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ABSTRACT 

In this study, a sound and vibration analysis of a marine 
diesel engine was conducted.  The vibration and sound signals 
of the engine under various operating conditions were measured 
and analyzed by applying a spectrum analysis and an order- 
tracking analysis.  In addition, a finite-element model of the en- 
gine was constructed via reverse engineering from a 3D scan.  
The main causes of engine vibration and noise were clarified 
and identified individually through the experiments and the 
engine model.  Finally, the biodiesel-blended diesel fuel was 
used for the engine for comparing sound and vibration perfor- 
mance with the ultra-low sulfur diesel (ULSD).  In mid to high- 
range speeds, the biodiesel-blended diesel fuel does reduce the 
engine exhaust noise and vibration amplitude caused by the 
constant engine combustion explosion. 

I. INTRODUCTION 

The space inside a marine vessel is complex.  There are many 
complex pieces of mechanical equipment or complex structures.  
This leads to a reverberant space.  During the past few years, 
studies have provided detailed descriptions of noise sources, 
propagation paths, and signal processing (Liu, 2000; Lin, 2014; 
Bin, 2015).  The main causes of noise are the engine power cycle, 
operating structure vibration, and space flow field. 

The origins of vibration and noise generated by rotating 
machinery can be found one by one through various analytical 
methods.  The basic method is to use fast Fourier transforms to 
differentiate the energy of frequency and energy size.  In recent 

years, the time-frequency analysis adds a time variable that ef- 
fectively captures the characteristics associated with the change 
of time.  In addition, order-tracking analysis adds a speed va- 
riable that captures the speed change factor and creates order- 
tracking maps.  In the past few years, the energy characteristics 
have been captured through these two analysis methods.  These 
features effectively perform vibration and noise control (Chang, 
2002; Chen and Dai, 2010; Cheng and Li, 2017; Wu et al., 2017).  
Therefore this study applies time-frequency analysis and order 
analysis to the vibration and noise analysis of marine diesel 
engines. 

Finite-element analysis is used to simulate the sound field.  
Acoustic simulation is more complicated for the assumption of 
the environmental wall (Sie, 2014).  In this study, the simula-
tions of near-field acoustics and far-field acoustics were com-
pared with the research results of perfect-matched layers and 
plane-wave radiation.  This method was used to calculate far- 
field sound pressure levels.  In addition, finite-element analysis 
was used to simulate the vibro-acoustics of the engine model.  
Past research demonstrated the influence of the size of the 
simulation grid.  Even without using a large number of finite- 
element nodes, the expected results can be achieved (Masahiro 
et al., 2015).  The engine was set up in an anechoic room for 
sound simulation and verification to obtain data for noise re- 
duction improvement.  The error between simulation and the 
actual measurement was approximately 5 dB.  Therefore, a re- 
verse engineering scan is to be used to build a model.  Although 
the scanning model has a lower resolution than real objects, the 
expected research results can be achieved within the effective 
range. 

The biodiesel was produced from vegetable lipid and mixed 
with the ultra-low sulfur diesel (ULSD) that can be used di-
rectly as an alternative fuel for marine diesel engines, to improve 
the fuel combustion efficiency and reduce fuel consumption 
and pollution (Lin, 2011).  Biodiesel-blended diesel fuel has 
been verified its improvement in engine performance and air 
quality of the exhaust gas (Hsieh, 2014; Hsieh, 2015).  In many 
studies, biodiesel-blended diesel fuel is shown to change the 
cetane number of fuel quality.  That affects the noise and vibra- 
tion of the engine’s ignition explosion.  Therefore, both biodiesel- 
blended diesel fuel and ultra-low sulfur diesel (ULSD) were 
used as the two types of diesel fuels for comparing performance 
in terms of engine vibration and noise levels. 

Paper submitted 07/11/18; revised 08/14/18; accepted 09/10/18.  Author for 
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Commercial, and Industrial Sectors, National Taipei University of Technology, 
Taipei, Taiwan. R.O.C. 
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Fig. 1.  Schematic diagram of the system. 

