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Abstract 
 
      This paper presents the results of the test carried out on the Sulzer 6 AL 20/24 engine. The study was carried out 
during the testing following a restoration of two turbochargers of the type Napier C 045 / C. The article attempts to 
evaluate the suitability of the coherence function between the signals coming from diagnostically sensitive selected 
points of turbocharged piston engine. The study primarily focused only on the turbocharged piston engines, as it is 
this type of engine, which is currently the most widely used in the shipbuilding industry, both for main propulsion 
boats and marine plants. The paper contains results of first step of researches, focused on possibilities of using new 
methods in nondestructive technical state monitoring.  
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Introduction 
 
      The aim of the study was to record vibration signals at selected points of the engine, and using 
the coherence function, to determine the degree of usefulness of this method of analyzing noise 
and vibration signals for technical inspection of piston turbocharged marine engines. Authors 
consider application of results coherence function as a symptom of qualitative diagnostic of 
combustion engines. Researches results were verified with results of the active experiments made 
in test bed of the engine. 
      The study was conducted in three stages. In the first stage, spatial selection of vibration signals 
of a marine piston engine was carried out. The remaining phases focused on the measurement of 
vibration signals and their analysis. The study used two types of refurbished turbochargers of the 
type Napier C 045C. It should be noted that the turbocharger has been renovated by an external 
company and their condition was evaluated just before a substantial part of the study. As a result 
of evaluation, it was concluded that one of the turbochargers was fully efficient while the latter 
was characterized by a significant unbalance of the rotor (acceleration value was above aRMS = 20 
m/s2 - implemented to measure the bearing of the motor when the maximum power was reached). 
      The analysis of vibration signals can determine the suitability of the coherence function 
determined for the signals coming from the cylinder heads and the signal from the turbo, to 
evaluate the technical condition of marine turbocharged piston engine. 

 



Description of the research 
 
      The study was carried out on six-cylinder, linear, four-stroke, turbocharged engine SULZER 6 
AL 20/24 with the following specifications: diameter of the cylinder D - 0.2 m; stroke S - 0.24 m; 
the compression ratio π - 12.7; rated speed n - 750 rev / min; rated power Ne - 420 kW; fuel 
injection pressure pw - 24.5 Mpa; firing order 1-4-2-6-3-5; number of valves: 2 inlet and 2 outlet. 
The engine is equipped with a turbocharger Napier C 045 / C at maximum speed ns = 41000 rev / 
min; the number of turbine blades equal to 13 and the number of compressor blades to 15. The 
receiver of the power and torque from the engine is a water brake of type DPY6D securing the 
motor throughout the full rev range. 
      Prior to the testing of engine, the condition was verified by carrying out the process of 
indicating pressure of all cylinders and by making vibration measurements of the base frame. The 
study confirmed the good condition of the engine according to the quality assessment 
classification of indicated pressure and vibration standards PN-90/N01358. The test engine is 
shown in Figure No. 1, Figure 2 is a diagram of the position, on which the study was conducted. 
 

 
Fig. 1 The position of the piston marine engine type SULZER 6AL20/24 

 

 
Fig. 2 Test set up. 1 – Napier C - 045 / C turbocharger, 2 - cylinder heads, 3 - flywheel, 4 - bearing bracket, 5 - 

DPY6D water brake 
 

Spatial selection of vibration signals for the determination of the values, locations and ways 
of the measurement 
 
