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ABSTRACT

A study was undertaken to determine the feasibility of developing an engine
dynamic signal monitoring and diagnostic system for use on-line in a high volume
engine manufacturing plant as well as in a research environment for the development of
new engine components. The system will enable rapid and precise diagnostics of the )
production engine for identifying and locating manufacturing or assembly defects which
do not include thermodynamics, combustion / or emission related defects.

Recently published literature on engine noise and vibration monitoring and
diagnostic systems is reviewed with special emphasis on the use of noise and vibration
for on-line monitoring and diagnosing. A complete bibliography of 175 references is
appended, together with the summary chart outlining the subject classified by topics.

The feasibility of using noise and vibration for the detection of engine
manufacturing and assembly defects as well as evaluating the effectiveness of
component design changes, was originally carried out in the dynamometer laboratory.
Here, customer returned engines were evaluated for noise and vibration using three
different monitoring systems developed for the same purposes. In these systems
accelerometers, microphones and pressure transducers were used in conjunction with
both a conventional dynamic signal analyzer and a specially designed eight channel
data acquisition system coupled with custom designed computer programs. All these
systems are capable of detecting defects in customer returned engines. Detail reviews
were carried out emphasizing the advantages and disadvantages of each system. The
noise and vibration measurements were then correlated with actual manufacturing and
assembly defects. The systems were also tested for evaluating the noise and vibration
characteristics of changes in piston design.

With the success in diagnosing customer returned engines, a field study was

iv



under:aken to determine the feasibility of using noise and vibration for detecting missing
connecting rod bearings, loose connecting rod nuts, and other related manufacturing/
assembly defects. A modified monitoring system which includes accelerometers and
microphones together with a uniquely designed data acquisition system was used to
obtain the noise and vibration data. In the initial phase, data was collected from fifteen
partially completed engines having different defects. These were then analyzed to set
the vibration limits for rejection. The on-line engine monitoring and diagnostic system
was implemented and it was observed that in the test of more than 120,000 engines, the
success rate in reduction of defective engines was 100 percent.

Thus it was concluded that the monitoring system with a specially designed data
acquisition system is capable of on-line monitoring and rapid and precise diagnosing of
production engines with manufacturing and / or assembly defects. The system is also
well suited for use in evaluating the noise and vibration characteristics of any engine

when one or more of its components has undergone design changes.
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CHAPTER 1.

INTRODUCTION

Today, achieving higher productivity at the minimal cost is one of the key goals of
engine manufacturers. This, coupled with higher standards of customer satisfaction,
requires not only innovative concepts in engine design, manufacturing and assembly
processes but also the integration of on-line engine monitoring and a diagnostic system
which is capable of detecting manufacturing and assembly defects. The
implementation of such a system would greatly increase productivity, customer
satisfaction and reduce scrap costs.

Hence, it is necessary for engine manufacturers who wish to succeed in the highly
competitive market of the future to plan immediately for integration of on-line engine
monitoring and diagnostic systems.

A typical engine manufacturer is capable of producing 2000 engines per day
which is equivalent to about 3 million dollars daily output. One such manufacturer
listens to the voice of the customers through participations in dealer visitations and
vehicle assembly plants to better understand its customer needs and concerns. The
statistical data of one representative manufacturer indicates that it exchanges 0.05
percent of engine production to its customers. The majority (60 percent) of the engine
exchanges are related to excessive engine noise and vibration. Upon examination of
the customer return engines, the main concerns involve engine manufacturing and
assembly defects.

Thus, one concerned engine manufacturer who is aware of the high cost incurred
by these defective engines being received by the customers, decided to develop and
implement non-destructive techniques for the on-line detection of manufacturing and
assembly defects.

At present, an engine assembly requires the engine to be tested at several stages



of the assembly process. However, it is desirable to detect all the defects in the engine
at the earliest possibie stage in order to prevent major damage and hence additional
repair and assembly cost due to further operation with the defective engine.

A conventional method to detect a missing connecting rod bearing, referred to as
the cold test, is to measure the deck height of the piston at top dead center from the
cylinder block bank face. However, this method needs to be improved due to its
inconsistency in results, long set-up time, prolonged calibration time and problems with
maintainability and durability of the gage. Replacement of this dimensional gage with
vibration measurement is necessary and an investigation was initiated for this purpose.

One other engine diagnostic method in the automotive industry is auditory
assessment by an operator who can infer the mechanical defects causing a particular
engine noise. However, the reliability of the judgements is sometimes questionable due
to the effect of inconsistency of the physiological condition of the inspector and ambient
conditions. Most important of all, the operator’s judgment is subjective, especially in the
case of defects that are on the borderline of acceptability.

The goal of this research is to develop a viable and cost effective method of
diagnosing manufacturing and assembly defects in internal combustion engines using
noise and vibration signals.

In view of the above considerations, the following objectives were set for this
dissertatica:

1. To review the recently published literature on engine signal monitoring and
diagnostic methods with an emphasis on various mechanical signature analysis
techniques.

2. To determine appropriate transducers for the on-line detection of manufacturing
and assembly defects.

3. To develop and implement a viable and cost effective on-line monitoring and

diagnostic system for identifying and locating engine manufacturing and



assembly defects by means of vibration and noise measurement and analysis.

4. To develop a practical and cost effective system for use in evaluating the noise
and vibration characteristics of an engine component before and after design
changes.

5. To recommend areas for future research and development.



CHAPTER 2,

LITERATURE SURVEY

In this chapter, a literature survey was conducted in the area of engine dynamic
signal monitoring and diagnostic procedures for use in the dynamometer laboratory as well
as in the production cold and hot test stands. First, a review of fault diagnosis for internal
combustion engine is presented. It is followed by a summary of the past work on data -
processing techniques. Finally, different methods of diagnosing engine faults are

presented.

2.1 Fault Diagnosis in Internal Combustion Engines

One of the most common procedures followead by the automotive industry to evaluate
engine noise during inspection consists of operating the engine on a test stand. Noise
level evaluation is based on an auditory assessment by an inspector/operator who, from
sound level and frequency variations, can infer the mechanical defects causing the
particular noise. Though this method is often simple and fast, the difficulties involved are
obvious. The operator judgment is affected by ambient conditions (e.g. noise in the test
areas) and by alterations of his physiological condition (fatigue, inurement, etc.). Most
important of all, the operator’s judgment is subjective and does not necessarily agree with
the judgment of another operator, especially in the case of defects on the borderline of
acceptability. These considerations show the need for a proper measurement apparatus in
order to maintain a constant quality standard.

The main objective of this study is to develop techniques of diagnesing defects in
various internal combustion engines. These techniques use the measurement of engine
noise and vibration as the primary source of parameters coupled with other data such as

pressure, temperature, torque, etc.. Besides being able to detect the presence of a fault,



the techniques must also be capable of diagnosing the types of defect so that cost
effective remedial measures may be applied. Virtually all operating conditions of engine
produce vibration, and therefore, noise. Hence abnormal operation can be detected from
the no*se and vibration produced. The use of noise or vibration measurement has great
advantages because it is fundamentally non-destructive and non-invasive.

Most of the published technical papers are concentrated on the techniques for
condition monitoring of rotating machinery. They include the analysis of vibration data,
metallic debris detection and spectrographic oil analysis.

Presently, engine diagnostic equipment is available and is used in automotive
industries for on-line testing of internal combustion engines. The systems generally rely
upon measurement of parameters from the electrical system and an analysis of small
fluctuations in the power output and crankshaft rotation. The fault conditions are deduced
from the power output characteristics of each cylinder. This method of detection is not
specific. The use of engine noise and vibration measurements generalty provide a more
specific indication of engine defects such as excessive bearing clearances, piston slap or
scuffing, crankshaft imbalance and various assembly defects.

Generally, the current techniques of applying noise and vibration for detecting faults
are mainly developed for monitoring and diagnosis of machinery rotating at a constant
speed. Rotating machines mainly produce repetitive signals of a more or less periodic
nature. Most techniques are oriented toward the description or extraction of such type of
signals. Spectral analysis is commonly used because it is based on a decomposition of
this class of signal. Another method is the time domain averaging which filters out periodic
signals time-locked to such a period.

The dynamic signals of an internal combustion engine can be characterized as
“almost periodic" in nature. They are often produced by mechanical systems incorporating
some periodic movement, but may also be generated by random effects accompanying

friction, fluid flow, impact, etc... Thus, conventional methods of analysis are generally not



effective for reliably detecting faults in internal combustion engines.

The majority of the applications of noise and vibration measurement for fault
diagnosis have been concentrated in the areas of gears and bearings [162] . The
techniques range from simple measurement of noise and vibration signal levels to more

detailed evaluation in the time and frequency domains.

2.2 Analysis Techniques

Applications in the diagnosis of internal combustion engine faults are described by
Braun and Seth [22, 23]. The main interest in this project is not the specific methods of
measurement, but the way in which the results are processed in order to extract the
relevant data and identify the fault. The analysis techniques that need to be applied for the
diagnosis of internal combustion engine can be divided into three main sections:

1. Data acquisition
2. Data reduction and processing
3. Algorithms for the diagnosis of engine faults.
The objective of this study is to develop methods of recognizing engine faults

applicable in a production cold or hot test environment.

2.2.1 Data Acquisition

The following points must be considered together with the knowledge of the analysis,
the diagnostic procedures and the environment:
1. Vibration is strongly related to the distance from the point of measurement to the
ultimate source.
2. Vibration is more related to engine operating condition than to noise.
3. Depending upon the microphone position, a measurement of noise will be less

biased to a particular part of the machine and the information relating to a particular



aspect of the machine's performance is likely to be scrambled. Noise is also capable
of being modified by the acoustic environment.
In production line testing (cold or hot test) the main consideration is to keep the

number of connections to the engine to a bare minimum. Hence the relative merits of noise

or vibration measurement are listed below:

2.2.2 Noise

Noise is:
1. Capable of providing data on the condition of an engine from a single measurement.
2. A non-contact measurement.
3. The data analysis procedures are generally more complex.

4. Enclosures are sometimes necessary for testing in a production environment,

2.2.3 Vibration

Vibration is:
1. Capable of providing condition data on individual components of the engine.
2. No special enclosures are required in a production environment.
3. Vibration is directly related to mechanical operations within the engine.

4. A large number of transducers may be required, thus generating a lot of data for

processing.

2.2.4 Transducers

The most commonly used transducers to measure noise and vibration are discussed

in the following sections.



2.2.4.1 Noise

The choice of microphone depends on the required frequency response, durability
and cost. Bruel and Kjaer [24] describe in detail the frequency response of different

microphone designs.

2.2.4.2 Vibration

The piezoelectric accelerometer is the most commonly used transducer for vibration
measurements because of its relatively small size, low cost and measuring stability with a
wide frequency range. The use of a scanning laser interferometer is useful when
considering the large number of measurement positions on the engine. It is a non-contact
device that can be placed alongside the engine. It is even capable of directing the beam
onto both sides of the engine using mirrors. At present, the use of a laser interferometer is
limited because of its high capital cost. Anderton [5] described the use of a laser doppler

velocimeter for measuring surface vibration.

2.3 Data Processing Techniques

The generation of noise and vibration by a faulty engine can be categorized into three
areas:

1. Impacts between components associated with incorrect clearance (valve train, gears,
connecting rods, pistons and bearings). This results in an impulse generated
vibration which occurs at a fixed point in the engine cycle.

2. Imbalance in rotating components (crankshaft, camshaft, gears, balance shafts). The
resuiting vibration is harmonic at low orders of engine rotation.

3. Abnormal combustion (incorrect ignition timing, incorrect valve opening). The
resulting vibration generally causes an increase in the energy above approximately 2

kHz in the firing pulse of the cylinder.



Thus, the noise and vibration generated by a faulty engine are complex in nature.
The analysis must decompose the data in such a way that the fault recognition process can
be concentrated on those attributes of the signal which are most representative of the faults

to be diagnosed, avoiding the inclusion of a contaminated signals.

2.3.1 Frequency Domain Signal Analysis

In general, the harmonic nature of vibration caused by an out of balance crankshaft in
an engine can be diagnosed using a narrow band frequency analysis. However, most
engine faults such as piston slap, valve knock, are characterized by impulses which contain
a particular frequency spectrum. Therefore, it is possible to diagnose some engine faults
by identifying their associated frequency components. Both narrow band and 1/3 octave
band procedures can be applied on the raw signal, time averaged signal and the signal
envelope.

Wallace and Darlow [166] formulated an efficient approach to recovering transient
shaft speed information using Fourier Transform techniques. In a similar work, Pischinger
[117] described a method of time frequency windows for direct determination of the
combustion noise from the airborne noise of a diesel engine. This method shows
influences on the combustion noise, particularly where the mechanical noise is
predominant. Meier [94-99] used frequency domain signal analysis in detecting engine
faults in production test cells. Chuxng [32], on the other hand, discussed the application of
Digital Fourier Transform methods (i.e., coherence and transfer function techniques) to
investigate noise generated by an engine. The transfer functions, in these cases, were
determined empirically for pinpeinting the noise generation of an engine as well as to
predict the effect on engine noise of various assumed cylinder pressure wave forms,
Bianchi {17] utilized Fast Fourier Transform waveform analysis techniques on engine

pressure signals to determine the diagnostic viability.



2.3.2 Power Cepstrum

Power cepstrum is the even or cosine transform of the logarithm of a power
spectrum. It is the detection of periodicity within the spectrum of a given signal. Thus, it is
commonly used to identify the harmonic and sideband components within a signal, such as
that of a gearbox [24, 90]. However, the use of time domain methods in diagnosing engine

faults is preferred over power cepstrum because of cost and effectiveness.

2.3.3 Acoustic Intensity Techniques

In recent engine work on acoustic intensity, Thompson [157] described the finite
difference approximation errors in acoustic intensity measurements. Pope [118], ina
similar work, stated that the cross-spectral method can provide diagnostic data from noise
sources that were not previously obtainable. The same method can be used to measure
sound power without requiring a special acoustical facility. By using the lead wrapping
approach, Crocker [43] measured the sound power radiated from major surfaces of a
diesel engine in order to identify the generating noise source. In this work, surface intensity
and acoustic intensity were used to measure the sound power.

Acoustic intensity measurements are also used for determining noise sources in
engines [40]. Chung [31] developed a cross-spectral method of measuring acoustic
intensity at General Motors Research Laboratories. He demonstrated z rapid space time
averaging technique, a detailed mapping of noise emission, a noise source ranking and a
calculation for total engine sound power. Furthermore, he proved the reasonable accuracy
and the effectiveness of the acoustic intensity method. Abe [1], on the other hand,
developed digital acoustic intensity techniques in engine noise studies. Using a
phased-locked data acquisition, an acoustic power balance was constructed for an engine.
These results were shown to correlate well with other methods such as lead covering,

average surface vibration level and close microphone.

10



2.3.4 Time Domain Analysis and Variance Techniques

Braun and Seth {22, 23, 139, 140, 142, 143}, in their various work in engine
diagnostics, formulated techniques for the decomposition of signals obtained from
transducers. The authors proposed that a raw signal from a transducer can be
decomposed into three distinct components:

1. A periodic signal
2. A random repetitive signal
3. A residual non-synchronous signal.

A variance analysis technique was developed in which cycle to cycle variability at
each point in the engine cycle is calculated. This techrique was demonstrated to be
particularly useful for detecting faults in both manufacturing and assembly processes. This
technique was later extended for evaluating engine noise by changing the piston profile

[161].

2.3.5 Finite Element Analysis

As inexpensive computing power is readily available, the finite element method can
now be used in an engine noise analysis which is considered to be very computing
intensive.

Crocker [44] used an engine structure analysis which involved the finite element method
and modal analysis to design a low noise engine. Crocker and Lalor [41], later on,
extended the use of the finite element technique to predict engine structure noise and
vibration with the objective of optimizing engine struciure design for low noise. Challen
[28] reviewed the progress in diesel engine noise reduction with emphasis on finite element
modelling techniques of engine structures. Finite element analysis can be used in
conjunction with experimental modal analysis for predicting the effect of design changes on

the structural behaviour of the engine block [21].
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2.3.6 COther Techniques

Otte [113], in his recent work, discussed a signal processing technique for verifying
the correlation between multiple vibration and acoustical signals. It is based on the
principal component analysis, a multivariate statistical analysis technique, and utilizes an
eigenvalue decomposition of a covariance matrix. Various forms of spectral density
functions (power spectral density, cross spectral density, transfer and coherence functions)
and time domain functions (cross-correlation, impulse response, and inverse complex ~
coherence function) can be used in the signal analysis to detect machine defects [49]. The
time domain functions are useful for noise source identification (such as determining time
delays associated with multiple potential noise sources), to identify important sources and
relate the delays to the geometry of structures in order to determine the transmission
paths.

Another approach for engine analysis is the pattern recognition techniques which were
introduced by Cortina [35). These techniques were used to reduce complexity and to
permit the implementation of Bayes’ procedures in a practical field portable equipment.
This results in the design of pre-detection filiers which can simplify and reduce the
measurement equipment required to detect faults in real time. While Carr and Lalor [26]
proposed the use of energy methods for predicting and reducing noise from engine
covers, Alfredson [3] described the partial coherence technique for source identification on

a diesel engine.

2.4 Diagnosis of Engine Faults

The process of engine diagnosis is one of data reduction which results in discrete
classification in terms of engine faults. The data is generally reduced in order to extract the
characteristics of the engine conditions. The extraction of characteristics permits

concentration on those components which are directly related to the specific condition of

12



the engine. A common method of characteristics extraction is to compare the measured
data set with a reference and compute the degree of deviation from the reference. Seth,
Stuart and Field [140, 142, 143] forrulated the strategy for engine diagnostic algorithms
used in production cold test and hot test stands. The use of a selected number of engine
characteristics to make a logic based decision was included. The complexity of the logic
structure sometimes necessitates a diagnostics program development on the basis of a
hierarchy approach. ]
Although the primary purpose of this study is concerned with the development of
analysis techniques for engine fault detection, we need to understand the basic mechanism
by which engine faults lead to noise and vibration. Many technical papers have been
published on the subject of engine noise and vibration, and a selection of those which are
particuiarly relevant to this study is referenced under the topics of piston noise, gear noise
and valvetrain noise in Appendix A. The following describes the common faults associated
with different components in an engine. Discussion on detection techniques and noise

reduction are reviewed briefly.

2.4.1 Fuel Injector and Fuel Pump Noise

The present stringent legislation restricting gaseous emission in passenger cars
creates an increase in world demand for electronically controlled, multiport injection
systems for spark ignition engines. These systems are part of an engine that produced
objectionable noise in the passenger coempartment of a vehicle. Young [175] described the
Lucas designed fuel injector which has reduced injector noise emission. Sound power
measurements were made to quantify this reduction. The fuel pump is another noise
source that needs to be eliminated. Kemmer [78] stated the methods for reducing noise in
electrical fuel pump. As a remedy, he recommended having a fairly continuous flow and

smooth pressure variations in the pump.
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2.4.2 Valve Train Noise

There are many factors which cause valve noise in an engine. They include valve lift,
valve bounce, valve tilt , valve seat distortion (mechanical or thermal), and valve insert
rigidity [70]. Hanaoka [65] developed a new method of cam design that reduces valve
train noise which occurs at the instant the valve opens and closes, and aiso when the
follower is on the cam lobe. Generally, valve noises are caused by impacts, and their
sound intensity is proportional to the impact speed. Follower noises are caused by
frictional vibrations due to metal to metal contact at points where the oil film thickness
becomes zero. Irregular contact surfaces increase these noises, and valve train noises at

high speeds are caused by irregular valve dynamic behaviour.

2.4.3 Noise Cancellation Techniques

There are two ways of reducing high levels of structure-borne noise generated, at the
engine second order frequency, by the reciprocating imbalance forces. One is a design
approach to reduce the magnitude of the vibration generated mechanism, another applies
cancellation techniques to reduce the resultant interior vehicle noise. For example, Wood
[174] proposed a noise regulator device to achieve cancellation of structure-borne noise in
four cylinder vehicles. Cancellation techniques can achieve, in principle, very significant

noise reduction, but being essentially 'add-on’ methods, they incur a mass penalty.

2.4.4 Passenger Car Interior Noise

Winklhofer [173] described the engine noise contribution towards the interior noise of

the car and also gave ways of reducing engine noise in general.
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2.4.5 Diesel Engine Noise Reduction

To improve passengers’ comfort, various attempts are made by commercial vehicle
manufacturers to reduce the dominant vehicle noise which is the engine. This is particularly
true with diesel engines as they are much noisier than the gasoline counterpart. Windett
[172] described various methods of improving diesel engine noise which could be carried
out in a production process without major re-design of the basic engine. Watanabe [168],
in a similar work, analyzed the transient noise characteristics of diese! engines and
proposed methods of measurements. Russell [128-134] offered three approaches to
control diesel engine noise. This is achieved by:

1. Control at source, of all major sources:
i) Smooth cylinder pressure development
ii) Elimination of timing drive impacts
iii) Minimum piston slap impacts.
2. Quiet structures, either:
a. Vibration isolation of external surfaces from all sources.
b. Combination of treatments of thin section surface areas of structures:
i) Crankcase/cylinder block resonances tuned to frequencies at which excitation is
minimum.
ii) Vibration damping treatments to sump, valve pear covers, etc., when made of
flexible sheet materials.
iii) Vibration isolation of sump, valve gear covers, pulleys, etc., when made of flexural
stiff.

3. Enclosures, either:

a. Closely fitting enclosures made from flexible, damped, material which does not

radiate sound efficiently, supported from the engine via vibration-isolating mounts.

Little or no acoustic absorbent in the small gap between the engine and enclosure,
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or
b. Ventilated sound-proof "tunnel” around the engine and gear box, lined with

acoustic absorbent.

2.4.6 Gear Noise

Gear noise is one of the major concerns for engine manufacturers. Substantial
research in the areas of gear noise was carried out by Welbourn [171]. He described thie
causes of gear noise and provided references on various topics related to gear noise. Ina
similar work, Watanabe [168] identified gear tooth characteristics that minimize noise
generation (excitation). A new "maximum-conjugacy" tooth form employed these
characteristics to reduce gear noise to about 15% of that of conventional gear quality class
9 or better, including all automotive gearing.

£xternally measured vibrations can be associated with dynamic loads due to wear
[159). Thus the degree of vibration can provide an indication of wear and useful life.
Shmuter [146, 147] described a method of identification of gear noise associated with
conjugate errors and nicks. He also presented an original and practical method applicable
to torsional and gear related systems. There is a potential of 10-20 dB reduction in gear
noise by using coated gears [126] even at relatively low rpm. Nivi [105], in his work,
indicated that the presence of gear nicks on the rear axle carrier may be detected by
measuring its torsional vibration. This detection method was incorpo:lated in an in-process
rear axle test stand with reasonable success. Galotto (59) described a gear noise control

device for quality inspection (detection of gear defects) in a production line.

2.4.7 Combustion Noise

Another major source of engine noise is the combustion process. Warren and

Haniey [170] outlined a study on combustion and diesel engine noise. They concluded
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that the diesel engine cylinder pressure spectrum was dominated by cycle to cycle
variations in the cylinder pressure, not by repeatable, periodic process. Volkswagenwerk
[165] published several technical papers which detailed the combustion processes that
generate noise and vibration in engines. Various methods for detecting knocks due to
combustion were also mentioned. The quantitative measurement of spark knock, the
relationship with composition and knock resistance of gasoline and the detection of knock,
are described in detail in references [10, 11, 14]. Anderton [6] showed that for a given
engine speed and bore, there is a very large variation in the overall noise, of the order of
25-30 dBA, and that this variation is associated with a particular combustion system.
Furthermore, he clarified that it is possible to design lower noise engines, even using
conventional structures, provided that the maximum speed is limited and an intrinsically

quieter combustion system is used.

2.4.8 Engine Balance

Balancing the automotive engine is one of the best ways of reducing noise and
vibration in an engine. Various balancing methods are discussed in detail by Thomson

[160] and in the General Motors Corporation Manual [60].

2.4.9 Piston Noise

Ross and Ungar [127] showed that piston slap is initiated when the side thrust
changes direction. This occurs under two conditions: when the force in the connecting rod
changes from tension to compression and vice versa, or when the component of the
connecting rod force normal to the cylinder axis changes direction as a result of changes in
the sign of the angle between the connecting rod and the cylinder axis. The latter condition
always occurs at the top and bottom dead center; the former condition is realized when the

total inertia force contribution to the side thrust just balances the resulting force from the
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gas pressure. In practical engines, one always encounters piston slap at the top and
bottom dead center, but mid-stroke slaps may be suppressed at low speed operating
conditions where the aforementioned force balance cannot e attained.

Takiguchi [156] stated that an optimum piston design for noise reduction includes
changing the piston profile to reduce friction and increase lubrication. Under most running
conditions, there are six slaps per combustion cycle, the first and by far the largest of which
occurs around TDC firing, when the piston moves rapidly from the non thrust to the thrust
face of the bore [124]. For the conditions under which piston slap in gasoline engines is
particularly intrusive, that is at low to medium speeds and loads, there are invariably six
slaps per cycle. In this mode, the excitation given to the block by the primary siap is much
greater than by the other five so that, it has been found possible to concentrate only upon
the erfects of this impact when assessing piston slap noise.

By measuring the cylinder wall strain, a block vibration or radiated noise from an engine,
Richmond and Parker [125] were able to assess piston slap noise. A knowledge of the
relative movement of the piston in the cylinder is iniportant in understanding piston slap
noise. A simulation model [103, 109] was created for this purpose. In his paper, Lalor [88]
made three conclusions:

(a) speed is the most important parameter controlling the mechanical noise of all sizes of

engine throughout their speed range,

(b) mechanical clearance is also an important parameter for small engines at low speed,

and throughout the speed range for large engines,

(c) reciprocating mass is alsc an important parameter for small engines at high speed.

A further improvement in piston design can also be made to reduce noise. This can be
accomplished by reducing the impact of the top land and skirt [76].

The maximum influence on piston design manifests itself in the structural vibration signais,
measured on the cylinder liner, in the frequency range between 4 and 8 kHz. Hadda.' and

Pulien [64] stated that piston slap appears to be of major importance in producing the
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resultant engine vibration and noise, especially at lower engine speeds. Hodgett and
McDonald [71} proved both experimentally and theoretically that the piston forces
transmitted to the main bearings and to the engine mounts are increased by the

resonances of crankshaft vibrations. In his paper, Fujimoto {58] concluded that the effect
of oil film on the motion of the piston within the clearance is considerable, particularly on

the lower part of the piston skirt.

2.4.10 Combustion Knock

Combustion knock is caused by irregular combustion which generates pressure
oscillations in the cylinder, It is controlled in the early stage of engine design and by proper
fue) selection. The placement and design of valves, spark plugs, fuel injection ports and
the additive contents in engine fuel are factors causing the existence of combustion knock.

Ferraro [52) developed a knock intensity meter based on a criterion correlating knock

intensity and kinetic energy associated with knock-typical pressure oscillations.

2.4.11 Engine Valve Cover, Sumps, Shields, and Enclosures

Sung and Lalor [154] discussed the use of shields and partial enclosures for engine
noise reduction. Carr and Lalor [26] showed that the vibrational energy of a valve cover
was usually lower when center fixing rather than when edge bolting is used. Using a
damped steel sump reduced sump vibrational energy by increasing the damping without
significantly affecting the energy transfer. Using a damped steel sump generally reduced
crankcase vibrational energy. Thiey also showed that the energy traasfer was highest when
the modal characteristics of the cover flange were similar to that of the engine component

to which he flange was attached.
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2.4.12 Engine Sound Quality

Quietness and better sound quality bring a more comfortable feeling to
driver/passengers, as well as better handling and performance. Kuroda and Fujii [87]
indicated that superior engine sound quality can be achieved by increasing the
counterweights and stiffness of a crankshaft and, also, by optimizing the spark advance
and improving the vibration characteristics of various engine parts. Crocker [39] described
the use of digital signal processing techniques used to assess engine noise quality fora -
variety of engine types and conditions. Furthermore, he identified the causes and solutions

for subjective unpleasantness.

2.4.13 General Vehicle Noise and Vibration

Flower and Ford [54, 55] described the optimization of engine mount design for

improving vehicle noise, vibration and ride qualities.
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CHAPTER 3.

THEORY

Different aspects of engine behaviour are governed greatly by the transverse and
rotational movement of a reciprocating piston within the cylinder bore. As the horsepower
and torque rating of an engine increase, the piston skirts become shorter thereby
permitting a greater angle of piston to bore inclination. Hence, in this chapter, these
influences are discussed in detail and potential engine design improvements are taken into

consideration.

3.1 Dynamics of Piston- Crank Mechanism

During one cycle of engine running, the piston, connecting rod and crankshaft
mechanism are exposed to three different categories of primary exciting forces, namely: a)
combustion force, b) inertia force and c) a combination of both combustion and inertia
forces. The separation of vibration signals between the contribution of these exciting forces
is one of the main problems in this study.

When one or a combination of these forces move the piston and crankshaft with
respect to their bearings, the mechanical clearances between components cause excitation
upon impact. Especially when the piston is moving from compression to the expansion
stroke, side force reversal causes the greatest impact to the respective components.

In this section, kinematic and dynamic relationships of the piston are derived to
understand the mechanism of the engine vibration generation. These are compared to the

vibration signals which are obtained during both cold and hot test of the engines.
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3.1.1 Piston Kinematics

For the piston-slider crank mechanism shown in Figure 3.1, the displacement of

piston can be derived using kinematics as follows:

Y'Yo"”'(l“0039)+L|:1—\/1—(E)2sin26] (3.1)

y = location of the piston from the top dead center

where

Y o = the distance from the top of block deck to top of piston at TDC
r = radius of the crank
O = crank angle
L. = length of the connecting rod.
If A is defined as the ratio of radius of the crank to the length of the connecting rod, i.e.,

A =

B~

and ¢ is defined as

2
¢=\/1—(%) sin20 =1 - Asin?0 (3.2)

then, by substituting these relationships into Equation (3.1), the piston location becomes

y=Yo+r(l-cos®)+L(l-d) (3.3)

Now the velocity, V, and acceleration, A, of the piston are the first and second time

derivatives of the piston displacement, i.e.,
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Top of Engine Block Deck

Figure 3.1 : Piston Slider Crank Mechanism without Offsets

Top of Engine Block Deck |

Figure 3.2 : Piston Slider Crank Mechanism with Offsgets
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V=y'=rwsin9(l+)\cgse) (3.4)
and
-
A-y"-rwz[c039+h(cosze;:\ Sin e)il (3:5)

In a practical engine design, the piston pin and/or crank shaft axis are offset from the bore
center line as shown in Figure 3.2 and this offset must be taken into account in the analysis.
The geometry of the connecting rod system with offset is shown in Figure 3.3.

In Figure 3.3, the piston displacement from the top deck to the top of piston at any

crank angle, ©, is given by

y=Yo+(r+L)cosp,—Lcosd—rcosd (3.6)

where ¢, is the angle of the connecting rod to the bore center line at TDC.

