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ABSTRACT

Currently, condition diagnostic technologies of general machinery and their structures based on an
acoustic emission sensor (AES) are widely used and applied to a variety of fields. An AES is an ef-
ficacious and powerful tool for measuring the high-frequency vibrations of reciprocating or rotating
devices. Data acquisition (DAQ) and analysis software (S/W) for AES operating at high frequencies
from 50kHz to 1 MHz is necessary. In this regard, an S/W has been developed to facilitate the si-
multaneous monitoring of 12 channels using National Instrument’s (NI) NI6366 DAQ device and C#
programming language to achieve a sampling rate of 2 MS/s for each channel. In a case study in-
volving a two-stroke low-speed diesel engine during sea trial, the firing conditions of all the cylinders
and the working conditions of the top bracing (TB) were detected. Based on the results, it was dem-
onstrated that the recorded vibrations under normal firing conditions have a larger amplitude than the
vibrations that occur under the misfiring conditions, in all investigated operation ranges. In addition,
the TB on-off condition was detected by a 1/80 octave analysis of the AES signal via wave
transmission. When the mechanical components participate in the moving process, there is the possi-
bility of the generation of friction and wear including deformation and micro-fraction, as well as slip-
ping between moving parts. These results can serve as useful information for the detection of me-

chanical working conditions in the future.
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Introduction

The main engine of the propulsion system is the
most important part of a ship. It determines the
productive capacity and the safety level of the ship
in any weather condition at sea. Thus, the engine’s
state is a primary concern and all information re-
garding its operation should be monitored. In partic-
ular, the firing state of the cylinder is critical to
normal operation. Currently, most diesel engines
use pressure and thermal sensors to obtain this
information. In this report, a new technique is in-
troduced to evaluate the firing state of a cylinder as
well as the engine’s status.

Recently, acoustic emission techniques have been
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applications. These approaches are commonly used

to investigate the state of the components of diesel
(1,2) (4)

engines including injectors valves piston
wear®, cylinder pressure”, gearboxes(6 89 and
bearings”™'*'Y. In an experiment conducted by Tian

Ran Lin on a 4-stroke, 4-cylinder diesel generator
engine, various loads were used to determine the

fault state of the injectors(”

. The investigation of
fault detection of injectors was conducted by Ahmad
on a 4-stroke, 6-cylinder engine” and the applic-
ability of AES for frequencies lower than 50 kHz
was demonstrated. AES signals are also used to in-
directly determine the pressure in cylinders or the

mechanical condition of structures in large 2-stroke

Table 1 Specifications of the kistler AE sensor

used in a wide range of health monitoring Type Unit Range
Bt Frfgg;’“y kHz 100 -+ 900
Kistler | | U_an’;]'lféer , NIUSB - 6366 Dynamic
AE sensor BNC Sensitivity 1V/(m/s) 48
box [>
Laptovl') with Overload gpk 2000
Tact ter v shock
achometer | | EVAMOS AEC '
signal Environmental -
software Operating
. . . . . temperature (°O) -55 .-+ 165
Fig.1 Schematic diagram for high-frequency vi- range
bration measurements
Impedance Q <10
Electrical Voltage v 2
Output full-scale
Current mA 2.4
Type BIS2Cxyyyyxx with
braided cable Voltage VDC 5---36
Source
) . Constant mA 3o 6
Fig. 2 Image of Kistler AE sensor current
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low-speed diesel engines, as well as small 4-stroke

diesel engines®

. The range of the measured vi-
bration frequency depends on the frequency range of
the experimental equipment, for example, 20 kHz",
30 kHZ®, or 50 kHz?.

In this study, an experiment on a large 2-stroke,
6-cylinder marine diesel engine was conducted to
investigate the vibrations associated with a diesel
engine for frequencies in the range of 50 kHz to

800 kHz for two operation modes.
2. Experimental Overview

The experimental system consisted of three main
blocks; namely, the AES, medium transmitter, and
the monitoring and analyzing S/W. This S/W was
specially designed to measure high-frequency
vibrations. This data was then analyzed and com-
pared with a database to partially determine the
state of the diesel engine. The overall block dia-

gram of this system is shown in Fig. I.