      The analysis of vibration signals of the piston engine is complicated due to the complex nature 
of the signal that is caused by the simultaneous operation of multiple sources [6]. 
      Marine piston combustion engine is an object subject to the action of direct and secondary 
excitation and external influences. Vibration signal recorded in a random part of the body is the 



sum of responses to all elementary events occurring at the functioning time, such as: reciprocating 
movements of the piston systems, valves, needle injectors, crankshaft rotational movements, 
timing, turbocharger, gear drives of  suspended mechanisms, and pressure pulses associated with 
the combustion and fuel delivery to the cylinders. 
      Vibration signals generated by each kinematic  pair and accessories of the piston engine can be 
considered as non-stationary due to the prevalence of different types of backlashes, and non-linear 
characteristics of elastic elements. Frequency characteristics of the signals depend significantly on 
transmission path of the propagation of component signals from the source to the measurement 
point [6]. For this reason, it is advisable to measure as close to the selected source of vibration as 
possible. 
       After a theoretical analysis of extortion occurring in the engine and structural analysis of 
potential data points as the accelerometer mounting locations,  the motor heads from I to VI were 
selected (Figure 1 and 2) – as the most sensitive to changes in pressure in the cylinder, and the 
body of the plain bearing turbocharger. 
      During the measurements using two accelerometers type B & K 4514B were used. One of 
them was permanently fixed on the hull of the turbocharger, and the other mounted successively 
on all of the cylinder heads. Measurements were carried out in the vertical direction, in line with 
the gas-dynamic forces occurring during operation. Simultaneously with the measurement of 
vibration signals, measurements of the rotational speed of synchronous signal were carried out on 
the motor shaft using optical probe MM024. 
 After measuring the still warm accelerometers recalibration was done in order to find out 
the influence of temperature on the work of calibration of the transducer. 
 
Methodology 
 
      Measurements were carried out at an engine speed of n = 600 rev/min. For each of the 
turbochargers two series of measurements were performed. In the first series, the aim was to 
analyze the relationship between vibration signals coming from the measuring points for a fully 
efficient fuel system of the engine. The second option predicted simulation of the injector failure 
of one of the cylinders. For this purpose, the dose of fuel was reduced using the overflow valve 
located on the injection pump (motor has an independent one-section injection pump for each 
cylinder). The degree of simulated damage was examined by driving continuous indicating of 
pressure waveforms in the engine cylinder [4]. By reducing the dose of fuel, a reduction of its 
combustion in the pressure cylinder was obtained. The results of this procedure are shown in the 
graph - Figure 3, where the upper gray line shows the course of the pressure in the cylinder during 
normal operation of the fuel system whereas the red curve underneath represents the pressure after 
reduction of the dose of fuel. As you can see the value of the maximum pressure in the cylinder of 
a simulated inoperative injector decreased from p = 6.92 MPa to p1=5.13 MPa which confirms that 
the damage was simulated correctly. All measurements were carried out after stabilization of the 
operating parameters of the engine. At the time of registration of vibration signals sampling 
frequency of fp = 8192 Hz was used, while the analysis bandwidth was limited to f = 0.5 Hz - 3.2 
kHz. 



 
Fig. 3 Graph of cylinder number 6 - upper curve shows the course of the pressure in the efficient fuel system, lower 

curve shows it at partially inefficient system 
 
Results of the study and their analysis 
 
      Aim of this study was to analyze the vibration parameters and assess the usefulness of the 
coherence function in the diagnosis of supercharged marine reciprocating engines. In order to 
achieve the task PULSE software was used, in which spectral analysis was performed using a 
linear velocity scale. An example of such analysis is shown in Figure number 4. It shows the 
velocity spectrum of vibrations during the measurements using the efficient turbocharger. The 
continuous red line represents the spectrum recorded in the sixth cylinder head during its normal 
operation. The green dotted line refers to the spectrum recorded at the same point in time as 
simulating a damaged fuel system of that cylinder. Table 1 shows the velocity values read for 10 
consecutive harmonics 

 
Fig. 4 Amplitude-frequency spectrum of velocity recorded at six cylinder during normal operation - solid line, and the 

damaged fuel apparatus - the dotted line 
 

Table 1 Velocity amplitude measured at the head of 6-efficient and faulty injector 
 

Number of the harmonics I II III IV V VI VII VIII IX X 
value of v [mm/s] – injector 

