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Prefatory Note

Peng Chen

Editor-in-Chief, International Journal of Comprehensive Engineering
Professor, Faculty of Bioresources, Mie University

Director, Research Center of Security Technology for Industry and Social Infrastructure, Mie University
1577 Kurimamachiya-cho, Tsu-shi, Mie-ken, 514-8507, Japan

* Corresponding author:chen@bio.mie-u.ac.jp

Received: Sept. 10,2012 / Accepted: Sept. 12,2012 / Published: Dec. 15,2012

The inaugural issue of the International Journal of Comprehensive Engineering (IJCE) is published under
the guidance and support of every person involved. On behalf of the editorial committee, | am deeply grateful
to everyone associated with IJCE. Upon the issuance of our first issue, we received precious congratulations
from Dr. Toshio TYOYTA, Prof. Jinji GAO, and Dr. Hisayoshi MATSUYAMA - high-profile international
academic authorities-, and | would like to express my cordial gratitude to them.

IJCE is an international interdisciplinary journal that integrates publication from all aspects of research on
engineering science. This journal provides a medium of communication among engineers and scientists who
have engaged in research and development concerning the fields of comprehensive engineering, while
maintaining a healthy balance between fundamental and experimental topics.

Although we have set five specialized fields, namely, maintenance engineering, intelligent engineering,
engineering in agriculture, ocean industry, and light industry, we sincerely attempt to accept and publish
papers from other specialized fields. We are now looking forward to receiving submissions of academic or
technical papers from each engineering field, in particular from the five abovementioned fields.

To maintain IJCE as a high-level scientific and technical journal and to serve the authors wholeheartedly,
we will especially try our best in the following items:

1. Establishing a fair and reasonable peer review system that focuses on the executive editors;

2. Performing the peer review process, responding to authors and publishing each accepted paper as soon
as possible;

3. Positively advertising IJCE for increased visibility and for indexing by many academic databases and
search engines worldwide.

We will continually strive for the development of 1JCE and authors under the guidance and cooperation of
the participants.

Editor-In-Chief leg c&bﬁ

December 2012
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Greetings to the Publishing of the First Issue of IICE

Toyota Toshio

President researcher of Japan CDT Lab,
Emeritus Professor of Kyushu Institute of Technology
1JCE Honorary Editor

* Corresponding author: ijce-journal@live.jp

Received: May 31,2012 / Accepted: Sept. 12,2012 / Published: Dec. 15,2012

Congratulations on the publishing of the first issue of International Journal of Comprehensive Engineering
(IJCE).

International Journal of Comprehensive Engineering (IJCE) contains three important fields: equipment
management and maintenance engineering (Part A), intelligent engineering (Part B), engineering in agriculture,
ocean and light industry (Part C), which are more complicated and rapid-developing recently in the world.

What’s worth noticing is that the journal also plays an important role in Engineering in Agriculture, Ocean
and Light Industry, which are the key sectors in the recent and future social and economic development.

Hopefully the research papers, reviews and technical reports published in this journal will provide valuable
academic and technological information to researchers and engineers in these engineering fields.

At last, I firmly believe that JICE will be a worldly essential and famous academic journal in the above
fields.
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Development of Engineering Science and Missions of Modern Engineers and
Science Workers

--For the first issue of 1JCE--
Jinji Gao
Vice-president of China association of Equipment Management

Academician of Chinese Academy of Engineering
IJCE Honorary Editor

# Corresponding author: ijce-journal@live.jp

Received: May 31,2012 / Accepted: Sept. 12,2012 / Published: Dec. 15,2012

Engineering science has been the powerhouse for the progress of human civilization. It is the scientific
foundation of engineering practice, the bridge between natural science and engineering technology. Modern
engineering science has extensive research fields and sub disciplines.

IJCE is an international multidisciplinary journal. It involves a number of fields of engineering science and
serves as a communication platform for engineers and science workers of engineering-related R&D
backgrounds. It will enhance the mutual communication and balanced development between fundamental
research and engineering practice.

The publishing of the first issue of IJCE is a sensation in the world of engineering technology. We firmly
believe that it will make great contributions to engineers and science workers who are important creators of new
productivity and pioneers of new industries.

1. Engineers and science workers are bridges between science and production development

Engineers are the intermediaries connecting science and production. They should possess the innovative
power to solve practical problems. Especially when a production problem is new and there does not exist a
solution in reference books, engineers need to develop methods and management rules that base on science to
drive the advancement of production and technology.

2. Engineers and science workers are bridges between science and social development

In today’s industrial society, engineering technology system has become the guarantee and support for social
existence and development, such as the service of non-material production like transportation,
telecommunication and medical care. The system also controls the stability of social production, such as the
control on natural disaster, production accident, disease, environment, resources, and urban planning. By relying
on this system, science achievements are improving the outlook of social production, and engineers are
becoming a widening bridge that joins human science, behavior science and social science.

3. Engineers and science workers are bridges between science and high-tech industrialization.

Massive capitals, equipment and tangible assets are crucial to traditional industries. In high-tech industry,
however, the investment of knowledge, intelligence and intangible assets plays a key role. To some extent,
advantages of the industry and values of the products are determined by each worker’s experience, knowledge
and innovativeness. That is to say, winners are those who quickly master knowledge and apply it to the
organization of the production process. Therefore, engineers’ responsibilities are to build a bridge between
science and high-tech industrialization.

4. Engineers and science workers are bridges between engineering and natural science.
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The research of science in the 16th and 17th centuries focused purely on nature, but the scientific research
has gone beyond the scope of nature after the 18th century, incorporating the entire objective world, the natural
and the man-made. The analysis and improvement of engineering technology’s research results can be parts of
natural science. The famous “Control Theory of Engineering” of Qian Xuesen, a well-known Chinese scientist,
is a classic example. Engineers are always working in the front line of engineering, so they should raise research
topics based on engineering practices and science, flexibly combine theory and practice, and create
science-based engineering theories, before making contributions to the development of the science.

Modern people increasingly rely on industries of high-degree mechanization, automation and
intellectualization, thus needing highly mechanized, automotive and intellectualized engineering equipment and
controlling projects. As such equipment and projects are applied in large-scale and complicated systems, its
research cannot be as simple as Newton’s observation of the falling apple to discover gravity. Instead, it requires
modernized research equipment and testing methods, computers and advanced software, as well as concerted
efforts from specialists from various disciplines. This leads to the development of many new areas of
engineering science, such as maintenance engineering and intelligence engineering. The communication and
corporation between contemporary engineering technology societies is very important. We hope IJCE can
continually work towards this goal.

A one-thousand-mile journey starts from the first step. We firmly believe that IJCE will contribute its due
part to the development of engineering technology, social economy and natural science.

May 2012, Beijing
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Abstract: This paper presents a quantitative approach to evaluating the performance of complex-valued wavelet
basis on vibration analysis of rolling bearings, using the cross-correlation measure. As a statistical tool for
quantifying the relationship between two time series, cross-correlation analysis characterizes the performance of
different wavelet bases in analyzing non-stationary time series, such as vibration signals. Theoretical foundation
of using cross-correlation measure for evaluating wavelet basis is described, and experimental study has verified
that the cross-correlation measure provides quantitative guidance to selecting wavelet basis for improved
performance in defect diagnosis of rolling bearings.
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1. Introduction

As a mathematical tool, signal transformation, which maps a signal from one domain into another to better
reveal the information hidden within the original signal, has been widely explored for improved monitoring of the
health states of machine systems. Of various signal transformation techniques, wavelet transform has been
increasingly investigated, due to its multi-scale decomposition characteristics and capability in handling
non-stationarity of signals [1-3]. This is realized by scaling (stretching or squeezing) a wavelet basis and then
correlating it with the signal being analyzed through a time-shift operation. The result of the operation is that
characteristic signature that matches the scaled wavelet will be extracted out of the original signal. Since 1990’s,
the application of wavelets to defect diagnosis of machine systems has been increasingly seen world-wide [4-7],
with diagnosis of rotating machines [8-12] representing an active field of research.

While such advancement has illustrated the effectiveness of wavelet transform in machine defect diagnosis,
selection of wavelet basis has been traditionally practiced in an ad hoc manner. As an example, various wavelet
bases, such as Gaussian wavelet [5], Morlet wavelet [8], Mexican hat wavelet [9], Daubechies 2 wavelet [13],
and Daubechies 4 wavelet [14], have been used for bearing vibration signal analysis. The issue of wavelet basis
selection has received increasing attention, and various properties of wavelets have been investigated as potential
criterion for choosing wavelet basis. In a study on characterizing the topology of engineered surfaces [15],
symmetry has been used for separating the roughness, waviness and form of a surface into different frequency
bands for both functional correlation and process diagnosis in manufacturing. In another study, shape matching
was used for picking up proper wavelet basis for vibration signal analysis [16]. The minimum total error and
time-frequency resolution were devised to evaluate different wavelet bases for impulsive parameter identification
in a single-degree-of-freedom system [17]. Furthermore, the Shannon entropy of wavelet coefficients has been
used as a measure for wavelet basis evaluation in lamb wave analysis [18]. Genetic algorithm has also been
applied to facilitating the selection of wavelet basis for gear fault identification [19].

Equally important as the wavelet basis selection is the performance evaluation of various types of wavelets for
a specific type of applications, e.g. bearing defect diagnosis. Motivated by prior research, this paper investigates a
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guantitative approach to evaluating complex-valued wavelet basis for bearing vibration analysis, by considering
the inter-relationship between the signal and its corresponding wavelet coefficients. After a brief introduction to
the wavelet transform, the method of cross-correlation for wavelet basis evaluation is presented in Section 2. In
Section 3, performance evaluation of complex-valued wavelet bases for bearing diagnosis is conducted, and the
effectiveness of the cross-correlation for wavelet basis evaluation is experimentally verified. Finally, conclusions
are drawn in Section 4.

2. Wavelet Transform and Wavelet Basis Evaluation

2.1 Wavelet Transform

The main idea of signal transformation is to compare the signal of interest, x(t), with a set of known
functions {y, (t)},.,, and measure the similarity between them. Such an operation is mathematically expressed
as:

nez !

¢, = | x(w; M)t (1)

where (*)* stands for the complex conjugate of the function (). Depending on the chosen functions{y,, (t)}._, .

the signal can be transformed into different domains. For example, when the chosen functions are sine and
cosine functions, Eq. (1) represents the Fourier transform, and the signal is transformed into the frequency
domain. The resulting coefficients c, express the power concentration of the corresponding frequency

components (i.e. the power spectral density). Similarly, when the set of functions chosen for analysis are
derived from a single base function through a series of scaling (i.e. dilation and contraction, denoted by the
parameter s) and shifting (i.e. time translation, denoted by the parameter 7) operations such that

1

Vs, (t) = ﬁ

y/(t_TT) , EQ. (1) represents the wavelet transform, which can be generally expressed as:

1 t—7
Wt(s,7) = =[xty (=)t
! s 2)

Through variations of the scales (corresponding to the frequency bands, with small scales for high frequencies
and large scales for low frequencies) and time shifts of the base function, or wavelet basis, the wavelet transform
provide the ability of multi-resolution, which is effective in feature extraction for non-stationary signal analysis.

Generally, the wavelet transform can be represented in both continuous (i.e. continuous wavelet transform)
and discrete forms (i.e. discrete wavelet transform). Calculation for continuous wavelet transform can be directly
implemented using integral operations or by means of a series of Fourier and inverse Fourier transforms [20], in
which Eq. (2) takes the form of:

1/2

wt(s,7) = F{WT (s, f)}=|s| FHX(F)#(sf)} 3)

where WT(s,f), X(f) and #(e) are the Fourier transforms of wt(s,t), x(t) andy"(s), respectively. The symbol

F*denotes inverse Fourier transform. It can be seen from Eq. (3) that for a signal x(t), its continuous wavelet
transform at scale s can be considered as a band-pass filtering operation performed on that signal, where the
filter’s band-pass is determined and controlled by the scale parameter s.

2.2 Cross-Correlation for Wavelet Basis Evaluation

To ensure effective feature extraction from a signal, an appropriate wavelet basis needs to be chosen before
applying wavelet transform to that signal. In essence, the wavelet transform measures the “similarity” between
the signal and the wavelet basis at various scales. This is analogous to cross-correlation between two quantities,
from the point of view of statistics, and as such, cross-correlation analysis provides a natural method for
quantitatively evaluating the performance of different wavelet bases in signal analysis. Prior study has reported
using cross-correlation to find an optimal wavelet basis for detecting and locating Partial Discharge (PD)
occurred in operational transformers [21-22]. Since the coefficients of a signal’s wavelet transformation
characterize information of the signal, they are inherently correlated with the signal. Therefore, the relative
strength of the correlation can be measured in terms of the correlation coefficient, defined as [23]:
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C
x(t)wt(s,7) (4)

Oyxt)Owi(s,r)

px(t)wt(s,r) =

where the symbols o,, and o, are the standard deviation of the signal x(t) and the wavelet
coefficients wt(s, z) at a specific scale s, respectively. The symbol C, ..., denotes their covariance. In digitized
data acquisition, the signals x(t) and wt(s,7) are sampled as discrete values. Accordingly, the correlation
coefficient is estimated from the sample data as:

S [x(0) - KIWE(S. i) ~WE(S)]
\/Z:\il[x(l) - Y]Zzi’il[wt(sl |) _M]Z

)

Pxiiywt(s,i) =

where Nis the number of data samples, and X and wt(s) are the mean values of x(i) and wt(s,i),
respectively. The absolute value of the correlation coefficient is bounded by

0<

ﬁx(i)wt(s,i)‘ <1 (6)

Physically, the higher the absolute correlation coefficient value is, the greater the similarity between the two
guantities will be. Since a good wavelet basis should be capable of maximizing the extraction of features from a
signal of interest, it means the corresponding wavelet coefficients should show a higher correlation coefficient to
the signal than those obtained by other wavelet bases. Based on this concept, a maximum cross-correlation
measure can be devised as a criterion for evaluating the impact of wavelet basis on vibration analysis. The
criterion can be formulated as follows:

Maximum Cross-Correlation Measure Criterion: The wavelet basis that maximizes the cross correlation
coefficient between the signal and the wavelet coefficients represents the most appropriate wavelet for
defect-induced transient vibration extraction.

3. Experimental Bearing Defect Diagnosis
3.1 Complex-valued Wavelet Basis Evaluation

The cross-correlation measure is first used to evaluate each wavelet basis from a group of complex-valued
wavelets (The reason why we evaluate the complex-valued wavelet will be explained in section 3.2), for
experimental bearing vibration analysis. These wavelet bases are then used for performing multi-scale enveloping
analysis for bearing defect diagnosis [24]. Fig. 1a illustrates the waveform of a vibration signal measured from a
ball bearing that contains a localized defect on its outer raceway. The sampling rate is 10 kHz. The spectrum in
Fig. 1b indicates a major frequency component at around 1,840 Hz. This frequency component has been used as
the reference frequency (i.e., corresponding to center frequency of a decomposition scale) for scale selection
when implementing the wavelet transform.

1 : : : : 250 : :
ol = 2000 1,840 Hz
S S 150 2,500 Hz
=R <
S g 100~
05y < 50

-1 r r r r 0 A A

0 20 40 60 80 100 0 1000 2000 3000 4000 5000
Time (ms) Frequency (Hz)
(a) waveform (b) power spectrum.

Fig. 1 An experimental bearing vibration signal. (a) waveform (b) power spectrum.

The cross-correlation coefficient between the bearing vibration signal and each of the five commonly used
complex-valued wavelets is calculated, and the result is shown in Table 1. It is seen that the Morlet wavelet has
output the highest value of correlation coefficient, indicating its appropriateness for bearing vibration analysis.
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Furthermore, the energy-to-Shannon entropy ratio, which has been verified as an effective measure to guide the
wavelet basis selection [25], has also been used for comparison, and the Morlet wavelet has again been identified
as the most suited wavelet basis for bearing vibration analysis. A case study has then been conducted for
experimental bearing defect diagnosis with the assistance of multi-scale enveloping analysis, as described below.

Table 1 Wavelet Basis Evaluation using Bearing Vibration Signal

Complex-valued Wavelet Basis Correlation Coefficient Energy-to-Shannon Entropy Ratio
Morlet wavelet 0.87 60.76
Gaussian wavelet 0.84 56.04
B-Spine wavelet 0.76 35.05
Shannon wavelet 0.47 12.48
Harmonic wavelet 0.53 14.50

3.2 Multi-Scale Enveloping Analysis

A common characteristic of the complex-valued wavelets evaluated above is that their imaginary parts are the
Hilbert transform of their real-parts. This means that these wavelets are analytic in nature, and their moduli
represent the envelopes of the wavelet coefficients. Consequently, the result of continuous wavelet transform of a
signal x(t) using a complex-valued wavelet is also analytic in nature, and its modulus represents the envelope of
the wavelet coefficients. Such characteristic has been leveraged when analyzing bearing vibration signals using
a multi-scale enveloping analysis method [24].

The multi-scale enveloping analysis makes use of the time, scale, and frequency domain information
contained in the signal in a synergistic fashion. Computationally, it first decomposes the signal into different
scales by means of a complex-valued wavelet transform, as illustrated in Fig. 2. The envelope signal in each scale
is then calculated from the modulus of the wavelet coefficients. Subsequently, Fourier transform is performed
repetitively on the envelope signal at each scale, resulting in an “envelop spectrum” of the original signal at the
various scales. The final output is a three-dimensional scale-frequency-energy map, which indicates the intensity
and location of the defect-related frequency lines.

