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of the order of 100 kiloamperes., The metal is tapped approxi-

INTRODUCTION °

This project deals with Acoustic Noise Analysis in a submerged
Arc Furnace. Operators and Metallurgists believe that the
acoustic noise coming from the furnace conveys information as

to the operating conditions of the furnace.

This submerged arc furnace reduées férrbchrome ore tobthe metal.
A carefully made-up mixture‘of ore and slag produciné materials
is continually fed into the furnace. Three large carbon elec-
trodes provide the heat to melt the ore by means of resistance

heating and/or arcing. The exact mechanism is unknown. The -

furnace is rated at 48 MVA maximum and the electrodes carry currents

mately every four hours. The term suBmerged arc is used because
the furnace is coméletely enclosed and the arc occurs below a

1
4+
layer of ore mix. g |

This differs from an open arc furnace which does not have a
roof and where the operators can actually see into the top of

the furnace. o . e . %

. The operation of the submerged arc furnace is also different from

that of a scrap melting electric arc furnace. A scrap furnace

has set melting cycles and has acoustic noise changes determined ‘
by falling mefal} melting and initial arcing. Higgs, Papadakis |
and Sheets (Ref.l) performed signature analysis on acoustic noise
from a scrap furnace to differentiate between different operating

conditions in the furnace.



The aim of the present project was to collect and analyze data
records of acoustic noise and operating conditions from the
number four furnace at Ferrometals, Witbank. The data was
recorded on analogue and coﬁputer magnetic tape and-analyzed
at UCT. The analysis was aimed at explaining thé operators'
theory of the acoustic noise relating to oéerating conditions

of the furnace.

This procedure is different from that of Reference 1 in that

they did their analysis with an on-plant snalyzing computer,

" and that their furnace had a set defined cycle whereas the

‘¢

- submerged arc furnace is a continuous feed system., Reference

1 is the only known information relating to the analysis of

‘noise in the electric arc furnaces, and their furnace operation

is largely.different to that of the furnace used in this

projéct.,



J—

1.1

CHAPTER 1.

COLLECTION AND RECORDING OF ACOUSTIC NOISE

‘'DATA, AND DATA DESCRIBING FURNACE

OPERATING CONDITIONS

[

‘DESCRIPTION OF THE FURNACE ENVIEONMENT

The acoustic noise to be analysed is produced by the furnace

and heard by the operators.  The furnace as shown in diagram

1.1 consists of a metal tank standing on a platform made of

concrete and iron girders.

At the tank roof level, the surrounding structure has a floor

completely surrounding the furnace and providing access to the
firebrick roof. This level also holds the two exhaust gas
plants and the numerous material feeding chutes.  The operating

room is built on this floor alohgside the furnace.

Above this level is a floor providing access to the electrode
movement machinery and electrical power connections. At the

bottom of thé furnace theré is a platform uséd in tappiﬁg the

. metal into ladles which are moved by a gantry alongside the

furnace. !

- From inspection of the furnace, and the use of a sound level

meter, the following was determined.

(a) The top level holding the electrode equipment had a low

noise level (65dB) when most of the surrounding machinery
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(b)

(c)

and workmen were quiet. The noise in this area is not
heard by the bperaﬁors and consists mainly of machinery
noise.  Any instrumentation mounted on this floor would
have to cope with electrical and magnetic field problems
caused by the closévproximity.of cable§ carrying of order-
100 000 amps . For the above reasons it was decided that

acoustic noise data would not be collected from this area.

The middle level/was conSidefed a good,location for the
collection of acoustic data'as this was the area most
frequented by the operaﬁofsa The sgund level was of the
order of 85dB but there was a large amount ofvexternal
machihery noise as well as the furnace noise.  The machi-
nery noise was created by the two gas plants and numerous

material feeding chutes.

The bottom level around ﬁhe base of the furnace had a low
noise level (65dB), made ﬁp of furnace noise, machinery
noise and péssing vehicle'noise. Near the tapping holes
machinery and gantry noises dominated. The area afound

the tapping holes was considered unsuitable for instrumen-

" tation due to the extreme heat and harsh environmental

conditions. The floor of the furnace was accessible via
tunnels formed by the iron girders upon which it rested:

The floor and tank, apart from near the tapping holes,

"were considered to be suitable for acoustic noise data

collection.