“efficient” 
0,77 0,38 0,32 0,16 0,37 0,24 0,23 0,45 0,31 0,22

value of v [mm/s] – injector 
"inefficient" 

0,54 0,41 0,51 0,22 0,37 0,23 0,26 0,03 0,04 0,16

 
      It should be noted that in spite of such a large change in simulating the fuel injection pressure 
it is not possible to diagnose a malfunction of the unit on the basis of the measurements, since the 
values of the amplitudes do not exceed the limits set out for example in the standard  



PN-ISO 10816 [9]. Therefore, in the search for more sensitive symptoms, the authors  reached for 
the coherence function and the cross - spectrum as potentially sensitive, dimensionless, 
intermediate parameters. 
Coherence function which is a measure of the consistency of vibroacoustic two processes is 
defined as follows [1,4,6,10]:  

            ,   
   (1) 

where:  
x - the signal recorded on the hull of the turbocharger,  
y - the signal recorded on the next cylinder heads,  
Gxy (f) - the function of the cross-spectrum of signals x and y,  
Gxx (f) - the function of the auto spectrum of the signal x,  
Gyy (f) - the function of the autospectrum signal. 
      In a not so sophisticated, fully operational devices coherence function between the vibration 
signals from different points of the device will take a value of 1 or close to 1. However, any 
damage will be a new source of vibration signals and will affect the consistency of the existing 
functions i.e. decrease the value of the coherence function [2,3]. It is slightly different in the 
situation of such complex device i.e. supercharged piston engine. Sample coherence function 
between the signal recorded on the turbocharger (reference signal) and the signal recorded on the 
sixth cylinder head, Figures 5 and 6. Figure 5 shows the situation in which the engine is fully 
operational, whereas Figure 6 shows the results of a series, in which a failure of the injector of 
sixth cylinder is simulated. 

 
Fig. 5 Running of the coherence function calculated for the signal from the turbocharger (reference signal) and signal 

from the 6th cylinder head during totally smooth engine operation 
 

 
Fig. 6 Running of the coherence function calculated for the signal from the turbocharger (reference signal) and the 

signal from the 6th cylinder head registered during a simulated fuel apparatus damage of the 6th cylinder 
 

)()(

)(
)(2

fGfG

fG
f

yyxx

xy

xy 



      The an
coherence
from the c
be noted th
reference 
signals w
harmonic 
 
The analy
 
      Measu
head 1,2…
was moun
      Figure
see fairly 
velocity am

Fig. 7. Velo

Fig. 9. Va

 
      In add
the engine

0

0,5

1

1,5

2

2,5

I

v 
[m

m
/s
]

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

I

nalysis of 
e function b
consecutive
hat the vibr
signal. The

were also re
of the speed

ysis of the v

urement 1,2
…,6, one of 
nted success
es 7 - 10 sho
high veloc
mplitudes o

ocity amplitud
effic

alues of coher

dition, the d
e, which is 

II III IV

har

Measureme

II III IV V

h

Co

all recorde
between the
e engine hea
ration signa
e values of
ecorded. Re
d of the eng

vibration si

2…,6 (meas
the accelero

sively on all
ow the resu
ity amplitud

of the basic 

des of turboch
cient engine 

rent functions 

dominant va
associated 

V VI VII VII

rmonic

ent on turboc

V VI VII VIII

harmonic

oherence

ed signals w
e signals rec
ads for all p
l coming fr
f the cross
eadings we
gine (I to X 

ignals recor

s. 1,2…,6) r
ometers was
l engine hea

ults of analy
des of harm
harmonic o

harger vibratio

– efficient eng

alues are th
with the co

I IX X

charger

m

m

m

m

m

m

IX X

m

m

m

m

m

m

was made 
corded on t
previously p
rom the hull
-spectrum 

ere perform
harmonic).