Furthermore
+ [ 2 N2
cos¢o=J(r r+)L Q (3.7)
and
(Teine-2Y
cos¢ \/1 (Lsme 1.) (3.8)

If v is the ratio of the offset distance between the piston and crank shaft axis to the length

of the connecting rod, i.e.,
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Piston TDC
Top of Engine Block Deck

\ sing, ~—L

(r+L)cosé, \ L o1

Figure 3.3 : Connecting Rod System with Offset.
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v-9 (3.9)
and ¢ is defined as
¢=cosd=41-(Asin6-y)? (3.10)
where Q is the offset distance between the piston and crank shaft axis.
The velocity and acceleration expressions now become:
V=y'=rwsin9(l+kcise)-rwv¢cose (3.11)

and

Lw?

q)a

A=y =rw?cos6+ [¢2(cosze-sin29+%sine)

+(ycos8~Asin@cosd)?] (3.12)

For the special case of zero offset, i.e., Y = 0 and Equations (3.11) and (3.12) reduce
to Equations (3.4) and (3.5).

3.1.2 Connecting Rod Dynamics

The types of piston motion which affect the piston slap impulse are:
1) piston translation with friction in the cylinder space, and
2) angular moti.n of the piston.,

As it is difficult to calculate the impact to the cylinder wall due to the piston motion, an
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approximate method which replaces the distributed mass of the connecting rod with an
equivalent two-mass system is used for piston dynamics calculations, The dynamics of the
connecting rod are formulated in a similar manner.

For the rigid connecting rod shown in Figure 3.4, its equivalent two mass system is
illustrated in Figure 3.5, For this system to be dynamicaily similar to the original system the
following conditions need to be satisfied:

a) inertial equivalent,

Irod=m182+m2(£‘_s)2 (3'13)
b) mass equivalent,
mrod-mlaq+m20q (3'14')
¢) moment equivalent,
Maee{L=8)=m ,,s=0 (3.15)

where
m, 1is the big-end mass of the connecting rod,
m is the small-end mass of the connecting rod
I oq is the mass moment inertia of the original connecting rod

The moment of inertia of the equivalent connecting rod is calculated as:
og= My og82+ Mpq(L=5)2=m 4s(L-5) (3.16)
Using this approximation, there is an error in estimating the inertia of the rod. This error is
I roa= M oaS(L—3). Therefore, in order for the two mass system to be dynamically

equivalent to the original connecting rod, a corrective torque T must be applied about the

big end. This torque is

T=1.4 (3.17)
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Figure 3.5

Connecting Rod Geometry.

M ue

Equivalent Connecting Rod.
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where
Ie=1r0a= Meoqs(L~s) (3.18)
and ¢ = the rotational acceleration of the connecting rod.

The angular velocity of the connecting red is,

d¢ rwcost

¢--Ei-t_- Lcosd (3.19)

where w = 6 = angular velocity of the crank shaft.

Differentiating the velocity with respect to time gives the angular acceleration

_~rlw?sinBcosd+rlowecosOsing

b= (Lcos¢)?

(3.20)

_L¢?sing-rw?sin®

¢ Lcosd

(3.20a)

3.1.3 Piston Dynamics

As stated in the previous section, the mass and moment of inertia of the piston are
the most important factors which control the dynamic behaviour of the systems. However,
the dynamics of the connecting rod has to be considered due to its large share of the total
mass in the piston mechanism. A typical percentage of the total mass distribution of the
piston and the connecting rod is shown in Figure 3.6. For the piston/rod assembly
geometry shown in Figure 3.7, the coordinate system and the sign convention are as
shown. The following is a description of the notation:

1) The positive x-coordinate is directed to the right from the piston (and bore) center
line.

2) The positive y-coordinate is directed downward from the top of the piston skirt.

3) The rotation of the piston ([3) is positive clockwise.

4) The crank rotation (©)is also positive clockwise.
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Total Oscillating Mass = 100%

Piston = 38.2%

Rings = 2,3%
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Pin = 10.3%

Connecting Rod = 49.2%

Figure 3.6 : Distribution of the Oscillating Masses.
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Piston C.G.

(Point 3) I Top of Piston Skirt (Point T)
I L)
Piston Pin
(Point 2)
X
THRUST ANTITHRUST
SIDE SIDE
\
Bottom of Piston Skirt (Point B)
Connecting
Rod C.G.
| @
|
Crank Pin
(Point 1)
'
Y
Figure 3.7 : Piston Sign Convention.
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5) The connecting rod rotation (&) is positive counterclockwise.

6) The thrust side of the piston is on the left and the antithrust side is on the right.

7) The location of the piston pin, crank axis, piston C.G., etc. are defined in the x-y
coordinate system.

The piston lateral displacement (x) is zero when the center of the piston is located at
the center of the bore. The piston axial location (y) is zero when the piston is at its highest
point (TDC). The piston rotation ([3) is zero when the piston position is vertical. Crank
rotation is zero ( 360°and 720° when the crank position is vertically upward. A crank
angle of O° corresponds to the top of the power stroke. The connecting rod rotation
(&) is also zero when the rod is vertical. Points 1, 2, 3, T and B are denoted as the center
of the crank pin, the center of the piston pin, the piston C.G., the top of the piston skirt and
the bottom of the piston skirt, respectively. The point designations are used as subscripts
in specifying the piston motion and its properties. For example, the mass of the piston is
denoted as .5 and the mass moment of inertia of the piston about the piston C.G. is
denoted as /3. The lateral acceleration of the piston pin is dennted as X pand axial
acceleration of the piston C.G. is V..

The geometry of the piston and the forces acting on it are s:own in Figure 3.8. Taking

moments about the crank pin (point 1) for the piston and connecting rod loads gives

“Py(La+u)+ Pyl + f)+Fi(Li+a)+ Fa(L,-b)

+ I F (Lot u+x,+JgpRY+ T g F o (Loru+x,+J g5R)
—mazg(Llo—e+tu)+myyz(lo—e+u)-myX3(L,+¢c)
MR, Lyt My Yol + M, gst

~ 1B+ 1,4$=0 (3.21)
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Figure 3.8 : Piston Geometry and the Associated Forces.
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Summing moments about the piston pin (point 2) for the piston loads gives

- Py(u)-Pu(f)+Fi(a)-F(b)

+JF U+ X+ JorR)+ I g F (Lot u+ X+ J g5 R)

+mag(e-u)-myyz(e-u)

- maEa(c)=M=-I,=0 (3.22)

The terms used in Equations (3.21) and (3.22) are defined as follows:
a = distance from piston pin to top of piston skirt.
b = distance from piston pin to bottom of piston skirt.
¢ = distance from piston pin to C.G.
e = distance from piston center line to piston C.G.
f = distance from piston pin to top ring.
g = acceleration of gravity.
m, = mass of piston pin.
Im s = mass of piston.
m,.q = mass of connecting rod.
s = distance from crank pin (point 1) to rod C.G.
u = distance from piston center line to piston pin.
v = distance from bore center line to crankshaft axis.
X = lateral displacement of piston pin.
X = lateral acceleration of piston pin.
X 3 = lateral acceleration of piston C.G.
¥ = axial acceleration of piston pin,
¥ 3 = axial acceleration of piston C.G.

F'| = piston/bore reaction force at top of skirt.
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F , = piston/bore reaction force at bottom of skirt.

I3 = mass moment of inertia of piston about piston C.G.

{ roq = mass moment of inertia of connecting rod about rod C.G.

J 5 = sign coefficient accounting for piston velocity direction and thrust or antithrust
contact with the bore at the bottom of skirt.

J r = sign coefficient accounting for piston velocity direction and thrust or antithrust
contact with the bore at the bottom of skirt.

J sp = sign coefficient accounting for piston contact with thrust or antithrust side of

bore at bottom of skirt.

J st = sign coefficient accounting for piston contact with thrust or antithrust side of

bore at top of skirt.
Li=Lcoso
Lz =L Siﬂ¢

M = moment developed between piston pin and piston due to friction.

P y = lateral component of gas pressure load.

Py = axial component of gas pressure load,

R = radius of bore.

K = coefficient of friction between piston skirt and bore.

3 = angular acceleration of piston.

¢ = angular acceleration of connecting rod.

The motion of the piston C.G. (X3, X3, %3, Y23, V3, ¥ 3) is related to the motion of
the piston pin (2, X2, X2,¥2, Y2, ¥2) and to the piston rotation (3,8, [3) in the

following manner
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Xy=X,+Cf3 (3.23)

Xgm= Xp+cf (3.24)
XgmX,+cf (3.25)
Ya=Y2*+(e-u)p (3.26)
Ya=Y2+(e-u)B (3.27)
Vo= Y2+ (e—ulp (3.28)

Substituting Equations (3.25) and (3.28) into Equation (3.21) and rearranging terms gives

HIF,+H2F2+H35£‘2+H4B+H5=O (3.29)

where
Hi=Livra+Ju(ly+u+x,+J 5 R) (3.30)
H2=Ll"b+JBIJ-(L2+u+x2+JSBR) (3-31)
Hiy=-my(L,+c)-m,l, (3.32)

Hy=my(Ly—e+u)(e-u)-mz(L,+c)(c)—-15 (3.33)
Hs= (I oa* Mpoas?)b—Py(La+u)-Pu(Ly+f) (3.34)
—mag(Lly—e+u)+rmyy,(Ly—e+u)

+MyYaLl,

Substituting Equations (3.25) and (3.28) into Equation (3.22) and rearranging terms gives

H6F1+H7F2+H3£2+H9B+H;0=0 (3.35)

where
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He=a+Jp(u+rx,+JgR) (3.36)

H=-b+Jp(u+x,+JgR) (3.37)
Hg=-m;(c) (3.38)
Ho=-ms(e-u)?-my(c®)-1, (3.39)

Hiyo==Py(u)-Pyu(f)+myg(e—u)

—myy(e-u)-M (3.40)

Equations (3.29) and (3.35) are two of the equations required o solve for the four

unknowns (F,,F,,X,,3). The other two equations can be developed once the mode of
the piston motion is specified.

The four modes of the piston motion (relative to the cylinder) which are used to
describe the behavior of the piston are shown in Figure 3.9. They are as follows:

Mode 1. No horizontal movement is present. Both the top and the bottom of the skirt are
in contact with the bore, either diagonally or vertically.

Mode 2. Piston is rotating about the top of the skirt.

Mode 3. Piston is rotating about the bottom of the skirt.

Mode 4. Piston is free in the bore, translating and rotating according to the net transverse
force and turning moment applied to it.

Each type of motion can be defined by a particular set of equations from which the
subsequent behavior of the piston may be determined. In order to derive these equations
the following simplifying assumptions are made;

1. The angular acceleration of the crankshaft is zero.
2. The angular velocity of the connecting rod is independent of the transverse motion of
the piston.

Assumption 2 simplifies the calculations by eliminating the coupling of the
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Both top and bottom of piston skirt are in contact with
the cylinder bore, either vertically or diagonally.

Mode 1

= ====:-|

Mode 2 : Top of piston skirt in contact with one side of
cylinder bore.

Mode 3 : Bottom of piston skirt in contact with one side of
cylinder bore.

Mode 4 : Piston free in cylinder bore.
Figure 3.9 : Basic Mocdes of Piston Motion.
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differential equations. The justification here is that, although the transverse piston motion
may alter the angular acceleration of the connecting rod, the time for which such
acceleration occurs is too short to influence the angular velocity sigi.ficantly.

The equations of motion for each regime are derived below:

a) In Mode 1, where there is no lateral movement of the piston, we have

X,=0 (3.41)
=0 (3.42)
and therefore,
H F,+H,F,=~-Hg (3.43)
and
HeF\+H;F,=-H, (3.44)

from which we obtain

_"HsHy;+HyH

F,= 3.
: H1H7"H2H¢, ( 45)
-H|H |+ HsH,
F,= 3.4
2 HlH';_HzH(, ( 6)

b) In Mode 4, where there is no piston contact with the bore, we have
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F,=0 (3.47)

F,=0 (3.48)

and therefore,
HoxX,+H =~Hg (3.49)
and
Hgs,+ Hofi = - H g (3.50)
from which we obtain
—HsHo+ H4H
X, = 3.51
2 HiH,-H,Hg ( )
-HiH o+ HsH
3 10 S B (3.52)

B= HQHQ_Hq.Hs

c) In mode 2, where the piston rotates about the top of the skirt as shown in Figure 3.9, we

have _
‘F,=0 (3.53)
X,=-af} (3.54)
and therefore,
H F\+(~Hza+H)R=-Hg (3.55)
and
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HbFl"'("'Hsa"'Ho)B'_Hlo (3.56)
from which we obtain

F _‘Hs(“Hsa'*Ho)""('Haa"'H-s)Hm
l Hi(—Hsa+Hy)-(—Hza+HH,

(3.57)

_ —H it HsH,
H\(-Hga+Hy)-(~Hya+H,)H,

& (3.58)

d) In Mode 3, where the piston rotates about the bottom of the skirt as shown in Figure

3.9, we have

F,=0 (3.59)
X,=bf (3.60)
and therefore,
HoF,+(H b+ H ) =~H, (3.61)
and
H;Fa+(Hgb+ H)3=-H 4 (3.62)

from which we obtain

__“Hs(Hab*Ho)"'(Hab"'H-t)Hw

F e T tH b~ Hy) - (Hab* Ha)Hy

(3.63)

and
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_ ~-H;H  ,+HsH;
T Ho(Heb+ Ho)-(Hab+ Hy)H,

s (3.64)

3.1.4 Piston/Piston Pin Friction Forces

The moment (M) developed between the piston and the piston pin cannot be
determined until the pin force (A) is known. The direction of the moment depends on the
relative angular velocity of the piston () and of the connecting rod  (4¢). An iterative
approach is used to determine the lateral component of the pin force (A, )and the axial
component (A;)

The piston contact forces (F, and F;)and the piston accelerations
(¥, and 3)are determined from the moment relationships derived in the previous
section by initially setting the friction moment (M) equal to zero. Then, summing the piston
forces in the lateral (x) direction and axial (y) direction provides the two equations
necessary to solve for A, and A, From the free body diagram of the piston, Figure 3.10,

we can derive :

A+ J gl Aa—F | = Fa+myX,+ Py=0 (3.65)
A= J b, Ay + Iy (F + Fp)+mgya— Py —mzg=0 (3.66)
where
K , = coefficient of friction between the piston and pin.
J , = sign coefficient accounting for relative angular velocity of piston and
connecting rod.
J v = sign coefficient accounting for velocity direction of piston.

Rearranging terms in Equation (3.65) and (3.66), one obtains
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Figure 3.10 : Pin Forces Acting on Piston.
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Ay +CL A =C, (3.67)

C;A,+A,=C, (3.68)
where
C,=Ju, (3.69)
Co=F ,+F,-m3X3—-FPy (3.70)
Ca=~J i, (3.71)

Co=~JyUW(F+F)-ms¥a+ Py+mag (3.72)

Solving for A, and A, gives

C|C4_C2
= — 3.73
! C;Cg_ l ( )
C2C3_C4
= e 3.74
The friction moment M can be determined from A, and A, as follows:
d d
M=J,,”L2£\/A?+A§=JP“—"2—‘°A (3.75)

whered , = piston pin diameter.

This moment is now used to determine new contact forces and piston accelerations.
New values for A, and A, are determined from Equations (3.73) and (3.74). The process
is repeated until convergence of M is achieved. In all tested cases convergence was

achieved.
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3.1.5 Piston Motion and Impacts

The piston accelerations (%, and [3)can be determined at every crank angle

throughout a four stroke cycle. The lateral velocity and location of the piston are calculated
by integrating % and [3 over a specified range using the appropriate time step.

The location of the top and bottom of the piston skirt is continually monitored so that
the mode of the piston motion can be determined at each crank angle. In the case when
the piston impacts the cylinder bore, the kinetic energy of the piston at impact is
determined for that location.

To model the impact between the piston skirt and the cylinder bore the following
assumptions are made:

1) The velocity of a point on the piston at which impact occurs is reduced to zero, i.e.,
rebound does not occur.

2) If the piston is free in the bore prior to impact, then the angular velocity of the piston
after impact is determined according to the principle of conservation of angular
momentum.

The piston angular velocity after impact may be determined as follows. Consider a
system consisting of piston and cylinder (Figure 3.11) just prior to impact, with the piston
having a horizontal velocity X gand angular velocity [3. The equivalent mass at point 2
(piston pin location) m,, is:

meq = mz + mznq

where m, = mass of piston pin, and
m ., = the equivalent mass of connecting rod.
The mass I ,4 has a velocity X ,. The angular momentum just before impact with
respect to the contact point P (see Figure 3.11) is given by
Ho=m xs(b+c)+ 1B+ m,,x,b (3.76)
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Figure 3.11 : Piston Impact with Cylinder Bore.
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After impact the velocity of the impact at P is zero and the piston rotates about the
point of contact at the new angular velocity 3. Thus the angular momentum after impact is

given by

Ho=maXy(b+c)+ 4B +m, x50 (3.77)

but, from Figure 3.11, we have

X,=bf3 and Xa=(b+c) (3.78)
Then

Ho=13B +mb?B +m,(b+c)’p (3.79)

Applying the principle of conservation of angular momentum,

H,=H, (3.80)

and

L MgXg(b+c)+ IR+ mg%,b

I3+ mg(b+c)%+meb?

(3.81)

Equation (3.81) defines the angular velocity of the piston after impact.

To quantify the impact, the change in kinetic energy of the piston during impact is

calculated as follows:
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Kinetic Energy lost = K £ |~ KFE,
where

KE, =0.5[m,x5+ myyi+ m X7+ 15B°] (3.82)
= kinetic energy of piston before impact
KE;=0.8[msX3a+ mayia+ MegX2,+ 15B2] (3.83)

= kinetic energy of piston after impact

where the subscript "a" refers to the velocities after impact.

A computer program was used to predict the piston motion (lateral and rotationai).
Figure 3.12 shows the typical specifications of an engine used in the experiments.

Initially, the locations of the piston pins with respect to crank angles were calculated.
Sudden alternations of piston pin locations in the lateral direction which might cause piston
slaps were observed as illustrated in Figure 3.13. The cyclic change in displacement of the
piston pin with respect to the crank angle was also seen in the axial direction, as indicated
in Figure 3.14.

The velocity and acceleration of the piston pin were obtained by the first and second
derivatives of the piston pin displacement equations. Figures 3.15 to 3.18 illustrate the
plotted output.

By taking moments about the piston pin, as depicted in Equation 3.22, the piston / bore
reaction forces were calculated and plotted as shown in Figures 3.21 to 3.26. Finally, the

kinetic energy loss at impact was calculated and it is illustrated in Figure 3.27.
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ENGINE CHARACTERISTICS :

ENGINE SPEED....... csensavacnsesess2000 RPM
BORE DIAMETER..:cusssvessssensenes+96.841 mm
STROKE . cvstesvesennsasasssensnssas 86,106 mm

CRANK OFFSET.:cccvcancansssnasessss 0.000 mm
CONNECTING ROD CHARACTERISTICS :
CONNECTING ROD LENGTH..esseasaness150.19

CONNECTING ROD CG.vivctvvnsanananss35.062
CONNECTING ROD WEIGHT..............672 g

5 8

PISTON CHARARCTERISTICS :

PISTON HEIGHT: cveeeeanannnnn veees+.69.088 mm
SKIRT HEIGHT:c-veecacnsasacnnnnnsss83.942 mm
PISTON PIN (X~=COORD:.)evevesvnvsessa=0.762 mm
PISTON PIN (Y=COORD.}.veeeeeevenns.41.402 mm
PISTON CG (X=COORD.}+-vceecccnsansa0.201 mm

PISTON CG (Y=~COORD.}esveeesoeeesns-18.440 mm
PISTON PIN WEIGHT.v0vvuvneeeeeasss.143.01 g

PISTON WEIGHT..eeveennvnvecanaanss 522 g

PISTON/BORE CLCARANCES :

SKIRT TOP CLEARANCE...ccsueassensas0.051 mm
SKIRT BOTTOM CLEARANCE....covenvn- -0.025 mm

FRICTION COEFFICIENTS AND PIN DIAMETER :
PISTON/BORE FRICTION COEFF.........0.100

PISTON PIN FRICTION COEFF...¢......0.100
PISTON PIN DIRMETER..:ccsses00sass.23.165 mm

Figure 3.12 : A Typical Specification of a 4-stroke Engine.
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Figure 3.13 : Lateral Piston Pin Location Versus Crank Angle.
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Figure 3.14 : Axial Piston Pin Location Versus Crank Angle.
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PISTON PIN VELOCITY
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Figure 3.15 : Lateral Piston Pin Velocity Versus Crank Angle.
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Figure 3.16 : Axial Piston Pin Velocity Versus Crank Angle.
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PISTON PIN ACCELERATION
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Figure 3.17 : Lateral Piston Pin Acceleration Versus Crank Angle.
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Figure 3.18 : Axial Piston Pin Acceleration Versus Crank Angle.
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Figure 3.19 : Cylinder Gas Pressure Versus Crank Angle.
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Figure 3.20 : Cylinder Gas Force Versus Crank Angle,
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PISTON INERTIA FORCE
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Figure 3.21 : Lateral Piston Inertia Forces Versus Crank Angle.
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Figure 3.22 ; Axial Piston Inertia Forces Versus Crank Angle.
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PISTON PIN FORCES
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Figure 3.23 : Lateral Piston Pin Forces Versus Crank Angle,
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Figure 3.24 : Axial Piston Pin Forces Versus Crank Angle.
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Figure 3.25 : Bottom Skirt Contact Forces Versus Crank Angle.
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Figure 3.26 : Moment About Piston Pin Versus Crank Angle.
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KINETIC ENERGY I:OSS AT IMPACT
|
CRANK ANGLE ENERGY LOSS |
(Degrees) (Joules)
I 548 131E-06
576 21E-06
23 38E-06
43 25E-06
191 110E-06
194 20E-06
215 19E-06
366 181E-06
367 610E-06

TOTAL KINETIC ENERGY LOSS OVER CYCLE = 1E-03 Joules

Figure 3.27 : Kinetic energy loss during the piston impact on the cylinder.
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3.2 Modal Analysis

Competition, government regulations, inflation and many other factors are putting
pressure on the automotive industries to build products which weigh less, and operate
more reliably with less noise and vibration than in the past. In order to effectively solve
noise and vibration problems, engineers must have a good understanding of the dynamics
of mechanical structures and of the influence of the proposed design modifications may
have on the overall engine performance.

The primary objective of this section is to provide the detailed dynamic characteristics
of the engine components.

It is important to know the modes of vibration of the structure as they provide the
frequencies at which the structure can be executed into resonance and the predominant
wave-like motion at the resonant frequencies. This information is useful for determining the
optimized locations of sensors for automated engine data acquisition and diagnostic
system.

Modal Analysis is a process of characterizing the dynamics of a structure in terms of
vibration. It involves identifying the eigen-values and eigen-vectors of the equations of
motion corresponding to the frequencies at which the structure is more likely to vibrate in a
predominant, well identified, wave-like deformation. The amplitudes of this wave motion in
the structure are specified by the corresponding eigen-vectors. (When the eigen-values
are complex, they also describe the damping of the modes of vibration). Each mode of
vibration, then, is defined by an eigen-value (resonant frequency and damping) and its
corresponding eigen-vcctor (mode shape).

In this work, modal analysis is applied on engine components so as to obtain the
global structural properties i.e. the modal mass, stiffness and damping. The following
section gives a detailed description of the structural response of the engine assembly. This
information s useful in optimizing the location of sensors in the design of automated engine

data acquisition and diagnostic systems.
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3.2.1 Modes of Vibration

Physically, modes of vibration are the so calied "natural frequencies” at which the
predominant motion of a structure occurs as a well defined waveform as shown in Figure
3.28. Mathematically, modes of vibraticn are defined by certain parameters of a linear
dynamic model. As iilustrated in Figure 3.29 each mode of vibration is defined by a
resonant frequency, a damping factor and a mode shape. It should be noted that a
structural dynamic model can be completely defined in terms of its modal parameters. -
Hence, the purpose of modal testing is to artificially excite a structure so that the
frequencies, damping and mode shapes of its predominant modes of vibration can be

identified.

3.2.2 Modal Testing Methods

In general, there are two fundamentally different methods of modal testing of
structures: the normal mode and the transfer function methods. The normal mode method
is the classical method of experimentally extracting modal parameters. This requires a
large number of exciters "tuned" to excite the structure in a single desired mode of
vibration. The forcing function is sinusoidal and only one mode is excited at a given time.
This method however is difficult, time consuming and expensive to implement because of
the following:

1) It is difficult to find the best location for the shakers on the structure without some
prior knowledge of the modes of vibration

2) It is extremely difficult to excite closely coupled modes, one at a time

3) The structure must be completely instrumented with enough transducers and signal
conditioning equipment so that the mode shape for all desired degrees of freedom

can be measured at once.
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Modes of Vibration (Mathematical):
Parameters of a Linear Dynamic Model

Modes of Vibration (Physical):
"Natural" Frequencies at which a Structure’s
Predominant Motion is a Well Defined Waveform

Figure 3.28 : Modes of Vibration 1

Mode 1 Mode 2

Each Mode is defined by : a) Rescnant Frequency
b) Damping Factor and
¢) Mode Shape

Figure 3.29 : Modes of Vibration Definition 1

1 Adapted from Structural Analysis Seminar Notes by Ken Ramsey
and Mark Richardson of Structural Measurement Systems
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However, the normal mode method is suitable for use to analyze large structures where
large energy input is required. It also has good signal to noise characteristics.

The Transfer Function method is rapidly gaining wide recognition mainly due to the
recent developments in computer hardware. This method is based on the use of digital
signal processing techniques and the Fast Fourier Transform algorithm to measure
frequency response functions between various points on the structures. Modal parameters
(natural frequencies, damping and characteristic mode shapes) are identified by
performing further computations (curve fitting) on the above frequency response functions.

The major differences between the Normal Mode Method and the Transfer Function
Method are summarized in Figure 3.30.

The Transfer Function Method was selected for use in the investigation of modal

characteristics of engine components.

MODAL TESTING METHODS

NORMAL MODE TRANSFER FUNCTION
METHOD METHOD
Multi-Shaker Single Point Excitation
Sinusoidal Broadband
One Mode at a Time Many Modes at a Time
Analog Instrumentation FFT-Based Digital Instrumentation

Figure 3.30 : Modal Testing Methods.
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3.2.3 Theoretical Modal Models

In order to gain insight into the dynamics of engine structures, it is necessary to
provide basic knowledge of structure modelling. Modal Analysis is based on three
fundamental assumptions concerning the nature of the structure. These are:

i) The structure is linear. This means that the response of the structure to a combination
of forces, simultaneously applied, is the sum of the individual responses to each of the
forces acting alore.

ii} The structure is time invariant

iii) The analytical equations used to describe the structure must use parameters that are
measurable. It means that the input-output measurements contain enough information
to generate an adequate behavioural model.

Consider the Single Degree of Freedom Systemn (SDOF) shown in Figure 3.31

consisting of spring, mass and damper.

FCOD )
N

T

Figuie 331 : A Single Degree of Freedom Model
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The equation of motion for the system is:

ZF—ma
MX+Cx+hkx=F

Taking the Laplace transform of Equation (3.85)

(Ms?+Cs+ k)X (s)= F(s)

Let

B(s)=Ms?+Cs+k
Then, Equation (3.86) becomes,
B(s)X(s)=F(s)

F
or X(s)= Bg;

A transfer function H(s) can be defined as

|
H(s)= _B(s)

By combining (3.89) and (3.90) X(s)=H(s)F(s)

Substituting Equation (3.87) into Equation (3.91),
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3.92
H(s) F(s) Ms*+Cs+k ( )

L
H(s)=——— (2.93)

52"‘;"5“";

where > C K
—s+=—=0 3.94
SRS vERSY ( - )

is the "characteristic equation”.

The roots of the characteristic equation can be found by using the quadratic formula

§) = — (3.95)
c 1 C\? k
Sl'z__Z_Mié\/(H) —4(H) (3.96)

or c cCV _(k
i BV (E) e

2 3 s s ) :
When (5%) - i- is greater than zero, the system is said to be gverdamped. When it

is less than zero, underdamped. When exactly equal to zero, the system is said to be
Underdamped systems are oscillatory in nature and best represent the majority of

structural systems.
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(L) -+
2M M

k
c:==2n4,/iﬁ

underdamped natural frequency w

n

Define the Damping ratio, =, as

3
i
ﬁlﬁ

n

and the Loss factor as n=2=z

From Equations (3.97), (3.102) and (3.103)

chi (ch
2M 2M

) -

=—zw, 2 wi-w?

3|.z=(‘2*\!(2’2"l) Jw,

The damping factor ¢ is defined as the real part of each root i.e.
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(3.98)

(3.99)

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)



(3.105)

1 -=z? (3.166)

When the value of the radical in Equation (3.97) is negative, the roots of the sysfem
characteristic equation will be complex. A graphical presentation of the roots of the
characteristic equation is conveniently accomplished by the use of a Laplace-plane or,
simply, s-plane.

Figure 3.32 illustrates the mapping of s, and s onto the s-plane.

Thus the simplified equation for the roots of the characteristic equation is
S§1.2=-0% Jwy, (3.107)

The roots of an underdamped system will be conjugate pairs as the imaginary part of each

root is the only parameter that changes

Let
p=0+ jw, (3.108)
p =0-jwy, (3.109)

where * denotes conjugation.

The system transfer function can now be written as
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S—PLANE

Jw

Figure 3.32 : The mapping of S, and S, onto the S-Plane

S—PLANE

Jw

o)"

Figure 3.33 : The S-Plane Mapping
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1

M

(s-p)s-p")

H(s)= (3.110)

The s-plane mapping of Equaticn (3.110) is shown in Figure 3.33.
Hence, the fundamental definitions and relationships for an SDOF system have been
established. These properties must now be linked to physically measurable parameters to

make them useful for measurement applications.

Performing partial fraction on (3.110)

Cl C2

H(s)= . : (3.111)
(s=p) (s-p)
and evaluating at s=p
L
M
)= i (3.112)
Evaluating ats = p ' gives
L
M
Cam =5 (3.113)

The constant ¢, and c are conjugates of one another.

Let
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1

M

A=C, = ,
C, Sjw, (3.114)
1
A'=C,=- M (3.115)
) 2 2wy '
Thus Equation (3.111) can be written as
A AT :
H{s)= (3.116)

+ L]
(s-pP) (s-p")
In order to construct a standard form of transfer function, we define a slightly different

version of the complex amplitude which is called the complex residue

R=2jA and R =-2jA (3.117)

or
1
M
R=— and R =-— (3.118)
Wy
Thus the standard form of the single degree of freedom transfer function now becomes

R R
2j(s=p) 2j(s-p")

H(s)= (3.119)

So far Laplace transform does not lend itself for hardware implementation because it
is a three dimensional domain: Frequency, Damping and Amplitude.
Structural analysis makes use of the fact that Fourier analysis, with its many types of

hardware implementation, can be used to extract the frequency and amplitude data.
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Damping can then be extracted by a variety of curve fitting techniques.

The system frequency response is defined as the system transfer function evaluated

along the jwo -axis. This is the same as putting the system damping to zero. (6 =0)
R R’
H(jw)=H(S) |,u,0= —— - — — (3.120)
(Joo) = H( wO2j(jw-p) 2j(jw-p)
or .
1 R R’
H(j = - - - 3.121
(Jw) 2[(wd—w)+jd (“wd-w)‘“m] ( )

This expression can now be used directly for measurement with modern dynamic
signal analyzers. In addition, the Inverse Fourier Transform of the system frequency
response function (i.e. Equation 3.121) is the impulse response of the system assuming all
initial conditions are set to zero.

