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INTRODUCTION

The second half of the 20th century and the beginning 
of the 21st century, despite financial troubles observed 
worldwide, are a period of a very dynamic development of 
global economy, including growth of maritime economy. It 
is visible in the actual constant increase of vessel movements 
in maritime ports and thus in the increased traffic of vessels 
in port approaches. Such state of affairs gave rise to an urgent 
need to improve navigation safety, especially on port approach 
courses as well as in limited basins (both in terms of their 
area and depth). Since the beginning of the 80s, vessel traffic 
management systems (VTS) aiming to ensure high safety 
level of navigation in basins covered by them have played an 
important role. Similarly to air traffic control, they influence 
vessels’ traffic flow. In order to fulfil their objectives, it is 
crucial for the VTS station controllers to have an up-to-date 
and highly precise position of the observed vessel. To this end, 
the information on the current position is transmitted from 
the vessel to shore via e.g. an AIS system or radio waves directly 
by a watch officer. However, a coastal station controller has no 
information about the quality of the positioning performed, 
for example using satellite systems (see e.g., Specht et al. 
2015, Specht and Rudnicki 2016), or the location where the 
positioning system antenna is set. Therefore, in order to 
precise the vessel obtained coordinates on the sea it is possible 
to make own observations using coastal radar stations and 

determine the position of the observed object. VTS systems 
are usually equipped with several coastal radar stations that 
transmit more observations than are needed. In order to 
use these redundant observations effectively, the authors 
suggest using new non-conventional methods of observations 
adjustment applied in modern geodesy.

The significance of the subject of this research consists 
of the fact that it deals with vessels’ changing position; it is 
impossible to repeat the measurement at the same position. 
Therefore, the selection of an optimal observation processing 
method is very important.  Empirical analyses were conducted 
under the assumption that the observation vector y consists 
of observations obtained from the coastal radar stations. 
Therefore, it may be assumed that navigation observations 
are a realization of a random variable Y~Px. The research 
is particularly focused on a case when one observation yi 
has a probability distribution with a distribution parameter 
that is different from the remaining observations or belongs 
to an acceptable family of probability distributions but has 
a significantly different standard deviation. The source 
literature uses a term of „outliers” for measurements of 
such characteristics. Outliers may be of different nature, 
e.g. misreading a measurement result, temporary changes 
in the measurement environment parameters or improper 
calibration of measurement equipment. Such outliers are 
usually interpreted as gross measurement errors. It is 
generally known that in such a case it is impossible to use 
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the least squares method to process measurement results (Guo 
et al. 2010). This is due to high sensitivity of the least squares 
method to outliers. Therefore, the effect of outliers on the 
final results of estimated values needs to be eliminated or at 
least minimized. Currently, the methods relating to robust 
M-estimation (Yang et al. 2002, Guo et al. 2010, Ge et al. 
2013) are predominantly used to this end. Then, it is possible 
to limit the influence of outliers on the final adjustment 
with the use of various weight functions, such as Huber’s, 
Hampel’s or Danish. This kind of approach to the processing 
of observations from coastal radar stations was proposed 
and described in detail in research papers (Czaplewski 2004, 
Świerczyński, Czaplewski 2013, 2015). However, the use of 
calculation strategy referring to the principles of robust 
M-estimation is often associated with the risk of incorrect 
specification of control parameters. Therefore, there is a risk 
of incorrect identification of a random measurement error as 
a gross error. The a priori nature of control parameters may 
constitute a serious limitation of applicability of the method 
described above.

From the theoretical perspective, occurrence of an 
observation contaminated by a gross error in the y vector is 
related to the occurrence of a realization of a random variable 
with the probability distribution different than Y~Px in the 
observation set. Therefore, it may be concluded that the 
observation vector may be a mixture of realizations of several 
random variables, whereas only one of them is acceptable. 
Such an assumption constitutes the basis for writing down a 
probabilistic model of gross errors in the following manner 
(Huber 1981, Yang et al. 2002, Wiśniewski 2009):

(1) ( 2)
(1 )P P PX X X (1)

where 0;1 . In the expression (1), 
(1)

PX is the probability 
distribution of measurement error with acceptable values, 
belonging to the distribution family P={PX(1):X(1) Θ}, where 
Θ is the space of parameters. However, realizations of 
inacceptable random variables are treated as observations 
that have the distribution 

( 2)
PX  and belong to the distribution 

family P={PX(2):X(2) Θ}. Thus, the influence of observations 
having the probability distribution significantly different 
than 

(1)
PX  is limited in the process of establishing robust 

M-estimates.
Therefore, we can note that the problem of gross errors 

occurring in the observations may be solved by using the 
method of parameter estimation in a split functional model. 
Although the method of Msplit estimation is a generalization 
of a wide class of M-estimation methods, it may be analyzed 
in a context similar for the classic, robust M-estimation 
(Wiśniewski 2009, Ge et al. 2013). The parameter estimation 
method in the split functional model presumes that each 
observation y1 may be a realization of one out of two 
competitive random variables 

(1)(1) ~Y PX  and 
( 2)(2) ~Y PX  

(Wiśniewski 2009, Zienkiewicz, Baryła 2015). As part of an 
experiment, it was assumed that „good” observations have 
a probability distribution of 

(1)
PX . That is why estimation of 

competitive versions of a probability distribution parameter  

X should result in values of the vector (1)X  
free from outliers 

(observations with gross errors will be „assigned” to the 
vector (2)X ). As a result, the vector (1)X  will contain reliable 
coordinates of a vessel. 

Empirical analyses were conducted on the basis of simulated 
observations. The determined Msplit estimates were compared 
both with the results of the robust M-estimation and the 
classic method of the least squares. Since the theoretical 
grounds of the robust M-estimation and classic method of 
the least squares are greatly described in the literature, these 
descriptions are omitted further in this paper and the main 
focus is placed on the results of the numerical test at the end 
of the paper. The research conducted by the authors aims 
at determining whether the use of the Msplit estimation may 
help a controller at the VTS station to obtain more precise 
position coordinates of the observed vessel, which should 
significantly enhance navigation safety. 

THEORETICAL FOUNDATIONS OF MSPLIT 
ESTIMATION

The estimation theory usually adopts the following 
functional observation model:

y = F(X) – v = F(X) + ε (2)

where: y n is an observation vector, F(X) is a vector function 
specifying the measured value, X n is a vector of determined 
parameters, ε n is a random vector of measurement errors 
and v n is a vector of theoretic observation corrections. It 
is also assumed that the measurement results are mutually 
independent, i.e. , : cov( , ) 0i ji j y y ; therefore, the 
measurement results covariance matrix is a diagonal matrix 
with the following form:

1 2

2 2 2 2 2 1
0 0, ,...,

ny y yDiag m m myC P (3)

where:
2
0 D– variation coefficient,

P n,n– diagonal weight matrix
   

1 2

2 2 2
1 2, ,..., , ,...,

nn y y yDiag p p p Diag m m mP .

The assumption that each y1 observation may be 
a  realization of one out of two competitive random 
variables 

(1)(1) ~Y PX  and 
( 2)(2) ~Y PX , belonging to the family 

of probability distribution P = {PX(1), PX(2) : X(1), X(2) Θ}  
constitutes theoretical grounds for the Msplit estimation 
method. As a consequence of such an assumption, the classic 
functional model of geodetic observations (2) is split into two 
competitive models (Wiśniewski 2009)

(1) (1)

(2) (2)

( )
( )

( )
split v F X y

v F X y
v F X y

(4)

where:
X(1) and X(2) — competitive versions of a parameter X,
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v(1) and v(1) — two versions of theoretical observation 
corrections vector concerning the same observation vector 
y. At the beginning, for convenience, it is assumed that the 
split is a natural linear functional model v AX y done into 
two competing models (1) (1)v AX y  and (2) (2)v AX y  
where A n,r is a known matrix of coefficients.

It must be noted that a split of the classic functional model 
may be done for any number of functional models. Then, it 
is a case of an Msplit(q) estimation, where q  is the number of 
splits of the classic functional model (2). Such generalization 
of the parameter estimation method in the split functional 
model was proposed and described in detail in the paper 
(Wiśniewski 2010). 

Assigning an observation to a „suitable” functional model 
depends on an elementary split potential K in an observation 
y1 (Wiśniewski 2009, 2010, Wiśniewski and Zienkiewicz 2016). 
The split potential may be interpreted as a certain measure 
determining the odds of assigning the observation to any 
available, competitive probability distribution

(1) ( 2)
,P P PX X . 

The papers (Wiśniewski 2009, 2010) prove that defining an 
optimization problem based on the elementary split potential 
leads to searching of the minimum of the following aim 
function:

(1) (2) (1) (2) (1) (2)
1 1

( ; , ) ( ; ) ( ; ) ( ) ( )
n n

i i i i
i i

y y v vy X X X X (5)

where:
(1)( ; )iy X , (2)( ; )iy X – any, at least twice differentiable convex 

functions. 
It must be noted that the expression (5) may be treated as 

a generalization of the classic M-estimation aim function (cf. 
Huber 1964, Hampel et al. 1986). 

1 1
( ; ) ( ; ) ( )

n n

i i
i i

y vy X X (6)

Therefore, the Msplit estimation is a particular type of an 
M-estimation method development. 

Now, one should assume that general components of the 
aim function (5) adopt a characteristic form for the method 
of the square Msplit estimation (Wiśniewski 2009, Zienkiewicz 
2014)

2 2 2
(1) (2) (1) (2)

1
( ; , )

n

i i i
i

p v vy X X (7)

This particular version of the Msplit estimation aim function 
reflects a case when the adopted probabilistic models belong 
to a family of normal distributions 

(1) (2) (1) (2){ ( ), , ( ), : , }r
i i i iP N E y N E y RX X

(Wiśniewski 2009, 2010). The aim function minimum (7) 
is generally searched using the Newton method (Teunissen 
1990, Wiśniewski 2009, 2010, Zienkiewicz 2014, Zienkiewicz 
and Baryła 2015). Determination of Msplit estimates may also 
be done with the gradient „zeroing”. It should be noted that 

the function gradient (7) has to be determined with relation 
to two arguments of the aim function, i.e. for arguments 

(1)X  and (2)X  respectively. Then, it can be stated that Msplit 
estimates (1)X̂  and (2)X̂  resolving the following equation 
system are searched

(1) (1) (2) (1) (2)
(1)

(2) (1) (2) (1) (2)
(2)

( ; , ) ( ; , )

( ; , ) ( ; , )

T

T

g y X X y X X 0
X

g y X X y X X 0
X

   (8)

Therefore, by determining particular gradient forms for 
the aim function (7)

  2 2 2
(1) (1) (2) (1) (2) (1) (2) (1)

1(1)

( ; , ) 2 ( )
T

n
T

i i i
i

p v vg y X X A w v v
X

(9)

2 2 2
(2) (1) (2) (1) (2) (2) (1) (2)

1(2)

( ; , ) 2 ( )
T

n
T

i i i
i

p v vg y X X A w v v
X

(10)

the iteration process of determining square the Msplit estimates 
for 1,...,j m  may be written down in the following form

1 1 1
(1) (1) (2) (1) (2)

(1) (1)

1
(2) (2) (1) (2) (1)

(2) (2)

[ ( ) ] ( )

[ ( ) ] ( )

j T j T j

j j

j T j T j

j j

X A w v A A w v y
v AX y

X A w v A A w v y
v AX y

(11)

In the expression (11) as

(12)

and

(13)

were written cross-weight matrices, 
where 2 2 2 2

1 2, ,..., nDiag p p pP , 2 2
(2) 1(2) (2)( ,..., )nDiag v vW  

and 2 2
(1) 1(1) (1)( ,..., )nDiag v vW . 

It should be noted that adopting the aim function 
components as square functions, i.e. 2

(1) (1)( ; )i i iy p vX  and 
2

(2) (2)( ; )i i iy p vX  results in cross-weighting. A characteristic 
feature of the cross-weighting is correction of the weight 
functions (12) and (13) by competitive observation corrections, 

(2)iv
 
and (1)iv , respectively. As a consequence, occurrence of 

high value of (1)iv  correction in the observation contaminated 
by gross error will result in the cross-weight function (13) 
„assigning” such an observation with the competitive 
functional model. Graphic interpretation of cross-weight 
function in square Msplit estimation is presented in Fig. 1.
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Fig. 1. Graphic interpretation of cross-weight function in square Msplit 
estimation

The process of determining the square Msplit estimates is of 
iteration nature due to the cross-weighting. The start points in 
the iteration process may be estimates obtained with the least 
squares method. The iteration process ends with obtaining 
such values of the square Msplit estimates (1)X̂  and (2)X̂ , for 
which 1

(1) (1) (1)
ˆ ˆ ˆm mX X X  and 1

(2) (2) (2)
ˆ ˆ ˆm mX X X  occurs. In 

these points, the condition of existence of the aim function 
minimum, i.e. (1) (1) (2)

ˆ ˆ( ; , )g y X X 0and (2) (1) (2)
ˆ ˆ( ; , )g y X X 0 

has also to be fulfilled. 

SYSTEM OF OBSERVATION EQUATIONS 
FOR THE ANALYZED REASERCH PROBLEM

If the observed position [ , ]T
Z ZX YZ  is determined on 

the basis of a bearing, it can be easily noted than the vector 
function ( )F X  is not linear in the expressions (2) and (4)

( ) arctan i

i

Z S
i i

Z S

Y Y
F B

X X
X (14)

Usually, for the sake of convenience, non-linear functions 
are brought to a linear form by expanding these functions into 
a Taylor series limited to first expressions of the expansion. 
Then, the linearized function ( )F X  may be written down in 
the following form 

0

( )( ) ( ) ( )d d
X X

F XF X F X X F X A X
X

(15)

where:
dX X X ,

X°  – approximate value of parameter vector X ,
dX – increment vector for approximate coordinates.

Therefore, components of the vector ( )F X  are approximate 
measured values that are a vector function of approximate 
parameter vector X°. A linear version of the split functional 
model (4) may be written on this basis

(16)

where:
( )L F X y  – intercept vector,

(1)dX and (2)dX  – two versions of competitive increment vectors 
such that (1) (1)dX X X  and (2) (2)dX X X .

For the so-defined systems of observation equations, the 
competitive vectors dX may be determined based on the aim 
function (7) with function arguments (1)dX  and (2)dX  in the 
Msplit estimation methods 

1 1 1
(1) (1) (2) (1) (2)

(1) (1)

1
(2) (2) (1) (2) (1)

(2) (2)

[ ( ) ] ( )

[ ( ) ] ( )

j T j T j

j j

j T j T j

j j

d
d

d
d

X A w v A A w v L
v A X L

X A w v A A w v L
v A X L

(17)

On the basis of the determined increment estimates (1)
ˆdX  

and (2)
ˆdX , the adjusted values of their respective parameters, 

i.e. ˆ ˆdX X X , (1) (1)
ˆ ˆdX X X  and (2) (2)

ˆ ˆdX X X  may be 
determined. 

Coordinates of a vessel [ , ]T
Z ZX YX  constitute parameters 

for the navigation measurement structures, including the 
measurement network (created with the use of coastal 
radar stations and bearings as observations) studied in 
this paper. Thus, the vectors (1) (1), (1),[ , ]T

Z Zd dX dYX  and
(2) (2), (2),[ , ]T

Z Zd dX dYX , determined in the algorithm (17) 
will contain increments to approximate two-dimension 
coordinates of a vessel. It should be noted that only vector 

(1)dX  will contain reliable information about vessel’s position. 
This is due to an earlier premise that the measurement gross 
errors are „assigned” to the functional model (2) (2)dv A X L
. Therefore, the estimate (2)dX  will be contaminated with 
outliers.

In view of the foregoing, the matrix of the known factors 
A and the intercept vector L for the vector function (15) have 
general forms as follows:

(18)

(19)

where  are approximate bearings values calculated on the 
basis of approximate parameter values. The procedure for 
determining the factor matrix A, the weight matrix P and 
the intercept vector L when processing radar observations 
was described in detail in the papers (Świerczyński and 
Czaplewski 2013, 2015).

(1) (1) (1)

(2) (2) (2)

( )
( )

d d
d d

v A X F X y A X L
v A X F X y A X L
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NUMERICAL EXAMPLE

The presented numerical test relates to a real case where 
navigation observations are obtained from coastal radar 
stations working in the „VTS Gdańsk Bay” system. In this 
system, it is possible to make simultaneous bearings to a 
vessel from several coastal radar stations. Therefore, a vast 
scope of the data obtained with radiolocation equipment 
makes it possible to determine a precise position of a vessel 
with the use of estimation methods, and in particular the 
robust estimation method. Fig. 2 shows an example of the 
measurement structure used. 

Fig. 2. Measurement structure using coastal radar stations

In the empirical analysis, the vessel’s bearing was measured 
simultaneously from five coastal radar stations. Coordinates 
of these stations in the PL-UTM system are presented in Table 
1. When presenting the results, the authors of this paper opted 
for a certain simplification and resigned from inserting units 
of measurement next to the analyzed values. Therefore, it must 
be noted that all horizontal coordinates X and Y are indicated 
in meters [m] and bearings NR in degrees [°].
Table 1. Coordinates of coastal radar stations in PL-UTM system.

Coastal station Marking 
on fig. 2 X Y

Hel Lighthouse S1 6052476.63 357945.55

Gdynia_KP Harbour Master S2 6045669.81 341309.47

Gdynia_S Harbour Master S3 6045119.44 342083.22

Gdańsk North Port Harbour 
Master S4 6031298.79 348189.74

Radar Tower GórkiZachodnie S5 6027017.31 355714.79

In this example, a simulation of vessel’s position 
[ , ]

i i

T
i Z ZZ X Y on the Gdańsk Bay was performed three times 

for research purposes. The bearing was simulated assuming a 
theoretical position of a vessel in three measurement periods, 

i.e. ,  and . For the simulation of random measurement 
errors, a random number generator in the MATLAB software 
was used with the assumption that observation errors have 
normal distribution ~ (0, )N  for 0.5 . It was assumed 
that the bearing medium error values were equal to the 
adopted standard deviation 0.5

iym . On the basis of 
iym , 

the specific form of weight matrix was determined that was 
used for determining the LS and Msplit estimates as well as 
it initiated the determination of a robust M-estimate. The 
values of simulated bearings together with a theoretical vessel 
position are presented in Table 2.

Table 2. Values of simulated radar observations 

Vessel 
position

Bearings from coastal radar stations
Simulated vessel 

position  NR1 of S1

NR2 of S2

NR3 of S3

NR4 of S4

NR5 of S5

Z1 224.5 114.4 112.5 0.1 334.6
6042470.00X

348330.00Y

Z2 223.5 116.4 114.6 0.6 333.9
6042200.00X

348440.00Y

Z3 222.3 117.4 115.9 1.1 334.4
6041950.00X

348520.00Y

It was assumed in the experiment that the bearings made 
from coastal station Gdynia_KP Harbour Master were 
contaminated with a gross error of 10e in each of three 
measurement periods (

12( ) 124.4ZNR ,
22( ) 126.4ZNR and

32( ) 127.4ZNR ). 

Table 3 focuses on the procedure for determining robust 
estimates on the basis of vessel’s position Z1. 

The robust M-estimates were determined on the basis of 
the following iteration process (for 1,...,j c )

1 1 1[ ( ) ] ( )j T j T jdX A w v A A w v L (20)

where:
( )w v  – weight matrix.

In this paper, individual elements ( )iw v  were calculated 
using the Danish weight function (Krarup and Kubik, 1983, 
Kamiński and Wiśniewski 1992, Ge et al. 2013)

( )
exp( )

i i
i g

i i i

p for v t
w v

l v t p for v t
(21)
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The values l and g are interpreted as control parameters, 
which have a significant influence on the length and efficiency 
of the iteration process. Whereas ˆ /i iv v  marks the i-th 
standardized correction of this observation. The iteration 
process of the robust M-estimation is initiated by the 
values  dX and v, obtained with the least squares method, 
i.e. ˆ

LSdX and ˆ LSv  respectively. Thus, the following vectors 
0 ˆ
Danish LSd dX X  and 0 ˆDanish LSv v  – initiating the determination 

process of the Danish estimate - are analyzed in the starting 
step of the robust M-estimation with the „original” weight 
matrix. It should be noted that, at the starting step of the 
iteration process, the standardized observation corrections 
determined for the second and third bearing clearly show 
that the observations NR2 and NR3  need to be treated with 
caution when determining vessel coordinates. For the 
calculations, t = 2.5, g = 2 and l = 1/t were assumed. Such 
control parameter values are the most frequently assumed 
in practical use of the Danish weight function (Wiśniewski 
2014). As a result, the first iteration of the process (20) using 
the weight function (21) determined new, equivalent weights 
of these observations, i.e.  and . It can be easily 
noted that, except for a bearing contaminated with a gross 
error, a correct observation NR3 was also suppressed”. This 

is due to a significant value of the adopted parameter l. It is 
a case of the so-called „hard” suppression of observation, 
where weights of the observations which had standardized 
corrections significantly beyond the permissible range 

2.5;2.5
iv  

were processed uncompromisingly. It 
should be noted that the iteration process was prematurely 
ended also for this reason. The first iteration of determining 
Danish M-estimate is de facto the last iteration step. For this 
reason, the control parameter values should be selected in 
experiments for the particular geometrical measurement 
structure (Nowel 2016). Nonetheless, in case of navigation 
networks, such analyses are impossible to perform due to 
a dynamic position change of the studied subject (vessel). 
The results of slightly milder suppression of outliers were 
presented in the paper (Świerczyński and Czaplewski 2015). 
However, it should be emphasized that, despite classifying the 
observation NR3 as an outlier, the vessel position determined 
with the use of the Danish weight function has to be deemed 
correct. 

As stated earlier, the least squares method estimates 
were also used as the starting elements for the process of 
determining Msplit estimates. Then 0

(1)
ˆ

LSd dX X , 0
(1) ˆ LSv v  

and 0
(2)W I , and as a result 0 2

(1) (2)( )w v P . By analyzing 

Table 3. Iteration process for determining Msplit and robust M-estimates for Z1

Robust M-estimation Msplit estimation

(1)iv
(2)iW (2)iv (1)iW

DanishdX (1)dX (2)dX

In
iti

al
 it

er
at

io
n

NR1 -3.11 4.00 -1.21 1.00 1.42 1.46

NR2 -16.03 4.00 -6.20 1.00 -4.35 38.47

NR3 13.56 4.00 4.68 1.00 6.61 21.87

NR4 -1.61 4.00 -0.55 1.00 -4.65 0.30

NR5 -3.20 4.00 -1.48 1.00 -3.76 2.20

-440.58 -440.58 -351.27

-233.07 -233.07 -1031.20

Fi
rs

t i
te

ra
tio

n

NR1 0.47 3.45 -0.94 2.03 2.27 0.88

NR2 0.00 0.00 -7.80 18.90 -1.51 60.87

NR3 0.00 0.00 2.86 43.74 9.76 8.18

NR4 0.47 4.00 -0.07 21.59 -7.09 0.01

NR5 -0.47 3.28 -0.92 14.15 -5.50 0.84

161.37 -247.10 -553.02

-91.93 -138.34 -1509.53

La
st

 it
er

at
io

n

NR1 0.47 3.45 0.01 76.16 -8.73 0.00

NR2 0.00 0.00 -10.29 0.00 0.00 105.91

NR3 0.00 0.00 0.00 146.24 12.09 0.00

NR4 0.47 4.00 0.03 29.23 5.41 0.00

NR5 -0.47 3.28 -0.33 0.01 -0.11 0.11

161.37 110.21 -1879.39

-91.93 -114.03 909.90
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observations homogenous in terms of accuracy, it can be 
noted that the matrix P2 does not influence the values of 
determined estimates (1)

ˆdX  and (2)
ˆdX . Therefore, in the 

analyzed example, square of the observation weight matrix 
does not influence cross-weighting. Thus, Table 3 presents 
cross-weighting matrices as (2)W  and (1)W . Since the values 

0
(1)dX  and 0

(1)v  are already known, there is no obstacle for the 
values of the vectors (2)dX  and (2)v  to be calculated according 
to the rules of the Msplit estimation in the zero step of iteration 
(see formula (17)). After the first iteration step is performed, 
it can be easily seen that the vector 1

(1)dX  becomes robust to 
the influence of gross error contaminating the bearing NR2. 
The contaminated observation is assigned to a competitive 
functional model (2) (2)dv A X L , which is also confirmed 
in the diagonal matrix 1

(1) (0.88,60.87,8.18,0.01,0.84)DiagW . 
A significant value of 1

2(1) 60.87W  means that the calculation 
algorithm, even after first step, marks the bearing NR2 as 
„uncertain” and limits its influence onto the determined 
estimate (1)

ˆdX . The results of the last iteration confirm that 
the Msplit estimation method faultlessly identified the outlier. 
By analyzing the components of cross-weight matrices 

2(2) 0.00W  and 2(1) 105.91W  it can be clearly stated that 
the contaminated bearing was substantially excluded from 
the process of determining the estimate (1)

ˆdX . The value of 
Msplit estimate free from gross error is approximate to the 
robust M-estimate determined with the use of the Danish 
weight function. Thus, positions of the vessel determined on 
the basis of these two estimates are comparable. 

The estimates of vessel coordinates were determined 
according to the foregoing procedure for three variants 
of vessel position. For the purposes of comparison, the 
determination process of LS, Danish and Msplit estimates 
was conducted for a non-contaminated set y and considered a 
gross error in the bearing NR1. However, due to a wide range 
of performed empirical analyses, the study description is 
limited to presenting the final results of adjustment shown 
in Table 4. 
Table 4. Results of estimating increments to the approximate value parameter 

vector X° in the bearing network

Method
Z1 Z2 Z3

dX dY dX dY dX dY

Observation set not contaminated by a gross error

LS estimates 93.27 -103.04 52.14 -160.19 70.31 -95.88

Msplitestimates 108.20 -117.17 85.13 -165.78 43.27 -123.06

Observation set contaminated by a gross error

LS estimates -440.58 -233.07 -503.38 -286.48 -504.87 -218.78

Msplitestimates 110.21 -114.03 85.98 -167.83 78.92 -69.62

Robust 
M-estimates 161.37 -91.93 65.19 -155.12 111.81 -91.53

The determined LS estimates can be treated as a correctly 
determined vessel position for the observation sets not 
contaminated with outliers. Thus, the estimate determined 
with the least squares method may constitute a point of 
reference for other estimates. It can be easily noted that 
contamination of the bearing NR2 with gross error leads to 

a situation when the determined LS estimate does not provide 
reliable information in neither of the three variants of vessel’s 
position. However, the determined robust M-estimates and 
the Msplit estimates correctly find the gross error in the 
bearing measurement network and limit its influence on the 
determined position of the vessel. It should be emphasized 
that reliable information on vessel’s location is provided also 
by the Msplit estimate if the vector does not contain outliers. 
Graphical interpretation of the obtained results is presented 
in Fig. 3. 

Fig. 3. Position of a measurement unit determined on the basis of neutral and 
robust estimation methods

From the practical perspective, determination of influence 
of gross error e on the determined estimates of vector ˆdX is an 
interesting issue. The results of empirical analysis concerning 
this issue are presented in Fig. 4. The authors analyzed two 
variants of gross error occurrence: in bearing NR2  (Fig. 4a) 
and NR3  (Fig. 4b). The LS, Msplit and robust M-estimates for 
several variants of value 20,20e  were determined in the 
test. The obtained results clearly show that along with the 
increase of the gross error absolute value, contamination of the 
estimate in the least squares method increases significantly, 
thus contributing to incorrect assessment of vessel’s position. 
The Msplit and the robust M-estimates efficiently limit the 
influence of an outlier on the determined position of a vessel. 
Moreover, it should be noted that the obtained Msplit estimates 
show higher repeatability than the determined M-estimates in 
the presented example. Nonetheless, this does not influence 
the positive evaluation of both methods in detecting bearings 
contaminated with gross error.  
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Fig.4. Influence of gross error value onto the determined estimates ˆdX  and ˆdY

CONCLUSION

The source literature provides many arguments that 
creating bearing networks based on coastal radar stations 
supports accurate determination of a vessel position in areas 
of navigational risks or heavy traffic areas, thus increasing 
navigational safety (e.g. Świerczyński and Czaplewski 
2013, 2015). The bearing network related to the operation 
of the „VTS Gdańsk Bay” system and also analyzed in this 
paper is an example of such a network. In this positioning 
strategy, the precision of position determination depends 
highly on the adopted estimation method. The most natural 
estimation method for such measurement structures is the 
least squares method. The aforementioned papers prove 
that the robust M-estimation methods, used, for instance, 
in geodetic adjustment calculus, can be used for aligning of 
bearing networks. This results from the specific nature of the 
navigation observations, which can be contaminated with 
gross errors of different sources. 

This paper proposes the use of parameter estimation 
method in the split functional model for determining a 
reliable vessel position. 

On the basis of the weight function and influence function 
properties, the estimation methods can be classified as 
neutral, robust and weak (Kadaj 1988). It should be noted 
that, according to this classification, the least squares method 
is a method neutral for outliers, the Danish method belongs to 
the group of robust methods and the Msplit estimation belongs 
to the family of weak estimation methods. Generally, in the 
adjustment calculus theory, the weak estimation methods 
consist in determining an estimate favoring the outliers 
(Cellmer 2014). Nonetheless, the performed theoretical and 
empirical analyses concerning both methods show that 
the parameter estimation method in the split functional 
model may be analyzed in the same context as the robust 
M-estimation methods. Therefore, the obtained results 
confirm the initial hypothesis that the use of Msplit estimation 
method allows determination of a reliable position of a 
vessel, despite observations in the measurement structure 
that are contaminated with gross error. Similar properties 
were observed during empirical analysis for the robust 
M-estimation method, however, the Msplit estimates show 
higher repeatability of the determined vessel’s coordinates. 
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INTRODUCTION

The loxodrome is a transcendental curve spiralling between 
the North Pole and the South Pole. The orthodrome (Great 
Circle) is the intersection of the sphere with a plane containing 
the centre of the sphere. An intrinsic property of these two 
curves can be found by Napier’s Rules of Circular Parts that 
have been widely used in navigation. To find the infinitesimal 
distance dDO that the vessel must cover in Great Circle sailing 
for the orthodromic course to change by a small value dCO i.e. 
for the unit course alteration, the unit distance is defined as:

ϕϕϕ coscotsec VOO dCdD −= , (1)

where φ denotes geographic (geodetic) latitude whilst φV 
stands for vertex latitude. Since the orthodrome is a curved 
line whose true direction changes continually (except for the 
meridian or the equator), a number of points along the Great 
Circle are selected, and then connected by loxodromes and 
followed by rhumb line courses. By using the latitude equation 
of the middle longitude, the orthodrome (Great Circle) is split 
into an even number of legs with equal longitude difference. 
For the shortest overall distance of two piecewise rhumb 
lines, the essay (Han-Fei et al., 1991) inferred that there must 

exist a turn point along the initial rhumb line course prior to 
reaching the vertex latitude V . The paper (Petrović, 2014) 
proved the existence of the turn point at the orthodrome-
loxodrome intersection point. The initial rhumb line course 
equals the orthodromic course at the middle latitude. The rule 
is mnemonic and straightforward for practical navigation. 
In the paper (Tseng, 2014) the author claimed that there was 
a misconception in the article (Petrović, 2014), and tried 
to construct an algorithm of two piecewise rhumb-lines 
based on the nonlinear optimization technique, but failed 
to comprehend that the essay (Petrović, 2014) was referring 
to the methods evaluated by Han-Fei et al. (1991) whereas 
no alteration to the initial rhumb line course was made, i.e. 
reaching the vertex latitude or intersecting a great circle in 
that particular case. The question was to find a turn point 
along the initial rhumb line course prior to reaching the vertex 
latitude. It’s thereby restricted and equal to the orthodromic 
course at the middle latitude at which the arc length of the 
parallel is equal to the departure in proceeding between two 
points:

Mid

V
OMid

C
cos
cosarcsin (2)

MIDDLE RULES AND RHUMB-LINE SAILING

Miljenko Petrović
Stonska 1A, 10020 Zagreb, Croatia

ABSTRACT

This work tackles the problem of misconception when using sophisticated mathematical tools, nonlinear optimization 
in this particular case, to solve a navigational problem. Namely, to reach the Great Circle vertex with two rhumb line 
legs ensuing the optimized distance, an initial rhumb line course equal to the orthodromic course at middle latitude 
may be used. The initial course is thereupon optimized by the incremental value steps. The optimized distance is 
achieved if the rhumb line course is altered towards the vertex at the orthodrome-loxodrome intersection point. As 
determination of this point cannot be formulated in a closed form, an iterative solution is to be applied. The derived 
transcendental equation forms a basis for an iterative solution of intersection using the Newton-Raphson method. 
To the contrary, finding solutions to a system of nonlinear equations can mislead a researcher unable to comprehend 
and grasp the mathematical meanings of the algorithm. The gist of this essay is a novel concept showing an intrinsic 
property i.e. orthodrome-loxodrome correlation using a well-known formula.

Keywords: marine navigation, middle latitude, middle longitude, orthodrome, loxodrome
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Free turning point was not discussed in the paper (Petrović, 
2014), which does not mean that the proposed model could not 
deal with it. As the initial value is important for convergence 
speed, in lieu of taking a well- known formula for middle 
longitude the concept of middle latitude was used to obtain 
the intersection point (I). The initial rhumb line course (θT) is 
then altered by an incremental value of 1.0 (converted into 
radians) and evaluated as T . After few iterative steps (Newton-
Raphson method), T  reaches the free turning point I’ on the 
same great circle, thus determining the optimized distance 
(DTI’V) (Petrović, 2015). Detailed mathematical explanation 
will be shown further in the paper, along with comparison 
with flawed results obtained by Tseng (2014).

ANALYSIS

FINDING THE ORTHODROME-LOXODROME 
INTERSECTION ON THE SPHERE

Taking 
MidOC  as an initial rhumb line course T  from 

the point of departure T  leads to the intersection I  of 
a loxodrome with an orthodrome (Great Circle), as shown 
in Fig. 1. As determination of the orthodrome-loxodrome 
intersection cannot be formulated in a closed form, an iterative 
solution is to be derived. The transcendental differentiable 
function defined on the interval [λT, λV] and expressed by the 
equation (Petrović, 2014):

IVVITIf ~costan~cotsinh 0 (3)

(λ0 – equatorial intersection longitude of the loxodrome) and 
its derivatives with respect to λI :

IVVTITIf ~sintancot~cotcosh 0 (4)

and

IVVTITIf ~costancot~cotsinh 2
0 (5)

Fig. 1. Middle latitude rule on the Mercator chart

form a basis for iterative solution of intersection using the 
Newton-Raphson method. If 00 TT . In order to 

use the above formulas for all quadrants, the difference of 
longitude sign ~  represents the shorter arc of the equator 
between the two meridians. The vertex latitude V  is taken 
as an absolute value whilst the rhumb line course θT equals:

2
0 T . 

Thus the zero of f(λI) crossing is determined. As an initial 
estimate (guess) for the intersection longitude (λI), the 
geographic vertex longitude (λV) which satisfies the condition:

0VV ff , may be used.

V

V
VI f

f
' (6)

If f(λI) obtained using (6) is larger than the allowed error 
(E =10–6), λI is taken as the approximation and the iteration 
process is repeated till the error decreases below E. The 
iterations converge in a few steps. With nowadays computers’ 
capabilities, the procedure is terminated within a fraction 
of a second.

The above concept may be used on the rotational ellipsoid 
(spheroid) but the flow of geodesics on the ellipsoid of 
revolution (spheroid) differs from the geodesic on the sphere 
and it is not a great ellipse. As the geodesic (line) on the 
spheroid is defined by the differential equations, finding its 
vertex longitude and intersection with the loxodrome requires 
a different mathematical model. The modified formula (2) 
which gives the geodesic course at middle latitude is:

2
122 sin1cos

cosarcsin
VMid

V
G

e
C

Mid
(7)

MIDDLE LONGITUDE RULE ON A SPHERE

In a right angled spherical triangle PTV (Fig. 2.) the 
longitude difference (Δλ) can be divided into an even number 
of equal parts, i.e. Δλ/2 (named the middle longitude), Δλ/4, 
etc. By applying the four-part equation of the spherical 
trigonometry, the latitude equation of the middle longitude 
for the geodesic (Great Circle) on the spherical surface is 
derived as follows (Petrović, 1990]):

2
cossincos

2
sin180 mmTtgctg (8)

2
cossincos

2
sin mmVtgctg (9)
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Fig. 2. Middle longitude rule on a sphere

Adding these two equations and rearranging yields:

2
cos2 λ

ϕϕϕ Δ
+= VT

m
tgtgtg . (10)

The final formula (10) shows that the sum of the tangents of 
two latitudes divided by the double cosine of middle longitude 
is equal to the tangent of latitude at middle longitude. By 
connecting departure T  and vertex V  with loxodromes 
intersecting at the middle longitude m  point, the two-step 
distance TmV  is easily deduced. If the longitude difference 
Δλ/4 is used, symmetric equations are derived for positions 
Q andQ :

4
cos2 λ

ϕϕϕ Δ
+= mT

Q
tgtgtg , (11)

4
cos2 λ

ϕϕϕ Δ
+=′

mV
Q

tgtgtg . (12)

COMPUTATION ALGORITHM FOR OPTIMIZED 
DISTANCE

In the examples presented in Table 1, Greenwich meridian 
is taken as the departure longitude 0T , whilst θI 
represents the rhumb line course connecting the intersection 
point I  with the vertex V . The distance (DTLV) is based 
on rhumb-line T  sailing to the vertex latitude then due 
east (or west) along the parallel to the vertex (Han-Fei et al., 
1991). A shorter distance (DTIV) is obtained if the course is 
altered to the rhumb line I  at I , then proceeding towards 
the vertex (Petrović, 2014).