 

II. SYSTEM DESCRIPTION 

1. System Configuration 

In this study, the engine model used was the ISUZU-UM4BD1, 
which is a marine diesel engine.  Its specifications were inline 
four-cylinder, four-stroke, maximum output horsepower of 88 
ps, cylinder bore of 102 (B)  118 (L) mm, engine size of 1061 
(L)  720 (W)  974 (H) mm, and body weight of 515 kg.  The 
engine body was placed in the engine lab, along with the con- 
trol computer, speed and torque control equipment, intake and 
exhaust tubing, flow meters, and other equipment for the experi- 
ment.  Fig. 1 shows the configuration of the system setup. 

2. Engine Vibration Theory 

There are three main forces acting upon the engine when it 
operates: pressure change in the combustion chamber, recipro- 
cating inertial force of the crankshaft-piston mechanism, and 
centrifugal force.  All three forces produced vibration of differ-
ent frequencies.  An inline four-cylinder, four-stroke engine is a 
complex structure, not a symmetrical structure.  The engine ro- 
tation movement cannot make each phase angle have the same 
offset forces, thus resulting in rotating imbalance.  In addition, 
the four-stroke engine has four action strokes: intake, compres- 
sion, power, and exhaust.  The pressure inside the cylinder con- 
stantly changes, causing the structure to vibrate. 

The mechanism inside of the engine cylinder was used to ex- 
plore the internal reciprocating inertia force, rotational mass 
inertial force, and torsional vibration of the crankshaft.  Fig. 2 is 
a simplified representation of a crank-and-piston mechanism.  P 
is the instantaneous gas pressure that is a function of the angle 
of rotation with the crankshaft.  l is the connecting rod length, 
and Fg is a single-cylinder gas-pressure-generated force.  It is the 
gas pressure multiplied by the piston cross-section area.   is the 
angle between the piston center line and the connecting rod.   
is the angle between the center line of the piston and the crank. 

Fg = PA

l

R

θ

ϕ

+x

+y

 
Fig. 2.  Crank and piston mechanism. 

 
 
Based on Fig. 2 and Rsin = lsin, the displacement of the 

piston in the center line is 
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A general engine crankshaft radius and link length ratio is 

1:4.  Thus, 
2
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R

l
    

 
 is a small dimensionless value.  

Therefore 1 1
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 neglecting high-order terms.  Eq. 

(1) can be rewritten as 
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The velocity of the piston can be obtained by differentiating 
the piston displacement y by time t, 
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y
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     (3) 

Therefore, substituting Eq. (2) into Eq. (3) gives the velocity 
of piston 

 sin sin 2
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  (4) 

Furthermore, the acceleration of the piston is 

 
dy dy d dy

y
dt d dt d

 
 

   
    (5) 

Substituting Eq. (4) into Eq. (5) gives the acceleration of piston 
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Fig. 3.  Schematic diagram of the crankshaft motion. 
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3. Engine Noise Theory 

Noise in an engine room comes from many sources to form 
a reverberant space, including the engine burning explosion noise, 
structural mechanic noise, intake noise, exhaust noise, fan noise, 
belt noise, and air transmitted noise in space.  Among these, 
the exhaust noise, the noise caused by the vibration of structure 
operation, and the noise of the space flow field are the main 
energy sources. 

Engine exhaust noise and engine speed are related.  The studied 
engine is a four-cylinder, four-stroke engine whose cylinder firing 
order is 1-3-4-2.  That is, the Cylinder 1, Cylinder 3, Cylinder 4, 
and Cylinder 2 are sequentially ignited (see Fig. 3).  However, 
the four stages of the four-stroke engine are intake, compression, 
power, and exhaust stroke.  Therefore every turn of the engine 
produces two powers.  Hence, the basic frequency of engine ex- 
haust noise fh (Hz) is twice the number of revolutions per 
second of the engine, i.e. 