In practice, there are very few systems that can be accurately modelled by a single
degree of freedom system. For the case of an n-degree of freedom system, it can be

shown that the system transfer function can be expressed as

H(s)=i[ _Re Ky ] (3.122)
il 2j(s=- px) 2j(s— pg)

The next step is to link the equations of motion of the theoretical model to real
structures. The mode shape (or eigen vector) of a system is defined as a vector which
represents the motion of a given structure when excited at resonance (natural mode of
vibration). The vector consists of a series of complex displacements which describe the

amplitude and direction of deflections at each point on the given structure. In fact, these
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are the system residues. By taking advantage of the symmetry inherent in the residue
matrix ( k;, = h;, known as reciprocity), one can form an expression for a mode shape

vector {U/;}

[Rl=Qu{U{ULT (3.123)

where
Q« = Arbitrary scaling constant
k = k" mode of the system

T = transpose of the vector

Obviously the mode shape vectors have different magnitudes for a given residue
matrix depending on the value of Q,. The scale factor Q,is generaily shown as one of
several standard scaling methods such as the Unit Scale Factor (Q«), Modal Mass = | and
Q= ﬁ, etc,

Generally, it is unusual to make measurements on an SDOF system. Thus it is
necessary to handle a sitvation where an arbitrary number of points and directions on a
structure is selected for study and only a limited number of modes are of concern, Thus

Equaiion (3.122) may be rewritten as

2 R,..(k R..(kK)
h"(s):k;[zj(sggu'zj(s(— ,3);)] 124
where

r = row of transfer matrix H(s)

¢ = column of transfer matrix H(s)

n = total of modes to be studied
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k = current mode number
P, = pole location for the k' mode = o, + jw,

R,. = residue of h,.(s) forthe k" mode.

Note that each term in the summation expression of Equation (3.124) is an nxn
matrix which represents the contribution of each mode, k, to the transfer matrix.
For each identified shape vector, a hypothetical SDOF system can be constructed_
-using the derived modal parameters such as the modal mass, modal stiffness and modal
damping. These are related to the pole locations as follows:

1

= oo (3.125)
K.=(o2+w)M, (3.126)

and
Cr=20,M, (3.127)

3.2.4 Modal Parameter Extraction Techniques

So far the discussion has focussed on how modal parameters can be combined to
determine the spatial deflection of structures. However, it is useful to address how these
parameters are obtained from vibration measurements on the structure. An estimate of the
natural frequencies of specific modes can be made simply by determining the frequency
peaks in the frequency response function. This concept works very well for simple systems
that have few modes, light damping, wide separation of modes, and minimal measurement
noise.

The damping ratio can be obtained by finding the upper and lower frequencies
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(w, . w)on either side of the damped natural frequency which display amplitudes of 3 dB
below the peak of the frequency response magnitude. Thus the expression;

o m L[ Lu” W, 3.128
== "y (3. )

can be used to obtain the damping ratio.
The residue can now be determined by using the following approach.

From Equation (3.121)

ool R _ R’
H“‘*’)"z[(wd—w)-»fo (wd—m>+fc}

At resonant w = W, , H (jw)becomes

IR R
H(jwd)-z(jU _2wd+jd) (3.129)

A convenient approximation can be made for  H (jw )in cases where the damped natural

frequency is much larger than the damping factor, i.e.,

I R
H(jwd)=§[j—c] (3.130)

This equation is valid for lightly damped structures which exhibit damped natural

frequencies that are much greater than their associated damping factors.

In Equation (3.130), H(jw) is purely imaginary, thus:
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_ R
IMAG{H (jw )}~ 5=

REAL{H{jw )} =0

Rearranging Equation (3.131)
R=20 IMAG{H{jw,)}

Recalling that

0=zw,
and, when z K |,

w, = W,
Hence

0= 2w,

(3.131)

(3.132)

(3.133)

(3.134)

It is important to note that Equation (3.128) permits = to be determined and Equation

(3.134) can be used to find ©, The residue (and ultimately the mode shape) can be

obtained from Equation (3.133) because the value of the imaginary part of the frequency

response function at > 4can easily be determined from the Fourier analyzer.

The technique mentioned above is called quadrature peak picking. It is applicable to

frequency response functions that are noise free, with light damping, and have enough

data points to enable accurately estimate:
a) the damped natural frequency,
b) the 3 dB down points and
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¢) the magnitude of the imaginary part of the frequency response function. In addition, the
modes must be wideily spaced otherwise the skirt of any one mode can cause large errors

in the parameter estimation.

3.2.5 Frequency Response Functions

There are six different forms transfer functions for mechanical system as shown in
Figure 3.34. In general, all these transfer functions contain the same information. The
decision to use one or a combination of these transfer functions depends on the capability
of the equipment, the frequency range of interest, the types of transducers etc.. In this
study, accelerometers, force transducers and a dynamic signal analyzer were used to

obtain the "Accelerance" transfer functions.

DISPLACEMENT = DYNAMIC FORCE = DYNAMIC
FORCE COMPLIANCE DISPLACEMENT STIFFNESS
VELOCITY = MOBILITY FORCE = MECHANICAL
FORCE VELOCITY IMPEDANCE
ACCELERATION = ACCELERANCE FORCE = DYNAMIC
FORCE ACCELERATION MASS

Figure 3.34 : Summary of the Different Forms of Transfer Functions for Mechanical
Systems.

3.3 Sound Intensity

The sound intensity vector, 7, is the net rate of flow of energy per unit area at a given

position. Thus the acoustic power, W, passing through a surface, S, is defined as:

w=f7d§ (3.135)
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The usefulness of the sound intensity concept i1s primarily due to this fundamental
relationship. In a medium without flow (i.e. without bulk movement of the medium), the time

averaged intensity vector, [/, is equal to the product of the instantaneous pressure, p, and

the instantaneous particle velocity 5, at the same point, i.e.,

bt |
]

2l
[ 3ed

(3.136)

where the long horizontal bar denotes a time average. Hence the intensity vector in a given

direction r is estimated to be,

(3.137)

Sy
-~
I
o
<
-

p is the sound pressure at the measuring position

v is the particle velocity at the measuring position in the direction r

3.3.1 Finite Difference Approximation

The particle velocity, ¥, in a particular direction r, can be closely approximated by

integrating over time the difference in sound pressure at two points, A and B, separated by

a distance A r. Mathematically:

] (Ps~Pa)
j, = —— | ————l! 3.138
U, o Ar (3.138)

where p, is the density of the air, and p — p ,is the pressure difference. In practical

applications, the Bruel and Kjaer sound intensity system may be used to measure paand

Pa:
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The signals are frequency analyzed in parallel in real time and the sum and difference
of the two signals for each frequency band are calculated, Pe+t Paand Ppg— pa The
difference is integrated over time and divided by the distance between the two
microphones of the probe to yield the particle velocity &, . The sum divided by two, (i.e. the
sound pressure mid-way between the microphones), is then multiplied by the particle
velocity to yield the sound intensity vector component, /., according to Equation (3.137).

It should be noted that the magnitude of the measured intensity component depends
on the orientation of the probe; a maximum is measured when the probe’s axis of
symmetry is pointed towards the sound source and a minimum is measured when the
probe is perpendicular to the line joining the probe to the source.

Intensity measurements are extremely susceptible to phase differences in the two
channels of the measuring instrument. This phase mismatch comprises of:

1) the phase mismatch between the two microphones.

2) the phase mismatch between the two channels of the analyzer.

The phase mismatch is worst at low frequency for a given distance between the
acoustical ceiters of the two microphones ~ Ar. Hence phase mismatch limits the lowest

usable frequency for a given Ar,i.e., largeAris to be preferred at low frequency while

small Ar is best at high frequency.
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CHAPTER 4.

EXPERIMENTAL DETAILS

In this study, a number of V-6 engines were tested in two distinct ways i.e. externally
driven (Cold Test) and Hot Test or Dynamometer Test. Vibration signals were captured
and analyzed. They scrved as a primary parameter for monitoring the engine conditions.
The engine noise and cylinder pressure were also monitored. However they served as -
secondary parameters. A number of experiments were performed, each of different nature
and function. These were:

1. Modal analysis of the engine

2. Cold test of engines

3. Hot test of engines

4. Dimensional measurements.

The following sections will describe the experimental measurement procedures and the

associated equipment used.

4.1 Modal Analysis of Engine

The vibration mode analysis of an automotive internal combustion engine block was
performed in order to achieve two main objectives;
1) to study the dynamic response of the engine block and its components; and
2) to determine the proper mounting location for the vibration transducers used in the
cold test diagnostic system.
Figure 4.2 shows the schematic of the modal analysis system and the equipment

used in this experiment is shown in Figure 4.1.
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Experiment Tasks Equipment

Dimensional measurements of engine LK Micro Four
components Coordinate Measuring Machine
FFT Analysis B&K 2032 Signal Analyzer
Impact Testing PCB Model 086B05

Modally Tuned Impact Hammer
Sensor PCB 303A02 Accelerometer
Modal Analysis SMS Version 6.01

Structural Measurement System
Signal Analysis Hewlett Packard HP 9000

Model 320 with Motorola

I&mﬁ_@gﬂ_—rmswm

Figure 4.1 : Experimental Apparatus ior Modal Analysis

In this experiment, the modal analysis of an engine block was carried out by the
impulse-frequency response technique which measured the response of an impulsive force
appliad to the engine block as schematically illustrated in Figure 4.2.

The signals from the accelerometer and load cell on the hammer were passed
through anti-aliasing filters before analog to digital conversion. The amplitude and phase
angle at each point on the engine block (at natural frequency) can be evaluated by modal
analysis software, SMS structural measurement systems. The major steps in the modal
analysis for a given engine are:

1. The impact point and the number and location of response sites are selected.

2. The geometry of the measnrement points is defined and serial numbers are marked
on the engine block.

3. Dimensional measurements are carried out and recorded in a written log.

4. Frequency responses are captured through the B&K 2032 FFT analyzer and
transferred to the HP 9000 computer.

3. Curve fitting of the data governing frequency, damping and residues is performed.

6. Mode shapes are evaluated and plotted. These are displayed in animated forms.
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4.2 Cold Test of Engine

One of the conventional methods to detect a missing connecting rod bearing, in a so
called "B* test (also known as cold test), is the measurement of the deck height of the
piston at the location of TDC from the cylinder block deck. Decisions of pass, fail or repair
will be based on the results of these tests. However, the deck-height measurement method
is required to be improved due to its inconsistency in results and durability of gage. Asan
attempt to replace this dimensional gaging by a more reliable method, vibration and noise
measurements were assessed. The following experiments were carried out as part of this

effort.

4.2.1 Sound and Vibration Measurements

The vibration of the engines, both normal and defective, was monitored when the
engine was driven at the speeds of 250 RPM and 420 RPM by an electric motor. To
measure vibration, two PCB 308M86 transducers were mounted on the pan rail of the
engine and the output was captured with the use of the Nicolet 440 Waveform Analyzer and
PEC68K Data Acquisition System. The locations of the accelerometers were carefully
selected from the results of a modal analysis of the engine block. The location of the
microphone was determined by trial and error as shown in Figure 4.3.

More details of the data acquisition and processing equipment are discussed in the

following section. The full schematic of the B-Test stand hardware is illustrated in Figure 4.4.

The Nicolet 440 Waveform Analyzer was used in conjunction with the built-in PEC68K
Data Acquisition System. It has an ability to store 260K data points per sweep in its
random access memory (RAM) which can then be analyzed on the oscilloscope or saved
on a Bernoulli hard disk. Every sweep of the Waveform Analyzer was triggered at the same

crank angle by utilizing a position sensor. The feature of the autocycle function of
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the system enabled the data acquisition and storage to be obtained with a minimum loss of
time domain history due to data processing.

The overall test cycle involving the test stand is represented by the flowchart in Fig.
4.5. The solid line elements of the chart signify the additions proposed for the vibration
test. The vibration test was executed as a substitution of the conventional deck height test.
The detail flowcharts of the vibration test of the current production system and the
development system are found in Appendix B. _

Each test was executed as a module. The overall test cycle was initiated by a PLC
(Programmable Logic Controller) bit indicating that the engine was fully clamped and that
all the sensors were in position. As depicted in the flowchart, the mecdules were executed in
the following order:
1) Breakaway Torque (60 Nm low limit and 110 Nm high limit),
2) Running Torque (13 Nm low limit and 24 Nm high limit) and
3) Vibration Test (Variance 0.25 ¢?at 250 rpm, 0.71 g at 420 rpm).

At the completion of each test, the result of the test was checked and the remainder

of the test sequence was aborted if there was a reject.

4.2,2 Data Acquisition

Once the encoder interrupts were enabled, data acquisition began. The vibration
data was acquired in the ISR's (Interrupt Service Routine) for each accelerometer, When
the ADC indicated that a conversion was completed, the Motorola 68000 microprocessor
executed an ISR based on the multiplexer channel selected. The ISRs for both
accelerometers stored the result of the conversion, and accumulated the sum of all the
vibration measurements taken. The sums were later used to calculate the mean of the
signal.

The ISRs for the accelerometers were not the same. However, when an encoder

interrupt occurred, on either rising or falling edge, both accelerometer outputs have to be
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Figure 4.5 : Flowchart of Overall Test Cycle.
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sampled. To accomplish this, a "glitch” in the ADC (Analog to Digital Converter) was
exploited. Whenever the ADC was read, another conversion was initiated and, when it was
completed, another interrupt was triggered. In other tests, this was avoided by tuming the
ADC interrupt off prior to reading the result of the conversion of accelerometer #1, then the
multiplexer channel was changed to accelerometer #2. Reading the output of the ADC at
this point resulted in another conversion being initiated. Like ISRs for the other tests, the
ISR for accelerometer #2 disabled the ADC interrupt prior to reading its value. The ADC
was then read, and the multiplexer was set back to the channel for accelerometer #1, The
next encoder interrupt then reenabled the ADC interrupt and the process was repeated.

Because the ADC was not a simultaneous sample and hold device, the
accelerometers were not read at exactly the same time. There was a time differential
between readings of 25 microseconds (the conversion time for the ADC). However, the
conversion time did not affect the performance of the test because this period is short
compared to the time span for the highest frequency response of the signal.

Vibration was sampled in the above manner for eight revolutions. The storage
location of the sampled data was reset when sample #2047 was obtained. This indicated
the last sample for each revolution. |

In the initial acquisition of data, reference signals were captured from a normal
engine. Thereafter, the engine was checked dimensionally in the standard room and
proved within engineering specifications. Subsequently, the engine was operated with
missing or defective parts in piston No. 1. These were repeated for every piston with
missing or defective parts, by the firing order. The characteristics of the defective engine
components were as follows:

1. Missing connecting rod bearings
2. Unbalanced crank
3. Nick on balance shaft gear

4. Loose connecting rod nuts
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5. Reversed bearing cap

6. Mismatched bearing cap

7. Cylinder bores defective machining
8. Tight piston pin

9. Missing main bearings

10. Loose main bearing bolts.

The results of these tests will be discussed in Chapter 6.

4,3 Hot Test or Dynamometer Test of Engine

In the automotive industry. a hot test is performed to measure engine performance
capability to pre-established minimum acceptance criteria in the dynamometer laboratory.
Vibration, noise, and cylinder pressure measurements were carried out during the hot test
and the results were compared to that of the cold test. The general procedure used for this

test and equipment is described in this section.

4.3.1 Engine Test Stand, Dynamometer and Control System.

The schematic of an engine test stand is illustrated in Figure 4.6. It consists of
a) a T-slotted base plate on isolated foundation
b) engine mounts
¢) a drive shaft
d) the engine
¢) a dynamometer and control system
f) the test stand control and data acquisition system.

The test engine was mounted on a separate base plate to that of the
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dynamometer. This set-up was desirable so that any motion of the engine frame wouid not
cause any detrimental effect to the engine itself and would not transmit any vibration to the
adjacent area. The connection of the test engine and the dynamometer was through a
special elastic drive shaft which allowed an axial mis-alignment and reduced variations in
the torque and running speed.

In this study, the eddy current dynamometer shown in Figure 4.7 was used for
measuring the engine torque and speed. The system is an assembly of four different
components:

a) Rotating eddy current machine
b) Cradie

¢} Torque measuring equipment
d) Speed measuring equipment.

The eddy current dynamometer is easily controlled by a d.c. input. Its main
advantages include high power absorption, high speed capabilities and relatively low cost.

The d.c. flowing through the exciting coil, which is fixed to the dynamometer casing,
produces a magnetic field which counteracts the rotary motion because the dynamometer
casing is connected to the torque measuring equipment (load cell) through a lever arm.
The moment of reaction is indicated as a force for a definite length of lever arm. To
determine the power output it is essential to measure the speed: a proximity sensor
senses the slots in a toothed disc at the shaft end of the dynamometer and produces
voltage impulses. These impulses are converted into a speed-dependent voliage which is
used for cpeed indication and control.

The standalone independent data acquisition and control system is coupled with the
dynamometer to provide a complete engine test system. The system is based on a Digital
Equipment Corporation PDP 11/73 computer and peripherals and the sofiware using
DEC’s RSX-11M Plus operating system. The system was designed to ensure
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ease of use by laboratory test personnel and to provide the power and flexibility necessary
to run various test procedures. The block diagram of a complete test cell is illustrated in
Figure 4.7.

The software for the test system is structured to provide two distinct levels of
interaction: operation level and configuration level. The operation level provides the
function needed to start and stop a test procedure, display data print data and operate the
safety shutdown system. The configuration level provides various menu-driven interactive
programs that allow a user to adjust the system to specific requirements.

A sample of the parameters measured and displayed in typical engine operating

conditions is shown in Figure 4.8.

4.3.2 Data Acquisition System for Hot/ Dynamometer Test

The data acquisition for the Hot/Dynamometer test was divided into three different
systems. Each system had its advantages and disadvantages and these will be

summarized in the analysis of the engine test data.

4.3.2.1 System No. 1: Data Acquisition System Using Dynamic Analyzer

The block diagram in Figure 4.9 illustrates the interaction of the equipment in the
complete measurement system. The basic components are the trigger box, transducers,
dynamic signal analyzer, computer and its control system.

The trigger system consists of the signal inductive pick-up and a conditioning box.
The conditioning box converts the spark plug signal to a TTL (Transistor-Transistor Logic)
compatible voltage signal that is suitable for the external trigger of the dynamic signal
analyzer.

The data acquisition system contains a computer with software, analyzer, a
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TEST # CODE ENG. SER. 4 |ENG B.D.
PROCEDURE # TITLE POWER TEST 8/C | |OPERATOR
STER # 1 2 3 4 L) L) 7 8§ 9 10
AMPM
- == ————]
ENOSP amu 800 1000 1500 2000 2300 | 2750 § 3000 | 3250 3500 | 4000 | 4500
OTORQ »u 0 249 m 366 396 404 406 413 410 393 360
OBHP w 254 424 5.5 105.3 § 1153 | 127.0 | 139.3 | 150.2 | 1643 | 1877
FUELF romn [ 10.7 15.2 2.2 i N 3.6 354 394 4.4 3.1 59.6
OBSPC raxwx] 0,02 | 0.011 | 0.006 | 0.008 | 0.007 | 0.008 | 0.008 | 0.008 | 0.c08 | 0.009 0.010
TIMING atoc 10 10.4 10.1 13.5 16.9 17.9 15.8 19.0 19.6 214 215
CINT ¢ 71.0 7.5 74.9 75.2 A 7.2 .8 1.6 04 8.2 .9 °
COUT ¢ 35.5 350 | 830 5.1 355 | 578 | 393 | 912 92.8 | 950 | 965
OLLT ¢ 9.1 106.9 | 105.7 | 103.9 | 105.6 { 100.8 | 111.2 | 116.2 | 119.0 { 1265 | 120.7
AIRCT ¢ 31.2 39.8 39.5 352 42.4 433 42.5 45.7 43.2 46.3 | 46.8
BEXHRT ¢ 354 697 by ) T95 37 3562 " w7 "0 %8 79
EXHLT ¢ ki 696 T21 96 7 L g,0] 33 $00 $01 L] %03
OILP zas .69 206 | 132 1M 3.0 1. 3.8 3.86 L X <) & | A%
FUELP aar 242 LR 3,26 1w 342 3.3 3.36 34 31.51 3.4 347
MANFP woi-o| 475 135 n n 430 450 450 495 503 m 5435
COOLP xr 91.2 98.9 9.1 .7 9.2 | .1 9.9 95.8 1.9 9.0 9.2
DUR HRS
TOT HRS
STER 4 COMPRESSIGN TEST RESULTS |
AM/PM CYLT KPA 9 380 RPM
ENGSP aru _l 1175
OTORQ 2] 1350
OBHP «w 3] 1250
FUELF rxox 41 1250
OBSPC raxwu 3] 1250
TIMING s1c 6] 1215
T < [ STARTING PARAMETERS
COUT ¢ BAROMETER READING| 734 MMHG
QLT c AMBIENT AIR TEMP 25 [+
AIRCT ¢ WET BULB TEMP 23 c
EXHRT ¢ DRY BULB TEMP 34 c
BMLT ¢
OLP FINISH PARAMETERS |
FUELP ar BAROMETER READING| 734 MM;{O:
MANFP sou-no AMBIENT AR TEMP 25 o
COOLP xpa WET BULB TEMP U <
DUR HRS DRY BULB TEMP 35 [~
TOT HRS

Figure 4.8 : A Sample of Engine Operating Conditions
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1. MASS STORAGE IS :,700,1

2. DO YOU WANT TO AVERAGE TIME DATA : N
3. HOW MANY TIME AVERAGES : 50

4. DO YOU WANT FREE RUN DATA : N

5., NO. OF RECORDS OF FREE RUN : 1

6. FILTER PRESENT : Y

7. CUTOFF FREQUENCY (LP} : 4000

8. FREQUENCY SPAN : 5000

9. FREQUENCY START : 0

10. ENGINE RPM : 1500

11. SETTLED ANALYZER RANGE : 15

12. TRIGGER VOLTAGE : =~9.8

13. PERCENTAGE OF RANGE TO TRIGGER : -140
14. BEFORE TOP DEAD CENTER (DEG) : 30

15. CALIBRATION VOLT/UNIT 0.100

16. THE FILTER DELAY (SEC) : 0.000233

SELECT APPROPRIATE SOFTKEY

MENU1 MENU2 TESTMENU CHANGE
PARAMETER

Figure 4.10 : Typical Data Acquisition Menu
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programmable filter and transducers. The signal passes through the filter where aliasing
frequencies are removed. After triggering, the data is collected by digital sampling in the
HP 3561A analyzer. The computer is programmed to control the analyzer, filter, mass
storage and printer functions. The typical menu is shown in Figure 4.10. The programs are
written in HP BASIC for both the data acquisition and analysis. The listings of these

programs are found in Appendix C.

4.3.2,2 System No. 2: Data Acquisition System Using Nicolet 440

The schematic in Figure 4.11 shows the system which uses the Nicolet 440 Benchtop
Waveform Acquisition System which is a four channel, 12 bit, 10 mega samples per second
system. This system digitizes and stores the signals in memory and shows them on the
display screen. The displayed waveforms can then be used to measure time and voltage
values, manipulate the waveform either internally (which has a 260 k data points sweep
capability) or send it to an external computer.

Six transducer bases were glued down on the engine block (centre line of the pistons)
and B&K 4384 transducers were mounted. The signal was amplified through a B&K 2635
Charge Amplifier and then captured by a Benchtop Waveform Data Acquisition System.
Modal analysis was performed earlier in the experiment to determine the location of the
transducers to avoid the vibration nodes of the engine block.

The vibration signal was captured at the time of number 1 engine spark plug firing.
This was made possible by using the external trigger signal generated by the induction of
the #1 engine spark plug cable. The crank angle at the firing of the spark plug was
recorded. Twenty five engine cycles of traces of vibration data, which represented 50
revolutions of the crank shaft, were swept in the oscilloscope and then saved to a built-in
data storage system as one set of data. Forty sets of data were acquired for different

engine operation conditions. Figure 4.12 is a sample of the data acquisition system set-up.
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DATE : May 5, 1992 EXPERIMENT No. 203

DATA : WAVE 0110-0134. wit.

External Trigger Level 5.18 =0.15 Volts
Sampling Time 100 microseconds
Sweep Points 18000 (1.8 seconds)
Amplitude Range

Channel No. 1 S Volts

Channel No. 2 5 Volts
Engine R.P.M. 1667
Engine Timing 28°BTDC

Figure 4.12 : A Sample of Data Acquisition System No. 2 Set-up.

4.3.2.3 SYSTEM NO.3 : 8 Channel Data Acquisition System

The block diagram of the 8-channel data acquisition system is illustrated in Figure
4.13. The heart of the system consists of Motorolla 68020 CPU (Central Processing Unit), 1
Megabyte of RAM (Random Access Memory), interrupt control, serial port, 1/0
(input/output) interface. The data acquisition box is connected to six transducers, a
magnetic pick-up, Engine PIP (Profile Ignition Pickup) and CID (Cylinder Identification)
signals from the Electronic Engine Controls and finally a personal computer with programs
to handle the data acquisition and analysis. The flowchart of the data acquisition programs

for both the Box and the personal computer can be found in Appendix D.
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4.4 Sound Pressure and Sound Intensity Measurements

The Bruel and Kjaer Type 3360 Sound Intensity Analysis System consists of the
Sound Intensity Analyzer Type 2134, the Display Unit Type 4715, the Sound Intensity Probe
Type 3519 and Remote Indicating Unit ZH 0250. The 3360 can measure the vector quantity
sound intensity level in real time 36 third-octave bands with center frequencies from 3.2 Hz
to 10 kHz and in the 12 octave bands with center frequencies from 4 Hz to 8 kHz. The
results are displayed on the separate, calibrated Display Unit Type 4715 where not only the
sound intensity level can be measured but also the direction of the incident sound intensity
can be inferred.

The 2134 and 4715 combination can also be used as a digital frequency analyzer in
real time for measurements of sound pressure levels and in a wide variety of analyses of
acoustical, vibrational and other signals. For sound pressure measurements, a real-time
analysis is performed in the 42 third-octave bands with center frequencies from 1.6 Hz to
20 kHz and the 14 octave bands with center frequencies from 2 Hz to 16 kHz.

For both modes of operation, i.e., sound pressure level mode and the sound intensity
level mode, the input signal may be A-weighted in the input amplifier before displaying the
resulting spectrum.

4.4.1 Sound Intensity Analyzer Type 2134

The Type 2134 is a digital frequency analyzer with two input channels primarily
designed for sound intensity measurements. Either channel can be used for sound
pressure measurements and both channels are employed simultaneously when the Type
2134 is used to measure sound intensity. The sound pressure and sound intensity modes

of operation are push-button selectable on the front panel.
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4.4.2 Calibration

The probe can be calibrated, one microphone at a time, by means of a known sound
pressure level such as that provided by the Pistonphone Type 4220 (which provides 124
dB re 20 | Pa sound pressure level at 250 Hz with an accuracy of = 0.15 dB). A calibrated
barometer is provided with the pistonphone to determine the necessary correction due to
the atmospheric pressure.

It can be shown that when calibrating the system for use in the sound intensity mode
only half the atmospheric pressure correction (which is indicated on the barometer in dB)
must be applied to each microphone.

The reference for the sound pressure is 20 |1 Pa and the reference intensity for sound
intensity level is | plv /m?2 These reference values have been chosen so that, for a freely
propagating plane wave, the intensity level, IL, is practically equivalent to the sound
pressure level, SPL. The actual relationship is:

IL = SPL - 0.16 dB.

Therefore with pressure calibration, the intensity levels are 0.16 dB too high, which
can be allowed for, if desired, by adjusting the sensitivity control. This calibration with a
known sound level automatically calibrates the system for sound intensity level and the

sound intensity levels on the display unit are given in dB re 1 oW /m?3

4.4.3 Sound Intensity Vector Component Calculations

The Bruel and Kjaer 2134 contains four, front panel selectable programmes to
calculate the sound intensity vector component, I, for the four permissible combinations of
spacer, &r, and microphone (i.e. for 6r = 6 mm or 12 mm with the 1/4" microphones or for
6r = 12 mm or 50 mm for the 1/2" microphones). Before performing a measurement, the
optimum probe configuration range should be chosen for a particular application by

considering the probe size, probe sensitivity and frequency range.
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4.4.4 Display Unit Type 4715

Measurement results are display=d on the Display Unit Type 4715 in the form of a
bar-graph in third octave or octave bands. For sound pressure measurements the bars on
the display all have the same brightness. For sound intensity measurements however,
there are two different levels of brightness for the bars on the display unit; "grey", "normal"
brightness columns for the sound intensity which is incident on the front probe (referred to
as "positive” intensity); "white" columns for the sound intensity which is incident on the rear

of the probe.

4.4.5 Remote Indicating Unit ZH 0250

In very confined spaces or where the quantity of information presented by the Display
Unit is more confusing than helpful, it can be preferable to use the probe in conjunction
with the Remote Indicating Display Unit ZH 0250. The small, hand-held ZH 0250 enables a
single channel, either octave or third octave, of either sound pressure level or sound
intensity level to be read ¢t from the 2134 in the form of a bar graph. The unit can also

initiate integrations and can operate up to 50 m from the 2134.

4.5 Transducers and Accessories

There are several transducers and their supporting equipment used in this study.
The specifications and functions are discussed in the following sections,
4.5.1 Bruel and Kjaer Type 4384 Accelerometer

The active elements of this accelerometer consist of a piezoelectric disc loaded by
seismic masses and held in position by a clamping ring. When ine accelerometer is

subjected to vibration, the combined seismic mass exerts a variable force on the
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piezoelectric element. This force then produces a corresponding electric charge due to the
piezoelectric effect. The key specifications are listed in Figure F.1 (Appendix F). This
accelerometer is also supplied with calibration chart and measured frequency response

curve.

4.5.2 Bruel and Kjaer Typ= 2635 Charge Amplifier

This is a portable low noise charge amplifier for use with piezoelectric accelerométers.
Accurate three digit conditioning networks atlow dial-in of exact sensitivity to give amplifier
output rating between 0.1 to 1000 mV/unit. The major specifications of this unit are outlined

in Figure F.2,

4.5.3 PCB Model 302A21 Accelerometer

This is low impedance quartz accelerometer designed for operation in high (400°F)

temperature environment. The accelerometer operates from low cost power unit and
connects directly to some FFT analyzers equipped with ICP (Integral Circuit Piezoelectric)
current source. The major characteristics are tabulated in Figure F.3.

The accelerometer is also supplied with an individual NBS (National Bureau of
Standards) traceable calibration certificate.

4.5.4 PCB Model 308M86 Accelerometer

The accelerometer is built with a proven, quartz element and advanced
microelectronic circuit capable of withstanding dirty factory environment. ‘The specifications

are ouhined in Figure F.4.
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4.5.5 PCB Model 408D06 Power Supply

This power supply is used with ICP (Integrated Circuit Piezoelectric) transducers. Its
functions inciude powering the transducer electronics, amplifying the signal, debiasing the
output signal and indicating normal or faulty system operation. The main specifications are

listed in Figure F.5.

4.5.6 Bruel and Kjaer Type 4249 Calibration Exciter

This accelerometer calibrator is completely self-contained, pocket-sized, vibration
reference source for laboratory and field applications. It is designed to produce a
reference acceleration level of 10 ms™?rms at a frequency of 159.2 Hz ( w = 1000rads ™2
) and is intended for rapid calibration of vibration measurement, monitoring and recording
systems utilizing piezoelectric accelerometers. The main specifications are outlined in

Figure F.6.

