade preset angle. It can be seen 
from the figure that the blade moment coefficient increases 
with the increment of the preset angle when the blade rotates 
in the upper reaches of the disc, and changes oppositely when 
rotating in the downstream. The magnitude of the torque 
coefficient in the downstream disc is significantly smaller 
than in the upstream disc. 

Fig.  15 shows that, for two tip speed ratios and five 
blade preset angles, the torque coefficient of the turbine 
rotor varies with the position angle. Overall, during one 
rotation of the turbine, both the mean and instantaneous 
values of the turbine rotor torque coefficient increase with 
the increment of the preset angle. It can be concluded that 
mounting the blades outside the locus circle of the turbine 
is beneficial to its energy utilisation efficiency, which is in 
agreement with other research findings in the literature. 

Fig. 8. Force coefficient of impeller, Z=3

Fig. 9. Moment coefficient of three blades on the same turbine, Z=3, λ=1.6

Fig. 10. Moment coefficient of single blade, Z=3

Fig. 11. Moment coefficient of impeller, Z=3

(A) λ = 1.5
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EFFECTS OF BLADE SOLIDITY ON HYDRODYNAMIC  
CHARACTERISTICS OF THE TURBINE

The number of blades determines the interference intensity 
between the blades and trailing vortices, and between trailing 
vortices, which will be discussed below. The computing 
model airfoil blade is NACA0018, the blade chord C = 1 m, 
and the diameter of turbine D = 8.32 m. The hydrodynamic 
performance of the turbine with different blade numbers from 
Z = 1 to Z = 5 is discussed, and the corresponding solidity 
is σ1 = 0.038, σ2 = 0.077, σ3 = 0.115, σ4 = 0.153, and σ5 = 0.191. 
The resultant coefficients of the single blade under different 
numbers of blades changing along the position angle in 
the case of the two tip speed ratios are shown in Fig. 16. It 
can be seen from the figure that with the increase of the blade 
number, the instantaneous peak force of the blade reduces, 
the difference of force on the blade in the upstream and 
downstream reduces, and the mean force on a single blade 
reduces. The blade force reduces mainly due to the interference 
from other blade impellers. 

Fig. 17 shows how the rotor’s resultant force coefficient 
of turbines with different blade numbers changes with 
the turbine position angle. It can be seen from the figure 
that, although the single blade force reduces, the force on 
the rotor still increases with increase of the blade number 
since the turbine rotor force is the superposition of the force on 
each blade. Meanwhile, with the increase of the blade number, 
during one rotation of the blades, the force on each blade is 
more stable. The instantaneous peak force on the turbine 
rotor is less than that of a turbine with fewer blades. From 
the viewpoint of either the blade force or the rotor force, 
the increase of the blade number is conducive to structural 
fatigue and vibration problems for the turbine.

Fig. 18 shows that the torque acting on a single blade of 
the turbine with different numbers of blades changes along 
the position angle. Fig. 19 shows that the moment acting on 
the rotor of the turbine with different numbers of blades 
changes along the position angle for the two tip speed ratios. 
It can be seen from Fig. 18 that with the increase of the blade 
number, the peak value of torque acting on a single blade 
reduces, and the peak corresponds to the same position angle. 
As can be seen from Fig. 19, with the increase of the blade 
number, the valley value of the turbine rotor torque coefficient 
increases, the peak decreases, the fluctuation of the torque (A) λ = 1.5

(A) λ = 1.5

(B) λ = 2.5
Fig. 12. Single blade resultant force coefficient with different preset angles

(B) λ = 2.5
Fig. 13. Turbine rotor force with different preset angles

(B) λ = 2.5
Fig. 15. Turbine moment coefficient with different preset angles

Fig. 14. Single blade moment coefficient with different preset angles, λ=1.5
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coefficient becomes smaller and the rotor torque output 
will be more stable. Assuming that there is no interference, 
the magnitude of torque acting on the rotor of the turbine 
with five blades should be 5 times that with one blade. From 
Fig. 19, with the increase of the blade number, the average 
torque on the rotor is not increased linearly. In the case of 
the tip speed ratio of λ = 2.5, the mean values of the torque 
coefficient of the rotor of the turbine with blade numbers 
from 1 to 5 are 0.222, 0.267, 0.236, 0.198, and 0.162. When 
λ = 1.5, the corresponding mean values are 0.192, 0.287, 0.304, 
0.293, 0.277. This is sufficient to show that the interference 
between the blades is very complicated, and for the design 
of the turbine the selection of the blade number should be 
considered based on a variety of conditions.

CONCLUSIONS

In this paper, the  hydrodynamic characteristics of 
a  vertical-axis tidal current turbine are analysed by 
numerical calculations. The results are consistent with those 
obtained by published tests. The influence of the structural 
parameters of the vertical- axis tidal turbine on the conversion 
efficiency and properties are analysed in detail. The results 
of the investigation of different configuration parameters of 
the vertical-axis turbine are presented as follows:
(1)  Speed ratio: The loads in the flow field increase with 

the increase of the speed ratio. The change of the speed 
ratio means that the relative speed and angle of attack 
change at the  same position angle. The  speed ratio 
becomes larger and the angle of attack becomes smaller. 
The torque first increases to a maximum value and then 
decreases. The energy efficiency first becomes larger and 
then decreases. The design of the turbine should take full 
account of the working area of the water environment, in 
order to have the working speed ratio as close as possible 
to the optimal speed ratio range.

(2)  The preset angle of the blade: When the leading edge of 
the blade is outside the locus circle of the turbine, it can 

(A) λ = 1.5

(A) λ = 1.5

(A) λ = 1.5

(B) λ=2.5
Fig. 16. The influence of different blade numbers on blade force

(B) λ=2.5
Fig. 19. The influence of different blade numbers on rotor moment

(B) λ=2.5
Fig. 17. The influence of different blade numbers on rotor force

Fig. 18. The influence of different blade numbers on single blade moment
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improve the energy utilisation efficiency of the turbine and 
decrease the load on the turbine and the blade, both of 
which are beneficial to the structure of the turbine. When 
the leading edge is in the locus circle, the condition is 
opposite to the former one. It is harmful to both the energy 
utilisation efficiency and the structure of the turbine.

(3)  Solidity: Enlarging the solidity can increase the energy 
utilisation efficiency when the  speed ratio is small. 
When the speed ratio becomes large, the opposite is 
true. The numerical results demonstrate that the larger 
the number of the blades, the higher the frequency is, 
and the smaller the amplitude of the fluctuation force 
and torque acting on the turbine rotor are. So it is better 
to use a smaller chord length radius ratio considering 
the load and energy output.
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ABSTRACT

This article is Part II of the paper containing a description and results of the experimental studies of the deformations, 
friction processes and structural damping that occur in the foundation bolted joints of propulsion plant components 
and auxiliary machinery installed on sea-going ships. Part I of this research work presents an analysis of the rigid 
mountings of machines and devices to the foundations on steel or resin chocks, and explains the need to carry out 
relevant research in this area. It also presents the description and results of experimental studies carried out for 
a foundation bolted joint with a conventionally used steel chock. Part II (this article) contains a description and results 
of similar studies carried out for a foundation bolted joint with a modern chock – cast from epoxy resin compound 
(EPY), specially developed for this purpose. Then, a comparative analysis of the results obtained for both bolted joints 
in question was made and the foundation chocks of the poured-in-place resin compound were demonstrated to better 
fulfill their technical tasks than the steel chocks traditionally used for this purpose.

Keywords: sea-going ships, propulsion plants, auxiliary machinery, seating, bolted joints, chocks

INTRODUCTION

In Part I of this work it has been shown [4] that the 
traditional method of fastening propulsion plant components 
and auxiliary machinery to the structural foundations on 
sea-going ships, using for this purpose chocks made of metal 
(usually steel), has many significant disadvantages, both 
technical and economic. An appropriate seating of a main 
engine on steel chocks is very difficult, burdensome, time-
consuming and costly. And the effects of such a seating are 
characterised by low technical quality and high unreliability 
in operation. This creates many problems for the contractors 
and users of sea-going ships.

Significant progress in this area has been made by 
developing special pourable resin compounds for the chocks 

and a modern technology for the seating of machinery on 
the ships’ structural foundations with their use. When cast, 
the resin flows readily into the whole area provided for the 
chock. The chock made in this way adheres closely to all 
surface irregularities. This eliminates the need for mechanical 
processing of the foundation to achieve a well fitted chock. 

Originally, the principal purpose of the use of resin 
compounds for the chocks in the seating of propulsion plants 
and auxiliary machinery on ships’ structural foundations, and 
in particular the main propulsion engines, was to simplify 
the mounting technology and shorten the installation time, 
by assuming that the technical quality of the mounting 
system will not be worse than that using the conventional 
steel chocks. This required the development of special 
resin compounds which had to meet a number of different 
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conditions. The practical mounting of the main engines on the 
ships’ structural foundations by using resin chocks required 
also to overcome many mental and formal barriers, posed 
by the designers and manufacturers of the main engines and 
sea-going ships, the classification societies and ship-owners. 
The resin compounds specially developed for this purpose 
not only simplified the installation technology, significantly 
shortened the time and reduced the cost of the mounting, but 
also provided a much better technical quality of the seatings. 
The practice shows that the use of resin chocks has a clear 
beneficial effect on the quality of the work, reliability and 
durability of the seated devices. It also noticeably reduces 
the level of vibration and noise. For the first time, engine 
security and alignment remain permanently excellent due 
to the perfect fit of the resin chocks compared with the 
conventional steel chocks. The latter allow the beating down 
of their contact surfaces and enable shifting of the engine, 
causing as a result its misalignment, nut loosening and finally, 
distortion of the foundation bolted joints [4]. 

The numerous advantages mean that the application 
of special resins, not only in the seating of the propulsion 
plants engine, but also many auxiliary machines and devices 
installed under and on the ship’s deck, has now become the 
standard. The modern installation technology of machinery 
using resin chocks is now also applied more often and widely 
in the seating of different machines and devices exploited on 
land, in particular those that generate large dynamic forces 
and vibrations [2, 7]. 

The main objective of the studies presented in this paper is 
the scientific explanation of why the so-called rigid mountings 
of machines to the foundations using chocks cast from resin 
are technically better solutions, compared with the traditional 
solutions using steel chocks, despite the fact that the resin is 
a material of much lower strength and stiffness than steel. 

To achieve this purpose, experimental studies have been 
carried out on suitable models of foundation bolted joints with 
a traditionally used steel chock or with a modern chock – cast 
from resin. Comprehensive results of these studies for the 
bolted joint with a steel chock have been presented in Part I [4]. 
Part II, presented in this article, contains the description and 
results of similar studies carried out for the bolted joint with 
a chock cast from resin. Then, a comparative analysis of the 
measurement results obtained for both studied joints has been 
made, demonstrating why the foundation chocks cast from 
resin in the seatings of machines meet their technical tasks 
better than the traditionally used steel chocks.

A MODEL OF THE BOLTED JOINT WITH 
A RESIN CHOCK

A model of the foundation bolted joint with a chock cast 
from resin is shown in Fig. 1.

Fig. 1. The connected elements of the bolted joint with the chock cast from EPY 
resin: a) schematic, b) view

The dimensions of the connected elements (representing 
some clippings of the foundation plate and the machine base) 
and the chock are the same as in the earlier examined joint 
with the steel chock [4]. The EPY resin used for the chock is 
the result of many years of research efforts carried out at the 
Technical University of Szczecin (transformed in 2009 into 
the West Pomeranian University of Technology, Szczecin). 
This resin is among the world leaders in this field. It has all 
the certificates necessary for its wide use in the seating of 
all kinds of machinery and equipment on sea-going ships 
and on land. It has been applied practically in the seating of 
about 10,000 different machines and devices (including 2215 
main engines) exploited on sea-going ships and platforms and 
for about 1350 machines and devices operating on land [3].

A resin chock (with dimensions 80×80×20 mm and with 
a hole Φ24 mm in the centre) in the bolted joint provided 
for the experimental studies, has been cast already under the 
conditions applied in the practical seating of machines on 
foundations (described in detail in [5]).

An important thing in the preparation of the test joint 
was to secure it so that the contact surfaces of the cast resin 
chock and components to be connected were not separated 
or shifted relative to each other before the tests. The resin 
chock cast in this way automatically fits closely to all macro- 
and micro-imperfections existing on the metal surfaces of 
the connected elements. In contrast to the contact between 
two metal surfaces, the real contact area in this case is equal 
to their nominal contact area, or even slightly greater than 
it, when taking into account the surface asperities. This 
ensures a continuity of the pressure distribution and a good 
transmission of the normal and tangential forces.

In the event of separation of the surfaces and their 
re-connection, even if it is conducted in a very careful manner, 
the contact conditions undergo some changes. Therefore, the 
object seated on chocks cast from resin after it has moved off 
may not be mounted on the same chocks. After its appropriate 
setting, new chocks must be cast.
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EXPERIMENTAL STUDIES

The experimental studies were performed on the testing 
machine INSTRON 8850, using appropriate hardware and 
software. Several experiments, similar or identical to those 
for the earlier tested joint with the steel chock, have been 
performed. The use of the same loading programs was not 
always possible, because the joint (with the resin chock) 
behaved quite differently from the joint with the steel chock 
studied earlier. For these studies, such conditions have been 
adopted which clearly revealed the qualitative and quantitative 
differences in the behaviour of the foundation bolted joints 
with the chocks made in the traditional manner with steel 
and the modern chocks cast from resin.

EXPERIMENT NO. 1

Experiment No. 1 in the studies of the joint with the resin 
chock had a slightly different course from the studies conducted 
previously for the joint with the steel chock. The tested joint 
was loaded and unloaded by a linearly time-varying force T, 
according to an isosceles triangle with a gradually increasing 
height (Fig. 2a). The relative displacements of the connected 
elements (Fig. 1) were measured in the direction of the loading 
force T. The course and results of this experiment are shown 
in Fig. 2, wherein τ is the mean value of the tangential stress 
acting on the chock induced by force T.

These studies have shown that there is a clearly linear 
relationship between the average tangential stress τ (loading 
force T) and the relative displacement δt of the connected 
elements (measured at points 1 and 2 shown in Fig. 3). In 
this case, the frictional force, which balances the external 
load T, is proportional to the relative displacement δt. These 
displacements are linear‒elastic and form small hysteresis 
loops (Fig. 2b). The fields contained within these loops 
illustrate the energy dissipation in one loading cycle.

Fig. 2. The course and results of experiment No. 1: a) time course of tangential 
stress τ (force T), b) tangential stress–displacement relationship

Fig. 3. Schematic diagram of loading and deformation of the tested joint with 
the resin chock

The characteristics obtained in these studies differ 
significantly from the characteristics previously obtained 
for the joint with the steel chock, both qualitatively and 
quantitatively. Fig. 3 shows schematically the loading 
and deformation of the tested joint with the resin chock. 
Considerable differences can be seen compared to the figure 
that illustrates the behaviour of the previously tested joint 
with the steel chock (see Part I [4], Fig. 4).

The relative displacements t of the connected elements 
(measured at points 1 and 2), in the currently tested joint, are 
entirely due to the material’s shearing strains of the joined 
elements, and most of all of the resin chock. The contact 
between the chock and the joined steel elements is intimate. 
There are neither contact deformations nor micro-slips in the 
contact interfaces. It should be noted that the resin chock was 
not glued to the connected steel elements. The surfaces of these 

elements have been covered 
with a thin layer of release 
agent (ACMOS 70 2406), and 
could be easily separated. 
The applied tangential loads 
were carried entirely by the 
static friction forces (without 
the occurrence of tangential 
contact deformations and 
micro-slips). Owing to the 
intimate adhesion of the resin 
chock to the rough metal 
surfaces, a very high value for 

the friction coefficient has been achieved. In this case, the 
friction coefficient reached a value of μr = 0.8, which was not 
its limit value. At this value of the friction coefficient, more 
than 3 times the limit value of the friction coefficient in the 
earlier examined joint with a steel chock, the system behaves 
in a linear‒elastic way (Fig. 2). Greater loading for the test 
system was not used for fear of damaging the extensometers 
by a rapid break of the frictional connection.
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EXPERIMENT NO. 2

In experiment No. 2, the behaviour of the system was 
studied under a given program of forced oscillations (relative 
displacements measured at points 1 and 2). The oscillations had 
sinusoidal courses and were controlled with the extensometer 
No. 1 (see Part I [4], Fig. 3). The conditions of this experiment 
were the same as in the previous studies carried out for the 
joint with the steel chock. A schematic of the tested joint and 
the given program of oscillations (relative displacements of 
points 1 and 2) are shown in Fig. 4. 

Fig. 4. Schematic of the tested joint (a) and the assumed program of 
oscillations (relative displacements of points 1 and 2) (b); amplitudes of these 

vibrations had values: δa = 1, 2.5, 5, 10 and 15 μm

Fig. 5. Results of experiment No. 2: a) time courses of the relative 
displacements δt of the connected elements, b) time courses of the force T that 

produced the displacements, c) time courses of the average shear stresses τ 
acting on the chock, d) relationship between the stresses τ  

and displacements δt

The results of this experiment, obtained from the testing 
machine, are shown in Fig. 5. Figs. 5a, b, and c show the 
time courses of relative displacements t of the connected 

elements (measured at points 1 and 2), the force T executing 
the pre-programmed displacements, and the average shear 
stresses t acting on the chock, respectively. A simple linear‒
elastic relationship between these quantities can be seen. 
The measured relative displacements of points 1 and 2 are 
mainly an effect of the shearing strains of the chock, and to 
a very small extent also of the connected elements (Fig. 3). 
Fig. 5d shows the relationships between the tangential stresses 
and displacements and the hysteresis loops obtained in this 
experiment. These are all the loops obtained for the selected 
kinematic excitations with amplitudes of 1, 2.5, 5, 10, and 
15 μm (shown in Fig. 5a). They are an effect of the viscous 
damping occurring in the material of the chock. The results 
obtained (presented in Fig. 5) show that the tested joint with 
the cast resin chock behaves in a linear‒elastic way. This is 
clearly visible in Fig. 5d. In this case, there are no micro-slips 
and structural damping.

Fig. 6 shows the hysteresis loop for the maximum 
amplitude of the relative displacements of the connected 
elements, measured at points 1 and 2. From the graph we can 
easily determine the shear modulus Gr and the loss factor η 
for the tested resin chock. The measured values of the relative 
displacements δt of the connected elements (measured at 
points 1 and 2) can be mathematically expressed as a sum 
(Fig. 3):

þ� � �� Òh +2Ò �� Ò � �� ��� Ò 	
 
 Ò
�
��
Ò � (1)

where:
γr – shearing strain angle of the 
resin EPY,
γs – shearing strain angle of steel,
Gr – shear modulus of the resin 
EPY,
Gs – shear modulus of steel; Gs = 
8.1•104 MPa,
a and h – dimensions indicated in 
Fig. 3, mm.
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Fig. 6. Hysteresis loop for the maximum amplitude of the relative 
displacements of connected elements and the graphic designations 

of the values W and U

From Eq. (1), after appropriate transformations, is obtained

�� � �Ò	
>\
Ò ���Ò�

 (2)

The measurement results show (Fig. 6), that the relative 
displacement of the measuring points 1 and 2, δt = 0.015 mm, 
has occurred for the average shear stress τ = 1.95 MPa. 
Substituting these values into formula (2), by taking account 
of the data: Gs = 8.1•104 MPa, h = 20 mm and a = 6 mm, we 
obtained for the EPY resin the shear modulus Gr = 2651 MPa. 
The earlier determined value of the modulus of this material 
using a torsion pendulum [6] was Gr = 2511 MPa.

The loss factor η can be easily determined from the 
hysteresis loop (Fig. 6), using the simple relationship [8]

� � �

Ò�Ò� (3)

where W is the energy dissipated per cycle, related to the 
unit volume, and U ‒ the potential energy of the elastic 
deformation corresponding to the maximum deformation, 
related to the unit volume. For the hysteresis loop shown in 
Fig. 6, using a numerical integration, the following values 
were obtained: W = 0.111 Nmm/mm3, U = 0.72 Nmm/mm3. 
After substituting these values into (3), we obtained the loss 
factor η = 0.0245.

EXPERIMENT NO. 3

In experiment No. 3 the test system was subjected to forced 
oscillations, controlled by the displacements s(t) of the testing 
machine’s head. The conditions of this experiment were the 
same as in the earlier studies carried out for the bolted joint 
with the steel chock. The program of the assumed sinusoidal 
waveforms (with amplitudes of 25, 50, 75 and 100 μm, and 
frequency ν = 1 Hz), executed on the testing machine, is 
shown in Fig. 7a. Fig. 7b shows the time course of the relative 
displacements δt(t) of the connected elements, measured at 
points 1 and 2. Fig. 7c shows the time courses of the average 
tangential stresses acting on the chock, and Fig. 7c ‒ the 
relationships between the stresses and displacements for 
the selected oscillations shown in Fig. 7a. 

This study has shown 
that there are very simple 
linear‒elastic relationships 
here between all the tested 
quantities. The bolted joint 
with the cast resin chock 
behaves quite differently from 
the earlier studied joint with 
the steel chock, where there 
were large nonlinearities, 
considerable micro-slips and 
large structural damping in the 
contact interfaces. 

Fig. 7. Results of experiment No. 3: a) time courses of the selected displacements s(t) of the testing machine’s head, b) time 
course of the relative displacements δt(t) of the connected elements (measured at points 1 and 2), c) time course of the average 

shear stresses acting on the chock, d) relationships between the stresses τ and displacements δt
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COMPARATIVE ANALYSIS OF THE RESULTS

For comparison purposes, only some results of the studies 
were used. Fig. 8 shows the characteristics that illustrate the 
relationships between the tangential stress τ (force T) and the 
relative tangential displacement δt of the connected elements 
(measured at points 1 and 2) for the bolted joint with the 
steel chock and for the same joint with the chock cast from 
resin (EPY), respectively. Already at first glance, relevant 
quantitative and qualitative differences in the behaviour of 
the studied bolted joints can be seen. These differences are 
important from the point of view of both the engineering 
practice and theory.

Fig. 8. Relationships between tangential stress t (force T) and displacement δt 
of the connected elements for the tested joints with the steel chock (curve 1) 

and with the chock cast from resin (curve 2)

The characteristic of the relative displacements of the 
connected elements for the joint with the steel chock, from 
the very beginning, is nonlinear (Fig. 8, curve 1). With the 
increase of the tangential load, considerable displacements 
occur here. They are of an elastic‒plastic nature. The relatively 
large displacements are mainly the result of micro-slips 
occurring in the contact interfaces of the interacting rough 
surfaces (see Part I [4], Fig. 5). These micro-slips occur 
at very small increments of tangential loadings (shear 
stresses) and can reach significant values before breaking 
the contact and the occurrence of macro-slip. The share 
of the elastic displacements is in this case very small. The 
elastic displacements are the result of the elastic deformations 
occurring in the material of the elements combined and the 
elastic tangential contact deformations occurring in their 
frictional interfaces. The characteristics and values of the 
elastic deformations are illustrated in the graphs obtained 
during unloading and re-loading of the tested joint (Fig. 8, 
curve 1). 

Curve 2 in Fig. 8 presents the characteristic of the relative 
tangential displacements of the connected elements (measured 
at points 1 and 2), for the tested joint with the chock cast from 
EPY resin. This characteristic was determined during loading 
and unloading of the tested joint with the force T operating 
on two sides and gradually increasing its maximum value (see 
Fig. 2). The tested system shows linear‒elastic behaviour. In 

this case, the measured displacements are the result of the 
elastic shearing strains occurring in the material of the joined 
elements, mainly in the chock (Fig. 3). The interacting surfaces 
of the chock and the joined elements adhere intimately to each 
other and can carry much greater tangential loads than the 
joint with the steel chock for the same clamping force. There 
are no noticeable tangential contact deformations and micro-
slips in the interfaces, even when the loading force is 3.3 times 
higher than the maximum loading force acting on the tested 
joint with the steel chock. The test system behaves similarly 
during its tension and compression, and the hysteresis loops 
occurring in this case are small and have the form of sharp-
edged ellipses. Since no sliding movement into the contact 
interfaces occurs here, there is also no structural damping. 
Some slight damping occurs in the chock’s material and is 
of a viscous nature. 