 
2

60h

rpm
f


  (7) 

4. Production of the Biodiesel-Blended Diesel Fuel 

This experiment used microalgal powder to extract crude 
oil, which was then transesterified and mixed with diesel oil to 
become biodiesel-blended diesel fuel.  This study used Soxhlet 
extraction method that refluxed with organic solvents for extrac- 
tion.  Finally, the concentrated solvent broke down the algal cell 
wall, after which the oil came out of the cell.  The solvent was 
n-hexane.  This extraction method was the most efficient to 
have the highest crude oil extraction rate.  The method heated 
the solvent up to 300C, and it is much more stable than the 
microwave and direct-heating methods.  There was up to 80% 
solvent recovery.  The extraction time was approximately 100 
min and was shorter than other extraction methods.  The crude 
microalgal lipid was extracted and collected for a certain 
amount.  Methanol was then added to it and heated to 60C, 
which is about the boiling point of methanol.  The upper liquid was  

Table 1.  Comparison of fuel properties of different biodiesels. 

Fuel properties 
Commercial  

biodiesel 
Biodiesel from 

microalgae 

Cetane index 52.6 55.1 

Iodine value (mg I2/g) 95.7 75.4 

Kinematic viscosity (mm2/s) 4.2 5.3 
 
 

removed after 10 min of heating.  A triglyceride transesterifica- 
tion reaction with methanol of high purity occurred, i.e., fatty 
acid methyl ester, also known as biodiesel.  For the engine test, 
the ultra-low sulfur diesel was added and mixed with 10 vol. % 
the castor-oil biodiesel to prepare the biodiesel-blended diesel 
fuel in this study.  Table 1 compares the biodiesel produced through 
transesterification from microalgae with a commercial biodiesel 
from used cooking oil.  Its combustion performance is better than 
that of general commercial biodiesels. 

III. ENGINE REVERSE MODELING  
AND FINITE-ELEMENT ANALYSIS 

1. Reverse-Modeling Process 

Usually finite-element analysis required a complete geometric 
model of the system.  Each feature requires a complete descrip- 
tion to be close to reality.  However, even if todayʼs software 
does not use such a high-quality model, it can also achieve 
well-matched results in the simulation solution.  In this study, 
a marine diesel engine was used, but its geometric model was 
not available.  Therefore, 3D reverse modeling method for con- 
structing the engine and engine room environment for subse- 
quent engineering analysis is applied. 

An Aniwaa handheld 3D scanner was used to construct solid 
model of the engine and surrounding facilities.  The important 
features were scanned as detailed as possible.  Because of the 
large engine room space, the environment was divided into 14 
local spaces for scanning and then merged together to establish 
the complete model.  Then, Autodesk Meshmixer software was 
employed for multiple overlapping, filtering scan noises, and de- 
leting the broken surface to complete the merged model.  Because 
the scanned file was a bitmap format (STL), it was unable to carry 
on the subsequent engineering analysis.  The merged model had 
to be converted to an engineering drawing by Geomagic Design 
X software.  This part extensively used the software's shape re- 
cognition, feature recognition, and surface recognition to convert 
to an engineering model.  The software had a unique Live Transfer 
feature that could transmit complete digital model data and fea- 
ture trees to quickly set up a 3D solid geometry surface model 
which can be seamlessly integrated with the mainstream CAD 
software.  Finally, the engineering model was completed using 
PTC Creo engineering software.  This model will be imported 
to COMSOL finite-element analysis software for engineering 
modal analysis. 

The reverse modeling process of the engine environment is 
shown in Fig. 4.  Note that some small wires, components, nearby  
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Fig. 4. Engine reverse modeling process: (a) a real engine, (b) 3D scanning, 

(c) merging and error correction using Meshmixer software, (d) 
object geometry identification using Geomagic Design X Software, and 
(e) Creo software CAD drawings. 
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Fig. 5.  Model meshing. 

 
 

objects, and ceiling tubes are minor factors in the engineering 
analysis and thus are negligible.  The scanned regions for this study 
include engine room walls, metal shelves, and engine-mounting 
brackets.  The final CAD file can be imported directly to a finite- 
element engineering analysis software. 

2. Finite-Element Model 

In this study, COMSOL Multiphysics software was used for 
finite-element analysis of the engine.  The boundary conditions 
include objects in the environment, the perfect matching layer, 
atmospheric pressure air, the engine body surface, as well as 
the measured vibration data.  Fig. 5 shows the meshing model.  
A hexahedral finite element meshing yields 4,334,354 area ele- 
ments, 851,828 border elements, and 112,433 side elements.  After 
simplification, the overall model degree-of-freedom is 16,160,412.  
To reduce the computation time and iterations, the flexible gen- 
eralized minimum residual iterative method (FGMRES) was 
adopted.  It can solve effectively and quickly for such a large-scale 
acoustic model. 