4.5.7 Bruel and Kjaer Laser Velocity Transducer Set Type 3544

The Laser Velocity transducer set consists of the Laser Velocity Transducer and
Power Supply. By attaching a small piece of retroreflective tape to the surface of the
vibrating object (or painting the surface with reflective liquid), vibration velocity at that point
can be measured by aiming the Laser on the object.
It is designed for use in all those applications where an accelerometer cannot be
used. Such applications includes measurement on:
a. hot surfaces of structures (e.g. engine exhaust)
b. light structures (such as disk drive head) and
¢. rotating surfaces (sides or ends of shafts)

The specifications of this equipment are summarized in tabular form on Figure F.7.
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4.5.8 PCB Model 086B05 Impulse Force Hammer

The hammer consists of an integral, ICP, quartz force sensor mounted on the striking
end of the hammer head. It is structured with rigid quartz crystals and a built-in
microelectronic unity gain, isolation amplifier. The hammer sensitivity is outlined in Figure

F.8.

4.5.9 PCB MODEL 303A02 Accelerometer

This miniature ICP (Integrated Circuit Piezoelectric) accelerometer is designed
specifically for high frequency response. The size makes it ideal for structural
measurement where the effect of the accelerometer on the structure is critical. The

specifications and calibration specifications are tabulated in Figure F.9.

4.5.10 PCB Model 112A Pressure Transducer

A standard spark plug is modified to mount a miniature quartz pressure transducer in
a spark ignition engine for measuring combustion pressures. The specifications for this

transducer are tabulated in Figure F.10.

4.5.11 Bruel and Kjaer Type 4155 Microphone

This is a free field, half inch condenser microphone used for general and low sound
level measurements. The free frequency response from 4 Hz to 16 kHz is =2cdB. The
sensitivity is 50 mV/Pa. The influence of 1 ms ~2axial vibration is typically 60 dB equivalent
sound pressure level. The influence of relative humidity is 0.004 dB/% RH while the

influence of static pressure is -0.001 dB/mbar.
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4.5.12 Bruel and Kjaer Type 2231 Sound Level Meter

The Bruel and Kjaer Type 2231 is a precision hand held sound level meter. With
Microphone type 4155, it has a measuring range of 24 dB to 153 dB. The availability of
interchangeable application modules allow measurement of acoustical parameter of wide
range of acoustical parameter. The other main specifications are summarized in Figure

F.11.

4.5.13 Rockland Model 2783 Signal Processing Filter

Rockland Model 2783 is a high pass/ low pass filter/ signal conditioner with near-ideal
passband and stopband characteristics. It has the following main features;

1) 3 digit resolution from 0.1 Hz to 110 kHz

2) 8 pole/8 zero Elliptic response

3) differential inputs with low noise amplifier to handle signals from 1 mV to 31.6 V full
scale.

4) selectable bipolar or unipolar output swing to suit all A to D converters.

5) overload indicators to avoid signal distortion.

6) opto-isolated GPIB and RS 232 interfaces.
The detailed specifications are outlined in Figure F.12.

4.6 Time and Frequency Domain Analysis Equipment

4.6.1 Bruel and Kjaer 2032 Dual Channel Signal Analyzer

The Bruel and Kjaer 2032 analyzer is a two channel Fast Fourier Transform (FFT)
analysis system having 801 lines of resolution. It is fast because of its high real time
frequency of 5 kHz. It has a fully instrumented front-end and user defined calibration. The
full specifications are listed in Figure F.13.
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4.6.2 Hewlett Packard HP3561A Dynamic Signal Analyzer

The Hewlett Parkard HP3561A is a single channel narrow band dynamic signal
analyzer with a frequency range of 100 kHz. It weighs only 16 Kilograms. The analyzer is
equipped with a buble memory capable of storing more than 100 time traces and
frequency spectra. The analyzer measures input signals from 22.39V rms to 2.82 mV rms.
The 80 dB dynamic range of this equipment allows measurement of signal of interest exists
in the presence of large unwanted signals. The signal processing capabilities include rms
averaging, rms exponential weighting averaging, and time averaging. It also has software
for mathematical operations which can be applied to measurement data for additional
processing. The A-weighting filter is available for acoustic measurements. The Integrated
Circuit Piezoelectric (ICP) current source is available for powering ICP accelerometers.

Most important of all in automated measurement, this analyzer is equipped with the
Hewlett Packard Interface Bus so that it can be controlled remotely by a computer, Since
measurement data can be remotely input or output, it is possible to extend, with a
computer, the basic measurement capability of this instrument. The detailed specifications

are summarized in Figure F. 14,

- 4.6.3 Nicolet 440 Benchtop Waveform Acquisition System

Vibration data during an engine test was captured in the Nicolet 440 Benchtop
Waveform Acquisition System which is a four channel, 12 bit, 10 megasamples per second
system. This system digitizes analog input signals, stores the digitized signals in memory
and shows them on the display screen. The displayed waveforms can then be used to
measure time and voltage values, manipulate the waveforms either internally in the system
or send it to an external computer, Which has a 260K data peints sweep capability. The
detailed system specifications are outlined in Figure F.15.
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4.7 Data Presentation

The acquired data and results obtained were presented, with the use of various
computer programs developed and DADISP. The computers and peripherals used include
the following:

1. IBM PS/2 Model 90 computer,

2. Hewlett Packard 9000 Model 360 computer,
3. Hewlett Packard HP 7550 plotter,

4. Hewlett Packard Laserjet III printer and

5. Hewlett Packard Thinkjet printer.

4.8 Engine Teardown Analysis

The test engine is mounted on the engine teardown stand for complete dimensional
and torque measurements. Typical torque and dimensional measurements of the engine

are shown in Figures 4.14 and 4. 15, respectively.
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ENGINE TEARDOWN ANALYSIS REPORT

RUNNING TORQUE
TAKEN IN LOOSEMING DIRECTION ONLY
PART NAME QTY | ACCEFTABLE (CIRCLE PGURES OUT OF LIMITS)
TORMIEMNM) 1 2 3 4 5 8 7 8
QIL PUMP (M-8) 4 20-40 a8 40 40 o]
FRONT 6 11-38 R 22 20 20 22 18
COVER L] 12 15 15 15 10
WATER PUMP 9 14-35 a0 8 20 24 28
OIL PAN 16 9-35 R{ 19 15 18 14 17 13 14 15
{ALUMINUM) Li 14 14 17 19 19 18 15 12
QIL LEVEL SENSCR 1 17-55
OIL PUMP PICK-UP 2 12-35 15 16
QiL PUMP PICK-UP NUT 1 40-60 48
DAMPER BOLT 1 140 MIN 180
ENGINE TORQUE BEFORE TEST
TO TURN AFTER TEST 30
CAMSHAFT SPROCKET 1 40-70 65
TIMING CH. TENSIONER a 8-19 14 14 14
CONNECTING ROD 12 41-80 Al & 58 66 5] 10 68
L| o4 50 &0 o4 70 -]
MAIN BEARING ] 10-180 R 155 ! 155 | 140 | 160
L] 150 | 150 | 145 | 155
OIL PUMP (M-§) 2 8-20 14 14
CYLINDER HEAD 8 60 MIN R{ 120 | 120 | 120 | 120
{SHORT) L} 120 110 120 120
CYUNOER HEAD 8 60 MIN Rl 120 130 | 115 | 120
{LONG) L] 120 120 120 115
ROCKER 12 25-50 Al 34 3 k] 35 34 35
ARM L] 34 8 32 36 u <2
LOWER INTAKE 14 11-20 R{ 8 6 10 12 10 10 12
MANIFOLD Ll 18 ] 8 10 4 8 4
FUEL INJECTION 4 8-20 R| 12 12
RAIL L| 13 12
UPPER 6 26-45 Al 40 42 42 8
INTAKE L NA a8
THROTTLE BODY 4 18-32 26 22 26 28

Figure 4.14 : Torque Measurement Data
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DATE: INI‘MI RWD AUDITED BY: B.P
TORQUE TO TURN 14-23NM 18 CRANKSHAFT END PLAY 10-.20 0.10
CAM END PLAY .025-.100 0.04 BALANCE SHAFT END PLAY .075-.16 NIA
MAIN BEARING TO JOURNAL CLEARANCE
MASTER GAGE BEARING 64,021 - 64.059 CLEARANCE .013 - .058
TOURMAL 63,983 - 64.003 BORE DIA 63,885 - 68,905
NUMBER 1 2 3 4 5 6 [AYERAGE
BORE 68.896 68.892 68,898 68.899 68.8%96
BEARING 64.025 64.024 64,012 64,009
JOURNAL 63.993 63,988 63.991 63.992 63.991
CLEARANCE 0.032 0.036 0.02) 0.017 0.027 |
CAMSHAFT BEARING TO JOURNAL CLEARANCE
MASTER GAGE DEARING 52,133 - 52.158 CLEARANCE .025 - .076
JOURNAL 52,082 - 52,108
BEARING 52,152 52,145 52.139 52,154 AVERAGE
JOURNAL 52.095 52,093 52.095 52.092
CLEARANCE 0.057 0.052 0.044 0.062 0.054
BALANCE SHAFT BEARINO TO JOURNAL CLEARANCE
MASTER GAGE BEARING 52,133 - 52,158 CLEARANCE .025 - 076
JOURNAL 52.082 - 52,108
BEARING AVERAGE
JOURNAL
CLEARANCE .
CON ROD BEARING TO JOURNAL CLEARANCE ) N
MASTER GAGE BEARING 58.724 - 58,762 CLEARANCE .022 - .069
JOURNAL  58.682 - 58,702
BEARING 58,742 58.752 58,750 58,742 58.762 58,750 | AVERAGE
JOURNAL 58.692 58.606 58.692 58.696 58.696 58.696
CLEARANCE 0.050 0,056 0.058 0.046 0.066 0.054 0.055
PISTON TO CYLINDER BORE CLEARANCE
MASTER GAGE BORE 96.800 ~ 96.890 $/C PRODUCTION 101 - 114
PISTON 96.754 - 96.874 BASE PRODUCTION 030 « 056
S/C BARREL 038 - .063
BORE 96,828 96.830 96.834 96.823 96.831 96.830 | AVERAGE
PISTON 96.801 $6.793 96.804 96.787 96.799 96.793
CLEARANCE 0.027 0.037 0.030 0.041 0.032 0.037 0.034
LINEGRADE/ACTUAL G /P PP G /P P/P a/p PI/P BORE
LINEGRADE/ACTUAL G IG P /O G /P P /P G /G PG PISTON
PISTON TO BLOCK DECK HEIGHT
SPECIFICATION +.25mm TO -.27mm
FRONT =0.01 -0.046 -0.02 -0.13 0.06 =0.03 | AVERAGE
REAR =011 -0.10 -0.12 -0.16 -0.16 ~0.08
AVERAGE -0.06 -0,08 =0.07 -0.15 =0.05 -0.06 -0.08

All dimensions are in mm

Figure 4.15 : Dimensional Measurement Data
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4.8.1 Piston to Bore Clearance

The air gages with electronic column readout are calibrated with the masters. Before
measurements, the piston and the cylinder bore were thoroughly cleaned and were free of
oil residue. The piston to bore «:learance was then measured using the air gage system

shown in Figure 4.16.

4.8.2 Offset Piston Skirt with respect to Ringland

In the production environment, any dimensional measurement has to be performed in
an effective and reliable manner. The measurement of the runout of the piston skirt with
respect to ringland number 1 is accomplished using the gage shown in Figure 4.17.

Using Figure 4.18 as a guide, the measurement procedure for the runout of the piston
skirt with respect to the ringland is as follows:

i) Orient the piston as shown.

ii) Push the piston against a stop at indicator base.
iii) Zero the indicator.

iv) Rotate the piston 180 °,

v) Record the measurement AC (including sign).

vi) Similarly BD can be measured by zeroing the indicator at B and measuring at D.
vii) The offset is thus calculated using the formula.

Offset = y(AC)Z+(BD)%.

4.8.3 Concentricity of Ringland with respect to Skirt

This measurement is performed in the laboratory where the environment
(temperature, humidity, and cleanliness) is controlled. This is done using a special

Coordinate Measuring Machine. After positioning the piston skirt, the measuring head
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DIAL INDICATOR GUARD |

DIAL INDICATOR

=

| :
| |- T+t
LS - [F-

Figure 4.17 : Dial Indicator Gage for Checking Concentricity
of Piston Ringland to Skirt
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Zero Gauge At Point "A"
Rotate Piston To Point "C"
‘Take Reading At Point "C"
This Value Becomes Reading "A — C"
Rotate Piston So Gauge Aligns With Point "B"
Zero Gauge At Point "B"

Rotate Piston To Point "D"
Take Reading At Point "D"

This Value Becomes Reading "B — D"

Find Values For Readings "A — C'and "B — D"

On Concentricity Chart, The Value At The Intersection Of The Readings
Gives The Piston’s Concentricity FIM

/’G

B

Thrust
A - —— C
\ 0/
»Pln
D
[FIM [a-D][ 0.000][ 0.010| 0.020| 0.030| 0.040| 0.050! 0.060| 0.070| 0.080] 0.090| 0.100
B-D N N T T DT RS L PO
0.000 0.000 | 0.010| 0.020| 0.030| 0.040| 0.050| 0.060| 0.070| 0.080| 0.090| 0.100
0.010 0.010| 0.014| 0.022| 0.032| 0.041] 0.051| 0.061| 0.071| 0.081| ¢.091] 0.100
0.020 0.020 ! 0.022| 0.028| 0.036| 0.045] 0.054 | 0.063 | 0.073 [ 0.082] 0.092] 0.102
0.030 0.030 | 0.032| 0.036| 0.042] 0.050| 0.058] 0.067| 0.076 | 0.085] 0.095] 0.104
0.040 0.040 | 0.041| 0.045| 0.050| 0.057] 0.064 | 0.072 | 0.081| 0.089| 0.098 | 0.108
0.050 0.050| 0.051| 0.054| 0.058] 0.064] 0.071{ 0.078 | 0.086 | 0.094] 0.103| 0.112
0.060 0.060 | 0.061| 0.063| 0.067] 0.072] 0.078] 0.085| 0.092| 0.100| 0.108 | 0.117
0.070 0.070| 0.071| 0.073| 0.076 0.081| 0.086| 0.092| 0.099] 0.106| 0.114| 0.122
0.080 0.080| 0.081] 0.082| 0.085| 0.089| 0.094 | 6.100| 0.106] 0.113| 0.120 | 0.128
0.090 0.090 | 0.091| 0.092| 0.095| 0.098 | 0.103] 0.108] 0.114§ 0.120] 0.127] 0.135
0.100 0.100] 0.100] 0.102{ 0.104 | 0.108] 0.112] 0.117] 9.122 | 0.128] 0.135| 0.141
0.110 0.110] 0.110] 0.112] 0.114] 0.117] 0.121] 0.125| 0.130| 0.136] 0.142 | 0.149
0.120 0.120] 0.120] 0.1221 0.124} 0.126 | 0.130{ 0.134| 0.139| 0.144] 0.150| 0.156
0.130 0.130| 0.130| 0.132| 0.133| 0.136| 0.139| 0.143| 0.148] 0.153] 0.158{ 0.164
0.140 0.140{ 0.140{ 0.141] 0.143] 0.146 | 0.149| 0.152| 0.157] 0.161| 0.166} 0.172
0.150 0.150| 0.150| 0.151] 0.153| 0.155| 0.1581 0.162} 0.166) 0.170| 0.175| 0.180

All dimensions

are in mm.

Figure 4.18 : Measurement Guide for Concentricity of Piston Ringland to Skirt
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was programmed to sweep through the ringland and measure the ccordinates of 1500
points on the ringland. Typical results of the measurement are shown in Figure 4.19.

This measurement is far more accurate than the production gage. The correlation
between these measurement methods is shown in Figure 4.20. The correlation R is equal
t0 0.957 which indicates a "strong’ linear relationship between the production gage

measurement and the CMM measurement.

4.8.4 Piston Skirt Ovality and Taper Measurement

The Adcole Model 910 auto inspection gage (computer controlled) shown in Figure
4.21 is used to measure the piston skirt ovality and taper measurement. In this
measurement, the piston is chucked in the headstock machine while a carbide follower
records the movement as the piston rotates. The piston skirt profile is shown in Figure

4.22. The skirt ovality is summarized in Figure 4.23.
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Meas .point:
Calculation
fliter (U/R):

Graduation (mym):

Position (am)
X0 (mym):
Y0 (mym):
P+V (mym):

All dimensions are in microns.

Figure 4.19

1. measurem.

LSC
0-500
$0.00
44.90
-4

1
508
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Z. measurem.

LSC
0-500
50.00
5.8
-75
150
20

3. measures.

LSC
0-500
50.00
12.4
=77
150
84

concentricity of Piston Ringland to Skirt



PRODUCTION MEASUREMENT, ¥ (mm)

CMM VS. PRODUCTION MEASUREMENTY

0.1

0.05

0 R = 0.957|

-
[CURVE FIT, Y=-.007 + 936X R
L J
\ p
'0.05 \ Y
0.1 \

$

-0.18

R
/

-0.25 Pakd

-0.35

-0.35 -0.3 -0.25 0.2 -0.15 -0.1 -0.05 o 0.05
CMM MEASUREMENT, X (mm)

Figure 4.20 : Correlation between Production Gage and CMM
Measurements
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Figure 4.22 :
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CHAPTER 5.

DATA ANALYSES

The important variables which are related to the combustion and mechanical impacts
to be monitored are as foilows:

1) Vibration signals, either acceleration or velocity,

2) Noise signals,

3) Cylinder pressure of engine and others,

As a set-up guide, a preliminary measurement of vibration, noise and cylinder
pressure signals was made to observe the engine characteristics. It was found that the
vibration, noise and pressure signals are deterministic in nature. In addition, there was a
distinct increase in the amplitudes of the vibration signals when the engine was running
with defective engine components. Therefore, the descriptor which is able to represent
these distinct characteristic changes when the defective engine runs will be meaningful and
effective in this engine diagnosis study. Vibration signals were selected as the primary
signals while noise and cylinder pressure signals were used to verify the results.

In this study, data analyses were carried out as follows:

1. The vibration signals obtained from the engine operations were analyzed in the time
and frequency domains. Appropriate methods of analysis in the two domains were
derived, separately, through visual inspection of the time-amplitude vibration signals
and the frequency spectra obtained.

2. Time domain averaging and variance analysis were then performed v/ith respect to
the time datum or location datum of the data.

3. Four statistical descriptors were selected and calculated for the time domain analysis,
namely: mean, standard deviation, skew, kurtosis.

4. In the frequency domain analysis, peak value of the frequency spectrum was used.

120



5.1 Time Domain Averaging

A typical vibration signal from normal engines is shown in Figure 5.1. In this research,
a time domain averaging (TDA) technique was used to arialyze the vibration signal. It is
accomplished by simply averaging desired time traces. Even though simple to implement, it
is a powerful technique for extracting periodic components from a raw signal. It is also
useful for detection of any fault that is consistently reguliar, but not if transient or irregular
[2]. Therefore, the time domain signat averaging technique is employed in this research. It
is accomplished by simply averaging desired time traces.

A typical vibration signal from one engine cycle as shown in Figure 5.2 can separated
into periodic and semi-periodic components as illustrated in Figures 5.3 and 5.4,
respectively. In the separation procedure, the periodic components are determined by
time domain averaging of 15 engine cycles of vibration signals, and the semi-periodic
components are derived by subtracting the periodic components from the composite
(original) signal.

As an attempt to relate these time traces to the history of the piston movement, in
terms of crank angle, each time record is initiated at a common trigger point in both the hot
and cold tests. After a sufficient length of time sweep, a new trace of time series is
triggered at the same crank angle. A mathematical description of the TDA (including its

properties as a filter in eliminating non-cycle linked signals), is provided in reference [22].
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5.2 Statistical Parameters

In this study, three statistical descriptors were selected to describe the overall
amplitude characteristics of the signals, such as its spread/dispersion, symmetry, and
peakedness. They are:

1. Variance ( a measure of spread)

2. Skew (a measure of symmetry)

3. Kurtosis (a measure of peakedness)

To calculate these statistical descriptors, vibration signals were first grouped according to
amplitude classes. The most obvious advantage of performing computations on the
grouped data is the significant reduction in the computation speed. In the grouping
process, the amplitude scale was divided into classes of equal interval and the number of
times data values fall in each class was tallied. As such resultant grouped data (or

frequency distribution) is known as the amplitude distribution of the signal.

5.2.1 Variance Analysis

Dispersion can be defined as the degree of spread of observations about the mean.
This characteristic of the distribution can be measured by either the variance (second order
central moment, M2) or the standard deviation &, (the square root of variance).

In the last section time domain averaging was described. Time domain averaging
allows the extraction of periodic components which are always present in the signal. Other
components, which are not always present but occur at specific positions in a cycle, are
termed semi-periodic. These types of signal can be valuable in detecting faults such as
bearing defects, piston slap, etc.. The mathematical development of the variance method
can be found in references [22, 23] and examples of its use are presented in references

[139, 143]. The basic equations needed to perform this analysis are briefly described as

follows;
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m-=1

AV(X(:‘))=Y(¢')=%ZX(:‘) (5.1)

r=0
Z(i)=VAR(X (i) =(X()-Y{iN? (5.2}
where
m = the number of traces collected
i = an index for vector data points
r = the index of a particular race
X (i) = the ith component of a vector X
Y (i) = the average vector for all traces

Z (1) = the ith component of the variance vector

In these computations, the removal of the periodic function is accomplished and, by
squaring the result, the semi-periodic function information is exaggerated. This
exaggeration protects the semi-periodic information from being filtering out, while at the
same time noise components converge to a specific constant value over the whole
variance vector. Figure 5.5 siiows a typical variance of the vibration signals from a normal
engine during a hot test and the waterfall plots of the variance of each engine cycle, are

shown in Figure 5.6.

5.2.2 Measurement of Central Tendency and Asymmetry

Observations of the tendency to center or group themselves around a central value
and the peakedness of the distribution of the vibration signals were also observed.

However, no noticeable trend in data analyses was observed.
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5.3 Frequency Domain Analysis

The HP3561A FFT analyzer includes an anti-aliasing device that samples at 2.56 times
the highest frequency of interest and the resulting transformed data (frequency spectrum)
is represented by a set of 400 sampled values. Figure 5.7 shows a typical frequency
spectrum of a vibration signal when the engine is running at 2000 rpm. Even though the
engine is excited at all frequencies from 0 to 20 kHz and the measuring system response is
linear within the same range, in this research only components in the range from 0 to 5 kHz
were considered in the analysis. This is due to the fact that most mechanical components
in engines do not respond readily to frequencies greater than 5 kHz.

Figure 5.8 illustrates a typical frequency spectrum of the engine vibration signal with a
component defect, such as a reversed piston skirt taper. It was observed that, for different
engine defects, the amplitude of the frequency spectrum was different. Therefore, the

global peak value of the spectrum was chosen as one of the descriptors.
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CHAPTER 6.

RESULTS AND DISCUSSIONS

In this chapter, the experimental results of monitoring defective engine conditions with
the use of vibration, noise and cylinder pressure signals are presented. The modal analysis
of the engine block is dealt with at the beginning. This is followed by the results of the cold
and hot test of the engine with different parameters and different methods. Next, the ~
effects of the location of transducers to the corresponding amplitudes are discussed.
Finally, the determination of optimum parameters to monitor the defective engine condition

is also discussed.

6.1 Modal Analysis of an Engine

The vibration mode analysis of an automotive internal combustion engine block was
performed in order to achieve two objectives;

1) to study the dynamic response of the engine block and its components, and
2) to determine the proper mounting locations for the vibration iransducers.

Initially, 19 points on the oil pan rail surface of the engine assembly (Figure 6.%),
including proposed mounting locations of two accelerometers, were selected for ihe
frequency response function measurements. The dynamic behaviour of the oil pan rail
(Figure 6.2) at different resonance frequencies is depicted in Fignres 6.3 t0 6.8, The
corresponding frequency response functions for points #1 and #2 are shown in Figures
6.9 and 6.10.

By examining the dynamic behaviour of the oil pan rail in detail, it was observed that
the first mode of the engine block appeared at the fregrency of 46"0 Hertz with the nodal
points of the structure at locations #5 and #15 respectively (Figure 6.3). A second mode

of the structure appeared at a frequency of 730 Hertz with the nodal
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Mode: 1
Freq: 46@.32 Hz Damp: 1.48 %
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Figure 6.3 : First Mode Shape of 0il Pan Rail.

Mode: 2
Freq: 729.72 Hz Damp: .56 #4

Figure 6.4 : Second Mode Shape of Oil Pan Rail.
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Figure 6.5 : Third Mode Shape of 0il Pan Rail.

Mode: 4
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Figure 6.6 : Fourth Mode Shape of 0il Pan Rail.
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Figqure 6.7 : Fifth Mode Shape of 0il Pan Rail.
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Figure 6.8 : Sixth Mode Shape of 0il Pan Rail.
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points also at locations #5 and #15 (Figure 6.4). Finally, the sixth mode of vibration was
observed at the frequency of 1349 Hertz (Figures 6.8, 6.9 and 6.10).

In light of these results, points #9 and #18 were selected as the locations of the two
accelerometers in the cold test. This selection was made essential for sensing the highest

vibration response and avoiding the nodal points.

6.2 Effects of Data Processing

The effects of different signal processing methods for the defective engine monitoring
are discussed in this section. Initially, different data triggering methods are discussed
followed by an assessment of the different processing systems used. The results from
different methods are compared and finally, optimum procedures for this study are
discussed.

6.2.1 Effect of Triggering Methods

Time domain signals from an engine reflect the instantaneous moticn of the various
components. As the dynamic motion of the engine is cyclic (due to combustion
characteristics), the time domain signals need to be examined vycle by cycle. To achieve
this objective, the engine signals need to be acquired from a reference relative to the
angular position of the crankshaft. However, different triggering algorithms in the data
acquisition process may lead to different results in the analysis. To test this hypothesis,
two different triggering methods were used in the experiments and the results will be
compared in the following section.

Initially, data was captured when the acquisition system was triggered by TTL
(Transistor-Transistor Logic) signals which were generated by an induction voltage at the
#1 spark plug firing. The number of data points (for one engine cycle) was determined by
the time period per cycle and the data sampling rate, as follows:
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[Data points] = {sampling rate] * [period of one engine cycle].

Figure 6.11 shows the trace of a typical data set which was acquired by the use of
time locked triggering method. In this figure, the upper trace represents the time domain
engine signal while the lower trace represents a combination of the header signal and time
locked triggering signal. The data points for one cycle were set at 1024 points which was
determined by the sampling rate at a specified engine speed. However, when the engine
speed is varying, the 1024 data points do not exactly cover one engine cycle. Thus any
fluctuation in the speed of the engine causes difficulty in capturing exactly one cycle of
engine data. Figure 6.12 shows the variation of the engine vibration signals which were
captured by means of the Nicolet 440 Digital Data Acquisition System (System No. 2)
when the engine speed was controlled at 1500 rpm ( = 5 rpm). Although there are
fluctuations in the amplitude with the cycles, the location of the peaks is consistent at
approximately 390 degree of crank angle. However, when the engine speed was oscillated
between 1500 rpm to 1800 rpm, the locations of distinct peaks were scattered, as shown in
Figure 6.13.

Similar experiments were repeated with a different data acquisition system. Figure
6.14 shows a variance of the time domain vibration which was captured by the HP3561A
Dynamic Signal Analyzer (System No. 1) at 1500 =5 rpm while Figure 6.15 was acquired at
1500 to 1800 rpm. These results showed similar behaviour to that obtained by means of
the Nicolet 440 system..

To overcome the disadvantage of time locked triggering, position locked triggering
was employed to acquire the data. In this method, the signals for triggering the trace are
from the pulses generated from a custom designed encoder attached to the crankshaft.

For this set of tests, the results indicated that the location of the peak amplitudes is
consistent for both constant and varying engine speeds (Figure 6.16 and Figure 6.17).

After testing, the engine was disassembled for mechanical and visual inspections to
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identify the defective components.
After performing more than 100 engine tests using the position locked triggering
method, it was found that the results were repeatable and reliable. Thus, this method is

selected for the triggering mechanism for subsequent data collection.

6.2.2 Effect of Signal Processing

In this section, the effect of signal processing on the detection of faults is analyzed. In
the experiments, three different vibration data acquisition systems - HP3561 Dynamic
Signal Analyzer, Nicolet 440 Digital Signal Analyzer and the custom made 8 Channel Data
Acquisition System were employed. The data were evaluated to select the most effective
system to monitor the defective parts in engines.

Initially, the Hewlett Packard Dynamic Signal Analyzer was employed to capture the
vibration and noise signals. This system captures 1024 data points for each sweep and the
time and/or frequency records are compressed to 399 data points for display. Asan
illustration of the typical results of this method, the variance of the vibration signals versus
crank angle is plotted in Figures 6.18 and 6.19. It should be noted that the firing order of
the six cylinder engines used in this study was 1, 4, 2, 5, 3, 6. In these results, it was
observed that the distinct vibration amplitudes were originated from number 2 cylinder in
the engine. This distinct noise was identified as well by the experienced stethoscope
operator at number 2 cylinder.

There is a drawback with this system. As the data collection and processing were
carried out serially, there will be a gap in the recorded trace. This gap creates difficulty in
analyzing the data as illustrated below.

Figure 6.20 shows a sample result of variance of random vibration signals from a
customer returned engine. According to the average variance of the signal, as shown in
Figure 6.21, it is evident that there are certain occurrences of excessive vibration at every

120 degrees span. However, non-periodic random amplitudes are also observed in the
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waterfall plot due to the discontinuity in the measured vibration signals. A check with a
stethoscope indicated that the noise source was from piston number 6, and the audible
ticking noise was perceived at every piston pin reversal point. A subsequent engine
teardown analysis showed that the defect was an oversized ringland diameter of piston
number 6. Thus there is a possibility of misdiagnosis of the engine defect with this method
especially if the defect is associated with a random vibration. To overcome this problem, it
is necessary to use a system which is capable of capturing and storing time data
continuously.

Therefore, a custom designed eight channel data acquisition system was employed
to monitor the engine conditions. In this study, however, only six of the channels are used.

Vibration data was captured with the eight channel data acquisition system when the
engine was running at 2000 rpm.  All the transducers were calibrated before being
installed on the engine and the vibration signals for 64 revolutions of the engine were
monitored. The variations of the vibration signals were then analyzed and plotted as shown
in Figures 6.22 to 6.24. Distinct amplitudes of variation can be observed at the crank angle
of 385 degree, which is equivalent to the top dead center of piston number 5. In order to
assess the efficiency/ effectiveness of the defect detection method, the following are to be
considered:

a) the effect of location of transducers on the amplitude of variance and

b) consistency of the amplitudes of variance between engine cycles.

Considerable differences in amplitudes of variance exist, depending on the location of
transducers. As shown in Figures 6.22 to 6.24, the results from three channels exhibit
distinct amplitudes at the same location in each cycle. However, their magnitudes are
different depending on the location of transducers. Especially the amplitudes from channel
number 5, (with the transducer located on the defective cylinder), are considerably higher

than others. From these experiments, it is concluded
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that:

1) Multi channel data acquisition systems are required to compensate for the inconsistency
of amplitudes due to the location of the transducers.