Complex
wavelet Envelope Spectrum
coefficients signal result
Scale s
4 wi(sy,t) lwt(s1,t)] Ew(s1,f)
Multiscale Envelope Spectral
decomposition . extraction . analysis
(wavelet : (Modulus : (Fourier
L transform) calculation) transform)
Vibration Scale s
signal x(t) > = WH(Sm,t) IWt(Sm,t)| > Eyt(Sm,f)
cale s} (s, ) Wi(sn. 1)l Ewa(sn/)

Fig. 2 The flow chart of multi-scale enveloping analysis.

3.3 Spindle-Bearing Defect Diagnosis

The case study is aimed to verify the effectiveness of the cross-correlation measure-based wavelet basis
evaluation for spindle-bearing defect diagnosis. As shown in Fig. 3, a dynamic load cylinder applies impulsive
forces of amplitude 13.3kN to a spindle shaft, which was preloaded at 839 N and rotating at 8,400 rpm, as a
means to accelerate the structural deterioration of the spindle and establish a service life history. Fig. 4 illustrates
the vibration signals at two different spindle operation stages: before impacts were applied and after 700 impacts.
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Multi-scale enveloping analysis of the vibration signals is then performed using the five complex-valued
wavelet bases, respectively. Fig. 5a illustrates the spectrogram of the envelope signals extracted from the wavelet
transform before impact was applied, where Morlet wavelet is used as the wavelet basis.. The only appreciable
frequency peak shown in the spectrum is at 140 Hz, which corresponds to the spindle rotational speed of 8,400
rpm. No characteristic frequencies that relate to structural defects within the spindle bearing system were found,
indicating the spindle bearings are in good condition.

Fig. 3 Spindle-bearing test system.
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(a) before impact (b) after 700 impacts
Fig. 4 Vibration signals measured on the spindle test system.

After 700 impacts, the spectrogram has seen significant changes, as illustrated in Fig. 5b. In addition to an
increase of the amplitude of the rotational frequency 140 Hz and its harmonics at 280 Hz, several other peaks at
885, 935, 1,075, 1,215, and 1,355 Hz, are shown respectively. Based on the geometry information of the bearing
and the spindle rotational speed [26], the peak at 935 Hz is identified as the Ball Passing Frequency at the Inner
Raceway (BPFI). The existence of such a frequency component indicates that one of the spindle front bearings
has developed a defect on its inner raceway, as the result of dynamic impacts. Theoretically, the BPFI frequency
at 8,400 rpm is calculated as 922 Hz. The 1.4% difference between the theoretical and experimental values can be
traced back to the combined effect of rolling element slippage and the slight drift of spindle speed from the
nominal input values to the spindle drive controller. Lastly, the frequency components at 1,075, 1,215, and 1,355

800

140 Hz 280 Hz 1075 Hz 1215 Hz
600 935 Hz 1355 Hz

Power (Watt)

(a) before impact (b) after 700 impacts.
Fig. 5 Multiscale enveloping analysis results.
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Hz can be specified as fg.., +k- f, with k=1,2,3. These frequencies reflect upon the combined effect of spindle

unbalance and inner raceway defect. The frequency component at 885Hz comes from the support bearing.

Comparison with other complex-valued wavelet bases on indentifying defect-related characteristic frequency
on the inner raceway of the spindle bearing is then conducted. Fig. 6 shows the relative magnitude of the wavelet
enveloping spectrum of fgpr at 935 Hz, under different number of dynamic impacts on the spindle. The Morlet
wavelet has consistently output the highest magnitude at each stage of spindle operation, comparing with other
wavelets. This verifies the effectiveness of the developed cross-correlation measure for performance evaluation
of wavelet basis in bearing vibration analysis.
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Fig. 6 Comparison among five complex-valued wavelets on defect characteristic frequency identification.

4. Conclusion

A guantitative method to guide performance evaluation of wavelet basis in bearing vibration analysis, termed
cross-correlation measure, has been developed. An experimental case study has been performed, and the results
have indicated that the developed measure is effective and robust. This is shown in the fact that the
cross-correlation coefficient between the extracted information using the Morlet wavelet and the defect-related
transient information inherent in the signal is the largest among the five candidate wavelet bases. As a result, the
Morlet wavelet is effective in indentifying bearing structural defect from its vibration signals.
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Abstract: Difficulty of condition monitoring and diagnosis against machineries constructed by some mechanical
elements, which are located close range increases more, because of masking in many frequency bands such as
discrete frequency signals associated with shaft speed and broad band ones associated with the natural
frequencies of each machinery elements and structural materials. This paper proposes a novel condition
monitoring method on rotary machineries by fault vibration signals extraction algorithm based on the proposed
multiplex elements Auto Regressive model (MEAR model), which can be removed influence of vibration signal
components generated by other machineries located close range except for monitored and diagnosed rotary
machinery. We intend to have attempted to demonstrate the effectiveness of the proposal MEAR model and its
extraction algorithm using an experimental rotary machine which, is constructed by a rotor, spur gears and
rolling element bearings and an induction motor, which are connected to a drive and two driven shafts. The
experimental machine can be artificially assumed three common faults such as an unbalanced rotor, a gear
unbalance and wear gear teeth. Good results are obtained in this article, the ability of the proposal condition
monitoring method (MEAR model and its algorithm) is effectively identified. High precision condition
monitoring by the method can be carried out under the environment of close range location.

Keywords: Rotary Machinery, Condition Monitoring, Multiplex Elements Auto Regressive Model, Close Range
Location, Fault.
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1. Introduction

The establishment of optimum maintenance interval on machineries and equipments in operation has been
one of the major sources of improving the production efficiency in manufacturing process, minimizing the
maintenance cost for maintaining high production efficiency of the machineries and equipments. Condition
Based Maintenance (CBM) [1] has been used as maintenance policy against significant machinery, which is
strictly recommended to keep high production efficiency and reliability, to minimize the maintenance cost.
CBM policy needs condition monitoring and diagnosis technology [2] of high precision and reliability to keep
high production efficiency, to decrease the maintenance cost. The fault diagnosis of rotary machinery based on
vibration and acoustic signals condition monitoring generated from the target machinery is the one of the
effectively useful methods [3,4], however, the maintain of high precision monitoring and diagnosis of machine
systems constructed many components and structural materials usually will be more difficult, these machine
systems are becoming increasingly complex. An effective vibration signal associated with the fault to diagnose
the machine condition is masked by other vibration signals such as other discrete frequency signals associated
with shaft speed, Gaussian noise(signal), which is obeyed normal distribution in the shape of its probability
density function and natural frequencies, which are generated by mechanical elements and materials located
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close range. The measurement of vibration signals obtained from acceleration pickups placed in around the
target machine include many frequency components such as discrete frequency signals and broad band ones
associated with the natural frequencies of individual machinery elements and structural materials, even in the
presence or absence of faults. Linear prediction [5, 6] is basically a method of modeling of the predictable
region of a signal, based on a certain number of obtained signals in the immediate past and then using this
model to predict the unknown signal in the series. The major model used for linear prediction of time series has
been known as auto regressive model (AR model), which is type of parametric spectrum analysis [7, 8, 9]. The
residual signal of the obtained time series is then constructed by subtraction the actual signal value from the
predictable signal one. The correlation value of obtained residual component is generally used to evaluate the
optimization of the constructed linear prediction model in this proposal condition monitoring method. Until now,
we have attempted to implement high precision and to develop of novel condition monitoring and diagnosis
technologies about mainly rotary machinery [9,10,11] and internal combustion engine [12,13,14], which are
composed of many mechanical elements and materials in ship's engine room. Primary approach method to
develop new monitoring and diagnosis technologies is based on the parametric and non-parametric linear
predictions [15,16], which are a kind of system identification method. For example, early detection method of
artificially assumed faults associated with push rod, driven rocker arm and intake exhaust valves in the four stroke
twin cylinder reciprocal engine has been proposed [17]. Also, identification of above the same type faults
conditions has been carried out based on the cross correlation function of close two point signals and proposed
paralleled ARX (Auto Regressive with Extra Input) [18] model based on the parametric linear prediction
theorem at diagnosed mechanical element within the engine. It has been possible to effectively extract only
fluctuation vibration components associated with fault conditions from mechanical elements in operation. In this
article, we proposes a novel condition monitoring method on rotary machineries by fault vibration signals
extraction algorithm based on the named multiplex elements Auto Regressive model (MEAR model), which is a
kind of parametric linear prediction method and can be effectively removed influence of vibration signal
components generated by other machineries located close range from all synthesized vibration signals obtained
from the acceleration pickups. When other machineries except for the target machinery are located close range,
the Proposed MEAR model and its condition monitoring algorithm can be particularly shown beneficial result.
When viewed as the parametric model by linear prediction method, transfer elements corresponding to several
condition-monitored mechanical elements can be arranged in the block diagram of the proposed MEAR model.
Individual transfer elements corresponding to condition-monitored mechanical elements are essentially modeled
by the normal vibration signal generated by the no malfunction condition. When a fault vibration signal are
inputted in the MEAR model constructed by the obtained normal vibration signal, A fault vibration component
can be included and be emphasized in the residual vibration signal, which is obtained by subtraction the inputted
fault signal from the predictable one [19]. The effectiveness of the MEAR model and its fault signal extraction
algorithm will be evaluated from the obtained residual vibration signals in this study. Also, we intend to have
attempted to experimentally demonstrate the effectiveness of the proposal MEAR model and its extraction
algorithm using an actual experimental rotary machine which, is constructed by a rotor, spur gears and rolling
element bearings and a 3 phase induction motor, which are connected to a main drive and two driven shafts.
Assumed three faults types such as a rotor unbalance, a gear unbalance and wear gear teeth is artificially assumed
in the experimental rotary machine. Sufficient results are obtained in this experimental demonstration, the ability
of the proposal condition monitoring method (MEAR model and its algorithm) is effectively identified.

2. Theoretical Basis of Multiplex Elements Auto Regressive Model and Block Diagram for Extraction

Fig.1 shows the block diagram of proposed Multiplex Elements Auto Regressive Model (MEAR model) to
extract only fault signal generated by monitored and diagnosed machineries in the case of other operated
machineries located close range. In short, this MEAR model can be effectively removed influence of vibration
components unrelated to fault of its machineries from other operating ones, which are located close range for the
condition monitored and diagnosed ones. Transfer elements corresponding to condition monitored mechanical
elements can be arranged in the above proposed block diagram in this model. Filter coefficients within respective
transfer elements in the MEAR model are essentially modeled by using respective normal condition vibration
(time series) data transmitted from the monitored mechanical elements. In principle, the respective predicted
series y1(t), y2(t), y3(t),- - -,yn(t) can be estimated by convoluting the respective filter coefficients with the
respective past time series.

Furthermore, the corresponding the respective residual series es(t), ex(t), es(t),- - -, e(t) can be calculated by
subtracting the input vibration series u,(t) or the predicted ones y;(t), y.(t), ys(t) from the final predicted ones y,(t).
If the fault occurs in individual mechanical elements in operation, the input signals us(t), ux(t), us(t), - - - ,ua(t) have
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direct influences of fault conditions from the mechanical elements. When the fault vibration signals generated by
the individual mechanical elements are inputted in the incoming signal for the MEAR model, the obtained
individual residual signals include signal components related on the faulty conditions from individual mechanical
components. A part of the residual components including vibration signals on fault conditions can be emphasized
and be large amplitude due to the nature of the Auto Regressive model. Consequently, although affecting other
mechanical elements except for monitored mechanical ones are located close range, high precision and effective
condition monitoring can be achieved by using its nature, because of by eliminating the all oscillatory signals
generated by other mechanical elements. The advantage of MEAR model based monitoring can simultaneously
model capturing surrounding vibration environment.
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Fig. 1 Block diagram for the fault signal extraction method by proposed multiplex elements AR model

Nomenclatures:
u;(t): Input vibration signal at the location of a mechanical element No.1.
Uo(t): Input vibration signal at the location of a mechanical element No.2.
uz(t): Input vibration signal at the location of a mechanical element No.3.
un(t): Input vibration signal at the location of a mechanical element No.n.
y1(t): Predicted signal generated by a mechanical element No.1.
y»(t): Predicted signal generated by a mechanical element No.2.
ys(t): Predicted signal generated by a mechanical element No.3.
Va(1): Predicted signal generated by a mechanical element No.n.
e1(t): Residual signal obtained from subtracting predicted signal uy(t) from y,(t).
e,(t): Residual signal obtained from subtracting predicted signal y;(t) from y,(t).
es(t): Residual signal obtained from subtracting predicted signal y,(t) from y,(t).
en(t): Residual signal obtained from subtracting predicted signal ys(t) from y,(t).
A: Filter coefficients of corresponding to a normal condition mechanical element No.3.
B: Filter coefficients of corresponding to a normal condition mechanical element No.1.
C: Filter coefficients of corresponding to a normal condition mechanical element No.2.
Xn:Filter coefficients of corresponding to normal condition of a mechanical element No.n.

In this research, in order to model the time series of condition monitored mechanical elements, acceleration
pickups as a sensor measuring the vibration are directly located on the condition monitored mechanical ones. The
prediction output y;(t) shown in Eq.(1) can be estimated from time series data obtained at the location
corresponding to filter coefficient B.

1
y,(t) = wul(t) (1)

Furthermore, the prediction output y,(t) can be constructed from the time series data obtained at the location
corresponding to filter coefficients B and C respectively. The y,(t) can be written by Eq.(2).

Y, (t) = ﬁul(t)mq)uz(t) )

Similarly, the prediction output y5(t) shown in Eq.(3) can be estimated by corresponding to filter A ,B ,C
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s(t) =$ul(t)+<:(q)uz(t)+ AU (1) o)

The general form of prediction output y,(t) corresponding to the nth measuring location can be obtained from
Eq.(4).

yn<t):$ul(t)+cm>uz(t>+A(q)ua(t)+---+xnun(t) @

A discrete representation of a system possessed auto correlation can be given by Eq.(5).

y(t)+aylt-1)+--+a, y(t-n,)
- (1+ aqt+--a, g™ )y(t) -

Where, the symbol q is the shift operator and having the following relationship shown in Eq.(6)
qu(t)=u(t+1) ©)
Filter coefficient A shown in Eq.(7) can be expressed by using Eq.(5)
Alg)=1+aq™*+-+a,q™ @)

Also, filter coefficient B and C can be respectively expressed in the following Equation Eq.(8) and Eqg.(9).
Applied filter are described in polynomial equation.

B(q)=bg™++b,q™ ®)

Cla)=cg™+-+c,q™ ©)

In this paper, optimum order to be firstly construct the filter coefficients A,B,C---, Eq.(7), (8), (9) are
determined by the autocorrelation values of the respective residual components e,(t) which can be obtained by
taking the difference between the respective prediction outputs yi(t), y2(t) ,ys(t) to the respective input ones uy(t),
Ux(t), us(t). For example, autocorrelation function R¢( ) which is evaluation criteria to determine the order of
filter coefficient C can be defined as Eq.(10). Here, T and 7 shown in Eq.(10) indicate a finite measurement
time and delay time respectively.

Re (r)=;ignw%]{yl(t)—ul(t)}{yl(tw}—ul(t+r)dt (10)

In conclusion, the lower one of the autocorrelation values R¢( ) obtained by using normal condition time
series data is firstly selected as the optimum coefficients composed the MEAR model. If the fault condition time
series data will input in the MEAR model previously composed by the normal condition ones, signal
components related the fault condition will be contained and be emphasized in the obtained residual components
e1(t), ex(t), es(t) by depending on the characteristics of the MEAR model. The residual fault components
generated by the all n monitored mechanical elements corresponding to the respective transfer elements in the
block diagram shown in Fig.1 can be expressed by the below Eq.(11).

&)=y, O-u® 1)

In the case of the n-1 residual fault components e,(t), which will be shown in below Eq.(12).
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e,(t)=y,(®) -y, () (12)

Similarity, in the case of the n-2 residual fault components es(t), which can be estimated by Eq.(13).

&;(t) =y, () -y, (1) (13)

Finally, the fault signal components corresponding to the transfer element (Filter coefficient) A,C,B can be
obtained from the prediction signal ys(t)-y2(t), y2(t)-y1(t) and y(t)-y.(t), ya(t)-us(t) respectively.

3. Condition Monitored Machinery and its Assumed Fault Conditions

The general view of the applied rotary machinery facility for verification of the proposal monitoring method is
shown in Fig.2. The vertical, horizontal and height direction dimensions of the facility are 620 X 1570 %
1460(including the control board)[mm] respectively. The facility consists of one main drive shaft and two driven
ones that are placed on the both sides of the main shaft. The main shaft sustained by three deep groove rolling
element bearings NSK6206 is driven by a three-phase induction motor (output power 0.75[kw]) via a coupling
and other top of the main shaft is connected to electro-magnetic brakes to give an arbitrary load to the 3 phase
induction motor and mounted mechanical elements. The main shaft attaches two spur gears (number of teeth 40)
and one rotor which can be assumed fault conditions. The driven shaft sustained by two deep groove rolling
element bearings attaches two spur gears (number of teeth 43) which can be classified into a normal condition
and fault one. Fig.3 shows a picture of monitored mechanical elements and the locations of applied three

Fig. 3 Applied rotary machinery for condition monitoring Fig. 5 An applied unbalanced rotor
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‘Wear width [1.5[mm]

' / Pitch circle

A driven spur gear

Fig. 4 Schematic diagram of the adjacent two wear teeth Fig. 6 M6 bolts as load weight for rotor unbalance

acceleration pickups indicated as "Sensor(),2),3". As the fault condition, surface wears of adjacent two teeth on
driven side indicated as "Gear(D" has been assumed in the monitoring. Schematic diagram of the surface wear of
adjacent two teeth on driven gear side is shown in Fig.4. The both sides wear width of a tooth are 1.0[mm].
Moreover, the rotor unbalance in the main shaft and a gear unbalance in the driven shaft side indicated as "Rotor"
and "Gear®" have been assumed respectively. Fig.5 shows the picture of unbalanced rotor which, is made by
mounting the two M6 bolts and the six nuts (weight 42.1[g]) shown in Fig.6 using as load weight. The rotational
speed of the main shaft during the verification is 500 [rpm] (8.33[Hz]) constantly, sampling and cutoff
frequencies are set to 5[kHz], and 400[Hz] respectively, sampling time per one time is 1.0[s], measuring point per
one time is 5000[points]. The programming of proposed MEAR model and its extraction algorithm has been
performed by Lab VIEW software made of National Instruments Corp, and fundamentally analyzed under the
online state.