Finite-element analysis software COMSOL was used to si- 
mulate sound and vibration of the engine.  The first method used 
a solid mechanics environment.  The time-dependent solver was 
employed to obtain the engine operating conditions over time.  
Then, the results were used as the input to the acoustic model.  
The solution was obtained by vibro-acoustic analysis.  This me- 
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Fig. 6.  Simulation and actual spectrum. 

 
 

thod of analysis is accurate, but the computing speed is slow, 
and the amount of input information is huge.  Past research indi- 
cated that many physical conditions can be neglected, and reduc- 
ing the finite-element quality can also give a good approximation 
solution.  A second method is to take the actual operating condi- 
tions of the engine as the input conditions for acoustic simulation. 

3. Sound Field Analysis 

The sound propagation equation is based on the fluid flow 
equation.  Often, the Navier-Stokes equation, a continuous mo- 
mentum conservation equation, is used.  When applied to solve 
for transient response in acoustics, it becomes Helmholtz Eq. (8).  
Note that Qm is the monopoly source for each element node, c 
is the fluid density, Pt is the overall pressure including the pres- 
sure of the environment and the sound field changes, qd is the 

dipole source, and keq is the wave number ( eqk
C


 , where  

is the angular velocity and c the sound speed).  In most cases, 
these formulas cannot be used directly but instead solved with 
computer numerical algorithms.  This is the reason to use COMSOL 
software for fast computation of these models. 

  
2

1 eq t
m t d

c c

k P
Q P q

 
 

       
 

 (8) 

According to Eq. (8) and a number of the simulation boun- 
dary conditions, including the material coefficients, the fluid en- 
vironment, the structural coupling conditions, the closed space, 
and so on, it can be rewritten as Eq. (9), in which a0 is the sound 
surface acceleration. 

   0

1
t d

c

n P q n a


 
        

 
 (9) 

Through Eq. (9), the measured vibration signal can be used  
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Table 2. Comparison of simulation and actual sound pres- 
sure level (dB). 

RPM Simulation Actual Error 

650 76.3 80.76 -4.46 

750 79.3 84.14 -4.84 

850 83.4 92.21 -8.81 

950 86.1 93.72 -7.62 

1050 84.1 88.72 -4.62 

1150 81.7 85.57 -3.87 

1250 84.2 88.12 -3.92 
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Fig. 7.  Results of acoustic simulation in space. 

 
 

as the input to the sound field.  By using a time-dependent 
solution, one can obtain the transient response.  Comparison of 
simulation results with the measured signal at a receiving 
point is shown in Fig. 6.  Consequently through this method, 
the acoustic sound field in the space can be simulated.  As 
shown in Fig. 7, the generated sound pressure level and the 
sound frequency in the engine room can be clearly observed. 

Table 2 lists the simulated and actual sound pressure levels 
at the same measurement point.  It is located 2 m in front of the 
engine and 1 m above from the ground.  Simulated engine noise 
data were obtained from the vibration of the engine operation.  
This method does not include the sound of the engine ignition 
explosion.  Hence the simulated results were 4 to 5 dB lower 
than the actual values.  It is noted that there were amplitude 
peaks around 950 RPM both in simulation and experiment re- 
sults, which in fact came from the resonance noise of the build- 
ing.  This amplitude peak disappeared in simulation if the building 
boundary condition was not used in the simulation model (namely, 
with perfect matched layer as the boundary condition).  The di- 
mensions of the building of the engine test room are 628 cm in 
length, 314 cm in width, and 276 cm in height. 

In addition, this study also used the frequency domain ana- 
lysis to solve the acoustical environment in the engine laboratory.  
Namely, a huge impulsive sound source is employed to excite 
the space.  It allows the sonic energy in the space to propagate, 
reflect, rebound, and weaken.  This spectrum analysis can ob- 
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Fig. 8.  Frequency response diagram. 
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Fig. 9.  Engine sound and vibration measurements. 