2) An optimum engine speed for data acquisition has to be determined in order to achieve
the minimum data processing time and to compensate for the inconsistency of

amplitudes Letween cycles.

6.3 Cold Test of Engine

The vibration and noise of engines were monitored when driven at the specified
speeds of 250 and 420 rpm by an electric motor for both normal and defective engines.
Higher speeds were avoided to prevent possible damage of engine due to insufficient
lubrication,

To measure vibrati=, two accelerometers were mounted on the pan rail of the engine
block. The outputs were captured using a six channel data acquisition system through an
Allen-Bradly Portable Programming Terminal.

To measure noise, a Bruel and Kjaer Type 4150 microphone was used with the sound
level meter Type 2231.

In the data acquisition, reference vibration and noise signals were initially captured
from a normal engine whose components were within engineering specifications. The
vibration and noise signals from defective engines were then recorded from two
accelerometers or a microphione. The details of the measurement will be considered in the

next section

6.3.1 Vibration Measurements

Vibration signals from the engine which was driven by an electrical motor, were

acquired through two accelerometers. Data was obtained for a time period of 0.24

148



seconds which is equivalent in duration to 8 revolutions of the crankshaft when the engine
is running at 250 rpm. The number of data points was reduced to 1024 points per
revolution to minimize the data processing time. Experiments were repeated for 35 engines
with different defective characteristics. A position locked encoder signal, which was
modulated to generate 5 volts TTL signal at a particular location (10 degrees before TDC of
the piston) of the crankshaft, was used to trigger the data acquisition system to capture the
vibration signals. .

Figures 6.25 and 6.26 show composite vibration signals from a normal engine during
a cold test. It can be seen that the vibration response from a normal engine is low and
consistent. These measurements were compared to the vibration signals from engines
with missing or defective engine parts in piston #1. This was repeated for every piston in
the firing order sequence and for 35 engines. Figures 6.27 and 6.28 show the vibration
signals (of two different channels) from a defective engine during the cold test. A normal
engine has low and consistent amplitude distribution whereas the defects produce large
and distinct peaks.

In the experiment it was observed that the amplitudes of vibration are dependent
upon the location of the accelerometer as illustrated in Figures 6.27 and 6.28. Higher
engine speed also causes the vibration signal to increase as shown in Figures 6.29 and
6.30.

Once captured, the signals were analyzed by means of time domain averaging,

variance, and frequency analysis which will be discussed in the next section.

6.3.1.1 Time Domain Averaging and Variance Analysis of Vibration Signals

The averaging of vibration waveforms was performed for 15 engine cycles for a
normal engine. No significant differences were observed in signal amplitudes as shown in
Figure 6.31. However, for defective engines, distinct spikes appeared in the trace (Figure

6.32). These spikes correspond to the location of side force reversals in the
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piston.

Better results were obtained when the variance analysis was performed on the raw
signals. This is illustrated by the waterfall plot of variance of vibration signals for seven
engine cycles during a cold test of a defective engine (with the cap bearing of #1 piston
connecting rod 1=issing). Distinct amplitudes are present at TDC and BDC of #1 piston,
Because of the success, this test was repeated for different defective parts on different

pistons of the engine.

6.3.1.1.1 Detection of Missing Connecting Rod Bearings

With the test configuration discussed previously, the engine was operated with a
missing connecting rod bearing in piston #1. Measurements were then taken and the
process was repeated in turn for every piston of the engine with a missing bearing. Figure
6.32 shows a sample of a TDA signal from an engine with a missing rod bearing cap un #1
piston. The distinct peaks appeared at crank angles of 20 and 220 degrees which are
slightly off the TDC and BDC of the piston. Similar results were observed for engines with
different defects as shown in Figures 6.33 to 6.40. After reviewing these results, the
following conclusions are drawn;

1. the vibration levels measured for the normal engine are very low and consistent,
2. there are two vibration pulses per revolution for each missing bearing and
3. the puises occur over a finite period which is relatively short in duration.

A summary matrix of performance factors was devised to indicate the feasibility of this
vibration measurement procedure for detection of any cefective engine components. Table
6.1 shows a sample matrix of obtained results when the engine was running with one
missing connecting rod bearing cap on each piston in tura and on four engines. It can be

seen that all of the faults were detected satisfactorily with this
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procedure. Table 6.2 shows the same level of success when the engine speed is increased
to 420 rpm. Although higher speed produces better result, low speed is preferred so as to
avoid damaging crankshaft when a rod bearing is missing. For the case where the

connecting rod bearing is missing, Table 6.3, similar results were obtained.

Engine ;c;erometer #1 Accelerometer #2 ]
Number Piston # Piston #
1 2 3 4 5 6 1 2 3 4 5 6
1 ST | SB ST— ST |ST | S S | SB | ST | ST | ST —S_—
2 S S |ST|ST| S S |SB| S S S S S
| 3 ST | S |ST|ST|ST|SB|ST|SB |ST | ST | ST
“ 4 S S |ST|ST|ST{SB|SB|{SB | ST |ST}|ST

Note:

1. S = satisfied fault detection at both TDC and BDC.
2. ST = satisfied fault detection only at TDC.,

3. SB = satisfied fault detection only at BDC,

4. US = unsatisfied fault deteciion.

5. F == failure of fault detection.

Table 6.1 : Performance Matrix of Engine Fault Detecting Experiments -Engine Speed
250 rpm with Rod Bearing Cap Missing
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| =Engine Accelerometer #1 Accelerometer #2
Number Piston # Piston #
1 2 3 4 5 6 l 2 3 4 5 6
1 S|SB | S S |SB| S S |SBST|[ST ST | S 1
2 SB| S |SB| S S S S S S S S | 8T
3 S |SB|S |[ST|ST|SB| S ‘ SB|ST| S |[ST; S
4 S |ST{ S |[ST|ST|SB|ST|SB| S S | SB | ST
S— ST SRR B Se— |
Note:

1. § = satisfied fault detection at both TDC and BDC.

2. ST = satisfied fault detection only at TDC.
3. SB = satisfied fault detection only at BDC,
4. US = unsatisfied fault detection.

5. F = failure of fault detection.

Table 6.2 : Performance Matrix of Engine Fault Detecting Experiments -Engine Speed
420 rpm with Rod Bearing Cap Missing
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Engine Accelerometer #1 Accelerometer #2
Number Piston # Piston #
1 2 3 4 5 6 1 2 3 4 5 6
n 1 ST |SB|ST|ST | ST |SB|ST|SB (ST | S S | SB
" 2 s|s|s|s|s|sB|s|sB]s|s|s]|s|
3 ST | S S S S S S S S S S| S
4 S |ST}{ST|ST|ST| S S S ST |SB | ST | S
Note:

1. § = satisfied fault detection at both TDC and BDC.

2. ST = satisfied fault detection only at TDC.

3. SB = satisfied fault detection only at BDC.

4, US = unsatisfied fault detection.

5. F = failure of fault detection.

Table 6.3 : Performance Matrix of Engine Fault Detecting Experiments -Engine Speed

420 rpm with Rod Bearing Missing

6.3.1.1.2 Detection of Miscellaneous Defective Components

The same procedure outlined in section 6.3.1.1 was repeated for an engine with

different defective components. The results summarized in Table 6.4 indicate the feasibility

of using this method to detect a missing rod bearing cap, a missing rod bearing, and loose

connecting rod nuts. However, the remaining of the defective conditions, i.e., mismatched

bearing cap, missing main bearing and unbalanced crankshaft, were not detected

consistently.
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Defective Engine Components Location of Defective Part
Piston #
1 2 3 4 5 6

[ — = . — L T S

Rod bearing cap missing S S S S S S

Rod bearing missing S S 5 S S S
'* Loosen connecting rod nuts ) S S S S| §

Reversed rod bearing cap US | US| US| US| US| US

Mismatched bearing cap US | US| US| US| US| US
' Missing main bearing US | US| US |US|US | us
!

LIUnbalanced crankshaft F

Note:
1. § = satisfied fault detection.
2. US = detection with inconsistency

3. F = failure to detection.

Table 6.4 : Performance Matrix of Defective Engine Test Utilizing Vibration Measurements.

6.3.1.2 Frequency Analysis of the Noise Signals

To determine the frequency characteristics of noise signals from defective engines,

noise signals were first obtained from a normal engine, whose components were

thoroughly inspected. The signal characteristics were then examined. This was followed

by an equivalent evaluation of the noise signals from a defective engine with a missing cap

rod bearing. Figure 6.41 shows a typical time domain noise signal
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and the frequency spectrum from a normal engine while the corresponding results of the
defective engine are shown in Figure 6.42. By comparing these, it was observed that there
was no distinct differences in amplitudes of the spectra that would allow us to discern the

defective engine from a normal engine.

6.3.2 Noise Measurements

Noise measurements were also carried out during engine running in the cold test -
stand utilizing a sound level meter. The same set of engine defective conditions were also
used in the noise measurements.

Two different sizes of microphones, 1/2 inch and 1/4 inch diameters, were used to
monitor the noise signals from the engine. It was found that the noise measurements using
1/2 inch microphone gave a larger amplitude and less noise than the 1/4 inch microphone.
Therefore, the 1/2 inch diameter microphone was employed for subsequent noise
measurements,

To ensure the feasibility of noise measurement as one of the monitoring methods of
defective engines, noise and vibration signals were captured simultaneously. Figures 6.43
and 6.44 show the variance of tae vibration signal, while Figures 6.45 and 6.46 depict that
of the noise signal. As shown in these figures, for defective engines, both noise and
vibration analyses portray similar characteristics in terms of amplitude distributions of the
variances.

Experiments were repeated for the different defective engine components and also
for defects at different locations. The results from the testing of 25 engines indicated that
the noise measurements showed the same characteristics as the vibration measurements.

As shown in Table 6.5, missing rod bearing, missing rod bearing cap and loose connecting
rod nuts were entirely detected with the measurements of engine noise during cold engine
motoring while reversed rod bearing caps, mismatched bearing caps and missing main

bearings are partially detected.
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rr Defective Engine Components Location of Defective Part
Piston #
1 2 3 4 5 6
Fm
Rod bearing cap missing S S S S S S
Rod bearing missing S S S S S S
Loosen connecting rod nuts S S S S S| S
Rever:ed rod bearing cap US | US| US| US| US| US
Mismatched bearing cap US | US| US| US| US j US
Missing main bearing US| US| US | US| US| US
Unbalanced crankshaft F F F F F F
Note:

1. § ==satisfied fault detection.
2. US =detection with inconsistency

3. F =failure to detection.

Table 6.5 : Performance Matrix of Defective En

Measurements.

6.4 Hot Test of Engine

A variety of engines, normal or with different defective conditions were tested at the

gine Test Utilizing Noise

dynamometer laboratory. Vibration, sound, and cylinder pressure of the engines wers

measured. The induced TTL signal from #1 spark plug wire or PIP (Profile Ignition Pickup)

signal from the elec.conic engine control system was used as an external triggering signal

to start the signal sweep at the same crank angie, i.e. 10 degrees before top dead center of
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the piston. Teardown analysis of the engines was subsequently performed by dimensional
and visual inspection of the engine components. Correlations were made between the
processed signal characteristics of each pistons and their dimensional characteristics.

These will be discussed in the following sections.

6.4.1 Vibration Measurements

Vibration signals from more than 250 engines were monitored utilizing different data
acquisition systems at engine speeds of 1500 to 2000 rpm. Operating conditions of the
engine, i.e., engine speed, inlet and outlet engine coolant temperatures and applied load to
the engine, were monitored and controlled. The acquired vibration signals were analyzed

in terms of variance, time domain averaging and running variance.

6.4.1.1 Variance and Time Domain Averaging Analysis

The vibration signal (in the time domain) from a defective engine (Figures 6.48) can
nc 'w be compared to that from a normal engine (Figure 6.47). There are differences, but it
1s difficult to distinguish the difference which is attributed to the defective conditions. To
improve this , a new method of signal analysis was used. In this method, the time domain
averaging was first performed for 15 engine cycles of vibration signal and no significant
differences were observed in six group of amplitudes as illustrated in Figure 6.48. The time
domain average signal was then subtracted from the composite (raw) signal. Distinct
pseudo-random signals were found which were observed to correspond to the location of
the side force reversals in the piston, as shown in Figure 6.49. Similar results were found in
the variance of the signal plot of the same engine (Figure 6.50). However, the peaks in this

case are more pronounced than in the previous case.
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Figures 6.51 shows a waterfail plot of the variance of signals, from a defective engine
(customer complaint). Distinct amplitudes of variance are also observed at piston #1. A
remark can be made here that the signature introduced by the defect in the piston, while
being repetitive, is not truly periodic. This is clearly illustrated by observing Figures 6.47
and 6.48 which are relatively similar. From the results, it can be concluded that the
variance function (Figure 6.51) clearly shows the effects of defective conditions and can
certainly be used for diagnostic purposes.

Similar experiments were repeated for more than 250 engines. The amplitudes of
variance were observed and then they were related to the defective components in the
cylinder. To confirm the cause of the high magnitude vibration level, engine teardown

analysis was later performed.

6.4.1.2 Frequency Analysis of Vibration Signals

The objective here is to determine the feasibility of using frequency analysis for
detecting engine faults. In the frequency analysis, vibrations were first monitored from a
defective engine which had a reversed skirt taper piston in cylinder #5. The defective
piston was then replaced by a good (within specifications) piston and vibration signals
were recorded from the same engine. Figure 6.52 shows a typical time domain vibration
signal from the defective engine while that from a normal engine is shown in Figure 6.53.
Frequency characteristics of both signals were analyzed. In the frequelncy spectrum of the
defective engine, as shown in Figure 6.54, distinct amplitudes are observed in the
frequency range of 2700 to 3500 Hz. However, these distinct amplitudes are not visible in
the frequency spectrum of a normal engine as illustrated Figure 6.55. Repeatable results
were observed in additional experiments, as shown in Figure 6.56 and 6.57.

The results from this method are promising, however, the reliability of this method in

on-line defective engine monitoring is questionable because of some exceptions.
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Figure 6.58 shows a running variance of the vibration signal from a defective engine
which has oversized ringland in piston #6. The corresponding frequency spectrum is
shown in Figure 6.60. These are compared to the time and frequency domain signal from a
normal engine as illustrated in Figures 6.59 and 6.61 respectively. No significant

differences in the frequency spectra were observed which indicates that the deteciion of a

fault is not effective.

6.4.2 Engine Teardown Analysis

After vibration, sound and pressure measurements were accomplished, the
dimensional characteristics of the engine components - piston taper, piston skirt to ringland
concentricity, piston to cylinder bore clearance and piston ringland diameters - were
measured, as shown in Table 6.6. Further measurements such as piston skirt ovality, skirt
profile were also performed. These were then compared to the analyzed vibration signals

and ccrrelations were made.

6.4.2.1 Effect of Piston Skirt Off-set with Respect to Ringland

As described earlier in the experimental details of a teardown analysis, the piston
ringland offset with respect to the piston skirt was measured in two directions. For the sign
convention of the readout in A-C axis, the negative sign represents the (piston ringland)
offset to the major thrust side while the positive sign represents that of the minor thrust
side. The amplitudes of vibration signals from 35 engines, in terms of variance, were
plotted against the measured piston skirt offset in the A-C axis (See Figure 4.19 for
iliustration).

As shown in Figure 6,62, the variance in the signal is high when the offset is less than
-0.2 mm . As the offset in the thrust direction approaches -0.100 mm, the variance is

consistently low. Thus it can be concluded that the piston ringland offset to the
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minor thrust side is not the major cause of high level vibration signals. The offset to the
major thrust side, however, is the main contributor to piston noise and vibration.

The offset in question (0.100 mm) is within the current blue-print specifications of the
production piston. Steps were immediately taken to retarget the machining operation so as
to reduce the off-set as much as possible. The target zone for the machining operaticn is
shown in Figure 6.63. As illustrated in this figure, all of the engine noise complaints
resulting from high levels of vibration are concentrated outside the target zone which clearly
indicates that this zone is effective in eliminating piston noise caused by concentricity of the
piston skirt to ringland.

Further attempts were made to correlate vibration signals to the component
dimensions obtained in the engine teardown analysis (such as piston skirt taper, piston
ringland diameters and piston to cylinder bore clearance). The results obtained from a
study of more than 50 customer return engines indicate that as long as all these
characteristics are within specifications (whether at the minimum or maximum), the piston

does not generate vibration and noise levels that are objectionable to the customers.

6.5 Feasibility of Vibration Analysis Method in On-Line Monitoring

According to the statistics of one engine manufacturer, missing or misassembled
components during assembly, and customer engine noise complaints are the major
roadblocks in achieving higher productivity and customer satisfaction. Thus, it is important
to find effective ways to detect these defects. In this section, the feasibility of vibration
analysis in defective engine monitoring is discussed. It is mainly focused on the results of
the cold test of engines as being one solution to the problem of releasing defective engines

to the final assembly process and finally to the customer.
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6.5.1 The Use of Preliminary Threshold Level of Vibration Variance

The determination of the threshold level to detect a d=fective engine in the cold test
will be discussed in this section. An Analysis of the vibration signals obtained from engines
indicates the following characteristics:

1. There are two vibration pulses per revolution during the cold test when the defective
condition is a missing bearing, as shown in Figures 6.64 and 6.65.

2. The generated vibration pulses are a combination of signals from two cylinders which
have the same piston movement (with respect to the top dead center of the pistons).

The matching cylinder pairs are as follows: cylinders 1 & 5, 2 & 6, 3 & 4. It is assumed
that the output amplitudes from matching cylinders during the cold test are similar.

3. The acquired vibration amplitudes from normal engines are very low compared to those
that from defective ones. This facilitates the signal processing of the vibration from
defective engines.

4. There is a discontinuity or fluctuation in the vibration amplitudes between the cycles, as
shown in Figures 6.66 and 6.67.

5. There are differences in amplitudes of vibration signals from two accelerometers.

6. The duration of the signal peak (which can be attributed to the defective part) is
relatively short compared to the engine cycle (see Figure 6.66).

From the above considerations, it is possible to divide the one revolution of the
engine into a number of intervals {(or windows) of equal spacings. Su;:h a window would
contain only a set of variance peaks which is attributed to a specific engine defect. In this
study, on an engine revolution is divided into 6 identical windows as shown in Figure 6.65
and Table 6.7, Now, the next task is to determine the threshold level.

The initial threshold level for rejecting defective engines was set up using the average

variance value of 15 defective engines (e.g. with missing rod bearings). The

184



W EmeractCwl il 1okeD

wl w2l w3 wid wh whb

|
|

- .0

=% .0~

-9 +0

8.0 $0.0 120 . & zva .0 oL .8

199,90
Angla in Degras

Figure 6.64 : Accelerometer #1 Raw Vibration Data for
Defective Engine (#2 Rod Bearing Omitted)

2 EmtreceimiiialoRn;

wl wl w3 wi w5 wb

3

-2 .0

e

g .0

-8.0 "

.0 40.90 120.06 T4 .0 3c0.0

148.0
Angie in Dayren

Figure 6.65 : Accelerometer #2 Raw Vibration Data for
Defective Engine (#2 Rod Bearing Omitted)

185



LA LI Ea) 2

122

[T 1- X% B

e .8

wl

w4

i

1R0. 0

LE LY
anpie in Dap

L LY
-

204.0

Figure 6.66 :

Accelerometer #1 Vibration Running Variance

for Defective Engine (#2 Rod Bearing Omitted)

NEL -.=£!‘||$'|.I|.l03
wl w2 wi s
i09.90 -
b4
%
-
n
<
-
® se.0+
x
6.0 == = =
.0 t0.0 120.:0 100.0 2N .8 108 .0 380.8
Angia in Dapraa

Figure 6.67 :

Accelerometer #2 Vibration Running Variance

for Defective Engine (#2 Rod Bearing Omitted)

i8e6




operating threshold value was defined as the minimum value of the vibration measured at
different locations on the engine with a missing rod bearing. These values were then
adjusted by trial and error until no defective engine was passed. A typical result of this

monitoring method is shown in Table 6.8.

POSITION

LOCATION WINDOW
0°- 60° 1
61°- 120° 2
121°- 180° 3
181°-240° 4
241°- 300° 5
301°- 360° 6

Table 6.7 : Positicn Windows Associated with Crank Angle.
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Possible Location Window No.
of faults Where Signal is Greater Than
(piston #) Threshold Level
1&5 1and 4
2&6 2and 5
3&4 3and 6
4&3 3and 6
5&1 1and 4
6&2 2and 5

Table 6.8 : Possible Results of Missing Connecting Rod Bearing

In this table, row 1 for example, if the measured vibration signal is greater than
threshold level in window no. 1 and 4, then it is possible that the defect is either at piston
#1 or #5.

Reliable and consistent results are being obtained using the above algorithm for

identifying missing rod bearing on the cold test.

6.5.2 Implementation of Production Cold Test Stand

The vibration measurements were taken when the partiaily assembled engine is first
driven at 250 rpm (low speed) and then 420 rpm ¢high speed). Threshold variance
amplitudes of the rejected defective engines were determined by a trial and error method.
This was achieved by sending selected defective engines to the system, exercising the
reject procedure and applying different threshold variance amplitudes. Experiments were
repeated until the system achieved 100 percent success in rejecting defective engines.

When the vibration (variance) exceeds a target limit of 0.25 g (equivalent to 100 units)
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at low speed, the engine is rejected without going through the 420 rpm (high speed) test
cycle thus eliminating the possibility of damaging the engine. The limit for the high speed
testis 0.71 g* (equivalent to 300 units).

Typical frequency distributions of the variance data for both accelerometers 1 and 2
at low and high speeds are illustrated in Figure 6.68 to Figure 6.71. The percentage of
rejects due to high vibration at the high speed test ranges from 0.04 to 0.34%. Fora daily
production of 2000 engines, that translates to, from 1 to 7 engines per day.

The percentage of rejects due to high vibration at the low speed test ranges from
0.21 to 0.29 which translates to, from 4 to 6 engines per day.

For practical reasons, the limits for the threshold were set based on approximately
120,000 engines tested without having an incident of abnormal engine passing the vibration
test. The rejected engines are moved to the reject bay area where they are repaired and

then sent to be retested.

6.6 Dynamometer Test

From the results of the vibration signal analysis and the related teardown
investigation, it is evident that the piston ringland offset with respect to skirt has a major role
in generating high amplitude vibration signals. In other words, vibration analysis, in terms
of variance analysis, is one of the very effective methods for identifying and isolating
defective engine components during the combustion process. To verify the feasibility of
this method, vibration was measured after swapping or replacing the noisy piston of a
customer-complaint engine.

Figure 6.72 shows typical vibration signals from a noisy engine in terms of variance.
Distinct vibration amplitudes are observed from piston #5 as indicated by the location of
the maximum amplitude in the vicinity of the firing of cylinder #5.

After the vibration signals were monitored, a teardown analysis was performed and
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dimensional characteristics of piston and cylinder #5 were investigated. As shown in Table
6.9, the maximum piston skirt offset in the negative direction was observed at piston #5.

Piston #5 was then swapped with piston #6 and the vibration was measured at the
original engine operating conditions. As it can be seen from Figure 6.73, the distinct
vibration from piston #5 disappeared and new peaks exist at the location of piston #6
firing.

Additional verifying experiments were carried out by replacing the noisy piston with a
new piston. When the vibration was then measured at the same engine operating
conditions, it was practically eliminated, as shown in Figure 6.74. These experiments were
repeated for three more engines after swapping and replacing the fauity pistons.

Conclusive results were consistently obtained.

6.7 Sound Pressure and Sound Intensity Analysis of Engine

The feasibility of using sound pressure and sound intensity measurements to detect

defective engines is discussed in this section.

6.7.1 Sound Pressure and Sound Intensity Mapping

A sound intensity mapping was performed on an engine with a faulty piston #6 and
the results are shown in Figure 6.75 for the left hand side and in Figure 6.76 for the right
hand side of the engine. These figures illustrate (a) the sound intensity data mapping, (b)
the mapping of equal intensity contours and (c) the 3-Dimensional plot of the intensity.
Figure 6.77 shews the main frequency components of the same engine.

The results (Figures 6.75 and 6,76) indicate that the highest intensity level occurs
between cylinder number 5 and cylinder number 6. Thus it is concluded that the

approximate physical location of the engine noise source can be determined. However,
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it is not possible to determine the exact defective component or the exact time / location
(within the cycle) when it occurs. Therefore this method was not considered for use in the

monitoring procedure,

6.7.2 Gated Sound Intensity Analysis

The gated sound intensity technique is used for analyzing repetitive non-stationary
signals in different applications. The sound intensity from a source is measured using a
two-microphone sound intensity probe. The detailed explanation of the technigue is found
in Appendix G. In this study, gated sound intensity measurements were performed in an
attempt to locate and define the noise source of a defective engine that was analyzed in the
previous section by sound intensity mapping.

Figures 6.78 to 6.83 are the noise intensity plots from one point in space about two
inches from the wall of the cylinders, from cylinder number one to six respectively. The
three axes in the 3 dimensional plot are the frequency axis, the sound intensity level axis
and the crank angle of engine rotation from 0 degrees to 720 degrees. The engine was
running at 1500 rpm and at 100 Nm of torque.

It is shown in these previous figures that this method of analysis can approximately
identify the frequency of occurrence of the noise as well as the approximate crank angle.
However these results cannot distinctly differentiate the normal versus the abnormal

cylinders.

6.8 Cylinder Pressure Measurement

One of the main difficulties in measuring vibration and noise is to differentiate the
noise and vibration signals which are generated by the normal engine from those produced
by combustion knocks. To investigate the mechanical defects in engines by measurement

of vibration and noise, it is essential to eliminate the combustion knocking
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phenomenon.

According to Groschel [165], the astonishingly high sensitivity of the human ear for
detecting knock cannot be achieved by electronic means, because of the complicated
signal processing capability of the ear. Therefore, most of the engine knocking
occurrences were detected by experienced operators. These results were confirmed by
measurement of the cylinder pressure which enabled these engines to be excluded from
the process of identification of engine defects by means of vibration signature analysis. .

Figure 6.84 shows a typical cylinder pressure signal which was measured by the PCB
type 112A pressure transducer from a normal engine. However, distinct patterns of
pressure signals are observed when the pressure was measured for the knocking engine,
as shown in Figure 6.85 and its waterfall running variance plots are shown in Figure 6.86.
Similar results were obtained by Groschel and Douaud (165) as illustrated in Figures 6.87
and 6.88.

The observed knocking signal patterns in this study were similar to the previous
researches so that, measurement of the cylinder pressure was used for identifying
combustion knocking engines. This process was used to ensure that the engine vibration
obtained from all operating engines, is mainly due to imperfections in the manufacturing

and assembly processes.
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CHAPTER 7.

CONCLUSIONS

The following conclusions have been reached after examining the results of this

study.

1.

The vibration signature analysis techniques, in terms of time domain averaging and
variance analysis, provide sufficient data for the development of a program for

identifying and isolating manufacturing and assembly defects in engines.

. A noise analysis during the motoring of an engine also indicates reliable results in

monitoring missing components. However, the problem of maintenance of
microphones in hostile manufacturing environments makes this method impractical.

Hence, accelerometers are used in this application.

. The selection of a proper triggering method in monitoring vibration, noise and pressure

signals is critical. The position locked TTL triggering signal provided satisfactory data
acquisition. This avoids signal drift due to varying engine speeds in all experiments.
The variance analysis of vibration signals can be used to identify the location of
defective components in the engine. Using this method, almost 75 percent of teardown
analysis time is saved in finding defective components in customer returned engines
due to noise. The offset of piston ringland with respect to skirt is found to be a major
contributor of engine noise generation. However, there is no evidence that the piston
skirt taper, piston to bore clearance are the cause of major noise generation.

Engines with defects caused by manufacturing and assembly processes can be
identified in terms of their frequency components. However, a large number of engines
with special defects cannot be detected by using this method. Hence the reliability and
consistency of this method does not warrant application to on-line engine signal
monitoring and diagnostics.

Successful results in identifying and isolating defective engines have been obtained for
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thousands of engine assemblies in an on-line engine monitoring system.

Based on this study, two systems were launched simultaneously in the engine
manufacturing facility. One system was successfully implemented in June, 1992 for
on-line monitoring and diagnosing of partially completed engines with a capability of
testing 3000 engines daily. The second system was launched in May of 1992 for
diagnosing warranty field-returned engines and evaluating the noise and vibration
characteristics of engines before and after design changes. The projected annual cost
saving is estimated to exceed 500,000 dollars. This is derived from the reduction in the
number of defective engines going to the final phase of assembly or to the customer, a
reduction in time required for diagnosing faults, and finally providing design and testing

tools for development work.

7.1 Contributions

1.

The major contributions of this research can be summarized as follows:
A unique automated engine test and diagnostics system was developed for rapid
detection and diagnosis of various manufacturing and assembly defects, resulting in
increased productivity and quality, and reduced manufacturing cost.
A new eight channel data acquisition system for the evaluation of noise and vibration
characteristics and component development testing was designed and implemented in
the dynamometer laboratory of an engine manufacturing plant.
A new approach in engine noise and vibration data reduction and interpretation was
also proposed. This approach has been successfully applied in determination of the

root cause of engine noise and in engine component development work.
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CHAPTER 8.

RECOMMENDATIONS

The following recommendations represent enhancements of the present work as well
as of future research, with emphasis on the successful implementation of complicated

online engine monitoring and diagnostic systems.

1. Further investigations have to be carried out using a laser velocimeter as a
non-contact transducer.

2. The currently available diagnosing programs using the acoustic intensity method
need to be improved for use in locating noise sources in the engine.

3. The development of a more advanced engine dynamic signal monitoring and
diagnostic system capable of identifying, isolating and rejecting multiple defects in
completely assembled engines, has to be immediately established. This work is
currently under way in one of the engine manufacturing facilities and its expected
date of completion is May of 1993.

4. Application of the already developed systems is to be extended to the diagnosing
of engine noise in the vehicle. This enhances the capability of the automotive

mechanics involved in the diagnosis of a vehicle.
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APPENDIX A

A. A SUMMARY CHART OF THE BIBLIOGRAPHY OF ENGINE
NOISE AND VIBRATION
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APPENDIX B

B. FLOW CHARTS OF THE COLD TEST STAND IN THE DEVELOPMENT STAGE
AS WELL AS THE CURRENT OPERATING PRODUCTION TEST STAND
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FLOW CHART OF DEVELOPMENT B-TEST STAND
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FLOW CHART OF THE OPERATING PRODUCTION TEST STAND
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APPENDIX C

C. COMPUTER PROGRAMS LISTING FOR SYSTEM NO. 1
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DATA ACQUISITION PROGRAM FOR SYSTEM NO. 1
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The computer code Listed below is the data acquistion program written for the HP300 workstation and
the HP3581A analyzer., The code is very analyzer specific and therefore only a brief explanation of what
each section of the code does will be of any value.

This first section of code intializes variables to a d+fault condition and initializes commications
between the snatyzer and the computer. The variables which are defeulted in the section tell the analyz>r
how much data to sample, when to sample and where to store the resulting data.