Fig. 9 shows a comparison of characteristics illustrating 
the relationships between the frictional force (defined as 
f = T/N = τ/p) and tangential displacement δt, determined 
experimentally for the tested bolted joints with the chock 
made of steel and the chock cast from resin. The maximum 
value of the friction coefficient determined for the steel chock 
is μs = 0.24, and for the chock cast from resin is μr = 0.8. This 
is 3.3 times greater than the boundary friction coefficient 
obtained for the bolted joint with the steel chock. In this case, 
it is not the maximum limit value of this friction coefficient, 
exceeding which will break the frictional connection and cause 
the occurrence of macro-slip. Due to the fear of damaging 
the extensometers, further increase of the loading force T 
(until the frictional connection is broken) was discontinued. 

Fig. 9. Comparison of characteristics illustrating the frictional force (f=T/N) – 
displacement (δt) relationships for the tested bolted joints with the chock made 

of steel (curve 1) and the chock cast from resin (straight line 2)

Fig. 10 shows (for comparison purposes) the dynamic 
characteristics determined for the two tested bolted joints. 
The tests were performed at identical sinusoidal excitations 
shown in Fig. 10a, controlled at the measuring points 1 and 
2 (Fig. 10b). The amplitudes of the excitations amounted to 
1, 2.5, 5, 10 and 15 μm. Temporary shear stress waveforms 
and hysteresis loops occurring at these excitations are shown: 
for the joint with the steel chock – in Figs. 10c and 10d, and 
for the joint with the cast resin chock – in Figs. 10e and 10f. 
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Figures 10c and 10d show that in the tested bolted joint 
with the steel chock, even at relatively small excitations, 
there are nonlinear elastic‒plastic relationships between the 
tangential forces T (average stresses τ) and displacements δt. 
These are caused by the tangential contact deformations and 
substantial micro-slips occurring in the contact interfaces 
of the interacting metal surfaces. They manifest themselves 
clearly in the large hysteresis loops. The friction forces 
powerfully dampen vibrations during a short interval of 
time. However, over a longer period, abrasion of the tops 
of the rough surfaces that are in contact occurs. Fretting 
corrosion is frequent. These phenomena lead to degradation 
of the interacting surfaces, loosening the bolted joints and 
increasing the vibrations in the seated machines, and finally 
to rapid wear of certain components of the machines, and 
emergency situations. 

Fig. 10. Vibrations planned and implemented on the testing machine (a), 
schematic diagram of the tested joints (b) and comparison of the test results 

obtained for the joint with the steel chock (c, d) and for the joint with the cast 
resin chock (e, f)

The bolted joint with the chock cast from resin behaves 
quite differently at the same excitations. For the entire range 
of excitations, there are simple linear‒elastic relationships 
between the tangential forces (stresses) and displacements 
(Figs. 10e, f). In this case, there are no micro-slips of the 
interacting surfaces, and the measured displacements are only 
the result of the linear‒elastic shear strain of the material of 
the connected elements, and especially of the resin chock. 
The hysteresis loops are small and form sharp-ended ellipses. 
They illustrate the viscous damping occurring in the material 
of the chock. In this case, the vibration energy flows from 
the machine to the foundation without violating the integrity 
of the fastening system or large losses. There are no micro-
slips and structural damping. A small portion of the energy 
that is absorbed by the material of the chock converts into 
heat and is dissipated. This does not cause any (practically 

significant) degradation of the 
chock’s material. 

Due to the absence of micro-
slips, neither abrasive wear 
nor any fretting phenomenon 
is observed. The large value 
of the effective friction 
coefficient (μr = 0.8), without 
the occurrence of micro-
slips in the contact interface, 
ensures a good transmission 
of large tangential forces 
(transversal to the axis of the 
bolt) by this kind of bolted 
joint. Such a system will be 
stable over a long period of 
time. It has a high reliability 
and durability. These facts have 
been confirmed in practice 
on many devices exploited in 
extremely difficult conditions.

The knowledge of these 
facts, in addition to its purely 
practical significance, is of 
great theoretical importance. 
It facilitates the modelling and 
calculation of such bolted joints 
and analysis of their impact 
on the dynamics of the whole 
complex mechanical system in 
which they are present. 
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REMARKS AND CONCLUSIONS

The experimental studies conducted and the comparative 
analysis of the results obtained show clearly and explain why 
resin chocks poured in the place of their application meet 
their technical tasks better than the traditional steel chocks 
used for this purpose.

The major practical advantages of chocks cast from 
resin are the simplicity of their implementation in any 
location and their very good fit to the bearing surfaces of 
the foundation and the machine base. They eliminate the 
need for mechanical treatment of the foundation and the 
chocks and their burdensome individual fitting in their 
place of use. These chocks are resistant to the prolonged 
action of mechanical loadings, atmospheric factors and 
various aggressive substances. They provide a good barrier 
to the propagation of structure-borne sounds. Due to the 
occurrence of linear‒elastic relationships between the loads 
and deformations, they are easy to model and analyse. 

From the conducted studies there follows a general 
conclusion that, without an accurate knowledge of the physical 
phenomena occurring in the so-called rigid fastening systems 
of machines and devices to the foundations, one cannot today 
properly understand, pose and solve problems that aim to 
reduce the level of vibrations and noise, and increase the 
systems’ reliability and durability. This is an important and 
timely issue, due to the fact that the fastening systems of 
heavy machines and devices are very often the weakest links 
in the whole mechanical system in which they are present, 
and have a substantial impact on their dynamics, reliability 
and durability. 
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ABSTRACT

The paper presents the results of experimental studies on distortion of the fixed plate edge due to formation of a butt 
joint. This is a hidden form of weld distortion present in structural nodes and identified at the ship hull pre-fabrication 
stages. The investigations were performed according to a design of experiment (DoE) approach in laboratory conditions 
resembling those encountered in the shipbuilding industry. The presented analysis includes the technological‒construction 
parameters influencing the evaluated distortion shape. The implemented method of experimental results evaluation allows 
the utilisation of the approximation dependence to predict the fixed plate edge distortion in large-scale steel structures.

Keywords: weld distortions, fixed plate edge distortion, designed experiment, prediction models

INTRODUCTION

The most disadvantageous phenomena associated with 
the welding process are distortions of combined construction 
elements. These are weld distortions, which significantly 
degrade the quality of pre-fabricated technological sub-
assemblies in all kinds of large-scale steel structures, 
particularly in ship hulls, and refer especially to those 
fragments of structures that comprise thin-walled plates, 
for instance those used in the superstructures of seagoing 
ships (Fig. 1). One of the negative features of this solution is 
the tendency of such structures to deform upon welding. This 
is directly connected with the presence of actual deviations 
(deformations) exceeding acceptable tolerances (acceptable 
from the standpoint of execution standards for large-scale 
structures, for example: [4, 18, 25]). In order to prevent this, 
some corrective actions are necessary, which significantly 
increase the labour consumption. It is estimated that, in 
the case of ship hulls, repairs to spatial sections and blocks 
constitute around 20‒25% of labour consumption, which is 
equal to the contribution of the welding operations on the ship 
hull during the total period of ship-building [12]. Hence, 

proper design of these sections requires knowledge about 
weld distortions and their prediction.

The  problem of weld distortions has existed since 
the  implementation of welding as a  method of joining 
construction materials. Effective prediction of the occurrence 
of distortions has always been one of the most important 
issues. The first scientific papers providing the fundamentals 
of distortions evaluation and prediction were written 70 years 
ago. They include the contributions of Rosenthal [21, 22] 
and Rykalin [24], describing the temperature distribution in 
the vicinity of a weld joint using mathematical dependences. 
The papers by Okerblom [16, 17] provide formulae based on 
experimental investigations. Analytical methods pertaining 
to the theory of plasticity were employed by Watanabe and 
Satoh [31] to describe the formation of thermal distortions 
during welding and linear heating.

The progress in calculation techniques has also influenced 
the methods of distortion determination and prediction. 
Numerical methods such as the finite difference method 
(FDM) and finite element method (FEM) have played 
a significant role in this process. Both methods became very 
helpful in the modelling and analysis of thermal processes 
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model taking into account fundamental technological‒
construction parameters relevant to the  magnitude of 
the distortion form under investigation.

The aim of this paper is to elaborate a theoretical model, 
in the  form of an algebraic equation, for prediction of 
the distortion of the fixed plate edge in shipbuilding practice.

The goal was achieved using the design of experiment 
approach. The method of predicting the investigated weld 
distortion form was based on analysis of regression models.

The models of welded plates fixed at one edge, which are 
analysed in this paper, find widespread application in ship 
construction. Fig. 1 presents typical structural nodes using 
the investigated model, especially related to the superstructures 
and other light deck structures (the nodes visible in Fig. 1 were 
adopted from [23]). The weld distortions investigated during 
the described experiment are revealed after releasing the object 
from the supports. In reality, this is a hidden form of weld 
distortion present in given structural nodes at the section pre-
fabrication stage. In this case, shape distortions connected with 
the presence of internal bending moment are transformed into 
internal stress in the particular structural node. Its magnitude 
influences the resistance of the entire structure to external load 
applied. The level of internal stress generated often determines 
local fatigue phenomena in the given structural nodes during 
ship service. An example might be frequent fatigue cracking 
of the deck in the places where it is connected to the sheer 
strakes or to the supporting brackets. In order to mitigate these 
phenomena, methods that reduce the distortion of particular 
deck plates during the section welding process are applied. This 
is achieved by proper selection of the technology and technique 
of welding pre-fabricated section elements. In order to elaborate 
suitable technological recommendations, it is essential to 
possess a set of actual measured distortions of the structural 
nodes’ elements, depending on the technological‒construction 
parameters applied. The results of the investigations presented 
in this paper can be utilised in practical elaboration of 
the techniques for reducing weld distortions (see Fig. 2). 
On the other hand, knowledge of the magnitude of distortion 
for a particular structural node, acquired using the energetic 
methods employed in mechanical calculations, can be used 
to calculate the internal stress accumulated in the node due 
to the welding process.

(mainly from the standpoint of physics). The pioneers who 
implemented them in weld joint science were Wetsby [32] 
(FDM, late 1960s) and Ueda [26] (FEM, early 1970s). The last 
three decades have witnessed progress in FEM, which has 
become a  dominant tool in solving problems in metal 
connection physics [8, 9, 13, 19]. The authors focused mainly 
on the determination of the influence of heat flux on the final 
form of distortions in the description of the fundamental forms 
of distortion and in their prediction. Since the beginning of 
the current century, FEM has been utilised for the modelling of 
increasingly complex technical problems, verifying simulation 
with experimental results, for example in [1, 2, 5, 6, 10, 29, 30].

Using numerical analysis in design applications, especially 
for large-scale structures, is time-consuming and expensive. 
That is why a more practical solution in design practice is 
the implementation of the models in analytical calculations 
dedicated to particular structural nodes, which allows 
the prediction of weld distortions using simple calculation 
tools. One of the most frequently applied physical models of 
ship structural nodes of thin-walled elements is a system of 
two linearly welded metal sheets, where one of the sheets is 
fixed at one edge [31]. For this type of support, the scientific 
literature lacks any results from investigation of the distortion 
of the fixed edge at the point of assembly, after release from 
the mountings. There is thus no mathematical prediction 

Fig. 2. Pre-fabricated section: A before -, B after – application of weld distortion reduction techniques [11] 

Fig. 1. Axonometric plot of ship hull with superstructure module  
illustrating typical structural nodes
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EXPERIMENTAL INVESTIGATIONS

The experimental investigations were carried out in 
accordance with the designed experiment theory [14, 15]. 
A butt joint was considered as a so-called black box (see 
Fig. 3). The following selected technological‒construction 
parameters determining the  formation of the analysed 
distortion form (a  dependent variable) were treated 
as the  independent variables: the  linear heat input of 
the welding process, steel plate thickness and welding gap. 
The black box of the designed experiment involves two more 
groups of quantities – so-called confounding factors and 
constant factors, which in the presented studies include, for 
instance, the thermo-physical properties of welded materials 
(the constant factors) and a human factor (a confounding 
factor). Due to the fact that the aforementioned groups of 
quantities are neither controllable nor measurable, their 
influence on the distortion was omitted during the studies. 
These two groups of quantities are contained in the result 
in a hidden form.

The  experiments were performed based on the  3k-p  
Box‒Behnken design for three factors [14], in which the input 
values were changed at three levels (namely minimum, 
medium and maximum). An approximated function of 
the investigated object was a quadratic polynomial model 
with first order interaction terms, which in the general case 
takes the following form:

  (1)

where:
Y – matrix of dependent variables, 
Xi, Xj – matrices of independent variables,
β0, βi, βj – vectors of coefficients of investigated object function.

In the case of selecting three independent variables, 
the number of experiments in a single (required) block 
equalled 15 (depending on the data volume, a block of these 
15 experiments can be executed many times). Minimum, 
medium and maximum values of the independent variables 
corresponded to a range of the technological‒construction 
parameters employed in production conditions (see 
Table 1). The number of measurement repetitions for each 
design of experiment was ru ≤ 3, whereas the number of 
system repetitions, for verification of the investigated 
object function conformity, in the design centre was equal 
to no ≤ 5.

The experiments were carried out in conditions similar 
to the  production conditions, at the  position being 
a fragment of a shipyard jig (see Fig. 4). The investigated 
materials were: AH 36 steel comprising the plates combined 
with a butt joint, and S355 and S235 steels for stiffened 
panel elements (sandwich panel I-core type). The object 
under investigation consisted of structural elements with 
different rigidity, so a laser-welded I-core panel was selected 

only as an element symbolising a piece of the structure 
with higher f lexural rigidity than a conventional plate 
and with higher static strength than a conventionally 
stiffened panel. The steel plate and stiffened panel formed 
a structural node, which is shown in Fig. 4 together with 
the samples’ dimensions. The butt joint was prepared using 
the FCAW method in CO2 shield according to the industrial 
regulations [3] by a welder with several years of experience 
in the shipbuilding field.

Sample support elements, simulating assumed forms 
of boundary conditions, included a clamped support on 
the structural node and a fixed of the steel plate (Fig. 4). This 
situation is in accordance with the commonly adopted rules 
of large-scale steel structures (including ship structures) 
production technology. The  stiffened panel substitutes 
a fragment of plating (for example, the superstructure’s deck) 
that is unidirectionally conventionally stiffened (for instance 
with a flat-bulb section), to which the remaining elements 
of the construction can be fixed. Thus, the mounting of 
the panel (clamped support) represents a further part of 
the structure.

For each sample, distortion of the fixed plate edge was 
determined as an arithmetic mean of the difference of 
the distance between measurement points, determined in 
the vertical direction (height), before and after butt joint 
preparation (see Fig. 5). The first measurement was done 
after application of the mounting (boundary conditions), 
and the second was performed after removal of the support. 
The  aforementioned height should be understood as 
the distance between the upper surface of the plate and 
the base of the support elements (denoted as 2 in Fig. 4). For 
each sample, the number of measurement points was 16, 
equally spaced by 100 mm (distances between the first 
and the last measurement point and the plates’ edges were 
50 mm each). Distortions were measured using the optical 
devices in the form of dial indicators providing accuracy 
equal to 0.01 mm.

The method for calculating the distortion of the fixed plate 
edge is shown in Fig. 5.

Fig. 3. Black box of designed experiment (according to [27])
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Fig. 5. Method of distortion of the fixed plate edge determination (according to [27])

Fig. 4.  Stand with investigated object (according to [27]): 1 – investigated object, 1.1 – steel plates, 1.2 –  stiffened panel, 2 – elements of a support 
(simulating boundary conditions: *1 – clamped support, *2 – fixed), 3 – position base (jig), 4 – additional elements: 4.1 – mounting elements,  

4.2 – hold-up elements, 4.3 – auxiliary elements fixing sample position

Tab. 2. Experiment plan – standardized values (according to [27])

No. of 
experiment

Linear heat 
input
x1 (ql)

Plate  
thickness

x2 (t)

Welding  
gap

x3 (g)

1 –1 –1 0

2 +1 –1 0

3 -1 +1 0

4 +1 +1 0

5 –1 0 –1

6 +1 0 –1

7 –1 0 +1

8 +1 0 +1

9 0 –1 –1

10 0 +1 –1

11 0 –1 +1

12 0 +1 +1

13 0 0 0

14 0 0 0

15 0 0 0

Actual values of particular independent variables belong to the following 
intervals: ql  [1,0; 2,6], kJ/mm, t  [6; 10], mm, g  [4; 8], mm.
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  (2)

Δhi = hsi – hpi         (3)

DFE – the measure of distortion of the fixed plate edge
hi – distances between the measurement points in the vertical 
direction; i = 1, …, n
Δhi – difference distances between the measurement points 
in the vertical direction; i = 1, …, n
dxi – distances between the measurement points in the 
longitudinal direction (dxi = 100 mm)
1, 2, …, n – numbers of consecutive measurement points 
(n = 16)
bottom indices are: p – value before welding; s – value after 
welding; i = 1, …, n

RESULTS OF INVESTIGATIONS

The method employed to predict the distortion of the fixed 
plate edge was based on analysis of the regression models of 
dependent variables with respect to independent variables. 
The analysis of regression models is commonly utilised in 
various scientific research, including experimental studies 
in the field of welding technology [20, 33, 34]. Processing of 
the results followed the rules contained in [7, 14, 15], using 
the STATISTICA software to support statistical analysis.

Particular regression coefficients were determined at 
the significance level α = 0.05 (confidence coefficient 95%).

Evaluation of the  results obtained for the  analysed 
distortion form reveals the significance of the three variables 
selected for the  experiment and the  interdependence 
between them.

The  polynomial describing the  dependence between 
the  analysed weld distortion form and the  adopted 

technological‒construction parameters is described by 
Eq. (4). Table 2 shows the values of the corrected square 
of the multiple correlation coefficient (Corrected R2) and 
F‒Snedecor statistics for the investigated distortion form. 
A summary of the regression and the  list of important 
variables are presented in Table 3.

yDFE = – b0+ b1ql + b2t – b12qlt – b22t 2  (4)

where:
yDFE – distortion of fixed plate edge,
b0, b1, …, b22, – regression coefficients,
ql, t – independent variables selected for the experiment 
(see Fig. 3 and Table 1).

Four functions were selected for the regression model 
based on the  calculations conducted. Table  2 shows 
that the calculated value of statistics F = 26.15 exceeds 
the critical value F0.05,4,10 = 3.48 for four degrees of freedom 
of a numerator and ten degrees of freedom of a denominator 
(the critical value was taken from the statistical tables 
in  [14]). Moreover, the  p value is much smaller than 
the significance level α. 

Table 3 illustrates the results of detailed statistical analysis 
only of important variables. The presented analyses confirm 
that the dependence (4) is statistically significant and can be 
used to predict the value of the DFE variable as a function of 
two out of three selected independent variables: linear heat 
input ql and plate thickness t (welding gap g proved to be 
insignificant). The obtained values of the corrected square 
of the multiple correlation coefficient (Table 2 and Table 3) 
indicate fitting of a regression surface to the experimental data 
at the level of 88%. This is ultimately confirmed by a plot of 
the residual of the analysed model (see Fig. 6A). The location of 
the points on this plot shows that the distribution of residuals 
in the adopted model does not significantly depart from 
the normal distribution.

Tab. 3. Comparison of important variables, obtained using stepwise regression method, for DFE (according to [27])

Tab. 2. Comparison of the values of: corrected square of multiple correlation coefficient and F-Snedecor statistics for DFE (according to [27])

Summary of dependent variable regression: yDFER = 0.95537431 R2 = 0.91274007 Corrected R2 = 0.87783610
F(4,10) = 26.150 p <0.00003 Standard error of estimation: 0.92678

N=15 Beta Standard error Beta B Standard error B t(10) Level p

Free term –4.79018 8.645741 –0.55405 0.591717

t2 –2.16635 1.097922 –0.23661 0.119914 –1.97314 0.076743

ql 1.10470 0.536617 4.84375 2.352884 2.05864 0.066538

ql*t –0.99285 0.613440 –0.46875 0.289620 –1.61850 0.136625

t 1.74869 1.137446 3.06696 1.994927 1.53738 0.155216

Symbol of dependent variable Value of Corrected R2 Value of F-statistics determined based 
on regression analysis

Critical value Fkr, from statistical tables 
(for significance level α = 0.05)

yDFE 0.87784 F(4,10) = 26.150; p<0.00003 F(4,10) = 3.48
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Fig. 6. Evaluation of accuracy of predicted values: A – residual normality plot, B – comparison of experimental values with the ones calculated  
based on approximation equation (according to [27]) 

Fig. 7. Influence of technological‒construction parameters on distortion of fixed plate edge: A – plate thickness and linear heat input, B – square  
of plate thickness and linear heat input, C – product of linear heat input/plate thickness and plate thickness, D – linear heat input and product  

of linear heat input/plate thickness (according to [27])
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The accuracy of prediction was evaluated by comparison 
of the values calculated based on the approximation equation 
with the  experimental values, as depicted in Fig.  6B. 
The aforementioned values were indicated on the same 
plot. The values of the independent variables, obtained with 
both methods, were aligned along a straight line running 
from the origin of the coordinate system at an angle of 45°, 
which indicates good conformity between the prediction 
and the actual situation. (The biggest difference in results for 
both methods is 1.43 mm, the smallest difference is 0.00 mm, 
the mean value of difference is 0.64 mm.)

The described interdependences between the technological‒
construction parameters can be illustrated graphically in 
the form of three-dimensional plots. Such plots can present 
only two parameters simultaneously (present separately or 
in the form of interaction). Fig. 7 shows this type of plot for 
the selected variables.

The linear heat input of the welding process and plate 
thickness (Fig. 7A and B) as well as their interaction (Fig. 7C 
and D) have a very significant impact on the magnitude of 
distortion of the fixed plate edge. An increase in linear heat 
input results in a substantial increase in distortion, which is 
clear in Fig. 7A and B. A similar situation is observed upon 
an increase in the aforementioned interaction, especially in 
correlation with the plate thickness (see Fig. 7C). However, 

the linear heat input in correlation with the interaction of both 
independent variables has a smaller effect on the magnitude 
of distortion, which is visible in Fig. 7D.

The  importance of the  independent variables to 
the  analysed distortion form can also be presented by 
comparing the measurement results for defined arrangements 
of the designed experiment, which is presented in Fig. 8 based 
on the example of plate thickness. This figure compares 
the experimental arrangements having an identical level 
of linear heat input (mean level) and all levels of the plate 
thickness parameter, namely: Fig. 8A – the maximum level, 
Fig. 8B – the minimum level and Fig. 8C – a medium level. 
It can be seen that the maximum distortions occur for 
the minimum plate thickness (Fig. 8B) and the minimum 
distortions are associated with the maximum plate thickness 
(Fig. 8A). This confirms actual situations observed in industry.

The  approximation equation, obtained as a  result of 
the designed experiment, allows technological evaluation 
of the structure section by means of simulations conducted 
using a prediction equation based on significant parameters 
(the independent variables). Such simulations were presented 
in [28]. The performed analyses show that proper selection 
of significant parameters makes it possible to influence 
the magnitude of weld distortions and thus to determine 
the quality of pre-fabricated fragments of steel structures.