2.1 Acoustic Emission Sensor
The Kistler AES that was used in the experients

consisted of two parts. One component is the sensor

that detects high-frequency vibrations, and the other
is a transmitter box that converts the vibrations de-
tected by the sensor into voltage or current output
signals"?. This AES was able to measure vibrations
in the frequency range of 50kHz to 1 MHz with
high sensitivity, and is displayed in Fig. 2.

Table 1 shows the specification of the AES. Due
to the extremely low current output, this device re-
quires a conveyor to convert the signal from a cur-
rent to a voltage, or simply to increase the power
of the signal"®. The structure of the transmitter box
is illustrated in Fig. 3.

This device has 2 inputs and 4 output blocks. A
direct current (DC) voltage of +24 V is required at
the first input (J7) and the sensor signal connects to
the remaining input (J4). The current input signal
from the sensor is amplified and converted to a
voltage by the RF Amplifier block with an adjust-
able gain. This gain can be adjusted by changing
the position of two jumps (J5, J6) on the trans-
mitter board. A bandpass filter block then regulates
the output signal and only vibrations in a specific
frequency range are allowed to be transmitted, as
shown in Fig. 4. There are four types of output sig-

nals that include a raw AES output, the root mean

Buffer
SENSOR R =9
IN = 1 |Raw AE Out
R 2
;)él’;:n‘i?r RF Amplifier ~ Bandpass Filter RMS to DC Conv.
J4 4mA
o5 >l -
2
Av Select R ‘E
1,10, 100 i =11 | rus out
420mA R 2
3 4-20mA Out
© 4]
Zero Ad) SIGNALS
Alarm ouT
Trigger 499 499 " J8
™ 1 ﬁ o
7 ‘% 10k @ ; Alarm Sw. Out
POWER —
N Level
+15V Reg. +15V ToCkts. ~ *5VReg.
J7 R r)
+2av[ 1 — —>»+5V To Ckts.
Rtn| 2

Fig. 3 Diagram of transmitter box
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square (RMS) output signal with a voltage, the
RMS output with a current from 4 mA to 20 mA
integrated zero adjustment element, and the alarm
output with a contact

type for the warning

applications.

2.2 Medium Transmitter

The medium transmitter is one of the most im-
portant equipment employed to convert an analog
signal from a sensor to a digital signal for trans-
mission to a computer via a cable or peripheral
component interconnection (PCI) slot. There are nu-
merous approaches available for the collection and
conversion of the signals generated from sensors in-
cluding the use of NI equipment, a PCI card, an
analog to digital converters (ADC), etc. The combi-
nation of this device and the sensors determines the
range as well as the amplitude of the measured
frequency.

Fig. 5 shows the interface of the high-sampling
rate NI USB 6366 BNC that was used in this

Type 5125C... Coupler Normalized Frequency Response -

1. /_{::74_??\
\
/ \\
\ \\

o
n
¥

Normalized gain .

10 . 100 .

Frequency (kHz) .

1000 .

Fig.4 Frequency range of the transmitter box

AQO

Al 4 Al'5 Al6 Al7

I ANALOG INPUT I
I ANALOG OUTPUT

sl Jos rs_Jos rs_Jos s s

Fig.5 NI USB — 6366 BNC
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application. The device specifications are summar-
ized in the user manual’® and the functionality in-
cludes analog input (Al), analog output (AO), digi-
tal input (DI), digital output (DO), general counters,
frequency generator, etc. In the experiment, only
the AT was used to connect with the Kistler AES to
measure high-frequency vibrations. The computer
receives high-frequency vibration signals from this
device via a USB cable. The characteristics of the
Al channel for this device are shown in Table 2.
According to this table, two outstanding issues
appear during the experiment. Firstly, the pro-
grammer should change the input value depending
on the actual value of the input signal because the

Table 2 Characteristics of AI channels of NI USB

6366 BNC
Name Parameter
Number of channels 8
ADC resolution 16 bits
Sample rate 2.00 MS/s
Time of resolution 10 ns

Time of accuracy 50 ppm of sample rate

Input coupling DC

Input range 1, 2,5, 10

Maximum working voltage

for all analog inputs 11V for all ranges

Input impedance

When device on > 100G Q
When device off 2kQ
Overvoltage protection
for all Al channels
When device on 36V
When device off 15V

Input current during

overvoltage conditions 20 mA max/Al pin
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default range is 1 V. The maximum working volt-
age is 11 V. If the input signal has a threshold that
is higher than this value, the AI channels cannot
measure this signal. The second issue is the over-
voltage protection of all the Al channels that pre-
vent damage to the equipment.