1 CONTROL CRT,21;1

10 OPTION BASE 1

20 DEG

21 OUTPUT 2 USING "#,-K";CHR$(255),CHRS(7D)

30 COM INTEGER Max_rec_size,Type_flag, Tinum

40 COM Mes$[80},Tiave$[1),ASL15),AnswS[1),Filthy${1],AutosngiS[1] ,AsrootS$(15])
50 COM REAL Rec_rum,Span,Cutoff, Stort,Rpm,Trv,Plug,Cal_fact, Fil_del

60 COM INTEGER Rge,Act,Autosngl_st,Autosngl_end

61 OM ERROR RECOVER Errr

70 ASSIGN GP1 TO "TRIGPARAM

80 ENTER

3P1, 1;A3; Tiave$;Answs;Rec_num; Span; FilthyS;Cutoff;Start;Rpm;Rge: Trv;Act;Plug;Cal_fact;Tinum;Fil_del ~
%0 ASSIGN @aP1 TO *

N OFF ERROR

100 ASSIGK &Anz TO 711 ICREATE AN 1/0 PATH TO THE HP

101 AutosnglS=iNw

102  Autosngl_st=1

103  Autosngl_end=1

104  Asroot$=nn

The following is the main menu and controls the execution of the program. The menu allows access to
subroutines to change default acquisition settings and also is the gateway to the actual acquisition portion
of the program. After completion o! any acquisiti ns or parsmeter change the program returns to this
gection and waits for any further actions.

110 varisble: !

120 CONTROL 1,13;25

130 Menfl=1

140 ON KEY (1) LABEL “MENU1",12 GOSUB Merwl

150 ON KEY (2) LABEL “MENU2", 12 GOSUB Menu2

160 OM KEY (3) LABEL “TESTMENU",12 GOSUB Mainmern:
170  ON KEY (4) LABEL “CHANGE PARAM" 12 GOSU™ Par:+v
180 ON KEY (5) LABEL “SAVE PARAM", 12 GOSUB Sapar
190 CONTROL 2,2;1

200 WHILE Wilber<»1

210  IF Menfl=1 THEN

220 GOSUB Menul

230  Menfl=0

240 END IF

250  IF Menfl=2 THEN

260  GOSUB Menu?2

270 Menfl=0

280 END IF
290  END WHILE
300 Param: !

311G INPUT “WUMBER OF PARAMETER YOU WISH TO CHANGE",Sel$
320  SELECT Sel$

330 CASE "1
340  INPUT “ENTER NEW MASS STORAGE SPECIFIER",AS
350 Meg$="v
360  CASE “2v

370 INPUT “DO YOU WANT A TIME AVERAGE",Yieve$
380 IF Tiave$="Y" THEN Start=0

390  AnswS=MNv

400 Mess='»

410  CASE w3»

420  INPUT “HOW MANY TIME AVERAGES",Timm
430  Mess=im

440  CASE »4»

450  INPUT “DD YOU WANT FREE RUN DATA"™, Answ$
460  MesS=wn

470  IF TiaveSz"Y" AND AnswS<>"N" THEN

4B0  AnswS=UNn

4901 MesSz"CAN'T TIME AVERAGE AND FREE RUN AT THE SAME TIMEY
500 END IF

510  CASE "5»

520  IF AnswS="N" THEN

530  Mes$t="NOT AN ACTIVE VARIABLE (FREE RUN 1S OFF)"
540 ELSE

550  INPUT “HOW MANY RECORDS PER FREE RUN", Rec_num

240



560 Mes$=tu

570 END IF

580  CASE w&"

590  INPUT "ARE YOU USING A FILTER",Filthys
600 Ness=llll

610  CASE w7»

620 INPUT *ENTER THE CUT OFF FREQUENCY FOR THE LOW PASS FILTER®,Cutoff
630 Mes$="»

640 CASE "8
650  INPUT “ENTER THE ANALYZER FREQUENCY SPAN",Span
660  Mes$=hn
670  CASE wom

680 IF Tiave$S="Y" OR AnswSa"N" THEN
690  MesS="CAN NOT SET START FREQ UNLESS TN FREE RUN MCODE"

700  ELSE

710 1IKPUT "WHAT 13 THE STATING FREQUENCY",Start
720 MesS=uv

730 END IF

740  CASE wiQw

750 INPUT "WHAT 1S THE ENGINE RPM",Rpm

760  less=un

770 CASE v1n

780  INPUT MTHE SETTLED ANALYZER RANGE" Rge
781 Act=(Trv/(10°(Rye/20)3I%100)

782  IF ABS{Act)>140 THEN

783 Actz=SGN(Act)*140

786 END IF

787 Act .INT(Act)
790 Hesg=wn

800  CAsE "i2v

810  INPUT "THE TRIGGER VOLTAGE",Trv
812 Act=(Trv/(10°(Rge/20))*100)

813 IF ABS(Act)>140 THEN

814  Act=SGN(Act)*140

815 END IF

817 Act=INT(Act)
820  Mess=w»

830 CASE W13v

861 Act=(Trv/(10"{Rpe/20))*100)

842 1F ABS(Act)>140 THEN

843 AcCt=SGN{Act)*140

844 END IF

846  Act=INT(Act)

850  PRINT TABXY(S,14);neww*< [HEORETICALLY THE TRIGGER PERCENTAGE SHOULD BEY;Act:
850 INPUT “WHAT PERCENTAGE TO TRIGGER AMALZER™, Act

870  MesS$="n

880 CASE Il1{.ll

890 INPUT “WHAT IS THE EMGINE (BTDC) IN (DEGREES)",Plug
900  Mes$=wv

218 CASE MS»

920  INPUT "WHAT ARE THE VOLTS PER UNIT OF THE TRANSDUCER",Cal_fact
930  Mes$=um

931  CASE "6"
932  INPUT "WHAT IS THE FILTER CAUSED DELAY", Fil_del
933 Mes$='m

934  CASE mi7v

935 INPUT “DO YOU WANT AUTO_SINGLE FUNCTIONS™,Autosngl$
935 1F Autosngl$="Y" THEN

937  Tiave$S=WN»

$38  AnswS="\N¥

939  INPUT “WHAT 1S THE ROOT NAME", Asroot$

941 INPUT “WHAT IS THE START NUMBER", Autosngl_st
942  INPUT YUHAT IS THE END NUMBER", Autosngl_end
943 END IF

945  Mess=tm

946  END SELECT

950  Sel=VAL(Sel$)

950  SELECT Sel

970 CASE 1 TO 10

980 Menfl=i

990  CASE 1% T0 17

1000 Menfl=2

1010 END SELECT

1020 RETURN

1030 Menul:!

1040 OUTPUT 2 USING "4, -K";CHR${255)ECHRS(75)
1050 FOR 1=2 TO 11

1060 PRINT TABXY(1,1);%*":VALS(]-1);
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1070 NEXT !

1080 PRINT TABXY(S,2);"MASS STORAGE 15: ";AS;

1090 PRINT TABXY(5,3):™DO YOU WANT TO AVERAGE TIME DATA: “:Tiave$;
1100 PRINT TABXY(S5,4);“HOW MANY TIME AVERAGES: ";Tinum;

1110 PRINT TABXY(S5,5);"DO YOU WANT FREE-RUN DATA: “:AnswS;

1120 PRINT TABXY(5,6);"No. OF RECORDS OF FREE RUN: “;Rec_num;
1130 PRINT TABXY(S,7);"FILTER PRESENT: "“;Filthy$;

1140 PRINT VABXY(5,8):“CUTOFF FREQUENCY (LP): *;Cutoff;

1150 PRINT TABXY(5,9);"FRECUENCY SPAN: *;Span;

1160 PRINT TABXY(S5,10);"FREQUECNY START: *;Start;

1170 PRINT TABXY(S,11);“ENGINE RPM: “;Rpm;

1180 PRINT TABXY(5,17);Mes$;

1190 PRINT TABXNY(5,18);“SELECT APPROPRIATE SOFTKEYY;

1200 RETURN

1210 Menu2: |

1220 OUTPUT 2 USING “A,-K“;CHRS(255ECHRS(7S)

1230 FOR I=12 TO 8

1240 PRINT TABXY(1,1-10);n*n-yALS(I-1)

1250 NEXT | R
1260 PRINT TABXY(5,2);"SETTLED ANALYZER RANGE: “;Rge;

1270 PRINT TABXY(5,3);"TRIGGER VOLTAGE: “;Trv;

1280 PRINT TABXY(S5,4);"PERCENTAGE OF RANGE TO TRIGGER: M;Act;
1290 PRINT TABXY(5,5);"BEFORE TOP DEAD CENTER (DEG): "“;Plug;

1300 PRINT TABXY(5,6):"THE VOLTS PER UNIT ARE: “;Cal_fact;

1301 PRINT TABXY(S5,7):"THE FILYER DELAY IS: “;Fil_del;

1310 PRINT TABXY(5,17);MesS;

1320 PRINT TABXY(S,1B);“SECLECT APPROPRIATE SOFTKEY";

1321 PRINT TABXY(S,8);"AUTOSINGLE “;Autosngl$;v,";Autosngl_st;",";Autosngl_end;", ";Asroot$
1330 RETURN

1340 Sapar:!}

1350 PURGE “TRIGPARA"

1360 CREATE BDAT “TRIGPARA"M,1,120

1370 ASSIGN P1 TO “TRIGPARAY

1380 OQUTPUT

aP1, 1;A8; TiaveS;Answs;Rec_num; Span; Filthy$;Cutoff;Start;Rpm;Rge; Trv;Act;Plug;Cal_fact;Tinum;Fil_del
1390 ASSIGN &P1 TO *

1400 RETURN

1410 Mainmenu:!

1420 !CONTROL 2,2;0 --- REMEMBER TO IHCLUDE THIS AFTER THE START
1430 CALL Measurement{aAnz)

1440 CONTROL 2,2;1

1450 GOSUB Menul

1460 RETURN

1461 Errr:t

1462 1F ERRL(70)=1 OR ERRL(80)=1 THER
1463 RESET 7

1466 GOTO ¢

1468 END IF

1469 RETURN

1470 END

This portion of the program is the actual data acquisition control code. The snalyzer is given
commands through this routine and acquires data under the restrictions imposed on it by the data acquisition
parameters. Typical use is to trigger on some event and acquire 50 complete engine cycles of data,
1480 SUB Measurement(@Anz)

1490 1THIS PROGRAM READS DATYA FROM THE -HP-35&61A

1500 |ITHE HP MUST BE IN TIME CAPTURE MODE. UP TO 40

1510 JRECORDS ,OR B2910 BYTES (2048 BYTES PER RECORD-PLUS 350 BYTE HEADER)
1520 I1CAN BE READ.

1530 1

1540 JALL HP DATA CONTAINS A DATA HEADER. IN TIME CAPTURE MODE, THE HEADER
1550 1S SENT IN THE FIRST 350 BYTES OF THE TRANSFER. THIS PROGRAM REMOVES
15?0 1THE HEADER AND RETURNS THE CALIBRATED TIME DATA.

1570 1|

1580 OPTION BASE 1

1590 DEG

1600 ASSIGN @Fast TO BUFFER [82910]; FORMAT OFF

1610 COM INTEGER Max_rec_size,Type_flag,Tinum

1620 COM Mes$[B0),Tiave$[1),AS(15],AnswS[1],FilthyS[1],Autosngl$(1],AsrootS[15]
1630 COM REAL Rec_num,Span,Cutoff,Start,Rpm,Trv,Plug,Cal_fact,Fil_del

1640 COM INTEGER Rge,Act,Autosngl_st,Autosngl_end

1650 ICREATE AN 1/0 PATHE TO A 82270 BYTE BUFFER

1660 1350 DATA BYTE HEADER PLUS 2048 TIMES 40 RECORDS

1670 ?TRANSFER IS IN BINARY FORM

1680 ON ERROR GOTO 1710

1690 1F AS=" ¥ TKEN GOTO 1750

1700 MASS STORAGE IS AS

1710 IF ERRN=52 THEN

1720 OFF ERROR
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1730 GOTQ 1660

17640 END IF

1750 PRINT ERRNS

1760 REAL Start_t,Stop_t,X,Rec_size

1770 INTEGER Tag f!eld(175)

1780 INTEGER Rew_data(101,2048)

1790 INTEGER Range,aan9(101)

1810 DIM Cal_fact$(15)

1820 ON KEY 1 LABEL “GET DATA",13 GOSUB Getit
1840 ON KEY 3 LABEL "RETURN™,13 GOSUS Rtn
1850 OUTPUT 2 USING "#, -K"'CHRSQSS),CHRS(?‘S)
1860 DISP vPlCK APPROPRIATE SOFT KET™

1870 CONTROL 2,2;1

1880 WHILE Bunk<»?

1890 END WHILE

1900 Getit:!

1910 TiaveS=tyn

1920 GOSUB Tiaverage

1922 TiaveS=nye

1923 Autosngl$=ryn

1925 GOSUB Auto_sngl

1930 Autosngl$="N"

1940 DISP “FINISHED COLLECTING DATA®
1941 GOSUB Store_data

1950 RETURN

21206 Rtn: |

2130 ASSIGN @Fast TO *

2131 GCLEAR

2140 SUBEXIT

A L E L LR LT LT LT PR T PP PP

g:% How_many: IDETERMINES HOMW MANY RECORDS ARE TO BE TRANSFERRED
femmtmmcnceeacieiciacieeseisesecsesssassccacmtomreemessmmssascataeeannn.

2180 PRINT CHR$(12)

2190 INPUT "HOW MANY RECORDS TO TRANSFER?",Rec_size

2191 IFf TiaveS=“N" AND Answ$=U“K" THEN RESET &Fast

2220 RETURN

2230 l=--mmeeesmseceecveccsiicmmecccacascessasaseaas wemtsesesesmmmacieanans
2240 Read_data: IREADS DATA FROM HP TO SUFFER. TAKES 0,15 SECONDS
2250 IPER RECORD PLUS .13 SECONDS

2260 hemm s mn e e e e e

2270 IF Tiflag=1 THEK

2280 CONTROL afast,5;1

2290 END IF

2300 OUTPUT @Anz;"DTBB"  ISEND DUMP-TIME-BUFFER-COMMAND
2310 TRANSFER @Anz TO @Fast;COUNT 350

2320 FOR I=1 TO Rec_size

2330  DISP “READING RECORD NUMBER:",!l

2340  TRANSFER @Anz TO @Fast;COUNT 2048,WALT

2350 NEXT 1

2360 RETURN

2370 pemnmea- i Lt h L L L LT T PPy
2380 Read_tag: 1GET RANGEA,SPAN,START AND STOP TIMES, BASEBAND OATA, AND
2390 tBUFFER SIZE FRG! DATA HEADER

2400 DISP “READING HEADER®

24104

2420 CONTROL aFast,5:1 IMOVE BUFFER POINT READER TO BYTE OME OF HEADER
2630 ENTER @Fast;Tag_field(™)

2440 CONTROL aFast 5 15 IMOVER BUFFER POINTER TO BYTE 15 AMD READ SPAN

2450 ENTER QFast; Span

2460 CONTROL aFast 5:31

2470 ENTER &Fast; Stnrt t

2480 COMTROL @Fast,5;379

2490 ENTER @Fast; Stop t

2500 CONTROL aFast,S;S'l

2510 ENTER @Fast USING "#,8%:Baseband $READS BASEBAND/ZOOM STATUS
2520 CONTROL @Fest,5;9

2530 ENTER aFast-Nax rec_size | READS BUFFER SIZE

2540 CONTROL aFast 5;35

2550 ENTER &Fast; Range IREADS RANGE

2560 RETURN

25701 - - -ommmecmccmmne e icniaacaaaas R TR L E T TP
2580 Convert_data: IREAD INYEGERS FROM BUFFER CONVERT TO REAL VOLTS
25901 - - === Teensrananccemaaoas R RRGEE T LR LT L LR PP PR

2600 DISP “CONVERTING DATAV

2610 Factor=(4/3)*10.0"((Range+4.812)/20.0)/32768/Cal_fact
2620 Reg 5=351

2630 CONTROL @Fast,5;Reg 5

2640 ENTER aFast; Slime('
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2650
2656
2650
2670
2990
299
3000
0o
n20
3030
3040
3050
3080
3070
3080
3090
3100
e
3120
3130
3140
3150
3160
L3
3180
310
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3540
3570
3580
3590
3600
3610
3620
3630

3650

3670
3680
3690
3700
3no

MAT Rew_data(Rn,*)= Slime
Rang{Rn)=Range
RETURH
' ----------------------------------------------------------------
Anal_set: |
I ................................................................
IF Tiave$=vyn THEN GOTO 3070
IF Answ$a“Y" THEN
GS$aVALS(Rec_num)
ActScHn
Type_flag=1
GOTO 3520
END IF
IF Filthy$="Y® THEN
SELECT Cutoff
CASE .01 YO 11.9
HE=BMG"
FSaVALSCINT (Cutoff*100))
CASE .1 TO 119
“s-ll"1lt
FSaVALS(INT(Cutoff*10)}
CASE 100 70 1190
m,unzu
FSaVALSCINT(Cutoff))
CASE 1000 TO 11900
"s.llnsll
FSaVALS(INT(Cutoff/10))
CASE 10000 TO 110000
[ L TAL
FS=VALS{ INT(Cutoff/100))
END SELECT
IF LEN(F$)<4 THEN
wobs4-LENC(FS)
FOR Fi=1 TO Rbb
FS= O &FS
MEXT Fi
END IF
FiltS=vFuRFEIMS
SEND 7;MTA LISTEN 7 DATA “R%,13
FiltS=VCBUEF i L tSEGATEMI QUL 06"
SEND 7;MTA LISTEN 7 DATA Filts,13
SEND 7;MTA LISTEN 7 DATA “L", 13
END IF
BS=VALS(Span)
1F AnswS<>"Y" THEN
Start=0
END IF
B2$=VALS(Start)
B1$=VALS(Span/2+Start)
OUTPUT @Anz;“CFYEB1SEVHZY
OUTPUT SANZ;"SFMEBZS$EHHZY
QUTPUT aAnz;“SP"EBSA“HZ"
PRINT “THEREFORE THERE WILL BE";720%(2.56%Span/(6*Rpm));" SAMP/CYC®
Total_time=120/Rpm
Rec_num=INT(2.56*Span*Total_time/1024)+1
GB=VALS$(Rec_num)
ActS=VALS(Act)
PlugS=VALS(Plug/(6*Rpm)+Fil_del)
PRINT " AT THIS TIME CALIBRATE THE TRANSDUCER™
LOCAL @Anz
DISP “PRESS CONTINUE WHEN FINISHED™
PAUSE
IF Answs="Y% THEN
OUTPUT &Anz;“UDVU;*
END IF
OUTPUT Anz;“TRIG"
OUTPUT @Anz;"TRGR"
OUTPUT @Anz;“EXT"
IF Answ$="Y" THEN OUTPUT @Anz;"TRFR"
IF Tiflage»1 THEN OUTPUT @Anz;"TRMAY
OUTPUT SAnz;“TLPRVEACtSEVPLTH
QUTPUT @An2;“DELY ON *
QUTPUT @Anz;“DLY“EM+4LP | ugSsHSELH
OUTPUT 8Anz;"TBUF"
QUTPUT RAnZ;“TBST OMSEC"
OUTPUT &Anz;“TBPI1100PCT"
OUTPUT SAnz;“TBHR“EGSL"RECY
IF Tiflage1 THEN GOTO 3770
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3720 PRINT ™ ARM TRIGGER (IF 2 CYCLE DATA) WHEN READY »
3730 CUTPUT aAnz;“"SCAPY
3740 LOCAL RAnz
3750 PRINT MH1T CONTINUE WHEK FINISHED DATA COLLECTIONY
3760 PAUSE
3770 RETURN

This portion of the program stores the data in a Standard Data Format is first stores header
information in a header file which includes scaling facters for the raw data which is stored in binary
format. It includes snalyzer setting which are siso used to help reconstruct the data into resl rumbers.
It also stores the actusl data in a 16 bit binary fermat engine cylce by engine cycle. 1t then stores in o
third file text which describes the test and problems which may have occured.

3780 Store_data:!
3a00 INPUT “WHAT NAME DO YOU WANT",Name$

3804 CREATE BDAT “HT*&Neme$,1,512

3820 CREATE BDAT “HZ2"&Name$,Fr+1,Rec_num*2048
3830 CREATE BDAT “H1»LName$,1,1024

3840 DIM Text${1:5)[84]

3850 FOR 1=1 7O 5 .
3850 PRINT “ENTER TEXT STRING NUMBER™;}

3870 LINPUT Text$(l)

33BN Tlen=LEN{Text$(1})

3872 Text$(1)aText$(I)ERPTS(" 4, (B4-TLlen))

3880 NEXT I

3883 ASSIGN 3P3 TO “HT“ENameS; FORMAT OFF

3900 ASSIGN aP2 TO “H2v&Name$:FORMAT OFF

3?10 ASSIGN 8P1 YO "HI“&Name$S;FORMAT OFF

3920 QUTPUT aP1,1;Tag_field(*);Total_time;Rpm;Span; Start;Rec_num; Type_flag,Cal_fact;Rang(*)
3921 FOR 1=1 TO Fn+1

3930 MAT Slime= Raw_data(l,*)

3940 OUTPUT @P2,1;STime(")

3950 NEXT 1

4090 OUTPUT aP3,1;TextS(*)

4110 ASSIGN SP3 1O *

4120 ASSIGN &P2 TO *

4130 ASSIGN 3¢1 TO *

4140 DISP YFINISHED STORING DATAY

4150 RETURN

L R T
4161 Tiaverage:!

4162 l-==svmncnnans “emsesssccascessssanas O ERLEEELELLEELL L

4163 DIM Tiaverage(10240), Tempaver (10240}, Tiaverage2({ 10240}
4164 INTEGER Tiaveragel1(¢10240),Fn,$Lime¢10240)
4165 INPUT “HOM MANY FILES BESIDES THE AVG DO YOU WANT™,Fn
4166 REDIM Reng(Fr1)

4168 Tiflag=1

4169 Maxf=-10000

4170 GOSUB Anal_set

4171 Rec_size=Rec_num

4172 REDIM Slime(Rec_num*1024)

4174 REDIM Tiaverage(Rec_num*1024)

4175 REDIM Tiaveragel(Rec_num*{024)

4176 REDIM Tempaver(Rec_nt=n*35024,

4177 REDIM Tiaversga2(Rec_rum*1024)

4178 REDIM Raw_data(Fr+1,Rec_num~i6243

4180 QUTPUT @Anz;“CRCN OFF"

4181 OUTPUT 8Anz;“PSRQ ON ™

4182 FOR 1jki=1 TO Tinum

4183 CONTROL @Fast,3;1

4184 OUTPUT @Anz;"TRMA"

4185 OUTPUT @Anz;"SCAP®

4186 OUTPUT @Anz;"MARMM

4187 B=0

4188 REPEAT

4189 A=SPOLL(@Anz)

4190 B=BIT(A,0)

4191 UNTIL B=1

4192 GOSUB Read_data

4193 GOSUB Read_tag

4194 1F Range>Maxf THEN Maxf=Range

4195 Factors(4/3)*10° ((Range+4.817)/20)/32768/Cal_fact
4196 Reg_5=351

4197 CONTROL @Fast,5;Reg 5

4198 ENTER aFast;Tiaveragei(*)

4199 MAT Tempaver= Tiaverage

4200 MAT Tiaverage2= Tiaveragel*(Factor/Tinum)
4201 MAT Tiaveragez Tempaver+Tiaverage?

4202 16GOSUB Tim plot
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4203 PRIKT I jki

4204 MEXT 1jki

4205 OUTFUT aAnz;"CRCN OWY

4206 GOSUB Tim_plot

4207 PAUSE

4208 OUTPUT 2 USING “#, -K";CHRS(255),CHR$(7S)
4209 Range=Maxf

4210 Factor=(4/3)*10" ((Range+4.B17)/20)/32768/Cal_fact
4211 MAT Tiaveragel= Tiaverage*(1/Factor)
4212 MAT Raw_data(1,*)= Tiaverag2l

4218 Rang{1)=Range

4219 RETURN

4650 Tim_plot:i

4660 DIM Mexv(200),Winv{200)

4670 Total_ptgs2.56*Span*Total_time

4680 OUTPUT 2 USING “¥,K";CHRS(255)ECHRS(75)
4690 GCLEAR

4700 GINLT

4710 ALPHA OFF

4720 GRAPHICS ON

4730 ALPHA OM

4740 VIEWPORT 25,125,28,98
4750 FRAME

4750 Y_maxsMAX(Tiaverage(*))
4770 Y_min=NIN(Tiaverage(®))
4780 Maxv(ljki)=Y_max

4790 Minv(Ijki)=Y_min

4800 WINDOW O,Total_pts,Y_min,Y_max
4810 LINE TYPE 4

4820 GRID Total_pts/12,0,0,Y_min
4830 LINE TYPE

4840 MOVE 0,Y_min

4850 FOR 1jkl=1 TO Rec_num“1024
4860 IF 1jkl>Total_pts THEN GOTO 4850
4870 DRAW ! jkl,Tiaverage(ljkl)
4880 NEXT Ijkl

4890 CSIZE 3,.6

4900 MOVE 0,Y_max

4910 CLIP OFF

4920 Lab%=VALS(DROUND(Y_max,5))
4930 LORG 8

4940 LABEL Lab$

4950 NOVE 0,Y_min

4950 CLIP OFF

4970 Labs=VALS(DROUND(Y min,5))
4980 LORG 8

4990 LABEL Labs

5000 FOR I=0 TO 12

5010 LabS=VAL$(S0*1)

5020 MOVE [*Total_pts/12,Y_min
5030 LORG &

5040 CLIP OFF

5050 LABEL USING "“¥,K";Lab$
5060 WEXT |

5070 RETURN

5080 Plim:!

5090 GCLEAR

$100 GINIT

5110 ALPHA OFF

5120 GRAPHICS OM

5130 ALPHA ON

5140 VIEWPORT 20,133,28,98
5150 FRAME

5160 Y_maxsMAX (Maxv(*))

S170 Y_min=MIN(Minv(*))

5180 WINDOW O,Tinum,Y_min,Y_max
5190 LINE TYPE 1

5200 MOVE 0,0

5210 FOR 1jkl=1 TO Tinum

5220 DRAW 1jkl,Maxv{Ijkl)

5230 NEXT 1jkl

5240 MOVE 0,0

5250 FOR 1jkl=1 TO Tirum

5260 DRAMW 1 jkl Minv(ljkt)

5270 MEXT 1jkl

5280 MOVE 0,Y_max/2

5290 RETURN

5300 1---=-e-mmememmamaeianaaa e e srmresermann emmmm—aan
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5310 Auto_sngl:!

b R i LT TP P LT
5331 OQUTPUT 2 USING “#,K";CHRS(255),CHRS(TS)
5332 INTEGER Asi,Rn

5342 Tiflag=t

5349 Rec_size=Rec_num

5355 OUTPUT &Anz;"PSRQ ON ™
5356 FOR Asi=1 TO Fn

5357 Rn=Asi+t

5359 PRINT Asi

5350 CONTROL SFast,3;?

5361 QUTPUT SAnz;"TRMA"
5362 OUTPUT SAnz;"SCAPY
5363 OUTPUT @ANZ;“'MARM"
5364 8=0

5365 REPEAT

5366 A=SPOLL(@AnI)

5367 B=BIT(A,0D}

5368 UNTIL B=1

5369 GOSUB Read data

5370 GOSUB Read_tag

5371 GOSUB Convert_data
5378 MEXT Asi

5380 CONTROL 2,2;1

5381 Tiflag=0

5387 RETURN

5397 SUBEND
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DATA ANALYSIS PROGRAM FOR SYSTEM NO. 1
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Data analysis techniques were developed by use of a user-interactive program on the KP300
workstation, The program code for this program is listed and commented below,

The following module is the main menu. Its functions are:
1) determine which type of analysis will be applied to acquired data

2) send control of the program to the subroutine which handles the type of analyzis the user has
requested

3) after analysis is completed regains control of the pr—ogrun to allow the user to enter another
analysis technique or to plot results to a graphic device

10 | DATA ANALYSIS PROGRAM

20 !

30 OPTION BASE O

40 COM /A/ R(4095,1),T(4095,1),Rb(4095),File$(20],5pan

50 COM /B/ INTEGER

Ra(4095),1,4,K,Rc, Tag_field(1:175), Type_flag,Stime(4095),Range, Nu, Tot_pts,Rn,Rang(1:26)1
60 COM ICI IRTEGER Rnu(ZO&T 100),REAL Fact(100), INTEGER Varflag,FnS
70 ON KEY 1 LABEL “FFT®, 10 GOSUH FitF

80 ON KEY 2 LABEL “VARIANCE",W GOSU8 variancel

90 ON KEY 3 LABEL "HILBM,10 GOSUB HilbV

100 ON KEY &4 LABEL "PLOT",10 GOSUB PLt

110 OMN KEY 5 LABEL "DUMPG™,10 GOSUB Dumpgr

120 REPEAT

130  UNTIL 2zz=1.234"

140 Ffr: |

150 GUTPUT 2 USING "W, -K";CHRS(255),CHR$(75)
160 CALL Fft(0)

170 DISP YFINISHED FFT®

180 RETURN

190 variance:l

200 OUTPUT 2 USING “#,-K";CHR$(255),CHRS(TS)
210 CALL Variance

220 DISP YFINISKED VARIANCE"

230 RETURN I

240 Hilbs!

250 OUTPUT 2 USING &, ~-Ku:CHRS(255),CHRS(75))
260 CALL Hitb

270 DISP YFINISHED HILB"™

280 RETURN

290 Plt:1R

300 OUTPUT 2 USING "#,-K";CHR$(255),CRRS(75)
310 CALL PLt(1)I

320 DISP YFINISHED FLOT®

330 RETURN I

340 Dumpg: U

350 CALL Dumug

360 RETURN m

370 END

Subroutine COLLDATA is used by all data analysis subroutines to read data which has been stored in a
standard format to disk. The subroutine can either read one time trace of data at a time or input many
traces for variance analysis calculations.

380 1

390 suB Colldata

400 !

410 OPTION BASE O

420 ON ERROR RECOVER Err

430 COM /A7 RC4095,1),T(4095,1),Rb(4095},Fi le$[20] ,Span

440 COM /B/ HITEGER Ra(4095) I, J K,Rec,Tag_field(1: 175) Tyre_flag,Slime{4095),Range,Nu, Tot_pts,Rn,Reng(1:26)
450 COM /C/ INTEGER Rau(ZO&? 100) REAI. Fac:t(100} IRTEGER ‘J’arflay,Fn
4L60 DISP "COLLECTING DATA"

470 ASSIGN @P1 YO "HI“&File$S

4B0 ASSIGN aP2 TO “H2"&File$

490 ENTER

@@1,1;Tag_field(*);Total_time;Rpm;Span;Start;Rec_num; Type_flag;Cal_fact ,Rang(*)
500 Factur-(loﬂ)ﬂﬂ ((Rang(1)+4.812)/20)/32768/Cal_fact

510 Tot_pts=INT(Total_time*2.56*Span+.5)

520 N_int=INT(Tot_pts/1024)+15

530 Pow_2=INT(LOG(Tot ts)lLOG(ZH*‘I

S40 KusTHT{2 INT(Pow_2+.5)=.5)

550 IF varflag=1 THEN GOSUB Varcol

551 INTEGER Lengh

553 STATUS aP2,4;Lengh

554 REDIM Slime(Q:Lengh/2-1)
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555 REDIM R(O:Lengh/2-1,1)
560 ENTER &P2,Rn;Slime(*))

570 MAT R(*,0)= Slime

580 MAT R= R*{Factor)

590 FOR IaTot_pts TO Wu-1)

400 R{1,0)=R(1-Tor_pts,0))

610 REXT 1

620 ASSIGN aP1 TO *

4630 ASSIGN P2 TO *

640 SUBEXIT

450 varcol:!

