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ABSTRACT

The behavior of the injection system was determined through FFT and PSD analysis of the pressure data
of the common rail, and when the diesel fuel is mixed with water, the pressure data of the common rail,
depending on the water content and engine rotation speed, represent a different frequency component
distribution. Recently, a theory has been suggested that mixing diesel fuel with water controls engine
overheating, fuel efficiency, NOx, CO, etc., but if water content exceeds 10%, it can have a fatal adverse
effect on the engine's injection system. In the future, it is necessary to promote fault diagnosis and prediction
studies of diesel engines using FFT and PSD results from common rail pressure data.

Key Words : Diesel Engine(CIZAZ), Common Rail(7{T2{|Q)), Pressure Data(224H|0|E]), Emulsified fuel(7t
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1. Introduction problems such as air pollution caused by emissions .
An injection system serves as a major component
Diesel engines have been widely used as power mn -the malntena-mce and- preser\-/atlon of  diesel
generators for ships, power plants, construction engines, and it comprises  high-pressure  and

equipment, and vehicles owing to their benefits of low-pressure  pumping  systems, ~common  rail,
high thermal efficiency, power, and reliability!, but combustion chamber (injectors, intake/exhaust valves,

) B : ) ) - ) - [3] )
the importance of the maintenance and preservation pistons, and cylinders), among others. As  this
of diesel engines has also been emphasized by injection  system  considerably  affects  engine

performance, care should be taken to ensure regular

# Corresponding Author : hhjw88@kumoh.ac kr inspections, appropriate filter and oil replacement, and
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The quality of fuel injected into an engine is a
parameter that determines engine efficiency and
reliability; however, it has recently been suggested
that diesel fuel and water be mixed as one of the
emission  control  methods  with regard to
cost-effectiveness . While this method has the
advantages of regulating engine overheating, fuel
efficiency, NOx, CO, among others, and reducing
operating costs, it is also known to adversely affect
the injection system since preparing emulsified fuel
at an adequate ratio is difficult, and water in the
emulsified fuel causes wears, seal damages, and
oxidation of the injection system 161,

Therefore, the effect of the use of emulsified fuel
on the performance of a diesel engine injection
system is analyzed herin by collecting the pressure
data from the common rail and monitoring the
behavior of the diesel engine injection system
through frequency analysis to effectively understand
signal characteristics and components. Quantitative
criteria were also established for future studies on the

failure prediction of diesel engines.

2. Theoretical Background

Data signals can be interpreted largely from two
aspects: the amplitude of signals with time and the
distribution of signals with frequency. Techniques for
transforming a time domain to a frequency domain
include fast Fourier Transform (FFT) and power
spectral density (PSD), which decompose signals of
several frequency bands into the frequency domain
by decomposing and expressing arbitrary data signals
with a time domain as periodic functions with
various frequencies, as shown in Fig. 1 [,

Identifying signals in the frequency domain can
resolve the errors caused by noises in the time
domain and provides convenience in characteristics
analysis, which can be applied for preprocessing
analysis and transform processing of various signals,

Fig. 1 A concept of fourier transform

such as images, voices, electrical signals, and

biosignals .

2.1 Fast Fourier Transform(FFT)

All signals comprise complex combinations of sine
and cosine functions, and analyzing these signals in a
time domain can be difficult. However, Fourier
Transform, shown in Eq. (1), can be used to
transform a time domain into a frequency domain
and analyze the frequency components and intensity

that form the signals ™.

X(f) = / z(t)e 2™ qy ()
where , X(f): Frequency domain signal
x(t): Time domain signal
f: Frequency

As expressed in Eq. (2), FFT compensates for the
shortcoming of the Fourier Transform calculation
process, which takes considerable time to complete,
and it is an algorithm that processes discrete Fourier

Transform at high speed (o,

N-1 . n
—i2nk—
X, = Y,z I K=01..N-1 (2

n
n=>0
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where, Xk : FFT signal

N : Total number of function value

n : Multiple of the basic frequency

FFT performs calculations by selecting N samples,
and the larger the number of samples, the more
accurate results can be obtained. Furthermore, as FFT
can be easily expressed by visualizing frequency
patterns as part of the signal characteristics, it is
used for system defect analysis, quality control, and

. o 11-12
condition monitoring [ ].