The free turning point I  along the Great Circle ensuing 
the optimized distance can be reached using the longitude 
of I  or m  as an initial value in formula (3). For optimization 

purposes, the initial rhumb line course T  is then altered 
by an incremental value of 1.0 (converted into radians) 
and inserted into formula (3) as T . After few iterative steps 
(Newton-Raphson method), T  reaches the free turning point 
I  on the same Great Circle (Fig. 1.). The optimized distance 
is obtained if the course is altered to the rhumb line (θI´) at
I , then proceeding towards the vertex as shown in Table 2. 
The Great Circle Distance (DGC) serves as a reference value. 

Whilst comparing the results, it can be noted that the 
two-step rhumb-line distance (DTmV) in (Table 1.) obtained 
based on the middle longitude method is very close to the 
optimized distance (DTI´V) (Table 2.).

Tab. 1. Middle latitude vs. middle longitude (Sphere)

VT ϕϕ  

 
 
 

Vλλ0  II λϕ  IT θθ  TIVTLV DD  TmVD  

255  2.11796.1714 ′′−  1.25513.2522 ′′
 2.847.70  1.46957.4702 ′′

 0.4695 ′
 

3515  0.30678.2433 ′′− 7.30412.1132 ′′
 6.826.65  4.38038.3813 ′′

 7.3802 ′  

4525  3.12620.0246 ′′−  0.48365.0542 ′′  0.817.60  7.32134.3226 ′′  6.3212 ′  

5535  4.38605.2254 ′′− 8.34349.0352 ′′ 3.795.55  1.27520.2767 ′′
 8.2750 ′  

6545  3.12620.2858 ′′−  3.54336.0562 ′′ 0.772.49  6.23447.2361 ′′ 5.2343 ′  

Tab. 2. Distance optimized with the middle latitude rule (Sphere)
 

VT ϕϕ  Vλλ0  II ′′ λϕ  IT ′′ θθ  VITD ′  GCD  

255  2.11794.3613 ′′−  4.11452.0821 ′′ 0.838.69 93.4694 ′  9.4685 ′
 

3515  0.30673.4031 ′′−  0.08364.5230 ′′ 1.814.64 84.3802 ′  6.3790 ′  

4525  3.12625.3043 ′′−  7.52310.4840 ′′ 3.793.59 45.3212 ′  8.3197 ′  

5535  4.38607.1751 ′′−  9.54291.5050 ′′ 3.779.53 28.2750 ′  4.2733 ′
 

6545  3.12626.0655 ′′−  8.24290.5960 ′′ 9.745.47 43.2343 ′  2.2323 ′  

COMPARING RESULTS OBTAINED BY PETROVIĆ 
AND TSENG

An abstract of relevant results obtained by Tseng (2014), 
based on the nonlinear optimization technique is shown in 
Table 3. To make comparison easier, Tseng’s symbols for φx 
and λx are shown as φI’ and λI’ in this paper. For each and 
every value shown as λx in Table 3, Tseng (2014) got results 
for φx which do not match the well-known formula:

VVxx tancosarctan (13)

where 
xVVx
. The values in the last column in Table 

3 are obtained using the above formula (13) i.e. φx must be 
on the great circle passing through point T and having the 
vertex at V. It’s obvious that Tseng’s results do not match the 
required parameters i.e. the nonlinear optimization technique 
was not properly applied.
Tab. 3. Comparing values by Tseng (2014. - Tab. 2.) with correct values for φx

VT ϕϕ  
Vλ  xλ  xϕ  

VxλΔ  xϕ [correct value] 

255  61.1179 ′  77.3345 ′ 89.121 ′  427333 ′′′  513121 ′′′
 

3515  50.3067 ′  68.1736 ′  87.4730 ′ 112131 ′′′  505530 ′′′
 

4525  13.1262 ′  32.5831 ′  26.4440 ′ 504130 ′′′  439440 ′′′
 

5535  24.3860 ′  90.5729 ′ 16.4750 ′  021430 ′′′  640550 ′′′
 

6545  13.1262 ′  38.2229 ′ 70.5760 ′ 929432 ′′′  528560 ′′′
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CONCLUSIONS

To reach the Great Circle vertex with two rhumb-line legs 
ensuing the optimized distance, the initial rhumb line course 
(θT) equal to the orthodromic course at the middle latitude 
may be used. Alternatively, the middle longitude (m) point at 
the same Great Circle can give the initial rhumb line course 
(θT) as well. The initial course is thereupon optimized by the 
incremental value steps. The method finds the free turn point 
(I’) from where a rhumb line course (θI’) is followed towards 
the vertex, which gives an optimized overall distance (DTI’V). 
Moreover, the results show that distance saving obtained 
as a result of optimization is not substantial i.e. the middle 
latitude (DTIV) and middle longitude (DTmV) rules hold good for 
practical marine navigation. To the contrary, finding solutions 
to a system of nonlinear equations can mislead a researcher 
unable to comprehend and grasp the mathematical meanings 
of the algorithm ensuing in flawed and inconsistent results. 
The gist of this essay is a novel concept showing an intrinsic 
property i.e. the orthodrome-loxodrome correlation using 
a well-known formula (2).
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INTRODUCTION

Due to technological development, marine traffic has 
increased and navigation became more demanding for the 
crew ([1], [2]).

In the literature, there are voice recognition studies in 
which different techniques are used. Zhizeng and Jinghing 
used the Linear Predictive Coding (LPC) reciprocal spectrum 
coefficient as an eigenvector, and adopt Dynamic Time 
Warping (DTW) to process the LPC reciprocal spectrum 
coefficient. In their experiment, the correctness of recognition 
is more than 90% [3]. Bala et al. discussed Mel Frequency 
Cepstral Coefficient (MFCC) and DTW modules used for 
voice recognition systems, which are important in improving 
its performance. They presented the feasibility of MFCC 
to extract features and DTW to compare the test patterns 
[4]. Washisht et al. presented a study of robust speaker 
recognition for regional Indian accents with MFCC and 
DTW [5]. Ferrando et al. developed such a system, but able 
to recognise predefined words under water. They suggested 
to use a wedding between the DTW parameter, and a multi-
resolution analysis algorithm: the Mallat algorithm [6].

Unlike the analyses mentioned in this study, by using 
MFCC, DTW and LPC parameters, a system has been 

developed that will test the compatibility of command, and 
its implementation between the cruise control person and 
the steersman. 

Currently, the systematic of the course of the ship occurs 
between the person who gives the command and the steersman 
that implements it; the accuracy of the implementation is 
observed primarily by the person who gives the command and 
by the cruise control team on the bridge and the relevant staff.

The real-time voice command recognition software was 
designed using primarily a Graphic User Interface (GUI) in 
the MATLAB R2011b program. Based on a main menu, the 
system consists of a Training Interface that the cruise control 
staff on board will use to provide a command reference-bank 
system, and a Test Interface that will allow the system to be 
used in actual operations and for assessments. In this design, 
Linear Predictive Coding (LPC) and Mel Frequency Cepstral 
Coefficients (MFCC) parameters are used separately for the 
extraction of the voice command features; and Dynamic Time 
Warping (DTW) parameter is used for attribute matching. 
Finally, a comparison circuit is designed to evaluate the 
command compatibility between the cruise control person 
and the steersman. 

The main consideration taken into account during the 
design process is the availability of the system in the ship 
environment, it is open to development and the cost is low.

NAVIGATION SECURITY MODULE WITH REAL-TIME 
VOICE COMMAND RECOGNITION SYSTEM

Mustafa Yagimli
Okan University, Vocational School, Department of Property Protection and Security, TURKEY
Huseyin Kursat Tezer
Turkish Navy Academy, Institute of Naval Science and Engineering, Tuzla, TURKEY

ABSTRACT

The real-time voice command recognition system used for this study, aims to increase the situational awareness, therefore 
the safety of navigation, related especially to the close manoeuvres of warships, and the courses of commercial vessels 
in narrow waters. The developed system, the safety of navigation that has become especially important in precision 
manoeuvres, has become controllable with voice command recognition-based software. The system was observed to 
work with 90.6% accuracy using Mel Frequency Cepstral Coefficients (MFCC) and Dynamic Time Warping (DTW) 
parameters and with 85.5% accuracy using Linear Predictive Coding (LPC) and DTW parameters.

Keywords: Maritime Navigation, LPC, MFCC, DTW, Voice Command Recognition
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PROPOSED SYSTEM

Fig. 1. Voice Command Recognition System Architecture

As described in Fig. 1, the voice command recognition 
algorithms include two discrete phases. While the first phase 
is the training phase, the second phase is the operation or 
the assessment phase. 

Training phase; establishing reference-bank by providing 
voice command samples to the system by the control staff 
on board.

Testing phase; testing the compatibility of the voice 
command with the reference-bank and the system input, 
and testing the execution of the corresponding command.

VOICE COMMAND RECOGNITION 
SYSTEM ARCHITECTURE

The voice command recognition process starts with voice 
recording. The process continues with the detection of the 
expression, the processing of the voice, comparison and 
matching. Each word in the incoming audio signal is isolated 
and then analysed, to identify the type of excitation and 
resonate frequencies. These parameters are then compared 
with previous examples of spoken words to identify the closest 
match.

A main program-based sub-program was designed using 
the Graphic User Interface (GUI) that is available in MATLAB 
R2011b.

MAIN MENU

The designed interface is shown in Fig. 2. The main menu 
is used by the administrator to access the interface programs 
needed for training and testing the system. 

Fig. 2. Main Menu

SYSTEM TRAINING

Fig. 3 illustrates the designed system training interface 
program. The interface is used in order to establish a reference-
bank by introducing examples of voice commands to the 
system provided by the control staff on board. In shipping; 
starboard, port, astern, forward, mean “right”, “left”, “back”, 
“forward” respectively. The commands to be registered in the 
system (starboard-sancak-, port-iskele-, astern-tornistan- and 
forward-ileri) are introduced to the command bank of the 
system by using the ‘save’ keys. These commands have been 
trained in Turkish in the system.
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Fig. 3. System Training Interface Program

SYSTEM TESTING

Fig. 4 illustrates the designed system testing interface 
program. The voice commands introduced to the system are 
stored by using the ‘save’ key and by comparing the commands 
already registered in the reference-bank by the system; the 
appropriate answer is then displayed on the interface. 

    

FORWARD

PORT

STARBOARD

ASTERN

Fig. 4. System Testing Interface Program

VOICE RECOGNITION ALGORITHMS

During the training and testing phases of the system, the 
voice command is first recorded by means of a microphone. 
The analog signal is first saved, and then converted to digital 
([7], [8]). Upon evaluating the stress level of the navigation 
environment, and by taking into account that the command 
of the cruise control person would be communicated after 
pressing the signal button on the console, the recording 
time in the developed system - covering this gap- has been 
identified as 3 seconds. Fig. 6 illustrates the sampled command 
signals with 16 kHz. 

According to the Nyquist theorem, the sampling frequency 
must be at least twice the signal bandwidth. If there is no 
minimum sampling frequency, aliasing occurs. Having 
registered and sampled the signal, the digital signal should 
be filtered to eliminate the noise. [9]. In this study, sampling 
frequency is taken as 16 kHz. 16 kHz is the optimal sampling 
frequency. When the ambient noise of the microphone is 
added to the noise of the microphone, and the noise of the 

computer, a considerable amount of noise will emerge. This 
noise can be separated from the speech signal. Fig. 7 illustrates 
filtered signals. A high-pass filter was used in this study.

Fig. 5. High Pass Filter Design Tool

Fig. 5 illustrates the high pass filter design tool. Having 
recorded and sampled the signal, it should be filtered to 
remove noise. The digital signal must be filtered from the 
noise of the environment, the microphone and the computer. 
For this purpose, a high pass filter has been used. As seen in 
the Figure 5, the cut-off frequency (Fc) is selected as 3500 Hz.

There are unwanted and unused gaps at the start and finish 
on the existing filtered signal. These gaps are not used, and 
cause unnecessary processes on the computer [10]. These gaps 
should be deleted by determining the beginning and the end 
of the gaps, and removed by the system. After this process, 
we are left with only raw speech signals. Appropriate signal 
processing methods can now be used on these signals (Fig. 8).

Parallel to the information mentioned above, the following 
techniques have been used for extracting the attributes of 
the voice command given by the cruise control person and 
saving them in reference-bank storage, and for comparing 
the voice command exercised:
• Linear Prediction Coding (LPC) and Mel Frequency 

Cepstral Coefficients (MFCC) for Feature Extraction,
• Dynamic Time Warping (DTW) for Feature Matching.

FEATURE EXTRACTION

Feature extraction is also called signal processing front-
end. The aim of feature extraction is to simplify recognition 
by summarizing the amount of speech data, and obtaining 
the acoustic properties that define speech individuality [11].

FRAMING

Framing is the process of segmenting the speech samples 
obtained from analog to digital conversion (ADC), into small 
frames with time-length within the range of 20 to 40 ms. 
Adjacent frames are divided by M (M<N). The first frame 
consists of N samples. The second frame begins M samples 
after the first frame, and overlaps it by N-M samples. Each 
frame overlaps with two other subsequent frames. This 
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operation is performed throughout the entire audio signal. 
N is the number of samples in each frame. Typical values 
used are M = 100 and N = 256 ([4], [12]).

(a) 

(b) 

(c) 

(d) 

Fig. 6. Sampled command signals 
 (a. Starboard; b. Port; c. Astern; d. Forward)

(a) 

(b) 

(c) 

(d) 

Fig. 7. Filtered signals 
(a. Starboard; b. Port; c. Astern; d. Forward).
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(a) 

(b) 

(c) 

(d) 

Fig. 8. Processed speech signals  
(a. Starboard; b. Port; c. Astern; d. Forward). 

(a) 

(b) 

(c) 
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(d) 

Fig. 9. LPC (below)-MFCC (above) coefficients 
(a. Starboard; b. Port; c. Astern; d. Forward).

Figure 9 shows the final vectorial representations of the 
commands’ MFCC (Mel Frequency Cepstral Coefficient) 
and LPC (Linear Predictive Coding) applications. In this 
figure, the LPC coefficients are equations (3-8), and the MFCC 
coefficients are obtained from equations (9, 10). Figure 10 
illustrates LPC coefficients. The MFCC coefficients are shown 
above in Figure 9. Calculation of these coefficients is given 
in LPC and MFCC titles.

k 
Fig. 10. LPC coefficients

HAMMING WINDOWING

The Hamming windowing is to minimize the signal’s 
head, and the discontinuous parts at the end. The goal of 
Hamming windowing is to chop by using the window [4]. 
The Hamming window equation is given as: 

If the window is defined as w(n), 0 ≤ n ≤ N-1 where
N   – number of samples in each frame
y1(n)  – output signal
x1(n)  – input signal
w(n)  – window

 (1)

Hamming window used in the system;

(2)

LINEAR PREDICTIVE CODING (LPC)

The LPC method is one of the most important of the 
sound analysis techniques. In this method, the vowels are 
modelled as periodic pulses, the consonants are modelled 
as random pulses [13]. The obtained LPC analysis results are 
linear predictive model coefficients. This model is expressed 
by the transfer function as in Equation 3. p is the level of the 
LPC encoder. [14].

 (3)

Equation (4) is obtained when inverse-z transform is 
applied to Equation (3).

  (4)

The LPC focuses on the principle that it can be approximated 
from a previous series of samples.

 (5)

The minimization of the sum of squares of the error is 
calculated to find the variation [15].

 (6)

The LPC analysis results are linear prediction model 
coefficients [16] (Fig. 8),

 (7)

 (8)

MEL FREQUENCY CEPSTRAL  
COEFFICIENT (MFCC)

MFCC is based on known variance of the human ear 
with critical frequency bandwidth [17]. MFCC has two 
types of filter, which are spaced linearly at low frequency 
below 1000 Hz., and have logarithmic spacing above 1000 
Hz. A subjective pitch is present on Mel Frequency Scale to 
capture important characteristics of phonetic in the voice [11]. 

Equation 9 is a Mel equivalent of a frequency of type Hz.

 (9)
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Mel power spectrum coefficients (Fig. 9) that are the result 
of the last step are we can calculate the MFCC coefficients, as:

 
(10) 

Equation 10 is called an acoustic vector.

DYNAMIC TIME WARPING (DTW)

Dynamic Time Warping (DTW) and Hidden Markov 
Model (HMM) use the same environmental conditions in 
isolated voice command recognition. HMM is a very complex 
algorithm. DTW is the best method for finding the shortest 
distance between the attribute matrix and the unknown 
matrix.

DTW parameter is based on dynamic programming 
techniques. This parameter is for measuring similarity 
between two time series, which may vary in time or speed 
([6], [18]). This technique is also used for finding the optimal 
alignment between two time series, if one time series may 
be “warped” non-linearly by stretching or shrinking it along 
its time axis. 

Suppose we have two time series Q and C, of length n and 
m respectively, where:

 (11)

 (12)

To align two sequences using DTW, an n-by-m matrix 
where the (ith, jth) element of the matrix contains the distance 
d (, ) between the two points and is constructed. Then, the 
absolute distance between the values of two sequences is 
calculated using the Euclidean distance computation:

 (13)

Each matrix element (i, j) corresponds to the alignment 
between the points and . Then, accumulated distance [3] is 
measured by:

 (14)

COMPARISON AND DECISION-MAKING 
CIRCUIT DESIGN

Whereupon the command given by the cruise control 
person is perceived in the created system, the compatibility of 
the action of the steersman is compared with the command, 
and an error signal is aimed to be developed in case of 
a divergence. In this context:

– Ship Direction Commands (Starboard, Port) and Ship 
Direction Commands (Forward, Astern) are assessed 
discretely,

– The formation of an error signal has been secured for each 
discrete set, in case of the following:
• A discrepancy occurs between the command given by 

the cruise control person and the action applied by the 
steersman,

• A command is given by the cruise control person, and 
it is failed to be executed by the steersman.

The matrix containing the above-mentioned possibilities 
is presented in Tab. 1.

Tab. 1. Command Probability Matrix

CRUISE CONTROL PERSON

S P A F

ST
EE

RS
M

A
N S 0 1 - -

P 1 0 - -

A - - 0 1

F - - 1 0

S: Starboard, P: Port, A: Astern, F: Forward 
‘1’= Alarm, ‘0’= Proper, ‘-’: Discrete

By taking into account the Command Probability Matrix 
specified in Table-1, a circuit was designed on an Electronics 
Workbench using the MATLAB R2011b program for the 
simulation between the GUI and the ship’s rudder/throttle 
controlled by the steersman; a schematic diagram of the 
designed circuit is shown in Fig. 11. It is ensured that the 
ships are routed to the desired routes with Figure 11.

The integrated circuit (IC) 7486 consists of four 2-input 
Exclusive-OR (Ex-OR) gates in the comparison circuit. At this 
gate, output is 0 when the inputs are the same, and output 1 
when the inputs are different [8]. The truth table of the Ex-OR 
gate is shown in Table 2.

Tab. 2. The truth table of the Ex-Or gate

INPUTS OUTPUTS

A B F

0 0 0

0 1 1

1 0 1

1 1 0

The integrated circuit (IC) 7432 consists of four 2-input 
OR gates in the comparison circuit. The output of this gate 
is the sum of the inputs. The truth table of the OR gate is 
shown in Table 3.
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Tab. 3. The truth table of the OR gate

INPUTS OUTPUTS

A B F

0 0 0

0 1 1

1 0 1

1 1 1

When Fig. 11 is analyzed, the A-H switches are fed 
from a single source, and execute different possibilities 
simultaneously. Signals coming from the steersman, the 
steering that the commands are executed from and the 
throttle will all be connected to the same gauge. 

The comparison circuit compares the signal from the 
DTW, and the signals from the steersman. Only two of these 
are available in hardware.

In order for the ship to navigate on a fixed route and speed, 
a design will be created so that the corrections applied by 
the steersman will not be accepted as inputs. The acceptable 
ranges for these corrections are as follows;
• Route revisions ± 3º;
• Speed revisions ± 0.5 nautical miles

Another issue pointed out in the schematic diagram is that 
the S key is placed right beyond the voltage source. This is an 
indication that, in actual cases, the system will be activated if, 
and only, with the command given by the person who has the 
control of the vessel. In this way, especially in rough waters, 
even if a command is not given by the cruise control person, 
the system will not give any error signals when necessary 
adjustments are made by the steersman in order to navigate 
steadily route and speed. 

Fig. 11. Comparison Circuit Schematic Diagram

All error signals are connected to the ALARM indicator 
led with the 7432 circuit. A single error signal will be enough 
to activate the error signals. 

RESULTS

In this study, by using voice recognition algorithms, 
a system has been developed that will test the compatibility of 
command and its implementation between the cruise control 

person and the steersman. The voice command recognition 
system has been developed by using the MATLAB R2011b 
program with LPC/MFCC and DTW parameters on a GUI 
interface, and the comparison circuit has been designed in 
a manner to regard the actual operations which is displayed 
in schematics by using the Electronics Workbench program.

By means of the “Test Phase” feature added to the system 
software, the voice command recognition software for LPC 
and MFCC parameters has been tested separately, and the 
results are presented in Table 4 and Table 5. A total of 100 tests 
have been carried out with the participation of volunteers of 
both sexes; (The first and fourth users are male, others are 
female). The tests have been conducted in a house located on 
a street with busy-traffic, in front of an open window. 

Tab. 4. MFCC-DTW Combinations Test Results

SUCCESS RATE

USER1 USER2 USER3 USER4

STARBOARD 92% 96% 100% 92%

PORT 80% 84% 88% 84%

ASTERN 96% 96% 92% 96%

FORWARD 84% 80% 84% 88%

STOP 92% 92% 96% 100%

AVERAGE 88.8% 89.6% 92% 92%

Tab. 5. LPC-DTW Combinations Test Results

SUCCESS RATE

USER1 USER2 USER3 USER4

STARBOARD 80% 84% 90% 88%

PORT 84% 76% 88% 84%

ASTERN 92% 88% 92% 84%

FORWARD 88% 84% 92% 80%

STOP 80% 84% 80% 92%

AVERAGE 84.8% 83.2% 88.4% 85.6%

When Tables 4 and 5 are examined, the best results are 
obtained from the combination of MFCC-DTW.

75

80

85

90

95

USER 1 USER 2 USER 3 USER 4

LPC

MFCC

Fig. 12. LPC-MFCC Parameters Test Results
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According to Table 4, average of the users is 90.6%, in the 
MFCC-DTW combination. According to Table 5, average of 
the users is 85.5%, in the LPC-DTW combination. The x-axis 
shows the users in Fig. 12. The y-axis shows percentages of the 
test result. When analyzing the phases of the test results, it 
has been observed that the MFCC-DTW combination results 
are more successful in real-time voice recognition. 

CONCLUSIONS

There is an intense ambient noise; such as meteorological 
conditions, ship noises, the overall bridge noises formed 
during navigation. Therefore, the communication console 
(microphone) to be used by the cruise control person should 
be chosen wisely. 

In direct proportion to the magnitude of manoeuvres, 
the psychological state of the cruise control person, the 
data provided to the command reference-bank during the 
software training phase might show discrepancies [19]. Except 
in the case of fear, stress-related anger, mood changes such 
as sadness, have been observed to increase the success of the 
voice recognition system [20]. 

Due to the extreme variability observed in the sound 
recording in time, it is not always possible to find the closest 
template and determine the correct words. Therefore the 
suggested approach would be the calculation of the average 
performance of the templates obtained after records 
performed at different times and using this template for 
increasing recognition. 

The system is particularly designed to ensure the safety 
of warships during close manoeuvres, and the courses of 
commercial vessels in narrow waters. The sound command 
recognition software of the system can be developed, especially 
for open sea navigation, to contain voice command property 
as in autopilot applications. In this context, the system can be 
improved together with the values given along with direction 
and path commands (starboard 19, speed 8 and etc.). 

The way the system is developed, and with the command 
base to be created in English, the system can take a role as 
a safety mechanism for the English communication problems 
that arise between tugboat captains and the steersman, 
especially among vessels navigating in international ports.
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INTRODUCTION

In the previous studies related to the characteristics 
of aerofoils and hydrofoils, researchers have highlighted 
different three-dimensional phenomena affecting aerofoil 
efficiency. These effects can be the result of some of the 
aerofoil characteristics or corresponding phenomena such 
as aspect ratio [3] and tip-vortex [4-6]. Both aspect ratio and 
tip-vortex may result in a lower lift- to- drag ratio and reduce 
the efficiency of an aerofoil. In this regard, numerous attempts 
have been made to reduce the resulting negative effects and 
increase the efficiency of an aerofoil. However, it has always 
been attempted to reduce the negative effects and increase 
the efficiency of a foil. One of the best methods for increasing 
the efficiency is controlling the flow around the body. 
 Englar [7,8] presented one of the earliest research in this field. 
Its main aim was to control the circulation around airfoils in 
order to reach a higher lift – to -drag ratio. However, no result 

regarding the behaviour of tip vortices during fluid injection 
was presented. Wood and Nielsen [9] conducted a literature 
review regarding this issue. Wood and Robert [10] also 
presented a blowing method for controlling the lift of Delta 
Wings. Wood et al. [11] proposed another control method 
for increasing the efficiency of aerofoils. In another work, 
Modi et al. [12] offerred a method for reducing the drag of 
bluff bodies by using boundary layer method. They proposed 
a control method for the lift of aerofoils by using separation 
control. Their results confirmed that the proposed method 
was suitable for drag reduction; however, they did not provide 
any details regarding the flow regime, when they performed 
the controlling method. Moreover, by using boundary layer 
separation control, Johari and McManus [13] discussed the 
effect of controlling methods on efficiency of the aerofoils. By 
using a pulsed jet controlling the separation on the boundary 
layer of the flow, McManus and Magili [14] also presented 
a different approach for increasing the lift of aerofoils. 
Furthermore, Zha and Paxton [15] proposed a method called 

EFFECTS OF BOUNDARY LAYER CONTROL METHOD 
ON HYDRODYNAMIC CHARACTERISTICS AND TIP VORTEX 

CREATION OF A HYDROFOIL
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ABSTRACT

There is currently a significant focus on using boundary layer control (BLC) approach for controlling the flow around 
bodies, especially the foil sections. In marine engineering this is done with the hope of increasing the lift – to – drag 
ratio and efficiency of the hydrofoils. In this paper, effects of the method on hydrodynamic characteristics and tip 
vortex formation of a hydrofoil are studied. Steady water injection at the tip of the hydrofoil is simulated in different 
conditions by using ANSYS-CFX commercial software. Validity of the proposed simulations is verified by comparing 
the obtained results against available experimental data. Effects of the injection on the lift, drag, and lift – to – drag 
ratio are studied and the ranges within which the injection has the most positive or negative effects,  are determined. 
Furthermore, flow pattern and pressure variation are studied upon the water injection to determine the most positive 
and negative case and to ascertain the main reasons triggering these phenomena.  

Keywords: steady water injection, boundary layer control, hydrofoil, NACA 0015, tip vortex
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co-flow jet in order to enhance the efficiency of aerofoils. Zha 
et al. [16] also employed this method to investigate its viability 
when the aerofoils are in high performance.

Gilarranz et al. [17] initiated a method for controlling flow 
around bodies, which was later experimentally applied to 
NACA 0015 aerofoil [18]. You and Moin [19] also performed 
a Large-Eddy Simulation (LES) in order to control the flow 
around a NACA 0015 aerofoil and further verified their 
simulation by comparing their results against experimental 
measurements by Gilarranz et al. [18]. Their numerical 
approach and controlling method were based on a harmonic 
injection. Agarwal et al. [20] conducted an experimental 
investigation on the pulsed air blowing separation control for 
a NACA 0015 aerofoil. They observed the effects of injection 
frequency on the flow. Similarly, Mack et al. [21] presented 
experimental results of flow control method for aerofoils. 
Later, Gompetz and Brunes [22] made an attempt to control 
the flow around aerofoil section of the wind turbines. 

In recent years, Packard et al. [23] conducted experiments 
based on steadily blown injection and found the best conditions 
for controlling the flow over NACA 643-618 aerofoil. Also, 
Gardner et al. [24] experimentally measured the variation of 
stall angle caused by high-pressure blowing.  Moreover, Zhang 
and Samtaney [25] employed Direct Numerical Simulation 
(DNS) to investigate the effects of frequency on the boundary 
layer separation control. Furthermore, Meng et al. [26] studied 
the plasma-laminar separation bubble control over aerofoils.  
Also, Hipp et al. [27] performed a numerical simulation in 
order to investigate the control of the flow in leading-edge 
of an aerofoil.  Finally, Bernardini et al. [28] performed 
a numerical research in order to obtain the oscillation of flow 
characteristics due to flow control over an aerofoil. However, 
all of the presented methods have not provided sufficient 
information regarding the tip vortices and the behaviour 
of the regime during the flow injection. This is why the tip 
vortices are the main reason triggering three dimensional 
negative effects.    

In this paper, NACA 0015 hydrofoil is selected to investigate 
the steady water injection effects on the flow in vicinity of 
the hydrofoil tip. The hydrofoil is considered in two different 
conditions : with and without tapper ratio. The ANSYS-CFX 
software is utilized and k-ω SST turbulence model is employed 
in order to obtain the flow over the hydrofoil. Lift, drag, and 
efficiency coefficients are determined during water injection at 
the tip of the hydrofoil. The velocity and pressure distribution 
over the hydrofoil are also studied, which can be instrumental 
in further understanding of the effects of steady injection 
of water at the tip of a hydrofoil. Also, the tip vortices flow 
before and during the injection is determined. 

MATHEMATICAL FORMULATION 

PROBLEM DEFINITION

In the current paper, it is assumed that a submerged 
hydrofoil is exposed to a flow with the speed U directed 
against the angle α, as shown in Fig. 1. In this condition, 
the Reynolds number is defined as

RRe
Uc

(1)

where cR is the chord length of the foil at its root section and 
ν is considered to be the fluid kinematic viscosity equal to 
0.894×10−6 m2/s. For the current research, cR is considered 
to be 1 m.  Also, it is assumed that the hydrofoil has a taper 
ratio identified by

T

R

TR
c

c
(2)

in which subscripts T and R refer to hydrofoil tip and root, 
respectively. It is also supposed that the incompressible flow 
with the speed V is injected at the tip of the foil with the angle 
θ with respect to the horizontal line. It should be noted that 
the flow is only injected in the zy-plane. The ratio of the flow 
speed and the injection speed is defined as “U/V speed ratio”. 
The coefficient (CL) of the lift force L acting on the hydrofoil 
is computed as follows:

21

2

L

F

L
C

U A

(3)

and the coefficient (CD) of the drag force D is determined by 
using the formula

21

2 F

D
D

C
U A

(4)

where :  AF is the total wing area, i.e. that which contains the 
areas of the upper and lower surfaces. 

a) b)

c)

Fig. 1. Illustration of the considered problem: (a) three-dimensional view, 
(b) side view, (c) front view.
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GOVERNING EQUATIONS 

It is assumed that the fluid is incompressible and viscous. 
Therefore, the governing continuity equation can be written as

( ) 0                    1, 2, 3i

i

u i
t x

(5)

Also, the governing momentum equation is

________ ________
( ) ( ) ( )i i j ij i j

j i j

pu u u u u
t x x x

(6)

where 

( )ji
ij

j i

uu
x x

(7)

In the current paper, these equations are solved by using 
the commercial software Ansys-CFX  previously employed 
also by several researchers [29-32]. The k-ω SST turbulence 
model adopts the same approach. The transport equation of 
k-ω SST turbulence model may be written as follows :

*( ) ( ) ( )j k k t
j j j

kk u k P k
t x x x

(8)

2 * 2
1( ) ( ) ( ) 2(1 )j t

j j j

u S F
t x x x

(9)

The details of the parameters and their derivation can be 
found in Menter’s report [33]. In the following subsections, 
the modelling method is described.  

NUMERICAL MESHING

Geometry related to the numerical modelling of the 
presented problem is displayed in Fig. 2. As depicted in Fig. 2, 
there are six planes and one body. No-slip boundary condition 
is prescribed at the hydrofoil wall and the hydrofoil root 
is located on the efgh-plane. Three of the planes including 
abfe-plane, bcgf-plane and dcgh-plane, represent  the domain 
inlet. Also, front and back boundaries are considered to have 
a symmetry boundary condition. Finally, the adhg-plane 
represents the domain outlet plane. Information related to 
the boundaries is shown in Tab. 1.

Fig. 2. Illustration of the problem domain

Tab. 1 Boundary conditions of the considered problem

Boundary Condition

Hydrofoil Wall(no slip)

abfe-bcgf-dcgh Inlet

abcd-efgh (Front and Back) Symmetry

Adhe Outlet

NUMERICAL MODELLING

In the present simulations, a structured mesh is generated. 
Each cell has a hexahedron shape which can enhance the 
simulation quality of the tip vortices at the tip of the hydrofoil. 
Hence, such approach will yield more accurate results for this 
specific problem. Since the variation of physical parameters 
of the fluid flow in the neighbourhood of the hydrofoil is 
dramatic, the generated mesh in vicinity of the hydrofoil 
should be highly compact in comparison with the far field. 
Accordingly, to achieve more precise results at the tip of the 
hydrofoil at which tip vortices exist, mesh is generated with 
a higher density at the foregoing location. The schematic 
diagram of the generated mesh is depicted in Fig. 3.  The 
above-mentioned solver of the Ansys-CFX code uses the 
FVM ( Finite- Volume- based Finite Element) discretization 
technique for numerical solution of the problem [34].

a) b)

c)
Fig. 3. Schematic diagram of the generated mesh: a) longitudinal section,  

b) close-to view at leading edge of wing tip , c) close-up view at trailing edge 
of wing tip
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DOMAIN AND GRID-REFINEMENT STUDY

In this section, a study is carried out on the sensitivity of 
the results on grid density. In order to find the most efficient 
numerical mesh formation, the study is performed based 
on the lift coefficient results. To start with, a coarse mesh is 
generated with 1 200 000 cells. Subsequently, the lift coefficient 
for a hydrofoil with TR=1 at Re = 1 000 000, α = 6.5 and θ = 45 
is computed. Afterward, a medium mesh and a fine mesh are 
generated with 2 500 000 and 3 400 000 cells, respectively. 
Again, lift coefficient for both fine and medium mesh are 
computed. A clustered column is displayed for this study in 
Fig. 4.  As observed in this figure, the difference between lift 
coefficients for medium and fine mesh is very small. Therefore, 
the numerical solution process performed for the medium 
mesh may result in time saving. Accordingly, the medium 
mesh is adopted.  

0

0,05

0,1

0,15

0,2

0,25

0,3

coarse medium fine

C
L

Fig. 4. Lift coefficient versus kind of mesh

VALIDATION

The present simulation is verified by comparing the 
computed pressure against the experimental results of 
Gilarranz et al [18]. Flow over a NACA 0015 foil was controlled 
by them at the frequency of 130 Hz and α=27.2. In the 
conducted simulations, flow was injected with jet momentum 
coefficient of Cμ=0.0254 at the tip of foil. The parameter Cμ 
is defined as follows [35]:

2 2
R/ ( )N REF EFC hu x U (10)

In which h is the width of neck, uN is the amplitude of neck, 
xREF is the chord length and UREF is the free stream velocity. 
This parameter indicates the ratio of the neck momentum 
to free- stream momentum.

Cμ may be also obtained by using the RMS value of the exit 
slot velocity or even the average value of the velocity at the 
jet exit slot. The comparison between the computed pressure 
and experimental results are displayed in Fig. 5. As evident 
in this figure, the numerical results and experimental data 
are in good agreement. Experimental data corresponding 
to fluid injection are very limited for further verification. 

However, the accurate pressure distribution presented for 
α = 27.2 can be considered a reliable criterion for capturing 
the overall trends for different simulations.
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x/c

Exp. of Gillarranz et al.
Current Simulation

Fig. 5. Comparison of computed and measured data [18] for NACA 0015 foil 
at f=137 Hz, Cμ=0.0254 and α=27.2.