1.2 CHOICE OF TRANSDUCERS

The transducers used to detect the sound and transform it into

an electrical sighal must fulfil the following requirements:

(a) They should be, as much as is possible, capable of detect-

ing the same noise as the human ear.

(b} They must endure the harsh environmental conditions of
© large electrical and magnetic fields, heat, and in some

cases, water.

(c) The transducers must be mounted such that they are not

’

vulnerable to theft or interference.

(d) The transducers must feed into a recording device, from
which the data can be reproduced for analysis.

The common transducers used to collect acoustic noise data are

microphones and piezoelectric accelerometers.

Microphones are sensitive to sound pressure and are designed

to detect airborne noise. Accelerometers are vibration trans-

ducers and are normally attached firmly to the vibrating noise

source. Many types of microphones are sensitive to electric

6; magnetic fields, but Condenser Microphones, which do not
have this problem, are too fragile‘for plant use and also re-
quire a ﬁuiti-core cable to provide power for operation.
BecauSe of these problems and the extraneous airborne noise,

it was decided that: microphones would not be used.



Piezoelectric accelerometers must be firmly attached to the
noise source where they convert vibration into electric signals.
They are insensitive to airborne sound and have a low transverse
sensitivity. Piézoelectric transducers are unaffedted to a
‘large extent by electric and magnetic fields. Accelerometers
can be obtained for use in almost all operating conditions

and with a wide range of frequency bandwidths and»sensitivi—.
ties. it was decided that accelerometers would be used as

= they‘fulfil the neceséary requirements.

The characteristics of the specific accelerometer required

were established from the following considerations:

The human ear in young persons has a frequency bandwidth of

up to 15 kHz (Ref. 4).. Older people'have a lower high fre-
queﬁéy limit which can drop to below 10 kHz with age and hear-
ing damage. Working from these estimates it was decided that
it was very uniikely that the 6perators were hearing noise
éboVe 10 kHz.  This determined the high frequency limit of
the instrumentation. The furnace vibration was visually
estimated at less than 1 g by scatﬁeripg sand and watching for
jumping. Tﬁe teﬁperature.of<the furnace shell is kept below

100°¢ by a curtain of water flowing down it. _The roof and

floor have temperatures below 200°cC.

The accelerometer selected for use was an ENDEVCO HIGH SENSI-
TIVITY ACCELEROMETER MODEL 213 E. Its characteristicsAare
described in 3ppendix 1. It has a 10 kHz bandwidth, and will

withstand the environmental conditions described above. Four



of these accelerometers were ordered along with high tempera-

ture cables (ENDEVCO No. 3090a).

The ear has a dynamic range of 120dB and is able to ‘detect a

sinusoidal signal 60dB down in noise. The accelerometer does

not have this discriminating characteristic but being a vibra-

tion transducer which is insensitive to airborne noise, it

should only detect vibration from the body to which it is

fixea.

ACOUSTIC NOISE RECORDING EQUIPMENT

'The‘electrical signal generated in the accelerometer had to be

‘transmitted along cables, amplified then recorded on a magnetic

tape recorder. The tape recorder was positioned in the com-
puter room which was a separate airconditioned part of the

operating room.

The tape recorder used was a PHILLIPS EL1020/07 PORTABLE

INSTRUMENTATION RECCRDER having seven instrumentation channels

‘and one audlo channel The channels can be used in a Direct

(D.R.) mode or Frequency Modulation (F.M.) mode and combined
witn the four tape speeds, nllowed signals from d.c. to 100
kHz to be recorded. The signal_fo noise ratio was specified
at —36dB‘uéing the D.R. wode and was measured at'—32dB at tape
speed 3%"/éec. using the F.M. mode. Further specifications

on the tape recorder are given in Appendix 3.4.

The following sections describe the instrumentation necessary
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for noise free transmission and amplification of the accelero-

meter signal.