660 FOR 1=1 TO Fn

670 Fact(1-1)=(4/3Y*10" ((Rang(1)+4.812)/20)/32768/Cal_fact

680 ENTER aP2,l;:Slime(*)

690 MAT Raw(®,[-1)= Slime

700 KEXT 1

710 ASSIGH &PY TO *

720 ASSIGN SP2 TO *

730 SUBEXIT i
740 Err:!

750 PRINT ERRMS

760 IF ERRL(470)=1 OR ERRL{4BD)=1 THEN

770 DISP MERROR:EITHER WRONG FILE NAME OR INSERT ANOTHER DISKY

780 PAUSEY
790 DISp v
800 GOTO 460
810 END IF
820 SUBEND

Subrountine REORDER is an element to conducting an FFT it reorders the time data such that the
resutting frequency information from the Fast Fourier Transform is in proper order.

a3 1__
840 SUB Reordr
850 1
860 OPTION BASE U_

870 COM /A7 RC4095,1),T(4095,1),Rb(4095),File$£20],Span_

880 COM /B/ INTEGER Ra(4095),1,4,K,Rc,Tag_field(1:175), Tyre_flag,Slime(4095),Range,Nu, Tot_pts,Rn,RangC1:26)6
870 DISP “REORDERING DATA®

900 MAT Ra= Ra™(0)

910 Const=INT(LOG(NUI/LOG(2)+.5)

920 FOR I=1 TO Const

930 Velus=2°1

940 valul=Nu/Valun

950 Va2 (I-1)

960 FOR K=1 TO Valu/2/

970 IF X MO0 2=0 THEN

980 Inc=1M

990 ELSE

1000 Inc=0

1010 END IFD

1020 Aaa={K-1)*Valul

1030 Aaaa=Inc*va

1040 FOR J=0 TO {Valul-1)(

1050 Ra{Aas+J)zRa(Aaa+l)+Aaan.

1060 NEXT J+

1070 HEXT K+

1080 KEXT 1+

1090 AasNu-1

1100 FoR 1=D 7O Nu/2-1

1110 7(1,0)=R¢Ra{l1),0)

1120 T(As-1,0)=R(Aa-Ra{l),0)

1130 1¢1,1)=R(Ra(1), 1)

1140 T(Aa-1,1)=R(Aa-Ra{l),1)

1150 MEXT I

1160 SUBEND

Subrountine Fort(Sign) is the Fast Fourier Transform. The Sign veriable determines if the transform
is to frequency or time domain.

VARIABLES
Sign* INTEGER
if equal to 1 transforms to frequency domain
if equal to -1 fransfroms to time domain
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1170)

1180 SUB Fort(Sign)
11904
1200 OPTION BASE O

1210 COM A/ R(4095,1),7(4095,1) ,Rb(4095),FileS[20],Spon

1220 COM /R/ INTEGER Ra(40%5),1,4,K,Rc,Tag_fietd(1:175),Type_flag,S1ime(4095),Range,Xu, Tot_pts,Rn,Rang(1:26)
1230 DISP "TAKING FFT®

1240 Re=INT(LOGINuU)/LOG(2)+.5)

1250 P2=-Sign*2*P1/Nu0

1260 FOR K=1 TO Rc

1270 st=2"K1

1280 N1=2°(Rc-K)

1290 Wr=p2*Ni-

1300 Wi=Nu/(2 (Re+1-K))(

1310 FOR J=0 TO Nu/St-1¢

1320 WwzJ*St

1330 Www=bwtii

1340 FOR 1=0 TO 2°¢K-1)-1)

1350 Ang=Wr*IT

1360 N2zuWw+l :
1370 N3=zlwwt1T

1380 EaT(N3,0)*COSCANg)-T(N3,1)*SIN(ANg)

1390 F=aT(N3,1)*COS(ANg)+T(N3,0)*SIN(ANg)

1400 T(N3,0)=T{N2,0)-E

1410 T(N3, 1)=T{K2,1)-F

1420 T{N2,0)=T{N2,0)+E

1430 T{N2,1)=T{N2,1)+F

1440 NEXT 1)

1450 REXT J)

1460 KEXT K)

1470 IF Sign=1 THEN MAT T= T*(2/Nu)(

1480 SUBEND

Subrountime Timeweight is a windowing program designed for use with the Fast Fourier Transform. When
this subrountine is called each element of a time trace is multiplied by a weighting factor. These
weighting factors force the time data to appear periodic typically by forcing the first and last data point
to be zero. This improves the accuracy of the Fast Fourier Transform.

1490 1

1500 SUB Timeweight(Arg)

1510 ) _ _

1520 COM /A/ R(&DY5,1),T1(4095,1},RD(4095),F1les [201,5pan

1530 COM /B/ INTEGER Ra(4095),1,J,K,Rc,Tag_field(1:175),Type_flag,Slime(4095),Range, Nu,Tot_pts,Rn,Rang{1:26)
1540 | ARG IS SAVED LATER FOR SELECTION OF OTHER TIMEWEIGHTING METHODS
1550 DISP "DOING TIME WEIGHT™

1560 Rasio=2*P1/Tot_ptsE

1570 FOR 1=0 TO Tot_pts-1G

1580 R(1,0)=R(1,0)*1.0012*(1-COS(Rasio*1))

1590 NEXT 1=

1600 IF Nu<>Tot_pts THEN *

1610 Rasio=2*"P1/(Nu-Tot_pts)

1620 FOR I=Tot_pts TO Ku-1

1630 R(1,0)=R(I,0)*1.0012*(1-COS{Rasio*(]1-Tot_pts)))

1640 NEXT |

1650 END IF

1660 SUBEND

Subroutine Fft is the control program for conducting Fast Fourfer Transforms. The Subroutine
determines through variable <Auto> if the program will FFT all data or specific data. !f » specific time
trace is to be transformed then the subrountine asks for the filename and record position of the time trace.

1670 !

1680 SUB Fft(Auto)

1690 |

1700 COM /A7 R(&095,1},104095,1),RB(%095),F11e$(201,5pan
1710 COM /B/ INTEGER Ra(4095),1,J,K,Rc,Tag field(1:175),Type_flag,S|ime(4095),Range,Nu, Tot_pts Rn,Rang(1:26)
1720 IF Auto<>1 THEN

1730 INPUT “WHICH FILE DD YOU WISH AN FFT OF? ", File$
1740 INPUT "WHICH RECORD DO YOU MWANT ?",Rn

1750 END IF"

1760 CALL Colldata

1770 CALL Timeweight(1)

1780 CALL Reordr

1790 CALL Fort(1)

1800 SUBEND

The Hilb subrontine is an anlysis similar to the FFT except that is generates and energy envelope of
the data.
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1810
1820 sus Hilb_
1830 1§ _
1840 cOM /A7 R(4095,1),7(4095,1),Rb(4095),File3[20],Span

1850 cOM /B/ INTEGER Ra(4095),1,d,K,Rc,Tag_field(1:173), Type_flag,Slime(4095),Range, Hu, Tot_pts,Rn, Rang(1:26)
1B5S DIM Var{1623,1),Avg(1023,1),Avg1(1023,1), Tmp( 1023, 1)y

1840 INPUT YMHAT FILE DO YOU WISH AN EHVELOPE STUDY COF“,File$f

1870 INPUT “WHAT 1S5 THE RECORD NUMBER' RnL

1874 REDIM R(1023,1)

1875 REDIM T(¢1023,1)

1876 CALL Colldata

1883 CALL Reordr

1884 CALL Fart(1)a

1890 MAT Rz T*(2)a

1900 R(0,0)=R{0,0}/2

1910 FOR 1=Ku/2 TO Nu-1

1920 R¢1,0)=0/

1930 R(1,1)=0/

1940 NEXT 1= )

1950 CALL Reordr

1960 CALL Fort{-1)

1970 MAT R= R*{0))

1980 FOR I=1 YO Nu-1

1990 R(I,0)=SQRETCI,0)*TCT,00+TC1, 1)*T(I, 1)

2000 NEXT 1=

2009 GOTO 2080 l--«-=--=-

2010 CALL PLt(1)

2020 CALL Reordr

2030 CALL Fort{1)

2040 FOR 1=0 TQ 2

2050 1(1,0)=7

2060 T(1,1)=7

2070 NEXT |

2080 SUBEND

The variance subroutine calculates the variance from a stored data file. Each time trace from the
data file is read into an array and variance is calculated from this technique.

2090 !
2100 SUB Variance
2110 1
2120 COM /A/ R(4095,1),T(4095,7) ,Rb(4095),File$[20],Span

2130 CoM /B/ INTEGER Ra(4095),1,J,K,Rc, Tag field(1:175),Type_flag,Slime(4095),Range, Ku, Tot_pts,kn, Rang({1:26)
2140 DIM Var{4095),Avg(4095) ,Avgl1(4095)

2150 COM /C/ INTEGER Raw(2047,100),REAL Fact{100),INTEGER Varflag,Fn

2160 varflag=1

2170 INTEGER M,St,1i,Lengh

2180 INPUT "WHAT IS THE FILENAME",File$S

2190 ASSIGN aP1 TO "H2YEFileSA

2200 STATUS @P1,3;Fn

2210 STATUS 8P1,4;Lengh&

2220 ASSIGN aP1 TO *

2230 Lengh=INT{Lengh/2+.5)

2240 REDIM Slime({Lengh-1),Ral{lengh-1)e

2250 REDIM R(Lengh-1,1),T{Lengh-1,1),Rb(Lengh-1),var(Lengh-1),Avg(Lengh-1)

2260 REDIM Avgi{Lengh-1)

2270 REDIM Raw{Lengh-1,fn-1)

2280 PRINT Lengh

2250 CALL Colldata

2300 DISP “CALCULATING VARIANCE™

2310 MAT Avg=z Raw(*,0)

2320 MAT Avg= Avg*(Fact(0))A

2330 FOR I1i=0 TO Fn-2c

2340 RAT Var= Raw(*,li+1))

2341 MAT Varz var*(Fact(li+1))

2342 MAT Var= Var-Avgc

2343 MAT var= Var . Var(

2344 MAT Var= Var*{1/(1i+1))

2345 MAT Avgl= Avgi™(Ii/{li+1))

2346 MAT Avgiz Avglsvar/

2600 NEXT 11

2440 Varflag=0

2450 MAT R(*,0)= Avgl

2460 SUBEND

The ptt subroutine will pltot the results of the various analysis subroutines allowing the user if
necessary to rescale the output.
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2470 ¥

2480 SUB Plt(Sel)_

2490 ! _

2500 COM A/ R(4095,1),T(4095,1),RD(4095),File${20],Span
2510 COM /B/ INTEGER Ra(4095),l,J,K,Rc,Tag_field(1:175),Type_flag,slime(ﬂG?S),Range,Nu,Tot_pts.nn,nanc(l:26)
2520 DIM PLt{4095,1)

2530 INPUT "PLOT TIME SEQUENCE CR SPECTRUM (T/S)",Test$s,
2540 N=KuT

2550 Summ=Q%

2560 IF Test$=vsh THEN E

2570 N=Nu/2-1=

2580 MAT Plt= PLY*(0)N

25%0 FOR 1=0 TO N*

2600 PLE(Y, 0)=SQRCTCT,00*TCI,00+TCL, 1I*TCL, 1))

2610 Summ=SQR{Summ " 2+PLt(l,0)"2)

2620 NEXT 1Q

2630 ELSE

2640 IF Sel=1 THEN N=Tot_pts

2630 MAT Plt= PLE*CO)T

2660 MAT Plt= RL )
2670 FOR 1=0 TO R*

2680 Summ=SQR{Summ 2+PLt{1,0)"2)

2690 Linsum=Linsum+Plt(1,030

2700 NEXT 1=

2710 END IFs

2720 Ymax=NAX(PLE("))t

2730 Ymin=MINCPLL(™) )t

2740 INPUT "DO YOU WART TO SCALE THE GRAPH",Sca$

2750 IF Sca$="Y" THEN

2760 INPUT “MAX VALUE",Ymax$

2770 INPUT "MIN VALUE™,YminS

2780 END IFM

2790 OUTPUT 2 USING "#,-KY;CHR$(255),CHRS(75)c

2800 GRAPHICS OFFN

2810 GCLEARC

2820 ALPHA OFF

2830 ALPHA ONF

2840 GRAPHICS ON

2850 VIEWPORT 20,125,38,90

2860 WINDOW Q,M,Ymin,Ymax0

2870 LINE TYPE &

2880 IF Test$="T" THEN GRID N/12,(Ymax-Ymin)/10,0,Ymin
2890 IF Test$=""S" THEN GRID N/10,(Ymax-Ymin)/10,0,Ymin
2900 LINE TYPE &

2910 FRAME

2920 IF Ymin<0 THEN

2930 Move 0,00

2940 DRAW H,00

2950 END IF,

2960 MOVE 0,PLt(0,0)

2970 LINE TYPE 1

2980 FOR 1=1 TO N,

2950 DRAW 1,PLtC1,0)

3000 MEXT I,

3010 CSI2E 3,.68¢

3020 IF Test$="S" THEN Cunt=10

3030 IF Test$="T" THEN Cunt=12

3040 FOR 1=0 TO Cunt

3050 IF Test$=MT" THEN Lab$=VALS(S0*1)

3060 IF Test$="SW AND I=0 THEN Labs="DnY

3070 IF Test$=tS" AND 1<>0 THEN Lab$=VALS{INT(Span®]/10%1,28))
3080 [F Test$="T" THEN MOVE I*N/12,YminL

3090 [F Test$="S" THEN MOVE I*N/10,YminL

3100 LORG 6t

3110 CLIP QFF=

3120 LABEL USING "#,K":|ab%

3130 NEXT U

3140 MOVE -.05*N,Ymin+ABS(Ymax-Ymin)/2

3150 LDIR PI/2

3160 LORG 51

3170 LABEL “AMPLITUDEM

180 LDIR O»

3190 MOVE N/2,-.1*ABS{Ymax-Ymin)+Ymin2
3200 LORG 5/

3210 IF Test$="S" THEN LABEL “FREQUENCY (HZ)"
3220 IF Test$="T" THEN LABEL “ANGLE IN DEGREES"
3230 MOVE 0, Ymax

3240 LabS=VALS(DROURD(Ymax,4))
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3250 LORG 8A

3260 CLIP OFF%

I270 LABEL LabSO

I2B0 MOVE O,Ymin

3290 LORG B,

3300 Lab$=VALS{DROUND(Ymin,4})

3310 CLIP OFF$

3320 LABEL Lab$

3330 [F Test$a"S" THEN PRINT TABXY(2,25);Summ,Ymax, ABS(Ymax/Summ};
3340 [F Test$=MT" THEN PRINT TABXY(2,25);"AVAR= ”,‘(DRWND(Linsu!V'Ot_p!S,S))
3350 IF Test$="T* THEN PRINT TABXY(32,25);"RMSVARz ;Summ

3730 SUBEND

The Dumpg subroutines wilt send the graphics image displayed on the screen by using the Plt
subroutine to a graphics device for s hardcopy.

3370 ¥
3380 su8 Dumpg
3390 ¢
3400 O1M Disp$[80)

3410 DUMP DEVICE IS 701_

3420 INPUT “ENTER GRAPH DESCRIPTOR",Disp$_
3430 DISP DispSE

3440 CONTROL 1,12;1R

3450 DUMP GRAPHICS

3460 CONTROL 1,12;2R

3470 DIsp "o

3480 SUBEND™

This =+ vjrams allows visual inspection of the time data taken by the data acquisiton program.

10 I TillS PROGRAM READS DATA AKD DISPLAYS THE TIME HISTORY TAKEN OF
20 ! A SINGLE DATA FILE

30 INTERE" Tag field(1:175),Range, Type_flag,Slime(1:5120),Alber Register, Type_falg, Total_pts,Counter
40 INTEGE® Rn,Fn,Reclen

50 INTEGER Rang(1:101)

&0 ON ERROR GOSUB Err

70 INPUT MBETWEEN QUOTES WHAT 15 THE MSUS? “ Msus$

80 IF Msus$="" THEN GOTO 100

20 MASS STORAGE 1S Msus$

100 GRAPHICS ON

110  DIN Text${1:5)[84)

120 DIM Real_data(1:5120)

130 GOSUB Read_datm

147 GOSUB Convert_clata

150 GOSUB Plot_date

160  INPUT “DO YOU WANY A PLOTY AS

170 1F AS="Y" THEN GOSUB Dump g

180 DISP “HIT CONTINUE WHEN YOU WISH TO CONTINUE"

190  PAUSE

200 GOTO 130

210 Err: |

220 IF ERRN=5&6 THENM

230 PRINT “NO SUCh FILE"

240 GOTO 130

250 END IF

260 IF ERRN=72 OR ERRN=52 THEN GOTO 70
270 PRINT ERRMS

280 PAUSE

250 RETURN

300 STOP

310 Read_data: !

320 INPUT “WHAT FILE DO YOU WANT DISPLAYED", Name$
330 INPUT “WHAT RECORD KO".Rn

340 ASSIGN @21 TO "H{i“EName$

350  ASSIGN aP2 TO “H2“&Name$

360  STATUS aP2,3;Fn

370 STATUS @P2,4;Reclen

380 REDIM Rang(1:Fn)

390 Reclen=INT(Reclen/2+.5)

400 REDIM Slime(1:Reclen)

410  REDIM Real_data(1:Reclen)

420  ASSIGH @P3 TO “HT"ENnmeS

430 ENTER ®P1,1;Yag_field(*);Tot:  ime;Rpm;Freqspan;Freq_st;Rec_num;Type_falg;Cal_fact;Rang(*)
440  Total_pts=INT(Totat_time*2.56 ".-eqspan)
450  ENTER @P2,Rn;Slime(™)

470  ENTER @03,1;TextS(*)

490 RETURN
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S00 Convert_data: !

510  Factor=(4/3)*10° ({Rang(Rn)+4.812)/201/32768/Cal_fact
520 MAT Real_data= Slime*(Factor)

530 RETURN

540 Plot_data:!

S50 Ymax=Real_data(1)

560 Ymin=Real_data(1)

570 Counter=0

SB80  FOR 1=1 TO Rec_num™ilde

590 IF I>Total_pts THEN GOTO 630

600 IF Real_data(l)>Ymax THEN Ymax=Real data(l)
610  IF Real _data{l)<Ymin THEN Ymin=Real_data(l)
620  NEXT |

630  OQUTPUY 2 USING “¥,K";CHRS(255)ZCHRS(75)
640  GRAPHICS OFF

650  ALPHA OFF

660  ALPHA ON

670 GCLEAR

680  GRAPHICS ON

690  VIEWPORT 20,125,38,90

700 WINDOM 0,Total_pts,Ymin, Ymax

710  LINE TYPE 1

720 GRID Totnl_1pt5112.(Ymsx-\'min)nl),ﬁ,min
730  LINE TYPE

740  FRAME

730 IF Y_min<0 THEN
750 MOVE 1,0

770  DRAW Total_pts,0
780 END If

790  Counterz0

800 MOVE 1,Real_data(l)

810 FOR 121 TO Rec_num*1024
820 IF }>Total_pts THEN GOTO B850
830 DRAW I,Real_data(l)

840 REXT 1

850 CSIZE 3,.4

8560 FOR I=0 TO 12

870  LabSaVALS(40*D)

880 MOVE I*Total_pts/12,Ymin
890 LORG &

900 CLIP OFF

910  LABEL USING "#,K";Labs

920  NEXT I
930 LDIR O
940 LORG B

950  Lab$=VALS(DROUND(Ymax,5))

960 MOVE 0,Ymax

970  LASEL USING "#,K":|.ab$

980 LDIRO

990 LORG B

1000  Lab$=VALS(DROUND(Ymin,5))

1010 MOVE ©,Ymin

1020 LASEL USING "#,K";Lab$

1030 LDIR PI/2

1040 LORG 5

1050 MOVE -.05*Total_pts,Ymin+ABS{Ymax-Ymin)/2
1060 LABEL “AMPLITUDE"

1070 MOVE Total_pts/2,-.10*ABS(Ymax-Ymin)+Ymin
1080 LORG 5

1090 LDIR O

1100 LABEL MANGLE IN DEGREES"

1110 RETURN

1120 Dump_g: !

1130 DIM DispS(80]

1140 CONTROL 1,12;1

1150 INFUT MENTER A DESCRIPTOR",Disp$
1160 DISP Disp$

1170 DUM> CEVICE IS 701

1180 OWP GRAPHICS

1190 FCHNTROL 1,12;2

1200 RETURN

1210 END
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DATA ANALYSIS AND PRESENTATION FOR SYSTEM NO. 1
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T T

The following source code will compute b variance of engine cycle time data. It will use a specific

mber of engine cycies to campute scversl variance results and then ptot those in 30 format.

10
20
30
40
50

70

IPROGRAM -- 3 DIMENSIONAL PLOT OF VARTANCC
! provenperere e eI ST T I T A DAL DL DL LA L Ll Ll
OPTION BASE 1
CONTROL CRY,2%;1
DIM Cata$(100) (10} ,Drname$ [20] ,Name$ [10) ,Disps (80]
INTEGER 1,4,K,Inc
OM KEY 1 LABEL “CAT“,11 GOSUB Cata
ON KEY 2 LABEL “3DPLOT“,11 GOSUB vari
OH XEY 3 LABEL “EXIT™, 11 GOSUB Exi
ON KEY & LABEL “DuUMP" 11 GOSUB Dump o
LOOP
END LOOP
Cata: !
CLEAR SCREEN
GCLEAR
INPUT “NEW DISK? (Y/N)", Drname$
IF Drname$=“Y" THEN GOTO 190
1E Cata$(1)<>"" THEN GOTO 220
LINPUT “WHAT 15 THE DRIVE® Drname3
IF DrnameS<>"" THEN MASS STORAGE IS Drname$
CAT TO CataS{*);NANES, SELECT “H"
fOR 121 T0 5
FOR J=1 TO 20
Incelncel
1F Cata${inc)="" THEN
GOTO 310
tYD IF
PRINT TABXY(1*16-15,J);1nc;".";Catas(Inc)[3,10];
NEXT &
NEXT 1
Inc=0
RETURN
vari: |
INPUT "WHICH FILE DO YOU WANT TO WORK WITH", Name$
CALL Variance{Kame$)
RETURN
Dump_g: !
KEY LABELS OFF
ALPHA ON
INPUT "WHAT MESSAGE",Disp$
DISP Disps
pUMP DEVICE IS 701
DUMP GRAPHICS
DUTPUT 701 USING "-,K";Disp$
KEY LABELS ON
RETURN
Exiz!
END
1
SUB Variance(Name$)

OPTION BASE 1
DISP "<COLLECTIKG DATA>Y
OM ERROR RECOVER Err
INTEGER Tag_field(1:175),1,d,K, Type_flag,Rang(1:100)
INTEGER Rn,leng,5lime(4096),1Inc
DIM Factor(1:100),Averg(4096) Averg1(4096)
ON KEY 1 LABEL “REPLOT",12 GOSUB Replot
ON KEY 2 LABEL “EXIT",12 GOSUB Exi
GOSUB Doit
1.00P
END LOOP
!
Doit:
ASSIGN aPi TO ""H1"&Neme$
ASSIGN &F2 TO “H2"&Name$
ASSIGN aP3 TO “HT™ERame$
STATUS ap2,3;Rn
STATUS aP2,4;Leng
Leng=Leng/2
REDIM Rang(1:Rn)
REDIM SlimelLeng)
REDIM Averg(Leng)
REDIM Factor{1:Rn)
REDIM Avergi{Leng)
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660  ALLOCATE Dat(Rn,Leng)

670 ENTER @P1,1:Teg_field(*);Total_time;Rpm;Span;Start;Rec_num;Type_flag;Cal_fact, Rang(*)
680 FOR I=% TO Rn

690  Factor(1)=(4/3)*10 " ((Rang(1)+4,812)7203/32768/Cal_fact
700 ENTER aP2,1;Slime(™)

710  MAT Averg= Slime*(Factor({l)}

720  MAT Dat{l,*)= Averg

730 MNEXT 1

731 ASSIGN &P1 TO *

732  ASSIGN &P2 YO *

733 ASSIGH &3 TO *

740 INPUT MFORM AVERAGE WITH CURRENT DATAY, AnS

750 {F AnS="Y" THEN

760 MAT Avery CSUM(Dat)

770  WAT Averge Averg/(Rn)

780 MWAT Dat({1,*)= Averg

o0 END IF

830 1

8Ll 1

B85S0 | FORMING THE VARIANCE IN PLACE WITH THE DATA
850 1

870

880  INTEGER Ktrace

890 INPUT “HOM MANY TRACES PER VARIANCE PLOT¥ Ntrace
900 DISP "<FORMING VARIANCE>™
910 Aloop=INT{(Rn-1)}/Ntrace+.5)
920  ALLOCATE Vari(Mioop,leng)
930 Inc=1

940 FOR I=1 TO Nloop

950  MAT Averg= Averg*(0)

960 FOR J=1 TO Ntrece

970  inc=lnc+t

980 MAT Avergiz Averg

990 MAT Averg= Dat{lnc,*)

1000 MAT Averp= Averg+Avergtl
1010 NEXT J

1020 MAT Avergiz Dat(l1,*)

1030 MAT Averg= Averg/(Ntrace)
1040 MAT Avergz= Averg-Avergl
1050 MAT Averg= Averg . Averg
1060 MAT Vari(l,")= Averg

1070 NEXT |

1080 !

1090 |

1100 IPLOTTING THE 3D GRAPH

1110

1120 | (REARRANGING)

1130 1

1940 INTEGER Tot_pts,Ncol Ncoll
1150 Tot_pts=INT(Total_time*2.56*Spant+.5)
1160 Ncol=Tot_pts

1170 Loopl=Tot_pts/256

1180 IF Loop1>1 AND Tot_pts>300 THEN
1190 Loop2=0

1200 REPEAT

1210 Ncol1=Necol1+1

1220 UNTIL Tot_pts/Hcol1<300
1230 Ncol=Tot_pts/Ncell

1240 ENRD IF

1250 ALLOCATE D3(Nioop,Ncol)
1260 ALLOCATE D5{Ncol1,Ncol)
1270 FOR I=1 TO Nloop

1280 Inc=0

1290 FOR J=1 TO Ncol

1300 FOR K=1 TO Necol?

1310 Inc=Inc+1

1320 D5¢K,J)=Vari(l,Inc)

1330 1F K=Tot_pts OR K=lLeng/2 THEN GOTO 1270
1340 NEXT K

1350 NEXY J

1360 FOR K=1 TO Ncol

1370 MAT SEARCH D5(¢*,K},MAX;D3(I,K)
1380 NEXY X

1390 NEXT |

1400 DEALLOCATE D5¢™)

1410

1620 |

1430 {PLOTTING)
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ALLOCATE D4(Ncol)
Scalx=.6

Widthx=73

Scaly=1.2

Heighy=30

Ang=30
Plt: !

CLEAR SCREEN

GCLEAR

GRAPHICS ON

INTEGER Midthx,Heighy
IF Max$<>"y" THEN
ZEMAXLDI(*))-MINCDI(™))
YaTAN{ ~Ang*P1/180)*2
M=Y*2
Ninim=MIN(DI(*))+u
Maxim=MAX(D3I{*))

ELSE

2=Maxim-Minim
YaTANC-ANG*PI/180)*2
MzY*Z

Minim=Minimy

END IF

FOR I=Nloop TO 1 STEP -1

VIEWPORT 20+(1-1)*Scalx,20+Widthx+(1-1)*Scalx,30+(1-1)*Scaly,30+Heighy+{1-1)*Scaly

WINDOW 1,Ncol ,Minim,Maxim
MAT D4= D3(I,™)

MOVE 1,D4C1)

IF 1=Nloop THEN GOTO 1730
PEN -1

FOR J=2 TO Ncol

MOVE J,+W*J/Ncol

DRAW J,D&(J )+W™)/Heol
NEXT J

PEX 1

MOVE 1,D4(1)

FOR J=2 TO Ncol

DRAM J1,D4(J)+N™J/Ncal
NEXT J

NEXT 1

1

1
1 (AXES)
1
1
MOVE 1,Minim-W
DRAW 1,Maxim
Lebe $=VALS(DROUND(Z+Minim-¥,5))
CsSIZE 3,.6
LORG 8
CLIP OFF
Lebel$=Label$gv »
LABEL Label$
FOR 1=1 10 10
MOVE -2,72*1/10
CLIP OFF
DRAM 1,2*1/10
NEXT I
FOR I=0 TO 12
MOVE Neol*1/12,MinimeN*1/12-.1*ABS(2)-W
CLIP OFF
DRAW Ncol*1/12, HinimeW*1/12-W
MOVE Ncol*1/12, Minimel*1/12-.1%2-W
Label$=VALS(I*50)
LORG &
CSIZE 3,.6
CLIP OFF
LABEL Label$
NEXT 1
RETURN
Replot:
PRINT "CURRENT VALUE IS ":Scalx
INPUT "WHAT 1S SCALEX", Scalx$
IF Scalx$<>" THEN Scalx=VAL{Scalx$)
PRINT YCURRENT VALUE IS “:Scaly
IRPUT “WHAT 1S SCALEY",Scaly$
IF Scaly$<>"t THEN ScalyaVAL(Scaly$)
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1816 PRINT “CURRENT VALUE 1S “;Widthx

1818 INPUT “WHAT [S WIDTHX", Widthx$

1819 IF RidthxS<>¥" THEN Widthx=VAL(Widthx$)
1820 PRINT “CURRENT VALUE IS “;Heighy

1822 INPUT “WHAT 1S HEIGHY" Heighy%

1823 IF HeighyS«<>u» THEN Neighy=VAL(Heighy$)
1824 PRINY "CURREMT VALUE IS ™:Ang

1826 INPUT “WHAT TILT ANGLE", AngS

1827 IF AngS<>"" THEN Ang=VAL{AngS)

1828 INPUT "BO YOU WANT TO SET MIN & WAXY MHax$
1829 IF Max$=4Y® THEN

1830 PRINT MCURRENT VALUE IS ¥“:Maxim

1832 INPUT “MAXTMUM VALUE® ,Maxim

1833 PRINT “CURRENY VALUE 1S ";Minimed

1835 INPUT “MINTMUM VALUEY Minim

1834 END IF

1837 GOSUB Pit

1838 RETURN

1839 Err: !

1840 PRINT ERRMS

1841 IF ERRM$="" THEN PRINT “TERMINATED WITH MO ERRORS"
1842 PAUSE

1843 Exi: !

1844 SUBEND
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APPENDIX D

D. FLOW CHARTS OF 8 - CHANNEL DATA ACQUISITION SYSTEM
(SYSTEM No.3).
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START

MMBER OF
FLES PER REV

DEFAN Te512
54, 128, 8

VALID ENTRY?
312, M4, ',

WUMBER OF AEVS

DEFAULT»18

VALID ENTRY?
1 THACUGH &4

! TO DAC UNWIT

¥AITl FOR
RESPONSE
FROM DAC

NO = TIMEOUT
RESPOWSE FROM DAC?