RESULTS

The problem analysed in the current study is related to 
a NACA0015 foil with the aspect ratio of 3 and TR of 1 and 
0.7. The Reynolds number is assumed to be 1 000 000. Two 
angles of attack : α = 6.5 and 17 degrees are taken into account. 
The injection velocity is 1 [m/s] and the injection angle (θ) 
varies from -20 degrees to 70 degrees. For each injection 
angle, a numerical simulation is conducted. The results are 
organized in three different sections. In the first section, 
lift, drag, and efficiency coefficients are presented. In the 
second part, flow pattern and velocity distribution during 
the injection are studied. Ultimately, pressure distribution 
over NACA 0015 hydrofoil is presented during the steady 
injection of water. 
Tab. 2. Characteristics of the considered cases

Case 1 Case 2

Span 3 3

TR 1 0.7

Chord length at tip 1 0.7

Chord length at root 1 1

Aspect ratio 3 3

Re 1e6 1e6

α 6.5-17 6.5-17

θ -20 ~ +70 -20 ~ +70

U/V 0.894 0.894

HYDRODY NAMIC CHAR ACTERISTICS AND 
EFFICIENCY RATIO

In this section, the effects of fluid injection on the 
hydrodynamic coefficients are studied, first. The lift force 
coefficient (CL) is computed for the hydrofoil at α=6.5 and 
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17 degrees and various injection angles for two taper ratios. 
For computing the CL for the foregoing cases, the lift force is 
considered to be associated only with the pressure integration 
on the hydrofoil surface and the fluid injection momentum is 
not taken into account. In Fig.6 and 7, the effects of injection 
angle are illustrated. Regarding the injected fluid direction, 
no momentum component exists in the drag force direction. 
Both the injected flow location and velocity profile affect the 
lift variation. When the injection angle increases from -20 
to 0 [deg], CL increases. On the other hand, it is demonstrated 
that an increase in the injection angle from 0 to 70 degree 
results in lift coefficient reduction. Therefore, it can be 
concluded that the interaction between the injected fluid 
and the tip vortices occurring on the hydrofoil tip varies the 
pressure field and consequently, the lift coefficient declines. 
It should be noted that, according to Fig.6, the increase in 
the lift is of the same order as the accuracy of the method. 
However, the method is reliable enough for finding the overall 
trend of the lift. In order to verify this statement, a finer grid 
should be selected which is computationally very expensive in 
case of this problem. The interaction between injected fluid 
and tip vortices effects on the pressure field are thoroughly 
discussed in subsection 2.4.
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Fig. 6. Effect of injection angle on CL : (a) α=6.5 , TR= 0.7; (b)  α=6.5 , TR= 1; 

(c) α=17 , TR= 0.7; (d)   α=17 , TR= 1

In Fig. 7, variation of drag coefficient is plotted versus 
injection angle. As the injection angle increases from -20 
to 70 degrees, the drag coefficient declines. The interaction 
between the tip vortices on the lower side , the upper side, 
and the injected fluid in vicinity of the hydrofoil tip results 
in the foregoing decrease in the lift coefficient. As a result of 
this interaction, the cross-flow is generated partially away 
from the hydrofoil tip; hence, the effect of the cross-flow on 
the hydrofoil grows weaker and consequently, the induced 
drag diminishes. It is also observed in Figs. 7(a) and 7(b) that 
an increase in the injection angle from 60 [deg] on, reverses 
the trend of the drag coefficient variation. 
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Fig. 7. Effect of injection angle on CD : (a) α=6.5 , TR= 0.7; (b) α=6.5 , 

TR = 1; (c) α=17 , TR= 0.7; (d)  α=17 , TR= 1

The trend of efficiency versus the injection angle is shown 
in Fig. 8. In this work, efficiency is defined as

L

D

C

C (10)

In all run cases, it is exhibited that as the injection angle 
increases, the efficiency increases. As shown in Fig. 6 and 
7, when the injection angle increases, lift coefficient rises 
and drag coefficient declines. With regard to the efficiency 
definition, the drag coefficient decline is more significant 
than the augmentation of the lift coefficient; consequently, 
efficiency rises. In contrast, from the angle of 60 [deg] on, 
due to the drag coefficient increase (Figs. 6 (a) and 6 (b)), the 
efficiency lowers (Fig. 8 (a) and 8 (b)).
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Fig. 8. Effect of injection angle on CL/CD : (a) α=6.5 , TR= 0.7; (b)  α=6.5 , 

TR= 1; (c) α=17 , TR= 0.7; (d) α=17 , TR= 1
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In order to investigate the performance of the proposed 
method, the results should be compared against the run cases 
without injection. To indicate the fluid injection performance, 
a parameter has been defined. This parameter  -  called 
Efficiency Variation Percentage- is defined as follows:

*

*

*

*

% 100

L L

D D

L

D

C C

C C
V

C

C

(11)

where superscript  refers to the case without injection. 
Efficiency variation percentage for the run cases with injection 
and without injection is displayed in Fig. 9. According to Fig. 
9(a), 9(b), and 9(d) at the angle of attack ranging from -20 
to 20, -20 to 25, and -20 to 45 degrees, respectively, the flow 
injection has a negative effect on the hydrofoil performance. It 
is observed that maximum effectiveness of the fluid injection 
occurs at fluid injection angles of 55 and 70 degrees. It can 
be inferred from Fig. 9(c) that at all fluid injection angles, the 
performance is negative. Therefore, regarding the injection 
location, velocity profile and its value, this method is not 
suitable for the case (c).
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Fig. 9. Effect of injection angle on V% : (a) α=6.5 , TR= 0.7; (b)  α=6.5 ,  

TR= 1; (c)  α=17 , TR= 0.7; (d) α=17 , TR= 1

FLOW PATTERN

Fig. 10 is presented to indicate the sections and lines 
utilized for the analysis of flow pattern and pressure coefficient 
distribution. 

Fig. 10. Schematic profile of cross -section and transverse section

X is a non-dimensional parameter which is defined by

x
X

C

(12)

z
Z

C
(13)

where z is the distance from the hydrofoil root to a cross-
section. In the present and following subsections, the effect of 
the injected fluid on the flow pattern and pressure coefficient 
distribution around the hydrofoil is investigated. To illustrate 
these effects, the results of two simulations are presented (case 
1 and case 2) as shown in Tab. 3.
Tab. 3. Flow pattern and pressure coefficient distribution for the investigated 

cases.

Case 1 Case 2 Case 3

Α 6.5 6.5 6.5

Θ -20 +55 Without Injection

TR 1 1 1

CL 0.2589 0.25179 0.23174

CD 0.015341 0.01225 0.011862

Re  1e6 1e6 1e6 

U/V 0.894 0.894 0

As shown in Fig. 9, the positive effect of the fluid injection 
on efficiency in case 1, compared to the case without fluid 
injection, is the least. In case 2, the most positive impact 
on the efficiency, compared to the run case without fluid 
injection, is observed. In this section, the effect of the fluid 
injection on the flow pattern near the upper surface of the 
hydrofoil is investigated. Accordingly, the distribution of  the 
velocity component w along the line perpendicular to the 
hydrofoil chord line is analysed. According to Fig. 10 and 
11, the perpendicular lines are defined by X and Z.  Values 
of the coordinates are given in Tab. 4.
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a) b)

Fig. 11. The designated perpendicular lines whose coordinates are indicated 
in Tab. 4

Tab.4. Perpendicular line coordinates for the flow pattern investigation

X Z

Line 1 0.5 0.5

Line 2 0.5 1.4

Line 3 0.5 2

Line 4 0.5 2.7

Line 5 0.5 2.8

Line 6 0.5 2.9

Line 7 0.2 2.9

Line 8 0.4 2.9

Line 9 0.6 2.9

Line 10 0.8 2.9

As shown in Fig. 12(a), the variation of the velocity 
component w is insignificant in cases 1, 2 and 3, in comparison 
with each other. Regarding the location of line 1 (adjacent 
to the hydrofoil root), the tip vortices effects on the vicinity 
of this region is minimal. Similarly, as shown in Fig. 12(a) 
and 12 (b), the order of this variation is 0.001. However, in 
comparison with the previous figures, this variation has 
substantially increased. This trend seems logical, since line 
1 in comparison with line 2, is closer to the hydrofoil tip; 
consequently, the effects of the interaction of the tip vortices 
and injected fluid on the velocity component on line 2 is a bit 
more significant. As it is observed, the resulting velocity 
component w near the upper surface of the hydrofoil in cases 
1 and 2 is lesser than in case 3 due to the above mentioned 
effects. Moreover, according to Fig. 12(c) and 12(d), it can 
be claimed that the velocity component w, close enough to 
the surface, in case 1 is lesser than in case 2. However, far 
from the surface, w -component increases. Indeed, vortices 
are washed away from the upper surface of hydrofoil due to 
injection angle in case 1. Therefore, it can be concluded that 
the effects of fluid injection are more significant in vicinity 
of the upper surface of the hydrofoil in case 1, in comparison 
with the case 2. In Fig. 12(d), compared to Fig. 12(a), (b) 
and (c), it can be seen that the absolute value of the velocity 
component w has increased, since this line is located adjacent 
to the hydrofoil tip, and the tip vortices effects on this area 
are very substantial. In these figures, the comparison between 
the cases 1 and 2 clearly illustrates that in region close to the 
surface, the velocity component w in the case 1 is smaller than 
in the case 2 (0 < y <0.3). However, at farther distance from 
the surface, the velocity component w is larger in the case 1 

than in the case 2. Generally, it can be observed that in the 
vicinity of the hydrofoil tip, the positive effects of injection 
(reduction of the velocity component w) on the upper surface 
of the hydrofoil in the case 1 are greater than in the cases 
2 and 3.
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Fig. 12. Distribution of the velocity component w:  (a) Z=0.5; (b) Z=1.4;  

(c) Z=2 ; (d) Z=2.6 ; (e) Z=2.8 ; (f) Z=2.9

The velocity distribution diagram has been plotted for the 
lines 6 to 10 in Fig. 13. As listed in the Tab. 4, these lines are 
located at the tip leading edge to the tip trailing edge of the 
hydrofoil. Generally, it can be observed that in the region close 
to the upper surface of the hydrofoil, the velocity component 
w for the case 1 from the lines 6 to 10 (Fig. 13(a) and 13(d)) is 
smaller than in the cases 2 and 3, and finally in the area close 
enough to the surface of the hydrofoil tip, this value changes 
to positive. This is well associated with the flow injection 
and the closeness to the hydrofoil surface, which in turn 
prevents the cross-flow from formation, and thus the velocity 
w becomes smaller, and consequently its sign changes into 
positive (Fig. 13 (d)). As shown in Fig. 6, it can be observed 
that the lift coefficient in the case 1 is greater than in the case 
2, which is well associated with the reduction of the velocity 
component w in vicinity of the hydrofoil , that demonstrates 
the reduction of the cross-flow effect. According to Fig. 13, 
it can be seen that at the farther locations from the upper 
surface of the hydrofoil, the absolute value of the velocity 
component w for the case 1 is greater (more negative) than 
its value in the cases 2 and 3. Certainly, regarding the fluid 
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injection angle of -22 degrees, it can be concluded that vortices 
are formed at the farther distance from the hydrofoil upper 
surface in the case 1 comparing to the cases 2 and 3. In other 
words, they are washed away in the upward direction; hence, 
the negative effects of vortices on the velocity component w 
can be sensed at the farther distance. In all of the plots in the 
case 2, the velocity component w is smaller than its value in 
the case 3. This clearly shows that fluid injection prevents the 
cross-flow from formation in the vicinity of the hydrofoil. 
In this case, vortices are led toward the lower surface of the 
hydrofoil, and consequently smaller value of the velocity 
component w is obtained.
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Fig. 13. Distribution of the velocity component w:  a) X=0.2; (b) X=0.4;  

(c) X=0.6 ; (d) X=0.8

PRESSURE

In this section, the effects of the fluid injection on the 
pressure distribution over the surface of the hydrofoil are 
examined. Like in the section 4.2, the run cases 1 and 2 are 
selected and analyzed. Pressure distribution in the cross and 
transverse sections are examined. The cross and transverse 
sections are depicted in Fig. 10. X is a non-dimensional 
parameter, as shown in Fig. 10. Four sections are chosen 
for both cross and transverse orientations. The transverse 
sections X = 0.2, X = 0.4, X = 0.6 X = 0.8 and the cross sections 
Z = 1, Z = 1.7, Z = 2.7, Z = 2.8 and Z = 2.9 are considered. It 
should be noted that for the evaluation of effectiveness range, 
the effect of the interaction between the injected fluid and the 
cross-flow on pressure distribution is considered at the cross 
sections Z = 1 and Z = 1.7 for the cases 1 and 2, respectively. 
Firstly, in order to investigate the effects of the injected fluid 
on the pressure distribution, the graph of pressure coefficient 
distribution is drawn at the specified sections for the cases 1 
and 3 , that is depicted in one plot in Fig. 14 and 15. Fig. 14(a) 
shows the distribution of the pressure coefficient Cp of the 

hydrofoil at the transverse section X = 0.2. This figure clearly 
illustrates the effects of the injected fluid on Cp-distribution 
in comparison with the run case without fluid injection. It 
is evident that the pressure difference between the upper 
and lower surface of the hydrofoil increases during the fluid 
injection, and consequently the lift force increases. Moreover, 
pressure variation in the run case without fluid injection 
is significant from Z = 1.8 to Z = 3. However, during the 
fluid injection, the variation begins farther from the root in 
comparison with the run case without fluid injection (Z = 2.5 
to Z = 3) that well proves the effect of the fluid injection.

Fig.14 (b) displays the pressure coefficient distribution of 
the hydrofoil at the cross section X = 0.4. In comparison with 
the cross section X =0.2, for the cases with fluid injection 
the pressure variation occurs at lower Z (i.e. Z = 2 to 3). The 
pressure variation in the run case without fluid injection 
occurs at Z = 1.1 to Z = 3. Evidently, the difference in pressure 
distribution for the upper and lower surface of the hydrofoil 
increases during the fluid injection, and as a result, the lift 
increases. Generally, these observations clearly demonstrate 
the effect of fluid injection. It is also seen that, at cross section 
X = 0.4, the lift coefficient distribution is less advanced than 
its distribution at the cross section X = 0.2. 

Like in the cross sections X = 0.2 and X = 0.4, as it is shown 
in Fig. 14(c) and (d),  in the run case with the fluid injection, 
the pressure difference between the lower and upper surfaces 
of the hydrofoil is higher than in the run case without fluid 
injection. The pressure difference on the upper and lower 
surfaces does not drop, as the injected fluid at the hydrofoil 
tip hinders cross-flow formation. During the fluid injection at 
the tip of the hydrofoil (Z = 3), velocity increases significantly; 
hence, comparing to the run case without fluid injection 
a steep reduction in Cp- coefficient value can be seen in all 
cases with fluid injection. In the considered case with fluid 
injection, pressure variation at the tip of the hydrofoil for 
all cross sections is smoother than in the case without fluid 
injection, and a comparably negligible jump is detected.
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Fig. 14 Effect of injection angle on distribution of the pressure coefficient Cp 
in the case 1 : (a) X=0.2; (b) X=0.4; (c) X=0.6 ; (d) X=0.8
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In Fig. 15, pressure coefficient distribution on the cross 
section is plotted. To study the effects of fluid injection on the 
hydrofoil, Fig. 15 (a) has been sketched. As it is shown in this 
figure, the injected fluid does not have a significant effect on 
the pressure coefficient distribution at Z = 1.7 in comparison 
with the run case without fluid injection. The effects of the 
injected fluid exist at Z = 1.7 to Z = 3. In the plots 15(b), (c), and 
(d), it is clearly demonstrated that during the fluid injection, 
the pressure coefficient difference between the upper and lower 
surfaces increases in comparison with  the run case without 
fluid injection. In other words,  fluid injection prevents the 
vortex formation (the velocity component w decreases) at the 
tip of the hydrofoil, and consequently hinders the pressure 
drop. This justifies in a different way the increase in lift in 
the run case with fluid injection in comparison with the run 
case without fluid injection.
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Fig. 15. Effect of the injection angle on distribution of the pressure coefficient 
Cp  in the case 1:  (a) Z=1.7;(b) Z=2.7;(c) Z=2.8 and (d) Z=2.9

In order to determine the effects of the fluid injection on 
the pressure distribution, the graph of the pressure coefficient 
distribution is drawn and analysed at different sections for the 
cases 2 and 3 (Fig. 16 and 17). To compare the two cases, the 
pressure coefficient distribution of the hydrofoil at transverse 
section X = 0.2 is depicted for both the cases 2 and 3 in Fig. 
16(a). Lift coefficient increase in the case 2 comparing to 
the case 3 is well associated with the increase in pressure 
difference on the upper and lower surfaces of the hydrofoil 
, initiated by the injected fluid. Like in the case 1, pressure 
variation for the case 2 begins farther from the root (Z =1.4 to 
Z =3) in comparison with the run case without fluid injection 
(Z = 1.1 to Z =3).  

The pressure coefficient distribution of the hydrofoil for 
the cases 2 and 3 at the cross section X = 0.4 is displayed in 
Fig. 16(b). The pressure variation in the run case without fluid 
injection occurs in the range from Z = 1.6 to Z = 3. Clearly, 
during the injection of the fluid, the difference in pressure on 
the upper and lower surface of the hydrofoil increases, and 
consequently, lift increases too. Like in the case 1, it can be 
seen that in the cross sections adjacent to the leading edge, 

lift coefficient is greater than that at the trailing edge for the 
both cases of with and without fluid injection. 

As is seen in Fig. 16 (c) and (b), like in the cross section 
X = 0.2 and X = 0.4 ( see plots (a) and (b)) in comparison with 
the run case without fluid injection, when fluid injection 
is conducted, adjacency to the trailing edge yields higher 
difference in pressure distribution on lower and upper 
surfaces. Like in the case 1, the interference of the injected 
fluid with the cross-flow at the tip of the hydrofoil prevents 
the pressure difference on the upper and lower surfaces from 
dropping. Flow speed in vicinity of the tip of the hydrofoil 
increases during the fluid injection (reduction in w- value); 
therefore, Cp experiences a sharp reduction which can be 
revealed by comparing the sections in the run case with fluid 
injection to the sections in the run case without fluid injection. 
In all of the sections for the run case with fluid injection, 
pressure variation at the tip of the hydrofoil is smoother than 
in the run case without fluid injection.
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Fig. 16. Effect of the injection angle on distribution of the pressure coefficient 

Cp  in the case 2 : (a) X=0.2; (b) X=0.4; (c) X=0.6 ; (d) X=0.8

In Fig. 17, pressure coefficient distribution is depicted in 
the different cross sections for the cases 2 and 3. To study 
the effects of fluid injection on the hydrofoil, Fig. 17(a) has 
been sketched. Influence of fluid injection on the pressure 
coefficient distribution is very subtle in cross sections Z = 1 
in comparison with the run case without fluid injection. 
Therefore, effects of the fluid injection in the range of Z = 1 to 
Z = 3 is quite clear. As displayed in the plots 17 (b), (c), and (d), 
like in the case 1, when fluid is injected, pressure coefficient 
difference between the upper and lower surfaces increases in 
comparison with the run case without fluid injection, and 
consequently , lift coefficient increases in comparison with 
the case 3. Like in the case 1, hindrance of vortex formation 
due to fluid injection is another reason for the increase in 
the lift force.
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Fig. 17. Effect of the injection angle on distribution of the pressure coefficient 
Cp  in the case 2: (a) Z =1 ; (b) Z =2.7; (c) Z =2.8 ; (d) Z =2.9.

EFFECT OF INJECTION AT TIP VORTICES

In order to acquire a better understanding of the effects 
of the fluid injection on the tip vortices, pressure contours 
around the hydrofoil are presented in Fig. 18. In the figure, 
the three cases : 1) – no injection, 2) – injection with the 
angle of 55 degrees, and 3) – injection with the angle of -22 
degrees) are also presented for Re=1 000 000 and U/V=0.894. 
The angle of attack is considered to be equal to 6.5 degrees, 
while the foil body is considered to be rectangular and TR = 1. 
The chord length is also equal to 1. The pressure contours 
are presented at the different transverse sections ranging 
from x/cR=0 to 0.8. Three injection conditions are considered. 
In the first condition, no injection is conducted, while the 
second condition is the case with maximum injection angle 
of +55 degrees, and the third condition is the case with 
the minimum injection angle of -22 degrees.  Based on the 
presented contours , it is evident that the injection pushes 
away the vortices from the tip. In the case with injection 
angle of +55 degrees, the vortices  are directed toward the 
lower surface of the foil, and in the case with injection angle 
of -22 degrees, they are directed toward the upper surface. 
Based on the obtained pressure, it is concluded that during 
the injection, the area over which negative pressure grows, 
gets larger; which is why the injection leads to an increase 
in the lift force. 

No injection θ=55 θ =-22
X=0.2

No injection θ=55 θ =-22
X=0.4
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CONCLUSIONS

Application of the boundary layer control (BLC) method for 
controlling flow around bodies and in particular foil sections 
has recently been receiving wide attention among researchers.  
In marine engineering, this method is employed to increase 
the lift- to -drag ratio and efficiency of the hydrofoils.  
Accordingly, in this paper, effect of the considered method 
on the hydrodynamic characteristic and tip vortex formation 
around a hydrofoil is studied. Steady water injection at the 
tip of the hydrofoil is simulated in different conditions by 
using ANSYS-CFX commercial software, where the flow is 
injected in the yz-plane.  

Results of the simulations indicate that an increase in the 
injection angle between -20 and 0 degrees at the hydrofoil 
tip results in an increase in the lift coefficient, while further 
increase in the range of 0 to 70 degrees reduces the lift 
coefficient. On the other hand, at the angle of attack equal 
to 6.5 degrees and for fluid injection angle ranging from -20 to 
60 degrees, the drag coefficient shows at first a downward 
trend and then increases. At the angle of attack of 17 degrees, 
an increase in the injection angle causes a decrease in the drag 
coefficient. Based on the definitions of efficiency and efficiency 
variation percentage, it is observed that fluid injection effects 
(with regard to the injection location, velocity and angle) at 
some injection angles are conducive to positive efficiency 
variation, and at some other angles adversely affects the cross-
flow which in turn have an influence on the hydrodynamic 
performance of the hydrofoil.  From the investigations the 
following results have been obtained:

The most constructive effect on the efficiency occurs for 
the angle of attack of 6.5 degrees and for the injection angle of 
55 degrees. The efficiency variation percentage in this case is 
5.21%. For the case with the angle of attack of 6.5 and the injection 
angle of -20 degree, the negative effect of  tip vortices intensifies 
and the efficiency variation percentage becomes -13.61%.  
Based on the plots of efficiency variation percentage, it can 
be observed that BLC method requires a suitable injection 
angle. Furthermore, the effective system parameters such as 
fluid injection location, velocity profile, and the fluid injection 

angle should be properly and carefully selected in order to 
enhance the performance. It should also be noted that the 
accuracy of the results also depends on hydrofoil series and 
geometry.  

Moreover, in this paper, the flow pattern during the 
injection is also studied and it is found that the flow regime 
is not changed in the neighbourhood of the foil root for all 
injection angles. Furthermore, effects of injection on the 
formation of the tip vortices are studied at the maximum 
and minimum injection angles. At the injection angle of 
22 degrees, the vortices are moved upward, and as a result 
their negative effect on the lift force and pressure is reduced. 
However, at the maximum injection angle reaching 55 degrees 
the formed vortices are washed downward. 

Finally, it should be noted that the numerical prediction of 
the drag is less accurate than prediction of the lift; however, 
the main objective of this paper has been to demonstrate the 
overall trend of Cd - coefficient corresponding to each angle 
of injection. In other words, in this paper, the influence of 
variation of the injection angle on Cd has been investigated. 
Although, it is probable that the predicted drag is not as 
accurate as the predicted lift, the overall trend of the drag is 
accurate enough to show the effect of injection or angle of 
injection on the performance of the hydrofoil.    

Future studies related to this work include investigation 
of the effects of time-harmonic-injection by which some 
other effects may be observed. Furthermore, coupling of 
the present simulation with an optimization algorithm for 
finding an optimized injection condition for the rudder of an 
underwater vehicle is another important future task.
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INTRODUCTION

The main trends in design of ships and floating objects 
are design for safety and design for operation, based on the 
complex approach containing the predicted operational 
characteristics and functions of an object as an element of 
transport system. In the systemic approach to the ship safety 
assessment the reliability of life saving appliances on board 
ship is a vital element included in the ship design process [7]. 

Life saving appliances in the time of search and rescue 
(SAR) action are considered as the elements of SAR system 
and the determination of their performance is vital for the 
assessment of SAR action reliability [2, 4].

The pneumatic life raft is the most commonly used type of 
life saving appliances on board ships and recreational boats. 
Due to hydrostatic release mechanisms the pneumatic life raft 
can be used in most emergency cases, in sudden accidents of 
ship loss, being automatically launched from 4 m depth and 
inflated on the water surface. 

The main idea of the design of a pneumatic life raft 
has not been changed since more than 50 years. The basic 
objectives are still the small storage space on the deck on 
board ship, operation independent on weather conditions, 
automatic launch when ship is sinking, low cost of purchase 
and operation. 

The lack of any significant changes in the life raft 
construction, improving its operational parameters, is due 
to the economical reasons. Ship owners are interested in the 
purchase of not expensive equipment. The main criterion is 
to satisfy the requirements and availability of maintenance 
services. The requirements are comprised in the classification 
rules, European Union directives and international lifesaving 
appliances (LSA) code [6, 10, 11, 14].

The most important factors determining the success of SAR 
action are the survivor’s time to survive, search probability 
and efficiency of search and rescue action. 

The main conclusions coming from the reports of SAR 
actions at sea and the own research conducted in real sea 
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ABSTRACT

The paper presents the experimental and numerical investigations of a novel design of a pneumatic life raft in calm 
water conditions. Two main issues were considered: the life raft performance under tow and its resistance in calm water 
conditions. The experiment and CFD simulations were performed by using the full scale prototype to eliminate the 
scale effect. The towing tank tests confirmed the results of numerical computations. The compatibility of the results of 
numerical and experimental tests was high mainly because the new life raft does not deform under the hydrodynamic 
and aerodynamic loads. The characteristics similar to rigid body behaviour result mainly from a new construction 
and materials used for manufacturing the life raft.
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conditions by Gdynia Maritime University [4, 5, 6] show 
the direct influence of life raft shape, construction materials, 
equipment and operational characteristics on the above 
mentioned factors. One of the main operational characteristics 
of a life raft is its performance under tow.

The paper presents the CFD (Computational Fluid 
Dynamics) simulations of the life raft performance under 
tow, carried out at Gdynia Maritime University. The results of 
the numerical prediction of towing resistance were compared 
with the results of physical model tests. The tests were carried 
out in the towing tank of Ship Design and Research Centre 
in Gdansk according to the research program developed at 
Gdynia Maritime University.

The comparison of CFD computations and real- scale 
measurements of life raft towing characteristics has been 
done in two loading conditions, with a drogue? and without it. 

A PROTOTYPE OF INNOVATIVE 
PNEUMATIC LIFE RAFT

Gdynia Maritime University having multi- year experience 
in testing life rafts in real sea conditions has developed 
procedures to determine the life raft operational safety 
characteristics. 

On the basis of this experience a prototype of an innovative 
life raft has been manufactured by Lubawa S.A. in scientific 
cooperation with Gdynia Maritime University and Military 
Institute of Technical Engineering in Wroclaw ( very 
experienced in special materials design), within the frames 
of R&D project [13, 18]. 

The novel construction included a pneumatic two-layer 
floor with a gravitational drainage system, two-layer canopy 
and entrance lock designed mainly for cold protection and 
resistance against deformation of the construction [17]. 

The life raft has been manufactured of the rubberized 
textile of a good resistance to heavy sea weather conditions, 
good resistance to UV radiation, low and high temperatures, 
ageing and high resilience to wear and rupture. 

The bright orange colour and radar reflectors integrated 
with the canopy increase the life raft detectability in the 
ranges of visual observation, thermal infra-red and radar 
detection [20]. 

The new life raft consists of four independent inflated 
compartments: two ballast compartments, canopy 
compartment and pneumatic floor compartment. The 
properly inflated compartments suffer no deformations 
under towing and show much better characteristics similar 
to the rigid body behaviour in comparison to the old type life 
rafts, manufactured in Poland over 10 years ago by Stomil 
Grudziądz enterprise – Fig. 1.

Fig. 1. Deformation of the canopy of a 6- person life raft - real scale tests in the 
wind tunnel of Institute of Aviation , Warsaw, Poland [4]

The new designs of life saving appliances having 
characteristics not covered by the requirements of SOLAS 
(Safety of Life at Sea) Convention Part III and LSA Code 
should be recognized by Maritime Administration and 
meet the requirement of equal or higher safety level than 
that adopted in the rules. Before the recognition Maritime 
Administration should confirm that according to IMO 
requirements the new lifesaving appliances have been tested 
and comply with the requirements of SOLAS Convention 
and LSA Code [11].

In the light of the regulations a fully occupied life raft with 
operating drogue should withstand towing with the speed of 
at least 3 knots in calm water conditions. The total mass of a 
life raft with equipment and container should be no greater 
than 185 kg. The canopy should not collect the water and the 
towline breaking force should be not less than 7 kN for the 
life rafts of capacity no greater than 9 persons. 

The recommended standard mass of a survivor to be 
assumed in the calculations should be equal to 75 kg. This is 
much less than the average mass of a seaman [15], therefore 
the mass taken in the experiments and calculations presented 
in this paper was equal to 82.5 kg according to Det Norske 
Veritas (DNV) classification rules [17]. 

This assumption allows to certify the life raft by DNV-GL 
(Det Norske Veritas -Germanisher Lloyd), because all vessels 
which keel was laid up over 1 January 2012, with respect to the 
DNV rules [17], should be equipped with life rafts, approved 
for the assumed mass of 82.5 kg. This mass should be also 
taken in calculations of devices for picking up survivors from 
the water [9].

The design calculations for the life raft concerned 
hydrostatic, hydrodynamic and aerodynamic characteristics, 
and characteristics influencing the probability of life raft 
detection (Fig. 2).

For the assumed mass of a survivor equal to 82,5 kg the 
total mass of the life raft including 8 persons and equipment 
was 760 kg. 

The elements of the life raft, their masses and areas used 
in calculations are presented in Fig. 3 [3, 18].
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Start 
Buoyancy chambers

shape definition

Canopy 
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Calculations of weights 
and centre of gravity 

Calculation of geometrical
characteristics of life raft

Calculation of liferaft
stability 

Safety function 
assessment 
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satisfied Yes 
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Ballast system 
shape definition

Drogue system 
shape and fastening

definition 

Fig. 2. Life raft design characteristics influencing probability of detection [1]

Fig. 3. The elements of the life raft, masses (m) and areas (P) [18] 

The weights of survivors were modelled by ballast. For that 
purpose the plastic containers were positioned on the floor of 
the life raft. For the loading condition equivalent to weight 
of 1 person and equipment – the ballast was installed at the 
side of the towline connection. In second loading condition 
equivalent to the weight of 8 persons and equipment the 
ballast was distributed evenly along the sides of the life raft.

Due to a specific character of the tested object, the tests were 
carried out according to a non- standard test procedure. The 
life raft was towed by the carriage; the towline was installed 
at the floor level and was connected to the dynamometer at 
the carriage (Fig. 4). 

Fig. 4. Model test of the novel life raft tied to the carriage, loading condition: 
1 person, V = 0 m/s

The measuring range of dynamometer was 1500 N and 
measurement uncertainty at the 95% confidence level was 
0.075 N. 

For the ballast corresponding to 8 persons and towing 
speed of 0.7 m/s and 1.5 m/s the life raft was equipped with 
a drogue.

The mean values of the measured resistance are presented 
in Tab. 1.

Tab. 1. Mean resistance values of the life raft
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1,50 952,9 8 660,0 Yes
1,50 1419,9 8 660,0 Yes

During the test of the life raft with 660 kg ballast and 
connected drogue at speed 1.5 m/s the measured resistance 
has exceeded measuring range of the dynamometer. As 
a result it caused a decrease of mean resistance value for 
this configuration. 

The test results of the trials are presented in Fig. 5. 
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Fig. 5. Towing resistance in time series - model tests results of the life raft 
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NUMERICAL PREDICTION OF LIFE RAFT 
TOWING RESISTANCE

The CFD technique allows the modelling of a space 
surrounding the life raft divided into cells. The applied 
Reynolds-averaged Navier–Stokes (RANS) equations give 
the approximate time-averaged solutions in each cell. The 
CFD software utilized in the presented research was Flow 
Vision HPC, whose code is based on the finite volume method 
(FVM) and uses the VOF method for the free surface problems 
solutions [19]. 

The simulations were performed by using the overlapping 
mesh technique. The assumption of this approach is that 
one of the meshes is stationary in the whole computational 
domain, related to the global reference system (GPS). The 
second mesh modelling the life raft is related to a local 
reference system (LRS), whose movement is determined by 
model of six degrees of freedom (6DOF) implemented into 
the program, with special consideration of three degrees of 
freedom (3D) – pitch, roll and heave.

The numerical 3D model of the life raft used in CFD towing 
simulations and computational domain shape with the given 
boundary conditions are presented in Fig. 6 and 7.

Fig. 6. Numerical model of the life raft and reference system related 
to the life raft

Fig. 7. Computational domain and arrangement of the reference systems and 
boundary conditions

The high accuracy of computation is achieved by solving the 
governing equations in the ‘free surface’ cells (the cells partly 
filled with liquid). The simulations of turbulent flows were 

based on the eddy viscosity concept and k-ε semi-empirical 
turbulence model was applied. The practical application of 
the Flow Vision software is based on the consecutive steps 
performance. They are related to the geometry identification, 
modelling, pre-processing, solving the equations and post-
processing (Fig. 8). 

 

3D geometry creator 
CAD software 

-  modeling of the basic shape and borders 
-  modeling of the life raft geometry

PRE-PROCESOR 
FlowVision HPC 

-  importing of the life raft and domain 
geometry 

-  numerical mesh generation 
-  applying mesh adaptation conditions 

SOLVER 
FlowVision HPC 

-  selection of computation method and 
monitoring scheme 

-  entering fluid characteristics 
-  selection of turbulence model

POST-PROCESSOR 
FlowVision HPC 

-  presentation of the obtained results of 
computations 

-  displaying values and fields of obtained 
characteristics: 6DOF life raft’s center of 
gravity co-ordinates, velocity field of water 
surrounding the life raft, pressure field on 
the life raft surface, surface wave pattern, 
flow animations

Fig. 8. Schematic diagram of Flow Vision HPC software application

The assumptions accepted in the CFD modelling of the 
life raft towing are as follows:
– 3-dimensional flow simulations are used,
– simulations are performed in full scale, 
– calculations are based on the reverse flow method, 
– simulations are performed by using overlapping meshes 

enabling life raft pitch and roll motions, 
– the semi-empirical k-ε turbulence model was applied, 
– the VOF method was applied for the free surface problems, 
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– the life raft in simulations was treated as a rigid body 
with the flat bottom, without deformations related to the 
loading,

– the water pockets situated under the life raft bottom, 
providing ballast to ensure the life raft stability were 
modelled as non-deformable volumes, 

– the divergent time step in simulations is dependent on 
convergence of solution.
The simulations were carried out in the domain of 

discretized structural mesh consisted of 1.6 million cells. 
The structural mesh is presented in Fig. 9.

Fig. 9. Domain of the flow with hexahedral mesh

The simulations were carried out in the assumed domain 
in calm water conditions. The test speeds of the life raft were 
equal to the speeds assumed during the model tests, i.e. 0.7 
m/s and 1.5 m/s. The initial conditions were defined as follows: 
2% turbulence intensity level, length of mixing equal to 0.07 
of the life raft diameter, Reynolds numbers for the assumed 
kinematic viscosity coefficient of 10-6 m2/s were equal to: 
Re=1,855 E6 for the towing speed of 0,7 m/s and Re=3,975 
E6 for the towing speed of 1.5 m/s.

The loading condition was equivalent to 8 persons and 
equipment on board. The simulations were carried out both 
with and without the drogue 

The drogue resistance was computed by using CFD 
simulation, with the same settings of the solver as the settings 

used for the life raft. The drogue was modelled as a thin-walled 
rigid body, placed in the flow near the free surface. 

The points of the life raft towline fastening and drogue 
line fastening were assumed in the centre of gravity (COG). 
With this assumption the line of action of towing force and 
line of action of drogue resistance force intersect COG hence 
life raft pitching moment can be neglected in calculations. 
The towline and sea anchor configuration adopted in CFD 
simulation is presented in Fig. 10.

towing line 
drogue 

COG 

Fig. 10. Towline and drogue configuration

RESULTS OF COMPUTATIONS

The hydrodynamic resistance of the life raft and drogue 
were calculated separately in calm water conditions. The total 
towing resistance was a sum of life raft and drogue resistance 
forces. The final result of the simulation obtained after the 
post-processing comprises the general flow pattern as well as 
the velocity and pressure fields which are important elements 
of the conducted study. 

The positions of the life raft on the free surface in steady 
states at two towing speeds are presented in Fig. 11 and 12. 

Fig. 11. CFD simulation results - free surface deformation for 0.7 m/s 
towing velocity 

Fig. 12. CFD simulation results - free surface deformation for 1.5 m/s 
towing velocity 
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The towing resistance function in time series obtained 
from CFD simulation compared with the results of model 
tests at speeds 0.7 m/s and 1.5 m/s are presented in Fig. 13.
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Fig. 13. Model tests results of the life raft towing compared to CFD simulation 
for two towing velocities: 0.7 m/s and 1.5 m/s.

The variability of the life raft resistance in time domain is 
determined by the unsteady simulation mode of the object in 
three degrees of freedom (Fig. 6). The resistance fluctuations 
are also determined by the temporary changes of the life raft 
position relative to the flow direction.

The percentage share of the mean drogue resistance at 1.5 
m/s speed is 51% (Tab. 2). 
Tab. 2. Mean resistance values of the drogue

Resistance [N] Drogue resistance / Life raft 
resistance [%] Life raft Drogue

921 466 51

The wave system generated by the life raft under tow at 
1 m/s and 1,5 m/s and flow velocity distribution on the free 
surface are presented in Fig. 14. 

m/s

m/s
Fig. 14. Wave system generated by the life raft under tow at 1 m/s and 1,5 m/s, 

flow velocity distribution on the free surface.

Tab. 3. Mean resistance values obtained from physical model tests and CFD 
simulation

Speed
[m/s]

Drogue 
application

Mean Resistance [N] Mean 
percentage 

error
[%]CFD Model tests

0.7 No 189 205 7.9%

1.5 No 921 957 3.7%

1.5 Yes 1388 1383 -0.3%

The compatibility of the results of numerical calculations 
and experimental tests was high (Tab. 3) mainly because 
the new life raft does not deform under hydrodynamic and 
aerodynamic loads.

 The characteristics similar to the rigid body behaviour 
mainly result from a new construction and material of the 
life raft, especially the life raft canopy [12]. 

The ballast chambers (water pockets) were modelled in 
CFD simulations as rigid bodies with front face areas equal 
to the areas of water inlet into a pocket (Fig. 15). 

Fig. 15. Model of water pockets used in CFD simulation

The observed deformations of the water chambers during 
physical model tests were small and there was no significant 
influence of their deformation on the calculated resistance. 
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CONCLUSIONS

There were two main issues considered during verification 
of CFD modelling of the flow around the pneumatic life raft: 
prediction of its towing resistance and performance under 
tow. 

The experiment in towing tank and CFD calculations were 
performed by using the full-scale prototype to eliminate the 
scale effect.

The life raft during the towing tests was stable both with 
and without drogue. 

In the loading condition corresponding to 8 persons on 
board , after application of the drogue the 32% increase of 
towing resistance was observed at speed 1.5 m/s.