RECORDING INSTRUMENTATION .

In order to design or select instrumentation to transform and

transmit the signal producéd by the accelerometer, the opera-

~tion and characteristics of the accelerometer must be known.

-

. Appendix 2 describes the operation and chearacteristics of

accelerometers when used in charge and voltage modes.

(a) CHOICE OF AMPLIFIERS

In order to optimize.the instrumentation, .the type of amplifier
was chosen on its suitability to the requisites summarized

below:

l; The instrumentation must have a similar bandwidth to that

\‘4

of the human'ear (30 Hz to 10 kHz).

2. The instrumentation must withstand a plant environment or

must be mounted in a protected area.

" The description of accelerometer characteristics in Appendix

2 indicates that two types of amplifiers are suitable for use

with accelerometers.

Chargé Amplifier

The Charge Amplifier need not be mounted close to the accelero-

meter as cable capacitance does not affect sensitivity or

e meRim v e Bn e et <ot A i e



frequency response. - Commercially available are the Briel

and Kjaer range of which the 2324 is designed for field opera-
tion. These charge amplifiers were rejected for the following:
reasons: the low frequency response is much better’ than is
 needed and, as the cost of this type of amplifier is very high,
one is paying fof unrequired capabilities. The insensitivity-
of the available charge amplifiér systems to Plant electrical
noise was unspecified and the successful operation of this

equipment in the furnace environment was not guaranteed.

Voltage Bmplifier )
‘The Voltage Amplifief for reasons. of sensitivity, and sgséep—
tibiiity té electrical noise, must be mounted és éiose to thé

" accelerometer as possible. The output of the voltage_ambli—
fier is a low impedaﬁce line whose length does not affect the
sensitivity or suscéptibility to electrical noise. The pre-
amplifier must withstand the plant environmeht at the éccelero—
méter mounting position and should be internally batteryf
pbwéred to avoid noise sensitive power suppiy cables. The
Bruiel and Kjaer prezmplifiers Types 2616 and‘2625 are battery-
'éowered but are ohly designed_fortﬁrief use in the field, and
wquld not wiihstandvcontinuous use in the harsh environment for
é few weeks. The.mounting‘positions of the accelerometers are.
not always easily accessible, and 6nce installed, instrumenta-

tion would remain for the duration of the data collection.

It was decided that commefcially available preamplifiers were
not ideally suited to the required application. A suitable
simple, high input impedance voltage preamplifier was designed

,and constructed.
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(b) ° VOLTAGE PREAMPLIFIER DESIGN

The main requisites of the preamplifier are high input impe-

dance and low power consumption. Field Effect Transistors

are capable of very high input impedances but have a large

- power consumption. The LM 4250 is a versatile programmable

monolithic operational amplifier. A single external master
bias setting resistor programs .the input bias current, input
offset current, quiescent power consumption, slew rate, input
noige and the gain—béndwidth product. This amplifier was

used in an a.c. amplifier bootstrap circuit to produce a high

input impedance voltage preamplifier with-:low power consumption.

The circuit is shown in .Diagram 1l.2.

" The set current of the operational am?lifier was 1 gA giving

a quiescent current of less than 10 uA. The preamplifier was
powered by two 1.4 volt 210 mAH mercury cells which have con-

stant a voltage.and long shelf life. The actual operating

" .current drawn wac dependent on the pre-amplifier load. The

~

largest signal delivered by the pre-amplifier into a 1Kk$&

load was 10 mV which results in a current flow of 10 MA. This

‘current flow as well as the quiescent current gave the preampli-

fier an acceptable continuous operation life of one year.

The pre-amplifier was designed for unity gain giving an adequate

bandwidth of 40 kHz. The measured low frequency 3dB point

‘'was 8 Hz and the amplifier was designed to critically damp low

\frequency ringing. The input impedance was greater than 100M&2

the input capacitance was 1lnF and the output impedance was of

the order of 1§ .
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VOLTAGE PREAMPLIFIER CIRCUIT.

See Appendix 3.