rded durin

responds to
s permanen
ads. 
ysis of the sm
monic VII o
of the rotatio

ons – Fig

 

gine F

he values of
ombustion p

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6
0

0

0

0

1

1

v 
[m

m
/s
]

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6

0

0

0

0

1

1

1

1

v 
[m

m
/s
]

in a simila
the hull of 
presented s
l of the turb
function an

med at the 

ng a smooth

o measurem
ntly mounted

mooth engin
of engine sp
onal speed o

g. 8. Velocity a

Fig. 10. Values

f harmonic 
process (thr

0

0,2

0,4

0,6

0,8

1

1,2

1,4

I II I

M

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

I II I

ar matter a
the turboch
eries of me

bocharger w
nd the auto
frequency 

h engine op

ments made 
d on turboc

ne vibration
peed resulti
of the turboc

amplitudes of 
engine

s of the cross 
efficient en

III and VI 
ree times to

II IV V VI

harmonic

Measurement

II IV V VI

harmoni

Cross‐spec

and the val
harger and 
easurements

was always t
ospectrum o
correspond

peration 

during rec
charger the s

n. On Figur
ing from ad
charger. 

f engine heads
e 

– spectrum fu
ngine 

of rotationa
o force the 

VII VIII IX

t on head

VII VIII IX X

ic

ctrum

ues of the 
the signals 
s. It should 
treated as a 
of the two 

ding to the 

ordings on 
second one 

re 7 we can 
dditivity of 

s – efficient 

unction – 

al speed of 
turn - six-

X

head 1

head 2

head 3

head 4

head 5

head 6

X

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6

 



cylinder fo
value of th
 
The analy
fuel system
 
      In the 
individual
clearly vis
(simulated

Fig. 11. Vel

 

Fig. 13. 

 
Efficient f
 
       In cas
system of 
Looking a
from the tu

0

0,5

1

1,5

2

2,5

3

I

v 
[m

m
/s
]

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

I

our-stroke),
he coherenc

ysis of the v
m of the 6t

case of a d
l harmonics
sible is the i
d damage on

locity amplitu
damage

Values of the 
cyl

fuel system

se of a turb
f  all cylinde
at the value
urbocharger

II III IV V

Measureme

II III IV

Co

, and the for
ce function f

vibration s
th cylinder,

decrease in 
 measured o
increase of t
n the cylind

udes of turboch
d cylinder no.

coherent func
inder no. 6 

m, turbocha

bocharger r
ers, still the
es of the co
r and the 2n

V VI VII VIII

harmonic

ent on turboc

V VI VII VIII

harmonic

oherence

rces of inert
for the sign

ignals reco
, efficient tu

the fuel in
on both the 
the coheren

der No. 6) -

harger vibrati
. 6 

ction – damag

arger failur

rotor unbal
e dominant 
oherence fu
nd, 3rd and 

IX X

charger

me

me

me

me

me

me

IX X

m

m

m

m

m

m

tia (six exci
als coming 

orded at th
urbocharge

njection pre
heads and t

nce function
figure 13 

ions – Fig.

 

ged F

re due to un

lance, while
harmonic a

unction, a d
4th cylinde

eas. 1

eas. 2

eas. 3

eas. 4

eas. 5

eas. 6
0,

0,

0,

0,

1,

1,

1,

v 
[m

m
/s
]

eas. 1

eas. 2

eas. 3

eas. 4

eas. 5

eas. 6

0

0

0

0

1

1

1

1

v 
[m

m
/s
]

itations per 
from cylind

e time of th
er 

essure in on
the turboch

n between th

12. Velocity a
d

Fig. 14. Value
d

nbalance 

e maintaini
are the III an
decrease in 
er is seen - F

0

,2

,4

,6

,8

1

,2

,4

,6

I II II

M

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

I II I

revolution)
der 1 and 2 

he experim

ne of the cy
arger do no
he signals o

amplitudes of e
amaged cylind

es of the cross
amaged cylind

ing proper 
nd VI harm
its value fo

Figure 17. 