The experiment and calculations were performed in calm 
water conditions. The earlier studies on towing performance 
of life rafts in waves show the significant influence of the 
length and elasticity of the drogue rope on the dynamical 
loads [4, 8, 12, 16]. At small velocities the drogue rope is 
not strained and drogue gives small resistance, resulting in 
increase of yawing and decrease of stability. Further research 
will be aimed at the life raft performance in different loading 
conditions in wind and waves, what is of primary importance 
for the life raft operational reliability and safety analysis of 
survivors, development of the operational procedures and 
information for the rescuers.
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INTRODUCTION

Propagation of acoustic waves in a shallow sea differs 
fundamentally from the same phenomenon occurring in 
the deep sea; due to the non-negligible distance from the 
sea bottom in the former case, where the presence of two 
regions limiting the water layer is the reason why the acoustic 
pressure distribution induced by a harmonic source has the 
interferential nature resulting from multi-path propagation 
of the acoustic signal1. These interferential properties of the 
acoustic field in the water layer limited by the free surface from 
one side and the bottom from the other, manifest themselves 
by forming a series of wave modes2. For this reason, we deal 
with the group velocity when discussing the propagation of 
wave modes. The influence of the sea surface has the form 
of acoustic signal amplitude and phase fluctuations, while 
the bottom surface absorbs a portion of the acoustic energy 
and transfers it to the limiting medium. The scale of the 

scattering effect occurring on the free surface, and also on 
the sea bottom, depends on the ratio of the wavelength to the 
characteristic size of irregularities (the Rayleigh criterion). 

The definition of “shallow water” was adopted in 
accordance with the criterion h <10 λ, which is   generally 
accepted in the literature. Nevertheless, other criteria are also 
proposed in some papers. For instance, W.A. Kuperman and 
J.F. Lynch1 give: “In shallow water, with boundaries framed 
by the surface and bottom, the typical depth-to-wavelength 
ratio is about 10-100”. Whereas L. Tolstoy and C.S. Clay5 
introduce the distinction between deep and shallow sea at 
the point where the product of the horizontal wave number 
kr and the water depth h is such that krh≤10. As can be seen 
from the characteristics, for audible frequencies the sea will be 
considered shallow when its depth is of the order of thousands 
of meters, compared to centimetres for ultrasonic frequencies.

A specific feature of the propagation of acoustic 
disturbances in a shallow sea is the proximity of boundaries 
of the limiting media characterized by different impedance 
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properties, which affects the acoustic field. Such environments 
are called the dispersion media, with dispersion of the second 
kind occurring mainly in this case5,6.

As the boundary surfaces of the involved limiting media 
are most frequently defined not deterministically but rather 
stochastically (random bottom surface, stochastic free 
liquid surface), finding an analytical solution to the acoustic 
disturbance propagation problem formulated this way is 
extremely difficult. The theory of stochastic equations is 
relatively undeveloped, despite some progress in the related 
methods observed in recent years.

Further in the paper, fundamental problems of sound 
propagation are discussed for selected models of shallow 
sea. The noise generated by ships that contains low frequency 
components will be used as the source of underwater acoustic 
disturbances. A sample spectrum of the ship generated 
underwater noise is shown in Fig. 1.

The basic task in this case was to determine the acoustic 
pressure level as a function of distance and depth. Scattering 
phenomena were not considered in detail, as the adopted 
frequencies of acoustic disturbances allowed them to be 
neglected.

NOISE IN SEA ENVIRONMENT

The anthropogenic noise covers mainly low and mid 
frequency bands and often fulfils the criterion of shallow 
sea propagation4. The main source of the underwater noise 
is the commonly understood maritime transport7,8. There 
are fairways where shipping traffic is very intense, like on 
highways. The low and medium frequency noise propagates in 
the sea over long distances from its sources, with much lower 
natural attenuation than in the air. Moreover, the structure 
of the water environment creates a kind of waveguide with 
conducing conditions for noise propagation over long 
distances. 

Traditional use of maritime areas for sailing and fishing 
has been extended nowadays to cover new types of technical 
activity. Large-scale constructions are appearing in the sea 
and at its vicinity, including: oil and gas rigs, gas and oil 
pipeline networks, electric energy transmission networks, 
road traffic routes (bridges, tunnels, artificial islands), 
communication lines (optical fibres) and installations for 
production of electrical energy. 

But still the most important source of underwater noise is 
shipping. Using the classic classification, the noise generated 
by ships can be segregated into9,10,11: 
– noise generated by dynamically active devices situated 

inside and on the surface of the hull, mainly by propulsion 
and auxiliary engines, and the system of transport of 
mechanical energy – shafting,

– noise produced by ship propellers,
– acoustic effects connected with cavitation of propellers 

and flow around the underwater part of the hull.
At low ship speed, the ship’s service generator is the main 

source of the underwater noise generated by the ship. It emits 

tonal components that contribute almost entirely to the total 
radiated noise power of the ship and are independent of ship 
speed. A few of them are strong enough to be contributors 
to a high-speed signature. The tonal levels of the ship’s 
service diesel generator are nearly stable in amplitude and 
frequency10. The wide-band energy of the noise generated by 
the ship’s service generator is proportional to the square of 
the generated power12.

 At higher ship speed, discrete components appear in the 
spectrum of the underwater noise as a result of mechanical 
activity of propulsion engines and propellers. These 
components are mainly observed in the frequency range up 
to 100 Hz10.

The underwater noise spectrum contains components 
whose origins can be directly linked to the activity of ship 
mechanisms1 3. Sample spectra of the underwater noise 
produced by a cargo ship are shown in Fig. 1 and Fig. 2 in the 
form of narrow-band spectrum and 1/3 octave band spectrum.

Fig. 1. Narrow-band spectrum recorded on a cargo ship sailing in the 
Gulf of Gdansk.

Fig. 2. 1/3 octave spectrum recorded on a cargo ship sailing in the 
Gulf of Gdansk,



POLISH MARITIME RESEARCH, No 2/201750

THEORY – IDEAL WAVEGUIDE

The analysis of the acoustic field distribution in shallow 
sea is a complex problem, difficult to put into the framework 
of a mathematical model. By replacing the shallow sea with a 
flat acoustic system and assuming that the boundary surfaces 
of the half spaces limiting the water layer are parallel to 
each other, we will be able to determine the acoustic field 
distribution in such a layer.

It is necessary to bear in mind physical simplifications 
introduced by this model of shallow sea. Usually, the free 
surface is a stochastically determined surface, and not a plane. 
The bottom surface is also determined randomly. Solutions 
for special cases of this problem can be found in5,14-16.

The problem of propagation of acoustic disturbances in 
a medium is usually solved using methods of either wave 
acoustics or geometrical acoustics. Both approaches allow the 
user to solve the problem of acoustic disturbance propagation 
in the water layer, and lead to the same formula describing 
the acoustic velocity potential.

Assuming that the density and the speed of sound 
characterizing the medium are constant, we obtain the 
following formula
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ω= 2πf is the angular frequency, h denotes the depth of the 
water layer, k is the wave number, z0 is the depth of the zero-
order sound source, n is the mode number, and z and r are 
the vertical and horizontal coordinate, respectively.

Formula (1) represents a series of wave modes that propagate 
along the layer with different group velocity defined as
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The n-th wave mode will be able to propagate in a layer 
with depth h without strong attenuation, provided that the 
following criterion is met

krn > 0 (4)

λ < 4h  (5)

with boundary conditions determined as
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The layer constitutes an acoustic waveguide in which 
acoustic perturbations propagate in the form of wave modes. 
Such a waveguide is a classic example of dispersion medium 
of the second kind6.

PROPAGATION OF ACOUSTIC WAVES IN 
THE WATER LAYER OVER A BOTTOM 
WITH FINITE ACOUSTIC IMPEDANCE

The case of propagation of acoustic waves generated by 
a source of zero order, discussed in the previous chapter, 
corresponded to idealized conditions. The introduced 
simplifications concerned, in particular, the lower half space. 
In reality, the sea bottom with properties close to these of 
the perfectly rigid medium is rather an exception17,18,19. At the 
same time the assumption allowing us to simplify the effects 
occurring on the water-air boundary is, as a rule, always 
valid, as the acoustic impedance of water is about 3500 times 
as high as that of air13,14.

On the lower boundary of the system, the situation is 
different, as the acoustic impedance of the sea bottom is 
typically close to that of water. In the case of sandy seabed, 
the acoustic impedance of water is only four times as low as 
the impedance of the sea bottom. For silty and clayey bottom 
this ratio is even lower. Therefore, some portion of acoustic 
energy will be transferred from the water layer to the bottom, 
which will result in the decrease of the acoustic pressure 
level with the increasing distance. In the following section 
we will derive theoretical relationships that will lead to an 
acoustic pressure drop pattern different than this obtained 
from the formula.

After some transformations, given in detail in work2, we 
finally obtain,
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The impact of sea bottom properties on acoustic wave 
propagation is included in the expression exp (-δ2nr). When 
deriving expression (7), the modulus of the reflection 
coefficient constituting the multiplier at the hyperbolic 
functions was assumed equal to one. This allowed us to obtain 
a simple representation of wave modes propagating along the 
depth of the layer. However, the actual value of the reflection 
coefficient responsible for attenuation of individual wave 
modes was retained in the exponent.

Relationship (7) describes the acoustic field generated by 
a zero-order point source. Comparing it with (1) we can see 
that it includes additional terms, which represent acoustic 
potential decrease with the increasing distance. This decrease 
is larger than that provided by formula (1).

The above derived relationships, and in particular the 
results to which they lead, will be further used in numerical 
investigations of the impact of sea bottom properties on the 
acoustic field, and confronted with the results measured in 
the experiment. The reflection coefficients for different sea 
bottom materials have been determined by the authors by 
means of the impulse method.

NUMERICAL INVESTIGATIONS

The influence of acoustical parameters of the bottom on 
sound field distribution was examined for the following 
conditions:
• Depth of sea, h=10 m,
• Sound speed in water, c=1500 m/s,
• Density of water, ρ=1000 kg/m3,
• Depth of sound source, z0=1m.

The analysed low and mid frequencies ranged from 125 Hz 
to 1500 Hz.

Four kinds of bottom were considered:
• Ideal bottom without attenuation;
• Medium silt: m = ρ1/ρ = 1.147; n = c1/c = 0.9801;
• Fine sand: m = ρ1/ρ = 1.2236; n = c1/c = 1.0364;
• Fine gravel: m = ρ1/ρ = 2.4923; n = c1/c = 1.338.

Consecutive sets of figures allow us to assess how the 
acoustic waves propagate over different types of bottom. As 
the first step, we consider the propagation of a low-frequency 
wave, f=125 Hz, over different types of bottom sediments. 

Fig. 3. Modes at the distance of 100 m over fine sand bottom; f=125 Hz, λ=12 m

Fig. 4. Modes at the distance of 100 m over fine gravel bottom; f=125 Hz, λ=12 m

Fig. 5. Modes at the distance of 100 m over ideal bottom; f=125 Hz, λ=12 m

The 125 Hz wave is attenuated at a very short distance 
from the source. Independently of the type of bottom, only 
the 0 mode is created.

The second series of figures illustrate the propagation of 
modes when the 400 Hz wave is radiated.  
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Fig. 6. Modes at the distance of 50 m over fine sand bottom; f=400 Hz, λ=3.75 m

Fig. 7. Modes at the distance of 100 m over fine sand bottom; f=400 Hz, 
λ=3.75 m

Fig. 8. Modes at the distance of 200 m over fine sand bottom; f=400 Hz, 
λ=3.75 m

In this case, higher modes occur in the vicinity of the 
source, but they are strongly attenuated. Consequently, only 
the 0 mode propagates at the distance of 200 m from the 
source.

The next considered wave frequency was 750 Hz. The 
following set of figures shows changes in mode composition 
in the 10-m deep water layer, at different distances from the 
source over the fine sand bottom.

Fig. 9. Modes at the distance of 100 m over fine sand bottom; f=750 Hz, λ=2 m

Fig. 10. Modes at the distance of 200 m over fine sand bottom; f=750 Hz, λ=2 m

Fig. 11. Modes at the distance of 500 m over fine sand bottom; f=750 Hz, λ=2 m
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Higher-frequency waves propagate in modes formed over 
longer distances. When the 750 Hz wave is radiated in the 
given conditions, the presence of mode is noticeable at the 
distance of 500 m from the source.

The next set of data allows us to assess the influence of 
bottom properties on modal propagation.   Figs. 12-15 show 
modes of the 1500 Hz wave at the distance of 1000 m, when 
it propagates over silty, sandy, or gravelly bottom, and over 
an ideal non-attenuating bottom.

Fig. 12. Modes at the distance of 1000 m over medium silt bottom; f=1500 Hz, 
λ=1 m

Fig. 13. Modes at the distance of 1000 m over fine sand bottom; f=1500 Hz, λ=1 m

Fig. 14. Modes at the distance of 1000 m over fine gravel bottom; f=1500 Hz, λ=1 m

Fig. 15. Modes at the distance of 1000 m over ideal bottom; f = 500 Hz, λ=1 m

The set of modes for the case of “soft” bottom, with acoustic 
parameters similar to those of water, is large, nearly the same 
as for the ideal waveguide. 

The following pictures show how the resultant pressure 
changes with the increasing distance, for 1500 Hz wave 
propagation over different type of bottom sediments.

Fig. 16. Resultant pressure at the distance of 200 m over different types 
of bottom; f=1500 Hz, λ=1 m
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Fig. 17. Resultant pressure at the distance of 1000 m over different types 
of bottom; f=1500 Hz, λ=1 m

Fig. 18. Resultant pressure at the distance of 10000 m over different types 
of bottom; f=1500 Hz, λ=1 m

The presence of higher modes and their influence on the 
resultant pressure is visible up to the distance of about 1000 m 
from the source for sandy and gravelly bottom. Then the 
mode 0 is dominating. At the same time for silty bottom, 
higher modes propagate over very long distances with small 
attenuation.

CONCLUSIONS

The propagation of acoustic waves in a flat-parallel water 
layer with the determined boundary conditions and the 
velocity of sound assumed constant in the layer, occurs in 
the form of wave modes that move with certain group velocity.

The ultimate theoretical result derived in this paper offers 
the possibility to estimate transmission losses for certain 
idealized cases, i.e. where both the free sea surface and the 
bottom can be considered planes. It can be noticed that the 
water layer reveals discriminative properties that prevent 
propagation of waves with length exceeding λ = 4h for the 

conditions adopted in this study. As a result of the assumption 
that c = const, the acoustic pressure distribution ignores the 
phenomenon of acoustic refraction. 

The presented results point to the important influence of 
sea bottom properties on modal acoustic wave propagation. 
The knowledge of the vertical pressure distribution combined 
with the presented theory can be helpful in determining the 
type of bottom sediments.

ACKNOWLEDGMENTS

The research was partially supported by the National Centre 
for Research and Development, Grant No DOBR/0020/R/
ID3/2013/03 and the Ministry for Sciences and Higher 
Education, under the scheme of Funds for Statutory Activity of 
Gdansk University of Technology and Polish Naval Academy.

REFERENCES

1. W. A. Kuperman and J. F. Lynch, Shallow-Water Acous-
tics, Physics Today, October (2004) 55-61.,

2. E. Kozaczka, The Propagation of the Acoustic Distur-
bances in the Shallow Water, in Hydroacoustics of Shallow 
Water, eds. E. Kozaczka and G. Grelowska, (Institute of 
Fundamental Technological Research Polish Academy 
of Sciences, Warszawa, 2013), pp. 31-52.

3. L. Guieysse and P. Sabathe, Acoustique sous-marine, 
Deuxième édition, (Paris, 1964).

4. E. Kozaczka and G. Grelowska, Shipping low frequency 
noise and its propagation in shallow water, Acta Physica 
Polonica A, 119, 6A (2011) 1009–1012.

5. I. Tolstoy and C. S. Clay, Ocean Acoustics (Mc Graw-Hill 
Company, New York, 1966).

6. K. F. Herzfeld and T. A. Litovitz, Absorption and Disper-
sion of Ultrasonic (New York,1965).

7. M. F. McKenna, D. Ross, S. M. Wiggins and J. A. Hilde-
brand, Underwater radiated noise from modern com-
mercial ships, J. Acoust. Soc. Am. 131, 1 (2012) 92-103.

8. D. Ross, Ship sources of ambient noise, IEEE Journal of 
Oceanic Engineering, 30 (2005), 257–261.

9. P. T. Arveson and D. T. Vendittis, Radiated noise char-
acteristics of modern cargo ship, J. Acoust. Soc. Am., 107, 
1 (2000) 118–129.

10. E. Kozaczka, J. Domagalski, G. Grelowska and I. Gloza, 
Identification of hydroacoustic waves emitted from 



POLISH MARITIME RESEARCH, No 2/2017 55

floating units during mooring tests, Polish Maritime 
Research, 14, 4 (2007) 40–12. 

11. D. Ross, Mechanics of Underwater Noise (Pergamon, New 
York, 1976).

12. R. J. Urick, Principles of Underwater Sound, Chap. 10, 
(Mc Graw-Hill, New York, 1975).

13. G. Grelowska, E. Kozaczka, S. Kozaczka and W. Szym-
czak, Underwater noise generated by a small ship in the 
shallow sea, Archives on Acoustics, 38, 3 (2013) 351-356.

14. I. Malecki I., Physical foundations of technical acoustics, 
(Pergamon Press, 1969).

15. L. M. Briechowskich, Waves in layered media, 2nd Edition 
(Academic Press, New York 1980).

16. E. L. Shenderov, Wave problems in hydroacoustics, (Sudos-
troenie Press, Leningrad, 1972).

17. G. Grelowska and E. Kozaczka, Sounding of layered 
marine bottom - modeling investigations, Acta Physica 
Polonica A, 118, 1 (2010) 66-70.

18. E. Kozaczka, G. Grelowska and S. Kozaczka, Images of 
the seabed of the Gulf of Gdansk obtained by means of 
the parametric sonar, Acta Physica Polonica A, 118, 1 
(2010) 91-94.

19. E. Kozaczka, G. Grelowska, W. Szymczak and S. Kozac-
zka, The examination of the upper layer of the seabed 
using acoustic methods, Acta Physica Polonica A, 119, 
6A (2011) 1091-1094.

CONTACT WITH THE AUTHOR

Eugeniusz Kozaczka
e-mail: eugeniusz.kozaczka@wp.pl

Gdansk University of Technology
Faculty of Ocean Engineering  and Ship Technology 

Narutowicza 11/12
80-233 Gdansk

Poland



POLISH MARITIME RESEARCH, No 2/201756

POLISH MARITIME RESEARCH 2 (94) 2017 Vol. 24; pp. 56-67
10.1515/pomr-2017-0050

INTRODUCTION

Recent developments in shipbuilding for cruise liners have 
enabled a single passenger ship to carry several thousand 
people. Prompted by a series of disasters, the safety of large 
passenger ships has become a matter for urgent investigation 
worldwide. Because of such concerns, the Maritime 
Safety Committee (MSC) of the International Maritime 
Organization (IMO) now requires evacuation simulation 
to be performed during the design process. This mandatory 
requirement is stated clearly in the IMO’s Guidelines for 
Evacuation Analysis for New and Existing Passenger Ships 
[1]. These guidelines offer a simplified method for evacuation 
analysis that calculates the evacuation time by means of 
relatively simple expressions, and an advanced method that 
uses computer-based simulation to evaluate the evacuation 
time. The latter form of analysis is not yet mandatory but it 
tends to be required in practice. Hence, we focus on advanced 
evacuation analysis in this study.

A variety of modeling methods have been used to study 
crowd evacuation in various situations. One of the most 
popular discrete models for evacuation is the cellular 
automaton [2–4]. Cellular automata are widely used in 
architectural design [5–7]. In this model, each pedestrian is 
located on a cell and moves to a neighboring one depending 
on the status of adjacent cells and a predefined set of rules. 
Cellular automata update their cell states at discrete time 
intervals. One advantage of this approach is its computational 
efficiency: time, space, and states are all discrete. Recently, an 
advanced evacuation-simulation model for passenger ships 
was developed based on cellular automata and its usefulness 
was proven [8, 9]. However, because of the discrete nature of 
cellular automata, they cannot be used to compute accurate 
evacuation times for pedestrians.

In contrast to cellular automata, social-force models [10, 11] 
are continuous ones that assume that individuals are subject 
to physical and social forces. These forces are determined by 
solving Newton’s equations of motion, which can be extended 
to include various types of behaviors such as overtaking 
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[12], counterflow collision avoidance [13], and information 
exchange [14]. However, the need for complicated expressions 
(which are relatively hard to calibrate) to calculate these forces 
imposes a heavy computational burden.

Developments in artificial intelligence have increased the 
popularity of agent-based models [15–17] in which pedestrians 
are represented as autonomous agents with cognitive and 
learning abilities. Such models can simulate heterogeneous 
pedestrians by allowing them to have their own individual 
behavior and properties. Generally speaking, most agent-
based models use predefined rules to govern the behavior 
of agents. Modeling such rules is a highly sophisticated task 
and the level of each agent’s autonomy is limited.

In this work, we use a goal-driven decision-making model 
instead of a rule-driven one to decide which plan to follow. 
Goal-driven models allow agents to achieve hierarchical goals 
that mirror aspects of human deliberation in planning. They 
also offer significant flexibility to add other goals at later 
stages. Here, we combine a social-force model with a steering 
behavior model to design a movement model that keeps the 
computational complexity within acceptable limits. Our 
model is capable of simulating thousands of agents in real 
time with an Intel CPU. Experiments conducted in this study 
verified the utility of the proposed model for evacuation 
simulation.

MODEL FRAMEWORK

We developed an agent-based framework that contains 
models for goal-driven decision-making, crowd movement, 
and path planning. An agent-based model is a microscale one 
that uses simple dynamically interacting agents to recreate 
complex phenomena [15]. Th e goal of such modeling is to 
provide explanatory insights into the collective behavior 
of agents which individually are obeying simple behavioral 
rules. This modeling approach has been used extensively in 
biology, ecology, and social science.

The autonomous agents in our evacuation model represent 
passengers on a ship. Each agent comprises three components: 
perception, decision-making, and locomotion (see Fig. 1). 

Th e perception component mimics human vision, hearing, 
and other senses. Th e agent perceives its environment through 
sensors and updates its knowledge in relation to walls, doors, 

exits, and other agents within a certain radius. The decision-
making component decomposes abstract goals into subgoals 
to create a concrete plan that contains a series of targets. The 
locomotion component represents the mechanical aspects 
of an agent’s movement. Each agent is governed by a crowd-
movement model that facilitates navigation toward a target.

MODEL IMPLEMENTATION

ENVIRONMENT REPRESENTATION 

The environment is represented in the form of a graph 
G (V, E) that contains all the locations in the environment 
that agents may visit and all the connections (edges) between 
those points. The graph is defined as a set of nodes N linked 
to a set of edges E. Each edge of the graph contains the cost 
of moving from one node to another. The cost is the distance 
between the two nodes that the edge connects. The graph 
G (V, E) is a digraph (directed graph) in which the connections 
are directional. We use this digraph to reflect the terrain 
gradient. Each edge has additional information (a flag) that 
is used to indicate the type of terrain (uphill or downhill). It 
is quicker and more efficient for an agent to travel downhill 
than uphill. Fig. 2 shows an example of the graph G (V, E) and 
its generation. We first set a single node called the seed node 
in the environment and then apply a breadth-first search to 
obtain all nodes of the graph. These are obtained by expanding 
nodes and edges outward from the seed in eight directions 
unless any of these are unavailable because of obstructions.

Fig. 2. Constructing the graph of the environment.

Fig. 1. Components of an agent in the evacuation model.
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PATH-PLANNING MODEL

The path-planning model identifies the shortest path  Pij 
leading from the current position of agent i to exit j. The 
shortest path Pi heading toward the nearest exit is calculated 
as

 (1)

while the shortest path Pij is calculated as

(2)

where pi is the position of agent i, ej is the jth exit position, and 
function f  is the well-known A  search algorithm [14]. If there 
is more than one exit, the path-planning model compares 
the cost of all paths and selects the one with the minimum 
cost as the shortest path leading toward the nearest exit. The 
A algorithm constructs a tree of possible paths starting from 
the initial node, expanding the tree one step at a time until one 
of its paths ends at the target node. Moreover, the A algorithm 
selects the next node for expansion by identifying the node 
with the lowest evaluation value. The evaluation value of 
node n is calculated as

 (3)

where g(n) is the real path cost from the start node to node n 
and h(n) is the estimated cost of the cheapest path from node 
n to the target. We chose the straight-line distance between 
node  and the target node as our estimated cost function.

Fig. 3 shows a simple graph that includes all edge costs 
and straight-line distances of nodes leading to node L. We 
use this simple graph to illustrate how the A  algorithm finds 
the shortest path from node C to node L. The search tree of 
the A  algorithm and the relevant values of f are shown in 
Fig. 4. In the figure, blue nodes represent nodes that have 
been expanded, while green nodes represent nodes selected 
for expansion. In the initial state, shown in Fig. 4(a), node 
C is expanded, and then the values of  are computed for 
all adjacent nodes of C based on the costs and straight-line 
distances shown in Fig. 3.
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Fig. 4. Stages in the A  algorithm search for node L: (a) after expanding node 
C, (b) after expanding node I, (c) after expanding node H, and (d) after 

expanding node J.

After expanding node C, we select node I for expansion 
given that its evaluation value (f = 92) is the lowest among 
the leaf nodes B, D, and I of the tree. At the next step, shown 
in Fig. 4(b), we select node H (with f = 94 being the lowest 
value) for expansion from leaf nodes B, D, J, A, and H. This 
selection and expansion process is repeated until the target 
node L is selected for expansion, as shown in Fig. 4(d). At this 
point, the length of the shortest path is given by the algorithm. 
After this algorithm runs, the target node L will point to its 
parent (node J), and this parent node will point to its parent 
node. This process continues until a node’s parent node is 
the start node C; in this example, node I is the node with 
the parent node C. The given path from leaf node L to root 
node C (L->J->I->C) is then identified as the shortest path 
from node L to node C. Finally, we reverse the above path to 
get the actual shortest path (C->I->J->L) from node C to L.

AGENT REPRESENTATION

Each passenger is modeled as an autonomous agent who is 
interacting with the dynamic environment and other agents. 
Agents have their own individual properties and behavioral 
models. The cross-sectional shape of each agent is treated as 
a combination of three circles (see Fig. 5) and is analogous 
to the representation in the Simulex program [19] and in the 
FDS+Evac simulation software [20]. The body dimensions of 
the agents are listed in Tab. 1 and are the same as those in 
the Simulex program.
Tab. 1. Body dimensions of different types of agents

Body type Rt (m) Rs/Rt Rh/Rt

Child 0.210 ± 0.015 0.3333 0.5714

Male 0.270 ± 0.020 0.3704 0.5926

Female 0.240 ± 0.020 0.3750 0.5833

Elderly 0.250 ± 0.020 0.3600 0.6000
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Fig. 5. Cross-sectional shape of an agent approximated by three circles.

CROWD-MOVEMENT MODEL

This section describes a crowd-movement model that is 
a combination of models for social force [10, 11] and steering 
behavior [21, 22]. Analogous to the social-force model, this 
model uses the laws of mechanics to calculate the agents’ 
movement during the simulation. Furthermore, the model 
uses a collection of steering behaviors to represent the 
interaction of agents. The model assumes that an agent’s 
behavior is affected by a combination of sociopsychological 
and physical forces. Each agent i of mass  prefers to move with 
a certain desired speed  toward a target specified by 
the decision-making model. Furthermore, agent i likes to 
change its current velocity vi over a characteristic time τi, and 
consequently the agent accelerates toward its desired speed. 
Simultaneously, a steering force  acts upon the agent so that 
it can avoid collisions with its neighbors or cooperate with 
others, and a repulsive force   that makes the agent keep 
a certain distance from any wall. The change of velocity of an 
agent in time t can be calculated by the acceleration equation

 (4)

while the change of position pi(t)of agentis given by the velocity 
vi(t) = dpi/dt. The first term on the right-hand side of Eq. 
(4) describes the motive force acting upon the agent that 
accelerates it toward its desired velocity that is given by

 (5)

where is the maximum walking speed of agentand the 
target position  of agent i is determined by the decision-
making model.

The steering force  acting upon agentcomprises three 
parts:

 (6)

where , , and  are the behavioral forces of separation, 
cohesion, and alignment, respectively. Coefficients ks, kc, and 
ka represent the strength of each respective force.

 

Neighborhood 
radius

Fig. 6. Neighborhood of an agent.

When calculating the steering force, an agent considers 
only agents within a circular radius r (referred to as the 
neighborhood radius). In Fig. 6, the gray circle represents 
the neighborhood of the green agent. All the blue agents are 
considered to be the green one’s neighbors whereas the purple 
agents are not. In mathematical terms,  is used to denote the 
set of agents within the neighborhood radius of agent:

 (7)

where pi and pj denote the position vectors of agents i and j, 
respectively, and A denotes the set of all agents.

All passengers try to avoid colliding with their neighbors. 
This tendency is known as separation behavior, and it creates 
a steering force that moves an agent away from its neighbors 
(see Fig. 7). The separation force can be calculated as 

 (8)

where the vector is the unit vector in 
the direction from agent i to agent j.

Each passenger tends to stay close to the local group formed 
by his or her neighbors during an evacuation. This tendency is 
referred to as cohesion behavior, and it produces a force that 
steers an agent toward the center (centroid) of the geometrical 
shape formed by neighbors (see Fig. 8). This cohesion force 
can be determined from

 (9)

where |Bi| is the number of members of set.
Passengers tend to match the direction and speed of their 

neighbors. This tendency is referred to as alignment behavior, 
which causes passengers to follow their neighbors (see Fig. 9). 
The alignment force is calculated by averaging the velocity of 
the neighbors:

 (10)
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Fig. 7. Separation behavior.

 

Fig. 8. Cohesion behavior.

 
Fig. 9. Alignment behavior.

Fig. 10. Three typical distances between an agent and a wall.
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The repulsive wall force    that keeps each agent a certain 
distance from any wall is given by

 (11)

and

  (12)

where kw is the strength of the repulsive force, diw is the 
distance between agent i and wall j, ri is the radius of agent i, 
r is the agent’s neighborhood radius (see Fig. 10), the force 
constant kr denotes the radial elastic force strength, and niW 
denotes the direction perpendicular to the wall.

Eq. (4)–(12) describe the displacement of the agents. The 
rotation of an agent is treated analogously

 (13)

where φi(t)is the agent’s azimuthal angle,   is 
the angular velocity, and  is the desired angular velocity. 
Time τi is the characteristic one over which the agent alters its 
current angular velocity to the desired one given by

(14)

where   is the actual facing direction of agent i, 
 is the desired facing direction, and  

is the maximum desired angular velocity of agent i. Note that 
the angle between   and  lies in the interval (0, π). The 
function f(x,y) is equal to 1 if the vector x is clockwise of the 
vector y, and −1 otherwise. In summary, Eq. (13)–(14) describe 
the rotation of each agent.

There are various parameters in the agent-movement model. 
Some are related to the physical traits and demographics of 
humans, such as , and ri. Others are relevant 
to the nature of the movement model itself. Some of these 
parameters are estimated from simulations (see Tab. 2) and 
others are taken from the literature [8, 11, 23]by considering 
each passenger’s characteristics (e.g.; age, gender, etc.. We 
chose the same value for each parameter for all passengers 
in order to minimize the number of parameters for the sake 
of robustness and adjustment, while acknowledging that 
parameter values differ somewhat among passengers in reality.
Tab. 2. Default values used in crowd-movement model.

Parameter Default 
value Unit Description

ks 3.0 dimensionless strength of separation force

kc 0.5 dimensionless strength of cohesion force

ka 0.2 dimensionless strength of alignment force

kw 0.8 dimensionless strength of wall repulsive force

kr 1.0 dimensionless strength of radial elastic force

d 0.3 m neighborhood radius

GOAL-DRIVEN DECISION-MAKING MODEL

The goal-driven decision-making model plays the same role 
as that of the human brain in choosing goals and deciding 
which plan to follow. Humans prefer to select higher-level 
abstract goals based on their desires and then decompose 
them recursively into a plan of action that can be executed 
without deliberation [24]. For example, a passenger might 
decide to evacuate. This is an abstract goal that cannot be 
executed unless it is decomposed into smaller ones such as 
leave cabin, move to assembly station, and enter lifeboat. 
Each of these goals is abstract and needs to be decomposed 
further. For instance, the goal leave cabin can be broke down 
into smaller ones such as leave bed, move to door, open door, 
and move outside. A goal is typically not decomposed until 
it is executed, which is the same as in the human though 
process.

In some ways, goal-driven decision-making mirrors 
aspects of human deliberation in its planning. At each update, 
an agent evaluates its environmental state and chooses its 
most desired high-level goal. The agent then decomposes 
this into subgoals and satisfies each one in turn.

Five goals are predefined in our model: (i) evacuate, (ii) 
plan path, (iii) follow path, (iv) move to node, and (v) enter 
assembly station. Goal (iv) is a prime one that cannot 
be decomposed, whereas the others are composite goals 
comprising several subgoals. When an evacuation starts, 
an individual agent feels a strong desire to evacuate and so 
pursues the goal evacuate. However, this goal is too abstract 
and needs to be decomposed. To achieve it, the agent must 
plan a path to the assembly station, follow that path, and 
enter the assembly station. The goal evacuate consists of the 
subgoals plan path, follow path, and enter assembly station. 
The goal plan path is satisfied by requesting the path-planning 
model to plan a path to the assembly station, after which it 
is deleted from the goal list. The agent then pursues the goal 
follow path that can be decomposed into a series of prime 
move to node goals, each of which contains a target node 
that is located on the path to the assembly station and that 
is the target position  needed in Eq. (5). The process of 
decomposing and satisfying goals continues until they have 
all been executed.

Fig. 11 shows a flow diagram of an agent pursuing certain 
goals involved in this model and their related responses. 
The rectangles denote the different goals and the rhombuses 
represent the judgment conditions. Arrows indicate the 
direction of action flow. An agent with the prime goal move 
to node needs to evaluate the state of that goal. Note that 
sometimes the agent may encounter congestion and cannot 
move to the node in time, in which case the goal is not satisfied 
and the agent needs to plan a potentially different path to 
the assembly station. If the goal is satisfied and the node of 
the goal is the final one on the path, the agent will pursue 
the goal enter assembly station. Otherwise, it will execute 
another move to node goal with the next node in the path.



POLISH MARITIME RESEARCH, No 2/201762

Fig. 11. Diagram of agent pursuing goals.

VALIDATION OF THE EVACUATION 
MODEL AGAINST IMO TESTS

We have verified the model successfully against 11 
tests given in the appendix to the IMO Guidelines [1] for 
validating/verifying evacuation simulation tools. Tests 
1–7 are component ones that check whether the major 
subcomponents of the model perform as intended. Tests 8–11 
involve qualitative verification to ensure that the model is able 
to produce realistic behavior. The 11 tests proposed by the 
IMO are listed in Tab. 3. It was not feasible to detail all the 
tests in this paper, so only tests 4, 6, 9, and 10 are described.
Tab. 3. Tests proposed by IMO for validating/verifying evacuation simulation 

tools.

Test Description Category

Test 1 Maintaining set walking speed in 
corridor component testing

Test 2 Maintaining set walking speed up 
staircase component testing

Test 3 Maintaining set walking speed down 
staircase component testing

Test 4 Exit flow rate component testing
Test 5 Response time component testing
Test 6 Rounding corners component testing

Test 7 Assignment of population 
demographic parameters component testing

Test 8 Counterflow: two rooms connected 
via a corridor qualitative verification

Test 9 Exit flow: crowd dissipation from a 
large public room qualitative verification

Test 10 Exit route allocation qualitative verification
Test 11 Staircase qualitative verification

IMO TEST 4: EXIT FLOW RATE

One hundred passengers are distributed uniformly in a 
room measuring 5 m × 8 m with a 1-m-wide exit located 
centrally on the 5-m wall (see Fig. 12). The maximum 
passenger walking speeds are distributed uniformly over 
0.97–1.62 m/s. The expectation is for the exit flow rate over 
the entire period to be ≤1.33 passengers/s/m. The exit flow 
rate is the number of passengers escaping past a point in the 
escape route per unit time per unit width of the route involved. 
Fig. 13 shows the instantaneous and average flow rates of 
passengers leaving the room for IMO test 4. Note that the 
average flow rate is 0.91 passengers/s/m and the instantaneous 
one is <1.33 passengers/s/m during the simulation. Hence, 
the results are consistent with the expectation.

Fig. 12. Arrangement for IMO test 4.
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Fig. 13. Instantaneous and average flows rate of passengers leaving the room 
(IMO test 4).

IMO TEST 6: ROUNDING CORNERS

IMO test 6 involves 20 passengers walking toward a corner 
in a 2-m-wide corridor. The passengers are distributed 
uniformly in an area of 2 m × 4 m. The arrangement of 
the test case is shown in Fig. 14. The expectation is that the 
passengers will successfully navigate around the corner 
without penetrating the walls. Fig. 15 shows the passenger 
trajectories in blue. The simulation results agree well with the 
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expectation of the test. These movement trajectories verify 
that all the passengers successfully navigated around the 
corner.

Fig. 14. Arrangement for IMO test 6.

 
Fig. 15. Simulated trajectories of 20 passengers (IMO test 6).

IMO TEST 9: EXIT FLOW

One thousand male passengers aged 30–50 are located in 
a public room (30 m × 20 m) with four exits; each passenger 
leaves via his nearest exit. The passengers are distributed 
uniformly in the center of the room, 2 m from each wall. As 
mentioned in the IMO guidelines, their maximum unhindered 
walking speeds on flat terrain are distributed uniformly over 
0.97–1.62 m/s. The arrangement of IMO test 9 is shown in 
Fig. 16. The test simulates two scenarios: all four exits are 
available; only two of them are available. The expectation is 
that the two-exit evacuation time is approximately double 
that of the four-exit one.

Fig. 16. Arrangement for IMO test 9.

 
Fig. 17. Snapshots of the four-exit simulation (IMO test 9).

Fig. 18. Snapshots of the two-exit simulation (IMO test 9).
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Each test scenario was simulated 10 times. Snapshots from 
the simulations are shown in Fig. 17 and 18. Fig. 19 and 20 show 
the maximum, minimum, and mean cumulative percentages 
of evacuated passengers as functions of time for the four- and 
two-exit IMO test 9, respectively. The smoothness of each 
mean curve implies that 10 simulation runs are adequate for 
evaluating the evacuation times. Fig. 21 shows individual and 
mean evacuation times for the 10 simulation runs for each 
scenario. Note that the evacuation times fluctuate within 
a certain range because of the randomness of the evacuation 
process.
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Fig. 19. Cumulative percentage of evacuated passengers (4 exits; IMO Test 9).
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Fig. 20. Cumulative percentage of evacuated passengers (2 exits; IMO Test 9).