 
 

tain the frequencies that concentrate energy in the space, and 
its position can be analyzed.  After that, the acoustic spectrum 
of every point in this model is plotted, as shown in Fig. 8.  That 
is, every color represents a frequency response plot of each ele- 
ment node.  For example, the purple peak is a resonant frequency 
at 153 Hz measured near the iron cabinet in this room.  These 
frequency peaks were verified with actual measurements in 
the spectrum analysis and time-frequency analysis. 

IV. TIME-FREQUENCY AND ORDER ANALYSIS 

1. Experimental Setup 

In this study, the dynamic properties of engine vibration were 
captured using a three-axis accelerometer.  In the meantime, 
the engine noise was collected by a sound level meter.  These 
two signals were obtained by the NI myRIO processor featur- 
ing FPGA high-frequency module.  In this way, real-time signal 
analysis of sound and vibration could be performed on the com- 
puter with the LabVIEW software, as shown in Fig. 9. 

In this study, a PCB-356A31 three-axis accelerometer was 
used.  The measuring position was on the surface of the engine 
head.  For the case when the engine was running at a fixed idle 
speed of 650 RPM, the vibration analysis was shown in Fig. 10, 
which was in the x-direction with the largest vibration amplitude.  
In the figure the upper part is the frequency domain, and the lower 
part is the time domain.  The first and second major vibration 
energies were concentrated at 10.83 Hz and 21.66 Hz, respec- 
tively.  These are predicted as cos and cos2 terms in Eq. (6) 
because an engine speed of 650 RPM corresponds to 10.83 RPS 
(Hz), the fundamental driving frequency of the engine crankshaft. 

In the acoustic analysis, an NL-20 sound level meter was used.   
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Fig. 10.  Vibration analysis at engine idle speed of 650 RPM. 
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Fig. 11.  Acoustic analysis at engine speed of 950 RPM. 

 
 

Its effective measuring frequency range was 20 to 8000 Hz.  
The measurement point was 2 m from the front of the engine 
and 1 m above the ground floor.  For example, when the engine 
was fixed at a speed of 950 RPM, the sound analysis was shown 
in Fig. 11.  The first frequency peak was at 31.67 Hz, the fun- 
damental tone of the engine exhaust noise.  The engine exhaust 
noise can be verified by Eq. (7) with frequency twice the num- 
ber of revolutions per second of the engine.  In addition, the 
second-highest peak at 63.33 Hz was the second harmonic of 
the exhaust noise.  There were also high energies at higher fre- 
quencies, which will be verified in the acoustic finite-element 
analysis. 

By comparing the spectrum of vibration and noise analysis, 
it can be found that the main energies are concentrated in the 
low-frequency area.  The engine speed used in this study was 
only from 650 to 1250 RPM (10.83 to 20.83 Hz).  Though the 
sound meter only measured noise with frequency above 20 Hz, 
it still could be employed to detect engine noises and related 
harmonic peaks 

2. Time-Frequency Analysis 

An engine is a complex body and runs at varying speeds.   
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Fig. 12.  Engine noise time–frequency chart. 

 
 

The study in the previous sections revealed that many noise 
and vibration energies depend on time change.  Consequently, 
time-frequency analysis will be employed to capture time- 
varying factors.  The noise is a sonic energy in the air.  It can 
spread and rebound with objects and the surrounding walls in 
the space.  In the previous section, finite-element analysis was 
used to analyze the environmental acoustics.  In this section, 
the first example is to measure the engine noise with a constant 
engine speed by surrounding it in one turn, and the noise distri- 
bution in the time-frequency chart is shown in Fig. 12 where 
the time axis corresponds to different location around the en- 
gine.  Recorded noises have different energy frequencies and 
some of them similar to those as predicted in Fig. 8.  Note also 
that most of the frequency peaks have different intensities at 
different locations.  However, engine noise has different fre-
quency feature for each rotation speed.  The main energy fre- 
quencies are the crankshaft vibration and engine exhaust noise 
that depend on the rotation speed.  Therefore, a varying speed 
analysis was included.  The engine speed was increased from 
idle speed 650 RPM to the highest speed of 1250 RPM, and 
the resulting time-frequency noise and vibration analysis were 
shown in Fig. 13 and Fig. 14, respectively.  In Fig. 13 two noises 
with high sound pressure level are clearly seen with two times 
and four times the rotational speed; they are the engine exhaust 
noise and its harmonics.  Moreover, looking at a higher frequency 
region, there were some feature energies depending on the ro- 
tation speed.  It may be caused by the gearbox of the engine out- 
put shaft.  This can be verified by a vibration analysis collected 
by the accelerometer.  In Fig. 14 the first and second time-dependent 
energy frequencies were due to vibrations of the engine cran- 
kshaft, where frequencies were at 1- and 2-times the rotation 
speed.  In the next section, order analysis is applied for the 
speed-dependent feature energies. 