2.3 Monitoring and Analysis Software

The engine vibration analysis and monitoring sys-
tem (EVAMOS (Brand name of Dynamic Lab. of
Mokpo Maritime University) AEC) S/W with AES
using the C# programming language was designed
to measure and monitor high-frequency vibrations
of the engine. The main function of EVAMOS
AEC S/W was to handshake with the NI USB 6366
BNC to receive, monitor, and record vibration
signals. In addition, the S/W was flexible in choos-

ing the sampling rate and the number of channels,

Start

Connect NI 6366

Data acquisition

i

v

Monitoring on
interface
|

Data recording

T
L

< J
<

h 4

Data analyzing

h 4
Create waterfall
and contour plot

Fig. 6 Flowchart of the measurement program

i

e
Image of the 168 k oil tanker

Fig. 7

changing the name of the channels, and analyzing
the vibration signal. Based on the aforementioned
requirements, the S/W consisted of three setup win-

dows; namely, analyzer window, input channels

Table 3 Specification of the propulsion system of
the oil tanker

Type MAN B&W 6G70ME-C9.5
Cylinder bore 700 mm % 3256 mm
x stroke
Power at RPM 16 330 kW x 73 r/min
Mean indicated 18.86 bar
pressure
Engine
Reciprocating mass 9686 kg/cyl.
Number 6
of cylinders
Firing order 153426
Gas harmonic T249976
Moment of inertia 15 000 kgm?
Turning
wheel .
Weight 5467 kg
Type Tuning type
Outer inertia 20 600 kgm?
Inner inertia 904 kgm®
Torsional
damper
Torsional stiffness 12 MNm/rad
Damping 240 000 Nms/rad
Thermal load 220 kW
Intermedi| .
ate shaft Diameter x length 565 mm x 9134 mm
Propeller Diameter x length 675 mm x 9466 mm
shaft
Mom_ent of inertia 212352 kgm2
n water
No. of blade 4
Propeller
Diameter 9.0 m
Weight 46 465 kg
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window, and recording setup window. The real-time
monitoring window is the main working interface
and the analysis function was performed after the
data recording process was completed. The flow-
chart of the program for measurement and analysis
is illustrated in Fig. 6.

Firstly, the vibration data was measured and dis-
played on the monitoring interface, while also being
recorded to analyze and estimate the state of the
engine. Secondly, the data was analyzed using the
fast Fourier transform (FFT) method to determine
the amplitude and frequency of each of the high-fre-
quency vibrations. Finally, waterfall and contour

Fig.8 Image of the main engine of the 158k oil

tanker
Main Engine Flywheel
Propeller
Intermediate ~ Propeller
haft
Cyl Cyl cyl shaft sha
.1 2 I Y
Coupling
M AE sensor Tachometer

Fig.9 Arrangement of the sensors for vibration
measurements

Fig. 10 Position of acoustic emission sensor
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plots were created based on the analyzed data.

3. Experimental Results

3.1 Implementation of the System

This investigation was conducted on cylinder no.
6 of the 158k Deadweight Tonnage (DWT) oil
tanker shown in Fig. 7. As displayed in Fig. 8, cyl-
inder no. 6 is the nearest one to the turning wheel
that is tested under the misfiring conditions during
the sea trial process.

The vibration of the main engine was caused by
the pressure of the combustion gases in addition to
the reciprocating inertial force of the engine and the
hydrodynamic force of the propeller. The specifica-
tions of the propulsion system of this vessel are
summarized in Table 3.