4. Verification of Effectiveness of MEAR model and its Monitoring Method and Discussion

At first, the filter coefficients and related optimum orders at the location "Sensor(),@),@" indicated in Fig.3
must be determined by a time series data associated with vibration acceleration, which is obtained from normal
condition. The filters at the location "Sensor (D","@"and"@" are respectively called filter "B", "C" and "A" in
this article for convenience. Although applied "Sensor(1,@),3" are located on the deep groove rolling element
bearings, the influence of pass frequency associated with its rolling elements cannot be completely appeared the
respective sensors because of using the no fault bearings. A vibration acceleration time series data obtained from
"Sensor(D" under the normal condition so as to construct the MEAR model is shown in Fig.7, Similarly, Fig.8
and Fig.9 represent the acceleration time series ones obtained from "Sensor®),@" under normal condition
respectively. The modeling of transfer elements correspond to the block diagram MEAR model shown in Fig.1
have been used by the previous normal vibration acceleration time series. The transfer element correspond to the
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Fig. 7 The normal condition series used by modeling filter B Fig. 8 The normal condition series used by modeling
filer C
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filter "B" supports the vibration acceleration received in the location in "Sensor(D" ,furthermore, filter "C" and
filter "A" can support the vibration acceleration received by the locations in "Sensor,®" respectively. Fig.7,
Fig.8 and Fig.9 show normal vibration acceleration time series to constitute the MEAR model which can be
measured at the individual locations "Sensor", "Sensor@" and "Sensor@". Filter coefficients that applied in
the MEAR model shown in Fig.10, Fig.11 and Fig.12 are essentially obtained by using the previous time series
data shown in Fig.7, Fig.8 and Fig.9 respectively, in this article, optimum orders of these filters have been
determined from the viewpoint of repeatability of estimated prediction output and the degree of calculation load
to do the online condition monitoring system. Its repeatability will be satisfied by evaluating the correlation
values, which can be obtained by subtracting required prediction outputs from the previous normal vibration
acceleration time series. The more obtained correlation value is high, the more its repeatability of the estimated
prediction output is really satisfied, however the load to our online condition monitoring system is extremely
increased because of increasing the selected filter order, what is called, trade-off relationship based on the
uncertainly principle affects the construction of MEAR model constructed by the optimum order. As a result,
25th as the optimum orders of our filter coefficients "A", "B" and "C" are experimentally chosen and unified by
referring to the convergence property of the obtained autocorrelation values shown in Fig.13. Fig.14 shows the
acceleration time series measured by "Sensor@" under only unbalanced rotor before applying the proposal
MEAR model which emphasized its fault components. It is obviously hard to detect the existence of unbalanced
rotor by visual recognition of the obtained acceleration time series shown in Fig.14, by reason of masking by
multiple waveform generated by other mechanical elements and structural materials located close range except
for the target machinery for the condition monitoring. On the other side, residual component e3(t)-e2(t) shown in
the block diagram Fig.1 obtained by applying our proposal model can be shown in Fig.15. Large amplitudes
correspond to the period of rotation speed, which is specific to the unbalance phenomenon of rotary machinery
can be apparently seen in this figure. Furthermore, enveloped spectrums to apply Fast Fourier Transform to the
previous acceleration time series and residual component can be shown in Fig.16. Black and red lines in the
figure are correspond to the in the case of applying MEAR model and not applying one, respectively. Rotation
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frequency associated with unbalanced rotor, which is fundamental, second and third harmonics components,
which are generated by interference with between fundamental frequency can be apparently confirmed at
applying the MEAR model, in contrast, in the case of not applying the MEAR model, frequency components of
the unbalanced rotor are not clear. Considering the above result, effectiveness of the proposal model has been
sufficiently demonstrated. Fig.17, Fig.18 and Fig.19 show an acceleration time series, a residual component and
its enveloped spectrum in the case of surface wears of adjacent two teeth on driven side indicated as "Gear(®D"
measured by "Sensor()"shown in Fig.3 and 4. Fig.17 is correspond to the not applying MEAR model, Fig.18 is
the residual component e2(t)-e1(t) shown in the Fig.1, when the applying the proposal model to conventional
acceleration times series. It is obviously hard to detect the existence of surface wear on the driven gear by visual
recognition of the obtained acceleration time series shown
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in Fig.17, on the other side, residual component e,(t)-e(t) shown in the block diagram Fig.1 obtained by applying
the MEAR model can be shown in Fig.18.When the spur gear of adjacent two wear teeth on driven gear is seated,
the impulsive wave correspond to the period of rotation speed can be apparently appeared in this figure.Still more,
rotation frequency associated with surface ware of adjacent two teeth, which are fundamental and second
harmonics components, which can be apparently confirmed at applying the MEAR model in enveloped spectrum
shown in Fig.19, on the other hand, in the case of not applying the MEAR model, above frequency components
of the associated with surface ware on driven spur gear can not be apparently confirmed. Fig.19 shows the
acceleration time series measured by "Sensor@®" under only an unbalanced spur gear indicated in "Gear@"
shown in Fig.3.before applying the MEAR model. It is obviously hard to detect the existence of the unbalanced
spur gear by visual recognition of the obtained acceleration time series shown in Fig.19. On the other side,
residual component e,(t)-e5(t) obtained by applying the proposal model can be shown in Fig.21. Large amplitudes
correspond to the period of rotation speed of the driven spur gear, which is specific to the unbalance phenomenon
can be apparently seen in this figure. Furthermore, enveloped spectrums to the previous acceleration time series
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and residual component e,(t)-e5(t) can be shown in Fig.22. The rotation frequencies associated with unbalanced
rotor can be apparently confirmed at applying the MEAR model, in contrast, in the case of not applying the
MEAR model, frequency components of the unbalanced rotor are not clear. Considering these results,
effectiveness of the proposal MEAR model can be sufficiently demonstrated and confirmed.
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applying the MEAR model

5. Conclusions

This paper proposes a new condition monitoring method on rotary machineries by fault vibration signals
extraction and emphasis algorithm based on the proposed multiplex elements Auto Regressive model (MEAR
model), which can be removed influence of vibration signal components generated by other machineries located
close range except for condition monitored and diagnosed rotary machinery. We intend to have attempted to
demonstrate the effectiveness of the proposal MEAR model and its extraction and emphasis algorithm using an
experimental actual rotary machine which, is constructed by a rotor, spur gears and rolling element bearings and
a 3phase induction motor, which are connected to a drive and two driven shafts. The experimental machine can
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be artificially assumed three common faults such as an unbalanced rotor, a gear unbalance and surface wears of
adjacent two teeth on a spur gear. Good results are obtained in these verifications, the high ability of the
proposal condition monitoring method is effectively identified. High precision condition monitoring by the
method can be carried out under the environment of close range location.
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Abstract: The clearances in pitch mechanism of gun have an important influence on firing concentration. The
present study designs a set-up of experimental research on pitch mechanism of gun with clearances and carries out
corresponding numerical simulations and experiments. The clearance in slider-guide joint, a typical clearance in
pitch mechanism of gun, is considered in the set-up. Sinusoidal excitation is used to get dynamical response
signals of gun; results of the experiments show that the response signals in time domain reflect clearance size. In
the same intensity under sinusoidal excitation, the peak value of gun barrel’s time-domain signal is larger with the
clearance enlargement. The current work can be referred as a basis for dynamical clearance adjustment and the
gun design.
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1. Introduction

Since high-tech was applied in weapon system, guns have been the most frequently used type of weapons with
the largest number in the world. The modern warfare puts forward higher requirements for gun performance. The
clearances in pitch mechanism of gun have an important influence on firing concentration in the war [1]. There is
an optimum interval of clearance. The fire concentration of gun is accurate inside the interval but inaccurate
outside the interval. In practice, the fire concentration is weakened because of the clearance change as a result of
powder explosion. So soldiers need adjust clearance dynamically to ensure firing concentration. In fact, it is hard
to measure clearance dynamically and quickly. However, the response signal of gun can be easily obtained.
Therefore, research on this clearance is of great significance for extracting clearance features from the dynamic
response signal, determining the size of the clearance, adjusting the clearance and improving the firing
concentration accordingly.

For the sake of secrecy, few documents have been published in this field. Some scholars have studied the
clearance dynamic. In 2004, Tasora [2] et al. built a special experimental device for measuring the effect of
clearance in revolute joints of a four-bar mechanism in terms of accelerations and surface wearing. In 2005,
Barthels and Wauer [3] calculated modal parameters of rotating machinery with clearance based on the condition
monitoring information. In 2006, Zhu and Parker [4] conducted a perturbation analysis of a clearance-type
nonlinear system. In 2008, Khemili and Romdhane [5] studied the dynamic behavior of a planar flexible
slider-crank mechanism with clearance and built an experimental set-up to perform some experiments. Shiau [6]
et al. made a nonlinear dynamic analysis of a parallel mechanism in consideration of joint effects. In 2009, Ishida
[7] et al. researched nonlinear resonances and self-excited oscillations of a rotor caused by radial clearance and
collision. In 2010, Chen [8] took ANSYS simulation to compute the flexibility of clearance of gun barrel and
found that clearance value was a function of the flexibility and stiffness of a small gap.

The present study designs a set-up of experimental research on pitch mechanism of gun with clearances and
carrys out corresponding numerical simulations and experiments. The clearance in slider-guild joint, a typical
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clearance in pitch mechanism of gun, is considered in the set-up. Sinusoidal excitation is used to get dynamical
response signals of gun barrel. The experimental results indicate that the response signals in time domain reflect
clearance size. In the same intensity under sinusoidal excitation, the peak value of gun barrel’s time-domain
signal is smaller with the clearance enlargement. The research results provided an important basis for dynamical
clearance adjustment between slider plate of gun barrel and guide and the gun firing concentration.

2. Design of a Set-up of Pitch Mechanism with Clearance in Gun

Gun is a complex mechanical system including thousands of parts and assembles, among which pitch
mechanism is its key one influencing firing concentration. In view of the expensiveness of firing experiment, a
simple experimental set-up is demanded to study the dynamic characters of clearance. Fig. 1 is the experimental
set-up we designed to test the dynamic behaviors of clearance.

Fig. 1 A set-up of pitch mechanism with clearance in gun

The set-up includes eight elements: gun mount, hand wheel, gear, fanning gear, guide, slider, cocket centring
and barrel. The pitch of barrel can be adjusted by the hand wheel. Before firing, the slider of barrel contacts with
the guide rail. In the firing process, the slider departs with the guide due to the impact force. And then, the slider
returns to the contact state. The contact-depart-contact procedure introduces the vibration of barrel. According
to the structure of slider and guide, we designed the slider-guild mechanism with clearance (Fig. 2). The
clearance is adjusted by the 8 M8 bolts with pitch of 0.5mm. We can tight the bolts to decrease the clearance of
slider-guide (Fig. 3).

Fig. 2 The slider and guide rail mechanism with clearance
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Fig. 3 The CAD draw of slider and guide rail mechanism

3. Numerical Simulation of Experimental Set-up

In order to study the dynamic behaviors, we modeled the experiment set-up of gun by the finite element
method (FEM) software, ANSYS. Fig. 4 is the geometry model of the set-up in ANSYS environment. All
elements including pitch mechanism are imported into ANSYS from CAD software PROE. In ANSYS, the
contact relations are defined manually, the clearance of slider-guide can be adjusted by moving slider model.

The model are meshing firstly by using the tetrahedron element (solid185 of ANSYS). In total, 513090
elements were utilized to mesh the model. The part near the clearance of slider-guide is refined with small-size
elements. The FEM model of set-up is given in Fig. 5.

0.00 500.00 (un)
I 00 ¢
250.00

Fig. 5 The FEM model of set-up in ANSYS environment
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The model analysis and harmonic analysis of the set-up were carried out. The boundary conditions including
material properties, and displacement constraints are used to construct the FEM model, which are listed as
follows.

Material properties: structural steel with Young’s modulus 2.1el1 Pa, Poisson rate 0.3 and density 7890
kg/m3.

Displacement constraints: The gun mount are fixed on the ground, degree of freedom (DOFs) of all the six
displacement are zero.

The results of modal analysis are given in Fig. 6. From the results, we can find that the clearance of
slider-guide mechanism influences the dynamic characters, especially the pitch modal of set-up. However, the
FEM model cannot simulate the contact-depart-contact phases of clearance, the relations between clearance and
dynamic characters of gun cannot be obtained by numerical simulation.

350. 00

(a) Pitch modal of set-up with (b) Pitch modal of set-up with
clearance 0.2mm clearance 0.4mm

Fig. 6 The modal results of set-up

4. The Experimental Research on the Barrel Clearance

The experimental set-up is given in Fig. 7 (O: gun barrel, @: acceleration transducer, ®: vibration exciter,
@: signal generator, ®: LMS signal picking box, ®: PC). The signal generator @ provides the sinusoidal
signal, which drives the vibration exciter ®. The gun barrel © is vibrating when the exciter is operating with

Fig. 7 The set-up of experiment
1: gun barrel; 2: acceleration transducer; 3: vibration exciter
4: signal generator; 5: LMS signal picking box; 6: PC
different input signals. The vibration response of the barrel is picked by the vibration acceleration transducer @,
and the vibration displacements of the cantilever beams can be obtained after the signal analysis. The signals are

sent to the LMS signals picking box ® and the PC ®. The vibration response can be showed with the time
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signals wave figure in PC. The contact clearance can be adjusted by the different value of the bolt” s tightening
force and moment worked on the barrel and slider.

In the experiment, we change the bolt’s tightening force to decrease the clearance in the joint of slider-guild.
The final time is marked with the clearance o, = 0. The clearance value is corresponding to the round number

of pitch and bolt. The signal generation’s output is sinusoidal signal with a frequency of 20 Hz. We max its
output signal’s amplitude and keep it in order to optimize the response. The right measure data are recorded when
the experimental system is steady. Fig. 8 shows the six groups of measure we do and the relations between the
clearance and peak value .

Fig. 8 reveals that the signal character reflects clearance size. Peak values of the time signal increase when the
clearances grow. The clearance of slider-guild increases, then the constraints working on the slider and guide rail
decreases. So the vibration of the gun barrel increases, the time signal’s peak value picked also increase:

Peak of time signal /g

r r r r

0 0.2 0.4 0.6 0.8 1
Clearance value /mm

Fig. 8 The curve of clearance signal

5. Conclusions

In the present study we investigated the dynamic behavior of pitch mechanism of gun with clearance. The
experimental set-up was designed and built with the clearance of slider-guild adjusted by the bolt. Sinusoidal
excitation was used to get dynamical response signals of gun barrel; the results of the experiments are that the
response signals in time domain reflect clearance size. In the same intensity under sinusoidal excitation, the peak
value of gun barrel’s time-domain signal is larger with the clearance enlargement. The current work can be
referred as a basis for the dynamical clearance adjustment in pitch mechanism and the gun design.
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Abstract: The wind-induced vibration of high-rise petrochemical equipment would do great harm to equipment
operation and cause fatigue damage easily. Thus it is very necessary to install some control device to reduce the
vibration actively. Therefore, the tuned mass damper (TMD), rarely used in high-rise petrochemical equipment,
is studied by experiment to minimize wind-induced vibration, ensure safety operation and prolong service life.
In the experiment, the high-rise petrochemical equipment is properly simplified in order to verify the feasibility
of the TMD. Parameter matching of the TMD is mainly researched, which includes mass ratio and damping
ratio. Experimental results show that the TMD is feasible for the wind-induced vibration control of high-rise
petrochemical equipment. When parameters are not properly matched, the effect of vibration suppression is not
the best. However, the top maximum displacement of the simulator reduces by 38.51% under optimal matching
parameters in the experimental condition. The experimental research has provided certain valuable references
for practical application of the TMD in petrochemical field.
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1. Introduction

In petrochemical enterprises, there are many kinds of high-rise petrochemical equipments, such as
fractionating tower, distillation column, industrial smokestack, etc [1]. For these high-rise equipments, as shown
in Fig.1a, the ratio of height to diameter is much larger, which leads to the greater flexibility and lower natural
frequency [2]. Therefore, the intensive wind will have a greater effect on the vibration and deformation of
high-rise petrochemical equipment. Thus it is very necessary to install some control device to reduce the
vibration actively.

As a method of vibration suppression, the tuned mass damper (TMD) has many advantages, such as low cost,
small mass and size, vibration control of each direction, easy installation and maintenance [3]. The TMD has
also plenty of different kinds of structure styles, e.g., cistern type, ring-mass type, lumped-mass type [4]. In
China, the TMD is widely applied to TV tower, skyscraper and bridge [5-8], but rarely used in high-rise
petrochemical equipment. Therefore, it is well worth researching that how the TMD is effectively applied in
petrochemical field. So it is studied by experiment in this paper.

In accordance with the structural features of actual high-rise petrochemical equipment, the authors plan to
install the lumped-mass TMD on the top of the equipment, as shown in Fig.1b. When the TMD is working,
generated inertial force will act on the equipment. It will lead to resonance when the frequency of TMD
approaches the inherent frequency of the equipment. At that time, the TMD can absorb part of the energy to
reduce the wind-induced vibration of high-rise equipment. However, when parameters of the TMD are not
properly matched, the effect of vibration suppression is not the best and even counterproductive sometimes. In
view of this, the wind-induced vibration is compared before and after the using of the TMD in order to study
control effect of different parameters and seek for optimal matching parameters in this paper.
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(a) (b)

7.