DIAGRAM 1.2

S
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The amplifier was assembled on a fibre-glass printed circuit
board which was mounted in a 25 x 50 x 100 mm industrial plas-—

tic box. The circuit board made direct contact with both

‘batteries, holding them in place as well as making an electri-

cal contact. ° The interior of the box was sprayed with gra-
phite particles suspended in a plastic solvent, which formed
a conductive layer used as an éffebtive earth screen. The
qu contents were encapsulated in a water-resistant silastic
rubber which also profects~the circuitry from physiéal shock.
This rubber was easily removable for battery replacement or

amplifier repair. The pre-amplifier was tested for noise

rejection and harsh environmental conditions.

(c) SYSTEM OPERATION

The complete instfﬁmentation'system consisted of four accelero-

meters, with their fespective remote voltage pre-amplifiers,

feeding via 508 co—axial cables into a common four-channel

voltage amplifier. These amplifiers were simplevinvertingv

X100 amplifiers which brought.the signals within the input

ranges of the tape recorder amplifiers (see Diagram 1.3).

>

The input impedances of the-4-channcl voltage amplifier was

1k$ . This was the lowest value the pre—amplifiers'could
drive while having a reasonable battery life. The pre?
amplifier output impedance is of the order of 1% . The entire

transmission section is at a low impedance and therefore is

insensitive to noise.
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The earthing point of the instrumentation was very important
as earth current loops create large electrical noise signals.
These loops are avoided by earthing the instrumentation at

L

only one point.

The accelerometer case is connected to the "low" side of its
transducer as isolating the case permits capacitive coupling
of AC noise. This means that if the accelerometer is mounted
diréctly onto a metal object the "instrumentation" is earthed,

and must not be earthed at any other point. The four accelero-

"meters were all mounted on metal surfaces and connected to a

four channel amplifier with a common earth.  Earth current

loops were avoided by electrically insulating the accelero-
meters while keeping them in good mechanical contact with the

furnace wall. The only earth connection was made at the

four channel amplifier.

An insulating stud was used to isolate the accelerometer from
the mounting point. The stud was constructed from two pieces
of machined brass hex-bar each fitted with 10-32 NF thread
studs. The pieces were glued together with epoxy putty.
The'insﬁlatién between théhstuds wasbgreater than 100M$ and
could Withstaﬁd 500 volts A.C. The stud could withstand twice
the mounting torque the aécelerometer required and wés capable
of withstanding the environmental conditions. . Tests done on
the study to‘establish its -effect on the high fréquency response

of the accelerometer, showed that the stud had no detectable

influence on the frequency response of the amplifier.
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POSITIONING THE ACCELEROMETERS

(a) CHOICE OF POSITIONS .

Accelerometers, being vibration transducers, have to be fixed
firmly to the vibrating noise source. In the case of a fur-
nace,_the added wéight of the écceleromeﬁer will not affect

the noise produced. Accelerometers can be attached to noise

sources by the following means:

l.' Bolting the accelerometer onto a stud fixed in a flat sur-

face of the noise source.

2. Cementing the accelerometer on with dental cement.

3. In the case of attaéhing to certain metals a magnet fitted

with.a stud can be used.

The‘mode of mounting is important as a mechanical cbupling
which is "soft" will tend to redﬁce the high frequency range
of the accelerometer due to the fofmation of a mechanical low
pass filter. Meéhods_Z and 3 described above might fall into

that category, depending on the cement and magnetic strength.

-

The initial experimentation involvgd finding the best positions
Aer mounting the accelerometérs. Tb ao this it was not fea-
~sible to dfill a hole and tap to méunt an accelerometer at every
likely position. Insfead, a heavy steel block was welded to
tﬁe back of a powerful magnet onto wﬁich'an accelerometer was
bolted.using the insulating study described previously. = The
effect of the magnetic coupling was very small and found

to be

)
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negligible in this applicatidnf A pair of headphones with a
portable audio preamplifier was used to listed to the noise

. ' €
at the positions investigated. A co-axial cable was run to

the operating room so that the signal could be obsetrved on an

oscilloscope and recorded on magnetic tape.