In this implementation, the Kistler AES was used
to measure the high-frequency vibration in the hori-

zontal direction of the cylinder, and a tachometer

Fig. 11 Laptop computer running EVAMOS AEC S/W

Waterfall map of Octave spectrum analyzed

Vibration Unit [EU]

8o - N @ B oo @3

50

3B <
Shaft Speed [RPM) 0 o0
Octave Numbers [1 = 50kHz.81 = 100kHz 161 = 200kHz241 = 400kHz,320 = 800kHz)

Fig. 12 Result for vibration in the transverse direc-
tion (waterfall) for the body of cylinder no.
6 under misfiring conditions with TB on
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was utilized to measure the speed of the diesel
engine. The arrangement of the sensors is shown in
Fig. 9 and the real position is shown in Fig. 10.

3.2 Vibration Results

Measurements were performed using the same
RPM under the normal firing and misfiring con-
ditions of cylinder no. 6. The chosen sampling rate
of the NI USB 6366 BNC was 2.00 MS/s, and the

Shaft Speed [RPM)
e

50 100 150 200 250 300
Octave Numbers [1 = 50kHz,81 = 100kHz,161 = 200kHz,241 = 400kHz,320 = 800kHz]

Fig. 13 Result for vibration in the transverse direc-
tion (contour) for the body of cylinder no. 6
under misfiring conditions with TB on

Waterfall map of Octave spectrum analyzed

o o3

Vibration Unit [EU]
o e

8o

Shaft Speed [RPM]
Octave Numbers [1 = 50kHz,81 = 100kHz,161 = 200kHz.241 = 400kHz,320 = 800kHz]

Fig. 14 Result for vibration in the transverse direction
(waterfall) for the body of cylinder no.6 in
the normal firing conditions with TB on

Shaft Speed [RPM]
5

5'0 100 150 2(;0 2;0 300
Octave Numbers [1 = 50kHz,81 = 100kHz,161 = 200kHz,241 = 400kHz,320 = 800kHz]
Fig. 15 Result for vibration in the transverse direc-
tion (contour) for the body of cylinder no. 6
in the normal firing conditions with TB on

first channel was the default connection to the tach-

ometer signal to determine the engine speed.
Although the maximum continuous rating of the
diesel engine was 73 r/min, the experiment could
not be conducted at such a high revolution rate be-
cause the limit of engine speed under the misfiring
conditions is only 60 r/min.

Comparing the data between the normal firing

conditions and the misfiring conditions facilitate the

Waterfall map of Octave spectrum analyzed

o o3

S

Vibration Unit [EU]

8o 4w~

] i

I [ 1 W ‘\'
o MMZ
A ‘w.' 9| (o ZJ
{ ?6,' \_IJV *W'"»l A

’\JJ‘ A
55 e B
N

35 -
Shaft Speed [RPM] £
Octave Numbers [1 = 50kHz81 = 100kHz 161 = 200kHz.241 = 400kH2,320 = 800kHz)

Fig. 16 Result for vibration in the transverse direction
(waterfall) for the body of cylinder no.6 in
the normal firing conditions with TB off

Shaft Speed [RPM]
=
&

;
|
L ! .
50 100 150 200 250 300
Octave Numbers [1 = 50kHz,81 = 100kHz,161 = 200kHz,241 = 400kHz,320 = 800kHz]

Fig. 17 Result for vibration in the transverse direc-
tion (contour) for the body of cylinder no. 6
in the normal firing conditions with TB off

Waterfall map of Octave spectrum analyzed

Vibration Unit (EU)

35
Shaft Speed [RPM] 30 200
Octave Numbers [1 = 50kHz.81 = 100kHz,161 = 200kHz. 241 = 400kHz,320 = 800kHz]

Fig. 18 Result for vibration in the transverse direc-
tion (waterfall) for the body of cylinder no.
6 in the misfiring conditions with TB on

Trans. Korean Soc. Noise Vib. Eng., 29(5) : 561~570, 2019 | 567



Dong Xuan Thin et al.; Condition Diagnostic of Two-Stroke Low-Speed Diesel Engine using Acoustic Emission Sensor

the different
characteristics. Based on the measurements, it is al-

determination  of outstanding
so possible to determine the difference between the
TB on and TB off conditions. A database can then
be created to estimate the mechanical condition of
the diesel engine.