I IV V VI

harmon

Measurement 

II IV V VI

harmon

Cross‐spect

. You'll also
and the turb

ments - dam

ylinders, val
ot vary much
of 1st and 2n

engine heads 
der no. 6 

s- spectrum fu
der no. 6 

operation o
monic of eng
or the signa

VII VIII IX

nic

t on head

VII VIII IX X

nic

trum

o see a low 
bocharger.

mage to the 

lues of the 
h, however 
nd cylinder 

vibrations – 

nction – 

of the fuel 
gine speed. 
als coming 

X

head 1

head 2

head 3

head 4

head 5

head 6

X

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6



Fig. 15
v

Fig. 17. 

 
Simulatin
 

Fig. 19
vibration

0

0,5

1

1,5

2

I

v 
[m

m
/s
]

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

I

0

0,5

1

1,5

2

2,5

I

v 
[m

m
/s
]

5. Velocity amp
vibrations – da

Values of the 
tur

ng damage 

9. Velocity amp
ns – damaged 

II III IV

Measureme

II III IV V

Co

II III IV

Measureme

plitudes of the
damaged turbo

coherent func
rbocharger 

to 5th cylin

mplitudes of the
turbocharger 

V VI VII VIII

harmonic

ent on turboch

V VI VII VIII

harmonic

oherence

V VI VII VI

harmonic

ent on turboc

e turbocharge
ocharger 

ction – damag

nder and tu

e turbocharge
and 5th cylin

IX X

harger

m

m

m

m

m

m

IX X

me

me

me

me

me

me

II IX X

charger

m

m

m

m

m

m

er F

ged F

urbocharge

er 
nder vib

 

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6
0

0

0

0

1

1

v 
[m

m
/s
]

eas. 1

eas. 2

eas. 3

eas. 4

eas. 5

eas. 6
0

0

0

0

1

1

1

v 
[m

m
/s
]

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6

0

0

0

0

0

0

0

0

0

v 
[m

m
/s
]

Fig. 16. Veloci
d

Fig. 18. Values
d

er failure d

Fig. 20 Veloc
brations – dam

0

0,2

0,4

0,6

0,8

1

1,2

1,4

I II I

M

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

I II II

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

I II I

M

ity amplitudes
damaged turbo

s of the cross –
damaged turbo

ue to unba

city amplitude
maged turboc

II IV V VI

harmon

Measurement

I IV V VI

harmoni

Cross‐spe

II IV V VI

harmon

Measurement

s of the engine
ocharger 

– spectrum  fu
ocharger 

alance 

es of the engin
charger and 5t

VII VIII IX X

nic

t on head

VII VIII IX X

ic

ectrum

VII VIII IX

nic

t on head

e heads – 

function – 

ne heads 
th cylinder 

X

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6

X

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6

X

head 1

head 2

head 3

head 4

head 5

head 6



Fig. 21. 

 
      Consid
damaged i
 
Conclusio
 
      The an
measuring
the third h
place in th
crank-pist
      The re
that the fa
cylinder h
quantifica
      It shou
was the tu
value of th
mean a po
      An ess
in the val
fundamen
with a ma
cause of d
further lab
 
Reference
 
[1] Brüel &
[2] Cempe
[3] Cempe
[4] Kałacz
Journal of
[5] Łutow

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

I

Values of the 
turbocharg

dering the 
injector an i

ons 

nalysis prov
g points are 
harmonic is
he six-cylin
ton engine. 
ead values o
all in the va
heads can 