2.2 Power Spectral Density

Many waves, in reality, are “random waves” where
numerous frequencies occur simultaneously. FFT is
useful for wave analysis when there is a finite
number of major frequency components but is limited
in broadband random signal analysis. The signal also
contains noises, which often makes it difficult to
understand the distribution of frequency components.
A methodology that overcomes this problem is PSD,
wherein the FFT result is multiplied by a
complex-valued component to generate a real-valued
amplitude (g°). This amplitude is then divided by the

frequency component (g?/Hz) to normalize it to the
frequency bin width. Based on these characteristics,

PSD is used to characterize many random signals ['*],

3. Experimental Equipment and Method

3.1 Experiment Subject

A four-cylinder engine of KIA’s Sorento 2004
model was used as experimental equipment to collect
data. The engine specifications are listed in Table 1.
As shown in Fig. 2, the diesel engine injection
system comprises a high-pressure pump, common rail,
injectors, ECU, and other components. The
low-pressure pump of the fuel tank provides fuel to

the high-pressure pump through a fuel filter, which is

then transferred from the high-pressure pump to the
common rail. Some high-pressure injection systems
may include a pressure regulating valve that prevents
abnormal fuel flow between the outlet of the
common rail and the injector accumulator chamber.

During the injection process, the fuel compressed
at high pressure is directly injected into each
cylinder through injectors depending on the injection
timing. ECU controls the opening and closing of the
injectors and supplies fuel from the high-pressure
pump by sensing the pressure drop occurring in the
common rail whenever fuel is injected into the
cylinders.

3.2 Experimental Equipment
Fig. 3 shows a picture of the experimental environment,
and Fig. 4 illustrates the data collection process.

Table 1 Test engine specifications

Parameter Specification
Car Model KIA Sorento 2004
Engine Type In-line, Four(4)
Bore x Stroke (mm) 91 x 9

Maximum Power 138 hp @ 3800 rpm
Maximum Torque (Nm/rpm)| 343 Nm @ 1900 rpm
Compression ratio 17.6
Fuel Injection Common Rail
Turbocharged, intercooled

Aspiration

High pressure
pump CP1

Rail
Pressure
semsor

Common
rail

ot

sencors
Accelerator
[ pedal
$ Engine speed
(crank)

Control
unit

Other
actuators l

>

injector

Engine speed

- T
(cam) High pressure

= Low pressure

Prefilter

Fig. 2 A typical common rail diesel fuel injection system
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The pressure signal was sampled from the rail
pressure sensor (RPS) at 5000 Hz using NI 9228 and
was stored in the.csv file format using DAQ 9178
and LabView. The pressure data of the common rail
were collected under each experimental condition. All
pipes connected to the fuel tank were disconnected
and connected to an external fuel tank fabricated for
the experiment, and a stirrer (OSA-10) was used to
prepare emulsified fuel mixed with diesel fuel and

water.

3.3 Experimental Method

As shown in Fig. 5, diesel fuel was mixed with
water at water contents of 1.3%, 5%, 10%, and 20%,
and the engine revolution speed was set in four
stages at 900 rpm, 1,200 rpm, 1,500 rpm, and 1,700
rpm. The experiment was conducted under a total of
16 conditions, and data were collected while
maintaining the engine revolution speed constant for
approximately 30 min under each experimental
condition. The engine was operated with pure diesel
fuel for at least 1 h to flush it before collecting data

under each subsequent condition.

Cnnnin
TS R,

SRS

Stirrer

r-

By W

ah\ l

Reservoir

Fig. 3 A picture of actual experimental setup

Data Acquisition System

D LabVIEW 2018

Fig. 4 A schematic view of the data collection network

Water
Composition

Experimental
Conditions

1.3% |— Condition 1

10 % H Condition 3

|
5% |—{ Condition2 |
|
|

20% |—| Condition 4

1.3% |— Condition 13 |

59 |[— Condition 14 |

10% [ Condition 15 |

20% |—| Condition 16 |

Fig. 5 Experimental conditions
4. Experimental Results and Discussion

Prior to transforming the data set collected from
the common RPS under each experimental condition
to the
performed through MIN-MAX normalization to reflect
all data on the same level of scale. After