Fig. 8. Magnitude of distortion of fixed plate edge for particular experiment arrangements: A – no. 12, B and D – no. 9, C – no. 14 (according to [27])
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CONCLUSIONS

The paper shows that evaluation of the designed experiment 
results allows the elaboration of a mathematical model to 
predict distortion of the fixed plate edge. Such evaluation 
makes it possible to describe the technological-construction 
parameters that are relevant to the magnitude of the analysed 
form of weld distortion. The paper proves the good accuracy 
of the prediction. Moreover, it was revealed that the most 
important impact on the fixed plate edge originated from 
two independent variables selected for the experiment, 
namely the linear heat input of the welding process and 
the plate thickness. When applying the prediction model, 
one has to remember two very important aspects. First of 
all, the condition that must be fulfilled during the prediction 
based on the approximation polynomial is the fact that 
the technological‒construction parameters used must belong 
to the defined space of the executed experiment plan. Secondly, 
one cannot expect a result of similar quality in every case, 
because the magnitude of the technological parameters has 
a probabilistic character, which can result in bigger differences 
between the prediction and the actual state.
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A STUDY ON FIBRE-REINFORCED CONCRETE ELEMENTS 
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ABSTRACT

Hydrotechnical constructions are mostly objects functioning in extreme conditions and requiring a custom-made construction 
project. In the case of using prefabricated elements, it is required to develop production, transport, assembly, conservation 
and repair technology. Concerning the problem of concrete cracks, modern repair systems allow positive effects to be 
achieved in many cases of concrete elements repair. In this work an attempt has been made to assess the properties of 
concrete, situated in the Baltic Sea environment, in which traditional rebar was partly replaced by dispersed fibre-phase. 
Fibre-reinforced concrete belongs to the group of composite materials. The presence of fibres helps to increase the tensile 
strength, flexural strength and resilience and also prevents the appearance of cracks. In the given paper we will also 
discuss basic parameters of steel and polymer fibres and the influence of both types of fibres on the maturing and hardened 
concrete. In this work special attention has been paid to the advantages of polypropylene and polymer fibres with regard 
to commonly-known steel fibres. The use of synthetic fibres will be advantageous in constructions where the reduction of 
shrinkage cracks and high resilience are essential. On top of that, the use of synthetic fibres is highly recommended when 
constructing objects that will be exposed to the impact of an aggressive environment. Undoubtedly, polymer fibres are 
resistant to the majority of corrosive environments. Fibre-reinforced concretes are a frequently implemented construction 
solution. The possibility of concrete modification allows the emergence of new construction materials with improved 
physical-mechanical properties, under the condition of being applied relevantly. 

Keywords: hydrotechnical constructions; fibre-concrete; mechanical concrete; strength; X-ray tomography

INTRODUCTION

The variety of the types and forms of Polish seashores 
requires the implementation of varied methods for their 
protection, beginning with artificial nourishment up to building 
hydrotechnical constructions of different kinds. The actions 
taken with the aim of shore protection to some extent alter 
the natural sea currents system, modifying the shore directly 
or indirectly and, in addition, bring alterations to the coastal 
zone’s bottom morphology [1–2]. These alterations influence 
the configuration, character and continuity of habitats, and are 
a threat to the biocenosis inhabiting them [3]. This is a matter 
of major importance, especially in protected zones, in which 

the main object of protection are habitats, i.e. in the habitat 
protection area Natura 2000. The methods used for protection 
of the Polish Baltic shores are the following:

•  Artificial nourishment of the shore – supplementing 
losses of coast-building material by means of sand taken 
from other areas, and coast shaping with the purpose 
of breaking storm waves. This method is used either 
permanently or temporarily in the case of coastal erosion. 
The disadvantage of this method is the destruction of 
the bottom flora and fauna habitat in the areas of both 
nourishment supply sources and nourishment proper, 
and also at the boundary between the land and the sea, 
in the area of nourishment by means of sand.
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for the construction of an artificial reef. The elements were 
placed alongside the coastline at different depths. The water 
surface over the main element lid was 1.2‒2.0 m.

PROJECT

The habitat module has to carry out two major functions: it 
has to constitute a reproduction habitat for plants and animals 
and to absorb wave energy, blocking bedload flowing from 
the beach. A habitat module in the shape of a reinforced 
concrete circular plate with a bottom inner diameter of 2 m 
was designed, with a slot of 1.0 m in the lid. Sea current 
from the waves flows through the side slots, and some of 
this current is directed upwards. The water flowing through 
the upper slot must cause a pressure difference between 
the top and the bottom of the element, which must lead to 
element stabilisation at the bottom. Some of the wave energy 
flows through the side slots, reducing the inner pressure and 
preventing the element from rotation. The porous surface 
of the element enables adhesion of benthos. It is assumed 
that the concrete pH will remain within the range of 8‒8.5, 
for the modules to be inhabited by both animals and plants. 
In Baltic Sea water, the pH fluctuates between 7.77 and 8.61 and 
depends on the water temperature. The height of the habitat 
module depends on local underwater conditions. Several 
versions of modules were designed. The module inner diameter 
is 2 m, with outer height 1.5‒2.5 m, outer diameter 2.3‒2.44 m, 
wall thickness 0.15‒0.23 m. The element volume constituted 
1.8‒2.5 m3 and the element mass 4.98‒5.25 t (Fig. 2).

MATERIALS

According to the project, the following parameters of 

class XS2 (elements permanently immersed in the seawater), 

low-alkaline cement CEM I 42.5N HSR NA. The cement 
properties are presented in Table 1.

•  Seawalls – constructions situated parallel to the coastline, 
protecting the  lower part of the dune slope, cliff or 
artificial dyke from erosion. They can also prevent 
landslides occurring on the steep slopes of dunes and 
cliffs. Seawall construction, however, often goes together 
with eluviation on either side of the  wall, material 
eluviation from the  outer part of the  wall, or local 
bottom erosion at the wall as a result of strong outward 
currents in the waves [4], which negatively influences 
the condition of the bottom flora and fauna habitats.

•  Groynes  – hydrotechnical constructions, situated 
perpendicular to the  coastline, accumulating and 
maintaining the width and the height of a beach at 
which slope waves of all sizes should be broken. These 
constructions are being used in areas with significant 
sediment movement along the shore. 

•  Underwater sills – hydrotechnical constructions situated 
on the bottom parallel to the shore and at a certain 
distance from it with the aim of wave energy dispersion 
by selective forcing of the breakage of the highest waves 
and creation of favourable conditions for sediment 
accumulation in the exposed area. This method helps 
to avoid undesirable underwater phenomena caused 
by breakwater structures. It also enables better water 
rotation in the exposed area (Figs. 1 a, b).

CASE STUDY

The aim of the following case study was the analysis of 
the selection of concrete components and the  influence 
of those components on the  durability of underwater 
concrete. It is common knowledge that the improvement 
of a concrete structure does not guarantee the durability 
of the complete construction. The factors which influence 
that durability are as follows: following construction 
procedures, following the  rules of concrete production 
technology, correct transportation and underwater casting 
procedures. The consequences of construction failures and 
technological mistakes in the case of underwater concrete are 
particularly disastrous and their correction is either extremely 
expensive or simply impossible. Therefore, in the case of such 
constructions, special control rules and regulations must 
be implemented and they must embrace all the elements of 
the technological process. The objects of the analysis were 
prefabricated concrete elements – habitat modules meant 

Fig. 1. Examples of the habitats for sea organisms in underwater sills

Fig. 2. Habitat module scheme
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It is assumed that the minimum exposure class must meet 
the same requirements as for XS2, and therefore, according 
to EN 206-1 the water/cement ratio must be w/c≤0.45, and 
minimum cement content must be 320 kg/m3. In the case of 
using traditional rebar, the rebar cover shoud be 5 cm thick. 
In this project it is defined that the maximum thickness of 
the ice layer on top of the water above the element will reach 
up to 0.4 m. We assume that the element will not undergo 
freezing and defreezing cycles. 

After considering the  conditions in which concrete 
construction XS2 will be working, and the  EN 206-1 
requirements, the concrete consistency was designed in class 
C35/45, consistency S2/S3, exposure class XS2, XC4, XF4, 
XA3, XS3, XD3. The physical properties of the aggregates 
are presented in Table 2.

In the project it was defined that the minimum concrete 
class will be C30/37 with the addition of polymer fibres 
(polyethylene and polypropylene mix), which can partly 
replace traditional rebar. The characteristics of the fibres 
required are: tensile strength fctm > 380 MPa, Young’s modulus 
E > 3.8 GPa. The quantity of the fibres required is 1 3 kg/ m3 

of concrete. The fibres must be added to the concrete mix 
30 min. before filling the form. 

partly replace traditional rebar. Fibre-reinforced concrete 
is a composite material with a cement matrix composed of 
cement grout, mortar or concrete with short-cut, dispersed 
steel, glass, carbon or plastic fibres [5–6]. It differs from 
ordinary concrete in having the ability of elastic deformations, 
so it is a very interesting material for varied applications. 
It is commonly used for prefabricated elements. However, 
for the production of typical concrete elements, traditional 

rebar is more and more often being replaced by dispersed 
fibre reinforcement. Additional protection of the reinforced 
concrete surface by impregnation can significantly reduce 
the process of gas and liquid permeation [7–8].

Shrinkage-resistant fibres, added to a ready-mixed concrete, 
can play the role of a rebar, decreasing elastic shrinkage and 
limiting shrinkage cracks in the hardened concrete [9]. 
The length of these fibres ranges from 6 to 12 mm (Fig. 3). 
The addition of polypropylene fibres eliminates the need to 
use expensive and often ineffective steel-mesh shrinkage-
resistant rebar. It can be applied for sprayed concrete, screed 
or grout. The fibres are characterised by shrinkage resistance 
fctm < 370 MPa and Young’s modulus E < 3.7 GPa. The quantity 
of the fibres used in this case ranges from 0.6 to 1.5 kg/m3 of 
concrete. The fibre content prevents natural shrinkage cracks 
during setting and the initial period of hardening (about 24h), 
when the Young’s modulus is low and the shrinkage stress 
exceeds its strength.

Fig. 3. Polypropylene shrinkage-resistant fibres

Tab. 2. Main particulars of the barge model

Tab. 1. Cement properties

Fraction
Water 

absorption
WA24%

Volume 
density 

ρa[Mg/m3]

Dried grain 
density  

ρrd [Mg/m3]

Saturated 
grain density
ρssd [Mg/m3]

Porosity
P%

Crumble 
indicator

Xr %
pH after 24 h

Bulk density 
in loose state
ρb [Mg/m3]

2/8 0.4 2.69 2.63 2.66 1.60 6.0 7.9 1.54

8/16 0.35 2.70 2.64 2.67 1.50 8.2 8.0 1.52

Cement, 
type

Setting start 
time, [min]

Setting end 
time, [min]

Compressive strength [MPa] Blaine fineness 
[cm2/g]

Loss of 
roasting [%]

Water demand
[%]2 days 28 days

CEM I 
42.5N 

HSR NA

155 195 30.2 57.3 3504 3.4 27.5

Compound [%]

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq K2O TiO2 Cl(-)

20.9 3.7 3.7 65.6 0.8 2.5 0.52 0.64 0.25 0.038

Mineralogical compound [%]

Na2Oeq C3S C2S C3A C4AF

0.7 63.1 7.6 6.1 8.9
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Steel fibres constitute a group of fibres intended for concrete 
reinforcement. They can occur as: straight or deformed 
elements of cold-drawn steel rod; straight or deformed fibres 
cut from a steel sheet; fibres produced as a result of an alloy; 
machined from cold-drawn steel rod or rolled from steel 
blocks. The length of the fibres usually ranges from 12 to 60 
mm, with diameter up to 1 mm (Fig. 4).

Fig. 5 shows examples of constructional polymer fibres. 
Fibres of this type are resistant to water and aggressive 
environments.

Table 3 presents the mechanical properties of steel and 
polymer fibres. It appears that the concrete reinforcement 
effectiveness with 2 kg (11825 m) of 38 mm-long polymer 
fibres is much higher than with 20 kg (4000 m) of 50 mm-long 
steel fibres with the diameter of 1 mm.

The matrix of fibre-reinforced concrete itself is a brittle 
material, but the deformability limit of the dispersed fibres is 
significantly higher than the deformability of the matrix itself. 
As compared to high-strength composites, the percentage 
of dispersed fibre reinforcement is approximately 1–2% 
by volume. Even a relatively low content of the composite 
material enables significant modification of the concrete’s 
properties. The apparent density of the cement grout ranges 
between 2000 and 2250 kg/m3, the Young’s modulus is 
10–30 GPa and the tensile strength is 3‒6 GPa. The addition 
of fibres significantly changes its performance according to 
the characteristics of the fibre type used. Fibres can be dosed 
in different configurations and intermediate solutions (Fig. 6). 

PRODUCTION

The elements were produced from concrete, the content of 
which is given in Table 4. The self-compacting concrete mix 
was modified with the chemical admixtures, providing liquid 
consistency. When placed directly into the forms, the mix 
did not require vibration.

Fig. 6. Effect of fibre distribution according to size of aggregate

Fig. 5. Polymer fibres for concrete reinforcement

Fig. 4. Steel fibres for concrete (3, 8 – straight smooth, 
1, 2, 7 – with racks on both ends, 4 – paddle-shaped, 5, 6 – wavy, 

8 – straight. 2 – glued fibres

Tab. 3. Physical and mechanical properties

Parameter
Fibre type

Steel Polymer

Density [kg/m3] 7840 900‒950

Elasticity modulus [GPa] 200 6.5–7.5

Tensile strength fctm [MPa] 500‒2000 500‒750

Length [mm] 50 50 65 65 54 38

Diameter [mm] 0.6 1.0 0.75 1.0 0.45 0.45

Slenderness [l/d] 83 50 80 60 120 84

Quantity [pcs/kg] 8900 3200 4600 2700 110 000 156 000

Summary length [mb/kg] 445 160 276 162 5940 5928

Dosage [kg/m3] 20 2

Summary rebar length [m] 11125 4000 6900 4050 11880 11825
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Fig. 7 presents the elements in the storage of the prefabrication 
plant. About 7 days after production had been accomplished, 
the elements were transported to the construction site.

After the extreme storms that took place in the Baltic 
Sea in 2016‒2018, some of the elements were damaged. To 
define the reason for this damage it was necessary to perform 
concrete tests. Figs. 8 a, b show the elements placed on 
the bottom of the Baltic Sea.

METHODS OF TESTING

The objects tested were two damaged habitat elements set in 
the water at the bottom of the Baltic Sea for about 18 months. 
The aim of testing was to determine the concrete properties 
after the rather short period of concrete exploitation of 
the  prefabricated element. Two damaged prefabricated 
elements (Figs. 9 a, b) were extracted to the sea shore. Drilling 
locations were selected and test specimens were taken.

Fig. 8. Scheme of element placement a) according to the project ; b) at the Baltic Sea bottom

Fig. 9. Damaged elements under water
(a) (b)

(a) (b)

Fig. 7. The elements of the habitats in storage

Tab. 4. Concrete ingredients

Ingredients [kg/m3]

CEM I 42,5N HSR NA 350‒400

Water 144‒150

Quartz sand 0/2 mm 550‒650

Crushed Granodiorite 2/8 mm 350‒450

Crushed Granodiorite 8/16 mm 650‒750

Superplasticizer 0.9‒1.2% cc

Plasticizer 0.7‒0.9% cc

Air admixture 0.1‒0.3% cc

Polypropylene fibre 12mm length 1.0

w/c < 0.45

Air content in readymix [%] 4.5–5.5

fcm2 [N/mm2] 36.7

fcm28 [N/mm2] 59.2

fcm56 [N/mm2] 66.9
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For test purposes, 24-cylinder specimens of 104 mm and 
6-cylinder specimens of 144 mm were taken as core-drilled 
samples by cutting them out of the element with the use of 
a diamond blade cooled in water (Fig. 10). 

After polishing the  lower and upper surfaces of 
the  specimens, the  following was checked: surface 
flatness, straightness of the apex of the specimen and its 
perpendicularity (Figs. 11 and 12).

The scope of testing:
1.  A strength test was performed according to EN12504-1, 

EN 13971 and EN12390. The concrete class was defined in 
accordance with EN 206-1.

2.  A waterproofness degree test was performed according to 
PN-88/B-06250. The degree of waterproofness was defined 
by means of defining a  pressure indicator, which was 
calculated as the ratio of the height of the water gauge (m) 
to the thickness of the wall (m). The test was performed on 
cylindrical specimens of 144 mm and h = 150 mm. Before 
the test, the side surface of each specimen was covered with 
epoxide. The test was performed in a waterproofness testing 
device with regulated water pressure using clean water with 
a temperature of 18±2°C. The water pressure was increased by 
0.2 MPa with the jump method every 24 hours, and the final 
pressure level of 0.8 MPa was maintained for 24 hours. In 
the course of testing, it was observed if there was any leakage 
on the side surface of the specimens. After the test had been 
completed, the specimens were broken with the aim of 
checking the depth of water penetration into the concrete.

3.  A water absorption test was carried out on 5 specimens in 
accordance with the procedure described in PN-88/B-06250, 
which states that water absorption must not be higher than 
5%. The specimens were put in a bath so that their bottoms 
did not touch the bottom of the bath (10 mm distance). 
The bath was gradually filled with water at a temperature 
of 18±2°C. On the first day, the water level was at half 
the height of the specimens. After another 24 hours, more 
water was added to a level 10 mm higher than the height 
of the specimens. This level was maintained until the end 
of the test. Every 24 hours the specimens were taken out of 
the water, their surface was dried and they were weighed 
(accuracy up to 0.2%). They were saturated with water as 
long as the next two weighing times showed a mass increase. 
Next, fully saturated specimens were placed in the dryer at 
a temperature of 105‒110°C and were dried till they obtained 
a steady mass. The mass water absorption was calculated 
according to the equation:

where nw – mass water absorption of the specimen, ms – 
specimen mass in dry state, mn – specimen mass in water 
saturated state.
4.  Chemical research was performed according to EN 

ISO 9963-1:2001, EN 1744-1:2000, and EN 1744-1:2000 
concerning the concrete’s pH definition, chloride content, 
sulphate content (given in SO3) dissolvable in the water, 
and marking nitrate nitrogen by means of a colorimetrical 
method with sodium salicylate.

5. Microscope tests were performed with a scanning electronic 
microscope (SEM) with the aim of defining the kind of 
cement and fibres used. The actual fibres dispersion in 
the fibre-reinforced concrete elements, as well as the actual 
fibres content can be checked on the  basis of X-ray 
images or the elements crosscuts, analysed by means of 
stereological methods. The fibre dispersion layout is not 

Fig. 10. Concrete structure

Fig. 12. Inhabited concrete element

Fig. 11. Prefabricated surface
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homogeneous. One innovative method of testing fibre-
reinforced concrete is X-ray tomography (Fig. 13 a). In 
Gdansk University of Technology laboratory a test was 
done in which the degree of dispersion of polymer fibres 
in a cement matrix was designated by means of using 
X-ray micro-computed tomography. The  high-energy 
table scanner SkyScan 1173 with a 130 keV microfocus 
X-ray source, flat panel sensor of large format (5 Mpx) 
with special protection by a lead-glass fibre-optic window 
for achieving a long lifetime under high energy X-ray was 
used. The scanner is additionally equipped with a precision 
object manipulator and integrated micro-positioning. It 
allows us to scan large and dense objects (Fig.  13  b). 
The X-ray source voltage of the micro-CT scanner was 
set to 130 keV, the current was 61 μA and the exposure 
time was equal to 5000 ms. The pixel size of the micro-CT 
was 39.68 μm. The X-ray projections were recorded with 
the rotation increment of 0.2° within 360°. To reduce the noise 
in the captures of the X-ray projections, the frame averaging 
option was set to 4 and the random movement option was 
10. The scanning time was approximately 12 hours [10–11]. 
The  tests were performed in Gdansk University of 

Technology, Civil and Environmental Engineering, Mechanics 
of Materials, Laboratory of Concrete Technology.

TESTS RESULTS

Strength tests were performed on 9-cylinder specimens of 
ø 104 mm and h 100 mm by using the concrete compression 
testing machine Controls Advantest 9.

Compressive strength testing results:
quantity of specimens : n = 9
concrete volume density: 2380 [kg/m3]
minimum strength: fm(n),is = 53.7 MPa
average strength: fm(n),is = 58.8 MPa
characteristic strength for concrete class C35/45: fck = 45 MPa

Condition check:

According to EN 206-1:2003 Concrete Part 1. Requirements, 
Properties, Production and Compliance, the concrete meets 
the compressive strength requirements for class C35/45, 
whereas the class required in the project is C30/37.

In the course of the water permeation tests no leakage was 
observed in any of the specimens. The maximum depth of 
permeation under a water pressure of 0.8 MPa was 4.5 cm and 
the average depth of permeation was 3.7 cm. The concrete’s 

PN-88/B-06250 W8. 

The results of water absorption are:
Quantity of specimens: n = 5
Average specimen weight after soaking: 1828.6 g
Average

Chemical tests of chloride ions (Cl-), sulphate ions (given 
in SO3 

2-), nitrate ions (NO3
-) and pH content were performed 

in accordance with the standards given above. The content of 
chloride ions in the analysed specimens ranged from 0.020 
to 0.022%. Sulphate content analysis (given in SO3

2-) did 
not show any excess content of those ions. 0.5% with regard 
to the concrete mass was defined as a borderline sulphates 
content. The results of the tests ranged from 0.009% to 0.012%. 
The given results are below the borderline mentioned above. 
The nitrate ions content (NO3

-) in the analysed specimens was 
at the marginal level (< 0.001%). The pH tests on the water 
extracts in the analysed specimens were performed by using 
the pH-meter WTW with the electrode SenTix42 type. 
The result was insignificantly above 10. The concrete structure 
showed an alkaline character without a carbonisation effect. 

During the specimens check and microscope tests no 
traditional steel rebar was observed and no steel rods were 
found. Also, in the specimens taken from the element, no 
dispersed constructional fibres were found, increasing 
the flexural strength and resilience. During microscope 
tests, only 12 mm-long shrinkage-resistant fibres were found. 

condition I
fm(n),is≥ 0.85 (fck + 4)
58.8 MPa≥ 0.85·(45+4)= 41.65 MPa
The condition is met.

condition II
fis,lowest ≥ 0.85 (fck – 4)
53.7 MPa > 0.85·(45–4) = 34.85 MPa
The condition is met.

Fig. 13. a) Skyscan X-ray micro-tomograph: A - X-ray source, B- flat panel and C- precision object manipulator, 
b) X-ray – polymer fibrr content test and polymer fibre dispersion test (example)
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The characteristics of damage to the elements can be taken 

CONCLUSIONS

06250, the degree of waterproofness was W8. The concrete 

and, therefore, they cannot replace one another.