The following seven positions were investigated in the areas

chosen by inspection as described previously:

-

(a) Under the furnace;
(b) On the furnace walls;
(c) On the furnace roof;

The positions are shown in Diagram 1.4. -

Positioné.l, 2 and 3, all on the furnace‘roof, produced large
noise amplitudes of approximétely 8 mV at the accelerometer.
Oﬁ hearing the noise via the accelerometer, amplifier and
heédphones, it was decided that~a large amount of the noise
Qas mechanicél noise from feed chufes and the gas plants.

An attempt was maée to attach thefclamp onto the metal case of
lthe electrode but, due to the strong a.c. magnetic field asso-
ciated with the electrode, the d.c. fieid of the magnet was
swamped and the magnet would not hqld.

Position 4iwas under the fdrnace floor between two.steel girders
on which the furnace rests. The noise level was 0.5 mV at the

accelerometer. This low level is to be expected due to the

damping effect of the thick graphite floor.
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-Positions 5, 6 and 7 were down the side of the furnace wall

oppdsite electrode 3. The accelerometers, which have a low
transverse sensitivity and high.directivity, were positioned
opposite a specific electrode as it.was hoped that the majority
of the noise would bé‘associated with that electrode. The

noise level increased from the bottom to the top.of the wall.

At position 7, the amplitude was 3 mV which fell to 2 mV at

position 6, and 1 mV at position 5. This was probably due to
the wall thickness increasing down the furnace (see section in

Diagram 1.4). The noise heard via the headphones gave little

By

"indication of mechanical noise: . The furnace wall has cooling

.

water flowing down it which would wet the accelerometer, and

short circuit the insulating stud. This was avoided by coat-

'ing the stud and accelerometer with silastic rubber. The

‘sound of the running water was detected by the accelerometer

but the furnace noise was still dominant.

From the above investigation, it was decided that the‘agcelero—
meters would be mounted at'positions 6 and 7 opposite electrode
three, and at corresponding positions opposite electrode two.
These positions were well-within the temperature range of the
instrumentation, but.the éboling water was a problem in that

it adds extraneous noise and would short circuit the insulating
stud. The use of silastic rubber for insulation in&ol&ed
turning off the cooling watér for the time required tq.mount

an accelerometer and allow the silastic rubber to dry. This
was difficult to accomplish and was not popular with the fur-

nace administrators.
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The other positions did not have water problems but had either

too much extraneous noise to too low a noise level.

A protective mount for the accelerometers was therefore deve-

" loped which eliminated these: problems.

(b) MOUNTING THE ACCELEROMETERS IN THEIR POSITIONS

The .mounting unit as shown in Diagram 1.5 consists of a piece
of 3" steam piping with a threaded heavy steel cap. The cap
1

has a %" steel bol: through its centre and welded in place.

The top of the bolt is faced and tapped to take the insulating

stud. .. The back of the pipe is closed but has a gland for

the output cable. The preamplifier is mounted in the pipe
and is connected to the accelerometer by a short lead. The

pipe, with cap screwed on anq_sealed, provides a complete pre-
assembled }obust and waterproof unit. The %" bolt screwé inte
tapped steéi blocks welded to the furnace wall. The accelero-
meter via the bolt is in gbod mechanical contact with the fur-

nace, and the pipe prevents ‘water falling on the accelerometer

and short—circuiting the insulating stud. The water noise is

" not significantly detected by the accelerometer as no water

falls directly upon it, and the vibration of the pipe due to
the water has no effect at the mounting bold. The section
of the instrumentation most susceptible to electrical noise

is the cable between accelerometer and pre-amplifier. This

‘'section is within a continuous magnetic and electric shield

fbrmed by the pipe and earthed to the furnace. The complete
units were easily mounted on the furnace wall without disrup-

tion of the cooling water.
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Co-axiai'cables (502 ) were laid in conduit fram the mouﬁting
positions to the computer room. Although the instrumentation
was only intended to be on plant for less than one month, the
condﬁit was necessary to.prevent theft of, or interference |

with, the cables.