Fig. 1 High-rise petrochemical equipment. (a) Actual image. (b) Vibration control with TMD schematic.

2. Experimental system and TMD structure

Experimental system mainly consists of the simulator, fan, TMD, computer, eddy-current sensor and OR38
dynamic signal analyzer. They are shown in Fig.2.

The simulator includes windward baffles, additional mass and supporting tube. Among them, the windward
baffle bears the fluctuating wind from fan and drives the supporting tube to swing, which simulates the
wind-induced vibration of high-rise equipment. Besides, additional mass strengthens the swing of the simulator.

The sensors start to work in two perpendicular directions when the simulator swings. Collected signals are
transmitted to OR38 analyzer and then displayed, recorded and processed by the computer.

In this experiment, the TMD system mainly consists of counterweight, iron wire and damping liquid (Fig.2f).
The length, diameter and thickness of supporting tube are respectively 1020mm, 32mm and 2mm. The weight of
the simulator is 43kg and its inherent frequency is 1.57 Hz by measuring. The frequency of the TMD is
determined by f=(g/I)?/2z. When the frequency f is 1.57 Hz, the length | is 101mm, which determines the
length of iron wire. Ensure that the frequency of TMD is 1.57 Hz through adjustment.

(a) (b)
Windward baffles
/ e Proximitor {—se—{ OR38 |—==— Computer
“NThickness 0.5 |
Additional mpss Sensor
o / 7 Windward baffles | |~
‘ sty Wmd shutter
! 405 :
—{1] |
= Supporting tube y : _____
(32 LX - /
Y Thickness 2 Simulated wind
et TMD

(©)
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Fig. 2 Experimental system and schematics. (a) The simulator schematic. (b) Experimental system schematic.
(c) Three kinds of damping liquids. (d) Experimental system photo. () Counterweight. (f) TMD schematic.

(2) The damping liquid is made up of pulverized carbon fibre sheet and L-TSA32 turbine lubricant with
different mass ratios (0, 0.3% and 0.5%), which is shown in Fig.2c. Under the condition of certain mass ratio,
the piston is immersed in different damping liquid to research the control effect.
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Fig. 3 The relationship between maximum displacement and mass ratios without damping.



Experimental Research on Vibration Control of High-rise Petrochemical Equipment 41
In order to minimize errors, the above experiments will be repeated 5 times to get the average. And the

vibrations in two directions will be synthesized to obtain the actual displacement.

3.1 The effect of different mass ratios without damping

It can be seen from Fig.3 that the maximum displacement has a certain degree of reduction under different
mass ratios without damping. Under the condition of 7.1% mass ratio, the maximum displacement is minimum,
which is 1650 pm, reducing by 28.04% relative to 2293 pm without TMD.

3.2 The effect of different mass ratios with damping

It can be seen from Fig.4 that the maximum displacement has a certain degree of reduction under different
mass ratios when the piston is immersed in L-TSA32 turbine lubricant. Under the condition of 9.3% mass ratio,
the maximum displacement is minimum, which is 1777 pm, reducing by 22.50%. Compared with the control
effect in section 3.1, the result is not good. The reason may be that parameters are not properly matched.

3000

LI B
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1500

1000

Maximum Displacement/pum

500 -

Mass Ratio/%

Fig. 4 The relationship between maximum displacement and mass ratios with damping.

3.3 The effect of different dampings under 3.2% mass ratio

It can be seen from Fig.5 that the maximum displacement has a certain degree of reduction under different
working conditions with 3.2% mass ratio. Under the condition of 3.2% mass ratio and 0.3% damping liquid, the
maximum displacement is minimum, which is 1710 um, reducing by 25.43%. The control effect is better than
section 3.2. However, parameters are still not properly matched when compared with the control effect in
section 3.1.
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Case 1: no TMD; Case 2: 3.2% mass ratio; Case 3: 3.2% mass ratio and L-TSA32 lubricant;
Case 4: 3.2% mass ratio and 0.3% damping liquid; Case 5: 3.2% mass ratio and 0.5% damping liquid

Fig. 5 The maximum displacement under 3.2% mass ratio.
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It can be seen from Fig.6 that the maximum displacement has a certain degree of reduction under different
working conditions with 9.3% mass ratio. Under the condition of 9.3% mass ratio and 0.3% damping liquid, the
maximum displacement is minimum, which is 1410 pum, reducing by 38.51%. Therefore, it can be known that
optimal matching parameters have been found. Fig.7 compares the time-domain waveform under optimal
matching parameters with the one without TMD.

3.4 The effect of different dampings under 9.3% mass ratio
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Case 1: no TMD; Case 2: 9.3% mass ratio; Case 3: 9.3% mass ratio and L-TSA32 lubricant;
Case 4: 9.3% mass ratio and 0.3% damping liquid; Case 5: 9.3% mass ratio and 0.5% damping liquid

Fig. 6 The maximum displacement under 9.3% mass ratio.
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Fig. 7 Time-domain waveforms under different working conditions.
(a) No TMD. (b) 9.3% mass ratio and 0.3% damping liquid.

3.5 Results discussion

Table 1 summarizes the above experiment results. From that, some conclusions can be drawn:

(1) Mass ratio and damping ratio must be properly matched in order to get the best control effect.

(2)Under the condition of 9.3% mass ratio and 0.3% damping liquid, the maximum displacement is
minimum, reducing by 38.51%, which demonstrates that there are optimal mass ratio and damping ratio for the
TMD.

Table 1 Summarized Results

Mass Ratio (%) Damping liquid (%) Reduction (%)
7.1 —_— 28.04
9.3 0 22.50
3.2 0.3 25.43

9.3 0.3 38.51
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3.  Conclusions

In this work, the effectiveness of the TMD used for the vibration control of high-rise petrochemical
equipment under intensive wind has been investigated. During the process of seeking for the optimal matching
parameters, different mass ratios and damping ratios have been taken into account in order to understand the
characteristics of the TMD under different working conditions.

When mass ratio and damping ratio are properly matched, the control effect is the best. Otherwise, the effect
of vibration suppression is not the best and even counterproductive sometimes. Therefore, theory calculation or
model test must be carried out to obtain the optimal matching parameters before the TMD is applied in
petrochemical enterprises.

On the basis of the experimental data, the TMD is very feasible for the wind-induced vibration control. The
experimental research has provided valuable preferences for practical application and laid good foundation for
further optimization of the TMD.

Acknowledgment

The authors gratefully acknowledge the financial support provided by Joint Project Special Fund of
Education Committee of Beijing, the Ph. D. Programs Foundation of Ministry of Education of China (Item No.:
20110010110009) and National Basic Research Program of China (973 program) (Item No.: 2012CB026000).

References

[1] H. H Gao and J. L Jiang. Tower Vibration and Kaman Vortex Solution, Gansu Science and Technology,
Vol. 21, No. 6, pp. 35-36, 2005.

[21 S. Feng and J. Jin. Simulation of Fluctuating Wind Load on High Rise Tower and Analysis of Wind
Induced Vibration Response, Journal of Nantong University (Natural Science Edition), Vol. 6, No. 1, pp.
67-71, 2007.

[3] L. Qin, W. M Yan, X. J Hu, et al. Study on Seismic Control Effectiveness of TMD System of Symbolic
Tower of Henan Art Center, Journal of Beijing University of Technology, Vol. 35, No. 6, pp. 761-768,
2009.

[4] Z. M Wang. Vibration Control of High-rise Structures, Tongji University Press, 1997.

[5] R. X Huang, A. Q Li, Z. Q Zhang, et al. TMD Vibration Control of Beijing Olympic Center Broadcast
Tower under Fluctuating Wind Load, Journal of Southeast University (Natural Science Edition), Vol. 39,
No. 3, pp. 519-524, 2009.

[6] M.JHeand R. L Ma. Measurements and Analysis of the Vibration of Heilongjiang Broadcast and TV Steel
Tower Controlled by PendulousTank, Journal of Building Structures, Vol. 22, No. 1, pp. 39-41,2001.

[7] J. Ren, J. Teng and L. P Ye. Research on Vibration Control of Hybrid Mass Damper for Diwang Tower
under Wind Loading, Earthquake Engineering and Engineering Vibration, Vol. 23, No. 6, pp. 187-193,
2003.

[8] M. Wang and P. Gu. Damping Suppression of Vibration for Half-through Steel Truss Bridges Using TMD,
Journal of Shijiazhuang Railway Institute, VVol. 19, No. 1, pp. 14-17, 2006.

[91 X.J Hu and J. P Ge. Study on Wind-induced Vibration TMD Control of a High-rise Structure, Shanxi
Architecture, Vol. 33, No. 32, pp. 81-82, 2007.



Copyright © 2012 DET Corp., Japan All Rights Reserved ISSN 2186-2680 m—

International Journal of Comprehensive Engineering A
Part A, 1(1), 44-50, 2012 e-ISSN 2186-2656 I1JCE
Doi: 10.14270/1JCE2012.1.1.a44 WWw.iace-journal.org ey
Regular paper ~—

A Selection Method of Vibration Signal Feature Based on Mutual Information and
Distance Measurement

Hongfang Yuan *, Changdui Zhu *, Xi Cao !, Huaging Wang **, Wenbin Liu ? and Jianfeng Yang 2

' School of Information Science and Technology, Beijing University of Chemical Technology,
Beijing, 100029, China

2School of Mechanical and Electrical Engineering, Beijing University of Chemical Technology,
Beijing, 100029, China

* Corresponding author: wanghg_buct@hotmail.com; Tel.: +86-10-64443037

Abstract: Feature selection is an important problem for fault diagnosis systems. This paper proposes a selection
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1. Introduction

When the fatigue spalling, indentation and local corrosion occur on the working surface of a rotating machine,
the cyclical pulse signal is released in this running process [1]. These signals are received by the acceleration
sensor on bearing chock and analyzed to diagnose the faults. However, this diagnosis method is mostly applied
under extreme and dangerous environments. So the application of wireless transmission can get rid of the
environment restrictions and reduce the cost compared with the traditional Industrial Ethernet. Because the data
guantity of vibration signals is quite huge, the wireless transmission speed is not high enough to transmit the
original signals. Thus, the vibration signals are preprocessed, and then the characteristic parameters is calculated
and transmitted to the upper computer for state analysis. There are many kinds of characteristic parameters of
vibration signals, so selecting the characteristic parameters which are mostly effective for classification and
recognition can improve the accuracy and real time of state recognition.

This paper proposes a selection method of characteristic parameters subset based on mutual information and
distance measurement. Compared with the traditional method, it can increase the classification performance of
characteristic parameters subset, overcome the disadvantages of traditional method and achieve the effective
recognition to the running state.

2. The Selection Method Based on Distance Measurement

2.1 Distance Measurement

Distance measurement is a method used to select the characteristic parameters through distance. The longer
the distance between the same characteristic parameters with different states is, the better the classification
performance of characteristic parameters. The most common distance calculating methods include Euclidean
distance, Minkowski distance, squared distance, and nonlinear measurement [2-4].
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Currently, Minkowski distance is commonly used in calculating the difference of characteristics parameters of
vibration signals. It is easy to be calculated and understood, but it only considers the difference between the same
parameters in different fault state. Besides, it might be easily disturbed by the noises, so the characteristic
parameters subset cannot reach the requirements of state recognition.

2.2 Procedures of Distance Measurement

To the characteristic parameters X , if using benchmark state as normal state, the value is X, = (Xo1, Xg2 -+ Xon) -

Under the fault state, the characteristic parameter is X, = (X1, X2+ Xqn) , SO it can be defined X, and X, ’s
relative Minkowski (Minkowski) distance as follows:

oo :|Xmi _X0i| (1)

The greater of the d,,value is, the easier to distinct the fault classes by characteristic parameter. This paper
chooses the ratio of difference X,,and X, to the length of X, as a reference.
Xi — Xail
U @)
mo0 |X0i |

In order to prevent the over sensitivity of some characteristic parameters, the following rule has been proposed:
if Sy >10, thenS, o, =10, keep S,,,; =[0,10].

To rank the S, in descending order and pick several top characteristic parameters as a subset, then this
subset can be used in fault diagnosis.

mOi

3. The Selection Method Based on Mutual Information and Distance Measurement

3.1 Evaluation Standard

The mRMR (maximum Relevance Minimum Redundancy) is a characteristic parameters selection standard
[5]. The core method is using the correlation between the characteristic parameter and the classification target, as
well as the redundancy between the parameters.

Suppose there were two characteristic parameters, X and Y . Their probability are p(x), p(y), and the joint

probability is P(X, Y) , so the mutual information between X and Y is

P(X%,Y;)

I ,
(x,y)= ZZp(X. y;)log———— 200 P(y,) 3)

In fault diagnosis, the maximum relevance is that the correlation between characteristic parameter X; and fault
class C of the mutual information should be the maximum. The subset generally consists of the first m
characteristic parameters which have maximum correlation with fault class [6].

Suppose D indicates the correlation between characteristic parameter subset S and fault class C, so the
maximum relevance principle is

max(D), D—| | z I(x,C) 4)

X; €S

|S| indicates the number of parameters in subset S.

However, the subsets which only rely on maximum relevance principle may cause some redundancy problems
[7]. If these two characteristics are close to the fault class C and the mutual information between the characteristic
parameters is high, it means high redundancy. If one of them is removed, it will reduce computation cost and not
affect the classification ability of subset.

Therefore, better classification characteristic parameters subset can be collected if both minimum redundancy
and maximum relevance are considered. Make R indicate the subset S redundancy, and the minimum redundancy
can be defined as follows:
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min(R),R = D%, X;) (5)

||><><eS

In addition to mRMR principle, this method also includes the distance measurement. Make M indicate the
distance between the parameter and the reference state.

Pl (©)

X, is average value of the parameter in reference state.
The selection method of characteristic parameters based on mutual information and distance measurement
(MIDM) can be defined as the Eq. (7) by combining mRMR and distance measurement.

max(¢),p=D—-R+0*M 7)

3.2 Procedures of MIDM

At first, characteristic parameters of vibration signals are abstracted through characteristic parameter
acquisition functions. Then each characteristic parameters threshold is set according to the training data.
Assuming the each state probability is same. After comparing the characteristic parameters of each fault and

threshold and getting the number which is greater than the threshold, p(x;) can be calculated [8-9].

Hypothesis: A is the number of quantity which is greater than the threshold in class C, B is the number of
quantity which greater than the threshold but not included in class C , D the number of quantity which is less than
the threshold in class C, N is the number of quantity of total samples. The mutual information of characteristic

parameter X;and class C as follows:

(X C) 1o A*N
p()*p(C) " (A+D)*(A+B)

1(x;,C) =log
3

If characteristic parameter X; and fault class C are independent to each other, then I (X,,C) =0.

According to the above formula, the max(l(x,C)) can be inferred. In the same fault class, the mutual
information can be defined as follows:

106, %) = H(6) +H(x;) - H(X, %) ©)

it N

H(x), H(X;)is Shannon entropy, H(X;,X;) is the joint entropy.
H(x) =~ p(x)log p(x) (10)

H(x,%;) ==Y p(x.x;)log p(x,X;) (11)

It uses the greedy algorithm based on the mRMR and distance measurement, and then gets the characteristic
parameters subset which meets the condition which is

i0

—X;
max[l(x,,C) Z|(XI, J)+6| |]
RS %o (12)

0 1s an impact factor of distance measurement. Through several experiments, 0 =0.8 can help get the better
result.
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The subset is satisfying the maximum mutual information of characteristic parameters and fault class, and the
minimum mutual information of the characteristic parameters, as well as the maximum distance with reference
state.

4. Experiments and Analysis

4.1 Experimental Data

This experiment used NTN 204 rolling bearing with rotating speed at 600r/min. The vibration signals included
normal state, inner race fault and outer race fault. Sampling frequency was 100 kHz, and the length of each data
was 10000. There are 200 samples from every state had been chosen and the first 100 of them were treated as
training samples, the second 100 of them were used as testing samples.

The characteristic parameters universal set selected in this experiment includes Average amplitude, RMS,
Mean square value, Skewness, ASL, Peak-to-peak value, Maximum, Minimum, Kurtosis, Energy, Variance,
Absolute peak, Waveform index, Peak index, Impulse factor, Average frequency, Frequency centroid and Peak
frequency[10-11].

4.2 The Result and Analysis of Distance Measurement

Fig.1 (a) shows the parameter sensitivity to inner race fault state by traditional distance measurement. The
sensitivity of Skewness, Impulse factor, Kurtosis, Minimum and Absolute peak is higher than the others. Fig.1 (b)
outlines the each characteristic parameter’s sensitivity to outer race fault state. It is shown that Kurtosis is as high
as 10, and Average frequency, Minimum, Skewness and Impulse factor are also relatively higher than the others.
According to the conditions required in fault recognition and wireless transmission, the quantity of one subset is
fixed on 6. So the selected characteristic parameters subset included Skewness, Kurtosis, Average frequency,
Impulse factor, Absolute peak, Minimum.

(a) (b)
| B Sensitivity of inner race fault | B Sensitivity of euter race fault
Feak frequency Peak frequency
Frequency centroid Frequency centroid
Average frequency hverage frequency
Impulse factor Impulse factor
Peak index Peak index
Waveform index Waveform index
Abszolute peak Absolute peak
Variance Variance
Energy Energy
Kurtosis Kurtosis
Minimm Mindmm
Maximm Maximum
Peak-to—peak value Peak-torpeak wvalue
AL ASL
Skevmess Skewmess
Nean square value Mean square value
FM3 3
Average amplitude Average amplitude
)
o} 2 4 6 8 10 i} 2 4 3 8 10

Fig. 1 Result of distance method .(a) Sensitivity of inner race fault. (b) Sensitivity of outer race fault.