SUMMARY

The example presented here of damage to prefabricated 
elements shows that high compression strength, low water 
absorption and high waterproofness are not sufficient 
parameters to ensure the concrete’s durability and resilience. 
This concerns all types of constructional concrete placed 
underwater. It is, however, possible to modify the concrete 
by means of adding dispersed fibres, increasing both 
the flexural strength and resilience. The question of the choice 
of the appropriate type and amount of fibres and their influence 
on mechanical properties is being researched by many scientists 
[12–15]. A number of studies on fibre-reinforced concrete have 
been published, but a large number of issues have not yet been 
investigated. For instance, the amount of research into steel 
fibre-reinforced concrete is still significantly higher than into 
polymer concrete. It is well-known that the introduction of 
high-strength thin polymer fibres into the fragile matrix results 
in a new constructional material that is not comparable to 
concrete or steel-reinforced concrete. The presence of fibres 
changes the properties of the surrounding matrix. There are 
numerous benefits of using constructional fibres for concrete 
reinforcement. Among the most important are the 5 times 
higher flexural strength, increase of compression strength by 
30% and tensile strength by 15%, more than 10 times higher 
resilience, increase of crack and wear resistance, decrease of 
shrinkage and creep by 30%, decrease of elasticity modulus 

by 25%. In the analysed examples it would be recommended 
to use dispersed constructional fibres, which would increase 
the resilience of the concrete elements [16]. A proper content 
of fibres must be applied specifically to a given element with 
reference to the factors that influence its functioning. On 
the construction materials market, more and more additives are 
appearing that allow the modification of concrete properties. 
However, standards and detailed guidelines for designers are 
yet to be implemented. Therefore, a designer who wishes to 
use an innovative material has to be highly knowledgeable 
of its properties. Although the use of steel fibres significantly 
increases the mechanical parameters of concrete, exposure to 
moisture or chlorides may lead to corrosion and total sinking 
of fibres in the concrete. Consequently, the concrete surface 
will be damaged. It is recommended to use polymer fibres 
instead and either concrete surface impregnation or applying 
an epoxide layer [17]. 
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SYSTEM FOR CRUISE SHIP KITCHEN GARBAGE
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ABSTRACT

Pollution of the marine environment by ship garbage is an urgent problem to be solved at home and abroad. The ship 
kitchen garbage vacuum collection system is a new environmental protection scheme for garbage disposal. It has many 
advantages, such as using a pipeline instead of manual operation, creating high-level sanitary conditions, realising 
completely closed garbage collection and transportation, eliminating cross-pollution, saving space and so on. In this 
paper, the system is modelled, and the calculation of pipeline pressure loss, the vacuum degree of the vacuum tank and 
the energy consumption of the system are briefly introduced. In order to reduce the energy consumption, an algorithm 
for the emptying and discharging port is presented. In order to solve the problem of optimising relevant parameters, 
the vacuum transport mechanism of garbage is studied based on an optimisation model of the pipe network, and the 
experimental platform of a simulation device is set up. In engineering, this is of great significance to the design of cruise 
ship garbage collection and treatment systems and the development of supporting technology.

Keywords: Kitchen waste vacuum collection; System modeling; Sorting algorithm; Model experiment

INTRODUCTION

In order to protect the marine environment and control 
the pollution of the marine environment by ships, the 
International Maritime Organization (IMO) has formulated 
the International Convention for the Prevention of Pollution 
from Ships. Kitchen garbage on board ships is the main 
component of organic domestic waste, which has the 
characteristics of high organic matter content, high moisture 
content, high salt and fat content, easy acidification and 
corruption, odour and so on. Therefore, the process of food 
waste collection and disposal, if not properly operated, is 
prone to environmental pollution and food safety problems. 
It is very important to choose the appropriate processing 

technology to reduce the cost of investment cost and operation 
and the potential eco-environmental risk of kitchen waste 
treatment, and so to preserve the marine environment 
by eliminating pollution from the release of oil and other 
harmful substances into the ocean and to minimise pollution 
from the accidental discharge of such substances [12] [19].

According to the requirements of IMO and numerous 
countries on pollutant emission control, no other solid waste 
shall be discharged, although kitchen waste can be crushed 
to less than 25 mm or discharged directly under limited 
conditions [8]. However, due to the limited overall resources 
of ships, the disposal of solid waste, especially the implied 
reduction of capacity, has an important role in the pollution 
control of ships. At present, the commonly used treatment 
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methods include incineration, packaging and storage, 
comminution and discharge. In order to reduce the tank 
capacity required and prolong the storage time of solid waste, 
it is generally crushed, dehydrated, dried and sterilised before 
packing and storing, and then compressed and packaged.

The kitchen waste vacuum collection system is a new 
environmental protection scheme that uses vacuum 
transportation to deal with organic waste. When the waste 
is put into place and broken by a crusher, it falls into a garbage 
transfer box, then transported to the garbage storage bin 
through a vacuum collection pipe, compressed and packaged 
and sent to the incineration storage bin for treatment. The 
waste gas from incineration is cleaned up to the standard by 
flue gas desulphurisation and denitrification technology [3] 
[4][17], and then discharged as shown in Fig. 1. In this way, on 
the one hand,it can play the effect of the equipment as much 
as possible according to the characteristics of garbage;on 
the other hand, it can also effectively realise the recycling 
of garbage, at the same time as prolonging the storage time 
of garbage to a certain level and reducing the storage space 
required.

Fig. 1. Flow chart of garbage collection and treatment system

The vacuum collection system consists of a valve system, 
piping system, separation system, vacuum power system and 
compression system. As shown in Fig. 2, the working principle 
is that a negative pressure machine is installed at the end 
of the collection system. When this equipment is operated, 
negative pressure is formed in the whole system, resulting in 
a pressure difference between the inside and outside of the 
pipe, and the air is drawn into the pipe. At the same time, 
the waste is drawn into the pipe by air and transported to the 
separator, where it is separated from the air; the separated 
waste is discharged from the unloader, and the air is sent to 
the dust collector for purification and then discharged.

M

Fig. 2. Schematic diagram of vacuum collection system for cruise 
kitchen garbage

ANALYSIS OF MOTION MECHANISM OF 
FOOD WASTE PARTICLES IN THE SYSTEM

VACUUM DRYING EFFECT

The drying effect caused by the vacuum and compression 
conditions can reduce the moisture content in food waste 
and thus reduce its weight. This dehydration phenomenon 
is mainly due to the decrease of relative humidity caused by 
the change of pressure. The water vapour contained in the 
air depends on the temperature and pressure, and can be 
described by calculation and relative humidity.

The specific humidity is the ratio of water vapour mass 
to dry air mass in a given volume of mixture, represented as 
Eq. (1) and Eq. (2).

 v

a

m=
m

(1)

 v

v

622p=
p p

 (2)

where: vm is the mass of steam, g,

 am is the air quality, kg.
Because the volume flow in the kitchen garbage vacuum 

collection system is isolated from the atmosphere, regardless of 
the temperature or pressure, the specific humidity throughout 
the pipe is equal. The relative humidity is the ratio of the 
partial pressure of water vapour to the partial pressure of the 
vapour when the air is saturated at the same temperature. 
It is usually expressed as a percentage, and 100% represents 
saturated air, represented as Eq. (3).

 v

g

p=
p

 (3)

where: vp is the actual pressure of the water vapour;

 gp is the actual pressure of water vapour in saturated  
 air.

Combined with the above-mentioned formulas for specific 
humidity and relative humidity, the general equation for 
specific humidity is given in Eq. (4).

g

g

622 p
=

p- p
 (4)

The lower the relative humidity between the dry air and 
the material in the pipe, the greater the drying effect is when 
the wet granular material is transported in vacuum.
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RESISTANCE OF MOVING SPHERICAL OBJECTS

In the vacuum transport process, the equivalent diameter 
is used to represent the particle size of a single particle, 
converting irregular particles into spheres of equal mass, 
The diameter of this sphere is that of irregular particles  
 
( ed ):
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where m is the particle mass (kg).  

 
The particle size of broken kitchen garbage is determined by 
the particle size sd  of the crusher, the bulk weight size of 
broken garbage is 1.045×103 kg/m3, the viscosity of broken 
and mixed kitchen garbage is 1.807 Pa·s, and the mass 
of individual particles is: 34ü

3
.

The total quality of once-in-one collection of kitchen 
garbage is known is M. Then, combined with the mass of 
a single particle, the number of solid waste particles can be 
calculated as: n=

m
M .

The equivalent diameter is 
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The gas‒solid mixing ratio can also be obtained.
The kitchen garbage particles are driven by airflow and can 

be described by the resistance of moving spherical objects. 
The known resistance to the movement of a spherical object 
in a stationary fluid is as in Eq. (5):

 
2

s
v
2R DF C  (5)

where: RF  is resistance of the fluid in motion, N;

 DC  is a resistance coefficient, dimensionless;

 s  is the projected area of the object, m2;

  is the fluid density; at 20°C the air density is  
       1.205 kg/m3;
 V   is the relative velocity of motion, m/s.

SYSTEM MODELLING

The dynamic characteristics of the kitchen waste vacuum 
collection system include the relationship between the local 
pressure, transportation velocity, emptying time and so on. 
The dynamic characteristics are the key factors to master the 
operation law and optimise the system. The characteristics 
of the fluid flow in the pipeline are analysed, and the 
thermodynamic model of the system is established by means 
of engineering thermodynamics and fluid mechanics [2] [5] 
[10].

PIPE NETWORK SYSTEM DESCRIPTION

A vacuum collection pipe network on a cruise ship usually 
consists of several main pipelines, each of which is laid out in 
a tree topology, and each main pipe has an upper and a lower 

end node. Generally, there are many branches flowing into the 
pipe at different points between the nodes at both ends of each 
main pipe. In order to simplify the calculation, it is necessary 
to number the pipe segments and nodes of the pipe network. 
Restaurants and kitchens on different decks have multiple 
dump ports and are connected to a single plumbing system. 
The whole pipe network is composed of different discharge 
ports, vacuum valves, straight pipe segments, bending pipe 
segments, etc. The pipe network system is established as 
follows:
a. The entire pipe network system consists of three parts: 

baseline, branch, and sub-branch, The pipe on the deck 
layer of the vacuum pump station on the cruise ship 
is defined as the baseline, which is represented by the 
symbol L. The vertical pipe between the deck layer of the 
vacuum pump and the kitchen on the upper deck is defined 
as a branch, denoted by the symbol S. The pipe connecting 
the deck layer pipe and the drop unit where the kitchen is 
located is defined as a sub-branch N.

b. The different input ports are represented as iU , where 
i  ndicates the corresponding release port numbers.

c. Each discharge port is controlled by a vacuum valve. The 
opening and closing of the vacuum valve causes a pressure 
difference and a certain flow rate to form between the 
outside world and the pipe network.

PRESSURE LOSS CALCULATION

The pressure loss of kitchen garbage in steady conveying 
state is related to the physical properties and mixing ratio 
of the material. The energy required in the process of food 
waste transportation is mainly consumed by the pressure 
loss caused by the movement of air and kitchen waste in the 
conveying pipe. The pressure loss formula can be expressed 
as Eq. (6) and Eq. (7):

 m = 1 mP P P  (6)

eg 2=
2

L
P

D
 (7)

In the formula, m= P P/ represents the ratio of the 
pressure loss in the material being conveyed to the pressure 
loss in pure air flow in the same pipe, referred to as the 
pressure loss ratio. varies with the physical properties of 
the material being conveyed. For the same material, it is 
generally related to the mixing ratio. When the mixing ratio 
is the same, when we take a as a big value, is a small value. 
This is because the suspension is more uniform. is the 
coefficient related to the physical properties of the material, 
generally taken as 0.38~0.65. is the pipe friction coefficient 
of pure gas flow, according to eR and the wall roughness of 
the conveying pipe used D/ . The equivalent length of the 
conveying pipe egL be expressed as Eq. (8):
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 eg h v 1 2 n=L L RL Dδ θ θ θ+ + +…++ / 90  (8)

In the formula, hL is the horizontal tube length, vL is the 
vertical tube length, n is the pipe number (the corresponding 
angle is ), , R is a coefficient.

VACUUM DEGREE

When the kitchen garbage is collected into the vacuum 
tank, the average pressure in the vacuum tank rises. The 
process of air compression can be approximately quasi-static, 
and the gas in the vacuum tank can be described by the gas 
equation of state as follows in Eq. (9):

ddp v dTv p mR
dt dt dt

 (9)

The air volume in the vacuum tank varies according to the 
volume flow rate of the liquid, as follows in Eq. (10):

 
2dv =

dt
val

d val
w

pC A  (10)

For the convenience of research, the pressure can be 
expressed as vacuum degree vp ,as follows in Eq. (11) :

 0vp p p  (11)

In the formula, 0p is normal atmosphere with the value of 
101.325 kPa; P is the pressure within the system, kPa.

SIMULATION OF EMPTYING ALGORITHM 
FOR DISCHARGE PORT

OBJECT FUNCTION

The factor that directly affects the economy of the kitchen 
garbage transportation network is the energy consumption 
during operation of the system. Therefore, we take the energy 
consumption of the system as the objective function, which 
depends on the emptying sequence selected in the current 
time period and the air velocity Vt of the system. During 
stable operation of the system, the air is compressible relative 
to the pressure, and the conveying speed will vary along 
the length of the whole pipe. Therefore, assuming that the 
transportation velocity of theh kitchen waste in the pipeline 
is a constant value of Vt the energy consumption is optimised 
by adopting a reasonable emptying strategy. In order to 
maintain the vacuum required by the system during the 
vacuum collection of kitchen waste, the calculation formula 

of energy consumption by the vacuum pump is as follows 
in Eq. (12):

 total p st=E W E  (12)

where: totalE is the total energy consumption generated by 
the system in a set of emptying sequences, kJ;

  pW is the energy consumption generated by the vacuum 
pump in the vacuum pumping of the system, kJ;

  stE is the energy consumption generated by the system 
during the stable phase of emptying the kitchen 
garbage, kJ.

Before transporting the kitchen garbage, the vacuum pump 
is needed to pump the whole system. Calculation of the energy 
consumption in the pumping process is as follows in Eq. (13):

p p p=w tW  (13)

where: pw is the power of the vacuum pump, kW;

  pt is the time it takes for the vacuum pump to pump 
a vacuum, s.

The vacuum degree required by the vacuum collection 
system for kitchen waste is in the range of 0.2 kPa‒101 kPa 
and the pumping time is calculated according to the crude 
vacuum. The pumping time of the vacuum pipe can pass 
through the initial pressure 0P , the vacuum required by the 
system 1P , the speed of evacuation eS and volume V ,as 
follows in Eq. (14) and ,Eq. (15):

2d
4 egV L  (14)
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where: d is the vacuum pipe diameter, m;

 0P  is the initial pressure (atmospheric pressure), 
kPa;

 1P  is the pressure required by the system, kPa;
 V  is the system vacuum chamber volume, L;

 eS  is the actual rate of pumping, L/min. (Taking into 
account the bottleneck effect of ducts and valves, 
the actual pumping velocity is estimated to be 80% 
of the theoretical pumping rate.)

Once the transition phase ends and reaches a steady air 
speed Vt, the system is at a stable stage ready to discharge 
kitchen garbage. The energy consumption in the process of 
kitchen transportation is directly related not only to time but 
also to the path of transporting kitchen garbage air ( )A

il T . 
The calculation of energy consumption for the stabilisation 
phase of the system[6] is as follows in Eq. (16):

 A+Bst = ( )A st
i tE l T T (16)



POLISH MARITIME RESEARCH, No 1/2020156

where: A,B is the kitchen garbage correlation coefficient;

 
st

tT is the time of discharging a group of sequences 
in the stable operation stage.

Assuming that, at the beginning of the time period t, the 
kitchen garbage share of Ui is Li, then the energy consumption 
of the system depends on the emptying order of the delivery 
unit. Given the region S that needs to be emptied at the current 
time t, a valid vacuuming sequence εt=[U1,U2,···] is an ordered 
subset of the input port set. The emptying operation of a set 
of emptying sequences to achieve kitchen waste discharge 
is divided into two steps. The first step is to empty the 
transportation pipe connected to the drop port; the second 
step is to transport the kitchen garbage in the pipe network. 
If and only if the emptying port is upstream of the position 
of the transported kitchen garbage, the transportation of 
the garbage and the emptying operation of the next one can 
overlap in time. Under this assumption, given the current 
emptying sequence εt and input load Li, the time required 
to perform a set of emptying sequences in the stabilisation 
phase εt is as follows in Eq.(17) and Eq. (18):

i t
j i

st st
t t

=next

T = T i j
U
U U

(17)

 
i i jst st

t 1 t i t
t

i j =
v

E E El T l T T
T C L (18)

where: i
El T is kitchen garbage from the outlet Ui to the root 

node that go through the path;
next (Ui) is the post-release port of Ui in the ordered 

sequence εt;
st

t i jT is the total time spent emptying the vent Ui.

EXAMPLES

Fig. 3 shows an example of a pipe network system with six 
entrances. Suppose at some point t that the liquid levels in the 
discharge ports U1, U3, U4 ,U5 ,U6 meet the discharge standard.

L

N5

S1

N4

Vacuum collection station

S2

U5U4

U6

U3 U2 U1

S3

N2N3 N1

N6

O

U1
U2

U3

U4

U5

U6

J1

J2

(a) Typical examples (b) B binary tree model of the example
Fig. 3. Pipe network system example

The values of the parameters are as follows:
The speed of kitchen garbage in the pipe v=18 m/s; mixing 

ratio m=5; material physical property correlation coefficient 
=0.6; pipe friction coefficient =0.024; gas density in 

pipe =1.2 kg/m3; flow rate of three-leaf Roots blower 

q = 2.51 m3/min; volume of vacuum tank 2000 L; power of 
motor wp 

= 4 kW. The process of emptying kitchen garbage 
from sub-branch pipes is assumed to be time-consuming, 5s.
Tab. 1. Pipe network parameters

Route number Tube diameter × 
wall thickness/mm

Length of 
pipeline /m

Pipe section 
pressure loss/Pa

root–J1 100×4 12 4478.98
J1–U1 100×4 20 7464.96

U1 –U2 100×4 3 1119.76
U2 –U3 100×4 4 1493
J1 –J2 100×4 15 5598.72
J2 –U4 100×4 17 6345.20
U4 –U5 100×4 5 1866.24
J2 –U6 100×4 9 3359.24

Calculations are made using java. In the pipe network 
example, the discharge ports are ordered into a queue. When 
the discharge sequence of the kitchen garbage collection 
system is varied, the energy consumption of the system under 
each emission sequence is different in terms of economy. 
In this example, the minimum energy consumption of 
U5->U4->U6 ->U3 ->U2 ->U1 ->root was 1523.1 kJ.

EXPERIMENTAL RESEARCH

EXPERIMENTAL STEPS AND METHODS

The kitchen garbage experimental system is shown in 
Fig. 4.

1 discharge port; 2 electric plug-in valve; 3 drop joint pipe and flange; 
4 pipes (including connecting flanges); 5 elbows (including flanges); 

6 separator; 7 bag filter; 8 unit (variable frequency); 9 electric contact 
vacuum pressure gauge; 10 transparent PVC pipe; 11 sluice valve; 12 device-

to-device connection pipe; 13 exhaust funnel 
 

Fig. 4. System diagram of experimental equipment for kitchen waste

(1) Set up the experimental equipment according to Fig. 4.
(2) In advance, divide the kitchen garbage into two groups: 

table ping-pong balls and potato (prepared into particles). 
The diameter of the particles was recorded as ds (mm), 
and weighed on m (kg).

(3) Check each valve, the pipe pressure, and whether the 
vacuum degree is as required or not.

(4) Open control valve 2 for kitchen garbage collection. The 
proper amount of garbage is collected into separator 
6 through a PVC pipe with inner diameter 100 mm. 
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During this process, the reading of electric contact 
pressure gauge 9 is recorded, and the flow state of particles 
in the transparent PVC pipe 10 is photographed by high-
speed camera.

(5) Garbage and air are realised in separator 6. The gas is 
further filtered from pipe 12 into the dust collector bag 
7 to meet the air inlet requirement of vacuum unit 8. 
Finally, the gas is discharged into the atmosphere through 
the exhaust tube 13.

(6) Measuring the total transparent PVC pipeline length Lall, 
the kitchen garbage enters the PVC pipeline at a time of 
t0, and leaves the PVC pipe at t1.The speed of the kitchen  
 
garbage can be determined by

01

all

tt
L

 .

(7) The rotor speed of the vacuum unit is changed by 
the frequency converter, the air volume in the pipe is 
controlled by the flowmeter, and the velocity of the waste 
is kept constant at the discharge port. In various cases, the 
electrical contact pressure gauge 9 readings are recorded 
and close attention is paid to the flow status of kitchen 
garbage particles in the transparent PVC pipe 10.

ROOTS BLOWER

As shown in Fig. 5, as the frequency of the Roots blower 
increases, the pressure decreases, and the closer it is to a 
vacuum, the velocity of the particles seen through the 
observation window gradually increases, and the time is 
gradually decreasing.

Fig. 5. Pressure and frequency diagram of Roots blower

When transporting ping-pong balls, as shown in Fig. 6, 
at a frequency of 10 Hz, the pressure is -0.0165 MPa. At this 
point, the balls are not fully transported to the end of the 
device. When the frequency increases to 25 Hz, some of the 
balls break.

Fig. 6. Ping-pong balls pressure and velocity chart

When transporting potato particles, as shown in Fig. 7, at 
frequency 10 Hz, the pressure is -0.0165 MPa.At this point, 
the pressure is not enough to fully transport the potatoes, and 
at the observation window only a small number of particles 
pass through. When the frequency increases to 15 Hz, the 
number of potato pieces passing through increases slightly, 
but they do not succeed in reaching the end of the pipe. When 
the frequency is 20 Hz, most of the potato can be transported 
out of the equipment and the system becomes stable. When 
the frequency is 35 Hz, the amount of potato remaining is 
0.3 kg, and the consumption of 0.15 kg is the evaporation of 
water in the potato.

As shown in Fig. 8, from the comparison of the speed at 
which the table tennis balls and potato are transported by 
the Roots blower, it can be seen that the changing trend of 
the two tracks is basically similar,The comparison shows 
that the experimental data obtained by using potato as the 
transported material are effective.

Fig. 7. Potato pressure and velocity chart
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Fig. 8. Comparison of speed of table ping-pong balls and potato

Fig. 9 shows the observation window in the initial and final 
states. The contrast clearly shows the presence of water on 
the window. This also proves the vacuum drying effect in the 
above theory. When the temperature in the pipe reaches or 
exceeds the evaporation temperature under the corresponding 
saturated vapour pressure, the moisture in the particulate 
matter is evaporated.

(a) Initial PVC pipeline image (b) Final PVC pipeline image

Fig. 9. Comparison of observation window at the beginning and end

ROOTS VACUUM PUMP

As shown in Fig. 10, with the increasing frequency of the 
Roots vacuum pump, the lower the pressure is, the closer it is 
to a vacuum. The velocity of particles through the observation 
window increases and the time decreases.

Fig. 10. Pressure and frequency diagram of Roots vacuum pump

When transporting table tennis balls, as shown in Fig. 11, 
when the frequency is 15 Hz, the pressure is -0.01 MPa, and 
the balls are not completely transported to the end of the 
equipment. They take longer to pass through the observation 
port. When the frequency increases to 25 Hz, however, the 
balls can be successfully transported.

Fig. 11. Ping-pong balls pressure and velocity chart

In the previous group of ping-pong balls experiments, air 
transport began at 25 Hz, so the initial frequency of the potato 
experiment was set as 25 Hz, the pressure was -0.058 MPa, 
and the initial weight was 0.8 kg. As shown in Fig. 12, when 
the frequency is 25 Hz, the pressure is not enough and the 
potato pieces do not pass through to the end of the device. 
If the frequency increases to 30 Hz, and the initial weight is 
0.8 kg, the presence of water can be seen in the observation 
window, indicating that at this frequency and pressure, the 
water begins to evaporate and 0.6 kg of the potato comes out 
at the end. Keeping the 0.6 kg of potato in the device, and 
increasing the frequency to 35 Hz, more water can be seen in 
the observation window, under this frequency and pressure. 
With the evaporation of a large amount of water, 0.35 kg of 
potato remains. Keeping the 0.35 kg of potato in the device 
and increasing the frequency to 40 Hz, more water evaporates 
and 0.1 kg comes out at the end. And 0.8 kg of potato is first 
put in and 0.3 kg comes out at the end. When the frequency 
reached 50 Hz, with 0.5 kg of potato initially put into the 
equipment, 0.3 kg came out at the end. Most of the potato 
pieces had evaporated into small particles.

Fig. 12. Potato pressure and velocity chart
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As shown in Fig. 13, from the comparison of the speed of 
the table tennis balls and potato transported by the Roots 
vacuum pump,The comparison shows that the experimental 
data obtained by using potato as a transport material are 
effective.