- The mounting positions were fortunately out of reach of the

'platforms around the furnace wall. For theft, interference,

—-

installation or removal of instrumentation, a large monkey

wrench and long ladder was required. The "transducer unit"

cables were joined to the transmission cablcs via "in-line"

BNC connectors which were encapsulated in silastic rubber and
téped up after connecting. Excess cable was non-inductively

coiled and placed in the metal boxes tarminating the conduit.

(c) RECORDING PROCEDURE

As described in Appendix 4, the tape recorder has four speeds

and seven separate instrument channels each usable in the

Frequency Modulator (F.M.) or Direct (D.R.) mode. The tapes

available were extended piay (E.P.) usable for F.M. recording
only and Long Play (L.P.) which were half the length of the
E.P. tapes, but could be used for Direct or F.M. recording.
The frequency bandwidth is proportional to tape_Speed;v In
order to have the maximum amount of tape availablc for data
collection, initial recordings were hade to establish ﬁhe
bandwidtﬁ of the signal. The tape speed used was 30"/sec.
and F.M. gave a bandwidth of 0-10 kHz_whichvwas also the\band—

width of the transducer.



20

The signal was frequency analyzed and showed harmonics of 100

Hz with very little signal above 1 kHz. (see Diagram 1.6).

This established the signal bandwidth of 1 kHz and %llowed a
tape speed of 3%" per‘secbnd to be used giving a bandwidth of
1250 Hz on F.M. recording. At this speed the playing time

was 3 hours for the E.P. tapes and 1% hours for the L.P. tapes.

There was no experimental way of determining the length of

the data records needed. The only known cycle time in the
furnace operation is the métal'tapping pr?éedure which occurs
approximately every four hours. ’In order to collect data
which would cover time variations over a long period of time,
én on-off timer was usea to switch én the tape recorder for
% of a minute every 10 minutes. In this way a sampled record
iengfh of approxiﬁately 48 hours was available. The timer
used was a high stability industrial timer which was connected
to the 12 volt diode logicrof the tape recorder via the tape
remote control switch. Two types of data record were fecorded,
éiving short coptinuous records of up to 3 hours and long

'sampled records of up to 48 hours.”

From Diégramlﬂ it was obserﬁed that harmonics of 100 Hz dominate
the écoustic noise. The dynamic range of the tape recorder

"on F.M. is 32dB which reduces the level of the recorded noise
other than harmonics, to the same level as recorder noise.

To investigatevthe noise oﬁher than the harmonics, the follow-

ing active filters were designed and built.

[
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A set of high Q notch filters at the harmonic frequencies which
eliminated the harmonics and allowed the noise between harmonics

as well as the noise above 1 kHz to be recorded. o \

These filters were active and were chosen for their high Q,

component insensitivity and ease of tuning. The freguency

 response of the 50 Hz Notch Filter is shown in Diagram 1.8.

Further Filter details are given in Appendix 5.

Using these filters a continuous recording was made to establish
whether relevant information was in the noise other than

harmonic noise.

THE COLLECTION OF OPERATING CONDITIONS DATA

Number four furnace of Ferometals, Witbank, has a Nova Computer

System with RTP interface equipment, installed in a room next

to the operating vroom.

The N.I.M. CANCER project used this system to log one minute
averages of 25 selected data channels to a wrap-around disc

file. The data channels logged are described in Appendix 6.

Their objects of logging the data in this way were:

1. To keep a detailed history of piant operation for up to
one week, so that in the evenfb6f plant failure, the data

could be examined for the cause of the failure.

2. To obtain a record of plant operation in the computer, so
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that off-line processing of the data could be done to

test theories and develop control schemes.

The format of this disc file and the operating instfuctions to

the programs associated with accessing the file is described

in N.I.M. memos (Ref. 5). These programs were used on the
plant computer as well as the in-house computer to determine
where on the file the data for each day was located, and to

acceés, condense and plot selected data channels.

It was infeasible to install instrumentation for gatheriiig

operating condition data as the instrumentation and recording

ability of the working computer system could be used. It was
decided to use computer magnetic tape for transporting the

data as this form of data storage is common to most computers.