Tab. 4 compares the simulation results with those from 
other models. The evacuation times predicted by the present 
model are 463.6 s for two exits and 237.9 s for four exits. The 
ratio of the two evacuation times is 1.95, meaning that the 
simulation meets the test expectation. It should be noted 
that the present model gives evacuation times that are 11% 
less than those given by Pathfinder 2016 (Society of Fire 
Protection Engineers (SFPE)) [25] but 35% more than those 
given by SIMPEV [9]. Furthermore, there are insufficient 
reliable experimental data to evaluate which model is better 
in predicting the evacuation times. 
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Fig. 21. Evacuation times for each simulation run (IMO test 9).

Tab. 4. Evacuation times and ratios predicted by different models (IMO test 9).

Evacuation 
time  

for 4 exits 
(s)

Evacuation 
time  

for 2 exits 
(s)

Ratio 
of the 

evacuation 
times 

Pathfinder 2016 (Steering) [25] 211 429 2.03

Pathfinder 2016 
(Steering+SFPE)[25] 295 584.3 1.98

Pathfinder 2016 (SFPE) [25] 270.2 545 2.02

FDS+EVAC [20] 240.8 420.0 1.74

SIMPEV [9] 155 299 1.92

The present model 237.9 463.6 1.95

IMO TEST 10: EXIT ROUTE ALLOCATION

As show in Fig. 22, a total of 23 passengers are distributed 
in a cabin corridor section with two exits. The passengers 
are male, aged 30–50, and their maximum unhindered 
walking speeds on flat terrain are distributed uniformly over 
0.97–1.62 m/s. The passengers in cabins 5, 6, 11, and 12 are 
assigned to leave via the secondary exit, while those in the 
other cabins are allocated the main exit. The expectation is 
that each passenger leaves by his assigned exit.

Fig. 22. Arrangement for IMO test 10.
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The test case was simulated 10 times. Snapshots from the 
simulation are shown in Fig. 23. Fig. 24 shows the paths taken 
by the passengers in one simulation. The trails of the four 
passengers intended to use the secondary exit are shown 
in red; all other passenger trails are shown in blue. The 
simulation results agree well with the expectation of the test.

 
Fig. 23. Snapshots of the simulation (IMO test 10).

Fig. 24. Simulated trajectories of 23 passengers (IMO test 10).

COMPARISON OF CALCULATION TIMES

All the simulations were carried out on a computer 
with an Intel 2.5 GHz CPU and 4 GB RAM. Our model is 
efficient enough to simulate 1,000 agents at >30 frames/s. The 
calculation times were compared with the SIMPEV model 
[8]by considering each passenger’s characteristics (e.g.; age, 
gender, etc.. Tab. 5 lists the calculation times for IMO tests 8 
and 9 for each model. The calculation times for the proposed 
model are significantly less than those for the SIMPEV one. 
However, it is difficult to say which model is more efficient 
because the computer specifications used for the SIMPEV 
calculations were not given.

Tab. 5. Comparison of calculation times.

Test
Calculation time for 1 s evacuation 

simulation

SIMPEV model Our model

IMO test 8 (200 passengers) 0.31 s 0.15 s

IMO test 9 (1,000 passengers) 2.31 s 0.68 s

CONCLUSIONS

This paper presented an agent-based passenger-ship 
evacuation model that was able to simulate passengers whose 
walking speeds and body dimensions were different. In the 
proposed model, the underlying movement model for agents 
to avoid colliding with walls and to interact with other agents 
was a combination of social- and steering-force models. The 
goal-driven decision-making model decomposed an abstract 
goal into subgoals and satisfied each one in turn. This process 
mirrored aspects of human deliberation in planning and was 
flexible in relation to adding further goals. The proposed model 
was efficient enough to simulate thousands of agents in real 
time with an Intel CPU. Furthermore, the simulations met all 
the requirements of the 11 tests proposed by the IMO.

We presented an evacuation model for a passenger ship 
in order to help designers to improve ship safety in the early 
design process. However, passenger behavior and goals are 
much more complex in an actual evacuation. For example, 
passengers tend to search for missing kinsfolk, find a life 
jacket, or choose exits with which they are familiar. 
Furthermore, the 11 tests offered by the IMO are ideal ones 
in simple compartments. Even though our model satisfied 
all the test cases, the estimated evacuation times could be 
different from those in a real evacuation situation. Given 
these facts, more effort is needed to validate the model and 
make it more applicable.
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ABSTRACT

In this paper, an Intuitionistic Fuzzy TOPSIS model which is based on a score function is proposed for detecting the 
root cause of failure in an Offshore Boat engine, using groups of expert’s opinions. The study which has provided an 
alternative approach for failure mode identification and analysis in machines, addresses the machine component 
interaction failures which is a limitation in existing methods. The results from the study show that although early 
detection of failures in engines is quite difficult to identify due to the dependency of their systems from each other. 
However, with the Intuitionistic Fuzzy TOPSIS model which is based on an improved score function such faults/failures 
are easily detected using expert’s based opinions.

Keywords: Intuitionistic Fuzzy TOPSIS model; improved score function; MCDM; detecting early failure; Offshore Patrol Boat Engine

INTRODUCTION

Many of the modern developed machines are required to run 
under increased turbulent conditions and in some cases under 
uncertainty [1], and since it is the goal of every maintenance, 
the strategy is to avoid the high cost of maintenance and 
production risks due to the rotating machine’s fault [2]. It is 
therefore of great importance that the machines are precisely 
assessed and tested (troubleshooted) for failure to see if they 
meet the business’s objectives before they are moved forward. 
According to Zuber & Bajri [2], ‘monitoring the health of 
machines through the implementation of condition-based 
maintenance strategy is based on the acquisition and trending 
of the physical parameter that is found to be sensitive to 
machine degradation’ and failure.

Failure warnings and measures such as heating, pressure, 
and flow rate sensors as well as vibration measurement and 
analysis, motor current signature analysis, noise measurement, 
wear particle analysis, infrared thermography and ultrasound 

measurements devices are available and often used to detect 
and monitor possible failures in machines. Expert’s decisions 
on the failure of the machine are then taken based on the 
values of the indicators which reflect the failure in the existing 
guidelines. However, according to Balin et al., [3], even if the 
warning indicators values and alarms from such machines 
are taken into account, early detection of such failures are 
still quite difficult to determine because of the dependency 
of the machine systems from each other. Also, even with the 
innovative computer-based generated fault diagnosis systems 
available, ‘the fault codes don’t always pinpoint the exact 
problem but rather bring up an array of codes that could be 
either this or that’. 

The traditional alternative methods used for Product 
Development Failure Mode identification such as Failure 
Mode and Effect Analysis (FMEA) and Fault Tree Analysis 
[4] which have been used for potential failure modes and 
failure analysis in new machine systems, are also limited 
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when it comes to design errors, human factors implications, 
flawed requirements and component interaction accidents 
and failures [5], [6].

To handle this kind of problem, an intuitionistic fuzzy 
multi-criteria decision-making method is suggested. The 
fuzzy Shannon’s entropy (FSE) method is adopted in an 
Intuitionistic Fuzzy TOPSIS model which is based on an 
improved score function for detecting an early failure in 
machines. In this study, the main focus will be the component 
interaction failures. 

Several different techniques have been discussed in the 
literature for detecting failures and for failure analysis in 
machines. Zuber & Bajri [2] applied artificial neural network 
and vibration analysis for automated roller element bearings 
faults identification, by using the vibration features as the 
inputs for the supervised artificial neural network. Sharma 
et al. [7]severity (S, using an integrated fuzzy logic and 
expert database evaluates system safety and reliability while 
conducting a failure mode and effect analysis (FMEA), they 
prioritize the failures which they used in taking corrective 
actions in a hydraulic system. Shaghaghi & Rezaie [8] uses 
a generalized mixture operator to determine and aggregate 
risk priorities of failure modes in an LGS gas type circuit 
breaker product. Kangavari et al. [8], applied FMEA method 
to analyze risks of systems in the petrochemical industry 
from the concept phase to the system disposal, detecting 
the failures in the design stage and determining the control 
measures and corrective actions for failures to reduce their 
impact. Cebi et al. [10], applies an expert failure detection 
system to aid shipboard personnel to anticipate and overcome 
failures in operational ship auxiliary machinery by using a 
PROLOG programming language. They take into account the 
failure types that have already been identified and develop 
corrective action tables to demonstrate what to do in the 
event of an emergency. 

In the effort to determine the risk priorities of failure 
modes and to select the most serious failure modes, Liu et al. 
[11], extended the VIKOR method under a fuzzy environment 
to address some limitations in the traditional FMEA method. 
Liu et al. [12], present an FMEA method which uses fuzzy 
evidential reasoning (FER) approach and grey theory for 
solving the diversity and expertise issues in the FMEA team 
assessment which is mainly due to the cross-functional and 
multidisciplinary nature of the team members and for solving 
the several shortcomings in the traditional FMEA approach as 
well as to improve the effectiveness of the traditional FMEA. 

Alarcin et al. [13], using an integrated FAHP and TOPSIS 
methods, examine failure detection in an auxiliary system 
and marine diesel engine using groups of expert’s opinions, 
by evaluating the expert’s group’s opinions, the system most 
affected by failures was determined. While He et al. [14], 
using Fuzzy TOPSIS and Rough set based approach identifies 
product infant failures that are most critical to improving 
product quality. By breaking down the early fault symptoms 
identified into root causes of critical functional parameters 
in the function domain, design parameters in the physical 

domain and process parameters in the manufacturing 
domain.

In this paper, we are aimed to present an Intuitionistic 
Fuzzy TOPSIS model which is based on an improved score 
function for detecting early failure in an offshore patrol 
boat engine, with special regards to component interaction 
accidents and failure, using groups of experts opinions to 
detect the root cause of failure and the system most affected 
by failures in the boat engine. In this respect, the failure in 
the engine is determined and prioritized, according to the 
section/systems in which the failures primarily arise. In this 
approach, the FSE method is used to determine the influential 
weights for the criteria while the Intuitionistic Fuzzy TOPSIS 
model is used to detect the root cause and area most affected 
by the failure in the locally made engine. 

The choice of using intuitionistic fuzzy set in this study is 
based on the fact that it is more capable than the traditional 
fuzzy sets at handling vagueness and uncertain information 
in practice [15]. Also, introducing the Fuzzy TOPSIS model 
in an intuitionistic fuzzy environment by using improved 
score function based separation method provides a whole 
new approach to solving multi-criteria decision-making 
problem. The intuitionistic fuzzy set (IFS) was introduced 
by Atanassov [16], unlike the traditional fuzzy set theory, the 
IFS theory is characterized by a membership function and 
a non-membership function. The benefits of its applications 
have been addressed in [17]–[20]. 

The rest of this paper is organized as follows. Section 2 
presents the concepts of Intuitionistic Fuzzy Set theory and 
the improved score function, introduction of the FSE method 
and Intuitionistic Fuzzy TOPSIS algorithm is presented in 
section 3. Section 4 contains a numerical case presented to 
explain the proposed methodology. Finally, the conclusions 
and further works are presented in section 5. 

PRELIMINARIES

In this section, the fundamental definitions and concepts of 
IFS theory are introduce as well as the improved score function 
as it relates to the IVIFS.

Definition 1
Let be the set of all closed subintervals of the 

interval [0, 1] and let  be a given set. An IVIFS A in 
X is expressed as [21];   

,                     (1)         

where   with the condition 
. 

The intervals  and  denote, respectively, the 
degree of membership and non-membership of the element 
x to the set A. Thus, for each  the intervals  and 

 are closed and their lower and upper end points are 
denoted by  and respectively. 
One can denote the set as; 
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,  (2)

Where, 

For each element x, we can compute the unknown degree 
(hesitancy degree) of an intuitionistic fuzzy interval of  
in A which is defined as follows:

      (3)

Howe ver,  i f   a nd
, then the given IVIFS A is reduced 

to an ordinary IFS. For convenience, the IVIFS can also be 
expressed as .

In order to make comparisons between two IVIFSs, metric 
methods have been introduced by several researchers [22]
[23]. However, this study will focus on the improved score 
function originally proposed by Bai [21], for the ranking, 
and the representation of the aggregated effect of positive 
and negative evaluations in the performance ratings of the 
alternatives based on IVIFS data in the M-TOPSIS model. 
The computation formula for the improved score function 
is given as;

      (4)

When a = b and c = d, the IVIFS will degenerate to the IFS 
while the improved score function of IVIFS will degenerate 
to the score function of IFS proposed in [23].

INTERVAL-VALUED INTUITIONISTIC 
FUZZY TOPSIS AND FUZZY SHANNON’S 

ENTROPY
In this section, the concept of the FSE method and 

Intuitionistic Fuzzy TOPSIS algorithm proposed herein is 
introduced and the framework for the proposed model is 
given in Fig 1. 

FUZZY SHANNON’S ENTROPY 

The Shannon’s entropy concept can be described as a 
general measure of uncertainty in the information formation 
in terms of probability theory [24]. The concept has a dominant 
role in information theory [25]. According to Saad et al. [26], 
Shannon’s entropy concept is ‘appropriate for calculating the 
relative contrast intensities of criteria to represent the average 
intrinsic information transmitted to the decision maker’. 

The Shannon’s entropy method which was extended 
by Lotfi & Fallahnejad [27] for imprecise data, especially 
for interval and fuzzy data case, has found application in 
several fields of studies including, management, engineering, 
information sciences, agricultural sciences etc. and has 
prominently been used in the determination of criteria weight. 
The implementation steps are explained below. 

In computing criteria weight using the fuzzy Shannon’s 
entropy weight method in this study, first, a decision matrix 
is formed for the criteria to express the level of importance of 
each of the criterion using linguistic variables, and are later 
converted to the interval values and then to crisp value, the 
procedure are explained in the steps below;

Step 1. Normalized each of the criteria to obtain the projection 
value  ;

                                         (5)

where i=1,…, m, j=1,…, n.

Step 2. Compute the entropy values ;  

                (6)

where k is constant and is defined as  if 

Step 3. Compute the degree of diversification,  and finally 
the criteria weight ;

                         (7)

                                        (8)

INTUITIONISTIC FUZZY TOPSIS MODEL 

TOPSIS model which is an abbreviation of Technique 
for Order Preference by Similarity to the Ideal Solution was 
originally proposed by Hwang & Yoon [28] and has remained 
one of the most widely used MCDM methods with so many 
papers published on its applications and in several different 
fields of study including Accounting [29], Management [30]
[31], Agriculture [32], Chemical science [33], Design [34], 
Business [35], Engineering [36][37], etc. 

In this study, the TOPSIS model is introduced in the 
intuitionistic fuzzy environment, and an improved score 
function-based separation method is used for computing 
each alternative from the positive ideal solution and the 
negative ideal solutions. The Intuitionistic Fuzzy TOPSIS 
model and the FSE method above are expressed concisely 
using the following steps:
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Fig1. The framework for the proposed model

Step 1. Set up a group of Decision Makers (DMs). With their 
opinion construct the intuitionistic fuzzy decision matrix 

 of the alternatives  with respect to the criteria

  (9)  

Note: The weight of all the DMs are the same (i.e. DMs=1)

Step 2. Convert the intuitionistic fuzzy decision matrix 
 to the improved score function matrix ; 

 (10)

Step 3. Determine the weight of each of the evaluating criteria 
 using the Shannon’s entropy concept as described in 

section 3.1. Data are gathered using the Triangular Fuzzy 
Numbers for approximating the linguistic variable as shown 
in Table 1.

Tab. I. Intuitionistic Fuzzy Numbers for approximating the linguistic variable

Linguistic 
terms

Interval-valued 
intuitionistic fuzzy 

Number

Triangular Fuzzy  
Numbers (TFN)

Very low (VL)
([0.1, 0.3],
[0.25, 0.4])

(0.1, 0.25, 0.3)

Low (L)
([0.2, 0.55],
[0.3, 0.55])

(0.2, 0.3, 0.55)

Good (G)
([0.3, 0.6],

[0.45, 0.65])
(0.3, 0.45, 0.6)

High (H)
([0.5, 0.7],
[0.6, 0.7])

(0.5, 0.6, 0.7)

Excellent 
(EX)

([0.6, 0.9],
[0.75, 1.0])

(0.6, 0.75, 0.9)

Step 4. Define the Positive Ideal Solution (A +) and Negative 
Ideal Solution (A-) for the score function-based matrix; 

, ,

                        (11)

                         (12)

Step 5. Compute the improved score function-based 
separation measures in intuitionistic fuzzy environment 

 and  for each alternative from the 
positive ideal and negative ideal solutions using the equation 
(13) and (14);   

           (13)

Similarly, 

             (14) 

Step 7. Compute the relative closeness coefficient, (CCi), 
which is defined to rank all possible alternatives with respect 
to the positive ideal solution A+. The general formula is given as;

                          (15)

where  is the relative closeness coefficient 
of  with respect to the positive ideal solution A+ and 

 Hence, the alternatives are ranked according 
to the descending order.

APPLICATION OF THE FSE METHOD AND 
INTUITIONISTIC FUZZY TOPSIS MODEL 

In this section, the computational process of the Fuzzy 
Shannon’s entropy and Intuitionistic Fuzzy TOPSIS algorithm 
proposed herein in detecting an early failure in a locally made 
offshore patrol boat engine will be demonstrated.
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Case 1. Failure in the machine can results in severe damage 
and significant loss of resources when not detected on time. 
The severity levels of most of the faults in machines are mostly 
different. Some of the failures/faults can be so severe that 
if not detected and adjusted on time, they can cause more 
serious accidents as in the case of component failure during 
operational conditions.
Causes and symptoms of failures in machines are often 
precursors of further breakdown and cannot be found 
instantly but during the operational conditions. Probable 
breakdown/failure in such machines can be diagnosed using 
the traditional failure detection mechanism (sensor) [38]. 
However, pinpointing the exact problem, the root causes 
and the area most affected by failure still remains an issue. 
Criteria to evaluate such probable breakdown/failure, in this 
case, a locally made offshore patrol boat engine have been 
investigated and obtained through extended consultation 
from a group of experts mostly professors in the department 
of Mechanical Engineering. They were asked to rate the 
relevance, accuracy, and adequacy of the criteria and sub-
criteria and to confirm ‘content validity’ with regards to the 
operation of the boat engine assessment.

Five probable failures (criteria) in the engine systems [13], 
[18] have been identified and they are consolidated with the 
experience and opinions of the experts, these criteria and 
their subs-criteria include; 

Engine turns but does not fire (C1). This criterion 
includes the following sub-criteria, Engine cabling 
(C11), Fuel system (C12), Engine governor (C13), Starter 
(C14).
Engine speed not steady (C2). This criterion includes 
the following sub-criteria, Fuel system (C21), Engine 
governor (C22), Fuel injection equipment (C23), and 
Speed sensor (C24).
Sudden shut down of the engine during normal 
operation (C3). Low-level day tank (C31), Low Oil 
pressure (C32), and High-Pressure Fuel pump failures 
(C33)
Black exhaust gas (C4) Air supply (C41), Fuel injection 
equipment (C42),
Increase of the oil level during engine operation (C5) 
Cooling water leakage (C51), and Fuel oil leakage (C52)

These failures are recognized to have a relationship with 
different systems in the engine. Hence, the root cause of 
these failures is determined based on these systems and they 
categorized as: 

Air supply System (A1), 
Fuel System (A2), 
Engine Governor System (A3), 
Engine Coolant System (A4). 

Using the assessment report from the group of experts on 
the boat engine, the proposed FSE method and Intuitionistic 
Fuzzy TOPSIS model is implemented. Summary of the 
implementation is given below. 

Step 1: Construct the intuitionistic fuzzy decision matrix; 
the study uses the intuitionistic fuzzy number in Table 1 to 
express the ratings of the four systems with respect to each of 
the criteria and sub-criteria to form the intuitionistic fuzzy 
decision matrix as shown in Table 2. 

Step 2: Using the improved score function, the intuitionistic 
fuzzy decision matrix is converted to form the 
improved score function matrix ; (i.e. equation (10)) 
as show in the Table 3. Also, by following the implementation 
procedure for the FSE method, the weights of the criteria are 
determined and the results for criteria weights are shown 
in Table 3. 

By using equation (13) and (14), we compute the Modified 
exponential score function-based separation measures 

 and  , the results 
are as follows;

Finally, the results for the relative closeness coefficient 
 to the ideal solution which is calculated 

using equation (15) is given as; 

Therefore, the ranking orders for the four systems are in 
the form (descending order) , obviously, 
from the evaluation of the boat engine system, the Air Supply 
system is the most affected area of engine considering 
the assessment given by the experts, followed by the Engine 
Governor System etc.
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Table 2. Intuitionistic fuzzy decision matrix

Air supply System
(A1)

Fuel System
(A2)

Governor System
(A3)

Coolant System (A4)

C1 ([0.20, 0.48], [0.33, 0.53]) ([0.40, 0.65], [0.50, 0.65]) ([0.30, 0.53], [0.43, 0.58]) ([0.20, 0.48], [0.33, 0.53])

C11 ([0.37, 0.57], [0.48, 0.6]) ([0.47, 0.80], [0.65, 0.88]) ([0.43, 0.72], [0.55, 0.70]) ([0.20, 0.48], [0.33, 0.53])

C12 ([0.43, 0.67], [0.55, 0.85]) ([0.27, 0.58], [0.4, 0.60]) ([0.17, 0.47]. [0.28, 0.75]) ([0.20, 0.48], [0.33, 0.63])

C13 ([0.33, 0.62],[0.45, 0.68]) ([0.37, 0.63], [0.50, 0.62]) ([0.33, 0.62], [0.45, 0.78]) ([0.23, 0.57], [0.35, 0.53])

C14 ([0.30, 0.53], [0.43, 0.63]) ([0.53, 0.77], [0.65, 0.68]) ([0.30, 0.58], [0.43, 0.50]) ([0.37, 0.63], [0.50, 0.58])

C2 ([0.27, 0.52], [0.38, 0.58]) ([0.53, 0.77], [0.65, 0.90]) ([0.23, 0.57], [0.63, 0.35]) ([0.43, 0.67], [0.55, 0.67])

C21 ([0.43, 0.72], [0.55, 0.55]) ([0.43, 0.70], [0.58, 0.65]) ([0.37, 0.63], [0.58, 0.50]) ([0.33, 0.62], [0.45, 0.67])

C22 ([0.37, 0.57], [0.48, 0.78) ([0.37, 0.57], [0.48, 0.88]) ([0.17, 0.40], [0.32, 0.67]) ([0.23, 0.50], [0.38, 0.63])

C23 ([0.30, 0.58], [0.43, 0.6]) ([0.47, 0.78], [0.60, 0.60]) ([0.20, 0.55], [0.30, 0.48]) ([0.40, 0.65], [0.50, 0.57])

C24 ([0.33, 0.62], [0.45, 0.65]) ([0.37, 0.57], [0.48, 0.85]) ([0.30, 0.60], [0.45, 0.55]) ([0.47, 0.73], [0.60, 0.65])

C3 (0.30, 0.58], [0.43, 0.63]) ([0.10, 0.30], [0.25, 0.60]) ([0.23, 0.43], [0.37, 0.65]) ([0.43, 0.67], [0.55, 0.78])

C31 (0.40, 0.65], [0.50, 0.58]) ([0.27, 0.58], [0.40, 0.68]) ([0.33, 0.62], [0.45, 0.60]) ([0.37, 0.68], [0.50, 0.73])

C32 ([0.43, 0.72], [0.55, 0.55]) ([0.43, 0.67], [0.55, 0.67]) ([0.37, 0.57], [0.48, 0.78]) ([0.30, 0.53], [0.43, 0.63])

C33 ([0.37, 0.57], [0.48, 0.78]) ([0.40, 0.65], [0.50, 0.58]) ([0.33, 0.62], [0.45, 0.60]) ([0.37, 0.63], [0.50, 0.62])

C4 ([0.20, 0.48], [0.33, 0.53]) ([0.43, 0.67], [0.55, 0.67]) ([0.40, 0.65], [0.50, 0.58]) ([0.20, 0.48], [0.33, 0.53])

C41 ([0.33, 0.62], [0.45, 0.60]) ([0.43, 0.72], [0.55, 0.55]) ([0.43, 0.67], [0.55, 0.67]) ([0.40, 0.65], [0.50, 0.58])

C42 ([0.43, 0.67], [0.55, 0.67]) ([0.30, 0.53], [0.43, 0.63]) ([0.37, 0.63], [0.50, 0.62]) ([0.37, 0.57], [0.48, 0.78])

C5 ([0.43, 0.72], [0.55, 0.55]) ([0.20, 0.48], [0.33, 0.53]) ([0.33, 0.62], [0.45, 0.60]) ([0.30, 0.53], [0.43, 0.63])

C51 ([0.30, 0.53], [0.43, 0.63]) ([0.37, 0.57], [0.48, 0.78]) ([0.20, 0.48], [0.33, 0.53]) (0.30, 0.53], [0.43, 0.63])

C52 ([0.65, 0.50], [0.65, 0.30]) ([0.72, 0.55], [0.70, 0.20]) ([0.37, 0.60], [0.50, 0.58]) ([0.20, 0.48], [0.33, 0.53])

 
Table 3. Modified exponential score matrix and criteria weights

Air supply System
(A1)

Fuel System
(A2)

Governor System
(A3)

Coolant System (A4) Weight

C1 (0.385) (0.448) (0.426) (0.385) 0.156

C11 (0.449) (0.335) (0.428) (0.385) 0.185

C12 (0.380) (0.417) (0.315) (0.361) 0.152

C13 (0.418) (0.445) (0.387) (0.420) 0.155

C14 (0.413) (0.429) (0.457) (0.455) 0.125

C2 (0.416) (0.344) (0.439) (0.440) 0.145

C21 (0.482) (0.440) (0.468) (0.421) 0.128

C22 (0.398) (0.370) (0.314) (0.377) 0.135

C23 (0.428) (0.460) (0.417) (0.474) 0.146

C24 (0.428) (0.378) (0.443) (0.445) 0.135

C3 (0.420) (0.248) (0.359) (0.404) 0.146

C31 (0.470) (0.394) (0.443) (0.410) 0.175

C32 (0.482) (0.440) (0.398) (0.413) 0.156

C33 (0.398) (0.470) (0.443) (0.445) 0.135

C4 (0.385) (0.440) (0.470) (0.385) 0.166

C41 (0.443) (0.482) (0.440) (0.470) 0.146

C42 (0.440) (0.413) (0.445) (0.398) 0.154

C5 (0.482) (0.385) (0.443) (0.413) 0.165

C51 (0.413) (0.398) (0.385) (0.413) 0.159

C52 (0.528) (0.553) (0.455) (0.385) 0.155
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CONCLUSIONS

Failure warnings and measures such as heating, pressure, 
and flow rate sensors as well as vibration measurement and 
analysis, motor current signature analysis, noise measurement, 
wear particle analysis, infrared thermography and ultrasound 
measurements devices are available and often used to detect 
and monitor possible failure in machines. However, early 
detection of such failures is still quite difficult to determine 
because of the dependency of the machine systems on each 
other. 

In this paper, the authors investigated the application of an 
intuitionistic fuzzy multi-criteria decision-making method 
in detecting early failure in an offshore patrol boat engine, 
with special regards to component interaction accidents and 
failure, using groups of expert’s opinions to detect the root 
cause of failure and the system most affected by failures in 
the boat engine. In this respect, the failure in the engine was 
determined and prioritized, according to the section/systems 
in which the failures primarily arise. In this approach, the 
Fuzzy Shannon’s entropy method was used to determine the 
influential weights for the criteria while the Intuitionistic 
Fuzzy TOPSIS model which is based on an improved score 
function was used to detect the root cause and area most 
affected by the failure in the engine. 

The application of the Fuzzy Shannon’s entropy method 
and an Intuitionistic Fuzzy TOPSIS methodology in this 
study have proved that failures and faults, as well as their root 
cause in machines components, can be easily identified using 
expert’s opinion. It provides an alternative to the computer-
based generated fault diagnosis systems which use fault 
codes that cannot exactly pinpoint the actual problem in 
the machine and rather bring up an array of codes that could 
be either this or that. 

Finally, the study has been able to provide a better 
alternative method for product development failure mode 
identification and analysis which hinder-to are limited 
when it comes to failure as a result of component interaction 
accidents. The results from the study show that the most 
affected system in the offshore patrol boat engine made is 
the Air Supply System follow by the Engine Governor System 
etc. based on the assessment of the experts. 
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INTRODUCTION 

The ship design theory deals with issues relating to basic 
technical [1] and economic properties of the   designed 
ship, which are frequently determined using optimisation 
techniques [2]. This mainly refers to parameters which 
substantially affect the cost of shipbuilding (and purchase), 
and the cost of ship operation [2]. Ship designing is a complex 
process, as the ship itself is a complex, technical multi-level 
object which operates in the air/water boundary environment 
and is exposed to the action of many different external 
and internal factors resulting from the adopted technical 
solutions, type of operation, and environmental conditions. 
A traditional ship design process consists of a series of 
subsequent multistage iterations, which gradually increase 
the design identification level. The initial design process stage, 
performed with the aid of the ship design theory, bears the 
name of preliminary design, or pre-design [3][4][2]. In the 
next stages, the approximation obtained in the previous 
stage is subject to verification and, if necessary, correction. 
Particularisation levels reached by successive  approximations 
are illustrated by the Evans design spiral [2][4][5].

Fig.1-1. The Evans design spiral 

Decisions made at each design process stage determine 
further design work. At the pre-design stage, the main 
parameters, which directly affect the design goals to be 
reached, are determined. Mistakes made at this stage are 
rather unlikely to be corrected in further, more detailed stages 
[5]. The requirement that the design theory methods should 
reveal highest correctness, accuracy and reliability, justifies 
the need for the research oriented on their improvement, by 
minimising the number and importance of wrong decisions, 
as well as by reducing labour intensity and costs [4].
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Ship designing takes into account many criteria, which are 
frequently in opposition to each other. For  a single design 
stage the design task can be considered a single-criterion 
task, but in general it is a multi-criterion  problem. Multi-
criterion  models require, as a rule, simplified models and 
calculation methods. They also need process decomposition 
and minimisation of the number of the applied criteria. The 
used ship pre-design method depends on the level of novelty 
of a given task. Here, distinction can be made between the 
following methods determined by the initial situation:
– comparative method [6],which consists in ship designing 

using a benchmark ship of the same type and similar size, 
and approximating parameters of the benchmark ship onto 
the designed ship [4],

– analytical method [6], which consist in designing the ship 
of a well-known type, but different size than the already 
designed ships. Here, use is made of statistical and/or 
empirical relations which reflect past knowledge gained 
when designing the population of already built ships [4]

– variant method [6], used in designing a ship of entirely 
new type. This method consists in analysing a series of 
variants, which are often subject to optimisation with 
respect to a given criterion. 
The two first methods are applicable when the design 

task is typical and we have knowledge about properties of 
the already built real ships [7].  When a new, untypical ship 
is to be designed, multi-variant parallel designing [5][8] is 
frequently used, with further optimisation of the designed 
variants [6]. This method bases on analytical descriptions 
of selected properties of the designed ship as functions of its 
main operating characteristics, and makes use of relevant 
automatic calculation systems and modelling software. 

The variant method makes use of given tools to determine 
the hull shape and properties, consolidating all tools into 
one optimisation algorithm. A possibility to use numerical 
methods and computer visualisation along with specialised 
engineering software facilitates the use of the shape pre-
design method [9]. In general, algorithmization and precise 
structure of the design process open up new possibilities for 
developing hi-tech ship design methodology [4]. 

MULTI-CRITERION OPTIMISATION ISSUES 

Engineering practice is frequently in opposition to the 
optimisation theory. During the design process, many 
decisions are made a priori, based on past experience, 
knowledge, and intuition of the designer.  A real engineering 
task has more than one target function [10], as the designed 
ship is expected to meet many different requirements. The 
task becomes a multi-criterion task, and the general solution 
is obtained as a set of permissible poly-optimal solutions 
which meet the assumed criteria as close as possible and, 
simultaneously, fully satisfy all constraints [11]. 

Optimisation methods provide opportunities for creating 
a set of design variables for which the target function reaches 
the extremum (maximum or minimum). A classical approach 

to ship designing via successive iterations transforms the 
multi-criterion problem into a single-criterion task to be 
solved in one design step. When a large number of criteria 
are applied to reach the optimal solution, conflicts may have 
place between them, which means that the solution does not 
meet individually each criterion to a satisfying degree, and 
is only a compromise between them. In this situation, the 
multi-criterion optimisation problem is reduced to finding 
this compromise. In many cases it can be done by formulating 
an alternative criterion, based on heuristic knowledge on 
the optimised process, and using this criterion to find 
a compromise solution.

The single-criterion problem has well-defined structure, 
i.e. is solved using a model for which both the target function 
and the constraints have been already defined.

The multi-criterion problem may or may not have well-
defined structure. In the case of multi-criterion programming 
models, the multidimensional problem has well-defined 
structure, while for specific problems, such as selection, 
classification, or ranking for instance, such structure does 
not exist.  When the well-defined structure exists, the task 
has the form of multi-criterion type optimisation, otherwise 
it is a decision-making support problem. Frequently, a real 
design task needs combining those two approaches. 

One of possible ways to obtain a solution to the multi-
criterion design problem is searching for a set of Pareto-
optimal solutions. In a simple interpretation, the solution 
is Pareto-optimal when a better solution cannot be found 
with respect to at least one criterion without its worsening 
with respect to other criteria. This principle is graphically 
shown in Fig. 2-1.

Fig.2-1. Definition of optimum in Pareto sense

The solutions situated along the red curve belong to the set 
of Pareto-optimal solutions. For each solution, any attempt 
to improve one criterion results in worsening the other 
criterion [12].These solutions compose a set of compromise 
variants, the so-called Pareto front, which makes the basis 
for making final design decisions. Selecting one variant from 
this set is burdened with subjectivity of assessment [5], and 
its acceptance depends on the tolerance assumed at a given 
design stage.
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DESIGN PROCESS

DESIGN TASK 

The here presented design task consisted in designing 
an electric propulsion single deck ferry, equipped with two 
azimuth thrusters mounted under the hull, one in bow 
and one in stern part. The ferry was intended to operate 
autonomously on internal waters of the City of Gdansk 
(the river Motlawa) throughout the whole year, also in 
slightly crushed ice conditions [14].The ship should meet 
growing expectations of passengers and crews, along with 
UE regulations concerning environment protection [13][15].

DESIGN ASSUMPTIONS 

The set of design assumptions (Table 3-1) taking into 
account substantial requirements resulting from ship 
owner’s expectations, sailing conditions, classification society 
regulations [16] and international directives was the basis for 
determining the design parameters and shape of the hull, as 
well as the inner division and silhouette of the ship.
Tab. 3-1. Design assumptions 

Parameter Symbol Unit Parameter value 

Functional type of ship - - Inland ferry 

Architectural type of ship - - Symmetrical with 
respect to midship 

Hull length LH M 12,0

Hull breadth B M 5,0

Number of persons CL Person 36

Hull material - - Steel

Propulsion type - - Azimuthal 

Number of propellers - - 2

According to the approach shown in Fig. 11, a number 
of aspects are to be taken into account when designing the 
ship hull. The ship should have the required displacement, at 
the same time fulfilling requirements concerning its lateral 
and longitudinal stability, and unsinkability. Moreover, for 
propulsion efficiency purposes, the shape of its underwater 
part should be refined enough to generate as low resistance 
as possible.

Applying the design procedure having the parallel and 
variant structure, in combination with sufficiently advanced 
automatic shape design methods, enabled to leave aside 
traditional designing of theoretical hull contours based on 
benchmark ships and designers’ experience. The use of CAD 
software, which made it possible to create 3D visualisations, 
along with project parameterisation (what was equally 
important) provided good opportunities for unrestricted 
creation of links between different geometrical objects, and 
their transformations and functions. All this has made it 
possible to combine the parametric project phase and the 

ship hull design phase into one procedure, thus minimising 
the number of the performed iterations. 

In the initial phase, the mass data were assessed using 
parametric formulas available in the literature [17]. In the 
later phase, they were corrected using a manual hull structure 
unit mass assessment method based on standard requirements 
[16]. Preliminary ship hull resistance assessments were made 
based on methods having simple algorithmic structure, which 
allowed them to be implemented in the spreadsheet, and 
a method available in the computer programming package. 
Stability and unsinkability were checked in computer 
simulations, by comparing the calculated values with standard 
criteria given in [16].

ENVIRONMENTAL CONDITIONS – TARGET FUNCTION 

In the case of a ferry operating in the urban space, the 
ecological aspect of sustainable ship designing requires 
focusing on two basic issues:  
– applying a renewable energy based ship propulsion system,
– minimising the required propulsion power by minimising 

hull resistance through   optimisation of the obtained 
solutions. 

STRUCTURE OF THE DESIGN PROCESS 

An algorithm was worked out which combined together 
manual and automatic design approaches. The majority of 
initial data were assumed based on parametric methods 
available in the literature [17][18].

In the first phase, the hull shape was considered a variable, 
while the assumed constant parameters referred to  design 
assumptions, sailing conditions in the selected water region, 
and the assessed value of the required displacement. The 
limiting constraints were the stability criteria and the area 
of the wetted  surface of the hull. The target function to be 
minimised was the total hull resistance.  

In the second phase, the type of hull shape was assumed 
constant, while the changing parameters concerned details 
of shape topology, for given geometrical limits, and criteria 
resulting from the adopted standards and buoyancy 
conditions. The target function remained unchanged. 