Fig. 13. Comparison of speed of ping-pong balls and potato

Fig. 14. 25Hz, 30 Hz, 35 Hz state contrast diagram

Fig. 14 shows the vacuum degree of the Roots blower and 
vacuum pump at 25 Hz, 30 Hz, and 35 Hz. The transport 
velocity of the table tennis balls in the Roots blower and 
vacuum pump at different frequencies, and that of the potato 
were compared. As can be seen, the Roots vacuum pump 
can achieve a higher vacuum degree than the blower, with 
an increase of about 20%. At the same frequency, although 
the Roots vacuum pump produces a high degree of vacuum, 
the speed of transport of the table tennis balls and potato 
pieces is not as high as that with the Roots blower, with 
a difference of nearly 50%. But the blower has limitations 
and cannot achieve a high vacuum. So in the actual vacuum 
transportation, for systems needing a low vacuum degree and 
transporting material with low moisture content, the Roots 
blower can be chosen. However, the Roots vacuum pump is 
more suitable for a high vacuum degree, and high moisture 
content of the garbage for transportation.

Fig. 15. Initial state at observation window

(a) PVC pipe at 25 Hz (b) PVC pipe at 30 Hz

(c) PVC pipe at 35 Hz (d) PVC pipe at 40 Hz

(e) PVC pipe at 45 Hz (f) PVC pipe at 50 Hz

Fig. 16. Observation window images of final state at different frequencies

Fig. 15 and Fig. 16 show that the larger the vacuum degree 
is, the more obvious the evaporation of water is, comparing 
the variation of the observation window in the initial state 
and at the various frequencies using the Roots vacuum pump. 
This also proves the drying effect of the vacuum pipe in the 
above theory. When the temperature in the pipe reaches or 
exceeds the evaporation temperature under the corresponding 
saturated steam pressure, the water completely evaporates, so 
the moisture in the garbage does not need to be considered.

DISCUSSION

Cèsar Fernández and others developed a model in 2014 
using constraint programming technology to arrange the 
emptying sequence of a daily litter drop in order to minimise 
energy consumption [7]. But these applications are mainly 
aimed at living areas on land, and for marine areas the 
domestic application of this technology is not yet mature. 
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Foreign sailing boats, high-speed passenger rolling ships, 
cruise ships and so on mainly use the Swedish Envac system, 
but the company only provides products, and the technology 
is confidential. At present, the vacuum collection of domestic 
cruise kitchen garbage is a new engineering technology, and 
the selection of key equipment such as the vacuum pump, 
vacuum storage tank and the optimisation of basic parameters, 
such as the vacuum degree and mixed conveying ratio, are still 
not perfect. As the vacuum sewage system becomes larger and 
more complex, the calculation of pressure loss, the design flow 
rate, vacuum degree and pipe diameter of the pipe network 
system must be optimised. Understanding the flow law of 
particle groups from a more comprehensive angle with the 
help of experiments [1][9][11][13-16][18][20] and strengthening 
the research on these problems will undoubtedly improve the 
reliability and economy of the system.

CONCLUSIONS

(1) Using the structure principle of a binary tree for reference, 
the pipeline network of a cruise ship’s vacuum collection 
system is modelled as a binary tree and aerodynamic 
calculation is carried out. If the left and right sub-trees of 
a binary tree are to be emptied, the length of these sub-
trees will be compared. When the left sub-tree is longer, 
all the input ports on that sub-tree will be arranged in the 
order of distance and proximity, and when the left tree 
is longer,it should be arranged in order from far to near. 
Otherwise, arrange all the outlets on the right sub-tree 
that meet the emission requirements. If there is an input 
port in the fork of the tree, the nodes except the crossing 
nodes are emptied in the order from far to near.

(2) The empirical formula and algorithm are used to calculate 
and check in detail, and the driving mode and the detailed 
structure of the experimental device are obtained in 
accordance with the requirements of the design of the 
integrated experimental device. The simulation model 
of the vacuum collection system enables us to observe 
the transport characteristics of fluid in the pipeline of 
the system in practical engineering.

(3) In the design of the vacuum system, the operating 
parameters of the vacuum equipment or system should 
be determined according to the nature of the material, 
the requirements of operation and the degree of vacuum 
in combination with the actual conditions of the project. 
This paper compares the specific conditions and operating 
environment of a Roots vacuum pump and blower in 
producing a vacuum, calculates and compares the air 
volume and pressure loss in the pipeline of the system 
at the farthest node and the most unfavorable situation, 
and determines the type of negative pressure equipment 
in the system so that it can ensure the normal operation 
of the system.

(4) The formula for calculating the saturated vapour 
pressure of water is adopted ( )

45.47-T
3826.36-3876.9Pln = . 

The temperature in the pipe is considered to be room 

temperature. When the temperature in the pipe reaches 
or exceeds the evaporation temperature under the 
corresponding saturated vapour pressure, the water 
is completely evaporated. At this time, the water 
content in the waste does not need to be considered. 
If the temperature does not reach the corresponding 
evaporation temperature under saturated steam pressure, 
the kitchen waste can be seen as a fluid that is both solid 
and hydrated. The influence of the existence of liquid 
phase can be attributed to the physical properties such 
as solid density, which can avoid the difficulty of analysis 
and treatment caused by the disturbance of gas to a liquid‒
solid two-phase mixture.
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ABSTRACT

Cabin placement layout is an important part of ship cabin layout design. A good cabin placement layout can improve 
the efficiency of the ship’s cabin arrangement. However, optimisation of the layout of cabin placement is not widely 
studied and more often relies on the experience of the staff. Thus, a novel methodology combining systematic layout 
planning and a genetic algorithm to optimise the cabin placement is presented in this paper. First key elements are 
converted by a systematic planning method that is often applied in factory layout, and a preliminary cabin placement 
layout model is established according to these key elements. Then the circulation strength and adjacency strength are 
taken as sub-objectives to establish a mathematical model, and an improved genetic algorithm is used to optimise 
the model. The result of the optimisation is compared with the initial schemes to verify the validity of the algorithm. 
Finally, the human factors are introduced according to the actual situation. The AHP method is used to select the 
layout scheme of the cabin that is most likely to be applied in the actual cabin layout.

Keywords: cabin placement layout; systematic layout planning; genetic algorithm

INTRODUCTION

The cabin placement layout optimisation problem is one 
that involves combinatorial optimisation. To analyse the 
design and optimisation of cabin layout from the perspective 
of layout problems, we must first have a systematic and 
comprehensive understanding of the problem. Dowsland 
[4] and Cagan [2] give a representative definition: a layout 
problem refers to the reasonable placement of a given set of 
objects in a specific layout space, so that the design objectives 
are optimised as much as possible, and meet the space or 
performance constraints. In the 1960s, Muther [19] used the 
method of system analysis to propose a very representative 
system layout design method, systematic layout planning 

(SLP), which combined the analysis of logistics with close 
relationship analysis of the operating unit, and used 
a hierarchical representation of the relationship between 
the operating units. The method analysed the logistics, 
people flow and information flow in the system reasonably, 
and achieved the optimal allocation of internal resources 
of the system. The proposed method enabled the facility 
layout problem to develop from the qualitative stage to the 
quantitative stage. Dowsland [3] and Leung [15] established 
a graph theory model of the layout, with a rectangular cube 
to be seen as a node of the graph. The relationship between 
the objects is the node relationship, which transforms the 
layout problem into one of finding the largest independent 
or largest weight plane subgraph in a known link graph. 
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Gomes [6] performed a comprehensive research on a facility 
layout by using modern design technology. Wiyaratn et 
al. [23] studied the layout of an iron manufacturing plant 
based on the SLP theory for increased productivity. The 
study included an operation process chart, flow of material 
and activity relationship chart. Lee et al. [10] proposed an 
improved genetic algorithm (GA) in the study of a multi-level 
facility layout. The relationship between stairs, walkways 
and other facilities is described as a form of adjacency 
graph, and the Dijkstra algorithm is used to calculate the 
shortest distance between facilities. El-Baz [5] proposed 
an improved genetic algorithm for the two-dimensional 
facility layout problems (FLP) of a production system, and 
carried out detailed analysis and a case demonstration. On 
the basis of the layout modelling of the production system 
to meet the facility distribution requirements, the author 
considered the placement of the centre of each device and 
the size of the simplified rectangle, equipment interference 
constraints, layout boundary constraints and equipment 
minimum interval requirements as the objective function and 
constraints to obtain a Pareto solution set of the optimisation 
problem, and then set the line layout scheme. 

Traditional cabin placement layout design mainly depends 
on the experience of designers through repeated CAD 
drawing, which results in a low level of parameter automation. 
The inner space of a ship is relatively small and the cabin 
placement layout has a direct effect on the running efficiency 
of ship systems, so it is necessary to devise an efficient and 
reasonable way to optimise that layout. At present, the 
heuristic algorithm and computational intelligence algorithm 
are widely applied to solve the layout problem [7]. Liu et al. 
[14] used the multi-objective fuzzy design method to optimise 
a passenger ship’s overall layout and developed a general 
layout drawing system for the ship. Li et al. [12] used a genetic 
algorithm to optimise the design of a ship’s cabin layout, and 
combined this with CADDS5 software to complete the data 
processing and graphic output. Li et al. [11] used an improved 
genetic algorithm based on Pareto distribution to optimise 
a yacht cabin layout. 

Most of the mentioned documents aimed to determine the 
placement and optimisation of the facilities inside a specific 
cabin, but there is not much research on the layout of the cabin 
placement. In this paper, referring to the above literature, the 
cabin is simplified to a rectangle. SLP and GA are combined 
to find a feasible solution method for the optimisation of the 
cabin position layout.

PRELIMINARY CABIN PLACEMENT 
LAYOUT MODEL BASED ON SLP

Since the position of the cabin in the living area is mainly 
studied in this paper, there is no need to consider many 
parameters of the ship, including its weight distribution 
and centre of gravity. The following assumptions also need 
to be made:

1) All cabin structural frames to be laid out meet the design 
requirements of the hull line, structural strength and 
safety.

2) Only the layout factors are considered and they do not 
involve the whole ship factor.

3) It does not involve the installation of all system facilities 
and supporting facilities in the cabin.
According to the distribution characteristics of the living 

area of the teaching practice ship, the cabins that can serve the 
living and learning needs of the students on board include 13 
functional areas such as student accommodation, washroom, 
bathroom, classroom, kitchen, etc., shown in Table 1.
Tab. 1. Accommodation cabin types

No. Cabin type No. Cabin type 
1 Student accommodation 1 8 Clinic 
2 Student accommodation 2 9 Galley 
3 Water closet 1 10 Mess room 
4 Water closet 2 11 Food store room 
5 Classroom 12 Laundry 
6 Library 13 Drying room 
7 Toilet   

TRANSFORMATION IDEA OF SLP

 Since the SLP method is mainly used in factory layout, 
it is generally divided into five basic elements, namely raw 
materials, product quantity, production route, auxiliary 
department and time schedule [21]. 

The quantity of raw materials and products is the basis 
of the arrangement. Only by thoroughly studying the basic 
elements can we get a satisfactory result. The products 
arranged in this paper are all types of cabins in the living area. 

The quantity of products mainly refers to the attributes 
and types of objects to be placed, which determines the size 
of the factory production scale. This refers to the number of 
compartments to be placed. 

The production route refers to the order in which the 
factory processes the products. This production process also 
affects the layout of the factory. This refers to the circulation 
route among cabins. 

In addition to the equipment for producing products, the 
factory layout also requires some production service facilities, 
such as residual material recovery devices. In this paper, this 
refers to the public service cabin. 

The production schedule refers to the time and time step 
of producing the required product. This determines the 
operational efficiency of the entire layout system. This refers 
to the order in which students’ study, live and work on board.

ANALYSIS OF LOGISTICS RELATIONSHIP

In the workshop equipment layout, the logistics relationship 
is mainly reflected in the logistics movement and material 
handling in the process flow, and the material flow between 
each unit is mainly considered in the layout. Similarly, the main 
consideration in the layout of the cabin is the degree of close 
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contact between the pairs of compartments (personnel flow, 
material movement), regardless of the third compartment. 
The SLP method is used to establish the preliminary layout 
model of the cabin position. 

In order to cope with various layout problems, especially 
layout problems with a large amount of logistics data, the 
system layout is solved by using a logistics strength level 
classification table. In this table, the logistics intensity is 
divided into A, E, I, O, U, five intensity levels, with the intensity 
reducing from A to U [13]. The intensity of the logistics 
between the various arrangement objects is determined by 
the arrangement factor. The specific meaning of each grade 
of logistics intensity is shown in Table 2.
Tab. 2. Logistics intensity grades and proportions

Logistics intensity level Symbol
Logistics 

route ratio 
(%)

Proportion of 
material flow 

(%)

Super-high logistics strength A 10 40

Extra-high logistics strength E 20 30

Larger logistics strength I 30 20

General logistics intensity O 40 10

Ignorable U

According to Tables 1 and 2, the logistics relationship 
between cabins is analysed (not concerning other cabins) 
with two logistics factors, personnel flow and material 
movement, and the intensity grade is confirmed in Table 3 
and represented by matrix M.

13 13[ ]ijM m  (1)

where ijm  indicates the logistics intensity grade between 
cabin i and cabin j .
Tab. 3. Logistics related table 

No. 1 2 3 4 5 6 7 8 9 10 11 12 13
1 — E A O E E I O U E U O O
2 — — O A E E I O U E U O O

3 — — — U U U U U U I U U U

4 — — — — U U U U U I U U U
5 — — — — — O O U U E U U U

6 — — — — — — O U U I U U U

7 — — — — — — — O O U U U U

8 — — — — — — — — O U O U U
9 — — — — — — — — — A A U U

10 — — — — — — — — — — U U U

11 — — — — — — — — — — — U U

12 — — — — — — — — — — — — A

13 — — — — — — — — — — — — —

ANALYSIS OF NON-LOGISTICS RELATIONSHIP

According to the SLP non-logistics intensity grade (see 
Table 4), the non-logistics relationship between cabins is 
analysed with the use of a third type of cabin by students 
from any cabins as a non-logistics factor standard [16], and 
the intensity grade is confirmed in Table 5 and represented 
by matrix N.

13 13[ ]ijN n  (2)

where ijn indicates the non-logistics intensity grade between 
cabin i and cabin j .
Tab. 4. Non-logistics strength grade

Symbol A E I O U

Meaning Absolutely 
important

Very 
important Important General Not 

important

Tab. 5. Non-logistics related tables

No. 1 2 3 4 5 6 7 8 9 10 11 12 13
1 — A U U E E U O O U U O O
2 — — U U E E U O O U O O O
3 — — — U U U U U U U U U U
4 — — — — U U U U U U U U U
5 — — — — — A U O O U U U U
6 — — — — — — U O O U U U U
7 — — — — — — — U U U U U U
8 — — — — — — — — O U U U U
9 — — — — — — — — — O A U U
10 — — — — — — — — — — U U U
11 — — — — — — — — — — — U U
12 — — — — — — — — — — — — U
13 — — — — — — — — — — — — —

ANALYSIS OF COMPREHENSIVE CORRELATION

The comprehensive relationship analysis considers the 
logistics relationship and non-logistics relationship. This 
relationship is expressed in the SLP by m:n and the range 
is generally greater than 1/3 and less than 3. However, the 
values in actual work are generally taken as: 3:1, 2:1, 1:1, 1:2 
and taken as 1:1 in this paper [18]. The analysed logistics and 
non-logistics intensity levels of each cabin are quantified, 
and A=4 , E=3 , I=2 , O=1 , U=0 . The logistics correlation 
between the various cabins represented by numbers is shown 
in Table 6.
Tab. 6. Ranking of comprehensive degree of closeness

Cabin 1 2 3 4 5 6 7 8 9 10 11 12 13
1 - A/7 E/4 O/1 E/6 E/6 I/2 I/2 O/1 I/3 U/0 I/2 I/2
2 A/7 - O/1 E/4 E/6 E/6 I/2 I/2 O/1 I/3 O/1 I/2 I/3
3 E/4 O/1 - U/0 U/0 U/0 U/0 U/0 U/0 I/2 U/0 U/0 U/0
4 O/1 E/4 U/0 - U/0 U/0 U/0 U/0 U/0 I/2 U/0 U/0 U/0
5 E/6 E/6 U/0 U/0 - E/5 O/1 I/2 O/1 I/3 U/0 U/0 U/0
6 E/6 E/6 U/0 U/0 E/5 - O/1 O/1 O/1 I/2 U/0 U/0 U/0
7 I/2 I/2 U/0 U/0 O/1 O/1 - O/1 O/1 U/0 U/0 U/0 U/0
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Cabin 1 2 3 4 5 6 7 8 9 10 11 12 13
8 I/2 I/2 U/0 U/0 I/2 O/1 O/1 - I/2 U/0 O/1 U/0 U/0
9 O/1 O/1 U/0 U/0 O/1 O/1 O/1 I/2 - E/5 A/8 U/0 U/0

10 I/3 I/3 I/2 I/2 I/3 I/2 U/0 U/0 E/5 - U/0 U/0 U/0
11 U/0 O/1 U/0 U/0 U/0 U/0 U/0 O/1 A/8 U/0 - U/0 U/0
12 I/2 I/2 U/0 U/0 U/0 U/0 U/0 U/0 U/0 U/0 U/0 - E/4
13 I/2 I/3 U/0 U/0 U/0 U/0 U/0 U/0 U/0 U/0 U/0 E/4 -

Number 36 38 7 7 24 22 8 11 20 20 10 8 9
Order 2 1 10 10 3 4 9 6 5 5 7 9 8

PLACEMENT CORRELATION DIAGRAM

In order to clearly understand the relationship between 
the various compartments and to adjust the position of each 
compartment, it is necessary to draw the relevant diagram 
according to Table 7. The first step is to draw two cabins with 
closeness relationship A on the figures.
Tab 7. Representation of cabin relation grade

Grade A E I O

Number of lines 4 3 2 1

Closeness very high high general low

(1) Take the pair of compartments with a class A. 
relationship from Table 6, including 1 and 2, 9 and 11, and 
sort the four cabins by value: 2, 1, 9 and 11.

(2) Arrange cabin 2 with the highest comprehensive 
approach score in the centre of the position correlation figure.

(3) Deal with cabin pair 1and 2 and arrange cabin 1 in the 
figure. It is stipulated that one-unit distance is kept between 
cabins with an A-level relationship (see Fig. 1 (a)).

Fig. 1. Steps of cabin arrangement with closeness relationship A 

(4) Then, cabin 9 is arranged. No A-level relationship exists 
between cabin 9 and cabins 1 and 2 on the figures, so thus 
the relationship of 9 and 1 and 9 and 2 should be taken from 
Tables 6 and 7, and the results are both O levels. That is, the 
distances between cabin 9 and 1 and between cabin 9 and 2 are 
both 4 units. The placement of cabin 9 is shown in Fig. 1 (b).

(5) Cabin 11 has an A-level relationship with cabin 9 and 
has O-level with cabin 2. Its placement is shown in Fig. 1 (c).

According to the above steps, the remaining steps can be 
used to deal with cabin pairs which have relations of E, I, 
O and U to and draw placement figures which can indicate 
the relationship between all cabins (see Fig. 2). 

 
Fig. 2. Correlation of cabin positions

Fig. 3. Preliminary layout model of cabin placement

AREA CORRELATION FIGURE

An area correlation figure is formed by drawing the actual 
area onto the corresponding placement correlation figure. In 
the drawing process, each cabin is simplified as a rectangle, 
so different arrangement schemes can be formed by following 
the centre of the rectangle. Finally, based on the experience 
of the multi-row layout of a two-dimensional production 
facilities layout, the cabin area correlation figure is corrected 
and external passages are set up. The preliminary cabin 
placement layout model is drawn (see Fig. 3).

So far, the preliminary cabin placement layout model of 
the teaching-training vessel accommodation area has been 
finished on the basis of SLP, which provides basic data for 
mathematical models for cabin placement layout optimisation. 

OPTIMISATION MATHEMATICAL MODEL

 CABIN PLACEMENT LAYOUT SIMPLIFIED MODEL 

The preliminary cabin placement layout model figure 
is simplified as follows: a rectangle is drawn by taking the 
longest side and the shortest side of the drawing area in Fig. 3 
as the standard, then the drawing area is divided into four 
parts by the external passages, whose placement is not altered, 
and the relative arrangement area of each cabin is confirmed 
according to the relative placement of each cabin. Finally, 
the simplified model of the cabin placement layout is drawn 
(see Fig. 4).
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 Fig. 4. Simplified model of cabin placement layout

CABIN PLACEMENT LAYOUT OBJECTIVES

Layout objectives are a basic component of the layout 
optimisation mathematical model and are the criteria to 
judge the quality of the cabin sequence combination. The 
selection of layout objectives is of great importance to the 
optimisation results. Therefore, methods for establishing the 
model of the cabin placement layout should be considered 
comprehensively. In this paper, the cabin circulation 
strength and cabin proximity strength are selected as the 
layout objectives [1]. The relationship between cabins will be 
analysed in conjunction with the above objectives.

Cabin circulation strength 
In view of the different utilisation frequencies of each cabin 

on board, the relationship is defined by the cabin circulation 
strength. The more frequently the students use a cabin, the 
larger the circulation strength between two cabins is, and 
vice versa. The cabin circulation strength is quantised in 
Table 8.
Tab. 8. Circulation strength grade and coefficient definition

Grade Coefficient Meaning
1 1 Students’ circulation strength is very high 
2 0.75 Students’ circulation strength is high 
3 0.5 Students’ circulation strength is average
4 0.25 Students’ circulation strength is low 
5 0 Nearly no students’ circulation 

According to Table 8, the flow intensity between each 
compartment is analysed, and the coefficient of flow intensity 
between the compartments is defined as shown in Table 9 
and represented by matrix A.

13 13[ ]ijA a  (3)

where ija  indicates the circulation strength coefficient 
between cabin i and cabin j.
Tab. 9. The coefficient of flow intensity

Cabin 1 2 3 4 5 6 7 8 9 10 11 12 13
1 - 0.75 1 0 0.5 0.25 0.5 0.25 0 0.75 0 0.5 0.5
2 - - 0 1 0.5 0.25 0.5 0.25 0 0.75 0 0.5 0.5
3 - - - 0 0 0 0 0 0 0 0 0 0
4 - - - - 0 0 0 0 0 0 0 0 0
5 - - - - - 0.5 1 0.25 0 0.5 0 0 0

Cabin 1 2 3 4 5 6 7 8 9 10 11 12 13
6 - - - - - - 0.25 0 0.25 0.5 0 0 0
7 - - - - - - - 0.25 0.25 0.25 0 0 0
8 - - - - - - - - 0 0 0 0 0
9 - - - - - - - - - 1 1 0 0
10 - - - - - - - - - - 0 0 0
11 - - - - - - - - - - - 0 0
12 - - - - - - - - - - - - 1
13 - - - - - - - - - - - - -

Cabin adjacency strength 
The closeness degree among cabins is reflected in the 

differences in functions and use requirements, so this 
relationship will be defined by the cabin adjacency strength. 
The cabin adjacency strength is quantised in Table 10.
Tab. 10. Adjacency strength grade and coefficient definition

Grade Coefficient Meaning
1 1 Adjacency strength is very high or must be adjacent 
2 0.75 Adjacency strength is high
3 0.5 Adjacency strength is average
4 0.25 Adjacency strength is low
5 0 No adjacency demand

According to Table 10, the adjacent strength between the 
cabins is analysed as shown in Table 11 and represented by 
matrix B.