The diSC‘system used on the Nova is not common to other computers

and paper tape would be too bulky for data storage.

The data was read from the disc and transformed into minute

records, each giving Date, Time, section number, then the

,aVerage values of each of the 25 operating conditions logged

~

over the previous minute. This data was transformed to ASCII
character and written onto magnetic tape. Each tape block

held just over one minute record.

The operating conditions data was thus restricted\to a resolu-
tion of one minute samples. As described in Appendix 6, oniy
certain data was relevant and the values logged on some channels
were not direct measurements but values calculated from direct

measurements with certain assumptions made.
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CHAPTER 2. 26

ANALYSIS TECENIQUE

P

This chapter describes the techniques used for analysis of the

collected data records, and the theory relevant to the analysis

which may not be assumed to be common knowledge. The
techniques used are lérgely the application of classical
techniques (Refs. 2 and 3) which are relevant to the analysis

of the collected data. 4‘1-u a

s ! -
P

The equipment used in applying these techniques varieéd

with the data format, but the techniques are the same.

The chapter is divided into: .

1. Individual Record Analysis.,

2. Cross Record Analysis.

~.

IINDIVIDUAL RECORD ANALYSIS

Data gathered from phjsicairphenomenonAmust be classified

before analysis techniques can be applied. This classifi-
cation is part of the analysis and is necessary as further
analyticalAtechﬂiques are only valid with certain types of

data.

- Data can be classified as shown in the flow chart in Diagram

'2.1. The first step is establishing whether data is
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deterministic or non-deterministic. Deterministic data can
be described by an explicit mathematical relationship and

can be periodic or non-periodic. Non-deterministic data
cannot be described by éxplicit mathematical relatianships and

the exact value at a future instant in time is not predictable.

_These data are random in character and must be described in

terms of probability statements and statistical averages rather

than explicit equations.

- i

Data Qualification o . \

The correct procedure for analyzing random data, as well as

interpfeting the analyzed results, are strangely influenced

by certain basic characteristics which-may or may not be exhis-:
bited byqthe data. The three most important of these basic
characteriétics,lare the staﬁionérity of the data, the presence

of periodicities in the data, and the normality of the data.

~

" Stationarity is of concern, because the analysis procedures

required for non-stationary data, are generally more compli-

cated than those which are  appropriate for stationary data.

Periodicites in the data should at least be identified to

avoid erroneous interpretation of léter results, The

validity of'an assumption that the data (éxcluding periodi-
cities) have a Gaussian probability, density function shoula be
inveétigated since the normality assumption is vital todmany

analytical applications for random data.
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The sections following describe the techniques used to investi-

gate the basic characteristics mentioned above,

The sections are: .

{a) Classification of Random Data

- (b) Detection of Periodicities.

(c) 'Testing for Normality.

(@) CLASSIFICATION OF RANDOM DATA

s

Random data may be divided into two’categdriesl stationary

énd non-stationary. Stationary random data can again be either

Ergodié or Non-ergodic and Non-stationary data can be classi-

fied into specific types of Non-stationarity.

The above classification is important in that the analysis is

determined by the class into which the Random Data falls.

~

Stationary Random Processes.

The concepts of stationarity and ergodicity are important and

are defined in Appendix 7. For the purpose of this analysis

these concepts were applied to sample records, in the following

manners:

Stationarity as defined in Appendix 7 relates to ensemble
averagéd properties of a random process. An ensemble being

a collection of sample functions forming a random process,

A
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sample function (or sample record in the case of a finite time

interval) is a single time history representing a random pheno-
menon.

In practise stationarity or non-stationarity can describe indi-
vidual time history records of a random phenomenon. When a

single history record is referred to as being stationary, it is

. generally meant that the properties computed over short time
intervals do not vary "significantly" from one interval to the .

= next. The word significantly is used here to mean that observed

variations are greater than would be expected due to normal

statistical sampling variations.

To heip clarify this point, consider a single sample reccrd

xk(t) obtained from the kth sample function of a random process

- {x(t)}. Assume a mean value.and autocorrelation function are

obtained by time averaging over a short interval T with a start-=

. ing time of t] as follows.