frequency domain, preprocessing was

preprocessing, FFT was conducted on the common

rail pressure data, and the results are shown in Fig 6.
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Fig. 6 FFT results based on water contents and rpm
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First, under the normal condition of the diesel
engine at 900 rpm, a single-frequency component is
identified near 750 Hz when using pure diesel fuel
(0% water content), as shown in Fig. 6 (a), which
can be considered as the intrinsic frequency
characteristic of the common rail. However, at the
water content of 1.3%—10%,
component is generated between 1,500 Hz and 2,000
Hz, which is attributed to the effect of the water

circulation within the diesel engine on the injection

another frequency

system.  Moreover, the frequency  component
distribution varies slightly under the engine revolution
speed conditions of 900 rpm, 1,200 rpm, 1,500 rpm,
and 1,700 rpm, and the behavioral characteristics of
the diesel engine injection system can be determined
based on the similarity and variability in the data
under different experimental conditions.

Fig. 7 shows the PSD analysis results of the data
obtained from the common RPS. There is no
significant  difference in  frequency  component
distribution up to 5% water content under each
engine rotation speed. However, at the engine
rotation speed of 1,700 rpm and water content of
10%, the engine injection system began to experience
problems due to water in the diesel fuel and formed
a frequency distribution similar to that at the water
content of 20%, which is considered to be failure
data. These results indicate that the timing and
conditions for the abnormalities caused by the water
in the diesel engine could be determined from the
frequency component analysis of the common rail
pressure data.

In other words, the diesel engine used in the
experiment showed abnormalities in the injection
system when the water content in the fuel was 10%
or higher, while there was no abnormality in the
injection system when the water content was 5% or
lower at all engine rotation speeds. As such, a
reference value for the water content in diesel fuel
can be established for future studies on diagnosis and

prediction of diesel engine failures, and the effect of

the water content in fuel on the behavior of diesel
engine injection systems can be intuitively understood
based on the spectrum results.

As a method for comparing the characteristics of
the spectrum results transformed using FFT and PSD,
a spectral centroid provides a statistical measure on
the location of the center of mass in the spectrum
and indicates the frequency and size of the spectrum

transform, as expressed in Eq. (3) M.

b,

Efkﬁk

k=b
centroid = ———— (3)

b,

Esk

k=b,
where, f, = Frequency in corresponding to bin k
S, = Spectral value at bin k

by, by, = Band edges in bins

Fig. 8 shows the spectral centroid that compares the
average energy of the frequency component at the
various engine revolution speeds and water contents.
While the average energy was low at the water
content of 1.3%—10% and engine revolution speed of
1,500 rpm or lower, it was observed to be high
regardless of the engine revolution speed when the
water content was 20%, exhibiting an abnormal
frequency spectrum due to water damages. However,
when the engine revolution speed was higher than
1,500 rpm, the average energy at the water content
of 1.3%-10% increased dramatically, reaching the
same level as when the engine revolution speed was
1,700 rpm and the water content was 20%. This
increase in the average energy of the frequency
component indicated the degradation of the injection
system performance.

Therefore, while the use of an emulsifier may
improve fuel efficiency at a low speed, it can also
have a detrimental impact on the injection system of
the engine when used at a high speed of 1,500 rpm
or higher.
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In the future, studies will be conducted on the
diagnosis and prediction of diesel engine failures
using the FFT and PSD analysis results on the

common rail pressure data.
5. Conclusion

To analyze the effect of the fuel mixed with water
on a diesel engine injection system, pressure data
from the common rail were transformed to a
frequency domain and reviewed. The results obtained
are summarized as follows:

1) The behavior of the injection system can be
identified through the FFT and PSD analyses of the
common rail pressure data.

2) When diesel fuel is mixed with water, the
pressure data of the common rail show different
frequency component distributions depending on the
water content and the engine revolution speed.

3) When the water content exceeds 10% or the
engine revolution speed exceeds 1,500 RPM, it may
have a detrimental effect on the injection system of
the engine.

4) In the future, undertaking studies on the diagnosis
and prediction of diesel engine failures using the
FFT and PSD analysis results of common rail

pressure data will be crucial.
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