3. Order Analysis 

In the previous sections, we found that major components  
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Fig. 13.  Noise time-frequency chart with varying speeds. 

 
 

Fr
eq

ue
nc

y 
(H

z)

42 10

75

85

80

70

65

100

90

80

70

60

50

30

40

20

10

0

Time (s)
6 8 12 14

 
Fig. 14.  Vibration time–frequency chart with varying speeds. 

 
 

of vibration and noise are related to the rotational engine speeds.  
Hence, order analysis is employed to identify and isolate these 
speed-related sound and vibration components.  The noise order 
map is shown in Fig. 15, where the lower plot indicates that the 
engine speed increases with time from the idle speed 650 RPM 
to the highest speed of 1250 RPM.  As shown in Fig. 15, the main 
source of noise comes from Order 2 and Order 4, and other 
energy orders are much smaller.  Order 2 noise is the engine ex- 
haust noise, because there are two exhausts per revolution, and 
Order 4 noise is just the harmonics of Order 2.  The amplitude 
of Order 2 noise as rotational speed increases is shown in Fig. 16, 
where an upward trend of noise amplitude is observed until the 
speed exceeds a certain limit and the noise amplitude starts to 
fall down thereafter to reach steady state.  Another point to be 
noticed is the sharp oscillation of noise amplitude beginning at 
the sixth second between speeds of 900 and 950 RPM.  This is 
caused by the acoustic resonance of the laboratory space; hence, 
there is a large energy peak in the sixth second. 

In this study, the biodiesel-blended diesel fuel and ultra-low  

150

100

1000

2 4 6 8 10 12 14 16

R
PM

Time (s)

Order

Order Map

120

R
M

S A
m

plitude (dB
)

100

80

60

40

20

800
600

50

5

10

15
5 10

Ti
m

s (
s)

15 20 25

 
Fig. 15.  Noise order map. 
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Fig. 16.  Noise Order 2 tracking analysis (ULSD). 
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Fig. 17.  Comparison of sound pressure levels using two different fuels. 

 
 

sulfur diesel (ULSD) were used for the engine performance 
comparison in terms of noise and vibration amplitudes.  Accord- 
ing to the above sections, the main engine vibration energy comes 
from crankshaft operation, and the main energy of noise comes 
from the exhaust noise.  The performance comparison is based 
on the amplitude of the vibration and the sound pressure level 
of the noise.  Fig. 17 illustrated sound pressure level compa- 
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Fig. 18.  Noise Order 2 tracking analysis (biodiesel-blended diesel fuel). 

 
 

rison for the use of the biodiesel-blended diesel fuel and ultra- 
low sulfur diesel (ULSD), from the idle 650 RPM up to 1250 RPM.  
There is a crossover frequency at about 1100 RPM; below it 
the biodiesel-blended diesel fuel having larger sound pressure 
level than the ultra-low sulfur diesel; above it the biodiesel- 
blended diesel fuel outperforming the ultra-low sulfur diesel.  
Note that the biggest sound occurs at around 900 RPM for both 
fuels due to acoustic resonance of the laboratory space.  At pre- 
sent, the maximum speed of the engine under empty load can 
only reach 1250 RPM.  Therefore using the biodiesel-blended 
diesel fuel can improve the noise quality of the engine at high 
operation speeds. 