Figures 12, 13 show the experiment results for the
misfiring conditions. Figures 14, 15 show the results
for the normal firing conditions for TB on, while
Figs. 16, 17 show the results for the normal firing
conditions for TB off.

From the results shown in Figs. 12 ~ 15, it is evi-
dent that the vibrations that occur under the normal
firing conditions have a larger amplitude that than
the vibrations that occur under the misfiring
conditions.

The vibration of the normal firing mode for TB on
was similar to the case of TB off in the frequency
range of 50 kHz to 300 kHz. However, they exhibited

a small different for very high frequencies (approx-

Waterfall map of Octave spectrum analyzed

5
w
=06
5

|
34»“ | N ' | Ml

)

Shaft Speed [RPM]
50kHz.81 = 100kHz,161 = 200kHz.241 = 400kHz,320 = 800kHz)

Fig. 19 Result for vibration in the transverse direction
(waterfall) for the body of cylinder no.6 in
the normal firing conditions with TB on

Waterfall map of Octave spectrum analyzed

Vibration Unit (EU)

Shatt Speed [RPM]

kHz.81 = 100kHz,161 = 200kHz.241 = 400kHz,320 = 800kHz]

Fig. 20 Result for vibration in the transverse direc-
tion (waterfall) for the body of cylinder no. 6
in the normal firing conditions with TB off
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imately 350 kHz and 750 kHz). A different was not
observed in the misfiring and normal firing conditions
at these frequencies with TB on. The vibrations in the
frequency range of 300 kHz and 350 kHz were small-
er for the misfiring mode compared to the vibrations
associated with the normal firing modes, as shown in
Fig. 19.

Based on Fig. 19, it is evident that the amplitude
of the vibration at 350 kHz for TB on is higher
than that for TB off. At approximately 750 kHz,
there are two pulses for TB on but only one pulse
for TB off, as shown in Fig. 20.

4. Conclusion

This study investigated the possibility of using an
AE technique for high-frequency vibration measure-
ment and other auxiliary equipment for application
in a marine engine under the real-working con-
ditions of a ship. The results revealed that the
Kistler AES was consistent in terms of measuring
vibrations in the high-frequency range from 50 kHz
to 800 kHz. The equipment used functioned as ex-
pected under the real-working conditions of the in-
vestigated marine vessel. They were not affected by
the ambient conditions of the ship. Although the
temperature of the cylinder body was almost 110 °C,
the AES still can still operate normally over a long
period. The vibration measurements were conducted
at 2MS/s via 8 channels using EVAMOS AEC
S/W. This implies that this system can be used to
performed measurements on a marine diesel engine
with a maximum of 7 cylinders (1 channel for the
Tachometer signal and 7 channels for the 7 cylin-
ders).

The vibration characteristics for 1/80 octave anal-
ysis differed for every operation mode and mechan-
ical condition of the engine. According to the meas-
ured results, the difference between the vibration
characteristics of the conditions was not similar for
the complete range of investigated frequencies. In
the case of the operation modes, only the range of
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frequencies lower than 350 kHz was useful for the
detection of abnormalities, whereas higher frequen-
cies were not useful. In contrast, for the mechanical
modes, only frequencies at approximately 350 kHz
and 750 kHz were useful, while the remaining data
were not useful. Choosing a suitable range of fre-
quencies in specific cases will further improve the
speed of the processing stage. The output results
obtained based on the Octave band frequency meth-
od have a smaller size compared to the raw data.
These results proved that the AE technique is suit-
able for the investigation of high-frequency vi-
bration characteristics and wave propagation in ma-
rine diesel engines for the real-working conditions
of a ship.

A comparison of the vibrations associated with
the instance value and stored data can assist in the
detection of the firing state of a cylinder as well as
the mechanical conditions (e.g. TB on-off) of the
engine. These vibration characteristics can be used
to build a database to facilitate the detection and di-
agnosis of abnormal operation in diesel engines by
machine

applying advanced methods such as

learning.
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