ation of this 
uld be noted
urbocharger
he coherenc

oor technica
sential symp
lue of the 

ntal frequenc
alfunctioning
deterioration
boratory test

es 

& Kjær Pul
el, Cz., „Dia
el Cz., „Pod
zyński T., „T
f KONES Po

wicz, M., Ana

II III IV

Co

coherent func
ger and 5th cyl

situation in
increase in t

vides a clea
III and VI h
 caused by 

nder engine

of the cohere
alue of the 

mean tha
relationship

d that the lo
r rotor unba
ce function

al state of th
ptom observ
coherence 

cy of the ro
g injector (F
n of the en
ts and a sim

lse LabShop
agnostyka w
dstawy wibr
The coheren
owertrain a
alizator pra

V VI VII VI

harmonic

oherence

ction – damag
linder 

n which th
the value of

ar statement
harmonic of
gas-dynam

e, while the

ence functio
coherent fu

at one of 
p is the subj
owest value
alance. It ca
n between th
he turbochar
ved in the c
function a

otation spee
Figure 5 an

ngine condit
mulation mo

p – pruduct 
wibroakusty
roakustyczn
nce method
nd Transpo

acy silnika”

II IX X

m

m

m

m

m

m

ged F

he engine i
f the cohere

t that the do
f vibration s

mic forces re
e VI harmon

on vary quit
function bet

the cylind
ject of furth

es of the coh
an therefore
he signal fr
rger. 
course of the
at the frequ
ed of the e

nd 6). This p
tion. This w

odel implem

help. 
yczna maszy
nej diagnosty
d of technica
ort, Vol. 17, 
” - instrukcj

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6

0

0

0

0

1

1

v 
[m

m
/s
]

Fig. 22. Value
damaged

is running 
ence functio

ominant har
speed of the
esulting from
nic is relate

te considera
tween the s
ders has a
her ongoing 
herence fun
e be a work
rom the turb

e analysis is
uency corre
ngine in ca
phenomeno
will be furt

mented in a M

yn”, PWN, 
tyki maszyn
al state eval
No. 2 pp. 2
a użytkown

0

0,2

0,4

0,6

0,8

1

,2

,4

I II II

es of the cross 
d turbocharger

with a fau
on is observe

rmonics in 
e engine spe
m the comb
ed to the fo

ably. It is th
signal from 

faulty inj
research. 

nction occur
ing hypothe
bocharger a

s the fact of
esponding t
ases where 
n was obse

ther examin
MatLab env

Warszawa 
”, WN-T, W
luation com
205-213, Wa
ika. 

I IV V VI

harmon

Cross‐spe

s – spectrum fu
r and 5th cylin

ulty turboch
ed - Figure 

all spectra 
eed. The hig
bustion proc
orces of ine

herefore obs
the turboch

njector. Un

rred when t
esis that the
and cylinde

f a significa
to subharm
the engine 

erved regard
ned during 
vironment. 

1989. 
Warszawa 1

mbustion eng
arszawa 20

VII VIII IX X

nic

ectrum

function – 
nder 

harger and 
21. 

of the two 
gh value of 
cess taking 
ertia of the 

served here 
harger and 
ambiguous 

he damage 
e declining 

er head can 

ant increase 
monic ½ of 

is running 
dless of the 
a series of 

982. 
gine”, 
10. 

X

meas. 1

meas. 2

meas. 3

meas. 4

meas. 5

meas. 6



[6] Madej, H., „Metody przetwarzania sygnałów wibroakustycznych w diagnozowaniu silników 
tłokowych”, Zeszyty Naukowe Politechniki Śląskiej, seria: TRANSPORT z. 69 str. 97-104, 
Gliwice 2010.  
[7] MatLab Signal processing toolbox – product help. 
[8] Morel, J., „Drgania maszyn i diagnostyka ich stanu technicznego”, PTDT, Warszawa 1997. 
[9] PN-ISO 10816., „Norma międzynarodowa;  Drgania mechaniczne – Ocena drgań maszyny na 
podstawie pomiarów na elementach niewirujących”.   
[10] Żółtowski B., „ Diagnostyczny system eksploatacji silników spalinowych”, Zeszyty naukowe 
Akademii Marynarki Wojennej, nr 4 (183), str. 133-142, Gdynia 2010. 
 
 