 13 13[ ]ijB b (4)

where ijb indicates the adjacency coefficient between cabin 
i and cabin j.
Tab. 11. Adjacency strength coefficient

C
ab

in

1 2 3 4 5 6 7 8 9 10 11 12 13

1 - 0.75 1 0 0 0 0.5 0 0 0 0.25 0.25 0.25

2 - - 0 1 0 0 0.5 0 0 0 0.25 0.25 0.25

3 - - - 0.5 0 0 0 0 0 0 0 0 0

4 - - - - 0 0 0 0 0 0 0 0 0

5 - - - - - 0.25 0.5 0.25 0 0.25 0.25 0 0

6 - - - - - - 0.5 0.75 0 0.25 0.75 0 0

7 - - - - - - - 0.25 0.25 0.25 0 0 0

8 - - - - - - - - 0 0 0.75 0 0

9 - - - - - - - - - 1 0 0 0

10 - - - - - - - - - - 0.75 0 0

11 - - - - - - - - - - - 0 0

12 - - - - - - - - - - - - 1

13 - - - - - - - - - - - - -

MATHEMATICAL MODELS

The circulation strength and the adjacency strength are 
taken as sub-objectives to establish the mathematical model 
shown in Eq. (5).
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where X is a cabin sequence design variable; 1( )F X  is the 
circulation strength function; 2 ( )F X is the cabin adjacency 
strength function; , , ,i j k m and n are layout area numbers; 

kx , mx and nx  are cabin numbers corresponding to the 
layout area; 1 and 2 are weight coefficients; cabin distance 

ijd is the sum of the absolute values of the difference between 
horizontal and vertical coordinates of each cabin; 1L is the 
length from area1 to area 4; 2L  is the width from area1 to 
area 4; 1a  is the length required from area1 to area 4; 1b  is 
the width required from area1 to area 4; 5L is the length from 
area 9 to area 11; 6L is the width from area 9 to area 11; 3a is 
the length required from area 9 to area 11; 3 b is the width 
required from area 9 to area 11; 7L is the length from area 
12 to area 13; 8L is the width from area 12 to area 13; 4a is 
the length required from area 12 to area 13; 4b is the width 
required from area 12 to area 13, as shown in Fig. 5.

 Fig. 5. Constraint analysis

OPTIMISATION DESIGN BASED 
ON IMPROVED GA

IMPROVED GA

In view of the characteristics of the mathematical model, 
the basic genetic algorithm has been improved in this paper 
[17,9,20].

(1) Each compartment sequence is used as a chromosome, 
and each compartment number is used as a gene to form an 
integer coding method, as shown in Fig. 6.

Fig. 6. Integer coded map of cabin sequence

(2) The reciprocal of the total objective function ( )F X is 
taken as the fitness function shown in Eq. (6). 

12 13

1 2
1 1

( ) min ij ij ij ij
i j i

F X w a d w b d (6)

(3) Cross-operation is the basic function of the genetic 
algorithm. Crossover of permutation was modelled on 
solutions developed for the travelling salesman problems. The 
order crossover algorithm is a relatively simple and effective 
solution [8,22]. Meanwhile, a cross-repair program [23] is 
used to make the infeasible individuals feasible, so as to ensure 
the smooth progress of the algorithm.

Firstly, two cabin sequences are randomly selected from 
the entire cabin sequence as parent one and parent two.

Secondly, two numbers are randomly selected from 1 to 
13 as the intersection.

Thirdly, the parts between two intersections of the parents 
are exchanged.

Fourthly, it can be seen from the third step that 
compartments 2 and 8 appear repeatedly in parent 1 and 
compartments 1 and 5 appear repeatedly in parent 2, which 
does not meet the requirements of the population.

In this paper, we propose to use matrix mutation to 
transform many illegal individuals into legal individuals, 
so as to ensure that there are more modes of legal individual 
generation and to expand the search space.

The condition that a legal individual need to satisfy is the 
coding matrix of n vertices. For each 1 whose number is n, it 
must be in a different row and column on the non-diagonal, 
and 1 has no symmetric element.
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The population of individuals in this paper is represented 
by 0 and 1 matrices. If the first number in the population is 7, 
it is expressed by (7,1) 1a . If the fifth number is 9, then it is 
expressed by (9,5) 1a . Other numbers in the matrix are 0.

Take the following parent 1 cabin sequence as an example.

The [0 1] matrix is as follows.
0 0 0 0 0 0 0 0 0 0 0 0 0
01 0 0 0 01 0 0 0 0 0 0
0 0 0 0 0 0 0 0 01 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0
0 01 0 0 0 01 0 0 0 0 0
0 0 0 01 0 0 0 0 0 0 1 0
0 0 01 0 0 0 0 0 0 0 0 0
0 0 0 0 01 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 01 0 0 0 0

A

 
For matrix A, the repair process is as follows:
Select line i:

If there is only one 1 on the non-diagonal line of the row, 
its position is (i, j) and other elements of the corresponding j 
column are all 0; the 1 is retained;

If there are two or more 1 in the row, take any 1 on the 
non-diagonal line, and its position is (i, j), then the other 1 of 
the corresponding row i and column j will be changed to 0;

If the row has no 1 and the corresponding j column 
has no 1, if i j  then in position (i, j), change 0 to 1; if i j 
then change 0 to 1 elsewhere in the row.

If there is a symmetric element of 1, exchange its row 
with one of the rows in the matrix until there is no symmetric 
element in the coding matrix.

Repeat (1) – (4) until all 1s of the matrix are in different 
columns of different rows, and all 1s have no symmetrical 
elements and no 1s on the diagonal line.

According to the above steps, the illegal matrix is converted 
to a legal matrix, and the process is as follows:

The individual population becomes of the following form. 
It can be seen that this population meets the requirements.

(4) In the mutation operation, the exchange mutation 
method is adopted to exchange two cabin numbers in a cabin 
sequence. The main principles are as follows:

Firstly, one cabin sequence is randomly selected from all 
cabin sequences as parent 1.

Secondly, two positions are randomly identified as variation 
points in the selected cabin sequence.

Thirdly, the cabin numbers of variation points are 
interchanged.

 

RESULTS ANALYSIS 

Analysis of computed results
Setting the number of population to 50 and iteration times 

to 500, the crossover probability is 0.9 and the mutation 
probability is 0.1. After comparison, the following five 
program output schemes with smaller objective function 
values are selected to be analysed (see Table 12).
Table 12. Five program output schemes

Number Cabin sequence Objective function 
value

1 6-5-8-7-2-4-1-3-11-9-10-13-12 168.2

2 6-5-7-8-1-3-2-4-10-9-11-12-13 178.4
3 1-3-12-13-10-9-8-11-2-4-7-5-6 175.8

4 1-3-12-7-10-9-8-11-2-4-13-5-6 179.2

5 12-7-1-3-11-9-8-10-13-4-2-5-6 186.6

The algorithm starts to converge at around 160 generations 
according to Fig. 7. This shows that the improved basic genetic 
algorithm has successfully solved the mathematical models 
for optimisation of the cabin placement layout.

Fig. 7. Improved genetic algorithm optimisation results

Validation 
In order to verify the validity of the algorithm, the 

cabin placement layout result solved by the improved GA 
is compared with SLP. The objective function value solved 
by GA is 176.5. The algorithm starts to converge around 
412 generations according to Fig. 8. Also, the percentage 
increase of the cabin placement layout schemes is 5%, but 
the computing time is much longer than with the improved 
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genetic algorithm. The objective function value solved by 
SLP is about 221.4, and percentage increases of five cabin 
placement layout schemes output by the programs are positive, 
respectively 24.0%, 19.4%, 20.6%, 19.1% and 15.7%, which 
shows that in terms of cabin circulation and cabin adjacency, 
the schemes output by the improved genetic algorithm are 
better than the preliminary layout scheme. Figs. 9-13 illustrate 
the cabin placement layout models of the five schemes output 
by the programs.

Fig. 8. Genetic algorithm optimisation results

 
 Fig. 9. Cabin placement layout model of the first scheme

 Fig. 10. Cabin position layout model of the second scheme

 Fig. 11. Cabin position layout model of the third scheme

  
Fig. 12. Cabin position layout model of the fourth scheme

Fig. 13. Cabin position layout model of the fifth scheme

Since the program seeks the best combination of cabin 
positions in strict accordance with the defined parameters, 
and the selection of parameters is influenced by subjective 
factors, the above-mentioned cabin position layout schemes 
only represent the relative position between the cabins in 
terms of cabin adjacency and cabin circulation. In order to 
determine which compartment position layout scheme is 
most likely to be applied to the actual cabin layout, the five 
schemes are selected using the analytic hierarchy process.

OPTIMAL CABIN PLACEMENT LAYOUT 
BASED ON AHP

The analytic hierarchy process (AHP) was proposed by the 
famous mathematician T. L. Satty in the middle of the 20th 
century. This is a simple, practical, multi-level and systematic 
comprehensive analysis method, especially for complex multi-
objective decision-making [24].

1) Establishing hierarchical structure
The cabin placement layout hierarchical structure is shown 

in Fig. 14.

Fig. 14. Hierarchical structure
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2) Establishing judgment matrix for each layer
The judgment matrix of the importance of each factor of 

the criterion layer to the objective layer is shown in Eq. (7).

1       1/2      2  
2       1         3   
1/2    1/3      1 

ijB  (7) 

where ijB indicates the importance of criterion i and criterion 
j to the objective layer.

Establishing the judgment matrix of the scheme layer 
relative to the criterion layer, in Ep. (8), the judgment matrix 
is used to express the importance of the five schemes to the 
functional uniformity of the criterion layer. 

1        1        2         3         4 
1        1        2         3         4

1 = 1/2     1/2     1         2         3
1/3     1/3     1/2      1         2
1/4     1/4     1/3      1/2      1

ijC     (8)

In Eq. (8), 1ijC indicates the importance of scheme i and 
scheme j to the functional uniformity of the criterion layer.

  

1        2        4         3         5 
1/2     1        3         2         4

2 = 1/4     1/3     1         1/2      2
1/3     1/2     2         1         3
1/5     1/4     1/2      1/3      1

ijC    (9) 

In Eq. (9), 2ijC indicates the importance of scheme i 
and scheme j to the circulation route reasonableness of the 
criterion layer.

1        1        2         3         2 
1        1        2         3         2

3 = 1/2     1/2     1         2         1
1/3     1/3     1/2      1         1/2
1/2     1/2     1         2         1

ijC   (10) 

In formula (10), 3ijC indicates the importance of scheme i 
and scheme j to the adjacency reasonableness of the criterion 
layer.

3) Single layer sorting
The maximum characteristic root max  and corresponding 

eigenvector of each judgment matrix are solved, then 
the maximum characteristic root is normalised, and the 
normalised vector w is set as the weight of each factor. The 
solution results are shown in Table 13.

Tab.13. Results of single order sorting

Judgment 
matrix ijB

 
1ijC

 
2ijC

 
3ijC

 

max  
3.0092 5.0364 5.0681 5.0133

w

0.2969
0.5396
0.5396

0.3192
0.3192
0.1840
0.1094
0.0683

0.418
0.262
0.097
0.160
0.062

0.614
0.614
0.325
0.183
0.325

4) Checking the consistency of single layer sorting
The CR value of each judgment matrix is calculated as 

shown in Table 14. 
Tab. 14. CR values of each judgment matrix

Judgment 
matrix ijB

 
1ijC

 
2ijC

 
3ijC

 

CR 0.079 0.0081 0.0152 0.0029

From Table 13, it can be seen that the CR value of each 
judgment matrix is less than the specified value 0.1 in the 
AHP, and the single layer sorting passes the consistency check.

5) Overall layer sorting
The overall sorting results of the factors of the scheme 

layer to those of the objective layer are shown in Table 15:
Table 15. Calculation results of C layer factor weight

B B1 B2 B3
Total sorts

C 0.2969 0.5396 0.1635
C1 0.3192 0.4185 0.2978 0.3693
C2 0.3192 0.2625 0.2978 0.2851
C3 0.1840 0.0972 0.1578 0.1329
C4 0.1094 0.1600 0.0888 0.1333
C5 0.0683 0.0618 0.1578 0.0794

From Table 15, it can be seen that the weights of the 
five schemes are, from one to five: 0.3693, 0.2851, 0.1329, 
0.1333, and 0.0794. The five layout schemes are sorted as: 
scheme  1 > scheme 2 > scheme 4 > scheme 3 > scheme 5, so 
after AHP analysis, scheme 1 is the optimal scheme among 
the five cabin position layout schemes.

CONCLUSION

The placement layout design of ship cabins plays an 
important role in the general layout design of a ship. 

In this paper, the key elements in the implementation 
of the SLP method are analysed. According to the logistics 
relationship, non-logistics relationship and comprehensive 
relationship between the cabins, and based on the 
comprehensive approach degree between the cabins, the 
preliminary cabin position correlation diagram is drawn 
after repeated modification to realise the preliminary diagram 
of the cabin position layout model.
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Taking the degree of circulation and the degree of adjacency 
as the objective function, the mathematical model of the 
cabin position layout is established, and the improved genetic 
algorithm is used to optimise the solution. A feasible solution 
system is found to solve the cabin position layout problem, 
and the best cabin position layout scheme is given. Compared 
with the traditional genetic algorithm and SLP method, the 
improved algorithm is proved to be correct and effective.

Finally, considering the human factor in the layout of the 
cabin, combined with AHP, five better schemes are evaluated, 
and the most likely scheme for use in the actual layout of the 
cabins is selected.

This is of great significance to the study of designing the 
automatic layout of cabin positions and lays a foundation for 
the specific layout of cabins. However, this is a combinatorial 
optimisation problem, which means it is an NP hard problem. 
At the same time, many factors should be considered in the 
layout of cabin placement. The following work will be carried 
out in future.
1) When building the mathematical model of cabin layout  

optimisation, only two important indexes are selected. 
How to build more indexes and a more comprehensive 
mathematical model are subjects worthy of further study.

2) In this paper, only the location layout stage of the cabin 
layout design is studied. For the specific cabin layout 
problem, many other constraints and layout criteria need 
to be considered in detail.

3) For the improved basic genetic algorithm, the improved 
strategy only refers to the methods related to this kind of 
problem. A new algorithm or a more detailed improvement 
strategy should be proposed to solve similar layout 
problems more effectively.
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ABSTRACT

A spectrum of low-frequency (20‒30 Hz) amplitude fluctuations of the ultrasonic (10 MHz) signal specularly scattered 
from water surfaces covered with monomolecular and thicker crude oil origin films of well-defined, oceanographically 
relevant viscoelastic properties was examined in laboratory and at-sea conditions. The relationship between the surface 
water wave (30 Hz) damping coefficient and the oil layer thickness was established, and compared to the one predicted 
by the classical Stokes theory. The depression of the spectral energy density of wind-driven waves by surface films was 
inferred from the ratio of acoustic signal fluctuations spectra with/without films, and compared to that resulting from 
the Marangoni damping theory applicable to monolayers of particular surface viscoelasticity. The agreement between 
the theory and experimental data was satisfactory. As shown in at-sea experiments performed with a free-floating, 
buoy-like acoustic system, and an artificial oil slick spread over the Baltic Sea surface, the film’s rheological surface 
properties can be recovered from acoustic surface probing, as well as oil spill edge detection. Simultaneous statistical 
analyses of the scattered signal amplitude distribution parameters turned out to be unequivocally related to the oil 
substance fraction weight, oil layer thickness, and the form of oil contamination. 

Keywords: crude oil contamination,capillary wave damping,acoustic surface scattering,statistical-frequency analyses,at-sea pollution detection

INTRODUCTION

A crude oil derivative introduced on a water surface may 
form a number of structural arrangements [4]. One of them 
can be a monomolecular layer with very diverse viscoelastic 
properties [10]. If the amount of petroleum derivatives is 
quite large, then their excess will form a lens-shaped layer 
in equilibrium, as shown in Fig. 1. The spreading coefficient 
is defined as S0/W = γW- γ0- γW/O. Oil spreads on the water 
surface (complete wetting), for S0/W > 1 [11], where: γ – surface 
tension of water (w), surface tension of oil substance (o), and 
interfacial tension of water‒oil (w/o). For S0/W < 1, a lens-shaped 

oil layer of particular thickness d∞ (a few millimetres [4]) 
is formed. The equilibrium thickness of the lens is strictly 
determined by the value of surface and interfacial tensions 
and the densities of both liquids [1]. The crude oil spreading 
phenomenon existing in the sea is much more complex 
to evaluate quantitatively. In particular, the steady-state 
signatures of oil contamination are affected by the presence 
of the sea surface’s natural surfactant films having 2D thermo-
elastic properties [2, 29], and the spreading coefficient is 
a quantity that is dependent on surfactant concentrations, 
surface activity and temperature. Moreover, the oil spreading 
kinetics is mediated by the viscoelasticity modules of all the 
interfaces (O/W/A) [3].
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Fig. 1. Lens of oil on water surface

An intense undulation process will result in the formation 
of several other structural arrangements, in particular an 
emulsion, in which the fraction of the dispersed phase of the 
organic compound varies in time and space.

The attenuation coefficient of the sine surface capillary 
(frequency > 13 Hz) wave of low amplitude, propagated along 
such an oil-coated surface, cannot be described by the Stokes 
equation (1), 
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where:
/2k ,  − wavelength,  ‒ liquid viscosity, ‒ density, 
f2 , and f is the frequency.

Such a relation refers to the waves running on the surface 
of an ideal liquid [21]. The proximity of both interfacial 
surfaces creates different conditions of the liquid flow, and 
facilitates the exchange of energy between adjacent areas. 
The dependence of the surface wave attenuation coefficient as 
a function of the thickness of the layer consisting of various 
petroleum compounds was obtained by the ultrasonic pulse 
reflection method [23, 24]. The determined structural physico-
chemical properties of the investigated liquids, obtained in an 
accompanying study, supplied interesting information on the 
damping process of water surface wave motion in a two-layer 
type system. In further studies, high-frequency scattering 
signal amplitude characteristics (spectral and statistical) were 
evaluated for the wind-driven surface of a clean (pollution-
free) and affected by crude oil layer of water [20, 27, 28]. 

DAMPING RATIO MEASUREMENTS IN 
NATURAL CONDITIONS

 The spectral analysis of acoustic signal amplitudes scattered 
specularly from a clean sea surface and one covered with 
artificial oil films was performed for Gasoline 94, Gasoline 86 
and Selectol plus engine oil. The effects of the damping by an 
artificial monolayer sea slick in the frequency range of 2‒20 Hz 
on short gravity and capillary waves were demonstrated by 
a number of authors [12, 13, 22]. 

The relative spectrum )f(Dr  expressed by the spectral 
density was obtained for the vegetable oil slick and slick-free 
areas, respectively, the frequency range (2‒20 Hz) clearly 
corresponding to the wave damping by a film in the presence 

of light breeze (1.0‒1.5 m/s) [7‒9]. The spectral ratio of wind-
generated waves of a clean sea surface and a polluted surface 
can be presented by the low-frequency-range damping ratio 
of the amplitude of high-frequency scattered signals. The 
analysis of the signals scattered from open-sea formed 
slicks with oceanographically relevant elastic properties was 
discussed in terms of the )f(Dr pattern damping ratio with 
the derived static and dynamic surface film properties [5, 6]. 

EXPERIMENTAL CONDITIONS

The influence of oil layers of different properties on the 
amplitude fluctuation of scattered ultrasonic signals from 
a wind-driven water surface was examined under natural 
conditions in Gdynia’s Naval Port [19]. The air and the sea 
water temperatures during the measurements were 285 
and 287 K respectively. A high-frequency (10 MHz), two-
transducer acoustic system based on a forward specular 
scattering geometry as a free-floating buoy-like arrangement 
was used in these investigations [18, 23, 25, 28] (Fig. 2). 

Fig. 2. Block diagram of the experimental setup. Numbers “1” and “2” denote 
two ultrasonic transducers

The registered acoustic signal amplitude fluctuations 
were played back by a level tape recorder and analysed using 
a Brüel & Kjaer 1621 analogue tuneable band pass filter with 
a width of 1/3 octave (23%) and a V-543 digital multimeter 
over a frequency range of 1‒50 Hz. The crude oil substances 
were used as an oil-film-slicks-forming mono-layer on the sea 
surface. The oils applied in these investigations were dissolved 
in hexane to make a volatile solution, and spread carefully 
on the sea surface. It should be noted that the intensity of 
high-frequency scattered signals Is is inversely proportional 
to the square of the slope of the surface, 2

S /h/1~I , and 
linearly related to the scattered signal amplitudes )A~I( 2

S . 
The damping ratio )f(Dr  of the oil films spread on the open 
sea surface can be measured on the basis of the following 
theoretical expression, for the spectral density proportional to 
the surface wave height )h~)(S( 2 , as described by Phillips 
[18, 22]. 
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The physical and visco-elastic properties of an oil-covered 
sea surface were obtained for the selected oil substances from 
additional measurements performed using the Langmuir 
trough system [17]. 

The light oils were treated as monolayers exhibiting positive 
spreading coefficients. The Selectol plus oil had a negative 
spreading coefficient, and appeared on the sea water surface 
as floating lenses or spots with an equilibrium thickness of 
0.39 cm. 

The static and dynamic oil film 2D properties characterised 
by the elasticity modulus 0E , the film surface pressure Π, 
and the relaxation time τ , were introduced in Eq. (3) over 
the frequency range of 1–35 Hz, for two oil substances 
(Gasoline 94, Gasoline 86) for a better comparison.

RESULTS AND DISCUSSION

The damping ratio results were obtained in the presence 
of oil substances under natural conditions at a constant wind 
velocity above the sea surface. The damping ratios within 
a frequency range of 1–35 Hz were analysed. The frequency 
relationships of the damping ratio k (~ Dr(f)) are illustrated 
in Fig. 3, where the theory predicted relation together with 
the scattered signals ratio experimentally determined are 
presented.

It is clear from the plots that the wave damping ratios 
appear to have low values (0.5‒1.5) in the frequency region 
of f >>20 Hz. The theoretical damping ratio (contrast) values 
of )f(Dr were computed for Gasoline 94 and Gasoline 86, by 
means of Eq. (3).

The damping ratio of short surface waves in the presence 
of insoluble oil films [5, 6, 14‒16] is given by: 
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where: 
and 0  are the respective damping coefficients, for a film-

covered and film-free surface, 
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where:

dA
dAE0
�

��  ‒ the dilational elasticity modulus accounting for 
film-forming material adsorption or desorption variations 
during a compression‒dilation film area cycle, A ‒ the film-
covered area, η ‒ the viscosity of water, ρ ‒ density of water, 
K = 2π/λ ‒ wave number of surface water wave, ω = 2pf ‒ 
angular frequency, rt  ‒ relaxation time.

Fig. 3. The damping ratios k (contrast) of sea surface relationships versus 
frequency in the presence of Gasoline 86 film

We believe that the not close agreement between the 
theoretical and experimental curves could result from other 
environmental factors (temperature, currents, non-uniform 
slick deposition, etc.). This disagreement may have arisen 
from the fact that the static and dynamic oil film parameters, 
introduced in the theoretical relationship in Eq. (3), were 
taken from laboratory measurements made under different 
conditions. In the open sea investigation, the monolayer films 
were not completely and uniformly distributed over the sea 
surface. In addition, the elastic films spread on the sea surface 
with different physical properties may break any holes that 
occur, and the surface oil films will move slowly as a result 
of Stock’s wave drift and currents. The other responsible 
factor is the roughness of the sea water surface modified by 
an oil film at lower wind velocities. From the damping ratios 

 
dirty

clean
r S

S)f(D  (4)

obtained in the presence of the insoluble oil substances in 
situ, which are depicted in Fig. 4, it can be seen that a peak 
in the frequency region of 5‒10 Hz is observed in all cases. 

The damping intensity (peak height) and peak frequency 
may be introduced, as the maximum of the damping ratio 

)f(D max,r  and the resonance frequency, mf (in the so-called 
Marangoni damping phenomenon). From the theoretical 
relationship )f(Dr , one can see that the respective maximum 
damping ratio values for Gasoline 94 and Gasoline 86 are 
20 and 13, occurring at a maximum frequency of 5 Hz.

The similar peaks of the amplitude fluctuation spectra 
of scattered acoustic waves on capillary waves are easier to 
notice for both clean and polluted water and for different 
wind speeds. This process, some kind of relaxation, can be 
explained as a physico-chemical nature of the sea surface 
films, but to clarify the process it is necessary to have more 
experimental data from in situ measurements.