4.3 The Result and Analysis of MIDM

Fig.2 is the value arrangement generalized according to the function of MIDM. Among these parameters,
Peak frequency, Waveform index, Impulse factor are mostly relevant to the Normal state. Frequency centroid,
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Average amplitude and Skewness are mostly relevant to the inner race fault state. Besides, Characteristic
parameters, such as Waveform index, Impulse factor and Average frequency, have the best relevancy to the outer
race fault state. According to the same conditions required in the fault recognition and wireless transmission, the
selected characteristic parameters subset included Peak frequency, Waveform index, Frequency centroid, Impulse
factor, Average amplitude, Skewness.
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Fig. 2 The result based on MIDM
4.4 Diagnosis result analysis

Table 1 Contrast classification result of two methods

Fault class Normal state  Inner race fault Outer race fault
Subset based on distance 99% 85% 91%
Subset based on MIDM 99% 88% 96%

The cluster analysis of experiment data is conducted by Ant Colony Clustering [12-15]. Fig.4 and Fig.5 shows
the clustering effect of the two methods and the classification result is represented in Table 1. As to the normal
states, the performance of characteristic parameters subset based on both approach is quite similar, which reached
to 99%. There is an obvious increase in the performance of MIDM on the recognition of outer race fault state
compared with the distance measurement. Nevertheless, the recognition rate of characteristic parameters subset
based on distance measurement is only 85% to the inner race fault state recognition. This rate can reach 88%
based on MIDM, which is 3% higher than that based on distance measurement. So both methods’ performance is
unsatisfactory in recognizing the inner race fault because vibration signals of inner race fault is disturbed by the
outer race.

5. Conclusion

Because the monitoring of vibration signals is generally operated in dangerous or remote areas, the use of
wireless transmission technology can reduce the cost and improve the efficiency of detecting. The following
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strengths of MIDM have been proposed in this paper compared with the traditional distance measurement.
First, the relevance between the characteristic parameters and fault class has been involved in the analysis.
This provides a better recognition to the different fault class. Secondly, the redundancy between the
characteristic parameters has been considered, so the selected parameters can help to get rid of the
redundancy parameter and collect characteristic parameters subset with high efficiency. What’s more, the
distance measurement is combined based on relevance and redundancy, so the cluster analysis could be
conducted more easily through characteristic parameters subset. Therefore, MIDM could improve the
efficiency and resolution, lower the bandwidth requirements. It also could reduce the necessary computing
cost and increase the working efficiency of real-time wireless monitoring equipments.
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Fig. 4 The effect diagram of subset based on distance measure Fig. 5 The effect diagram of subset based on MIDM
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Abstract: The pumps group dispersed in the oil refining enterprises is commonly monitored by off-line patrol
management system, by which inspection and data analysis are limited. Automatic diagnosis for pump faults
cannot be performed, and maintenance of pumps cannot be relied on in this system. Therefore, a task-based
intelligent diagnosis expert system is proposed to solve this problem. The diagnostic reasoning of the system is
implemented by formulating a general rule based on the failure mechanism of the pump, and establishing
customized special diagnosis rules for different pumps on the basis of general rules. Different tasks can be
selected to diagnose faults according to different types of centrifugal pump. According to this design strategy,
an intelligent diagnosis expert system for the pumps group is developed and used in the refining enterprises.
Practical examples of diagnosis for the pumps group are given to verify the effectiveness of the approach
proposed in this paper.
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1. Introduction

There are a large number of pumps being used as power source for fluid delivery in the process industries
such as oil refining, chemical, metallurgy and power, while the running condition of them would directly affect
the production and safety of the enterprises [1]. In recent years, major accidents occurred in the refining factories
because of the pump faults which lead to the leakage of flammable liquid and cause explosions. It is important for
preventing the machine accidents and ensuring the safety and efficient operations to enhance the maintenance and
management of the pumps.

Currently, main condition monitoring and fault diagnosis for the pumps group dispersed in the process
enterprises uses the portable inspecting instruments to collect signals of the pumps regularly, such as vibration
and temperature. The collected data will be uploaded to off-line patrol management system on a computer. By
determining whether the vibration or temperature exceeds the alarm limits or not, whether the pump is down or
not can be known. The technology of portable inspecting and off-line patrol management system has been
developed well. Although the functions such as various signal acquisition and advanced analysis have been
included by the inspecting instruments generally, expert diagnostic capabilities are still commonly absent. In a
nutshell, these systems are better for detection but weaker for diagnosis. The differences between different pumps
or fans in the enterprises make it difficult to determine the machine’s fault accurately only by vibration and
temperature. It is especially hard to decide whether the failure is serious enough for shutting down and repair. It
requires that the person who is in charge of the machine must have enough knowledge of fault diagnosis. Trend
analysis, spectrum analysis, envelop analysis, etc must be mastered by the person. As a result, the usability of the
portable inspecting instruments is limited severely .Furthermore, in the oil refining and chemical enterprises,
there are hundreds pumps, some even have thousands. Therefore, the basic fault diagnosis research and expert
system is necessary to help the enterprises solve the machine management problem.

Currently, the study on the fault diagnosis of pumps group mainly focuses on three areas: (1) the specific
mechanism of the pump fault and the methods for extracting the fault feature; (2) the fault classification methods,
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such as based on neural networks, support vector machines, rough set, and so on; (3) model-based fault diagnosis
of pumps and so on. Literature [2] analyzed the mechanism of rolling bearing failure, while the literature [3, 4]
researched the feature extraction of the signals about rolling bearings through enveloping demodulation and
wavelet respectively, and the literature [5] studied the classification about the bearing fault feature with the neural
network method. Extract fault feature for gearbox with Empirical Mode Decomposition and Hibert spectrum
method in literature [6], while using Discrete Wavelet transformation technique method to extract fault feature
and via fuzzy inference to identify the fault in literature [7]. Literature [8] developed study on the corresponding
relationship between the failure cause of the shaft of the rotating machine and the dominant frequency in the
spectrum analysis of the vibration signal and proposed a reason concept of the vibration fault, which correct the
traditional fault cause and classification method for characteristic frequency. Literature [9] used the current
spectrum analysis of motor to determine and predict pump’s fault. Literature [10, 11] studied on the acoustic
emission technique in diagnosing these pump faults, such as cavitation and bearing wear. Literature [12] used
support vector machine to classify these faults, including blade damaged, shaft cracks, bearing fault. Literature
[13] studied the classification and diagnosis of the fault feature with the fuzzy decision tree and rough set
methods. Literature [14, 15] studied estimation on the fault signals of the centrifugal with the nonlinear modeling
technology, which achieved the fault detection of the centrifugal. To sum up the above literatures, it is visible that
the research on pump intelligent diagnosis expert system and diagnosis logic is still lacking.

In order to improve the security management of the pumps group in the enterprises, the intelligent diagnosis
expert system based on the information such as vibration, temperature, visual inspection, and the diagnostic
reason will be presented in this paper. Through analyzing the management feature and fault mechanism and
feature extraction method of the pumps group in the refining enterprises, the expert system is developed and
integrated into the off-line patrol management system for the pumps group. The system not only can diagnose the
pump’s fault but also can assess the seriousness of the fault, so that it can propose the recommendations about
pump operation and maintenance for the machine personnel.

2. The diagnostic object and design of the intelligent expert system
2.1 The diagnostic object of the expert system

The diagnosis object of the intelligent expert system is the pumps group in the process industry, according to
the management model and diagnosis feature of the pumps group in the process industry. The system adopts the
automatic diagnosis, semi-automatic diagnosis and human-computer interaction diagnosis, and can be integrated
with the off-line patrol system flexibly.

2.2 Expert system design

The working principle of the machine in the pumps group is almost the same, while there are differences
among different pumps in structure. In order to improve the diagnostic accuracy, practicality and ease of
maintenance, on the basis of a set of foundation rules library, the diagnostic rule logic of the expert system
customizes rules respectively according to the structural differences of the pumps. In order to meet the demand,
expert system adopted MAS-CommonKADS methodology [16] and put forward Task-based Expert System
framework on the basis of traditional product-based reasoning framework, which optimized the expression of
rules and facts. The system frame graph is shown in Fig.1, where the expert system kernel and operating principle
processing diagram is in the dotted box. As shown in Fig.1, the intelligent diagnosis expert system has two ways
it can be used: one is independent use that users can select different tasks to do fault diagnosis and set fact value
through the man-machine interaction; the other is the use that integrated into the off-line patrol management
system. The system can automatically obtain the fact value from the off-line patrol management system.

The feature of the TBES architecture calls different diagnosis rule logic according to different structure types
of machine and improving the diagnostic accuracy. The types of the machine structure can be classified
according to different factors, such as supporting pattern, whether there is a gearbox or not, bearing type, pump
series and so on.

The rule representation adopts a general rule structure (GRS) rather than production rules. Under the thought
that variable precision logic for GRS, the using rules can be dynamically adjusted according to the task and facts’
value in the reasoning process, which support both forward and backward reasoning technique[17]. Here a fact is
expressed as a triple structure of “object-attribute-value”[18], for example, for the fact ‘dominant frequency’, the
property is ‘frequency’, and the value includes ‘1X. 2 X. 3 X frequency’.

2.3 Integrated design of expert system and off-line patrol management system
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As shown in Fig.1, expert system and off-line patrol management system are integrated with each other
through the knowledge interaction interface of the expert system. Calling the knowledge interaction interface of
the expert system, setting the characteristic parameters, and calling rule reasoning are all executed in the off-line
patrol management system to achieve the fault diagnosis. The knowledge interaction forms of the integrated
system include automatic and semi-automatic.

Automatic knowledge interaction of the expert system is an interaction mode that does expert diagnosis after
integrating the expert system into the off-line patrol management system. Without interaction with the operators
in the reasoning process, so we can automatically obtain the facts and calling the characteristic indexes of the
inspection data after being processed.

Semi-automatic knowledge interaction mode is also integrated into the off-line patrol management system like
the automatic mode, and the value data that can be obtained automatically is assigned by the condition
monitoring system; but the difference is that the operator can assign the value through the dialog box popped up
automatically when meeting the knowledge which can’t be obtained by the off-line system. The reasoning of the
semi-automatic acquisition mode can improve the accuracy of the expert diagnosis because that some facts could
not be obtained in the off-line patrol management system, such as vibration noise, oil spills and other on-site
visual inspection data.

Fact, attribute, The kernel of
Equipment - fault base expert system
information
- Fault
EqRL:Strir;]ent Set Expla description
Inspectign Feature Feature Feature know! > nation and
And extract- index classifi edge model accor_nmod
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Fig. 1 Schematic overview of task-based expert system (TBES)

3. Design and implementation of the intelligent diagnosis logic

According to the structure composition of the pump, fault mechanism, the relation between fault cause and
fault symptom, and taking advantage of the characteristic information, such as vibration, temperature, lubricating
oil, noise and so on, which is detected in the inspection process, multiple diagnosis logical rules can be
constructed.

3.1 Diagnosis logic design principles

In order to improve the performance of the expert system, such as accuracy, practicability, maintainability, the
diagnosis logic design principle of the pump fault is proposed as the following four aspects:

(1)Formulate the main frame based on the pump structure and the differences between the components, and
segment different faults

The structure principle of the rotating pumps in the enterprises is same, but the structure between the pump
has differences because of the requirements of technology and production. For example, not only the sleeve
bearing, but also the rolling bearing is used in the pumps. Both the diagnostic commonality and differences are
considered in the diagnosis logic based on pump structure and components. For example, some pumps use the
gearbox while other pumps do not. Some units use rolling bearings but others use the sleeve bearings. In addition,
several faults can only occur at specific circumstances. Therefore, the groups structure and components not only
can be regarded as the primary condition for diagnosis logic, but also can be used as the basis for distinction
between the various faults.

(2)Formulating diagnosis logic based on fault mechanism
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According to the differences of the failure mechanism and the failure symptom between different components
of the pump, the diagnosis logic can be divided into three parts: rotor faults based on velocity-power spectrum,
gear faults based on acceleration-power spectrum and envelop spectrum, and rolling bearing faults based on
acceleration-envelop spectrum. The diagnostic logic of the three parts covered a series of pumps group faults.
Therefore, using the principles of classifying the fault feature designed the diagnostic logic in determining
structure of the pumps group.

(3) Improving the diagnostic efficiency and accuracy with the principle of coarse and fine combination

While the fault characteristic of the pump is diversity, the distinction feature between fault categories is more
obvious. In order to improve the efficiency of the diagnostic reasoning logic and the accuracy of the diagnostic
result, fault diagnosis is performed firstly by a rough distinction, then by an exact diagnosis in the reasoning
process. Fault diagnosis is divided into preliminary diagnosis and precise diagnosis [19]. The preliminary
diagnosis can exclude parts of faults according to several characteristic values, so that the fault position can be
localized. Precise diagnosis is further performed to ensure fault position, fault type, fault severity and so on by
according to the fault symptoms after completing the preliminary diagnosis.

(4) Assessing the deterioration degree of the fault with the diagnostic principle of multi information fusion

The enterprises users not only concern the fault location and fault type, but also the severity of the fault, which
is whether the pump can continue to run or should be shut down for maintenance. Most of the fault diagnosis is
based on the single point vibration analysis. However, multiple parts of the pump would be abnormal when the
pump breaks down, especially in the later period of the failure. Therefore, in order to assess the deterioration
degree to improve the availability of diagnostic result, this paper adopts the diagnostic logic of multiple points
and different parameters and the method of multiple points authenticated with each other. For example, for the
imbalance fault diagnosis of the pump rotor, we can verify whether the rotor is imbalanced or not according to
whether the dominant frequency of the vibration signal spectrum between the two supporting position of the rotor
is 1X frequency or not. With the deterioration degree of the bearing fault, comprehensive evaluation with the
combination information that combined the viscosity of the lubrication oil and the impurity of other particle can
be done.

3.2 The implementation of diagnostic reasoning logic

When designing the intelligent diagnosis expert system, the faults that can be diagnosed are as following:

(1) Rotor faults: mass unbalance of rotor, shaft crack, shaft bending, blade wear, and fluid vibration, etc.

(2) Supporting system fault: foundation loosen, bearing base loosen, sleeve bearing injury, oil film whirl, and
oil film oscillation.

(3) Shaft fault: misalignment, coupling wear, etc.

(4) Impact fault: gear fault, rolling bearing fault, etc.

Diagnostic reasoning logic formulates the main frame based on the structure of the pump, as shown in Fig. 2.
The main frame is designed on the first principle of the diagnostic logical design principles. The main frame
includes three diagnostic reasoning logical branches: rotor and support fault diagnosis, bearing fault diagnosis,
and gearbox fault diagnosis. The three branches are designed by the main process according to the principle of
fault mechanism. The fault exclusion and fault deterioration degree evaluation are conducted based on the
coarse-fine combination and multiple information fusion.

Task selection and initialization

Are there rolling

?
bearings? Is there gearbox?

Y Y
A J A J
. R . B Rotor and support precise diagnosis Gearbox precise diagnosis based on
Rolling bearing precise diagnosis based on velocity/displacement acceleration-power and envelope
based on acceleration-envelop spectrum spectrum

Fig. 2 Main frame of the diagnostic reasoning logic

Velocity-displacement spectrum based fault diagnostic branch does the diagnostic reasoning logical settings
according to the rotating machinery fault mechanism. Main characteristic parameters are based on spectrum. The
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faults that can be diagnosed by this branch include faults of rotor itself, shaft faults, supporting system faults, etc.
This branch of diagnostic reasoning logical design makes determination not only based on frequency information
like pass frequency of the impeller, but also trends change and in-site visual inspection. The simplified diagnostic
logic is shown in Fig.3. The dominant frequency is the frequency components which have largest amplitude in
the spectrum, and the often accompanied frequency is the frequency components with higher amplitude apart
from the dominant frequency in the spectrum. For the vibration fault of the rotating machinery, the dominant
frequency is the most effective recognizing feature used for diagnosing [8]. In-site visual inspection refers to
using these means, such as “seeing, hearing, touching, smelling,” to obtain the running status information, which
include noise information, seal leakage, the level of the lubricating oil, whether the oil is metamorphic, whether
the connection of the anchor bolt is intact.
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Fig. 3 The flow chart of velocity/displacement based diagnostic branch

The rolling bearing fault diagnostic branch based on acceleration-envelop spectrum formulates diagnostic
reasoning logic according to the fault mechanism of rolling bearing, and the simplified diagnostic logic is shown
in Fig.4. The branch of diagnostic reasoning logic is based on: impulsive energy in glE (scale of it represents the
severity of shocking fault for the rolling bearing),the fault frequency of the rolling bearing, glE trend, and so on.
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\
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v v ] v
Characteristic frequency: Characteristic frequency: Characteristic frequency: Characteristic frequency:
rolling element out-race frequency inner-race frequency cage frequency
4

g

Rolling element fault Out-race fault Inner-race fault Cage fault

Fig. 4 The flow chart of the diagnostic branch based on the acceleration-envelop spectrum

The branch of gearbox fault, which based on the acceleration-power and envelop spectrum, formulates
diagnostic reasoning logic in accordance with the mechanism of the fault for the gearbox, and the simplified
diagnostic logic is shown in Fig. 5. The design of the diagnostic reasoning logic branch mainly consider: glE of
the acceleration signal, the dominant frequency of the acceleration power spectrum, the dominant frequency of
the envelop spectrum, gIE trend, etc.