HULL SHAPE 

In the initial phase of the design process, eight different hull 
geometries were generated. All geometries were symmetrical 
with respect to longitudinal and lateral axes, and did not 
have protruding parts. They were based on traditional hull 
shape types, such as: flat-bottomed, spheroid, with a keel, 
and with cruiser stern [14]. The following criteria were taken 
into account:
– the maximum heel angle from wind and concentration of 

passengers on one ship’s side (limit = no more than 12°), 
– the wetted surface area corresponding to the minimum 

friction resistance (criterion = minimum),
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– the preliminary total hull resistance, calculated using the 
parametric method developed by the Leningrad Design 
Office (LBP) [17][18] and the model data based Holtrop-
Mennen (H-M) method included in the design programme 
module. 
The results obtained for the examined hull geometries are 

shown inTable3-2.
The results obtained in this stage allowed selecting a shape 

situated between the cuboid and the spheroid for further 
optimisation. It was the hull No. 7, which revealed optimal 
properties for the assumed criteria. In this design process 
phase, use was made of a genetic algorithm included in the 
Grasshopper for Rhinoceros software [14]. 
Table3-2. Results of initial design phase

No of hull 1 2 3 4 5 6 7 8

Description

undercut cuboid 

straight deep and w
ide  

„keel”

large flat bottom
 - 1 

skew

large flat bottom
 - 2 

skew
s

deep narrow
 „keel”

 spherical bottom
 

ellipsoidal bottom
 

ellipsoidal bottom
, 

straight and w
ide „keel”

Wetted surface[m2] 58,10 44,94 49,74 49,48 46,86 57,11 48,08 43,57

Heel angle [°] 6,5 20,0 11,5 10,5 20,0 7,0 10,0 20,0

Trim angle[°] 2,99 4,50 3,58 3,57 3,91 3,00 3,33 5,32

H-M resistance [N] - 1845 1357 1352 1370 1238 1237 1397

LBP resistance [N] 1476 1432 1305 1302 1287 1389 996 1326

The  applied optimisation criterion was the propulsion 
power which was minimised for given shape boundary 
conditions referring to: bow end height above water, positions 
of propeller axes, permissible draught, and position of 
collision bulkhead with respect to waterline, as well as to 
standard restrictions concerning permissible heel angle and 
minimum freeboard at heel.

Fig.3-2. Hull shape 

The final value of the required effective propulsion power 
was assessed as equal to 15 kW. 

MASS CHARACTERISTICS, BUOYANCY EQUATION 

In the initial design project phase, the mass characteristics 
were calculated using analytical relations given in [17]. The 
results of these calculations are collated in Table 3-3, in which 
ZG is the vertical centre of mass coordinate above the assumed 
design load waterline, and D is the design displacement. Both 
the mass of the ship and the centre of mass position were 
assumed the same for all variants. 

Table3-3. Mass characteristics 

Mass of empty ship Deadweight 
Characteristic Mass [t] ZG [m] Characteristic Mass [t] ZG [m]

mass of hull 7,69 0,53 mass of 
passengers 3,75 2,00

mass of 
superstructure 1,44 2,40 mass of crew 0,23 2,00

mass of engine 
room 1,50 0,35 reserves 0,50 2,00

mass of 
systems 0,98 0,35 Total 4,48

mass of 
equipment 2,66 2,4

mass of hull 
equipment 0,53 0,35

Total 14,80
Reserves 0,74
Design 
displacement D = 20,02 [t] ZG = 1,20 [m]

In the final phase of optimal hull designing, the masses 
of individual structural groups were assessed based on the 
adopted distribution of structural hull elements and the 
corresponding minimal thickness of steel plating required 
by the Regulations [16] for a given water region. An empirical 
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22% correction was introduced to the mass of stiffeners. 
The value of this correction was assumed after analysing 
possible ship stiffener systems with certain structural nodes. 
The adopted hull structure system consisted of 6 transverse 
bulkheads, 2 longitudinal bulkheads, transverse frames, the 
crosslink  system with ice-strengthening elements in the bow 
part, and the longitudinal stiffener system in the midship 
part, see Fig.3-3.

Fig.3-3. Model of hull structure 

The masses of other weight groups were assessed either 
based on statistical values, or from already obtained real data, 
concerning, for instance the number and type of batteries, 
or the assumed propulsion type.

The final mass data assessed after completing this design 
phase were: D = 23,1 [t] , ZG = 1,02[m] (from load waterline). 

CHECKING CALCULATIONS – STABILITY AND 
UNSINKABILITY 

Each design project stage included check whether the 
stability requirements are fulfilled. Due to high freeboard 
assumed to meet operational restrictions, as well as small 
ship dimensions, L/B =2,4 [-], small number of passengers, 
absence of liquid reserves and limited sailing area, the stability 
criterion was fulfilled for the majority of the examined 
solutions. In the first project phase, in which the hull shapes 
were generated, the dimensioning constraint was the heel 
angle from wind and concentration of passengers and crew 
on one ship’s side. The lateral ship area above the waterline 
was assumed based on the initial ship silhouette concept. The 
fulfilment of the adopted criteria was checked by relevant 
calculations performed on the generated hull shapes. The 
final hull shape was tested with respect to stability and 
unsinkability – Fig.3-4.

Fig.3-4. Stability test visualisation 

Classification regulations [12] permit improving emergency 
unsinkability of the ship by dividing the internal space of the 
hull into compartments using waterproof transverse and 
longitudinal bulkheads, and by changing permeability of 
individual compartments via filling them, fully or partially, 
with non-absorbent displacement material. This method was 
used for external ship side spaces, as a result of which the 
ship became a displacement „cork”, regardless of the scale of 
destruction of an arbitrary compartment – Fig.3-5.

Fig.3-5. Emergency unsinkability test visualisation 

CONCLUSIONS

For the purpose of ship hull body designing, two computer 
codes which generated its shape using, alternatively, the 
evolutionary algorithm and the iterative algorithm were 
developed [14]. The use of the genetic algorithm turned 
out helpful in determining basic hull parameters, without 
any restrictions concerning the number of input variables. 
However, in further calculations this algorithm turned 
out very time consuming, especially when some design 
assumptions were to be changed. On the other hand, despite 
its limited robustness the iterative algorithm turned out 
a good tool in designing the final hull version – Fig.4-1.

The adopted design procedure has revealed that the 
shape variant methods have potential to solve real tasks 
concerning preliminary designing of small ships. Combining 
optimisation algorithms with decision-making based design 
has made it possible to generate the ship hull shape which 
met the assumed target function.

Fig.4-1. Visualisation of the designed ferry 
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Another goal of the research was to gain more knowledge 
on designing a small untypical vessel with the aid of variant 
methodology making use of optimisation algorithms. The 
computer-aided design methodology has been developed 
which does not need permanent reference to already built 
real ships  and empirical-statistical relations. Possibilities 
were indicated for integrating together early design stages, 
and parallel designing of hull shape and parameters. 
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INTRODUCTION 

Steam turbines are used for propulsion of marine vessels 
and power generators in power plants. The initial average 
gap height in the 13K215 turbine glands amounts to 0.8 mm. 
When the service life of the turbine comes to an end (overhaul 
interval) and the turbine is dismantled, the average height 
of the gap increases to 1.95 mm [17], as a result of significant 
wear of seals taking place during turbine operation between 
overhauls. This effect has a great influence on the thermal 
turbine efficiency [8]. Ref. [7] presents a labyrinth seal 
diagnosing method which consists in distorting the steam 
flow in the seal. This distortion is achieved through releasing 
a known amount of steam in a given cross-section of the seal. 
The pressure values measured upstream of the seal in the 
extraction plane and downstream of the seal, in combination 
with the known amount of steam mass flow released through 
the extraction, make the basis for estimating the amount 
of leakage in the turbine gland. The present paper treats on 

the experimental research and CFD calculations of a model 
segment of a straight through labyrinth seal. In the performed 
tests, air was used as the working medium. The examined 
type of seal is used in turbines as external and shroud seals, 
as well as base seals of stator blade rings in medium and 
low-pressure steam turbine stages located far from thrust 
bearings [14]. These components are responsible for reducing 
both the stage leakages, and the external turbine leakages. 

The abovementioned wear of seals is a source of   increased 
leakage flow and decreased main flow, with the turbine 
efficiency loss as a further consequence. The influence of the 
one-sided shroud seal composed of two disks on the flow in 
axial low-speed turbine passages has been analysed in [2, 3]. 
Among other issues, these works examined experimentally 
the influence of the leakages on the mixing loss and secondary 
flows. A segment of a four-slot one-sided seal was the subject 
of the research described in [5]. The experimental research 
and numerical calculations performed in this work were 
related to the energy loss due to flow turbulence, described 
using the friction loss. 
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ABSTRACT

Steam turbines are used as propulsion components in not only power plants but also on merchant and naval ships. The 
geometry of the steam turbine seals changes throughout the machine life cycle. The rate of deterioration of these seals, 
in turn, affects heavily the efficiency of the thermal machine. However, the literature overview does not provide any 
research reports on flow phenomena occurring in heavily deteriorated seals. The paper describes the course and results 
of investigations into a model straight through labyrinth seal composed of 4 discs, each with the slot height of 2 mm. 
The investigations have been conducted with air as the working medium. Changes of gas flow parameters due to wear 
were analysed. Based on the experimental data, more intensive leakage was observed as the result of the increased 
slot height. The static pressure distribution along the examined segment was measured. The experimentally recorded 
distribution differed remarkably from the theoretical assumptions. Another part of the experimental research focused 
on comparing the gas velocities at points situated upstream of the first and second seal disc. The velocity measurements 
were carried out using a constant temperature wire probe. This part of the investigations provided opportunities for 
analysing the influence of seal wear on gas flow conditions in the seal segment. The paper compares the results of the 
experimental research with those obtained using the CFX software. The presented results of velocity distributions 
provide a clear picture of the nature of the gas flow in the seal, which enables its analysis.
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The investigations into dynamic pressure and gas velocity 
distributions in a chamber of a double-sided seal have been 
presented in [1]. The results of experimental research were 
compared with those obtained from numerical calculations. 

In [10, 11], the numerical and experimental research of the 
gas flow in a shroud clearance of a turbine stage have been 
presented. The analysis pertained to pressure distributions 
in one-sided and two-sided seals with different disc numbers 
and geometries.

The gas flow in the shroud clearance of the rotor stage of a 
high-pressure turbine has been studied in [15], based on CFD 
calculations performed for the straight through labyrinth seal. 
In [13], the leakage of a 6-disc segment of a one-sided seal 
was compared with that of the 5-disc stepped seal, based on 
the CFD calculations and the one-dimensional theory. The 
experimental research oriented on determining friction loss 
coefficients for short segments of a straight through labyrinth 
seal has been presented in [12, 18]. The influence of the shaft 
speed on the leakage of the double-sided seal segment has 
been shown in [9]. The results of the experimental research 
and CFD calculations performed on a segment composed of 
20 discs have been compared in [6]. The leakage and the static 
pressure distribution in the segment were analysed based on 
the experiment and calculations performed using the CFX 
software. All the above works pertain to nominal slot heights, 
while, thus far, no research has been reported on deteriorated 
seals. This paper presents the results of experimental research 
for a one-sided seal with the gap height of 2 mm, the geometry 
of which is similar to that of the interstage seal of a steam 
turbine.

RESEARCH STAND

The experimental research was performed on the test stand 
[7] composed of the compressor, tank, mass flow measurement 
system, and the casing (Fig. 1). The geometry of the examined 
model straight through labyrinth seal is shown in Fig. 2, along 
with the locations of pressure measurement points.

Fig. 1. Schematic of the labyrinth seal test stand: 1 – compressor, 2 – main 
tank, 3 – regulator valve, 3 – inlet channel, 4 – orifice, 5 – model labyrinth seal 

segment, 6 – measurement system

In the experimental research, absolute pressure converters 
with the measurement range of 0-5·105 Pa and the measurement 
accuracy of ±0.25%. were used. Moreover, pressure difference 
converters with the measurement range of 0-025·105 Pa 
and the measurement accuracy of ±0.2% were applied. 
The temperature was measured using T-thermocouples. 
The mass flow was measured using an orifice with pressure 
measurement at the disc. The average height of the gap of the 
examined segment was 2 mm. 

Fig. 2. Geometry of the examined seal segment with measurement planes I and 
II, and pressure measurement points 6-10 

Tab. 1. Geometry dimensions

Mark Quantity Size

D Seal diameter 150 mm

l Scale length 10 mm

H Seal segment height 10 mm

HG Gap height 0.3, 0.5, 0.7, 1, 1.5, 2 mm

b Disc thickness 1 mm

The measurement planes I and II (Fig. 2) were located 
as close to the slot as possible, in order to obtain the most 
accurate information on the velocity of the gas reaching 
the slot. At the same time, each location was sufficiently far 
from the disc to avoid the area where the axial gas velocity 
component is dominant. The locations of the measurement 
planes were selected based on preliminary CFD simulations 
(Fig. 3).

The velocity field was measured using a constant 
temperature probe in two planes of 4 mm in height (Fig. 2, 3). 
One of these planes was situated at 2.5 mm upstream of the 
first disc, and the second one at the same distance upstream 
of the second disc.

Fig. 3. Flow simulation upstream of the first and second disc of the labyrinth 
seal (velocity vectors) for = 0.5 kg/s, HG = 2 mm
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The gas velocity measurement in the first plane provided 
the information that the air velocity field was undisturbed, 
which resulted from the continuity of the flow. The velocity 
distribution in the second plane contains the information 
that the gas velocity can be relatively high, compared to 
that observed in the first plane. This velocity depends on 
the kinetic energy dissipation rate in the first chamber, the 
pressure decrease in the seal, and the seal geometry.

CFD ANALYSIS

The investigations refer to the segment in which the gas 
flow is assumed axisymmetric. Geometry discretization was 
performed in the CFX Mesh software. Wall boundary layers 
were assumed on the body surface, on lower parts of the 
chambers, and on the discs.

The examined geometry was described by the mesh with 
138999 nodes and 297901 elements. The mesh was refined 
in the gap area, in which greatest gas pressure and velocity 
changes were expected (Fig. 4). The y+ parameter was equal 
to 0.01 in the disc edge area, and to 0.07 on the body surface 
around the slot. 

Fig. 4. Mesh used for flow calculations around the slot with HG = 2 mm

In the inlet plane to the computational domain of the 
examined seal segment, the mass flow and the normal flow 
direction were set, while the average static pressure was set 
in the outlet plane. The values of these parameters which 
were used in the numerical calculations were obtained from 
the experiment. The calculations were made for the air as 
compressible gas.

The paper presents the results of CFX (RANS) calculations, 
which consisted in solving momentum, continuity, energy, 
and turbulence equations [20]. The stationary calculations 
were made with the false time step equal to 1·10-5 s. The gas 
flow in the examined geometry was generated by a significant 
pressure gradient. The gas velocity was high in the slot 
areas, and much lower in the chambers. Out of the available 
turbulence models in the CFX software, the SSG model was 
applied. This model provides good solutions for boundary 
layers, and recirculating and high curvature flows.

RESULTS OF EXPERIMENTAL RESEARCH

The mass flow through the seal depends on the pressure 
decrease. The mass flow measurement was performed for 
segments with gap heights HG = 0.3, 0.5, 0.7, 1, 1.5 and 2 mm 
(Fig.1, Tab.1). The results are presented as pressure ratios p1/
p2. Figure 5 reveals that the mass flow increase due to wear 
is m/mHF=0.3 = 1.6, starting from HG = 0.3 to 0.5 mm for the 
pressure of p1/p2 = 2, while for the wear from HG = 0.3 to 0.7 
the leakage increase is m/mHG=0.3 = 2.25. The mass flow grows 
rapidly when the pressure decreases for segments with gap 
heights HG 1,1.5 and 2 mm.

Fig. 5.  Mass flow through the seal with geometry shown in Fig. 4 and gap 
height equal to HG = 0.3,0.5, 0.7, 1, 1.5 and 2 mm. The scale of 10 mm is 

a function of pressure decrease

The data shown in Fig. 5 testify that the leakage through 
the segment of the straight through labyrinth seal drastically 
increases as a result of wear.

The range of the experimentally analysed seal pressure ratio 
was limited by high gas velocities recorded by a fibre probe 
in plane II. This probe has the velocity measurement range 
limited to 110 m/s.

Figure 6 presents static pressure distributions along the 
seal segment with gap height HG = 2 mm, obtained in the 
experiment and CFX simulations for the mass flow = 0.05 
kg/s. 

Fig. 6. Static pressure distributions in the seal segment, for mass flow = 0.05 
kg/s and HG = 2 mm: points - data from experiment, 6 - 10 (marks of points 

as per Fig. 2), continuous line – CFX data
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The experimentally recorded pressure distribution (blue 
points) is similar to that obtained in the CFX simulations 
(red curve in Fig. 6). The relative error of the resultant static 
pressure in the inlet plane obtained in the CFX simulations 
did not exceed 2%, compared to the pressure recorded in the 
experiment for the examined cases. 

According to the data published in [6, 7, 16, 19], the 
theoretical pressure distribution in the seal with small slot 
height decreases evenly and the gas velocity in the slots 
increases gradually. 

The static pressure distribution obtained for the examined 
straight through labyrinth seal significantly differs from 
those observed for segments with smaller gap heights - HG = 
0.2 - 1 mm [5, 6].

Fig. 7. Static pressure distribution of the working gas obtained in CFX 
simulations for = 0.05 kg/s and HG = 2 mm

The presented measurement data and the CFX simulations 
(Figs. 6 and 7) testify that the greatest pressure decrease in the 
segment occurs in the first slot area, while the decompression 
does not take place in the further part of the segment. The 
lowest pressure throughout the segment, observed directly 
behind the first slot in the chamber, is just the result of 
significant gas decompression. The value of this pressure 
affects the air velocity profile in the measurement plane II. 
Figure 8 presents the velocity distributions in the examined 
segment.

Fig. 8. Gas velocity distribution obtained in CFX simulation for the mass flow 
= 0.05 kg/s and HG = 2 mm

The velocity of the gas reaching the second slot is 
approximately equal to 75 m/s. In the upper part of the 
chambers of the examined slot, high and not decreasing gas 
flow velocities can be observed (Fig. 8).

VELOCITY DISTRIBUTIONS 
OBTAINED FROM MEASUREMENT 

AND CFX SIMULATION 
The velocity vector distributions in planes I and II were 

measured using a constant temperature single fibre probe, 
which enabled point velocity measurements. Figure 9 presents 
the velocity profiles obtained from the experiment and from 
CFX simulations for three different mass flows. 
a)

b)

c)

Fig. 9. Gas velocity vector distributions in seal segment with HG = 2 mm, 
for mass flows: a) 0.03 kg/s, b) 0.04 kg/s, c) 0.05 kg/s 

Red lines with points - measurement, continuous blue lines - CFX simulation. 

In the first measurement plane, the velocity distributions 
obtained from the measurement and CFX simulation for 
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the analysed mass flows are even and have similar values. 
The velocity profile shapes in the first measurement plane are 
the effect of the undisturbed flow upstream of the first disc 
and a significant height of the slot, compared to the height of 
the chamber. It results from the CFX data that the maximum 
gas velocity in the upper part of plane II is almost three times 
as high as that in plane I, and its maximum values for the 
examined mass flows of 0.03, 0.04, 0.05 kg/s are equal to 41, 62 
and 75 m/s respectively. These maximum velocities are recorded 
near the wall of the body. The maximum gas velocities obtained 
in the experiment in plane II are almost four times as high as 
those in plane I. For the analysed mass flows, they are equal 
to 66, 87 and 110 m/s and are situated lower than in the CFX 
data, at a distance of 1.5 mm from the body wall. 

The data shown in Figs. 7, 8 and 9 make the basis for a 
hypothesis that the velocity increase in plane I results from 
flow area reduction, while that recorded in plane II is the 
effect of small kinetic energy dissipation (Fig. 8, 9) and low 
static pressure in the first chamber (Fig. 6, 7).

In decompression measurements performed with the 
aid of constant temperature probes, air humidity change 
with respect to that in which the probe characteristic was 
determined is not allowed. The divergence between the 
velocity values recorded in the experiment and those obtained 
from CFX simulations may result from limited accuracy of 
probe location and from the presence of a hole through which 
the probe was introduced. The results obtained using the CFX 
software heavily depend on the applied turbulence model.

CONCLUSIONS

The presented results of seal segment investigations 
indicate that high wear of a seal significantly increases the 
leakage through it. This conclusion is confirmed by comparing 
velocity distributions in planes I and II, obtained from the 
measurements and CFD calculations. The results presented 
in the paper indicate high gas acceleration in the first slot 
area, with simultaneous slight velocity reduction in the first 
chamber. In seals with the gap to chamber height ratio, HF/H, 
equal to 0.2, high gas flow velocities are observed over the 
disc edges. The recorded data clearly show the effect of kinetic 
energy carry-over of the gas in the segment.

This is the effect of gas decompression within the first slot. 
Both the calculations and the measurements testify that the 
static pressure decrease is small in the outstanding part of 
the seal. 

For a heavily worn seal, the leakage of the working medium 
is mainly reduced by gas expansion in the first slot of the 
segment, while in the further part of the seal it is mainly 
generated by tangential tensions between the gas flow and the 
seal walls, and by kinetic energy dissipation in the chambers. 

The presented static pressure distributions which were 
obtained in the experiment and CFD calculations for the 
worn seal illustrate its uneven course throughout the seal. 
The thus far applied Zalf, Stodola, Egli or Hodkinson models 
[4, 14] have revealed good accuracy for seals with nominal 

and slightly worn geometries. For heavily worn geometries, 
the mass flow values calculated using the abovementioned 
models need to be corrected.

The results presented in the paper testify that the leakage 
of the working medium in worn straight through labyrinth 
seals of steam turbines can grow in an uncontrolled way, the 
consequence of which may be significant drop in turbine 
efficiency.

REFERENCES

1.  Alexander O. Pugachev a, Yury A. Ravikovich b, Leonid 
A. Savin., Flow structure in a short chamber of a labyrinth 
seal with a backward-facing step, Elsevier, Computers & 
Fluids, 114, pp. 39–47, 2015

2. Anker J. E., Mayer J. F., Stetter H., Computational Study 
of the Flow in an Axial Turbine with Emphasis on the 
Interaction of Labyrinth Seal Leakage Flow and Main 
Flow, E. Krause et al. (eds.), High Performance Comput-
ing in Science and Engineering 2001, Springer-Verlag 
Berlin Heidelberg, 2002.

3.  Anker J. E., Mayer J. F., Casey M., The impact of rotor 
labyrinth seal leakage flow on the loss generation in an 
axial turbine, Proceedings of the Institution of Mechani-
cal Engineers, Vol. 219, Part A, Journal Power and Energy, 
2005

4. Hodkinson B., Estimation of the leakage through a laby-
rinth gland, Proceedings of the institution of Mechanical 
Engineers 141, 1939

5. Hu D., Jia L., Yang L., Dimensional Analysis on Resistance 
Characteristics of Labyrinth Seals, Journal of Thermal 
Science, Vol.23, No.6, pp. 516-522, 2014

6.  Joachimiak D., Krzyślak P., Comparison of results of 
experimental research with numerical calculations of 
a model one-sided seal, Archives of Thermodynamics, 
Vol. 36, No. 2, pp. 61–74, 2015

7. Joachimiak D.: The labyrinth seals research with extrac-
tion. PhD thesis, Poznan University of Technology, 
Poznan 2013 (in Polish).

8. Krzyślak P., Winowiecki M., A method of diagnosing 
labyrinth seals in fluid-flow machines, Polish Maritime 
Research 3(57), 15, pp. 38-41, 2008

9. Li J., Wen K., Wang S., Jiang S., Kong X., Experimental 
and numerical investigations on the leakage flow char-
acteristics of labyrinth seals, Heat Mass Transfer and 
Energy Conversion AIP Conf. Proc. 1547, pp. 164-172, 
2013 



POLISH MARITIME RESEARCH, No 2/201788

10. Stępień R., Kosowski K., Remarks on aerodynamic forces 
in seals of turbine stages, Polish Maritime Research, 
Special issue 2009/S1; pp. 58-63

11. Stępień R., Kosowski K., Piwowarski M., Badur J.: Numer-
ical and Experimental Investigations into Pressure Field 
in Blade Shroud Clearance, Part II: Numerical Analysis, 
Task Quarterly, 2003

12. Thiekle G., Stetter H.; Identification of friction factors for 
modelling the exciting forces caused by flow in labyrinth 
seals, Rotordynamics ‘92, Springer-Verlag London, 1992

13. Tong Seop Kim, and Kyu Sang Cha, Comparative analysis 
of the influence of labyrinth seal configuration on leakage 
behavior, Journal of Mechanical Science and Technology, 
pp. 2830-2838, 2009

14. Traupel W. Termische turbomaschinen, Ester B., Springer 
2001

15. Wan-Fu Zhang a, Jian-Gang Yang b, Chun Li a, Yong-Wei 
Tian, Comparison of leakage performance and fluid-
induced force of turbine tip labyrinth seal and a new 
kind of radial annular seal, Computers & Fluids, 105, 
pp. 125–137, 2014

16. Trütnovsky K., Berührungsfreie Dichtungen, Grundla-
gen und Anwendungen der Strömung durch Spalte und 
Labyrinthe, VDI-Verlag bh Düsseldorf, Verlag des Vereins 
Deutscher Ingenieure 1964.

17. Winowiecki M., The method of diagnosing labyrinth 
seals flow machines. PhD thesis, Poznan University of 
Technology, Poznan 2009 (in Polish)

18. Yamada, Y., On the pressure loss of flow between rotating 
co-axial cylinders with rectangular grooves, Bulletin of 
the JSME, 5 (20), pp 642-651. 1962

19. Zimmerman H. and Wolff, K. H., 1987, “Comparison 
between Empirical and Numerical Labyrinth Flow Cor-
relations,” ASME 87-GT-86. 

20.  ANSYS. ANSYS CFX-solver theory guide. ANSYS, 
Inc., Release 14.5; 2012

CONTACT WITH THE AUTHOR

Damian Joachimiak
e-mail: damian.joachimiak@put.poznan.pl

Piotr Krzyślak
e-mail: piotr.krzyslak@put.poznan.pl

Poznań University of Technology
Piotrowo 3

60-965 Poznan
Poland



POLISH MARITIME RESEARCH, No 2/2017 89

POLISH MARITIME RESEARCH 2 (94) 2017 Vol. 24; pp. 89-95
10.1515/pomr-2017-0054

INTRODUCTION 

The International Maritime Organisation (IMO) has 
introduced legal acts with more severe requirements 
concerning marine environment protection. These 
requirements enforced scientific institutions [2, 5, 21, 7, 9, 
20] and marine Diesel engine manufacturers to perform  
research activities oriented on reducing the emission of 
such harmful substances (toxic compounds) as: carbon 
oxide (CO), hydrocarbons (CnHm), nitrogen oxides (NO 
and NO2), sulphur compounds (SO2, SO3, H2SO3, H2SO4), 
aldehydes, solid particles, and other substances [3, 18]. 
Particular attention was focused on marine main engines, 
i.e. engines used for ship propulsion. Among other issues, the 
performed research activities included   developing methods 
to reduce the emission of harmful compounds and analysing 
the result of their application, which is of high importance 
in optimising the operation of these engines with respect 
to pro-ecological criteria. In the engine operation process, the 
amounts of the emitted toxic compounds vary randomly. That 

is why the article proposes to analyse the real process of their 
emission as the stochastic process {V(t): t  0} with values having 
the form of engine states determined from mass measurements 
of harmful substances emitted by the Diesel engine to the 
environment. The proposed model of this process has the 
form of a semi-Markov process {U(t): t  0} [5, 1], continuous 
in time, the values of which are properly defined states of engine 
ability (s1) and inability (s2). 

THE PROBLEM OF REDUCING THE MASS 
OF HARMFUL COMPONUDS EMITTED IN 
THE SHIP’S MAIN ENGINE EXHAUST GAS 

AND THE NEED TO ASSESS THIS MASS 

On 19 May, 2005, the International Maritime Organisation 
introduced Annex VI to the MARPOL 73/78 Convention on 
preventing atmosphere pollution by ships. This annex   has 
forced the ship owners to use certain solutions to reduce the 
emission of harmful substances to the atmosphere.

IDENTIFYING THE ISSUE OF REDUCING THE EMISSION OF 
HARMFUL COMPOUNDS IN THE EXHAUST GAS FROM MARINE 

MAIN ENGINES AND DESCRIPTION OF THE EMISSION PROCESS OF 
THESE COMPOUNDS IN PROBABILISTIC APPROACH

ZbigniewŁosiewicz
West Pomeranian University of Technology Szczecin, Poland 

ABSTRACT

The article discusses the results of actions performed by marine engine manufacturers towards the reduction of emission 
of harmful substances in the exhaust gas from these engines. The discussion is limited to main engines produced by 
MAN B&W. A model is proposed to describe the process of emission of harmful substances from Diesel engines based on 
the semi-Markov process, discrete in states and continuous in the operating time. The states of this process are: engine 
ability state (s1) and engine inability state (s2). A method to calculate probabilities P1 and P2 of the appearance of states 
s1 and s2 is proposed. State s1 is interpreted as corresponding to the inequality ek<ek(dop), while state s2 is characterised by 
the inequality ek>ek(dop), where ek represents the mass of harmful substances emitted by the engine during its operation 
and ek(dop) is the maximum mass of emission of these substances permitted by relevant regulations.

Keywords: ship’s main engine; semi-Markov process; Diesel engine; harmful substance
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As a result, now the manufacturers of marine Diesel 
engines, especially main engines, make attempts not only 
to achieve the best possible energy efficiency indicators and 
high reliability and durability of the manufactures engines, 
along with low environment pollution [19, 24, 1, 9], but also to 
reduce the emissions of toxic compounds, the largest amounts 
of which are generated when starting the engine [2, 13, 14, 23, 
7]. During this starting time, peroxides and hydroxides are 
generated as a result of chain reactions, and then are subject 
to disintegration. Products of this disintegration react with 
oxygen to create aldehydes, acids, steam, and carbon oxide 
and dioxide [9]. Due to (global or local) deficiency of oxygen, 
large volumes of carbon oxide, a toxic exhaust gas component, 
are generated during the combustion.

It results from fuel combustion process examination 
that the amount of a certain toxic compound emitted in the 
exhaust gas is highly affected by physical, and not chemical 
processes. Moreover, the emissions of particular compounds 
are closely related with each other and reducing the emission 
of one compound may lead to the increased emission of 
another toxic compound. 

Taking into account IMO requirements and USA (EPA) 
regulations concerning the impurity emission level in the 
exhaust gas, along with the abovementioned aspects of 
generation of toxic exhaust gas components, the company 
MAN  &  BW initiated  examination of the continuous 
combustion process which has led to the development of 
a concept to build an ecological engine.  

Based on the results of this examination, MAN B&W 
defined and adopted „typical” proportions of the components 
delivered to the combustion chamber and emitted in the 
exhaust gas, Fig. 1.

Fig. 1. Proportions of energy carrying substances delivered to the engine and 
the contents of the engine exhaust gas [2]

The solutions developed by MAN& BW to reduce the 
emission of harmful chemical compounds can be divided 
into primary and secondary ones. One of primary solutions 
refers to techniques which delay the fuel injection time in 
MC-C and ME-C type engines. Minor injection time changes 
provide opportunities for a relatively wide control of the 
injection time and fuel delivery  (Fig.  2).

Fig. 2. Solution which enables to reduce the level of emission of harmful 
compounds in the exhaust gas to the level required by EPA and IMO [3]

This solution allows to control the combustion process 
within the entire engine load range and to reduce the level 
of NOx emission (Fig.  3).

Fig.  3. Diagrams of NOx emissions in different engine operation modes [12]

Moreover, certain changes were introduced to the design 
of the injection valves, which were changed to slide valve type 
(Fig. 4). After closing, these valves do not „store” redundant 
fuel (sac volume = 0 mm3), which in older type valves leaked 
away, thus increasing the amount of the created particulates 
and the resultant coking of valve tips (Fig. 4a). The amounts of 
particulates generated when using older type valves and the 
new generation slide valve are shown in the diagram in Fig. 4b.
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Fig. 4. a) Comparing the designs of conventional fuel injection valves and the 
new generation slide valve, b) Amounts of particulates generated when using 

conventional valves and the new generation slide valve [12]

A new method and system of cylinder liner lubrication were 
applied to reduce the emission of particulates by adapting the 
amounts of the lubricating oil to both the engine load and 
the sulphur content in the fuel. Such a lubricating system is 
schematically shown in Fig.  5.

Fig. 5. a) Scheme of the cylinder liner lubrication system, b) Specific cylinder 
oil consumption cost [18]

Particulates affect negatively human health and, 
simultaneously, increase the wear of piston rings, cylinder 
liners, and piston ring grooves, being also the cause of 
seizure of piston rings in these groves. That is why tests were 
performed to examine the amounts of generated particulates 
as a function of the amount of the used cylinder lubrication 
oil. The results of this examination are shown in Fig. 6.

Beside the above primary methods, so-called secondary 
methods have also been developed to reduce the emission 
of harmful chemical compounds. In one of those methods, 
use is made of fuel-water emulsion which enables to reduce 
the amount of NOx by 20÷50%, depending on water amount 
[4, 17].

Fig.  6. a) Wear of cylinder liner sliding surface vs. lubricating system type, 
b) Amount of particulates vs. amount of consumed cylinder lubrication oil [18].

Figure 7 shows the amount of the generated NOx 
as a  function of the amount of water in the fuel-water 
emulsion. Higher amounts of water increase the viscosity 
of the emulsion, as a results of which the emulsion needs 
to be heated to higher temperature, 170ºC at 50% water 
percentage, and the pressure in the emulsion installation is 
to be increased. To avoid vanadium corrosion, distilled water 
is used in the process. The applied NOx reduction method 
bases on decreasing the maximum combustion temperature 
by supplying the combustion chamber with gases (steam and 
exhaust gas) having higher specific heat than air. The results 
of MAN B&W’s efforts to reduce the emission of harmful 
compounds in the exhaust gas are shown in Fig. 7.

Fig. 7. a) NOx amount as function of water content in the fuel-water emulsion, 
b) fuel-water emulsion homogeniser for 40 MW two-stroke low-speed engine 

[3, 12]

Fig.  8. The effect of EGR ratio (left) and air humidity (right) on the amount of 
emitted impurities [3]

Indeed, the presented results of MAN B&W’s efforts to 
reduce the emission of harmful compounds in the exhaust gas 
and keep it at the possible lowest level look very interesting. 
However, ship main engines are subject to wear during ship 
operation, which significantly increases the emission of 
harmful substances. In this situation, periodical (of even 
continuous) measurements are needed to estimate the current 
emission and formulate prognoses on its future trend. This 
information would make it possible to predict the appearance 
of the engine inability state (s2), when the mass (ek) of the 
emitted harmful substances is higher than the permissible 
limit (ek(dop)).

The mass of harmful substances emitted in the exhaust 
gas can be calculated from the formula [2, 7]:
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where  k = 1, 2, ..., n is the type (ordinal number) of the 
given harmful substance, and:

ek – mass of harmful substance [g/km],
vmix – volume of diluted exhaust gas in normal conditions 

[dm3/test],
ρk  – density of harmful substance in normal conditions 

[g/dm3],
KM  – correction coefficient for humidity of the mass of 

nitrogen oxides,
ck  – concentration of harmful substance [ppm],
s  – distance covered by ship during the test [km].

The measurement based confirmation that the emission 
ek of harmful compounds (1) in the exhaust gas is lower than 
the permissible limit ek(dop), i.e. ek<ek(dop), means that the engine 
is in the ability state (s1) and can perform its task, as its pro-
ecological properties are still preserved. On the other hand, 
when the emission of harmful compounds in the exhaust 
gas is higher than the limit, i.e. ek>ek(dop), that means that the 
engine is in the inability state (s2) and cannot perform its tasks 
any longer. An important attribute of states s1 and s2 is that 
they appear randomly in each engine during its operation. 
Consequently, the abovementioned states s1 and s2 occurring 
during the main engine operation, like for any other internal 
combustion engine installed on the ship, can be considered 
as values of the process {V(t): t  0} with random values. 
Estimating the appearance probabilities for states s1 and s2 
requires a mathematical model in the form of a stochastic 
process {U(t): t  0}, adequate to the real process {V(t): t  0} 
and describing the appearance of states s1 and s2. It results 
from the properties of this process that the appearance of state 
s2 depends solely on the previous state s1 and not on earlier 
states. This results from the fact that it is state s1 which is going 
to be kept  during well-balanced ship engine operation. State 
passing from s1 to s2 always provokes an engine user’s action to 
restore good operating properties of the engine, i.e. to return 
to state s1. Therefore we can say that the appearance of state 
s2 and the time of its duration depend only on state s1 which 
had place directly before state s2. Consequently, the model of 
the real process {V(t): t  0} of the appearance of states s1 and s2 
can have the form of a mathematical model of semi-Markov 
processes. The theory of semi-Markov processes says that for 
the process {V(t): t  0} [10, 16, 7, 9]:
1) the Markov condition is fulfilled which expects the future 

evolution of states of an arbitrary engine (the process of 
changes of its technical states) for which the semi-Markov 
model is built to depend solely on its state at a given time 
and not on its functioning in the past. In other words: the 
engine’s future depends only on its present and not of its 
past;

2) random variables Ti (each representing the duration time 
of state si, regardless of the state taking place after it) and 
Tij (representing the duration time of state si provided 

that the next state of this process is state sj) have other 
distributions than exponential distribution.

Therefore we can say that the model of the real process 
{V(t): t  0} should have the form of a semi-Markov process 
{U(t): t  0}, continuous in time and with two states: s1and s2.

MODEL OF THE PROCES OF EMISSSION 
OF HARMFUL COMPOUNDS IN THE 

EXHAUST GAS 
The process {U(t): t  0} as the model of the real process 

{V(t): t≥ 0} is the semi-Markov process, with two states and 
continuous realisation (time-continuous process). This 
process has the values belonging to the set of states:

S = {s1, s2} (1)

having the following interpretation:
– the engine ability state s1 exists when the inequality ek<ek(dop) 

holds for k = 1,2,n
– the engine inability state s2 exists when the inequality 

ek>ek(dop)holds. 
k = 1,2,n,

The graph of changes of states si(i = 1, 2, i  j) of the process 
{U(t): t  0} and, consequently, the engine state changes, has 
the form shown in Fig. 9. 