The amplitudes of the acoustic signal as a function of 
the surface capillary wave’s frequency are shown in Fig. 5 
in the frequency range 1‒50 Hz. The measurements were 
performed for a clean surface and a surface covered with 
the oils. All the frequency dependencies of the amplitudes 
are similar in shape. They have a maximum at relatively low 
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frequencies, between 5‒10 Hz, whereas the amplitude above 
these frequencies is rather low and constant. However, the 
measurements of the statistical parameters of the scattered 
signals are performed under the same surface conditions, 
and they are presented in the following chapter.

Fig. 4. Acoustically obtained damping ratios, for the oil films studied versus 
frequency in natural condition and at low wind speeds of 2‒2.3 m/s

 Fig. 5. Spectra of amplitude fluctuations of the signal scattered from water 
surface coated with oil films at low-wind conditions

To sum up, it can be stated that the measurements of the 
)f(Dr or the amplitude fluctuation spectra pattern may enable 

the nature of the surface film to be characterised. It is of 
course too early to deduce the physical and chemical nature 
of the sea surface films from the intensity and frequency of 
this characteristic peak, but it seems feasible, in principle, to 
characterise surface films by this method. 

The mechanism of the water wave damping effect by 
surface films is not fully understood. The direct influence of 
the surface film should be considered in terms of the chemical 
structure of the film’s hydrophobic‒hydrophilic balance of 
film-forming compounds.

EFFECT OF OIL LAYER THICKNESS ON 
THE ATTENUATION OF THE SURFACE 

WAVES ON WATER
The model material used consisted of five crude oil 

derivatives; ethyl gasoline 78, lamp oil, Diesel oil, Extra 15 
engine oil and Marinoll 111 gear oil. In order to characterise 
the materials used, the following additional measurements 

of structural parameters were performed: density, viscosity, 
surface and interfacial tensions in contact with water. The 
results are collected in Table 1. The two last columns in the 
table contain the wettability coefficient So/w, and equilibrium 
thickness d∞. The values of So/w for the first three liquids are 
positive, which suggests the ability to form on a water surface 
a layer with a thickness ranging from monomolecular to 
one resulting from the amount of the liquid and the surface 
area available.

Extra 15 and Marinoll 111 oils have negative values of 
So/w; introduced onto the water surface, they will form a lens 
with a thickness of 0.004242 and 0.005091 m, respectively.

In order to obtain intermediate values of an oil layer 
thickness, before spreading an oil film, a surface-active 
agent (Fotonal) was dissolved in water phase. Undergoing 
absorption, this substance reduced the interfacial water‒oil 
tension, changing the value of wettability coefficient So/w into 
a positive one. Thus, it was possible to form a permanent film 
of both oils with thicknesses ranging from 0.00001 m to the 
equilibrium thickness d∞.
Tab. 1. Physical properties of crude oil derivatives and an oil‒water system 

at T= 293 K and pressure of 101.325 Pa

Petroleum 
derivative

ρb∙103

[kg∙m–3]
ηb∙10–3

[Pa∙s]
γb∙10–3

[N∙m–1]
γb/a∙10–3

[N∙m–1]
Sb/a∙10–3

[N∙m–1]
d∞∙10–2

[m]

Ethyl 
gasoline 78 0.724 0.676 20.3 50.4 2.04 – 

Kerosene 0.761 1.641 21.8 50.8 0.15 –

Diesel oil 0.847 3.540 30.6 29.3 12.94 –

Extra 15 oil 0.854 11.93 35.7 48.36 - 11.33 0.4242

Marinoll 
111 oil 0.853 82.06 35.85 51.54 - 15.64 0.5091

RESULTS

The attenuation coefficient of a surface wave with 
a  frequency f = 30 Hz propagating on a water surface 
covered with a film of crude oil derivative, as a function of its 
thickness d, is presented in Fig. 6. The value of the coefficient 
α was determined by means of an instrument described in 
[23, 24]. Table 2 presents the theoretical values of αm (1) and 
the condition of applicability (4) of this expression, for pd – 
the penetration depth of the eddy component [25] based on 
the measurement results from Table 1.

 
ikp 22

d  (4)

when the following condition
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is met, then the flow is mainly laminar, and the attenuation 
of the wave may well be approximated by the Stokes equation.
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DISCUSSION

The nature of function α(d) presented in Fig. 6, although 
complicated, has some common features for ethyl gasoline 
78, lamp oil, Diesel oil and Extra 15 oil.

The values of α for the thinnest film (0.00001 m) are greater 
than those predicted by the theory, being equal to 2.44αm for 
ethyl gasoline, 1.573αm for lamp oil, 1.378αm for Diesel oil and 
16.36αm for Extra 15 oil.

For larger thicknesses, the value of α decreases steadily 
and approaches the values predicted by theory, although they 
remain higher by several per cent: 1.04αm for ethyl gasoline, 
1.015αm for lamp oil, 1.0004αm for Diesel oil and 1.028αm for 
Extra 15 oil.

Fig. 6. Attenuation coefficient of surface capillary waves on water covered with 
a film of crude oil derivatives versus layer thickness. The arrows indicate the 

thickness of oil layers equal to lb/2

The nature of the relationship α(d), especially for small 
values of d, is probably a result of the existence of two 
interfacial surfaces, along which propagate two surface 
waves with different wavelengths λb (oil surface) and λab 
(interfacial surface oil‒water). These are collected in Table 2 
and determined on the basis of Kelvin’s dispersion equation 
[26]. Their closeness facilitates the process of energy exchange 
carried by the wave and leads to a change in the character of 
flow. An increase in the distance between the two surfaces 
diminishes these effects. Thus, when d was approximately 
equal to λb/2, i.e. corresponding to the conventional depth 
of undulatory processes of penetration beneath the surface, 
the attenuation only slightly (by several per cent) exceeded 
the theoretical values. The dependence α(d) for Marinoll 111 
oil had a completely different character. For an oil film of 
thickness d = 0.001 m, the value of α = 0.286am is relatively 
low. For d = 0.0003 m, α reaches the value of 0.989am, 
and continues to increase until it reaches 1.0013αm for the 
equilibrium thickness d∞ (Table 1).
Tab. 2. Applicability condition of Stokes approximation (5)

Petroleum 
derivative

αm∙102

[m–1]
λb∙10–2

[m]
λab∙10–2

[m]
Ethyl gasoline 78 0.0602 0.00676 < 1.461 0.65 0.85

Kerosene 0.1379 0.0164 < 1.5358 0.65 0.83
Diesel oil 0.2155 0.0354 < 1.9827 0.7 0.7

Petroleum 
derivative

αm∙102

[m–1]
λb∙10–2

[m]
λab∙10–2

[m]
Extra 15 oil 0.6418 0.1193 < 2.144 0.725 0.8

Marinol 111 oil 4.3641 0.8206 < 2.1409 0.725 0.84

Higher than theoretical values of α most likely result 
from the partially eddy-like, duct-similar flow of liquid in 
the vicinity of the undulating surface, as was suggested by 
the applicability condition of the Stokes expression (4) found 
in Table 2, for all the investigated liquids. It is fulfilled in the 
case of the first three liquids of low viscosity, while the values 
on both sides of inequality (5) for the remaining two liquids 
differ by not more than one order of magnitude. When the 
thickness of the film increases, the values of α decrease and 
pass through a well-pronounced maximum at d ≈ 0.0001 m. 

Recently, several other methods have been used to 
determine the spatial, seasonal and temporal variability of 
the elastic and spreading characteristics of oil layers in contact 
with seawater [29, 30].

CONCLUSIONS

The attenuation of a surface wave propagated on the surface 
of water covered with an oil film attains higher values than 
those assumed by the classical hydrodynamic theory. When 
the thickness of the film approaches or exceeds the generally 
assumed value which determines the depth of penetration of 
the undulatory motion d ≥ lb/2, the values of the coefficient 
tend to approach the Stokes expression αm, exceeding it only 
by several per cent.

The observed instances of the departure of α from the 
theoretical value are probably caused by the short distance 
between interfacial surfaces and the excessive viscosity of 
heavier fractions of crude oil, which lead to violation of the 
applicability condition of the Stokes approximation for an 
ideal liquid.

 The depression of the spectral energy density of wind-
driven waves by surface films (the relative spectra, so-called 
contrast K) was inferred from the ratio of acoustic signal 
fluctuations spectra with/without films, and compared to that 
resulting from the Marangoni damping theory applicable to 
monolayers of particular surface viscoelasticity (determined 
in a separate measurement) and a moderate agreement was 
found. 

The high-frequency two-transducer buoy-like free-drifting 
scattering system based on a specular forward scattering 
geometry was successfully applied in at-sea experiments to 
recover the viscoelastic oil film properties and turned out 
to be an effective oil pollution detection system.

REFERENCES

1. Adamson A.W. (1982): Physical chemistry of surfaces, Wiley, 
New York.



POLISH MARITIME RESEARCH, No 1/2020178

2. Boniewicz-Szmyt K., Pogorzelski S. J. (2018): Evolution of 
natural sea surface films: A new quantification formalism 
based on multidimensional space vector. Environ. Sci. Pollut. 
Res., 25, 4826-4836. 

3. Boniewicz-Szmyt K., Pogorzelski S. J. (2008): Crude oil 
derivatives on sea water: Signatures of spreading dynamics. 
J. Mar. Syst., 74, S41-S51. 

4. Boniewicz-Szmyt K., Pogorzelski S. J., Mazurek A. 
(2007): Hydrocarbons on sea water: steady-state spreading 
signatures determined by an optical method. Oceanologia, 
49(3), 413-437.

5. Cini R., Lombardini P. P. (1978): Damping effect of 
monolayers on surface wave motion in a liquid. J. Coll. 
Int. Sci., 65, 387-389.

6. Cini R., Lombardini P. P., Fiscella B., Trivero P. (1985): 
Ripple damping on water surface covered by spreading film. 
Nuovo Cimento, 86, 491-500.

7. Ermakov S. A., Plinovsky E. A. (1984): Variation of the 
spectrum of wind ripple on coastal waters under the action 
of internal waves. Dyn. Atmos. Oceans, 8(1), 95-100.

8. Ermakov S. A., Zuykova A. M., Panchenko A. R., Salashin 
S. G., Talipova T. G., Titov V. I. (1986): Surface film effect 
on short wind waves. Dyn. Atmos. Oceans, 10, 31-50.

9. Ermakov S. A., Zuykova A. M., Salashin S. G. (1987): 
Transformation of spectra of short wind waves in spilled 
layers. Izv. AN USSR, Phisica Atmosfery i Okeana, 23(7), 
707-15 (in Russian). 

10. Harkins W. D. (1952): The physical chemistry of surface 
films, Reinhold Publ. Corp., New York.

11. Hoult D. (1969): Oil on the sea, Plenum Press, New York.

12. Hühnerfuss H., Alpers W., Lange P. A., Walter W. (1981): 
Attenuation of wind waves by artificial surface films of 
different chemical structure. J. Geophys. Res. Lett., 8, 
1184-1186. 

13. Hühnerfuss H., Garret W. (1981): Experimental sea slicks: 
their practical application and utilization for basic studies 
of air-sea interaction. J. Geophys. Res., 86(C1), 439-447.

14. Hühnerfuss H., Lange P. A., Walter W. (1985): Relaxation 
effects in monolayers and their contribution to water 
damping, I. Wave induced phase shifts. J. Colloid Interface 
Sci., 108, 430-441.

15. Hühnerfuss H., Lange P. A., Walter W. (1985): Relaxation 
effects in monolayers and their contribution to water wave 

damping. II. The Marangoni phenomenon and gravity wave 
attenuation. J. Colloid Int. Sci., 108, 442-450.

16. Hühnerfuss H., Walter W., Lange P. A., Alpers W. (1987): 
Attenuation of wind waves by monomolecular sea slicks 
and the Marangoni effect. J. Geophys. Res., 92, 3961-3963.

17. James A. M., Prichard F. E. (1974): Practical physical 
chemistry, Longman Group Ltd.

18. Khalifa S. (1990): An investigation of physical-chemical 
properties of polluted sea surface by an acoustical method, 
PhD Thesis, University of Gdańsk, 1990.

19. Khalifa S. S., Linde B., Pogorzelski S., Śliwiński A. (1992): 
Aspects of the physical properties and the visco-elastic 
features of the sea water - oil system. Oceanologia, 32, 19-28.

20. Khalifa S. S., Linde B., Pogorzelski S., Śliwiński A. (1992): 
Detection of derivative substances on a sea surface by 
statistical analysis of scattered acoustic signals. Oceanologia, 
32, 29-40.

21. Lamb H. (1945): Hydrodynamics, Dover, New York.

22. Leonard F. (1970): Survey of literature on reflection and 
scattering of sound waves at the sea surface. J. Acoust. Soc. 
Am., 47(5), 1209-1228.

23. Linde B., Pogorzelski S., Śliwiński A. (1983): Determination 
of the surface wave amplitude on water surface by acoustic 
pulse method. Acoustics Letters, 7(6), 83-85.

24. Linde B., Pogorzelski S., Sliwiński A. (1984): Attenuation 
measurements on a water surface in the frequency range 
20-60 Hz by the ultrasonic pulse method. Acoustics Letters, 
7(7), 96-99. 

25. Linde B. (1999): Acoustical Spectroscopy of Cyclic & 
Heterocyclic Compounds, Ketones and Polluted Water 
Surface, Wydawnictwo Uniwersytetu Gdańskiego, Gdańsk.

26. Lucassen-Reynders E. H., Lucassen J. (1969): Properties 
of capillary waves. Adv. Colloid Interface Sci., 2, 347-395. 

27. Pogorzelski S. J. (1992): Characteristics of acoustic 
scattering from a wind-created water surface covered with 
monomolecular organic films. Dyn. Atmos. Oceans, 17, 
63-78. 

28. Pogorzelski S. J. (1991): The influence of crude oil spills on 
the sea surface on ultrasound scattering. Oceanologia, 31, 
107-118.

29. Pogorzelski S. J., Boniewicz-Szmyt K. (2016): Thermoelastic 
surface properties of seawater in coastal areas of the Baltic 
Sea. Oceanologia, 58(1), 25-38.



POLISH MARITIME RESEARCH, No 1/2020 179

30. Pogorzelski S. J., Mazurek A. Z., Szczepanska A. (2013): 
In-situ surface wettability parameters of submerged in 
brackish water surfaces derived from captive bubble contact 
angle studies as indicators of surface condition level. J. of 
Marine Systems, 119, 50-60.

CONTACT WITH THE AUTHORS

Stanisław Pogorzelski
e-mail: fizsp@ug.edu.pl

Institute of Experimental Physics, University of Gdańsk , 
Wita Stwosza 57, 80-308 Gdańsk,  

Poland

Paweł Rochowski
e-mail: p.rochowski@ug.edu.pl

Institute of Experimental Physics, University of Gdańsk , 
Wita Stwosza 57, 80-308 Gdańsk,  

Poland

Maciej Grzegorczyk
e-mail: maciej.grzegorczyk@ug.edu.pl

Institute of Experimental Physics, University of Gdańsk , 
Wita Stwosza 57, 80-308 Gdańsk,  

Poland

Ewa Skrodzka
e-mail: afa@amu.edu.pl

Faculty of Physics, Institute of Acoustics,  
A. Mickiewicz University,  

Umultowska 85, 61-612 Poznań,  
Poland

Łukasz Bielasiewicz
e-mail: lbielasiewicz@infoeko.com.pl

INFO-EKO Design-Consulting Office,  
Łódzka 50A/3, 80-180 Gdańsk,  

Poland

Bogumił B. J. Linde
Adres e-mail: fizbl@ug.edu.pl

Institute of Experimental Physics, University of Gdańsk, 
Wita Stwosza 57, 80-308 Gdańsk,  

Poland



POLISH MARITIME RESEARCH, No 1/2020180

POLISH MARITIME RESEARCH 1 (105) 2020 Vol. 27; pp. 180-187
10.2478/pomr-2020-0019

UNDERWATER NAVIGATION SYSTEM BASED ON DOPPLER SHIFT – 
MEASUREMENTS AND ERROR ESTIMATIONS
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ABSTRACT

A new acoustic navigation system was developed to determine the position and speed of moving underwater objects such 
as divers and underwater vehicles. The path of an object and its speed were determined by the Doppler shifts of acoustic 
signals emitted by a transmitter placed on the object and received by four hydrophones installed at the periphery of 
the monitored body of water. The position and speed measurements were affected by errors mainly caused by acoustic 
reflections (returns) from the water body boundaries and surface reverberations. This paper discusses the source of 
the disturbances with the results of a simulation test and experimental measurements. It was demonstrated that the 
magnitude of the errors could be acceptable in most of the potential applications of the acoustic navigation system.

Keywords: underwater acoustics,navigation systems,Doppler shifts

BACKGROUND

The Doppler effect in hydrolocation systems is usually 
an undesirable phenomenon and a source of measurement 
errors [3, 5]. In contrast, the method presented in the article 
determines the position and speed of moving underwater 
objects based solely on the Doppler effect [10]. Using this 
method, the object (a diver or an underwater vehicle) was 
equipped with a transmitter of a continuous sine-wave sound 
signal. The transmitted sound signals were received by four 
hydrophones installed at the periphery of the body of water 
they were monitoring, and captured and processed by a four-
channel receiver. Downstream, the captured digital outputs 
were further processed by a computer which, at constant 

time intervals, calculated the Fourier spectra of the received 
sound signals. The Fourier spectra were used to determine 
four separate Doppler shift values. The Doppler shift values 
were accepted as data in a system of non-linear equations, 
with the unknown values representing the actual position 
coordinates and coordinate velocity vector components of 
the object. A method was developed to solve the system 
of non-linear equations by looking for the solutions at the 
nodes of a grid which encompassed the monitoring area of 
the acoustic navigation system. The monitoring area could 
include shallow bodies of water where underwater search and 
rescue, monitoring or work could be carried out by human 
divers and/or autonomous underwater vehicles. The presented 
method is an alternative solution for classical hydroacoustic 
navigation systems with a long baseline [6].
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The system described below is a simplified version of 
a system with stationary sound transmitters installed at 
the periphery of the monitored body of water [4, 7, 8, 9, 11, 
12]. The principle of operation of the system was to measure 
the Doppler shifts of the echo signals created by a moving 
underwater object. 

Similar to every navigation system, it was encumbered 
by errors of object position and velocity determination. This 
paper discusses the sources of the errors and characterises 
their dependency on the system solution and the factors 
related to sound wave propagation in water.

OPERATING PRINCIPLE OF THE SYSTEM

The system operated in the geometrical arrangement 
shown in Fig. 1. The transmitter was fixed to a moving 
underwater object and emitted a continuous sine-wave 
sound signal at frequency f0. The sound signal was picked 
up by four hydrophones installed underwater and outside 
the monitoring area, the outputs of which were fed to the 
inputs of a four-channel receiver. The four-channel receiver 
amplified and filtered the hydrophone outputs, followed by 
ADC (analogue to digital conversion). The digital outputs of 
the four-channel receiver were saved to the memory of a PC 
workstation and processed by discrete Fourier transformation 
at fixed time intervals, T.
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Fig. 1. Geometrical arrangement of the system

The transient spectral frequency was expressed with the 
following relationship [10]:

÷Ü��� � ÷D 	 �U
Ø
âª�tU\��Kâª*�Kâ��yU\��Kâ�*�
¯�tU\��Kâª*�'K�yU\��Kâ�*�'

  (1)

where: c – sound wave speed in water; x0, y0 – transmitter 
position coordinates at time t=0, the start time of each 
measurement cycle with a duration of T; vx, vy – velocity vector 
components of the object with the transmitter affixed; Xn, 
Yn – coordinates of hydrophone number n.

The calculated spectral values were used to determine 
Doppler shifts, Fn(t), with each being the following difference: 
Fn(t)=fn(t)-f0. Fig. 2 shows examples of the Doppler shift 
spectra for 3 different directions of the target’s movement.
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Fig. 2. Doppler shift spectra for 3 different directions of the target’s movement

Downstream calculations were based on the Doppler shift 
values which represented time t=0. These were always the 
right-hand limit frequencies in the Doppler shift spectrum 
band, expressed with the following formula [10]:

hÜ � 	 �U
Ø
âª�tU\���Kâ��yU\���
:�tU\���'K�yU\���'

 (2)

Each of the four Doppler shifts (with one per hydrophone) 
included four unknown values. The unknown values were 
the initial position coordinates, x0, y0, and the velocity 
vector components, vx, vy, of the transmitter. They could be 
determined as the solutions of a quadruple equation system, 
in which four Doppler shift values are known for the sound 
signals picked up by the four hydrophones. Since Eq. (2) 
had non-linear equations, a method was proposed to solve 
the equations at the nodes of the grid which encompassed 
the monitored area. By designating the coordinates of grid 
node k as xk, yk and introducing the following designations,

+Ü � 	hÜ Ø
�U
��������;3 � ;� 	 �3�������<3 � <� 	 �3 (3)

Eq. (2) provided the following:

 +Ü � âªt)Kâ�y)
¯t)'Ky)'

  (4)
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The designations

 jÜ � t)
¯t)'Ky)'

� ������lÜ � y)
¯t)'Ky)'

  (5)

provided this:

 +Ü � �tjÜ 
 �ylÜ  (6)

A system of linear equations as follows:

 �+�+�� � Ð
j� l�
j� l�Ó �

�t
�y�  (7)

allowed a determination of object velocity vector components 
vx, vy, at every node of the grid. Node grid coordinates xk, yk, 
at which three equations of the following type are fulfilled: 

Ðj� l�
j� l�Ó

\�
�+�+�� � Ð

j³ l³
j¬ l¬Ó

\�
�+³+¬� (8)

were adopted as the approximate position coordinates of the 
transmitter: x0= xk, y0 =yk.

Fig. 3 shows examples of locations with the solutions of 
equation systems (7) and (8) and their common solution, 
designated with a red circle, which was the transient position 
of the transmitter. Fig. 4 shows an example of the path of 
a transmitter determined with the foregoing method. The 
initial coordinates of the path were designated x0, y0, the 
path inclination angle was designated β, and the transmitter 
velocity was designated v. The red circles represent the 
assumed transmitter path and the black stars represent the 
determined transmitter path.
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Fig. 3. Geometric locations of the solutions for Eq. (7)

0 20 40 60 80 100

x [m]

0

20

40

60

80

100

y 
[m

]

Tor 1

Fig. 4. Path of a straight-line uniform motion (x0=20 m, y0=2 m, |v|=2 m/s, 
β=70°)

SYSTEM ERRORS

According to the operating principle of the system 
explained above, three types of system errors were present 
in the determination of the transmitter position and velocity. 
The first system error type was a result of the determination 
of the transmitter position and velocity at the grid nodes. 
When the system worked without any malfunction, this first 
system error type depended on the grid mesh size. When the 
transmitter position was determined at the nearest node of 
a grid with a mesh side length of 1 m, the RMS error value, 
expressed as the deviation from the actual position, was 
38.4 cm; it was deemed virtually irrelevant.

The second system error type was a result of the Doppler 
shift spectrum resolution, a parameter governed by interval 
T, in which the spectra were calculated. If, for example, T=1s, 
the frequency measurement resolution would be Δf=1/T=1Hz. 
By increasing interval T, the Doppler shift measurement 
resolution was improved at the cost of reduced measurement 
resolution of the monitored object path.

Fig. 5(a) shows errors Δd of the transmitter position 
determination with the Doppler shifts calculated at an 
accuracy achievable in MATLAB® calculations. Fig. 5(b) 
shows the same errors with the Doppler shift values rounded 
to the nearest 1 Hz. The examples in the figures are shown for 
a straight-line uniform motion at velocity | |= 2 m/s.
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Fig. 5. Transmitter position measurement errors: (a) with accurate values of 
Doppler shift; (b) with Doppler shift values rounded to the nearest 1 Hz

In this example, the mean position measurement error with 
accurate Doppler shift values was 0.65 m and with the Doppler 
shift values rounded to the nearest 1 Hz, it was 0.78 m. The 
standard deviations were 0.27 m and 0.32 m, respectively. 
These examples and a series of similar simulations revealed 
that rounding the Doppler shifts to the nearest 1 Hz did not 
cause any errors that would reduce the system’s performance.