The fault deterioration assessment is done according to three aspects information: fault mechanism and
evolution, multiple information fusion, and trend change. As illustrated in Fig. 6, the deterioration degree of the
rolling bearing can be known by comparing the glIE trend of the bearing with the glE trend of the next
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measurement point. And the repairing advices can be put forward according to the inspection condition of the oil
lubricating.

glE value

N——— End

Is the gIE value apparently large
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gear
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Y
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Precise gear fault diagnosis
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'

Gear feature of the power: Gear feature of the power: Gear feature of power:
meshing frequency shaft rotation frequency band shaft rotation frequency

Gear pair faults Gear fault Gear fault

Fig. 5 The flow chart of the gearbox fault diagnostic branch based on the acceleration-power and envelop
spectrum
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Fig. 6 The evaluation of the deterioration degree for the rolling bearing fault

4. Application cases study

According to the above design, integrating the intelligent diagnostic expert system into the off-line patrol
management system of the pumps group has been applied in the pump management of the China oil refining
enterprises. The applications are introduced below by two typical cases.

4.1 Bearing out race fault

Take the diagnosis for circulating water pump of external heat exchanger in heavy oil catalytic cracking unit
of one petrochemical industry as example. The circulating water pump is composed by turbine, gearbox and
cantilever centrifugal pump, in which the rotating speed of the turbine is 4500 rpm, the rotating speed of the
centrifugal is 1480 rpm and the delivering medium of the centrifugal is steam water. Centrifugal pump adopts the
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rolling bearing (SKF NU324E), whose characteristic frequencies of the out-race fault is 131HZ. The vibration
signal is collected by the accelerometers with sampling rate 15360HZ and the sampling number 5120. The
arrangement of the measuring points in the unit is shown in Fig.7.

Fig. 7 The measuring point layout of the circulating water pump

As shown in Fig.8, the gIE of the 7V point was abnormal in the period of time from 13:14:09 November 17th,
2010 to 12:31:02 November 21th, 2010 from the historical trend graph. Spectrum displayed that 130HZ and its
harmonic frequency played the dominant roles that were the same with the frequency of outer race fault.
Selecting this segment data to diagnose, and the diagnostic result was late time of the outer race fault for rolling
bearing, which was consistent with the diagnostic result when repaired after stop.
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Fig. 8 The out race fault of the rolling bearing

4.2 Rotor misalignment fault

Take the forced circulation hot water pump of triple-combined in a petrochemical company as an example.
The circulation water pump is composed of motor, cantilever centrifugal pump that working speed is 2980 r/min.
Its vibration signal is collected by the acceleration sensor, which recollected and integrated can be the
displacement signal. The sampling rate of the displacement signal after being integrated is 5120 HZ, and the
sampling number is 1024. Layout of the unit points is shown in Fig. 9.
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—em  MOtJT él 4
1v 2V

Fig. 9 The measuring point layout of the circulating heat-water pump

The diagnosis adopted the semi-automatic diagnostic model. As shown in Fig.10, from the historical trend
chart, selecting the 2H vibration point in the period time that from 15:14:01 of April 14th, 2010 to 12:30:03 of
April 18th, 2010 to diagnose and choosing the semi-automatic as the diagnostic model. The human-machine
dialog box is shown in the diagnostic process to put out the question that where the measurement point is, then
selected closing to the coupling as the point position, and finally obvious misalignment of the rotor as the
diagnostic result. In Fig.11, the analysis for the velocity spectrum of the two points in the two sides of the
coupling showed that the 2X frequency of the 2H velocity spectrum was obvious and the amplitude of it had
exceeded the 1X frequency, so that we could determine that the fault was a more serious misalignment fault
which was in accordance with the practical situation.
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Fig. 10 Rotor misalignment fault—human-machine dialog interface
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5. Conclusion
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Result:

The out-race fault of bearing is obvious

With the development of the refining and chemical enterprise’s size and the condition based maintenance
system, refining enterprises not only increasingly recognize the necessity of developing machine condition
monitoring and the technology of the fault diagnosis, but also put forward new demands for the condition
monitoring: condition monitoring system not only be restricted to preventing the accidents, but also needs to
guide the maintenance. Though it is especially important for the large and dispersed pumps, the traditional
off-line patrol management system focuses on the inspection and signal analysis that is difficult to adapt to the
new requirements of the refining enterprises. Therefore, the paper researched and designed the intelligent expert
system that can be integrated to the off-line condition monitoring system for the pumps group. Two application
cases show that the effect of the off-line patrol management system is improved and more direct and reliable
basis for the enterprise to carry out condition based repairing are provided.
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Abstract: Analysis of the transient hydraulic characteristics of a centrifugal pump during its speed regulating
process was carried out based on the approaches of both quasi-steady-state and transient numerical simulation
with the CEL languages function applied by using the commercial software ANSYS CFX 12.0. Meanwhile, the
effect of different impeller acceleration and regulating flow on the transient pump head was also studied in the
paper. To avoid the influence of the artificial factor in the simulations, a software Flowmaster was used for
boundary condition definitions. The numerical results show that pump head deviation between the transient state
and quasi-steady-state becomes large with the impeller acceleration increasing and the regulating flow rate
decreasing. The influence of impeller and flow acceleration in speed regulating period can be accurately predicted
by transient simulation method based on CEL languages function. Additionally, by investigating flow section in
the centrifugal pump, the transient flow in its speed regulating process was obtained, which can be used to judge
the speed regulating schemes from the inner flow pattern, and find the dynamic root for induced unsteady total
pressure and its generated positions, as well as provide certain reference for the centrifugal pump hydraulic
design.
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1. Introduction

Operating condition regulation of centrifugal pump contains flow regulation and speed regulation. As the
Intelligent Power Technology has developed in recent years, speed regulation has become more and more widely
used. The pattern of speed regulation has a direct influence on transient process for pump, improper regulation
can lead to pressure fluctuation in centrifugal pump system, even oscillation phenomenon and so on. Factors
mentioned above have effects on daily live, so the research for transient characteristics in speed regulation
process of centrifugal pump is important and significant to promote the Energy Conservation and Emission
Reduction. However, the research on transient process on centrifugal pump are mostly focused on power on and
off process, or regarding pump as a boundary condition when calculating for water hammer within pump
pipelines, as well as using complete characteristic curves to describe performance. For instance, Daigo and
Ohashi [1] studied the pump initial stage in 1972, which occurs with rapidly increased rotational speed, and
obtained deviation value between steady and transient state. However, they failed to explain why this
phenomenon appears. Lefebvre [2] carried out a test on a centrifugal pump for transient characteristic on startup
process in 1995, and the result revealed that the faster acceleration startup process had, the more obviously
transient effect behaved. Meanwhile, Tsukamoto [3, 4] did relevant research for centrifugal pump on transient
characteristics.

Wang Leqin, Wu Dazhuan, et al. [5, 6] numerically calculated transient hydraulic characteristic at startup
stage for two different sizes mixed-flow pumps in 2004. They built a transient hydraulic characteristic
analyticequation on the basis of mixed-flow internal character and a pipeline characteristicequation under
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transient condition. Then they combined these two equations, solved the simultaneous equations, and came up
with the conclusion that numerical results at early initiating stage had a big deviation compared with
experimental results, while at the post stage these two fit well. And the possible reason was miscalculating the
resistance loss coefficient in pipeline.

For now, the way of quasi-steady-state calculation [7] and dynamic meshes calculation [8] are usually used to
calculate centrifugal instantaneous conditions. The former is easer but not accurate enough under high impeller
acceleration [1], at the same time the latter ensures the real-time variation of rotational speed but the amount of
work is enormous due to continual meshes update. Furthermore, the latter is mainly used at the startup and
shoutdown stages instead of speed regulating process. This paper researches the internal transient flow of
centrifugal pump in speed regulating process by using CEL language transient simulation method.

2. Numerical Model

The centrifugal pump 3D model completed by using the commercial software Pro/E is shown in Fig.1. It is
composed of inlet pipe, outlet pipe, and an impeller with six twisted blades as well as volute. The parameters of
the test pump are presented in Tablel.

Table 1 design parameters of the model centrifugal pump

Type Qq (m/h) Hg (m) N(r/min) N
1S65-50-160 25 32 2900 66

Unstructured tetrahedron grids of the whole computation domains were generated by ICEM CFD 12.0.
Especially, the grids around volute tongue were locally refined. A final grid with about 1,542,460 cells was used
in the model pump, as is shown in Fig.2.

1800
— transient
1500 " quasi-steady
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Fig. 1 3D view of the centrifugal pump Fig. 2 Calculation grids Fig. 3 Boundary curves of steady and transient

3. Numerical results under different speed regulating schemes

To analyze the effect of different impeller acceleration and regulating flow in regulation process, both the
guasi-steady-state calculation method and CEL language transient simulation method were applied in this paper.
Fig.3 shows that the difference between quasi-steady-state calculation and transient state calculation. The former
method was based on discrete points, and the latter defines boundary condition as continuous variation, whose
variation curves are artificially defined.

The calculation schemes of speed regulating process are listed in Table 2.The initial and the steady flow rate
values were both measured by experiments. Regulation time was chosen by integrating with motor acceleration
limit and simulation computing time. Too short regulating time is likely to damage motor, while too long is
likely to build up computational time. Therefore, taking the above factors into account, regulation times were
selected at 0.4s and 2s, rotational speed and outlet velocity were selected as continuous variation in transient
calculation.

In order to quantitatively analyze the different values between transient head and quasi-steady-state head, the
deviation is normalized using the following equation:

AH=Hs-Hy,
where Hy means the transient head value of CEL language transient simulation calculation method, H,, represents
the head value of quasi-steady-state calculation method. The deviation was varying with time, whose variation
curves are shown in Fig.4, which was obtained from the quasi-steady-state calculation of regulation operating
condition ranging from 1 to 6.
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From the comparison between operating condition 1 (Fig.4(a)) and 2 (Fig.4(b)) in regulation scheme 1, the
impeller acceleration differs with different regulation time. Fig.4(a) shows that the deviation between transient
head and quasi-steady-state head is fluctuating from 0.6m to 0.7m., while that value is from 0.3m to 0.55m as
shown in Fig.4(b). Generally, the deviation mainly varies between 0.35m and 0.5m. By comparing Fig.4(c) and
Fig.4(d), Fig.4(e) and Fig.4(f) respectively, it can be achieved that the higher impeller acceleration causes the

deviation larger.

Table 2 Regulation schemes

. Initial Steady .
Regulation scheme Regulatlon rotational rotational Initial IIO\.’Y Steadysfloylv
time/s rate/m**h rate/m*"h
speed/rpm  speed/rpm

Regulating

operating 0.4 3000 1800 46 25
Scheme 1 conditio_n 1

Regulating

operating 2 3000 1800 46 25

condition 2

Regulating

operating 0.4 3000 1800 25 15
Scheme 2 condltlo_n 3

Regulating

operating 2 3000 1800 25 15

condition 4

Regulating

operating 0.4 3000 1800 15 5
Scheme 3 conditio.n 5

Regulating

operating 2 3000 1800 15 5

condition 6

The same impeller acceleration with different regulating ranges were defined for operating conditions of 1, 3,
and 5. From regulation scheme 1 to 5, the deviation A H increases from 0.7m to 3.5m, and its value in regulation
2, 4 and 6 has experienced the similar change. The deviation between transient state and quasi-steady-state
gradually becomes much larger (see in Fig.4) as the regulation flow decreases. The transient head of the
centrifugal pump varies not only with the impeller acceleration, but also the flow regulating range in its speed

regulating process.
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(d) Regulating operating condition 4 (e) Regulating operating condition 5 (f) Regulating operating condition 6

Fig. 4 Difference head of transient and steady curve

It can be initially concluded that the transient characteristic of the centrifugal pump performed in its speed
regulating process is caused by both the impeller acceleration and the flow acceleration, as obtained from the
numerical calculation. The quasi-steady-state method cannot reflect the influence of impeller acceleration and
flow acceleration. The transient state method basing on CEL language can accurately consider this influence, but
cannot exactly get the centrifugal pump hydraulic characteristic curves in its starting process, for the reason that
boundary conditions such as rotational speed and flow rate were artificially defined according to ratiolaw, and
inlet pressure was set as a constant going against the fact.

4. Flow Regime Analysis
4.1 Boundary condition

It has a long period, a high cost, and is difficult to obtain the accurate flow evolution curve at initial design
phase to get pump hydraulic characteristic parameters in speed regulating process with experimental tests.
Therefore, the software Flowmaster was applied to simulate the speed regulating process of the centrifugal pump
system. The various curves of pump rotational speed and outlet flow were obtained. The parameters of the model
pump hydraulic characteristic are shown in Fig.5. It can be seen that rotational speed and flow rate rapidly change
from 0 to 2 seconds, gradually rise from 2 to 5 seconds, and basically remained steady after rising to a certain
value. This study mainly focused the pump characteristic in its speed regulating process, and the simulation time
from 0 to 5 seconds was selected.
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Fig. 5 Rotation and flow regulation curves of the pump

The equations were achieved by fitting the data from the numerical calculation during the time from 0 to 5
seconds. The equations were regarded as the boundary conditions. Then this curve of the data was quadratic
fitted as the following equations:

n(t) = 16.810t3— 220.04t* + 1017.4t + 999.56 (1)
R?=1.000
Q(t) = 0.1487t* — 1.9529t* +9.0441t +8.0759 (2)
R®=0.9998,

where Equ.1 is rotational speed variation, Equ.2 is flow variation. the inlet boundary condition was set as total
pressure, and mass flow rate was applied for outlet, as can be calculated by dividing 3.6 in Equ.2. The time step
was set as 0.001s, and the total time step was1000.

4.2 Results and Discussions

In unsteady numerical results of the regulation process of the centrifugal pump, five points (0.1s, 1s, 2s, 3s, 45)
were picked out to analyze the internal flow in cross section of impeller and volute. In order to obtain the energy
variation within centrifugal pump and judge whether the energy mutations have occurred or not in speed
regulating process, vortex dynamics was analyzed [9]. To further understand the transient flow pattern, energy
distribution and the effort of this distribution on transient characteristic within the centrifugal pump, the
transformation between impeller mechanical energy and fluid energy was analyzed by studying the total pressure
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in the flow section, based on the numerical simulation results of the transient flow in the speed regulating process

of the centrifugal pump.

The total pressure distribution at different moments at the radius of 40mm (closes to impeller inlet) is shown
in Fig.6. The nonuniform distribution of inlet energy can be found at every moment. High local energy lies where
is close to the blade suction side. The total pressure equally increases step by step with the rotational speed and
time increasing. The energy distribution gradually goes well as time goes. It was not until 4s that the energy
distributed uniformly except the place around the cutwater.
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Fig.6 Total pressure distribution at the suction of r=40mm

Fig.7 shows total pressure distribution at different radius in the same time. Flow energy gradually increases
along the direction of flow, representing the process that fluid increases work. There is no significant increase and
decrease in the total pressure of different sections, and the energy variation in speed regulating process was smooth

and steady.
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Fig. 7 Total pressure distribution at the time of t=1s

Based on the study of the flow section through analyzing total pressure integrals at any vertical section in
flow direction, the dynamic root and its location which has a negative influence on the total pressure can be
obtained. In addition, it can provide certain reference for centrifugal pump hydraulic design and to judge the
rationality of speed regulating scheme.

5. Test Verification

Regulation scheme 2 was tested to verify the accuracy of transient numerical simulation. Due to the filtering
process was required in data collection, partial values of transient calculation and whole test values were
extracted to have a comparison as is shown in Fig.8. The results obtained by the test have a good agreement with
the numerical calculation, so the numerical simulation in this paper is certainly reliable.
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Fig.8 Compare of calculation and experiment results
6. Conclusions

1) Based on the 3D numerical calculation of speed regulating procedure for centrifugal pump model, the initial
transient characteristics was achieved, and mainly affected by both the impeller and the fluid acceleration,
as the quasi-steady-state numerical method fails to show the effect of two factors.

By comparison of numerical results based on quasi-steady-state method with transient state method, it can
be concluded that the deviation of the predicted pump head increases with the increase of impeller
acceleration and the reduction of flow regulation in its speed regulating process of the centrifugal pump.

Furthermore, the influence of both the impeller and flow acceleration can be accurately predicted by the

2)
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3)
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transient simulation method based on CEL languages function.

The precise dynamic speed regulating process was obtained based on the methods of simulation analysis
and transient numerical calculation. Again, the transient flow in speed regulating process of the centrifugal
pump was achieved by analyzing its flow section, which can help to find generated position and the
dynamic root for induced unsteady total pressure. In addition, these can provide certain reference for the
centrifugal pump hydraulic design and assessing the rationality of speed regulating scheme.
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Abstract: It is revealed that positive slope of head-flow performance curves appears when the pump is working at
partial flow rates both for experimental and numerical investigations, and characteristics calculated agreed well
with experimental ones. CFD was used to study the mechanism of the performance curve instability of a test pump.
Because of the existence of high pressure differences at the partial flow rates, the fluid leakage occurred at the tip
clearance between the casing and the impeller. Furthermore, pre-rotation generated at the inlet of the impeller. The
theoretical head decreased because of the pre-rotation. When the flow rate decreased further, a strong vortex
occured at the inlet of the diffuser hub and blocked the discharge of the impeller. Therefore the flow pattern of the
impeller tends to a centrifugal type and the head of the mixed flow pump increased, subsequently the positive
slope of performance curve occured. Two ways were taken to suppress the performance curve instability, the
inadequate of the suppression method of the model and some positive results advices about the performance curve
instability suppression are proposed. A swirl-stop and diffuser optimization could somewhat improve the
instability but not ideal, while the proper shallow groove is a simple and useful method on suppression of pump
performance curve instability.
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1. Introduction

In recent years, the low specific speed mixed flow pumps have often been applied to the seawater desalination
systems to solve the water shortage. From the economic point of view, it is necessary to restrain the total head
low at shut off operating point without sacrificing the pump maximum efficiency[1]. The head-flow performance
curve often possess positive slope at the low flow rate region, the operating range at that flow rate region is
remarkably restricted because of the vibration and noise, so the positive slope region is called as an unstable
characteristic[2].