Fig. 9. Graph of changes of technical states of the engine: 
pij–probability that the engine passes from state si to state sj,,Tij – duration time 

of state si provided that the next state of the process is state sj; i j; i, j = 1, 2

Since the process {U(t): t  0} is the semi-Markov process, 
changes of its states si(i = 1, 2) take place at times τ0, τ1, 
τ2, which are random variables with different probability 
distributions fulfilling the condition:
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The initial distribution of this process is given by the 
formula (3)
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while its functional matrix has the form:
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For the process {U(t): t  0} we can calculate its limiting 
distribution from the formula [5, 22, 18, 17]:

3,2,1,3
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The distribution j(j = 1, 2, 3) in formula (5) is the limiting 
distribution for the Markov chain {Y( n):n = 0, 1, 2, 3, …} 
imbedded into the process {U(t): t  0}. As results from the 
functional matrix (4), this distribution satisfies the equation 
system [18]:
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The solution to the equation system (6), taking into account 
formula (5), are the probabilities:
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where 
2121 TEpTEM

and:
P1, P2  probabilities that the Diesel engine is in state s1 or 

s2, respectively
j-limiting probability of the Markov chain imbedded 

into the process {U(t): t  0}, which describes the probability 
of appearance of state sj, j = 1, 2,

pij  probability of passing of the process {U(t): t  0} from 
state si to state sj;

E(Tj) -expected value of the duration time of state sj,(j = 
1, 2).

The set of Diesel engine states S = {s1, s2} can be considered 
as the set of values of the stochastic process {U(t): t  0} with 
piecewise constant and right-continuous realisations. A 
sample realisation of this process is shown in Fig. 10.

Fig.  10. Sample realisation of the engine operation process {U(t): t≥ 0}: 
{u(t): t T} – realisation of the process of technical state changes, t – time of 

operation; s1–ability state, s2 –inability state 

For different reasons [2, 15, 21, 22], the emission of sulphur 
compounds (SnOx), hydrocarbons (CnHm), carbon oxide (CO), 
and nitrogen oxides (NOx) in the exhaust gas is much higher 
when the engine is in state s2 than in state s1.  

Calculating approximate values of probabilities Pj(j=1, 2), 
requires assessing the values of probabilities pij and the 
expected values E(Tj), where i=1, 2 and j=1, 2, whereby i≠j.

Assessing pij and E(Tj) is possible if we know the realisation 
u(t) of the process {U(t):t > 0} within a relatively long time 
interval, i.e. for t [0, tb], where tb >>0. Then we can assess 
numbers nij(i, j =0, 1, …3; i≠j), which represent the number 
of passes from state sito sjin a relatively long time.

The estimator of the most likely probability of the pass  pij 
is the statistics [10].
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of which is the assessment of the 

unknown probability pij that the process {U(t):t > 0} passes 
from state si to state sj.

The abovementioned realisation u(t) of the process of 
technical state changes can also be used to obtain realisations 

)(m
jt , m =1, 2, .. , nij of random variables Tj. Point estimation 

facilitates assessing E(Tj) as the arithmetic mean of realisations  
)(m

jt [10, 11].

CONCLUSIONS 

The article presents efforts of marine engine manufacturers 
to reduce the emission of harmful substances in the exhaust 
gas from main engines, based on MAN B&W achievements 
as an example.

It has been shown that the emission of harmful substances 
in the exhaust gas from these engines, analysed during their 
lifetime, can be considered the result of engine’s technical 
state changes described by the stochastic process {U(t): t  0} 
with states of engine ability (s1) and inability (s2). It was also 
shown that the Markov condition can be considered fulfilled 
which says that the future evolution of the above states for an 
arbitrary engine (process of changes of its technical states) for 
which the semi-Markov model {U(t): t  0} is created depends 
only on its state at a given time and not on its past functioning, 
i.e. the engine  future depends only on its present and not 
on its past.

A two-state semi-Markov model was proposed for the 
process of emission of harmful substances in the exhaust 
gas from ship internal combustion engines. The intensity of 
this emission depends on technical state of the engine. Two 
types of engine’s technical states  were taken into account, 
which were the state of engine ability (s1) and inability (s2). The 
ability state is characterised by lower emission ek of harmful 



POLISH MARITIME RESEARCH, No 2/201794

compounds in the exhaust gas than the permissible limit ek(dop), 
which means the fulfilment of the inequality ek<ek(dop),while 
the inability state is characterised by the emission ek of 
harmful compounds in the exhaust gas which exceeds the 
permissible limit ek(dop), with the resultant fulfilment of the 
inequality ek>ek(dop).
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ABSTRACT

The paper presents the results of examination of particulate matter emission from the Diesel engine FPT 1.3 MJT 
simultaneously fuelled with diesel oil and natural gas CNG. The basic premise for engine adaptation was the addition 
of a small amount of CNG to reduce exhaust gas opacity and particulate matter emission. At this assumption, diesel 
oil remained the basic fuel, with contribution amounting to 0,70-0,85 of total energy delivered to the engine. The dual 
fuel engine was examined using an original controller installed in the Diesel engine FPT 1.3 MJT which controlled 
the diesel fuel dose. The dose of the injected natural gas was controlled by changing the opening time of gas injectors 
at constant pressure in the gas collector. 
The examined issues included the exhaust gas opacity, and the total number and fractional distribution of the emitted 
particles. The measurements were performed at twenty selected measuring points corresponding to the New European 
Driving Cycle (NEDC) test. The performed tests have demonstrated a positive effect of gas addition on exhaust gas 
opacity and particulate matter emission. Depending on test conditions, the exhaust gas opacity was reduced by 10÷92%, 
and the total number of particles by 30÷40%.
The performed tests have revealed that a small addition of gas can reduce the load of the DPF filter, extend its lifetime, 
and increase engine reliability. Longer time intervals between successive DPF filter regenerations improve ecological 
properties of the engine.

Keywords: dual fuel engine, natural gas, particulate matter, emission, opacity, Diesel engine

INTRODUCTION

An important problem of modern Diesel engines used both 
in motorisation and marine applications is particulate matter 
(PM) emission which, due to high hygroscopicity and low 
density of the emitted particles, compared with the air, creates 
serious threat for the environment [1-3, 5, 7-10, 24]. That is why 
in two recent decades severe attempts were made to reduce 
PM emissions, along with NOx emissions, by introducing 
successively more and more stringent emission standards 
[21-23]. It is noteworthy here that the object of reduction 
was not only the mass of the emitted PM, but also the total 
number PN of particles, with smaller and smaller particle 
diameters taken into account [9, 10, 13, 24]. To meet the above 
requirements, special Diesel Particulate Filters (DPF) were to 

be installed in engine exhaust systems to capture extremely 
small particulates. In practice, these filters are a source of 
additional flow resistance and have to be frequently cleaned. 
In unsteady engine operation conditions, at short runs and low 
temperatures, the DPF filters are a source of severe operating 
problems which increase engine unreliability.  

A basic component of particulates is soot, created as the 
result of thermal cracking of higher hydrocarbons composing 
the diesel oil. These hydrocarbons are oxidised in rich flame 
zones, mainly at oxygen deficiency [6, 9, 13]. A way to reduce 
the PM emission can be adding oxygenates to the diesel oil 
[6], or using alcohols, methane gases, or pure methane [4, 7, 
10, 12, 13]. A very attractive supplement here seems to be the 
compressed natural gas, CNG, due to its low price (over twice 
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as low as that of petroleum delivered fuels) and high methane 
content, of about 94÷98% vol.

The main component of the natural gas is methane, CH4. It 
is a saturated hydrocarbon which is insoluble in water and thus 
totally harmless to living organisms. It is characterised by a 
simple oxidation mechanism and good diffusion in air, thanks 
to which soot particles are not created   during combustion, 
even at oxygen deficiency [13]. Relevant tests have proved 
that the use of natural gas in Diesel engines decreases the 
PM emission, and this decrease depends on gas percentage in 
the total dose of energy delivered to the engine [12, 13, 15, 16].

However, due to high self-ignition temperature, natural 
gas requires ignition initiated from another source, which 
can be a spark-ignition system, or self-ignition of the diesel 
oil in the double fuel engine [1, 2, 4, 12, 13]. Due to high 
compression ratios used in small Diesel engines, the use 
of a spark-ignition system would require major changes in 
the engine structure, which seem unjustified in the present 
transient period, with insufficient number of CNG fuelling 
stations. However, a Diesel engine can be equipped with a 
CNG injection system installed close to the inlet valves and 
thus adapted, at low costs, to dual fuelling [1, 4, 7, 14, 17, 20].

The paper presents the results of examination of PM 
emissions from the Diesel engine FPT 1.3 MJT fuelled 
simultaneously with compressed natural gas (CNG) and 
diesel oil. The examination was performed for changing 
loads and rotational speeds, which reflected engine operation 
conditions. The recorded results can apply to both large 
railway Diesel engines, and marine engines installed on ships 
operating in offshore zones or used for passenger transport. 

TEST RIG 

The research was performed on a Diesel engine FPT 1.3 MJT. 
This is a four-cylinder engine with displacement of 1248 cm3. 

Direct fuel injection was executed by the second generation 
Common Rail type system with a so-called Multi Jet dose 
division system. The engine was adapted for double fuelling 
in the Department of Combustion Engines and Vehicles, 
University of Bielsko-Biala [14, 17, 18]. Technical data of the 
examined engine are given in Table 1. 

Tab. 1. Technical data of FPT 1.3 MJT[19]

Engine type 1.3 MJT

Bore x stroke 69.6 x 82 mm

Displacement 1248 cm3

Number of cylinders 4

Cylinder arrangement straight

Compression ratio 18

Maximum power 51 kW at 4000 rpm

Maximum torque 180 Nm at 1750 rpm

Injection system Common Rail

Number of valves per cylinder 4

Timing system DOHC

Exhaust gas recirculation system EGR valve

In engine adaptation, use was made of the sequential gas 
injection set Oscar-N Diesel SAS produced by EuropeGAS 
[14, 17, 20]. This set can cooperate with an arbitrary type of 
Diesel engines, regardless the number of cylinders, their 
arrangement, air delivery system, or fuel injection system. 

Engine adaptation for double fuelling required a new 
prototype inlet manifold, in which such elements as gas 
injectors, the gas rail, and gas tubes connecting gas injectors 
with inlet valve channels on particular cylinders were to be 
installed. The gas tubes had calibrated gas jets mounted on 
their ends. The prototype inlet manifold and the engine test 
rig are shown in Fig. 1. 

a)

b)

Fig. 1 Inlet manifold (a) and FPT 1.3 MJT engine test rig (b) 

The operation of the dual fuel engine was controlled using 
the MJD 6JX type controller produced by Bosch. When 
accelerating, the controller automatically decreased the dose 
of diesel fuel to retain the required engine torque. In cases of 
large fuel dose changes, the air flow volume was also reduced.  

METHODOLOGY OF PM EMISSION 
EXAMINATION

The performance assessment of contemporary Diesel engines 
takes into account, among other aspects, measurements of toxic 
exhaust gas components emitted in conditions corresponding 
to their road operation, i.e. at changing rotational speed, load 
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and time. These measurements are performed on an engine 
test rig, according to New European Driving Cycle (NEDC) 
procedure. The here presented examination was performed at 
20 static engine operation points in conditions (n, Mo) = const 
mapping the NEDC test. The measuring points were selected 
using statistical analysis methods described in [11]. When 
selecting an individual measuring point n-Mo, the criterion 
of the longest engine operation mapping the NEDC test and 
the effect of measuring point selection on the results of total 
emission in the test were taken into account. The selected 
points represented both changing and constant driving speeds, 
Table 2. The points numbered 6, 7, 9, 12, 14, 15, 17 and 20 had 
the highest share in the NEDC test and corresponded to test 
phases with constant driving speed. 

The exhaust gas opacity was measured using a precise 
filtration opacimeter, model 415 SE produced by AVL, with 
the FSN (Filter Smoke Number) scale or in mg/m3.

The sizes of particles were measured using the spectrometer 
3090 EEPS (Engine Exhaust Particle Sizer™ Spectrometer) 
produced by TSI Incorporated. This spectrometer provides 
opportunities for continuous analysis of dimensional 
distribution of the particles emitted by the engine. The diameter 
of the measured particulates ranged within 5,6÷560 nm. The 
measurement was performed in 22 measuring channels at the 
measuring frequency of 10 Hz.

Tab. 2. Selected engine operation measurement points [11]

Item
Rotational speed 

[rpm]
Torque 
 [Nm]

Driving speed 
[km/h]/gear

1 820 45

2 850 20

3 1050 15

4 1250 20

5 1400 40

6 1550 4 35/III

7 1590 10 50/IV

8 1650 37

9 1730 11 70/V

10 1740 26

11 1800 38

12 1920 3 15/I

13 2050 26

14 2200 4 50/III

15 2260 4 32/II

16 2400 55

17 2500 34 100/V

18 2700 73

19 2930 80

20 3020 55 120/V

ANALYSIS OF EXAMINATION RESULTS 

Gas injection to the inlet manifold not only increases the 
dose of energy delivered to the engine but also the volume 
of the medium sucked into it. When the factory controller is 
used and the load and rotational speed are kept constant, this 
means passing the controller to another operating point which 
corresponds to a smaller dose of the injected diesel oil and the 
sucked air, compared to fuelling with pure diesel oil. Therefore, 
to maintain identical operating conditions for traditional and 
dual fuelling, the amount of air is to be corrected with respect 
to that delivered by the controller, in such a way that the excess 
air number is kept approximately the same for both types of 
fuelling. A more detailed analysis of these issues is given in 
[17, 18].

Figure 2 shows real potential for reducing exhaust gas 
opacity by CNG addition, at constant opening time of gas 
injectors equal to 2,0 ms, independently of engine operation 
conditions. The energy share of the injected gas at the examined 
measuring points changed within 24,6÷35,6%. In fact, the 
exhaust gas opacity was decreased at all examined points. It 
is worth mentioning, however, that this effect required air 
flow rate correction in such a way that the excess air number 
was the same as that for traditional fuelling. This means in 
practice that in dual fuelling a special algorithm is to be used 
in the gas controller to control the excess air number, i.e. to 
play a function of the factory controller in traditional fuelling.

Fig. 2 Comparing exhaust gas opacity from traditionally and dual-fuelled 
engine with air flow rate correction: dual fuelling air flow rate the same as for 

diesel oil fuelling, gas injector opening time 2,0 ms

Relative change of the exhaust gas opacity with respect to 
that of diesel oil at a given measuring point can be calculated 
using the formula:

              (1)

where: 
ΔDkDF-2,0 is the relative exhaust gas opacity change at air flow 
rate correction and gas injector opening time of 2,0 ms,
DDFP-2,0 is the exhaust gas opacity of the dual fuel engine at 
gas injector opening time of 2,0 ms,
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DON is the exhaust gas opacity of the engine fuelled with 
diesel oil.

The data shown in Fig.3 indicate that in the NEDC test 
driving conditions the relative exhaust gas opacity can be 
reduced at all measuring points, and this reduction can range 
within 10÷92%. From the practical point of view concerning 
the particulate filter operation, of highest importance is 
the exhaust gas opacity reduction in increased engine load 
conditions, i.e. for operating points 1, 2, 5, 8, 10, 11, 13, 16, 
17, 18, 19 and 20. The smoke opacity reduction at these points 
can reach 10÷80%.

Fig. 3 Exhaust gas opacity changes for dual fuel engine working at points 
mapping the NEDC test (Table 2) with respect to pure diesel oil fuelling: 

air flow rate correction, gas injector opening time 2,0 ms, gas energy share 
24,6÷35,6%

Contemporary regulations concerning exhaust gas toxicity 
impose limits not only on the mass emission of particle matter 
(PM) expressed in [mg/m3], but also on the number of the 
emitted particles PN [6, 9]. The latter requirement results from 
the fact that a larger number of emitted particles increases the 
share of small-diameter ones, which are, in epidemiologists’ 
opinion, extremely dangerous for living organisms and 
remain in the atmosphere much longer than larger particles. 
That is why the particle measurements performed at points 
corresponding to the NEDC test also referred to the number 
of particles PN and their fractional distribution.

Figure 4 compares the total number of particles PN emitted 
by the engine fuelled with diesel oil with that recorded for the 
dual-fuelled engine at the gas injector opening times equal 
to 1,5 ms and 2,0 ms, without air flow rate correction (all 
supply parameters were set by the factory controller, without 
outside interference). The analysis of Fig. 4 shows that at points 
characterised by small rotational speed and low load, the total 
number of emitted particles was smaller for dual fuelling 
than for traditional fuelling. Within the medium rotational 
speed and load range, the PN emission for the above two 
fuelling types were similar, while for larger rotational speeds 
and large load (points 14, 16, 18 and 19) the dual-fuel engine 
emitted larger numbers of particles, with simultaneous higher 
exhaust gas opacity. It is also noteworthy that further increase 

of the volume of the injected gas increased the emission of 
particles at those points. 

Fig. 4 Comparing total number of particles PN in the exhaust gas from 
FPT 1.3 MJT engine, traditionally and dual-fuelled without air flow rate 

correction: factory controller, constant gas injector opening times 1,5 ms and 
2,0 ms

Correcting the air flow rate leads to the reduction of the 
number of particles emitted by the dual fuel engine, Fig.5. 
Almost at all analysed points the number of particles emitted 
by the dual fuel engine was smaller than that for traditional 
fuelling. 

It is also noteworthy that at a large number of measuring 
points, differences in the number of emitted particles for 
gas injector opening times of 1,5 ms and 2,0 ms are small, 
and at some points the PN number for time 2,0 ms is larger 
than that for time 1,5 ms. Simultaneously, the exhaust gas 
opacity for time 2,0 ms is clearly smaller than that for time 
1,5 ms at the examined points. Therefore, we can expect that 
at those points the increased gas share leads to the emission 
of a larger number of small particles.

Absolute differences in the number of particles PN 
between traditional and dual fuelling can be calculated from 
the formula:

              (2)

where: 
ΔPNkDF-2,0 is the difference between the number of particles 
emitted by the dual fuel engine with air flow rate correction 
and gas injector opening time equal to 2,0 ms,
PNkDF-2,0 is the number of particles emitted by the dual fuel 
engine,
PNON is the number of particles emitted by the engine fuelled 
with diesel oil.

Figure 6 compares absolute differences ΔPNkDF-1,5 and 
ΔPNkDF-2,0 recorded at the measuring points. For the majority 
of points, these differences are smaller than 4000 [1/cm3]. 
Large differences were only recorded at points 19 and 20 
corresponding to rotational speeds of 2930 rpm and 3020 
rpm, and loads equal to o 80 Nm and 55 Nm, respectively. 
These points refer to the driving speeds characteristic for 
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the extra-urban test phase. The reduction in the number of 
emitted particles equalled 15.000÷24.000 [1/cm3] at point 19 
and 26.500÷32.000 [1/cm3] at point 20.

Fig. 5 Comparing total number of particles PN in the exhaust gas from FPT 
1.3 MJT engine, traditionally and dual-fuelled with air flow rate correction: 

factory controller, constant gas injector opening times 1,5 ms and 2,0

Fig. 6 Comparing absolute differences in the number of particles emitted by 
dual fuel engine at different gas injector opening times – 1,5 ms and 2,0 ms

Relative differences in the number of particles PN between 
traditional and dual fuelling can be calculated from the 
formula:

           (3)

where: 
δPNkDF-2,0 is the relative difference between the number of 
particles emitted by the dual fuel engine with air flow rate 
correction and gas injector opening time 2,0 ms,
PNkDF-2,0 is the number of particles emitted by the dual fuel 
engine,
PNON is the number of particles emitted by the engine fuelled 
with diesel oil.

The analysis of relative differences shown in Fig. 7 indicates 
that in dual fuel engines the total number of particles emitted 
in the NEDC test can be reduced approximately by 30÷40%, 
which should be considered a very large value from the point 

of view of environment protection. Of high importance is 
also the fact that the PN reduction was observed at almost 
all measuring points, also for small rotational speeds and 
engine loads, which corresponds to urban driving conditions.

Fig. 7 The effect of air flow rate correction on the total number of particles PN 
in the exhaust gas from traditionally and dual-fuelled FPT 1.3 MJT engine: 

factory controller, gas injector opening time 2,0 ms

Fractional distributions of the emitted particles are 
compared at four points selected from the total number 
of 20 measuring points examined in the NEDC test. Two 
points correspond to engine operation conditions in which 
gas addition resulted in the decrease of the number of emitted 
particles (Figs. 8 and 11), while at two remaining points the 
increase of PN emission was observed (Figs 9 and 10). The 
comparison shows that a basic portion of the emitted particles 
has the diameters ranging between 16,5÷339,8 nm. At the 
rotational speed of 900 rpm and load 45 Nm, the majority 
of particles have dimensions of 25.5÷93,1 nm, Fig. 8. Gas 
addition corresponding to the gas injector opening time of 
2,0 ms decreases the emission of particles with dimensions 
corresponding to largest emissions, while within the smallest 
and large diameter ranges the PM emissions for diesel oil and 
dual fuelling are similar.  

At point 18, corresponding to the rotational speed 2700 
rpm and load 73 Nm (Fig. 9), the fractional distributions 
for traditional and dual fuelling are similar. The increased 
emission at dual fuelling is observed within a wide range 
of particle dimensions, 19,1÷165,5 nm. Characteristically, 
the share of large particles, of 191,1÷339,8 nm, is negligibly 
small. Shifting the dimensional range of the emitted particles 
towards smaller diameters at higher rotational speeds can be 
related to the increase of the medium temperature, but also to 
a shorter response time, which does not allow for coagulation 
of larger particles.  
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Fig. 8 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 1 acc. to NEDC test, 

n = 900 rpm, Mo = 45 Nm, gas injector opening times 1,5 ms and 2,0 ms

Further rotational speed increase shifts the particle 
creation process towards smaller particle dimensions. For 
point 19, characterised by rotational speed of 2930 rpm and 
load of 80 Nm, the largest numbers of the emitted particles 
have dimensions within 22,1÷69,8 nm, Fig. 10. Also within 
this range, the numbers of particles emitted at dual fuelling 
are larger than at diesel oil fuelling. Without charging air 
correction, the increase of the injected gas is accompanied by 
the increase in the number of emitted particles, with larger 
differences taking place within the small-dimension range.

Fig. 9 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 18 acc. to NEDC 

test, n = 2700 rpm, Mo = 73 Nm, gas injector opening times 1,5 ms and 2,0 ms

At point 20, characterised by rotational speed of 3020 
rpm and load of 55 Nm, Fig. 11, the larger number of the 
created particles have dimensions within 19,1÷69,8 nm. At 
dual fuelling, the ranges of largest numbers of particles are 
shifted towards larger particle dimensions. Since the particles 
are created as a result of thermal cracking of diesel oil, the 
creation of larger particles can testify to worsened quality of 
liquid fuel combustion, due to lower oxygen concentration 
and simultaneous higher concentration of carbon dioxide. 
Decreasing the combustion rate prolongs the fuel oxidation 
process, which fosters particle coagulation into larger 
aggregates. Simultaneously, lower oxygen concentration in 

the charge leads to the decrease of the excess air number in 
liquid fuel combustion zones, providing good opportunities 
for the creation of a large number of primary particles. The 
decrease in the total number of particles at dual fuelling, 
which can be observed in the fractional distribution in Fig. 
11, can be interpreted as the result of smaller amount of diesel 
oil delivered in one working cycle, with simultaneous burning 
up of primary soot particles in the combusting mixture. The 
combusting gas/air mixture decreases the rate of cooling 
of liquid fuel combustion products which fosters the soot 
particle burning up process. 

Fig. 10 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 19 acc. to NEDC 

test, n = 2930 rpm, Mo = 80 Nm, gas injector opening times 1,5 ms and 2,0 ms

Fig. 11 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 20 acc. to NEDC 

test, n = 3020 rpm, Mo = 55 Nm, gas injector opening times 1,5 ms and 2,0 ms

Within the range of particle dimension larger than 
69,8 nm, the numbers of the particles created at gas addition 
are similar to those recorded for pure diesel oil fuelling. The 
amount of the added gas within this range does not affect 
the number of the created particles.

Figures 12÷13 compare fractional distributions of the 
numbers of created particles at diesel oil fuelling and at 
dual fuelling with air flow rate correction. As a result of this 
correction, the supercharging pressure in the dual fuel engine 
became comparable with that for traditional fuelling. The air 
flow rate correction decreased the numbers of created particles 
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at all examined measuring points, and these numbers were 
considerably smaller than the corresponding values recorded 
in the traditionally fuelled engine.

It is noteworthy here that precise air flow rate correction, 
measured in [mg/cycle] would require taking into account 
the volume of the gas in the sucked charge, which would 
lead to slight increase of the supercharging pressure for the 
specific air flow rate be the same for both fuelling systems. 
However, such precise correction was not possible, as the 
engine operation controller switched to “emergency” mode 
in those cases. Achieving such precise correction in the 
examined engine would require global reprogramming of 
the factory controller, which was not possible.

Fig. 12 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MJT engine: point 7 acc. to NEDC test, 

n = 1590 rpm, Mo = 10 Nm, gas injector opening time 2,0 ms

Fig. 13 Comparing fractional distributions of particles, dN/dlogD, for 
traditionally and dual-fuelled FPT 1.3 MultiJet engine: point 19 acc. to NEDC 

test, n = 2930 rpm, Mo = 80 Nm, gas injector opening time 2,0 ms

CONCLUSIONS 

Dual fuelling of modern Diesel engines can contribute to 
the reduction of particulate matter emission, especially in 
urban traffic conditions. It should result in prolonging the 
time between successive regenerations of DPF filters and 
their total lifetime, and in increasing the engine reliability.

The addition of the natural gas, CNG, to the diesel oil 
reduces the smoke opacity and PM emission in the exhaust 
gas. In modern Diesel engines equipped with high-pressure 
injection systems of Common Rail type and electronic engine 
operation control, special controllers are to be used in dual 
fuelling systems to control the quality of the charge. These 
controllers should make use of different controlling procedures 
than those traditionally used in factory controllers. This 
mainly refers to air flow rate correction at decreasing share of 
liquid fuel, but also to the method of liquid fuel dose division 
and injection times for partial doses [18].

The performed research has shown that air flow rate 
correction provides opportunities for decreasing exhaust gas 
opacity (Filter Smoke Number - FSN) and total number PN of 
emitted particles. This effect was observed at all twenty engine 
operation points selected as corresponding to the NEDC test, 
which is promising for potential positive driving tests during 
car inspections. The exhaust gas opacity reduction amounted 
to 10÷92%, and the reduction of the total number of particles, 
PN, by 30÷40%, depending on engine operation conditions. 
Of high importance is the reduction of PM emission at higher 
rotational speeds and engine loads, when this emission is 
more intensive. This is also promising for DPF filter operation 
in extra-urban driving tests, which should positively affect 
its lifetime. 

The above effects cannot be achieved using factory 
controllers with overlapping dual fuel installations. The tests 
have proved that at points at which the factory controller 
decreases the air flow rate the use of additional gas dose can 
increase the exhaust gas opacity an PM emission.

The fractional analysis has shown that the basic portion of 
the created particles has dimensions within 16,5÷339,8 nm. 
The increase of rotational speed and engine load increases the 
number of particles with smaller diameters, for instance for 
the speed of 2930 rpm and load of 80 Nm the highest number 
of particles had diameters within 22,1÷69,8 nm. This most 
likely resulted from higher medium temperatures during 
combustion which facilitated burning up of particles, but 
also from shorter combustion time which did not allow for 
coagulation of larger soot particles.

Within the range of smaller rotational speeds and low 
engine loads, the fractional distribution of the particles 
emitted at dual fuelling was similar to that observed in 
traditional fuelling. At higher engine loads and dual fuelling, 
the basic portion of particles had larger diameters than 
those created during traditional fuelling, which can testify 
to worsened conditions for oxidation of partial liquid fuel 
doses injected during active combustion in the conditions 
of lower oxygen concentration and the presence of carbon 
dioxide in the exhaust gas. This fact should be taken into 
account in algorithms dividing the liquid fuel dose for dual 
fuelling. These issues need further research. 

In engines equipped with DPF filter, the action of this 
filter can make the effect of gas addition much smaller in 
test conditions. It is expected, however, that during engine 
operation, the positive effect of gas addition on the PM 
emission will significantly decrease the load of the DPF filter, 
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thus contributing to the decrease of the emission of toxic 
components during filter regeneration.  

The research was performed within the framework of the 
research project No.  PBS1/A6/13/2012 entitled: “Reducing 
smoke opacity and particulate matter emission in the exhaust 
gas from car Diesel engines via CNG addition”. The project was 
financed by the National Centre for Research and Development.
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PREFACE

Atmospheric factors which occur over water areas such as 
seas and oceans, make aircraft operations greatly difficult, 
that consequently rises difficulty of task execution. It results 
in lowering safety during flight operations over such areas. 
Operations over or close to seas and oceans require from 
the designers and pilots to take into account first of all the 
following atmospheric conditions [5, 9, 13, 14, 20]:
– significantly higher humidity of air over sea than that over 

land, 
– lower temperature of air over sea than that over land,
– higher wind speed over sea than that over land (there is 

no natural terrain obstacles), 
– air salinity.

This is especially important issue for Polish Air Force 
which is responsible for carrying out search and rescue (S&R) 
actions over Baltic Sea area. Construction of aircraft which 
are on S&R duty as well as other craft operating over water 

areas fundamentally differ from other aircraft. The differences 
result from:
– possible landing on water, 
– executing tasks in high humidity conditions which are 

conducive to ice-formation on elements of wings and 
engines. 
For rescue tasks carried out over water areas, e.g. in Poland, 

Navy helicopters are generally more often used than airplanes 
or boats, that results from their unique flying qualities which 
make it possible to fast locate and reach the target and then 
to safely take up injured person / castaway from hovering 
position [7, 10, 23, 26].

During ice formation to keep flight direction is difficult, 
increasing vibration of airframe occurs as well as its lifting force 
drops. Ice formation is more probable to occur over sea waters 
than over land. Unstable space position which accompanies 
ice formation constitutes significant danger during helicopter 
operation of taking-up castaways from ship’s deck, offshore 
drilling unit or wind power plant. Extreme effect of intensive 
icing, i.e.  sudden drop of lifting force, may be an additional 

APPLICATION OF ELECTRIC CAPACITY MEASUREMENTS 
TO DETECTING DELAMINATION IN BLADES 

OF HELICOPTER’S LIFTING AND AUXILIARY ROTORS

Andrzej Gębura
The Air Force Institute of Technology, Warsaw, Poland

ABSTRACT

This paper represents a series of the authors’ publications concerning effects of atmospheric conditions on aircraft  [5-6, 
11]. Hazards connected with separation ( delamination ) of heating elements from blade’s spar , namely: increased 
susceptibility to ice formation as a result of change in aerodynamic profile, decreased deicing effectiveness, shortened 
life of heating elements , weakened strength of blade’s structure, are described. In order to monitor the above mentioned 
delamination process during its early phase, these authors proposed to measure systematically electric capacity between 
the heating element and blade’s spar by means of a technical method. The electric capacity measurements performed by 
these authors on blades both in laboratory and service conditions demonstrated their practical usefulness for assessing 
delamination extent as well as for identifying areas where heating element separation from spar occurred. The method 
in question is simple , cheap , fast and non-interferring (non-destructive) as well as it does not require dismounting the 
blades off the helicopter. As proved in practice , it is especially useful in sea-rescue or military operational conditions. 
Special attention was paid to application of the method to composite blades where coming-off the heating element tape 
causes local overheating the blade structure , that impairs flexibility of composite’s layers and may lead even to local 
cracks which may trigger helicopter crash. These authors desire to apply the method as a standard unit of  on-board 
diagnostic system in the future.

Keywords: surface delamination of lifting blades, electric deicing installation, diagnostics of failures by using electric capacity measurements
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danger for both rescued and rescuing persons. To prevent it, 
sea rescue helicopters operating within SAR system in Poland 
are equipped with blades having heating resistance elements 
fed from on-board electric power network. This is an effective 
solution successfully used in Eastern Europe countries, a.o. 
in ice-formation conditions during service in Far North. 
 In any rotorcraft, lifting surfaces of main rotor blades are 
elements responsible for producing lifting force [18, 27]. At 
the beginning, lifting propellers made of wood were applied 
to light helicopters (e.g. SM-1) [2] and subsequently those 
made of metals. In present, designers implement more and 
more often composite blades especially for light and medium-
size helicopters. Such blades are characteristic of much lower 
mass and equal strength compared with metal ones at obeying 
given operational regimes. However they are less resistant to 
moisture, delamination and temperature changes [1, 5-6, 17, 24].

In Polish Navy Air Force helicopters the following kinds 
of blades are used: 
– Mi – 14 (metal blades),
– W – 3RM „Anakonda” (composite blades),
– SH-2G „Kaman” (metal blades)

Occurrence of ice formation on blades is not permissible in 
case of executing hovering operation by such helicopter over 
sea-going ship or navy vessel in order to take-up castaway 
because during ice forming to keep flight direction is difficult, 
vibration of airplane increases and lifting force drops. The 
extreme effect of intensive icing, i.e. sudden drop of lifting 
force, may be disastrous for both rescued and rescuing persons 
[8, 10, 22]. To prevent it, sea rescue helicopters operating 
within SAR system in Poland are equipped with blades having 
heating resistance elements fed from on-board electric power 
network [3-6, 15-16]. This way of preventing ice formation 
was implemented by Russian helicopter producers practically 
from the very beginning of their manufacturing in this 
country – whereas in Western constructions only increased 
flexibility of blades (the natural, mechanical breaking of 
ice layer, which is effective at low and medium gradients of 
thickness growing) and organizational restrictions of flights 
in icing zone, were preferred. Electric heating is a highly 
power-consuming method (during operation of the lifting 
blade heating installation more than 50% output of on-board 
electric power sources is usually consumed, however such 
system is extremely effective. Its effectiveness is proved by the 
fact [21] that in civil aviation of Union of Independent States 
where the electric heating is commonly used for rotor blades, 
no flight accidents due to icing were reported in the years 
1990-2010. Simultaneously, in Western countries interesting 
proposals of application of ultrasounds [19], microwaves and 
infrared radiation etc to blade deicing have been developed. 
Unfortunately, information on their common practical 
application is still lacking. However, reports on installation 
of electrically heated blades (and on including such systems 
into helicopter’s electric power network) „at special request” 
by Western producers, have been published [5-7]), that is 
an additional indirect evidence of effectiveness of the blade 
deicing system in question. 

INTRODUCTION

Metal blades differ from composite ones by many 
properties. Composite blades are superior because their 
much lower mass and higher corrosion resistance, however 
they are characteristic of higher susceptibility to mechanical 
failures. Possible deformation of blade surface as a result of 
delamination, especially close to edge of attack, may have 
straight disastrous consequences in intensive icing conditions 
[4, 11, 18-22]. Every such deformation results in change 
(usually drop) of lifting force and rise of aerodynamic drag. 
The changes cause the worsening of helicopter stability and 
manoeuvrability. Moreover, coming-off the blade heating 
element from spar produces thermal insulation between 
a given heating element section and spar body. The air cushion 
formed this way works as a circuit isolator and blocks heat flow 
toward spar thus exposing structural elements to overheating. 
Hence, areas exposed to overheating are formed.

In composite blades, local overheated areas result in 
hardening the composite layers, causing drop of elasticity and 
flexibility, that affects their work and strength in operational 
conditions intended for such structures [1, 6, 24]. Such places 
are more susceptible to fractures [1, 24]. Local overheated 
areas may form nuclei of fractures which may lead to heavy 
air accidents –Fig. 1.

Fig. 1. Illustration of consequences resulting from delamination of a composite 
blade of helicopter lifting rotor during flight 

Composite blades require more precise overhauls than 
metal ones, that impacts operational costs and first of all safety. 
Sea helicopter aviation in Poland is limited to only military air 
force (other helicopters do not fully satisfy requirements for 
search and rescue operations over water areas) [23]. Because 
such aircraft must be specially prepared for executing rescue 
tasks in heavy weather conditions. In rescue action, time is the 
most important factor [26]. Use of helicopters for such tasks 
ensures the shortest time for their executing, i.e. location and 
evacuation of a castaway. Therefore helicopters taking part in 
such actions should be possible to operate in every weather 
conditions. For this reason, to make it possible to conduct 
on board current diagnostic tests of technical state of blades 
of lifting and auxiliary rotors,would be justified. It may be 
especially useful in executing actions close to areas prone to 
ice formation. For this reason these authors have proposed to 
apply the electric capacity measurement method to detecting 
and monitoring the delamination of the rotor’s blades. 
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POSSIBLE APPLICATION OF ELECTRIC 
CAPACITY MEASUREMENTS OF HEATING 
SECTIONS TO ASSESSING DELAMINATION 

IN HELICOPTER LIFTING BLADES 

The basic method for diagnosing composite blades, 
used until now, consisted in dismounting the blade off 
the helicopter, placing it on a support and executing time-
consuming test with the use of hammer to find departures 
from standard requirements [4]. The test requires highly 
experienced personnel, does not guarantee unambiguous 
results and is – in a sense – interferring (influence of hammer 
impacts on blade mechanical structure ). Instead of it these 
authors propose a non-interferring method as it is enough 
to disconnect cable joints (of electric circuit which connects 
heating sections with on-board electric network) in the blade 
and install instead the system of electric capacity measuring 
by technical method. For such operation it is not necessary 
to employ a highly experienced personnel. Moreover, it is 
a non-interferring and objective method as results of electric 
capacity measurements can be compared with standard 
(model) values. In the future, according to opinion of these 
authors, it would be possible, after a relatively small alteration 
of electric supply system, to install on board such a system 
and carry out blade monitoring in flight. 