Next, the order tracking method was used to analyze the en- 
gine exhaust noise energy (recall that Order 2 noise is the en- 
gine exhaust noise), as shown in Fig. 16 (for the ultra-low sulfur 
diesel) and Fig. 18 (for the biodiesel-blended diesel fuel).  It 
was observed again that the biodiesel-blended diesel fuel pro- 
duced a higher exhaust noise than the ultra-low sulfur diesel 
when the engine speed was low.  However, there also appeared 
to crossover at high frequency.  This verified not only the engine 
noise was mainly due to the exhaust noise, but also that the im- 
provement of the fuel quality using the biodiesel-blended diesel 
fuel can reduce engine noise as well at high speeds. 

As for the comparison in vibration amplitudes for two dif-
ferent diesels, the result was shown in Fig. 19.  The use of the 
biodiesel-blended diesel fuel slightly reduced the vibrational 
energy; only at high speeds it was more obvious.  This is be-
cause the main vibration energy comes from crankshaft rotation 
and its harmonics, which had little to do with the fuel used.  
However, the biodiesel-blended diesel fuel did improve the fuel 
burning explosion performance in the cylinders during power 
stroke.  Li et al. (2016) measured the pressure changes inside 
the engine cylinder.  The vibration in the combustion chamber of 
the engine came from the combustion explosion and the piston.  
The feature frequency of the combustion explosion was 4 to 12 
kHz, and the feature frequency of piston impact was 1 to 3 kHz.  
In the time-frequency analysis in this study, there were also re- 
levant frequencies in high-frequency areas.  However, the burning  
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Fig. 19.  Comparison of vibration amplitude using two different fuels. 
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Fig. 20.  Vibration order tracking using ULSD. 
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Fig. 21.  Vibration order tracking using biodiesel-blended diesel fuel. 

 
 

energy was not concentrated so that the feature frequency can- 
not be accurately captured.  Time-frequency analysis just showed 
the energy spread in high-frequency areas that were found in 
broadband.  Therefore, the order-tracking method was used 
here to extract the orders with higher energy in the high-frequency 
region.  This study selected three higher Orders of 38, 96, and 
105 distributed at 1 to 3 kHz. 

The high-order-tracking map in vibration for the ULSD and 
biodiesel-blended diesel fuel were shown in Figs. 20 and 21,  
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Table 3.  Comparison of the RMS amplitude. 

Order number ULSD Biodiesel-blended diesel

38 3.7881 2.6937 

96 3.8071 2.8117 

105 3.4112 2.8259 

 
 

respectively.  The data in both figures were obtained using va- 
rious speeds from 650 RPM to 1250 RPM.  In Fig. 20, it in-
creased to 1000 RPM in approximately 10 s, while in Fig. 21, 
it rose to 1000 RPM in approximately 23 s.  In the previous ana- 
lysis of the noise order map, the biodiesel-blended diesel fuel 
has a smaller sound pressure level at high rotating speeds.  Like- 
wise, the vibration order analysis also verified that the vibration 
amplitudes for the biodiesel-blended diesel fuel at high rotating 
speeds were smaller than those for the ultra-low sulfur diesel.  
The RMS amplitude comparison of vibration was shown in Table 3.  
Hence the use of the biodiesel-blended diesel fuel improved both 
the noise and vibration at high engine operation speeds. 

V. CONCLUSION 

Different sources of diesel engine vibration and noise were 
accurately captured and identified through time-frequency and 
order-tracking analysis in this paper.  Engine vibrations primarily 
originate from the crankshaft, piston strike, and fuel combustion 
explosions.  The sounds primarily originate from the engine ex- 
haust gas and its interaction with the engine room, which spreads 
and rebounds in space.  This causes high-energy sounds at spe- 
cific frequencies.  In addition, finite-element analysis of the 
system model from reverse engineering using 3D scans of the 
engine can help identify the feature frequencies of the engine 
and spatial sounds inherent in the environment.  Finally, the 
biodiesel-blended diesel fuel and ultra-low sulfur diesel were 
compared in terms of engine noise and vibration performance.  
The biodiesel-blended diesel fuel reduced the engine exhaust 
noise and vibration at the high-speed range. 
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