There has been much experimental research associated with unstable characteristics of pumps. Kurokawa et al.
measured the flowfield at an impeller inlet and outlet of a mixed flow pump[3]. Aoki et al. proposed a method for
predicting the inception flow rate of the unstable characteristic, they used the Taylor’s pressure coefficient as the
index of the stall inception[4]. Masahiro et al. confirmed that a diffuser rotating stall occurs in the original type of
a mixed flow pump at about 65% flow rate of best efficiency point (BEP) and it caused the pump characteristic
instability[5]. Chisachi et al. reported that the unstable characteristic of an axial pump was caused by reverse flow
at the inlet of the impeller[6].

Computation fluid dynamics (CFD) is effective in the analysis of turbomachines, both in design and
performance prediction. Some performance predictions of mixed flow pumps have been attempted with
Reynolds-averaged Navier-Stokes (RANS) simulation and Large Eddy Simulation (LES)[7]. For example,
Chisachi et al. conducted a LES of the internal flow of a mixed flow pump stage and showed a fairly well
agreement of the calculation unstable characteristic curve on the impeller with the measured one[6]. However, in
every case, the mechanism of characteristic instability of the mixed flow pumps is not clarified clearly. Mixed
flow pump performance computed by CFD was compared to the experimental data in this paper. From
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comparison it can be concluded that the numerical simulation is credible. Then it explained the mechanism of the
performance instability and two methods were proposed to solve the problem. To a certain extent, it provide a
reference to solve the positive slope of head-flow performance curve of the mixed flow pump and make it more
widespread used in the future projects.

2. Computation Domain and Method

In the present study, the tested pump was BX350-6 (Qggr=887.76m°/h, H=5.86m, n=980r/min, n;=472) and
the SST k —w turbulence model was adopted because it has a merit for good behavior in adverse static pressure
gradient and separated flow. Fig.1 shows the computational model for this study. Full pump geometry was
modeled in this calculation, which involved suction casing, impeller, diffuser, and discharge casing. The tip
clearance between the impeller and the casing was included. Commercial software, Ansys ICEM CFD, was used
to mesh the computational grid. About two million unstructured meshes were used.

diffuser

salet impeller
outlet

Fig. 1 Computational Model

3. Mechanism of Head-Flow Curve Instability of the Test Pump

Fig. 2 shows comparisons of the head-flow performance curve between the measured and calculated ones.
From the figure it is clearly shown that the maximum of the difference value between the two methods was+4.8

percent. So, it can be concluded that the result of the CFD in this paper is reliable. The positive slope appeared

between 0-6QBEP'O-68QBEP-
10
—=— experiment
——CFD

H (m)

200 400 600 800 1000 1200
Q (m’h)

o

Fig. 2 Performance comparison between CFD and experiment

In order to study the positive slope of the head-flow performance curve, the internal flow of the test mixed
flow pump with vane diffuser was investigated. First pressure distributions of the impeller blade were studied.
Fig. 3 shows the pressure distributions for both pressure surface and suction surface. From the two pictures it can
be seen clearly that there exits pressure differences between the pressure surface (PS) and the suction surface (SS)
of the impeller blade and subsequently leakage flow would be formed in the tip clearance from the higher
pressure side to the lower one. Some of the leakage flow counteracts the lower pressure region at the inlet of the
impeller tip of the suction surface and the load of the suction surface of the impeller increased. Accordingly, it is
believed that leakage plays an important role on the head-flow instability. This leakage flow causes to generate
vortices and as is known that the flow angle at the impeller inlet is defined as the following equation:

S = arctan(Vy/Viny) (1)
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Where g, is the flow angle at the impeller inlet, V., is the meridional velocity and V; is the circumferential
velocity at the impeller eye. When the vortices occurs, Vi, increases and the V; deceases a little, the flow angle
at the inlet of the impeller tip decreases and the flow hits the impeller pressure surface. With the decreasing of the
flow angle the vortices developed to reverse flow with swirl. The leakage flow has circumferential component of

absolute velocity and the swirling energy is continuously supplied by the reverse flow. Therefore, the pre-rotation
would occur at the inlet of the impeller.
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Fig. 3 Pressure distribution. (a) Pressure contour of PS at 0.6Qggp, (b) Pressure contour of SS at 0.6Qgep

Fig. 4 shows the streamline of inlet flow at 1.0Qggr and 0.6Qggp. The streamline of the suction inlet flow
keeps initial direction at 1.0Qgep, there is no circumference direction streamline at the impeller inlet. But it has
circumference direction streamline near the impeller inlet at 0.6Qgep. It shows that the fluid has the same rotation
direction with impeller before it flows into the impeller which is called pre-rotation. The pre-rotation is probably
responsible for the head decrease. The theoretical head of the pump is defined as follows:

Ht= (U,Vy, - UVuy) /g (2)
When there is no pre-rotation the V,;=0, so the equation is deduced as:
Ht=U,V,, /g ®)

So according to the above results it can be seen that the theoretical head is decreased due to the pre-rotation
and the performance curve instability of the pump occured.

(@ (b)

Streamline [m s*-1]

Streamline [ms*1)

Fig. 4 Streamline at the impeller inlet flow at different flow rates. (a) 1.0Qgep (b) 0.6Qgep

However, when the flow rates decrease further, the internal flow structures of the impeller changed, the
streamline of impeller passage at different flow rates is shown in Fig. 5, respectively. From Fig. 5a, the internal
flow pattern of the mixed flow pump tends to an axial type at high flow rate, while it tends to a centrifugal type at
partial flow rate as shown in Fig. 5¢c. According to the Eq.(2), when the flow pattern tends to a centrifugal type,
the component of circumferential velocity U, and the circumferential velocity component of absolute velocity V,;,
became larger and that causes the theoretical head increases.

From the analysis above, the internal flow variation of the mixed flow pump at partial flow is important to
investigate the performance curve instability, so more detailed examination about the internal flow at 0.6Qggp
was done. Fig. 6 shows the streamline of the meridional plane from impeller to diffuser. It is clearly that a vortex
exits at the hub of the diffuser inlet, and it makes flow back into the impeller and block part impeller passage, so
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Fig. 5 Streamline of impeller passage at different flow rates. (a) 1.2Qgep (b) 1.0Qgep (€) 0.6Qgep

the diffuser has an important effect on internal flow of the impeller. Fig. 7 shows the streamline of the diffuser
and the static pressure on blades and hub. Low pressure region exit alternately in the leading areas of the diffuser
flow passages near the hub. Vortices appeared in the low pressure diffuser passages, and what affects the internal
flow from impeller passages and makes the flow pattern centrifugal type and therefore total head rised.

According to the analysis discussed above, the mechanism of the head-low curve instability can be concluded
as following. Firstly, the flow angle decreased because of the tip leakage developed from pressure surface to
suction surface and vortices generated. Then, the pre-rotation occurred at the pump inlet and the theoretical head
decreased. However, when the flow rate decreased further, part of the flow fluid at the hub of the diffuser went
back to the impeller and blocked the downstream flow from the impeller that the flow pattern tended to a
centrifugal type and the total head rised again. Consequently, the positive slope of performance curve occurred.

Fig. 6 Streamline of the meridional plane at 0.6QBEP Fig. 7 Streamline of the diffuser passage

4. Two Ways of Characteristic Instability Suppression

When pump is working at partial flow rates conditions its performance curve appears positive slope and the
vibration and noise can become serious even cause the resonance of the pump system. Some of researches
accelerate the flow velocity at the impeller when performance curve instability happens. For example, to suppress
instability of a mixed flow pump, Goto™ proposed an active method of water jet injection at the impeller inlet,
where jet injection in the counter rotating direction of the impeller had been found effective to enlarge the stall
margin between the design point and positive slope region of the head-flow characteristic. However, this active
control method has some problems, such as it needs complicated mechanisms and utilizes additional machinery
that eventually decreases the overall efficiency and reliability. In the present study, the suppression of the
head-flow performance curve instability of the mixed flow pump was investigated in two ways.

4.1 With Swirl-stop at the Pump Inlet and Diffuser Optimization

From the analysis above, pre-rotation is an important factor on characteristic instability. Based on this, a
swirl-stop is used for suppress the pre-rotation and is presented in Fig. 8. Moreover, the diffuser was modified
that the diameter of hub and tip at diffuser inlet was enlarged. Fig. 9 shows the comparison of reverse flow at
vane hub inlet between original model and modified one. The reason of this optimization is that when the pump is
working at partial flow rates, reverse flow was found near the vane hub inlet, some fluid with low energy was
generated. According to the fluid mechanics boundary layer theory, to enlarge the diameter of the hub can
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increase the meridional velocity and decrease the component of circumferential velocity that it makes the fluid
get high energy, and then eliminate the reverse flow so that the positive slope of head-flow performance curve
can be suppressed. Fig. 10 shows comparison of performance between original model and optimized one.

Fig. 9 Comparison of reverse flow at vane hub inlet between modified and not. ( a) before modified (b) after

modified
101
—a— original model
—=— optimized model
8|
E
T
6

4 1 1 1 1 1 J
0 200 400 600 800 1000 1200
Q (m’h)

Fig. 10 Comparison of performance between model optimized and not

From pictures above, it worked to some extent with modified model but not ideal, reasons of analysis as
follows:

(1) Though the swirl-stop was used but cannot fully suppress the pre-rotation. Accordingly, it cannot increase
the head when the head decrease fast. From the mechanism about the positive slope of the performance curve, the
effect would be better for restrain the tip leakage and increase flow angle at the impeller inlet.
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(2)Enlarging the diffuser inlet diameter of both hub and tip can suppress the vortices at vane hub inlet to some
extent, but the internal flow of the diffuser passage is unstable at partial flow rate and it would affect the internal
flow of impeller passage. The deficiency of the present study was that the interblade spacing does not consider.

4.2 With Shallow groove on the casing wall

According to the above analysis, we know the decrease of flow angle at the tip of the impeller inlet plays an
important role on the head-flow curve instability. In this paper, shallow grooves mounted parallel to the pressure
gradient on the casing wall of the mixed flow pump to suppress performance curve instability. Fig. 11 shows the
model of mixed flow pump with the shallow grooves.

impeller

Fig. 11 Shallow groove on the casing wall

The grooves are defined as flowing equation: N <d mm >w mm, where w is the width and d is the depth of a
single groove respectively and N is the number of the grooves. Comparisons of the performance curves are
shown in Fig. 12.

10
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—<—24x4mmx4mm
—A— 24x4mmx5mm
8t —0— 24x4mmx6mm
E
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4

0 200 400 600 800 1000 1200
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Fig. 12 Comparison of head-flow curve with and without shallow grooves

There are four different cases i.e., no groove, shallow groove of 24>Amm>4mm, 24>Amm>5mm and
24>4mm>6mm. Comparing with no groove on the casing, a remarkable improvement could be seen for the
groove of 24>x4mm>&mm. Almost no positive slope of the head-flow performance curve is seen. However, in
case of the other two models only a slight improvement attained. A large instability still remains, although most
of the parameters of grooves are same except the width. Therefore, it is clearly that the width of groove is the key
factor. However, it is believed that the optimum of groove is related to the parameters of the pump and it is not
well known, so, it needs further research.

From the third part of this paper it is revealed that the flow angle and reverse flow are important to the
head-flow performance curve. The mechanisms of the shallow groove about the characteristic instability
suppression are given. As we know, the width of groove is much smaller than the diameter of the pump and the
groove flow has no angular momentum, but the main flow has large angular momentum near the wall when the
impeller inlet swirl occurred. Therefore, when the groove flow mixed with the main flow it could decrease the
momentum or we can say it could absorb the momentum at the tip of the impeller inlet. Besides, according to
Kurokawa and Sahal®'”, the remarkable effects of groove are caused by two mechanisms: one is a remarkable
decrease in circumferential velocity, and the other is a remarkable increase in radial velocity due to the groove
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reverse flow. According to the Eg.1 we can find that both effects have the same contribution to increase the flow
angle.

Consequently, combine the mechanism of characteristic instability with the last paragraph the shallow groove
is an effective method to suppress the unstable performance curve and when the pump coupled with proper
groove not only can suppress the performance instability but also cannot decrease the pump efficiency. It maybe
a simple and useful method on suppression of pump performance curve instability in the future projects.

5. Conclusion

From the present research, the following conclusions can be obtained.
1) CFD could predict the characteristic instability of the mixed flow pumps, its results can be the reference on
future pump investigation.
2) The pre-rotation was found at the inlet of the impeller caused by the tip leakage when the pump is working at
partial flow rates, it made the theoretical head decrease.
3) The internal flow pattern of the impeller passage tends to a centrifugal type when the flow rates decrease
further, it made the theoretical head rise a little. Combine it with conclusion 2, then the positive slope of the
performance curve occurred.
4) The swirl-stop was used and the diffuser was optimized for suppression of characteristic instability, it worked
to some extent but not ideal.
5) The proper shallow groove on the casing wall was an effective way of positive slope of performance curve
suppression.
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Abstract: Based on finite element method, this paper studies the effects of the composite natural gas cylinder of
vehicle's autofrettage pressure on bladder's stress as well as the layer number of filament-wound on cylinder's
stress. And it further compares the stress of gas cylinder's bladder and the layer of composite without autofrettage
and autofrettage. The result shows that the best autofrettage pressure of the composite gas cylinder is 34.3MPa
with 10 layers of filament-wound layers while its outer diameter is 356mm, nominal wall thickness 5mm and
working pressure 20MPa.
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1. Introduction

In recent years, due to the changes in energy structure and requirements of environmental protection, one of
the key developments of the automotive industry is clean energy vehicles. Natural gas as fuel is one of the
direction of clean energy vehicles. Conventional steel gas cylinder is heavy, which affects the amount of
containers while the use of composite cylinders not only helps to reduce the weight, but also greatly improve their
carrying capacity and reliability under high pressure.

Autofrettage design can improve carrying capacity and fatigue life of composite cylinders, which improves
the safety of composite cylinders™®. Through finite element analysis, this article studies the effects of the
autofrettage pressure on bladder's stress, the layer number of filament-wound on cylinder's stress in order to
determine the best autofrettage pressure and filament-wound layers of composite gas cylinder.

2. Principle and Method of Autofrettage

Autofrettage is a fabrication technique, used to introduce pre-compression in a portion of a structure in order
to extend the usable strain range of the material and to enhance carrying capacity and fatigue life. The idea of
autofrettage is to pressurize cylinder to a proof pressure, which is higher than the operating pressure and lower
than the burst pressure. Enough metal plasticity should be achieved during autofrettage so that the liner remains
in compression upon unloading.

In order to improve the carrying capacity and fatigue life of composite cylinders, autofrettage processing can
be employed. It is achieved by metal yield criterion and pressure-relief principle, that is to say, applying pressure
to make metal bladder reaching plastic deformation, forming residual stress after unloading, and bearing more
pressure on re-load to offset residual stress. Thus the material mechanical properties are fully played, carrying
capacity improved, and fatigue resistance and safety enhance. Autofrettage principle shows in Figure 1.

The method of gas cylinder's autofrettage is that impose autofrettage pressure to gas cylinder in advance after
manufacture, under autofrettage pressure, the metal bladder over its yield point, producing permanent plastic
deformation and unloading, then composite gas cylinder's bladder has compressive stress, filament-wound has
tensile stress. When the gas cylinders work properly, the stress produced by composite cylinder to withstand the
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Fig. 1 Processing principle diagram of autofrettage

internal pressure which offset by autofrettage stress, so that the maximum stress value of inner wall decreased
and stress value of outer wall increase appropriately, thus make the stress distribution along the wall-thickness
direction more uniformly.

3. Model and Calculation

3.1 Mesh Division

First, according to the geometric size of bladder, geometric model of bladder is established, and finite element
mesh of bladder divided. The finite element model of the bladder's body is covered by mash of hoop winding
composite layer. The thickness of the winding layer is calculated according to winding technology, the composite
laminated plate samples of unidirectional ply are composed of multi-layer glass fibers with thickness of 0.469mm.
Figure 2 shows the division of finite element mesh model.

Bladder

Filament-wound layers

Fig. 2 Finite element mesh model

3.2 Material Model

Composite natural gas vehicle cylinder consists of 30CrMo and ER-2400 glass fiber/epoxy resin composite
material with bladder material parameters shown in Table 1 and the composite material parameters in Table 2.

Table 1 Bladder material properties

Grade Elastic Poisson Ratio Yield Limit Strength Limit Elongation
Modulus

30CrMo 205 GPa 0.29 >725MPa >825MPa >14%
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Table 2 ER-2400 glass fiber/epoxy resin composite material properties (GPa)

E E, E \Y \Y \Y G G G

X z Xy yz Xz Xy yz Xz

47.33GPa  8.97GPa  8.97GPa 0.26 0.05 0.26 6.2GPa 2.0GPa 2.0GPa

3.3 Load Boundary

According to the design of composite materials and the applying working condition which meet the
requirement, the load in accordance with conditions steps is imposed on inner surface of the steel bladder model:
imposing autofrettage pressure - unloading to zero pressure after autofrettage - loading to working pressure.

Wound layer method of composite gas cylinders is as follows: 90 degrees of winding angle, 70N/shares of
tension, 0.469 mm thickness of each layer with cylinder working pressure of 20MPa.

3.4 Calculation Process

Based on the above finite element model, fractional step loading method is used in finite element calculation
process. During the autofrettage pressure applying process, three-step loading inner pressure is applied. The first
loading step is for preloading pressure, internal pressure loading gradually from zero until the preloading pressure;
the second loading step is unloading, internal pressure unloading to zero gradually; the third loading step is again
from zero to the working pressure.