During the investigations conducted in ITWL (Air Force 
Technical Institute) on structure and properties of lifting 
blade’s heating elements, electric capacity measurements 
were made for a.o. 9 blades of Mi – 8 / 14 / 17 helicopter and 
12 blades of W – 3 („Sokół”) helicopter [5-6]. A controlled 
delamination was also introduced to form an air gap 
(insulation layer) between the blade heating section and 
spar of Mi – 8 / 14 / 17 helicopter. A much lower value of 
electric capacity directly proportional to delamination area 
was obtained according to the formula:

(1)

where: ε0 – free space permittivity ceficient , ε1– 
relative (dimensionless) dielectric permittivity coefficient 
characteristic for a given insulation material (air – in this 
case) placed between capacitor facings, S – surface area of 
one capacitor active facing (two heating tapes – one section) 
[m2], d – distance between two capacitor surfaces (i.e. distance 
between heating element’s tapes and spar) [m].

During diagnostic tests the change in blade electric 
capacity ΔC observed during service as well as its deviation 
from standard value, is estimated, that can be expressed as 
follows:

 (2)

where: Cod – reference capacity (standard capacity or initial 
capacity of a given blade heating section), Δd – increase of 
thickness of insulation gap between heating section tape 

and lifting blade spar of, dod – thickness of insulation layer 
(initial) between heating section tape and lifting blade spar.

LABORATORY EXPERIMENTAL TESTS 
ON CONTROLLED DELAMINATION OF 

HELICOPTER’S LIFTING BLADE 
Experimental tests on one blade for Mi – 8 / 14 / 17 

helicopter were carried out to determine usefulness of 
measuring electric capacity between electric mass and 
elements of heating section. Fig. 1 presents schematic diagram 
of a blade with indicated places where delamination areas 
were introduced for test purposes.

Fig. 1. Schematic picture of cut Mi – 8 / 14 / 17 rotor blade. (acc. the authors’ 
report based on dismounting operations)

Fig. 2. Electric capacity C between lifting blade’s heating section and spar 
of Mi- 8 / 14 / 17 helicopter in function of the test voltage frequency fg: 1. – 
(marked green) significant delamination of 120 cm in length 2. – (marked 

bronze) small delamination of 38 cm in length, 3. – (marked blue) no 
delamination.

Delamination between blade’s load-carrying structure 
and heating element, often met in service, is hard to detect 
initially by using traditional methods. The proposed method 
of measuring capacity reactance by using technical method 
makes it possible to test blade without its dismounting – it 
is enough to unscrew electric cable from blade and replace 
it with the measuring system, Fig. 3. It is theoretically 
possible, however not applied in practice, to test blade’s 
electric capacity even during flight of helicopter. In case of 
W-3 „Sokół” helicopters, the proposed method - in view of 
specific geometry of their heating sections – could make it 
possible to very precisely detect location of delamination 
areas over the blades. The short heating sections shown in 
Fig. 4 allow to attribute delamination areas to appropriate 
surfaces of given heating sections, hence also to relatively 
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small surfaces of composite, that makes it possible to choose 
suitable repair means. 

Fig. 3. Schematic diagram of the electric capacitance measuring system: A1 – 
Ammeter No. 1, A2 – Ammeter No. 2, V1 – Voltmeter No. 1.

Fig. 4. Heating sections of W-3 „Falcon” helicopter’s rotor blade – schematic 
expansion of the upper and lower surface of the blade:1, 2, 3, 4, 5, 6, 7, 8, 
9 - numbers of wires and pins in the blade’s power socket which provides 
the heating sections and the lamp at the end of blade with electric power; 

respectively: 1-2 – to heating section No. I, 3 – to metal mesh placed along the 
entire blade (electric protective ground), 4-2 - to heating section No. II, 5-6 – to 
heating section No. III, 8-6 – to heating section No. IV, 7-9 – to the lamp at the 

end of blade.

Values of electric capacity of insulation of heating sections 
of WN ? blades (Fig. 2) were obtained by converting the 
reactance formula into that for capacity, as follows: 

 (3)

where: Xc – reactance (capacitance) [Ω]; C – electric capacity 
[F]; I – measurement current intensity [A]; π – constant equal 
to ≈ 3,14159.

All capacity measurements – Fig. 2 – were taken by means 
of the technical method implementing acoustic generator as 
a power source. During measurements the generator operated 
in the range of 320 [V] and 0,32 [A]. During measurements 
the electric current range between 0,05 [A] and 0,2 [A ] was 
implemented most often. In order to get better penetrating 
qualities the greatest value of current intensity available from 
the generator was selected as far as possible. On the basis of an 
analysis of diagrams from previous investigations carried out 
in the range from 1 to 20 [kHz] these authors stated that to 
conduct measurements only within the test voltage frequency 
band from 8 to 12 [kHz], would be most favourable. Such 
limitation is favourable due to quasi-linear relation of electric 
capacity in function of test voltage frequency.

POSSIBLE APPLICATION OF MEASURING 
THE ELECTRIC CAPACITY OF HEATING 

SECTIONS TO ASSESSING DELAMINATION 
OF HEATING ELEMENT TAPES OFF THE 

SPAR IN METAL LIFTING BLADES (IN CASE 
OF MI – (8 / 14 / 17) HELICOPTER)

The electric capacity between the spar and tapes of heating 
sections was measured for 9 blades of Mi – (8 / 14 / 17) 
helicopters. Results of the measurements were compared 
with data from the tests on 5 blades stored in ITWL grounds. 
One of them was shortened by about 1 [m] for purposes of 
previous tests. Electric capacity measurements were executed 
before and after the controlled delamination. For purposes 
of the tests the blade was marked No. V. Apart from the 
above mentioned blades, 2 blades (No. VIII and IX) being 
currently under operation, were tested. On the basis of the 
results given in Tab. 1 and Fig. 5 it is possible to determine 
mean value of electric capacity for serviceable blades of a given 
type. However to determine a correct electric capacity mean 
value a greater number of measurements on blades under 
operation should be done. The values obtained for the blades 
No. VIII and IX are much lower in comparison with the 
results achieved for the remaining blades. Such difference 
may result from the difference in conditions of storing the 
blades. The blades stored in ITWL grounds were kept on 
an unsheltered support in the so called corrosion station. 
Long-lasting keeping the blades rested by edge of attack 
against the support might lead to crushing the edge in which 
heating packet is placed. As a result an increase in electric 
capacity might happen due to a reduced distance between 
spar surface and heating tapes’ surface. In case of e.g. flat 
capacitor’s electric capacity such distance is equivalent to that 
between its two facings. In the conducted electric capacity 
measurements the spar surface and heating tapes’ surface 
constituted equivalents of the facings.
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Tab.1. Capacitance and electric capacity values for particular Mi -8 / 14 / 17 
helicopter blades 

Test number and 
production number 

of the blade

Measurements – Mean values measured in 
the range of 8-12 [kHz] between 14th and 

13th pin (back tape /spar) 
8-12 [kHz] between 14th and 13th pin 

(back tape /spar)

Xc [Ω] – Capacity 
reactance 

(capacitance)

C [nF] from the 
formula after 
conversion of 

capacity reactance

Blade No. II – N67167 220,430 73,32

Blade No. III – N50167 275,560 58,66

Blade No. IV – N73902 253,370 63,81

Blade No. V – N76902 499,580 32,36

Blade No. VI – N75902 254,870 63,41

Blade No. VIII – N67358 1101,180 14,68

Blade No. IX – N68358 1123,000 14,39

Source: Own work of the authors

Fig. 5. Electric capacity diagram for particular Mi – (8 / 14 / 17) 
helicopter blades

ELECTRIC CAPACITY MEASUREMENTS 
TO ASSESS DELAMINATION 

OF COMPOSITE BLADES  
(IN CASE OF W – 3 „SOKÓŁ” HELICOPTER) 

GENERAL INFORMATION

Depending on properties of fibres and resin, composite 
obtains different mechanical and thermodynamic qualities. 
The composite qualities are neither an arithmetic mean or 
sum of features of its components [12, 23]. At very dynamic 
use of composites their complex shape is also conducive to 
deforming the fibres (bending, wrinkling) and changes in 
direction of their arrangement. 

The delamination areas between fibres and resin often 
occur as a result of material fatigue. It is demonstrated by 

an insignificant drop of stiffness, however they expand very 
fast and lead to fractures or interlayer separation. Such failure 
is very difficult to detect by the „classical” methods have 
been used so far [17, 24-25]. The separation of composite 
layers is a typical fatigue failure of composite, it also occurs 
due to shocks. It can be detected and located by means of 
the classical methods, however to diagnose it, the blades 
should be dismounted and checked in laboratory conditions 
[17]. A subsequent step in developing such diagnosing tools 
should consists in making current diagnosing composite 
structures in operation, for instance in flight, possible. The 
electric capacity measuring method proposed by these authors 
fulfils the requirements. 

Ageing rate of composites depends on many factors [1, 
23, 25]. Ultraviolet radiation (UV) is one of the important 
factors conducive to accelerating the process. Until recently, 
UV-resistant epoxide resins have not been available on the 
market, therefore majority of aircraft structures are made of 
resins not resistant against UV radiation, and paint coating 
is the only protection against UV radiation for them. In case 
of an abrasion of the coating has been introduced during 
service, destructive UV radiation effects onto composite may 
occur. The ageing of composite is usually demonstrated by 
change in its colour and rise of its stiffness and brittleness. 
Additionally, high humidity, fast-changing temperature (from 
-70 o C to 35 o C) as well as high velocity of fluid flowing around 
(wet air – e.g. due to rainfall) result in erosion, i.e. the out-
washing of composite. Excessive composite heating may lead 
to exceeding the limit temperature Tg. The investigations [12] 
based on experience gathered during production resulted in 
the criteria contained in Tab. 2. 
Tab.2. Acceptance criteria for types of failures in composites [24].

Lp. Type of failure Acceptance criteria

1 Delamination Area smaller than 80 mm2 and not located close 
to a similar area

2 Separation 
(Coming-off)

Permitted only in the places (of area not 
greater than 12 cm2 ) where blade’s plating is 
additionally attached by screws to internal 
structure) - impermissible in other places

3 Foreign body 
inclusion

Areas smaller than 60 mm2 and covering in total 
the area smaller than 5% of plating surface

4 Porosity Area of porosity is not to exceed 10% of total 
plating surface

The typical structural failures of composites are presented 
in Fig. 6, 7and 8. All of them may be detected and partly 
located by using the proposed method based on technical 
measuring electric capacity: 
– failures consisting in geometrical separation within the 

blade (e.g. coming-off the parts) resulting in an increase 
in the insulation gap thickness Δd - (Eq. (2)),

– failures consisting in inclusion of foreign bodies or porosity 
resulting in a change in value of the relative (dimensionless) 
dielectric permeability εr.

Fig. 6. Gas cavity – misrun bonding
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Fig. 7. Gas pores

Fig. 8. Foreign body inclusion

POSSIBLE MONITORING OF GEOMETRICAL 
DELAMINATION IN COMPOSITE BLADE

The electric capacity was measured between the spar (metal 
mesh) and  shorted tapes of the heating sections No. II and III. 
The measurements were conducted on 12 blades and a piece 
cut off the blade. 6 blades and the cut blade’s piece (I - VI + 
XIII) were stored in ITWL grounds, the remaining 6 blades 
(VII - XII) were tested on helicopters in service. Results of 
the measurements are given in Tab. 3 and Fig. 6. 
Tab. 3. Values of capacitance and electric capacity for particular W – 3 

helicopter’s blades

Test number and production number 
of blade

Measurements – The 
measured mean values 8-12 

[kHz]

Xc [Ω] 
- Xc [Ω] – 
Capacity 
reactance 

(capacitance)

 C [nF] from 
the formula 

after 
conversion 
of capacity 
reactance

B Blade No. l 7-5 (section 
II/III) 3211,440 5,05

Blade No.I
K89/2 3005048 (7 + 5) - 1 394,910 40,94

Blade No. II 7-5 (section 
II/III) 3651,347 4,43

K89/3 3005049 (7 + 5) - 2 378,147 42,74

Blade No. III 7-5 (section 
II/III) 2847,853 5,68

K193/2 3009026 (7 + 5) - 3 441,960 36,57

Blade No. IV 7-5 (section 
II/III) 2885,827 5,61

K193/1 3009003 (7 + 5) - 4 428,767 37,70

Blade No. V 7-5 (section 
II/III) 2777,720 5,83

K193/4 3009031 (7 + 5) - 5 426,027 37,95

Blade No. VI 7-5 (section 
II/III) 2985,987 5,42

K193/3 3009030 (7 + 5) - 6 453,367 35,67

Blade No. VVIIIIVII 7-5 (section 
II/III) 4800,600 3,36

Test number and production number 
of blade

Measurements – The 
measured mean values 8-12 

[kHz]

Xc [Ω] 
- Xc [Ω] – 
Capacity 
reactance 

(capacitance)

 C [nF] from 
the formula 

after 
conversion 
of capacity 
reactance

Blade No. VII
302/1 A30.09.482 (7 + 5) - 7 529,847 30,51

Blade No. VIII 7-5 (section 
II/III) 3947,760 3,08

302/2 A30.09.486 (7 + 5) - 8 520,360 31,07

Blade No. IX 7-5 (section 
II/III) 4454,950 3,66

302/3 A30.09.487 (7 + 5) - 9 512,657 31,53

Blade No. X 7-5 (section 
II/III) 4836,500 3,42

302/4 A30.09.488 (7 + 5) - 10 500,110 32,33

Blade No. XI 7-5 (section 
II/III) 6287,363 2,64

355/1 A30.09.629 (7 + 5) - 11 540,081 29,93

Blade No. XII 7-5 (section 
II/III) 3754,840 4,31

355/2 A30.09.675 (7 + 5) - 12 534,710 30,23

Blade No. XIII (cut)
7-5 (section 

II/III) 5887,560 2,75

(7 + 5) - 13 6409,440 2,53

Due to specific geometry of heating sections of W – 3 
„Sokół” helicopter’s blades, the measurement method could 
allow to find accurate location of delaminated places because 
particular heating sections cover only small areas – Fig. 4. In 
case if a producer or the ITWL established a delamination 
level permissible in service, then the presented method could 
be useful for fast assessment of serviceability of a given blade.

The electric capacity value measured between the terminals 
7 and 5 is much lower than that measured between the shorted 
terminals 7 and 5 and the terminal 1 (metal mesh – shield) 
because in the last case it concerns much greater area S (see 
Eq. (1)):
– the electric capacity between the terminals 7 and 5 is 

measured between sides of two heating tapes, 
– but the electric capacity between the shorted terminals 7 

and 5 and the terminal 1 is measured between two heating 
tapes and the mesh. 
The so significant differences occur due to directly 

proportional relation between surface areas of the heating 
sections (the heating sections are placed side by side) therefore 
the electric capacity between them is rather low [6]; on the 
other hand the tapes are placed flat on the mesh.
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Fig. 6. Bar diagram of electric capacity for particular blades of W-3 “Falcon” 
helicopter: (7+5)-1 - capacity between the heating tapes II and III (the shorted 
terminals 7 and 5) and the metal mesh (blade’s electric mass) 7-5 (the heating 
sections II/III) – capacities between the heating tapes (between the terminals 7 

and 5).

SUMMARY

Development of structures and structural materials 
requires new operational and diagnostic methods. The testing 
method for determining extent of delamination in blades, 
especially in case of composite blades, may provide invaluable 
services for aircraft operational safety. The proposed method 
of measuring capacity reactance by means of technical 
method makes it possible to test state of blades without 
their dismounting. In the near future it will be possible to 
diagnose blades in flight. Areas where delamination between 
blade’s spar and heating element occur, form additional, local 
thermal insulation for heating tape, that results in local drop 
in transferring heat from heating tape to spar. Consequently, 
it leads to local rise in heating element temperature when 
electric current is supplied as well as to a significant delay of 
cooling process after switching – off electric current circuit [6]. 
Such places found during the tests are zones of potential surface 
burnouts as well as form nuclei for progressing delamination 
of blade internal layers. The phenomenon of local overheating 
the blade zone around heating element is especially dangerous 
for composite structures because the overheated structures 
show lower elastic properties after cooling down, hence greater 
susceptibility to micro-cracks. The above mentioned solutions 
greatly elevate level of operational safety of the aircraft in 
which composite blades are used. Moreover, such solutions 
are capable of increasing the combat action effectiveness of 
military aircraft. The proposed diagnostic method does not 
require dismantling the blades, that may significantly shorten 
down-time of helicopters as well as make application of it to 
any type of blades, possible. 
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INTRODUCTION

Rotary magnetic fluid (MF) seals have been successfully 
used for years in gas environments or in vacuum conditions, 
when extremely high tightness was to be ensured at very small 
resistance of the sealing node [11, 15]. The correctly designed 
MF seal should have the magnetic system and the shape 
of sealing teeth arranged in such a way that the magnetic 
field is concentrated in a small gap. The maximum value of 
magnetic induction generated in this area keeps permanently 
the magnetic fluid in the gap, until the critical pressure is 
exceeded. As long as the gas pressure is lower than the critical 
pressure, the action of the gas environment on the magnetic 
fluid surface is small and in these conditions the seal can work 
for many years without tightness loss.  In this case the seal 
lifetime is affected by physicochemical processes taking place 
inside the fluid which decrease its saturation magnetisation 
and, as a consequence, its critical pressure.  

The situation changes dramatically when the magnetic 
fluid seal operates in liquid environment [9]. A basic condition 
for correct operation of the seal in water environment is the 
appearance of strong water repellent effect on the interface 
between the magnetic fluid and the sealed fluid to prevent 
these two fluids from mixing. To achieve this effect, the 
selected magnetic fluid should have properties adequate to 
those of the environmental fluid to ensure high interface 
tension. 

If the seal is used in the fluid environment in static 
conditions, the magnetic field acting to keep the magnetic 
fluid within a given space and high interface tension should 
be sufficient to ensure long-term tightness. By contrast, in 
the rotary MF seal, in which the magnetic fluid comes into 
direct contact with the sealed environmental fluid, both the 
action of the magnetic field on the magnetic fluid and the 
hydrodynamic action of the interface between the sealing 
and environmental fluids take place.  The direction and 
value of the magnetic field and the relative magnetic fluid/

FAILURE OF MAGNETIC FLUID SEALS OPERATING IN WATER: 
PRELIMINARY CONCLUSIONS

Leszek Matuszewski
Gdansk University of Technology, Poland

ABSTRACT

The article analyses properties of magnetic fluid seals installed in rotary sealing nodes which operate in the utility 
water environment. Seals of this type have been examined as a possible solution to the problem with ship manoeuvring 
propulsion sealing. The present analysis bases on laboratory durability tests of magnetic fluid seals exposed to long-
term utility water loads, at different water pressures and shaft revolutions. The basic seal durability criterion was the 
number of revolutions made by the sealing node shaft until the appearance of water tightness loss (leakage). It was 
found that the main factor leading to the wear of the seal is the relative speed of the magnetic fluid with respect to 
that of the utility water, and this process is heavily affected by the pressure acting on the seal. The reported test results 
are presented in the form of diagrams showing the seal durability (time until water tightness loss) as a function of 
rotational speed. The curves shown in the diagrams are regular, with two different rotational speed ranges: the high-
speed range, when the tightness loss is relatively fast, and the low-speed range, with a clear tendency to prolong the 
seal lifetime. These diagrams were given the name of durability curves of the MF seal operating in water. The results 
of the performed tests suggest formal similarity between the experimental data distribution concerning tightness loss 
processes occurring in magnetic fluid seals operating in water environment and metal fatigue processes. The article 
proposes a preliminary simplified durability model to describe the examined phenomenon. 

Keywords: seal, magnetic fluid
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environmental fluid velocity vector affect significantly the 
stability of the interface and the resultant durability of the seal. 
These issues are the object of theoretical analyses published 
in scientific and technical literature [14]. The experimental 
research publications [8] on magnetic fluid seals working in 
liquid environments confirm the effect of the magnetic field 
and interface stability on the seal’s lifetime. 

In the examined MF seals, the dominating magnetic field 
strength direction within the magnetic fluid area is radial, 
whereby in the vicinity of the water/magnetic fluid interface 
the component perpendicular to the interface is also observed. 
This magnetic field distribution is used in well-known designs 
of rotary seals [4, 9, 10], as it provides maximal values of 
critical pressure in the seal and is relatively simple to execute. 

Magnetic field distribution in the seal is not the object of 
examination in this paper.  

For many years, the Faculty of Mechanical Engineering 
and Robotics, AGH University of Science and Technology, 
Cracow, in collaboration with Gdansk University of 
Technology, have examined MF seals working in the utility 
water environment. Among other goals, the research aimed 
at assessing the applicability of MF seals in ship propulsion 
systems [7, 16, 17, 18]. This article makes use of part of the 
results obtained within the framework of the NCRD research 
project [13], studying the effect of relative velocity between 
environmental fluid and magnetic fluid on seal durability. 
The performed research was extremely time-consuming, 
as it mainly concerned the long-term seal durability as 
a function of the magnetic fluid velocity with respect to the 
environmental fluid at different pressures acting on the seal. 
The objects of examination were seals with one and many 
sealing teeth. 

The article presents the course and results of examination 
of a sealing sleeve with three teeth.  Consecutive paper 
chapters describe the examined sealing system and the 
used examination procedures, and present typical durability 
curves obtained for three types of examined magnetic fluids. 
Basic information and definitions of the used quantities and 
research terms are included. An attempt is made to generalise 
the process of wear of the MF seal working in water by 
applying the mathematical model of durability based on 
fatigue models presented in [3]. Finally, conclusions resulting 
from the performed research are presented. 

It is noteworthy that, to the author’s knowledge, this is 
the first systematic approach to the problem of long-term 
durability of a MF seal working in liquid environment. 

The need to perform a large number of time-consuming 
tests was the reason why the collected experimental data 
stock is relatively small. The author is aware of the fact that 
some conclusions may seem controversial and require further 
targeted research and analyses oriented on their thorough 
verification.  

THE EXAMINED SEAL SYSTEM AND 
SAMPLE DURABILITY CURVES

The tests were performed on the research rig described 
in detail in [6], which also provides descriptions of 
research assumptions and applied procedures. To facilitate 
understanding of the issues being the object of this research, 
Fig. 1 presents one version of the research node and explains 
basic terms used in the experiment and analyses. The figure 
shows the test system used for examining the MF seal with 
three teeth, and the dimensions of main system components, 
which are: driving shaft with sealing sleeve, nose cap and 
centrifugal discs rotating against stationary elements, and 
the magnetic arrangement consisting of permanent magnet 
discs, magnetic poles, nonmagnetic ring and intermediate 
plate with pressure measurement channel.

The utility water used in the tests was supplied to the 
water chamber at a pre-set pressure. The nose cap and 
the intermediate plate were used to ensure the required 
homogeneity of the water flow in the vicinity of the magnetic 
seal interface (see also details 2:1 and 20:1 in the figure). 
After the seal failure, the water penetrated in the leakage 
direction (shown in figure), then approached the centrifugal 
discs where it leaved the system and flowed to the leakage 
detection device (not shown).
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Fig.1. The examined MF sealing system with three teeth.

The magnetic fluids used in the experiment were produced 
by the Russian company Ferrolabs [2]. Table 1 collates physical 
properties of the examined fluids and their typical technical 
applications. 

The magnetic field was generated by a set of permanent 
magnets in the form of ø15×5 mm disks having the following 
characteristics [12]:
Magnetic material:  Neodym N38
Residual magnetic induction: Br=1,23 T
Commercial strength: Hc=912 kA/m
Maximal energy density: (BH)max =294 kJ/m3

Maximal operating temperature:  150 °C
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The pole shoes and the sleeves with sealing teeth were 
made of low-carbon steel with relative magnetic permeability 
μr>2000. 

Tab.1 Basic parameters of the examined ferromagnetic fluids [4]

PARAMETER:
FLS 040.040 FLA002.25 FLA003.45

Type of carrier fluid: Silicone fluid Siloxane Siloxane
Saturation magnetisation, kA/m 40 ÷ 50 25 45
Operating temperature, °C -70 do 150 -70 do 150 -70 do 150
Critical temperature, °C 200 250 200
Freezing point, °C -100 No data No data 
Plastic viscosity in 27°C 300-800Pa·s 700-750 mPa·s 400-500 mPa·s
Colour of liquid: black-brown black-brown black-brown
Evaporation coefficient, g ∙ Sm-2c-1 No data
Thermal conductivity in 38°C, mWt/m·K No data 150 150

Applications:
High rotational speeds, 
food and pharmaceutical 
industries 

Midranges, tweeters, and 
buzzers Woofers and buzzers  

Figures 2, 3 and 4 [13] show sample results of durability 
examination of seals with magnetic fluids given in Table 1. 
The results are presented in the form of points with research 
coordinates and a curve presenting the trend of the point 
distribution.  

Basic quantities used in the descriptions of diagrams in 
the figures are defined as follows: 

Critical pressure (pkr), MPa is the highest pressure which 
does not lead to leakage through the seal in static conditions.

Operating pressure (pr), MPa is the water pressure which 
is set and kept constant during the seal durability test.

Critical velocity (nkr), sec-1 is the lowest rotational speed 
of the seal at which the leakage is observed after a period no 
longer than 20 s from the beginning of examination. 

Boundary velocity (ngr), sec-1 is the rotational speed of the 
seal which divides the trend line into two parts with different 
durability gradients.

Seal durability (t), s is the time of seal operation until 
leakage.

 

Fig. 2. Durability of seal with magnetic fluid FLS 002.025 in contact with 
water vs. rotational speed of sealing sleeve. The sealing system is shown in Fig.1

 

Fig. 3. Durability of seal with magnetic fluid FLS 003.045 in contact with 
water vs. rotational speed of sealing sleeve. The sealing system is shown in Fig.1

 

Fig. 4. Durability of seal with magnetic fluid FLS 040.040 in contact with 
water vs. rotational speed of sealing sleeve. The sealing system is shown in 

Fig.1FLS 040.040. pr= 0,053

The testing procedure assumed performing successive tests 
for gradually decreasing rotational speed until the level at 
which the seal made over 1 million revolutions without leakage 
was achieved. In this context, the time of seal operation with 
lowest rotational speed means that the seal durability at this 
speed is higher than that shown in the diagram. 
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The tests were performed at different water pressures in 
the sealing system. Along with the magnetic fluid velocity, 
the pressure is the other key factor affecting the operating 
durability of the seal.

The presented diagrams are representative of large majority 
of the performed tests. In each diagram, the high-speed range 
can be found in which the seal is damaged after the time 
ranging from slightly more than ten seconds to a dozen or 
so minutes, and the low speed range in which the seal is 
damaged after the time between several and more than ten 
hours of continuous operation. Between those two ranges, a 
transitional range is observed in which the boundary velocity 
is situated. The definition of the boundary velocity is not 
precise because this velocity can depend on many factors 
which are difficult to clarify at this research stage.  

An opinion can be found in the scientific literature [2, 
8, 12] that the boundary velocity can be related to interface 
instability which appears at certain velocity difference 
between the contacting fluids. 

MATHEMATICAL MODEL OF MF SEAL 
DURABILITY 

The mathematical model of durability of the seal with 
magnetic fluid has been developed based on the available 
experimental data [13] obtained in the seal durability tests 
described in Section 2. More than 60 tests were performed. 
Their duration times ranged from a dozen or so seconds to 
over 30 hours of continuous operation. The tests differed by 
rotational speed of the seal, set within the range from 1 rev/s 
to 100 rev/s, and by water environment pressure, ranging 
from 0,023 MPa to 0,174 MPa. Both parameters were kept 
constant during one test. 

As mentioned in the previous section, the experimental 
data distributions were similar to each other in large majority 
of tests, with clearly distinctive high and low speed durability 
ranges, separated by the transitional range in which the 
hypothetical boundary velocity was situated.  

What was noteworthy was formal similarity of the 
experimental data recorded for the examined seals in the 
n-t coordinate system (where n is the rotational speed of 
the magnetic fluid in the seal, s-1; and t is the time of seal 
operation until leakage) with fatigue characteristics of steel 
in the σ-N coordinate system (where σ is stress, MPa; and N 
is the number of fatigue cycles). In both cases a characteristic 
quantity can be observed which refers to immediate damage 
of the examined object. For the seal leakage phenomenon, it 
is the boundary velocity of the seal (leakage after less than 
20 seconds), while for the fatigue analysis it is the immediate 
strength of steel sample (damage in the ¼-cycle test). In both 
cases a boundary value can be found which separates the 
limited durability range and the long-term operation range. 
In the former and latter case, respectively, this role is played 
by the boundary velocity of the seal and the fatigue strength 
limit of steel sample. 

Being well aware that the physics of these two phenomena 
is completely different, a decision was made to search for the 
mathematical model of durability of the examined seal within 
relatively well-developed metal fatigue models. 

Gasiak and Pawliczek [8] presented fatigue characteristics 
for low-alloy structural steels. They also proposed a formula 
describing the relation between the variable stress amplitude 
limit and the number of cycles N for different average stress 
values in the cycle [3]. Assuming that the effect of the average 
stress value on its amplitude is linear, the fatigue surface 
formula takes the following form:

 (1)

where: 
m – fatigue line slope within the limited fatigue strength 

range (material constant),
ZG – material fatigue limit (material constant),
N0 – limiting number of cycles (material constant), 
η, λ – equation coefficients.

The shape of the fatigue surface obtained from formula 
(1) is shown in Fig.5.

Fig.5 Limiting surface of variable stress amplitudes as function of the number 
of cycles N and the average stress value σm, σa=f(N, σm ). Curves 1 and 2 show 

trends of σa changes in N and σm directions [7 and 8].

For the purposes of magnetic fluid seal durability model 
development, the experimental data concerning the examined 
seals have been arranged in the v – N coordinate system, where 
v, m/s, is the circumferential velocity of the sealing tooth, and 
N is the number of revolutions until leakage. Substituting 
the n – t relation with the v – N relation is simple, as all tests 
were performed using sealing sleeves of the same nominal 
diameter, equal to 50 mm, and each test was performed for 
constant rotational speed. Moreover, describing the seal 
durability as the limiting surface, in the way shown Fig. 5, 
required introducing the water pressure p, which was kept 
constant in each individual test. Finally, the proposed seal 
durability model is the function of two variables and has the 
following form:

v = f(x,y), where: x = log(N), y = p
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The KT_MF relation which describes MF seal durability 
changes with the aid of function (1) takes the form:

 (2)

,  (3)

where: v(x, y) is the seal velocity corresponding to durability 
N at water pressure p,
vG  – boundary velocity of the seal,
N0  – number of seal revolutions corresponding to the 

boundary velocity,
M  – slope of KT_MF characteristic for critical pressure 

p→0, 
The quantities m, vG, and N0 can be considered material 

constants for KZ_MF, while c and d are coefficient of the 
function v=f(log(N),p) and are different for different magnetic 
fluids. The exact value of the boundary velocity, vG cannot 
be precisely determined at this research stage (see Figs. 2, 
3, 4), which makes determining m and N0 difficult as well. 
This is why Equation (2) contains coefficients a and b (3) in 
an aggregated form which takes into account the effect of m, 
vG, N0 on the function v=f(log(N),p).

APPLYING THE DURABILITY MODEL 
TO EXPERIMENTAL DATA PROCESSING 

Within the framework of the planned research, more 
than 60 experimental test runs were performed. The time 
duration of an individual test ranged from slightly more 
than ten seconds to over 30 hours of continuous work. The 
rotational speeds of the seal which were set in these tests 
ranged from 1rev/s to100 rev/s, at different water environment 
pressures which ranged between 0,023 MPa and 0,174 MPa. 
These parameters were kept constant during each individual 
test run. 

The durability model described in Section 2 was tested using 
the recorded experimental results. Table 2 collates coefficients 
a, b, c and d of Equation (2), calculated for different magnetic 
fluids. For each fluid, three values of these coefficients were 
calculated, but the surface diagrams v=f[log(N),p] shown in 
Figs. 7, 10 and 13 for particular fluids were created using the 
first (underlined) set of values from Table 2.

The figures below show durability surface diagrams for the 
examined seal with magnetic fluids (KT_MF –magnetic fluid 
durability curve), created using the function v=f(log(N),p) 
for three types of magnetic fluids used in the tests. Figures 
6, 9 and 12 present diagrams obtained using experimental 
data, while Figs. 7, 10 and 13 show corresponding surfaces 
calculated using the relation (2) and values of coefficients a, b, 
c and d taken from Table 2. Figures 8, 11 and 14 compare the 
diagrams obtained from the experiment and the relation (2).

Fluid FLA 002.25

Fig.6. Experimental relation between the number of revolutions N until 
leakage and the circumferential velocity v of the seal, for different water 

environment pressures p. The number of revolutions shown in the logN form. 
Magnetic fluid in the seal: FLA 002.25[5].

Tab. 2. Equation (2) coefficients

Fluid 
FLA 002.25

%General model:
%     f(x,y) = a./x.^b+c.*x.^d.*y
%Coefficients (with 95% confidence bounds):
%       a =       17.83 (17.66, 17.99)
%       b =      0.4045 (0.3962, 0.4128)
%       c =      -181.1 (-184.1, -178.1)
%       d =     -0.1082 (-0.1211, -0.09535)

%Goodness of fit:
%  SSE: 6997
%  R-square: 0.9277
%  Adjusted R-square: 0.9277
%  RMSE: 0.8366

(4)

Fluid 
FLA_003_45

%General model:
%     f(x,y) = a./x.^b+c.*x.^d.*y
%Coefficients (with 95% confidence bounds):
%       a =       11.98 (11.74, 12.22)
%       b =      0.5924 (0.5719, 0.6129)
%       c =      -60.29 (-62.27, -58.31)
%       d =     -0.5587 (-0.5915, -0.526) 

%Goodness of fit:
%  SSE: 1.045e+004
%  R-square: 0.6528
%  Adjusted R-square: 0.6527
%  RMSE: 1.022

(5)

Fluid
FLS_040_040

%General model:
%     f(x,y) = a./x.^b+c.*x.^d.*y
%Coefficients (with 95% confidence bounds):
%       a =       15.15 (14.94, 15.36)
%       b =      0.3227 (0.3099, 0.3355)
%       c =      -90.04 (-91.97, -88.11)
%       d =     -0.2939 (-0.3131, -0.2748) 

%Goodness of fit:
%  SSE: 286.6
%  R-square: 0.9633
%  Adjusted R-square: 0.9632
%  RMSE: 0.4238

(6)
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Fig.7. Theoretical relation v=f(log(N),p) acc. to formula (2), where: 
v – circumferential velocity in the seal, p – the set test pressure, N – number 

of revolutions until leakage. Seal with fluid FLA 002.25, values of coefficients 
a, b, c and d from Table 2, set (4).

Fig.8. Comparing theoretical and experimental relation v=f(log(N),p), where: 
v – circumferential velocity in the seal, p – the set test pressure, N – number of 

revolutions until leakage. Seal with fluid FLA 002.25.

Fluid FLA _ 003 _ 45

Fig.9 Experimental relation between the number of revolutions N until leakage 
and the circumferential velocity v of the seal, for different water environment 

pressures p. The number of revolutions shown in the logN form. Magnetic fluid 
in the seal: FLA 003.45 [5].

Fig.10. Theoretical relation v=f(log(N),p) acc. to formula (2), where: v – 
circumferential velocity in the seal, p – the set test pressure, N – number of 
revolutions until leakage. Seal with fluid FLA 003.45, values of coefficients 

a, b, c and d from Table 2, set (5).

Fig.11. Comparing theoretical and experimental relation v=f(log(N),p), where: 
v – circumferential velocity in the seal, p – the set test pressure, N – number of 

revolutions until leakage. Seal with fluid FLA 003.45.

Fluid FLS _ 040 _ 040

Fig.12.Experimental relation between the number of revolutions N until 
leakage and the circumferential velocity v of the seal, for different water 

environment pressures p. The number of revolutions shown in the logN form. 
Magnetic fluid in the seal: FLS040.040 [5].
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Fig.13. Theoretical relation v=f(log(N),p) acc. to formula (2), where: v – 
circumferential velocity in the seal, p – the set test pressure, N – number of 
revolutions until leakage. Seal with fluid FLS 040.040, values of coefficients 

a, b, c and d from Table 2, set (6).

Fig.14. Comparing theoretical and experimental relation v=f(log(N),p), where: 
v – circumferential velocity in the seal, p – the set test pressure, N – number of 

revolutions until leakage. Seal with fluid FLS040.040.

REMARKS AND CONCLUSIONS 

Summing up the results of the experimental research and 
theoretical analyses based on the developed seal durability 
model, we can conclude that:
1. The majority of tests reveal regular distribution of magnetic 

fluid velocity in the seal (circumferential velocity v or 
rotational speed n) as the function of seal durability (number 
of revolutions N or operating time t until leakage) for 
different operating pressures p (v=f(N,p). A characteristic 
feature of this distribution is the occurrence of the low 
durability interval (for high velocities of fluid motion) and 
the high durability interval (for low velocities), separated 
by the transitional interval in which the boundary velocity 
is situated. 

2. The surface diagrams shown in Figs. 8, 11 and 14 reveal 
that the results of experimental examination v[log(N),p] 
and theoretical analysis v[log(N),p] presented in the form 
of relation (2) are similar to each other over large part of 
the examined parameters. Larger differences in velocity 
v=f[log(N),p] between the experiment and theory can be 
observed for higher log(N) values, where they amount to 
1-2m/s, while in the area of rapid increase of the v function 
they are nearly twice as large. 

3. Based on the analysis of diagrams shown in Figs.7, 10 
and 13, we can conclude that the seal durability model in 
the form of v[log(N),p], written as relation (2) based on 
relation (1), correctly describes the increasing trend in the 
number of revolutions N until leakage as a function of the 
decreasing velocity v for different pressures p.

4. A serious problem at the present research stage is the 
inability to determine precisely the values of the boundary 
velocity vG and limiting durability N0. Correct values of 
these quantities would make it possible to calculate the 
slope m in relation (3) and replace coefficients a and b in 
relation (2) with real values. The present approach to this 
problem which introduces the term of “boundary velocity 
area” is highly unsatisfactory.

5. Further examination of durability of seals with magnetic 
fluids operating in water environment is necessary, in 
particular in the velocity boundary area, to gain more 
information on this issue and provide opportunities for 
more precise calculation of the velocity boundary value. 
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