The same conclusions were drawn from the simulations of 
transmitter velocity determination, the errors of which are 
shown in Fig. 6, with the path shown in Fig. 5.
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Fig. 6. Transmitter velocity measurement errors: (a) with accurate values of 
Doppler shift; (b) with Doppler shift values rounded to the nearest 1 Hz

The average velocity measurement error with accurate 
values of Doppler shift was 5.2 mm/s, and with the Doppler 
shift values rounded to the nearest 1 Hz, it was 5.6 mm/s. The 
standard deviations were 5.3 mm/s and 6.5 mm/s, respectively.

The third system error type which manifested itself 
at specific inclinations of the transmitter path was the 
determination of two paths, one of which was true. This was 
an effect of the ambiguity inherent in the Doppler effect, by 
which one Doppler shift value corresponded to two positions 
of the transmitter. The false path of the transmitter featured 
specific characteristics which usually permit its elimination.

EFFECT OF DOPPLER SHIFT 
MEASUREMENT ERRORS  

ON THE SYSTEM PERFORMANCE
Acoustic noise, reverberation and wave reflections at the 

periphery of the body of water could distort the spectra of the 
sound signals picked up, resulting in erroneous determination 
of the Doppler shift values. Moreover, to apply the discrete 
Fourier transformation to the Doppler shift calculation, the 
measured signal should be wide-sense stationary [1, 2]. A wave 
on the water surface, internal waves or the movement of the 
object from which the signal is reflected may cause the first 
and second order statistical properties of the received signal 
not to be stationary. In this case, interpretation of the discrete 
Fourier transform result can be misleading.

To find the relationship between the errors, simulation 
tests were carried out during which random changes were 
made to the Doppler shift frequencies determined with 
theoretical dependencies. It was assumed that the Doppler 
shift frequencies had a Gaussian distribution with a specific 
standard deviation σ, and a mean value equal to the theoretical 
Doppler shift. The frequency measurement resolution of 1 Hz 
was maintained. The following demonstrates the results of 
a simulation with straight-line uniform motion. The erroneous 
frequency shift values were input separately to each of the 
10,000 monitoring steps. The probability density distribution 
for Doppler shift errors δf is shown in Fig. 7. Fig. 8 shows an 
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example of the effects the errors had on the determination 
of the transmitter path.
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Fig. 8. Transmitter path at for Doppler shift errors (σ = 2 m/s) (σ = 2 m/s, 
β = 81°, v= 2 m/s)
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Fig. 9. Transmitter position measurement errors 
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Fig. 10. Transmitter velocity measurement errors

For the observation depicted in Fig. 8, the transmitter 
position measurement errors are shown in Fig. 9, and the 
transmitter velocity measurement errors are shown in Fig. 10.

To test the effect of the magnitude of Doppler shift errors 
on the determination of the transmitter position and velocity, 
a series of simulations were done with various standard 
deviation values assumed for Doppler shift errors and various 
transmitter velocity values. The simulation test results are 
shown in Table 1.
Tab. 1. Statistical parameters of transmitter position measurement errors 

(Δd [m] – mean; σd [m] – standard deviation; σ [Hz] – Doppler shift 
measurement error)

σ [Hz]
|v|=1 m/s |v|=2 m/s |v|=3 m/s

Δd σd Δd σd Δd σd

0.5 1.4 0.8 0.8 0.4 0.8 0.4
1 2.1 1.2 1.2 0.7 1.0 0.4
2 4.0 2.5 2.2 1.2 1.5 0.9
3 6.0 3.6 3.1 1.9 2.1 1.6

The tabulated values suggest that an increase in the 
standard deviation of the Doppler shift measurement error 
always caused an increase in the mean value and standard 
deviation of the transmitter position determination error; 
the errors grew as the transmitter velocity was reduced. To 
ensure that the transmitter position determination error 
was acceptable, a signal-to-noise ratio value at the receiver 
input was required at which the Doppler shift measurement 
errors were small.

Parallel testing of the transmitter velocity measurement 
errors proved that their mean values and standard deviation 
were extremely low and had no clear trend as a function of 
the standard deviation of Doppler shift or velocity.

Simulation tests were performed according to the scenario 
explained below to determine the relationships between the 
receiver input signal-to-noise ratio and the Doppler shift 
measurement errors critical to the transmitter position and 
velocity errors. The transmitter was moving at a velocity of |v|=2 
m/s (and where the direction of motion was irrelevant) from 
position x0=100 m, y0=100 m, with a hydrophone located at the 
origin of the coordinate system. The position corresponded to 
the maximum transmitter-to-hydrophone distance within the 
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system at which the signal-to-noise ratio was at its minimum. 
At the same time, the picked-up sound signal spectrum 
featured only one large line. The transmitter output a sine-
wave sound signal at a frequency of fo= 100 kHz. The receiver 
input accepting the hydrophone output had a narrow-band 
filter with a mid frequency of fo and a frequency response of 
B=810 Hz, which corresponded to the assumed maximum 
Doppler shift. The correct detection criterion was assumed 
to be met when the maximum-height line had a true Doppler 
shift with a tolerance of ± 2 Hz, approximately equal to σ=2 Hz.

The Doppler shift spectrum was calculated from a signal 
being the total of the picked-up sine-wave sound signal and 
white noise at a standard deviation of σs. Calculations were 
carried out in parallel to the simulation tests by applying 
a periodogram (the square of the determined spectrum 
modulus). In one thousand iterations of the tested processes, 
Doppler shift values were determined with their deviations 
from the true Doppler shift. Once one thousand iterations 
were completed, a histogram of the errors was developed. The 
probability of sound signal detection was calculated from five 
histogram lines between -2 Hz and 2 Hz.

The following figures illustrate the successive steps of 
the calculations for the pick-up probability determined 
with the periodogram. Fig. 11 shows the picked-up signal 
periodogram. The input signal-to-noise ratio was -15 dB with 
the true Doppler shift at 94 Hz. Fig. 12 shows the Doppler 
shift errors, dF, present in 1000 measurement iterations.
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Fig. 12. Doppler shift errors

Once the magnitude and count of the errors were known, 
a histogram was plotted to determine the probability 
distribution of the Doppler shift errors, as shown in Fig. 13. 
The height of each line corresponded to the probability of its 
detection. The maximum probability was at dF = 1 Hz, which 
was caused by the rounding applied.

Similar calculations were performed at various input 
signal-to-noise ratio values, with the results shown in 
Fig. 14. The red line was the probability determined from the 
periodogram. The blue line was the probability determined 
from the picked-up signal spectral modulus. It is evident that 
the periodogram was more favourable for the application.
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The chart shown in Fig. 14 revealed that the system 
could function with the acceptable errors of the determined 
transmitter position already at negative values of the input 
signal-to-noise ratio. Example: with the periodogram used, 
the signal-to-noise ratio of -14 dB gave a detection probability 
of PD= 0.99. This meant that the Doppler shift measurement 
error exceeded ± 2 Hz every 100 s on average. Given that the 
transmitter velocity assumed for the calculations was 2 m/s, 
the transmitter covered a distance of 200 m in the meantime. 
The distance was longer than the assumed system range.
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MEASUREMENTS OF THE EXPERIMENTAL 
MODEL

To provide an experimental verification of the computer 
simulation tests, a model of the system was built and measured 
in Lake Wdzydze. The transmitter was installed on a motor 
boat, the position of which was monitored by GPS. Four 
hydrophones were placed 2 m underwater and outside the 
monitored water body area of 50×50 m. Examples of the 
measurement results are shown in Figs. 15 to 18. The red lines 
denote the transmitter path monitored by GPS. The stars 
denote the transient positions of the transmitter measured by 
the system model. The right-hand figures show the transmitter 
velocity components. The subscripts read the average velocity 
of the motor boat.

Fig. 15. Transmitter motion path (f0= 81 kHz)
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Fig. 16. Transmitter velocity components (v=2.3 m/s)

Fig. 17. Transmitter motion path (f0= 81 kHz)
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Fig. 18. Transmitter velocity components  (v=2.7 m/s)

The measurement results provided by the system 
model and shown in the foregoing figures, as well as the 
measurement results not shown in this paper, proved that the 
system performance was generally correct. No quantitative 
estimation of errors was performed; the transmitter position 
errors from GPS are comparable to the errors generated by 
the system.

CONCLUSION

The foregoing simulation test results and the experimental 
measurement results of the system model proved that it could 
be useful as a navigation system for divers and underwater 
vehicles used in ocean engineering and underwater military 
operations, including protection against sea mines. An 
advantage of the system was its high resilience to disturbance, 
as proven by the acceptable negative signal-to-noise ratio 
values. These negative signal-to-noise ratio values allow a long 
system range at low transmission power values, which favours 
miniaturisation of the transmitter hardware.
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ABSTRACT

Implant treatment is a proven method in dentistry for partial and complete missing teeth reconstruction. In some 
clinical situations it is advisable to limit the number of implants, which can be obtained by making a bridge connecting 
the patient’s own tooth with the implant. So far, the possibility of using safe and permanent connections of natural 
teeth with implants has been examined to a small extent due to the dangers resulting from the different mobility of 
dental implants and teeth.
An attempt was made to use vibro-acoustic techniques to evaluate various combinations of teeth and implants. Pilot 
studies were carried out on cadavers-pig mandibles with implants. There were recorded sounds in the immediate vicinity 
of the mandible formed in response to impulse excitations carried out with a point hit against a tooth or implant before 
and after their joining with a bridge. The comparison of spectra allows to see features indicating a high probability of 
being able to distinguish between the examined configurations.
The results of the research should contribute to a better understanding of the mutual relations between the dental 
implant and the tooth, which are included in bridge. In the perspective, it will enable to assess the level of safety and 
to identify clinical situations that allow to obtain dental bridges based on teeth and implants. 

Keywords: implant and tooth connection-dental implant-bridges-vibroacoustic diagnosis-FPD

INTRODUCTION

The most dangerous disease in the history of shipping, 
and one which claimed the lives of thousands of seamen, was 
scurvy [2,3]. This is a multi-organ disease, the cause of which 
is a deficit of ascorbic acid, which is required for the synthesis 
of collagen and maturity in an organism [2,3,9]. It results in 
idiopathic hemorrhage, gingivitis and periodontosis, with 
subsequent hypertrophy. The teeth become more mobile, and, 
as a result, fall out. In modern times, cases of scurvy are no 
longer recorded among seamen and sailors, and the loss of 
teeth at sea is nearly always the result of injuries, accidents 
or impacts, or alternatively a lack of stomatological care. 
Injuries in the region of the facial skeleton on board a boat that 

are accompanied by the loss of teeth most frequently affect 
several teeth in the region of the aesthetic zone, and may also 
affect the alveolar bone of the jaw or the alveolar part of the 
mandible. If it is impossible to reconstruct the teeth affected 
by the injury, and we are forced to remove them due to the 
conditions that are prevalent at sea and on vessels, the lost 
teeth ought to be replaced with permanent prostheses rather 
than mobile ones. One method of reconstructing missing 
teeth which has proven its usefulness is implant treatment 
[18,19,20].

Bridges supported by implants are highly effective in terms 
of transferring chewing forces, and also provide high levels 
of acceptability and satisfaction [22]. For implantation to be 
successful, appropriate bone volume and quality are required 
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where a tooth is missing. In order to achieve complete 
stomatological rehabilitation, it is sometimes necessary to 
place several implants, and if the anatomical state of the 
bones is insufficient, to perform additional procedures in 
order to condition the bone stock [1,21]. These procedures 
are frequently traumatic and painful, and extend the time 
required to achieve complete stomatological rehabilitation. 
In order to avoid this and to limit the number of implants 
used, and also to reduce the time and costs connected with 
treatment without being forced to use mobile prostheses, 
it is possible in some clinical situations to create a bridge 
connecting the patient’s own tooth with an implant [4,15,16]. 
Hitherto, the possibility of using safe and durable connections 
between natural teeth and implants has been researched only 
to a limited degree, due to the dangers resulting from the 
different mobilities of stomatological implants and teeth. As 
part of our research into the quality and durability of such 
connections, we use the vibroacoustic diagnosis technique, 
which can be broadly applied for the purpose of assessing 
the state of technical objects [5,6,7,11,12,13,14]. An attempt 
was made to use a vibroacoustic signal to assess the state of 
stomatological bridges connecting tooth and implants.

In the course of clinical research into implants and teeth, 
diagnosis is commonly made with the use of the percussion 
method. Information is obtained not only from the reaction 
of a patient, but also from the kind of sound produced. An 
implant that is integrated with a bone or a tooth in ankylosis 
produce evidently different percussion sounds than a healthy 
ones or those affected by changes. As a result of this impact, 
sound carries a great deal of information that is useful in 
terms of diagnosis, and its interpretation may make it possible 
to obtain more detailed information on the actual state of 
a bridge and its constituents in places that are invisible to 
clinical and radiological research. 

EXPERIMENTAL DETAILS

To verify our hypothesis of the possibility of applying 
the information obtained from a sound signal generated by 
an impulse impact onto a tooth or implant for the purpose 
of assessing bridges connecting teeth and implants, we 
conducted this research using pig mandibles. Due to the 
density, hardness and morphology of the bones, the properties 
of these mandibles resemble those of the human alveolar 
part of the mandible. The tradition of using these animals 
in anatomical research dates back to the beginning of the 
current era; as early as the second century, Claudius Galenus 
described human anatomy based on the use of the anatomy of 
pigs. The similarity between the human and pig organisms has 
also attracted attention from contemporary researchers [8,17].

Nowadays, stomatological wards tend to use titanium 
implants (with a typical length of between 10 to 16 mm 
and diameter between 3.2 and 5 mm), in conjunction 
with prosthetic connections (diameter 3.75 mm) that can 
extend an implant by 7 mm. These elements were treated as 
a vibrating system, and the dynamic model were adopted 

as the basis for estimating a range of frequencies for choosing 
signal recording and analyzing equipment in the course of 
vibroacoustic research.  

In the general case, the dynamic model has the form of 
a matrix equation: 

)(
...

txxx PKCM      (1)

In Eq. (1), x is a generalized coordinate; M is the mass 
matrix; C is the damping matrix; K is the rigidity matrix; 
and P(t) is an extraction vector.  

For practical reasons, we assume that a model consisting 
of a bent beam with a concentrated mass is sufficient for 
a qualitative analysis of the vibration of the system. Fig. 1 
shows the layout of the beam and the system of coordinates 
adopted, and illustrates the bending of the modeled structure. 
The simplest description of bending vibration may be reduced 
to the equation of motion with a single degree of freedom, 
neglecting damping. It was additionally presumed that flat 
cross-sections remain flat after deformation, and also that 
strains along the beam axis are negligible [10]. 

Fig. 1. Model of a vibrating beam with a concentrated mass

Based on these assumptions, the total energy of system 
shown in Fig. 1 at any given moment consists of the potential 
energy of elasticity and the kinetic energy of the concentrated 
mass M. We can assume that the elastic energy of the beam at 
location x is equal to the work required to bend the free end 
by x. If P is a static force keeping the system in equilibrium, 
the energy is expressed by the following equation: 

      
2

PxV �  (2)

For the beam in Fig. 1, a deflection arrow depends on the 
applied force in the following way: 

      
EI

PLx
3

3

�  (3)

In Eq. (3), E is the Young’s modulus of the beam material, 
and I is the moment of inertia of a cross-section in relation to 
the neutral axis. After transformation to the following form: 

x
L
EIP 3

3
      (4)
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and substituting Eq. (2), we obtain a description of the 
elasticity potential energy as a function of the bending of 
the beam end:

2
32

3 x
L
EIV       (5)

The kinetic energy of the concentrated mass located at 
the free end is: 

                                  

22
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2
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dt
dxMMvEk  (6)

Since we ignore the influence of damping in this model, 
the total energy of the considered structure does not vary, and 
consists of the kinetic energy of an implant, which is treated 
as a particle, and the elastic potential energy: 

constx
L
EI

dt
dxMEc ��	


�

�
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3

2

2
3

2
1
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Differentiating with respect to time and dividing by dx/
dt results in the equation of motion in the following form: 

03
32

2

�� x
L
EI

dt
xdM       (8)

The mechanical system described by this equation 
undergoes harmonic vibration at the following frequency: 

3

3
2
1

ML
EIf

�
�       (9)

The abovementioned form of equation in Eq. (9) makes 
it possible to estimate the resonance frequency of the beam 
in terms of the concentrated mass, type of material, shape 
of the cross-section, and the length. Using this model (and 
taking into consideration the properties of titanium, such as 
its density ρ=4507 kg/m3 and Young’s modulus E=1.16·10 5 

MPa, and the moment of inertia of a round section), the 
natural frequencies for the two implants are 38.436 kHz 
and 52.538 kHz, respectively. The simplifying assumptions 
adopted here, and the divergence between the theoretical 
description and reality (primarily due to the influence of 
rigidity from mounting an implant and the damping in the 
system), mean that this solution provides only a qualitative 
insight into the actual fundamental frequency of vibration 
of the implant-jaw structure, and the frequencies of the 
vibrations will be lower than expected on the basis of these 
calculations. Nevertheless, recording and analyses ought 

to be performed with the use of the set of measurement 
devices, making it possible to process vibroacoustic signals 
in a range of frequencies no lower than the estimated natural 
frequencies. 

EXPERIMENTAL METHOD

Due to the possibility of obtaining frequency results 
exceeding the acoustic band, a measuring path was configured 
that consisted of a GRAS 40BE capacity microphone and an 
ICP GRAS 26CB pre-amplifier, together with a multi-analyzer 
(PULSE Bruel & Kjaer), using a 3052-A-030 module. This 
set-up made it possible to conduct measurements and analyses 
in real time of constituent frequencies of up to 100 kHz.

The vibroacoustic experiments were performed inside an 
anechoic chamber. The mandible was stabilized in a vice, and 
a metal shaft impulse impact was used to hit certain points of 
the teeth. The microphone was located in the direct vicinity 
of the jaw. The elements of the system are shown in Fig. 2). 

Fig. 2. The researched object

For the experiments, randomly chosen fresh pig mandibles 
(extracted from the temporomandibular joint) with teeth in 
a similar condition were used; these were obtained from an 
abbatoir after slaughter for the purposes of consumption. The 
procedure of inserting the implants was performed in a room 
where the temperature was 19–21°C. In the physiologically 
toothless part of the pig mandible, the mucoperiosteal flap 
was cut and detached with the use of a lancet, raspator, and 
surgical tweezers. The location of the planned implantation 
was marked with the use of a rosette drill. Preparing a site for 
an implant was performed in accordance with the sequence 
recommended by the manufacturer of the implants. 

Three drills with increasing diameter were used; the fourth 
one, a preparatory drill, was calibrated with the inserted 
implant in mind. The SGS implants (Swiss Implant Systems) 
were screwed into the prepared location (with moment 
0.35–0.40 Nm), and a prosthetic connection was fixed on 
the mounted implant with the use of screws. Implants 1 and 2 
were elements with diameter 5 mm and length 17 mm, while 
Implant 3 had a diameter of 3.2 mm and a length of 10 mm. The 
bridge was made of hard acryl (Pattern-Resin LS), which was 
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prepared and used in accordance with the recommendations 
of the manufacturer.

This research included a real-time spectral analysis of the 
sound signals generated as a result of hitting the implant or 
tooth with the shaft of a stomatological tool. The spectra 
were calculated based on the Fourier transform of the 
short time periods observed in the course of a particular 
acoustic phenomenon. Recording and analyzing the signal 
was initiated by an impact, and to eliminate accidental 
disturbances, 10 temporary spectra established on the basis 
of time periods after hitting the same point repeatedly were 
averaged. 

The collected research data, can be used to search for 
vibroacoustic measures that reflect the stability of mounting 
permanent stomatological prostheses in a patient’s jaw and the 
state of bridges connecting teeth with implants. The resulting 
database and medical expertise can provide real evidence for 
the usefulness of sound signals in terms of broadly understood 
stomatological diagnoses.

RESULTS

The following figures show several averaged spectra of 
sound signals, representing two natural teeth, three implants, 
and teeth connected with implants by means of a bridge. From 
an initial comparison of these frequencies, we can observe 
features that are typical of a particular case. It should be 
noted that in the spectra representing sounds generated after 
the impact extractions of the teeth (Figs. 3 and 4) in a range 
above 20 kHz, several equidistant peaks can be seen, whereas 
it is difficult to see any such features in Figs. 5, 6 and 7, where 
the sounds were generated by means of a point impact on 
an implant. The varied nature of the frequency spectrum is 
connected with the lower rigidity of mounting of natural teeth 
in comparison with implants, and the resulting higher values 
of the frequency vibration, which is particularly noticeable 
in the case of Implant 3 (Fig. 7).

Fig. 3. Spectrum of an acoustic signal after the impulse excitation of Tooth 1

Fig. 4. Spectrum of the acoustic signal after the impulse excitation of Tooth 2

Fig. 5. Spectrum of the acoustic signal after the impulse excitation of Implant 1

Fig. 6. Spectrum of the acoustic signal after the impulse excitation of Implant 2
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Fig. 7. Spectrum of the acoustic signal after the impulse excitation of Implant 3

Fig. 8. 
A: Spectrum of the acoustic signal after impulse excitation in the vicinity of 

Tooth 1, connected with Implant 1 
B: Spectrum of the acoustic signal after impulse excitation in the vicinity of 

Implant 1, connected with Tooth 1

Fig. 9. 
A: Spectrum of the acoustic signal after impulse excitation in the vicinity 

of Tooth 2, connected with Implant 2 
B: Spectrum of the acoustic signal after impulse excitation in the vicinity 

of Implant 2, connected with Tooth 2

Very similar forms of spectra are obtained from signals 
after impacting the bridges connected with teeth and 
implants, regardless of the stimulation point. This is superbly 
illustrated by the pairs of charts in Figs. 8A and B, and 9A 
and B. The forms of these graphs are clearly different from 
those representing single teeth or implants, and this reflects 
a change in the dynamic properties after connecting them 
by means of a prosthetic construction. 

This qualitative assessment of the obtained spectra makes 
it possible to observe features indicating a high likelihood 
of of distinguishing the examined elementary cases by means 
of vibroacoustic diagnostics. On the basis of estimations of 
the natural frequencies of vibration of implants and teeth it 
was possible to connect the shapes of these spectra with the 
dynamic structures of the systems composed of teeth mounted 
in the mandible together with prosthetic constructions.

CONCLUSION

• The results of the research conducted here demonstrate the 
accuracy of our innovative conception of the use of sounds 
generated by percussion diagnosis for the purpose of 
assessing bridges connecting teeth and implants. Through 
combining the experience of doctors and engineers, we 
can provide a basis for broadening and enriching medical 
diagnosis by using the information contained in a sound 
signal, which has hitherto been used only to a minor extent.                             

• The results of this research are expected to contribute 
to improving the knowledge of the relationship between 
a  ental implant and a tooth forming one dental prosthesis. 
In the future, it will make it possible to assess the safety 
of these prostheses and, more broadly, to identify clinical 
situations that make it possible to apply permanent 
prostheses based on teeth and implants. Combining 
implants with teeth is expected to reduce the time needed 
to treat a patient, and diagnosis via the use of vibroacoustic 
methods will make it possible to assess the quality of these 
bridges.                                                       

• Even at this initial stage of research, there are also 
real grounds to hypothesize that further analyses may 
contribute to development of advanced tools supporting 
stomatologists in the process of diagnosing teeth and 
permanent tooth prostheses, which will consequently give 
qualitative improvements in the process of treating tooth 
absence in case of sea vessel crews. 
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