4. Results and Analysis

The purpose of the study on autofrettage design is to research stress distribution of gas cylinder under the
working situation, which aims at the adequate and reasonable use of the material with the key on stress
distribution and stress changes of gas cylinder's bladder under the working situation. As the gas cylinder working
pressure is 20MPa, the research on the changes of autofrettage pressure is studies through the analysis of stress
changes of bladder under working pressure, which verifies or helps to find the best autofrettage cylinder pressure.

4.1 Autofrettage pressure effect on bladder's stress

In order to determine the best autofrettage pressure, this paper has calculated the Von Mises stress of bladder
under the working pressure 20MPa after different autofrettage pressure with the results shown in Table 3.

Table 3 After different autofrettage pressure, the bladder's Von Mises stress in the working pressure

Autofrettage Pressure (MPa) 22 24 26 28 30 32 34 34.3 36 38

Bladder VonMisesStress (MPa) 543 512 486 463 440 426 403 395 450 503
Curve diagram 3 of autofrettage pressure effect on bladder's stress is drawn from Table 3.
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Fig. 3 Curve of autofrettage pressure effect on bladder's stress

It can be seen from Fig. 3, when the autofrettage pressure equals to 34.3MPa, the cylinder's bladder Von
Mises stress is minimal under the working pressure. In other words, when the outer diameter of is 356mm,
nominal wall thickness 5mm, the best autofrettage pressure of composite gas cylinder is 34.3MPa. And the use of
this autofrettage pressure can improve the carrying capacity of cylinder and extend cylinder life effectively.
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4.2 The Effect of Fiber Winding Layer Number on Cylinder's Stress

As for composite cylinders, the best autofrettage pressure is 34.3 MPa by autofrettage pressure design. The
influence of the numbers of glass fiber's winding layer on stress of the cylinder's bladder and fiber's layer is
further researched via finite element analysis. When the best autofrettage pressure is 34.3MPa and working
pressure is 20MPa respectively, and the number of glass fiber winding layer is 6,7,8,9,10,12, the Von Mises
stress condition of glass fiber layer is calculated. The result is shown in Figure 4.
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Layers
Fig. 4 The stress affect curve of different fiber winding layer to composite layers
Similarly, the Von Mises stress condition of steel bladder can be calculated when the best autofrettage

pressure is 34.3MPa and working pressure is 20MPa, and the number of glass fiber winding layer is 6,7,8,9,10,12.
The data curve is shown in Figure 5.
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Fig. 5 The relation curve of steel bladder's Von Mises stress and cylinder's fiber layers

Fig. 4 and 5 indicate that in normal working pressure, the influence of different winding layer on the stress of
glass fiber layer is greater, while effect on bladder's stress is very small, which is so small that it can be almost
neglected. Fig. 4 shows that the increase of the fiber layers means the decrease of the stress of fiber layer, the
amount of which is significant. Meanwhile, the smaller the layer number is, the greater the stress of fiber layer is.
This implies that the less the winding layers of composite cylinders is, the fuller use of ultimate strength of glass
fiber materials is. But in practical production, the safety of gas cylinders should be taken into consideration in
order to achieve better integration of security and economy. Thus the final choice of the number of filament
winding layer is 10-layer.

4.3 The Stress Value Comparison of Composite Layer and Cylinder Bladder without and with Autofrettage

Fig. 6 and 7 are VVon Mises stress distribution figures of cylinder bladder and composite layer under 34.3
MPa autofrettage pressure and 20 MPa working pressure.
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Fig. 7 Stress value of composite layer with autofrettage under working pressure

Fig. 8 and 9 are Von Mises stress distribution figures of the cylinder bladder and composite layer under
working pressure of 20MPa without autofrettage.
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Fig.9 Stress value of composite layer without autofrettage under working pressure

It can be seen from Fig. 6 that secondary stress appears at the junction of cylinder bladder and the head, which
means the maximum stress is at the joint which is thickened in manufacturing process. Fig. 6 also shows that the
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maximum stress of bladder is 395 MPa at the junction of cylinder body and binding head with autofrettage.
Figure 8 shows that the maximum stress of bladder is 943 MPa without autofrettage and the greatest stress is in
the cylinder body parts. The maximum stress of cylinders drawn from Fig. 6 and 8 is different, and is the stress
distribution in the same position. As in Fig. 6 the maximum stress of 395 MPa is much smaller than 943 MPa in
Fig. 8. Fig. 7 and 9 also imply that the compound layer stress distribution of the two cylinders is not the same.
The maximum stress of 198 MPa in Fig. 7 is significantly smaller than the maximum stress of 676 MPa in Figure
9. It can be drawn that the autofrettage can effectively reduce the stress and improve the carrying capacity of
composite cylinders, and play a significant role in improving the safety and full use of composite materials'
property.

5. Conclusions

This paper studies the effect of the specific composites natural gas vehicle cylinders on bladder stress by the
employment of finite element method, and then obtains different effect curves of autofrettage pressure on bladder
stress. And the curve of bladder's stress and the number of cylinder fiber layer is acquired after the research on
the influence of filament-wound layers on cylinders stress, and the stress value of bladder and composite layer
without and with autofrettage is then compared respectively. The result shows that when the outer diameter is
356mm, nominal wall thickness 5mm, the composite gas cylinders have best autofrettage pressure 34.3MPa; and
when the filament-wound layers is 10, composite gas cylinders enjoy higher security and help to give full play to
the composite material performance.
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Abstract: Ceramic food packaging containers with improperly fabricated glazes can release some toxic heavy
metals such as lead, cobalt, nickel and zinc into foods, which may contaminate foods and even endanger
consumer’s health. In order to investigate the safety of ceramic food packaging containers with contact with food
and to study the leaching behavior of lead, cobalt, nickel and zinc, long-term contact experiments were carried out
on glazed tile specimens with 4% acetic acid solution under different conditions. Results indicate that nickel is the
most leachable element among these four heavy metals, and lead is the least leachable one, relatively. The amount
of these heavy metals released into the leachate increase with temperature. Similarly, the rates of the release of
these heavy metals increase with temperature, too. Parabolic Fit analyses of all the leaching data on the long term
yield good correlations (the square of correlation coefficient, R? was all above 0.93) which indicate that migration
of lead, cobalt, nickel and zinc from the certain glaze into 4% acetic acid were diffusion-controlled process and
have a linear dependence on the square root of time for the amount of heavy metals removed from glaze into acid
food simulants.
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1. Introduction

Ceramic food packaging containers are widely used for the storage of a large variety of foodstuffs including
the more extractive acidic beverages, such as aromatic vinegar, mature vinegar, lemon juice and other acid
foodstuffs. If ceramic food packaging containers decorated with the improperly formulated glazes were
inappropriately fired, lead and other heavy metals would not be chemically combined closely in the glass
structure[1], which will yield a high release of harmful lead and other heavy metals when contact with foodstuffs
mentioned above, and give rise to a high risk to human health.

The toxicity of lead has long been known as its effects are cumulative and systemic. Long-term exposure of
lead can harm the kidney and liver seriously, resulting in permanent neurological defects, encephalopathy, and
even death, possibly[2]. Cadmium is also a toxic heavy metal and may produce both acute and chronic effects in
lungs, kidneys and bones. ltai-itai disease and disorder caused by long-term exposure of cadmium has been
reported[3]. Because of their acute toxicity, lead and cadmium are the most widely studied heavy metals on
migration from ceramic ware into foodstuffs, and the only metals for which most of the countries and regions
have established ceramic ware leaching limits[4-7].

Besides lead and cadmium, however, other harmful heavy metals such as cobalt, nickel and zinc were also
detected in many kinds of glazed ceramic ware[8]. They all constitute different hazards to human health. It was
reported that cobalt at critical concentration levels could lead to biochemical changes and disrupt the functional
state of the body[9]. The toxicity of cobalt mainly embodied in polycythemia and hyperglycemia with transitory
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damage to pancreatic alpha-cells[10]. Nickel can also cumulate in all organs, especially in the kidney, spleen and
liver. When large amounts of nickel cannot be eliminated in its metabolites, it will affect the function of the
kidney, spleen and liver. It has been proven that nickel compounds are carcinogens[11]. Zinc is a trace element
essential to human body and generally considered to be relatively nontoxic; however, excessive zinc intake could
also lead to poisoning by interfering with the utilization of copper and iron and affecting high-density-lipoprotein
HDL cholesterol concentrations. Extremely high zinc intakes could lead to nausea, vomiting, epigastric pain,
lethargy, and fatigue[12]. All these metals are trace elements essential to human body and generally considered to
be relatively nontoxic, but long-term excessive intake will endanger human’s health. However, researchers
involving migration or extraction of cobalt, nickel and zinc from ceramic ware into food are rare and national
legislations or international standards to monitor and regulate the possible release of these heavy metals with the
exception of lead and cadmium are scarce.

Many researchers studied the migration of lead and cadmium from ceramic table wares and their damage to
human by repeated leaching from a dish to simulate human’s habits of using the ceramic ware[13-16]. Here, this
study focused on the safety of the ceramic ware as packaging container and the leaching behavior of these heavy
metals existing in the glaze when contacted with acid food over a long period of time. In view of this, the present
study on the migration of lead, cobalt, nickel and zinc was carried out to examine the migration of these heavy
metals into 4% acetic acid solution under different conditions. Cadmium in ceramic glazes was also an important
heavy metal of concern, which is under study now and will be discussed in detail elsewhere.

The purposes of this study were: a) To examine the effect of temperature on the migration of lead, cobalt,
nickel and zinc; b) To inquire into whether the ratio of the removal of these metals is coincident or not through
the analysis of the amount in the leachates and their ratio in the glaze; ¢) To study the relationship of the time and
the amount of heavy metals released into the food simulants.

2. Materials and methods
2.1 Preparation of Specimens

A number of clay tiles with average of 11.15 by 5.62 by 0.73 cm in volume were manufactured by a ceramic
company in Yixing, Jiangsu province, China, fired at a low temperature(about 850°C) in a muffle furnace, glazed
with a glaze whose composition is (K,O 1.89%, Na,O 0.88%, ZnO 6.07%, PbO 41.47%, Fe,0; 0.07%, CoO
4.04%, NiO 4.04%, MgO 0.05%, CaO 0.13%, Al,O; 6.69%, SiO, 34.67%), fired a second time at 1120°C
after they were dry. And the glaze would be fused onto the surface of clay tiles forming a thin layer of glass.

Ceramic specimens were prepared according to the method of ASTM C 738-94(2006), washed with detergent,
rinsed with tap water and followed with deionized water, then taken out from an electrically heated drying
cabinet standby after they were dry.

2.2 Experiment Design

Each tile specimen was mounted in a Lock& Lock (HPL812 1.1L), put into the constant temperature box
whose temperature was pre-set and its stability was better than #0.1°C, and allowed to equilibrate before 90 mL
of 4% acetic acid solution were added. Five identical tile specimens were used for each test. The temperature was
20< 40< and 60°C. Leaching tests were continued for 720h, 840h, and 600 h.

1040.1 mL of Leachate was transferred into a PP centrifuge tube with a pipette for storage before measuring
lead, cobalt, nickel and zinc concentrations using Inductively coupled plasma optical emission spectroscopy
(ICP-QES), then the volumes of the prepared 4% acetic acid solution were made up to the initial values in order
to compensate for evaporation losses and keep a constant pH value.

2.3 Main Instruments and Reagents

The instruments used in this study included Perkin EImer Optima 5100DV inductively coupled plasma optical
emission spectroscopy (ICP-OES) (Perkin Elmer Corporation, USA), Milli-Q Element (Millipore Corporation,
USA), THS-AOC-100 constant temperature humidity chamber (KSON Corporation, China), PRX-450C
Intelligent Artificial Climate Box (NoKi Corporation, China).

Reagents used in all tests of this study were analytical grade at least.

The calibration curves were obtained by diluting 1000 mg/L standard stock solutions of lead (Pb), cobalt (Co),
nickel (Ni) and zinc (Zn) (National Research Center for Certified Reference Materials, China; NRCCRM) with
4% acetic acid. The working standards of final concentrations for lead, cobalt, nickel and zinc were 0.0, 0.2, 1.0,
2.0, 10.0, 20.0, and 100.0, respectively.
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The detection limits of the method were 0.03~9.31ug/L for lead, 0.003~0.97ug/L for cobalt, 0.021~1.28ug/L
for nickel and 0.192~6.75ug/L for zinc. The mean relative standard deviations (RSD) were 0.1~3.15 % and
recovery were 96~105%.

3. Results and Discussion

Results of extraction of lead, cobalt, nickel and zinc with 4% acetic acid solution at 20°C, 40°C and 60°C
were illustrated in Figs 1 to 4. Concentrations of heavy metals in the leachates were converted to a normalized
mass loss in pg/cm?2 according to the equation of

NM; = C*V /S (1)

Where NMi is the normalized mass loss of element i, Ci represents the concentration of element i in the
leachates measured by ICP-OES, V is the volume of the test solution and S is the area of the tile specimen. Each
data was the average value of the amount determined from five tiles.
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3.1 Effect of Temperature on Migration of Lead, Cobalt, Nickel and Zinc
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Table 1 The sum of the amount of heavy metals released per unit area

Element Temperature 4% acetic acid
20C 2.629
Lead 40°C 7.59
60°C 24.85
20C 13.512
Cobalt 40°C 77.039
60°C 230.396
20C 14.573
Nickel 40°C 88.01
60°C 320.237
20C 10.9158
Zinc 40°C 82.988
60°C 217.324

In each plot of Figs. 1 to 4, blank data points, red data points and green data points represent the release of
each heavy metal (lead, cobalt, nickel and zinc) at 20°C, 40°C, and 60°C respectively. It can be seen clearly that
the amount of lead, cobalt, nickel and zinc in the leachates all increased with temperature which could be caused
by high temperature giving rise to high atomic heat activating energy and migration of these heavy metals
occurring more easily. Table 1 shows the sum of the amount of heavy metals released per unit area obtained by
calculating summation of mean amounts of heavy metals released per unit area with 4% acetic acid solution at
20°C, 40°C, and 60°C respectively. Through analysis of the difference of the normalized mass loss of lead, cobalt,
nickel and zinc in 4% acetic acid leachates at three temperatures can be obtained that the rates of removal also
increase with temperature and the biggest effect of temperature exists in nickel release and the least one in lead
release, which can be clearly shown in Fig. 5.

3.2 Relationship between the Amount of Heavy Metals Released and the Ratio of their Oxides in the Glaze

From Figs 1 to 4, it is apparently shown that specimens yield the least amount of lead and the most amount of
nickel under all test conditions, the amount of cobalt and zinc are similar to but a bit less than the amount of
nickel. Table 2 shows lead: cobalt: nickel: zinc mass ratios in leachates and in glaze which can also describe this
phenomenon more clearly. The ratios of the oxide of these heavy metals in the glaze are (PbO 41.47%, CoO
4.04%, NiO 4.04%, ZnO 6.07%). Disagreement between the ratios of the oxide of these heavy metals in the glaze
and their release in the leachates suggests that Nickel is most easy to release, next cobalt, then zinc, and lead is
the least.

Table 2 Lead: cobalt: nickel: zinc mass ratios in leachates and in glaze

Food simulants temperature Lead : cobalt : nickel : zinc Lead : cobalt : nickel : zinc
ratio in leachates ratio in glaze
20C 1:5.140:5.543 : 4.152
4% acetic acid 40°C 1:10.15:11.596:10.934 1:0.097:0.097:0.146
60°C 1:9.271:12.887:8.745

3.3 Relationship of the Time and the Amount of Heavy Metals Released into the Food Simulants

In order to examine the relationship of the time and the amount of heavy metals released into the food
simulants, Parabolic Fit analyses were performed on all leaching data for lead, cobalt, nickel and zinc removal
from the beginning of the contact till the end of the experiment and also exhibited in Figs 1 to 4. The formula of
Parabolic Fit is given by

NM; = a + b * t*2 2)

Where NMi is the normalized mass loss of element i, a, b are the parameters which obtained by calculating
the leaching data of the experiment and a chiefly depends on the quality of contact surface and b on the chemical
composition of the glaze and on the test solution used[17, 18], t is the contact time.

Results of Parabolic Fit analyses were outlined in Table 3. The square of correlation coefficient (R2) of the
leaching data and Parabolic Fit curves are all above 0.97 which indicate that over a long period of the experiment
migration of lead, cobalt, nickel and zinc from ceramic glaze into 4% and 10% acetic acid,1% citric acid and 1%
lactic acid solution is a process that controlled by diffusion.
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Table 3 Results of Parabolic Fit analyses

Parameters

Food simulants Element Temperature 7 5 R
20C 0.06014 0.01178 0.98126
Lead 40°C 0.13158 0.03992 0.98398
60°C -0.19672 0.20413 0.99695
20C -0.22924 0.12868 0.98059
Cobalt 40°C -0.81596 0.67164 0.99373
4% acstic acid 60°C -0.41848 1.7196 0.9827
20C -0.26866 0.14174 0.97001
Nickel 40°C -1.87178 0.88596 0.98898
60°C -2.99818 2.68758 0.99515
20C 0.97001 0.1071 0.98439
Zinc 40°C 0.98898 0.86362 0.98526
60°C 0.99515 1.8283 0.99127

4. Conclusion

The amount of lead, cobalt, nickel and zinc released into 4% acetic acid under different conditions varied
linearly with the square root of time which indicated a diffusion-controlled process that occurred in the contact
between the glaze and food simulants. Their release into the food simulants increased with temperature.
Disagreement between the ratios of the oxide of these heavy metals in the glaze and their release into the food
simulants suggests that dissolution of glaze is not congruent, nickel is the most leachable element, and lead is the
least one.
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