OUTPUT MESSASE
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DYNG PC

TRANSHISSION
PROBLEM OR DAC
NOT RESPOKD.




ERROR RESPONSE?

1
QUTPUT NESSAGE GSIPUT MESSACE
PIP S1SMAL 01-#A8 I18MAL
[ L ZRROR

WAIT FOR DATA
FROM DAC YIA

ey

1

CREATE FILE

ACCELDAT.???
O PC

CHANGE
COLLECTION
PARAMETERS?
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FLOW CHARTS FOR PROGRAMS FOR SYSTEM NO. 3
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=

WAIT FOR
¥ COMNARD
FROM PC

157
SAMPLES PER REV
SELECTOR

: SET
TOTAL SANME » SAMPLES_PER_REVeNUKBER_OF _REVS
COUNT -

NO P1P SIGNAL / SYNCHRONIZE

PIP/DI-MAG/CID

TFL ENGINES

015 OR ED1S
ENGIMES

START
COLLECTION ON

SHOULD BE CYLIMDER #4 PIP

COLLECTION PROCESS IS INTERRUPT ORIVEN (SEE NEXT PAGE)

ENABLE INTERRUPTS

R S LLLL LI T LELEPFERRE R

WAIT FOR
DATA COLLECTION
COMPLETE

‘0

SEWD ERROR
0

COLLECTION
SUCCESSFULY
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]
NOR = WAMBER OF REVS YO COLLECT ]
NOSPR = WMUMBER OF SAMPLES PER REV )
L}
ORGANTZE CHANNEL 1, REV &, SAMPLES 1 -> NOSPA ]
mg CHANNEL 1, REV 2, SAMPLES 1 =» WOSPA 1
4 . ]
TRANSMISSION CHMANNEL 1, REV NOR, SAMPLES 1 -> NOSPR i
0 M CHANMNEL 2. REV 1, SAMPLES 1 =» NOSFR 1
. 1
CHANNEL &, KEV NOR, SAMPLES ) -» NOSPR 1
1
]
|
SEMD DATA VIA :
XMOOEM 1024 :
TO0 PC :
)
1
]
1
1
]
]
]
1
[}
'
t
1
DATA 1
gesvcanencpd COLLECTION ]
] INTERRUPY :
]
1 )
1 ]
] 1
1 \
\ t
1 NUMBER OF ]
H READS PER SET |
] =1 s 1
1 ]
1 1
] 1
] |
1 1
[ |
1 t
] TRIGGER MEXT t
1 L] CONYERSION \
] 1
[} STORE DATA 1
: 2 CHAMNELS ]
]
] 1
] YES \
t i
] |
L} 1
1 1
] STORE DATA 1
| LAST '
1 2 CHANNELS \
1 ]
[} 1
: 1
|
| ‘ :
[} TOTAL SANMLE |
] COUNT 1
] -1 ]
i t
| 1
| ]
1 ]
. 1
: ]
|
: DISABLE INTERRUPT 1
1
1 IMDICATE cesceanssssrsmnans J—r ]
1 DATA COLLECTION
: COMPLETE
[}
1 L
|
]
)
|
1
[}

EXIT
rececse==e]  INTERRUPT
1NE

&)
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APPENDIX E

E. ADDITIONAL COLD TEST DATA.
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Accelerometer #2 Vibration Running Variance for

#1 Rod Cap Bearing Missing
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Figure E.4 : Accelerometer #2 Vibration Running Variance for
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Figure E.9 : Accelerometer #1 Vibration Running Variance for
#5 Rod Cap Bearing Missing
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Figure E.25 : Accelerometer #1 Vibration Running Variance for
#1 Loose Connecting Rod Nuts.
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Figure E.26 : Accelerometer #2 Vibration Running Vari~nce for
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#2 Loose Connecting Rod Nuts.

_HELL Weterfel i HiT WiND

*.0 "

wl w2 w3 wd w5 wb

v $.0 4
-
-
[
-
n
< 4.0 -
.
»
-
z

.01

0,0

9.0 [ XY ] ixe.0 190.0 %o .0 )nd.o 340.0
Angia In Dasraa

Figure E.28 : Accelerometer #2 Vibration Running Variance for
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Figure E.30 : Accelerometer #2 Vibration Running Variance for
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Accelerometer #1 Vibration Running Variance for
#4 Loose Connecting Rod Nuts.
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Figure E.37 : Accelerometer #1 Vibration Running Variance for
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Figure E.38 : Accelerometer #2 Vibration Running Variance for
#1 Reversed Bearing Cap.
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Figure E.39 : Accelerometer #l1 Vibration Running Variance for
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Figure E.40 : Accelerometer #2 Vibratioi. Running Variance for
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F. MEASUREMENT EQUIPMENT SPECIFICATIONS
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Acceleromsater 4384
B&K Type
IWeight grame 11
Charge Sensitivity pC/ms™? 152%
Voltage Sensitivity mV/ms™? ~0.8
Mounted Resonance kHz 42
PFrequency Range 5% Hz 0.2 - 9100
Capacitance pPF 1200
Max. Transverse % <4
Sensitivity
Transverse Resonance kHz 15
Piezoelectric Material PZ23
Construction Delta
Shear
Typical Base Strain ms™*/ne 0.02
Sensitivity (in base plane at 250u¢)
Typical Temperature ms /*C 0.4
Transient Sensitivity
{3 Hz LLF, 20 dB/decade)
Typical Magnetic Sensitivity ms /T 4
(50 Hz - 0,03T)
Typical Acoustic Sensitivity ms™? 0.01
Equiv. Acc. at 154 dB SPL
{2-100Hz)
Min. Leakage Resistance cn 20
at at20'C
Ambient Temperature *C -74 to 250 h
Range
hHax. Operational Shock kms™? 200
[(+Paak)
Maximum Operational kms™? 60
Continuous Sinusoidal
Acceleration (Peak)
Max. Acceleration (Peak) kms™2 1.5
with Mounting Magnet
Base Material Titanium
ASTM Gr.2

e

Figure F.l : Specification for Type 4384 Bruel and Kjaer

Accelerometer
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Charge Input:
10® pC max. input rating

Iransducer Sensitivity Conditioning:
3 digit dial—~in of transducer
sensitivity from 0.1 to 10.99
pC/ms ™

Amplifier Sensitivity:
0.1mV to 1C V/pC corresponding to
-40 to +80 dB with transducer
capacitance of 1inF

Calibrated Output Ratings:
Selectable in 10 dB steps
Acceleraztion: 0.1 mV to 1V/ms™?
Velocity: 10 mV to 100 V/ms™
Displacement: 0.1 mV to 10 V/mm

Maximum Output:
£ V(8 mA) peak

Output Impedance:
=10

Fregquency Range:
-10% limits
Acceleration: Switchable 0.2 Hz or
2 Hz to 100 kHz
Velocity: Switchable 1 Hz or 10 Hz
to 10 kHz
Displacement: Switchable 1 Hz or
10 Hz to 1 kHz

Low-Pass Filters:
Filter Slope 40 dB/decade (12
dB/octave)
=10% limits gquoted
6 position: 100 kHz, 1 kHz, 3 kHz,
10 kHz, 30 kHz and 2 100 kHz

——— e TEEE———————.

]

Inhersent Noise (2 Hx to 22 kHi):
5x107? pC referred to input with
maximum sensitivity and capacitance
of 1nF

Test Oscillator:
Genarates 160 Hz sinuaoid,
factory preset
Level adjustable internally

laveal

Rise Time:
Typically 2.5 V/us

Overload Indicator:
Light emitting diode

Hax. Offset at Output:
50 mV DC

Power Bupply:
Internal battery, 3 x 1.5 V 1EC Type
R 20 or External DC supply, +6 V to
+28 V, nominally 55 mA or External
DC supply, =14 V nominally 7mh

Dimensions: (excl. feet, knobs, etc.)
Height: 132.6 mm (5.22 in)
Width: €9.5 mm (2.74 in)
Depth: 200 mm (7.87 in)
B & K module cassette KK 0022, 2/12
of 19°' rack module

Weight:
1.45 kg (3.21b) with batteries

Figure F.2

Specification for Type 2635 Bruel and Kjaer Charge Amplifier
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SPECIFICATIONS: Model Number

302a21

Range (=2.SVoutput)

Resolution

Uaeful Overrange

Sensitivity (nominal)
Resonant Frequency (mounted)
Prequency Range (x35%)
Frequency Range (=10%)
Diecharge Time Constant
Amplitude Linearity

Polarity (accel into base)
Output Impedance

Output Bias

Overload recovery

Transverse Sensitivity
Strain Sensitivity
Temperature Range
Temperature (max operational}
Temparature Coefficient
Structure

Size (hex x height)

Sealing

Case Material

Weight

Connector

Excitation (constant current)
Voltage to Current Regulator

2q pk

g9 pk

g pk

uV pk/g pk
kHz

Hz
Hz

a8
%

ohm

+V

ks

L
g/upin/in
°F

°F

%/*F

inch
hermetic
gm
ceoaxial
mA

+VDC

Figure F.3 :

160
0.007
200
15
45
5-3000
3-6000
20.1
£1.0
positive
<1000
4-8
10
£5.0
0.01
~100 to +400
+600
0.01
quartz
0.50 X 1.78
walded
35
10-32
2
18 to 28

Incorporated Accelerometer

Range (for=SVoutpul)
Resolution

Sensitivity (22%)

Resonant Frequency (mounted)
Frequency Range (x5%)
Frequency Range (x10%)
lLinearity

Output Impedance
Output Bias (nominal)
Overload Recovery

Transverse Sensitivity (max.)
Strain Sensitivity
Temperature Coefficient
Temperature Range

Size (dia. x height)
Weight
Excitation
Conatant Current

Figure F.4 :

[SPECIFICATIONS: Model Number

9
g

mv/g
Hz

Hz
Hz
% F S

ohm
v

us

%
g/gin/in
%SF
°F

Incorporated Accelerometer
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Specification for Model 302A21 PCB Piezoelectric

308M886

=50
0.001

100

25000

1 to 3000
0.7 to 6000
1

<100
11
10

5

0.05

0.03

=100 to +250

0.75 X 1.32
a7

+18 to +28
2 to 20

Specification for Model 308MB6 PCB Piezoelectric



SPECIFICATIONS: Model Number 480D06
Transducer Excitation vDe +27
Excitation Current mA 2
Voltage Gain (selectable) x i, 10, 100
Coupling Capacitor BF 22
Frequency Range (x5%) Hz 0.15 to 100 QO9
Output Signal v +10, =5
Noise Output (pk to pk) x 1 wmv 0.2
x 10 mv 2
x 100 mv 20
lpC offset (into megohm) mv 30
Connectors micro 10-32
Meter VFSs 27
Size (lxwxh) in 1.5 x 2.9 x 4
Weight oz 12
Hatteries v 27
“Battary Life hr 40

Figure F.5 : Specification for Model 480D06 PCB Piezoelectric Incorporated
Power Supply

e —— e

VIBRATION SYSTEM:
Electromagnetic exciter with internal built-in piezoelectric
accelerometer (shear type) for servo requlation of vibration amplitude.

Frequency: 159.2 Hz =1% (1000 rads"')

Acceleration: 10 ms™® (RMS) = 3%

Velocity: 10 mms™' (RMS) = 4%

Displacement: 10 um (RMS) = 5%

Transverse amplitude: less than 5% of main axis amplitude
Lnistortionz less than 5% for 10 to 70 gram load and less than 3% for 20
H to 60 gram load

ACCELEROMETER MOUNTING:

Maximum Load: ‘70 grammes

TEMPERATURE RANGE:

+ 10 to + 40 °C (50 to 104 °F) for 10 ms™? reference within = 3%
- 10 to + 55 °C (14 to 131 °F) for 10 ms"? reference within = 5%
HUMIDITY: Up to 90% RH (non-condensing)

POWER REQUIREMENTS:

Built-in Battery: One 9 V alkaline Battery

Figure F.6 : Specification for Type 4249 Bruel and Kjaer calibration
Exciter
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OFFSET VOLTAGE:

Velocity: for 1 m/s range, =50
mV for 0.2 m/8 range, =30 mv
Displacement: = 20 mV

DIMENSIONS (in carrying case):
Beightt: S550mm
width: 670 mm
Depth: 250 mm

WEIGHT (in carrying case with
batteries): 21 kg

RETREFLECTIVE TAPE DU 0164:
Weight: 17mg/cm?
Thickness: 0.1 mm

Figure F.7 :

ACCESSORIES INCLUDED WITE 31544:

Transducer Power supply.........2815

Lager Velocity Tranducer........ 8323
Carrying case......... eseesesKEQ276
Battery packe.cceceoenss e+ QB0040

Battery charger for QB0O040....2G0166
Angle mirror adaptor..........UAQ965
Tripode.sesnsccecsnsssavsnssss.URDIBY
Connecting cable.....acsee....A00308
7-pin pluf...icieiiiicisansass . JPOT703
Ona BNC-to-BNC cable, l.2m....AQ0087
One BNC Plug.i.eecscsanarenass.JPOO35
Two 2.5 A fast blow fuses.....VF0029
5 lots »f reflective tape.....DUD164
Instruction Manual

Specification for Type 3544 Bruel and Kjaer Laser

Velocity Transducer Set

TIP

HAMMER CONFIGURATION

PLASTIC/VINYL LG. SUPER SOFT | LG. SUPER SOFT

EXTENDER NONE OR STEEL STEEL NONE
HAMMMER SENSITIVITY
(5y)
]
(mV/N) 0.21 0.21 0.19

Figure F.8 : Sensitivity of PCB Model 086B05 Impulse Force Hammer
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I[smcmxcanons : Model Number 303R02
Range (for =SV output) qg x300
Resolution g 0.01
Sensitivity (nominal) mV/g 10
Rasonant Frequency (mounted) kHz 70
Frequency Range (=5%) Hz 1 to 10000
Discharge Time Constant sec i
Linearity % 1
Cutput Impedance ohm 100
Qutput Bias (nominal) v 11
Overload Recovery T8 10
Transverse Sensitivity (max.) % 5
Strain Sensitivity g/uin/in 0.05
Temperature Coefficient %/*F 0.03
Temperature Range
{operational to +250°F) *F =40 to +200
Vibration q © |=too00
Shock (protected) g 2000
Size (hex. x height) in 0.28 X 0.48
Weight (approx.) gm 2
Connector (solder terminals) 2
Case Material 8.8,

Seal Epoxy
Excitation Voltage v +18 to +24
Excitation Current mh 2 to 20

Figure F.9 : PCB Model 303A02 Accelerometer

f——u — —
ISPECIFICATIONS: Model Number 112a "
Range pai 3000
Maximum Pressure pai 10002
Resolution psi 0.004
Sensitivity (nominal) pC/pBi 1.0
Resonant Frequency (nominal) kHz 250
Rige Time Bs 2
Linearity (zero based BSL) % 1
Polarity Negative
Insulation Resistance ohm lxl1o'*
(room temp.)

Capacitance pF 18
I.cceleration Sensitivity psi/g 0.002
Temperature Coefficient %/*F 0.01
Temperature Ranye °F =400
Flash Temperature °F 3000
Vibration g peak 2000
Shock g peak 20000
%

Figure F.10 : PCB Model 112A Pressure Transducer
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FREQUENCY WEIGHTING:

A, C weighting to IEC &51 Typel
{Type 0} Linear (10 Hz - 20kHz)
All-pass {2 Hz - 70 kHz)

DETECTOR:

Characteristics: RMS, peak

Linearity range: 70 dB

Pulse range: 73 dB

Crest factor capability: 13 dB at FSD

THE WEIGHTING CHARACTERISTICS:

"It to IEC 651 Type 1 (Type 0)

*F*: to IEC 651 Type 1 (Type 0)

*8": to IEC 651 Type 1 (Type 0)

| "Peak*: rise time < 50 us

Max. Hold decay rate: 0 dB/s {digital)

L., RESPONSE TIME FOR CONSTANT INPUT
BIGNAL:
1 8 after reset

CONVERTIBILITY:

Loading: Enabled by module section:
module removed after loading into
internal memory. Every application
module has its own face plate.
Capacity: 4 kbyte ROM for general
routines, tables etc. 16 kbyte RAM for
application software and data storage.
Interface: Via optional Bruel Kjaer
Serial Interface Module 219101.

DISPLAY!:

Digital: 4 digits 14 segments, ligquid
crystal, 8mm high, resolution 0.1 4B
Quagi-ananlogue: 60 dB scale, 2 dB
resolution for monitoring current SPL
{RMS or Peak)

AC OUTPUT:

1V RMS for full scale (3.16 V RMS for
full range), output impedance 120 0,
short circuit protected, mini-jack
socket.

DC OUTPUT:
3 V for full scale (3.5 V for full
range), 0 V bottom scale, 50 mV/dB,
output impedance <100 (1,short circuit
protected mini-jack socket.

Figure .11 :
Meter
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MICROPHEONE:

Typs: 1/2 inch B & K Prepolarized
Condenser Microphone Type 4155
Sensitivity: 50 mV/Pa

Capacitance: 15 pF

Windscreen effect: <0.9 dB up to 10
kHz

Polarization Voltage: Selectable-0V,
28V, 200V. Allows use of almost any
microphone in the Bruel Kjaer range.

CALIBRATION:

Acoustical: With Sound Level
Calibrator Type 4230, Pistonphone
Type 4220 or Multifunction Acoustic
Calibrator Type 4226 by N
potentiometer adjustment
Electrical: With internal refervnce
source by potentiometer adjustment

REFERENCE CONDITON FOR ACOUSTICAL
CALIBRATION WITH TYPE 4230:

Type of Sound Field: Free
Reference Incidence Direction:
Perpendicular to microphone
diaphragm
Reference
Refexence
Reaference

SPL: 94 dB (re 20 pPa)
Fraquency: 1 kHz
Temperature: 20°C

Reference Measuring Range: 110 dB
FSD

EFFECT OF HUMIDITY (AT 40 °C AND
1000 BHz):

<0.5 dB for 30% <RH<90%

EFFECT OF TEMPERATURE:

Microphone: -0.006 dB/*Ctypically
Complete instrument: <0.5 dB -10 to
+50 °C

Operating range: -10 to +50 °C (+14
to 122 °F)

Storage without batteries: -20 to 70
*C (=4 to 158 °F)

Specification for Type 2231 Bruel and Kjaer Sound Level




TRANSFER FUNCTION
Filter characterstic

8-pole/B-zero Elliptic, one high-pasa
channel, one low pass channel; band~paseg
when channels cascaded; band rajact when
channels paralleled

PASSBAND RESPONSE
Low Pass Response
High Pass Response

Passbhand Gain

0.1 dB ripple, DC to F,
0.1 dB ripple, F, to upper 3 dB point
approximately 400 kHz
0 dB, =0.1d&

STEP RESPONSE
Peak Overshoot, Low Pass

1

CUTOFF FREQUENCY
Range
with option =01

Resolution

with option =01

Attenuation

Accuracy

Stability
Channel~to-channel match

0.1 Hz to 110 kHz
0.01 Hz to 110 kHz

RANGE RESOLUTION
0.1 Hz to 110 Hz 0.1 Hz
1.00 Hz to 1.10 KHz 1l Hz
1.00 KHz to 11.0 KHz 10 Rz
10.0 KHz to 110 KHz 100 Hz
0.01 Hz to 11.0 H=z 0.01 Hz

0.1 dB
=2%
220 ppm/°C

20,2 dB amplitude, 22" phase

STOPBAND RESPONSE
Attenuation Rate
Stopband Attenuation

Max Attenuation

140 dB/octave
Low pass: 90 dB at 1.56 X F.
high pass: 90 dB at 0.64 X F.
90 dB

INPUT CHARACTERISTICS
Configuration

Common mode Rejection
Input Impedance

Input Coupling
Input Range

Input Range Accuracy
Input Noise
Abeolute maximum Input

Differential (floating), or single ended
{grounded)
>80 dB, 50-60 Hz, > 60 dB, DC to 1 kHz
1 Megohm in parallel with 50 pF, each side
to ground
DC or AC with 0.3 Hz cutoff
lmv RMS (-60dBV) to 31.6 V RMS (+30 dBV)
full-scale in. 10 dB steps
+ 0.1 a8
10 nanovolts/VHz, typical for f£>1 kHz
+ 100 Volta peak

QUTPUT CHARACTERISTICS
Impedance
Full-Scale Signal

Output Noise

50 ohms, Single-ended
Bipolar: =10Volls,«5Volls
Unipolar: 0 to +10 V, 0 to +5 V

0O to-10V, O to -5V

Figure F.12 : Specification for Model 2783 Rockland Signal Processing

Filter
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INPUT CHARACTERISTICS:

Two identical channels {Channel A &

B

I&putl: Indpendent selection of 3
inputs on bhoth channels

Preamp. Input: Via standard B & X 7
pin "Pre-amplifier Input™ 0 + 28 of
200 Vv Microphone Polarization Veoltage
can be selected

Accelaromster Input: Line Drive via
TNC connector. Coupling: AC 3 dB down
at 0.2 Hz or 3 Hz nominal

Direct Input: Via BNC connector.
Impedance: iM0O//100 pF. Coupling: AC
down 3dB at 3 Hz nominal. DC with
automatic DC-offset compensation
Haximum Peak Input Voltage: 28 ranges
from 15 mV to 100 V in a 1.5, 2, 3,
4, 6, 8, 10 sequence. Nominal or
Inverted

Input Autorange: Selects optimum peak
input voltage con both channels
Haximum Input Voltage: 100 V RMS.
2032 is designed to be operated with
ite signal and chassis ground at each
potential.

Analog Anialiasing Filters: 2 matched
low-pass filters with 25.6 kHz
cut-off frequency. Max. 0.3 dB
ripple in the passband. Provide at
least 75 dB attenuation of those
input frequencies which can cause
aliasing. Max. gain difference: 0.3
dB. Max. phaee difference: 3° up to 20
kHz, 5° up to 25.6 kHz. The filters
can be bypassed

Low Pass Filters: 2 matched low-pass
filters with 6,4 kHz cut-off
frequency. Max. fain difference: 0.1
dB. Max phase difference: 1° up to 6.4
kHz. The filters can be bypassed
Input Sampling: Internal: 65.536 kHz.
External: Max. 67 kHz.
A/D~conversion: 12 bit. Quantization
error: Max. =1/2 LSB

Calibration: User-defined in
engineering unitse U, or in volts
Calibration Annotation: V/V, V/unit, -
V/Pa, V/m/s?, V/ mfe, V/m, V/N, V/g,
V/in/s, V/mil, unit/v

ANALYSIS CHARACTERISTICS

Frequency Rannge: 0 to 25.6 kHz. 15
Frequency spans from 1.56 Hz to 25.6
kHz. Digital zoom giving resolution
from 1.95 mHz to 32 Hz anywhere in
the frequency range, corresponding to
zoom factorsfrom 2 to 16 384 in a
binary sequence

Figure F.13 :

Analyzer

ANALYSIS PARAMETERS:

Resolution: Samples in time
functions: 2048 for each channel.
Resolution elements in frequency
functions: 801. Amplitude classes in
probability: 512

Weighting: Rectangular, Hanning,
Transient or Exponential selectable
on each channel. Transient and
Exponential window with selectable
position and length

Real Time Fragquency Range: > 5 kHz in
dual spectrum averaging mode > 10 kHz
in single spectrum averaging mode

TRIGGER: -
Trigger Input: Free run, internal on
channel A or B before or after
digital low-pass filtering, external,
synchronous with pseudo random noise
sequence, or manual

Trigger Slope: Posetive or negative
Trigger Level: Adjustable in 199
steps across the input voltage range
Delay: Trig =+ A or Trig - B: delay
between trigger and start of channel
A ot B set in seconds from -T to
99998. Resolution: A T

Ch. A -+ B: Delay between start of
channel A and channel set in seconds
from 0 to 9999 s. Resolution: A T
AVERAGIKG:

Exponential: The number of averages
indicated in the measurement setup
determines the effective averaging
time

Linear: Equal weighting. Stops in
reaching the selected number of
averages. A true average is always
displayed and the number of averages
is indicated on the display

Peak: {Single channel only), the
maximum level occuring in each
channel is held

SYSTEM ACCURACY:

Frequency Response: #).4 dB at filter
centres with DC coupling

Amplitude Linearity: =0.1 dB or =0.01
% of maximum input voltage, whichever
is greater, measured in Autospectrum
with at least 32 independent
averages, in the presence of another
in-band signal not less than 20 dB
below max. input

Dynamic Range: >75 dB, for
Autospectrum with at least 32
independent averages. Noise,
distortion, and spurious signals at

least 75 dB below max. input voltage
e —— . — |

Specification for Type 2032 Bruel and Kjaer Dual Channel Signal
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FREQUENCY AND TIME

MEASUREMENT HODES:

Narrxowband: 125 pHz to 100,000 Hz
frequency range. Resolution is
frequency span/400. All window,
trigger and averaging types are
available.

Phase: Phase spectrum is available
with or without triggering. When
triggered, phase can be referenced to
the trigger.

1/3 Octave: 0.8 Hz to 80 kHz

Full Octave: 1 Hz to 63 kHz

Time Capture: Time record can be
extended from lk to 40k samplas of
continuous input data. Up to 40X zoom
expansion factor can be applied to
this data with variable center
frequency.

External Sawpling: Input sample rate
can be externally controlled up to
256 kHz. TTL compatible sample rate
input on rear panel. {Note: Some
specs may be degraded in external
sample mode).

FREQUENCY SECTION:

0 to 100 kHz: Measurement is made
over the full frequency range of the
analyzer with 250 Hz resolution.
Defina Start or Center: Measurement
is made over the selected frequency
span. Start or center frequency can
be set anywhere in the 0 to 100 kHz
range with resolution of 0.25 Hz.
Define Span: Measurement frequency
spans are provided in a 1, 2, 2.5, 5,
10 sequence. (Other spans exist
between these intervals, but are toco
numerous to list in the apace
available.)

Define Time Length: Measurement time
can be get from 0.004 seconds to 651
minutes per time record. Time satting
is rounded up to agree with next
available span.

ACCURACY:

Frequency Accuracy: 20.003% of
frequency reading

RESOLUTION:

Frequency Resolution: Span/400
MEASUREMENT WINDOWS: Windows are
weighting functions which are applied
to input data to reduce errors caused
by leakage.

Flat Top:

Hanning:

Figure F.14 :

Specifications for Model HP3561A Hewlett Packard
Analyzer.

i
Uniform:
Exponential:

AMPLITUDE AND INFUT

ANPLITUDE:

Input Range: The calibrated input
range ie 27 dBV (+22.4 V) to ~51 dB
(3 mV} maximum input lavel {single
tone RMS). Range is adjustable in 1
dB (10%) increments.

Dynamic Range: Distortion, spurious
and alias products 280 dB below input
range

Amplitude Accuracy: Full Scale
Accuracy at calculated frequency
points. Overall accuracy is the mum
of absolute accuracy, window flatnese
and noise level

Absolute Accuracy:

30.15 dB «0.015% of input range:
dBV to -40 dBvV

#}.25 dB #0.025% of input range:
dBV to 51 4BV

Window flatness:

Flat top: +0- 0.01 dB

Hanning: +0-=1.5 dB

Unjiform: +0-4.0 dB

INPUT

Input Impsdance: 1 Mn +5% shunted by
95 pF maximum.

Floating Ground to Case Capacitance:
< 0.25 pF

DC Isolation: Input low may be
connected to chassis ground or
floated up to 30 volts RMS (42 vpk).
Input Coupling: The input signal may
be ac or dc coupled. Low frequency 3
dB roll off < 1.0 Hz for ac.
Anti-Alias Filter Roll-0ff: Analog
and digital anti-aliasing filters
roll off at a nominal rate of 130
dB/Octave with a cut-off frequency at
105 kHz nominally.

TRIGGER

TRIGGER MODES:

Free Run:

External: TTL signal.

Internal:

Input:

HP~IB:

+27
-41

Dynamic Signal
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INPUTS:

a. Coupling:

b. Ranges (Full Scale):
c. Impeadance:

d. Zero Position Range:
VERITCAL RESOLUTION:
TIME BASE ACCURACY:
DIGITIZING RATE:

a. Maximum

k. Minimum

RECORD LENGTH:

MAXIMUM STATIC ERROR
RMS NOISE (open inputs)
a. 30 mv to 120 mv:

b: 300 mV to 120 V:
COMMON MODE REJECTIONM
a. DC

k. 1 kHz

c. 1 MHz

COMMON MODE VOLTAGE RANGE
a. 30 mV to 1.2 Vv

b. 3 Vtol2 v

c. 30 V to 120 V
FILTER ({Swithable)
EXTERNAL TRIGGER RANGE
EXTERNAL TRIGGER SENSITIVITY:

EXTERNAL TRIGGER LAVEL ACCURACY

Differential

AC, DC, GND (AC -3dB = 1.5 Hz =10%)

30 mV to 120 VvV, 12 steps

1 Mwgohm 2%, 50 pF

0 te 1008 Full Scale

12-bits (0,025%)

+0,01%

10 MegaSamplea/second (100 ns/point) .
0.1 Sample/second {10 s/point)

64K Samples per channel (256K Optional)

0,25 % Full Scale

*0.15% Full Scale

+,13% Full Scale

-72 dB

-60 dB

-40 dB

(DC + Peak AC)

5 Volts

50 Volts

=100 Volts

100 kHz = 10%

12 Volts Full Scale
200 mV p-p to 12 V Full Scale
2%

Figure F.15 : Specification for Nicolet 440 Benchtop Waveform Acquisition System.
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APPENDIX G

G. GATED SOUND INTENSITY TECHNIQUE
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The gated sound intensity technique is used for analyzing repetitive non-stationary
signals. The sound intensity from a source is measured using a two-microphone sound
intensity probe. The signals from the microphones are fed into the sound intensity
analyzer where the sound intensity, 7, is calculated. The calculated sound intensity goes

to the averager which is started and stopped synchronously with the source.

The signal to be analyzed using the gating technique is assumed to be repetitive

withacycle of T , i.e.
IO=T¢+T) (G.1)

The variation within one cycle is analyzed in time windows with the length of t.by

averaging the signal within that window:
1 [leg
1w=t—f I(t)ydt (G.2)
wv O

The time window can be offset relative to the trigger point by introducing the time
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delay ¢ :

Le*tlag
-

fw(td)-il— I(t)dt (G.3)

w ‘d

In order to minimize the statistical uncertainty each window is averaged for a number

of cycles , N:

Il L
[“'(t")“ﬁ,,z,[z_wj:a f(t+(n- l)-T)dT.] (G.4)
using the assumption in (1), that the time signal is repetitive with the period, T. By using
a real time analyzer, I( { ;) may be presented as a power spectrum.

The synchronization is done by the desktop calculator, using the service request line
of the Hewlett Packard Interface Bus (HPIB) for triggering.

A tachometer signal is generated once per cam revolution of the noise source, by
using an inductive pickup attached to the spark plug number 1 wire. This trigger is
delayed a time £, after which a time window with length ¢ is opened. Within this time
window, the sound intensity is averaged. After time (¢, the averager is stopped. In the
next revolution, the averager proceeds with the averaging in the period l.. This
process is repeated for a number of revolutions, N, after which the averaged sound
intensity is transferred from the analyzer to the computer. The averager is reset, a new
delay, t, is selected and the process is repeated.

By measuring with a number of different time delays, ¢, the noise coming from the

various parts of the rotational cycle of the engine can be analyzed,
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