~

-

L ’ 1 [T

et k) = f z (1) dt -
| Tda =
, y u+Tr

Lo 1 .
. Rty + 7, k) = ;f Z (1) 2, (t + 1) dt 2.1

T eesaee s e

For the general cése where the sample properties defined in .

Equation 2.1 vary significantly as the starting time t1 varies,

 the individual sample record is said to be nbh—stationary.

For the special case where the sample properties defined in

EQuation 2.1- do not very significantly as the starting time.
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t, varies, the sample record ‘s said to be stationary. Further-.

more, sample records from ﬁost physically interesting non-.
stationary fandom processes ﬁill be non-stationary. Hence,

if an ergodic assumption is justified (as it is for most
actual stationary physical phenomena), verification of sta-
tionaritf for a single sample record will effectively justify
an éssumption of stationarity and ergodicity for the random

process from which the sample record is obtained.

Non—Stationary‘Random Processes

 Non-stationary random processes include all random processes

which do not meet the.requirements for réquirements for statio-

narity defined in Appendix 7. Unless further restrictions are

imposed, the préperties of a non-stationary randomlprocesshare'
generally time-varying functions whiqh can be determihed only
by pérforming instantaneous averages over £he ensemble of’
sample'functions'forminé the process. . in praétice, it is
often not feasiblé'to thain a sufficient number of sam?le

records to permit the accurate measurement ofbproperties by

ensemble averaging. This fact has tended to impede the develop-

ment of practical techniques for measuring and analyzing non-

stationary random data.

In many cases, the non-stationéry random data produced by
actual physical phenomena can be classifed into special cate-
gories of non-stationarity which simplify‘the'measurement and
analysis problem. For example, some types of random daﬁa
might be described by ﬁon—stationary réndom process y(t)

where each sample function is givenby¥y(t) = A(t)x(t). Here,
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x(t) is a sample function from a Stationary random process

x(t) and A(t) is a determiﬁistic multiplication factor. In
other words, the data might bé'represented by a non-stationary
random process consisting of sample functions with a common
deterministic time trend. If non-stationary random,data fit
a specific model of this,type,—ensemblegaVeraging'is not always-
needed: to describe the data. The varioug desired properties'
can sometimes be estimated from a single éample record, as is

true for ergodic stationary data.

Record Lengths in Stationarity Considerations.

When data is classified as being 'stationary' one must take into
Iaccount the restriétion that the data record used forvtesting is'
of a’finite length. The lowest frequency component in the data,
including a non-stationary mean must have a period much less
than the record lengthkvotherwise the record length is not

large enough to classify the data.

The sample of data must also be_collected such_tﬁat it will
reflect any non-stationary character of thé random process.

¢
Stationarity can be evaluated by considering the physics of the
phenomenon creating the data.  If the basic factors creating
the phenomenon are time invariant étationarity can be accepted.
In the present case of the acoustic noise produced by a submerged
arc furnace the factors creating the acoustic noise are unknown.
(An untested hypothésis on the cause of this noise is included

in Appendix 8). Stationarity of the acoustic noise could
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only be assumed over very long periods of time of the order
of weeks, provided no large change is made to the furnace which
could affect the Acoustic Noise. This assumption has no value

as the lengths of the data records collected have a maximum of

two days.
The following test, called the Run Test was uséd_for.evaluéting
the stationarity of data. (Ref. 2,-Section 4.7 and- Section

7 3 4 '.21 »

Test for~Stationarity

The data given should fulfill the following assumptions:

1. Any given sample record will properly reflect the non-

stationary character of the random process in question.

2, Any given sample record is very long compared to the lowest
frequency component in the data, excluding a'nonvstationary
mean. In other words, the sample record must be long

enough to permit'nonvstationary‘trends to be differentiated

from the random fluctuations of the time history.

Beyond these basic assumptions, ii is convenient (But not neces-
s£E§i to assume further that any non-stationarity of interest
will be revealed byvtime trends in the mean square value of the
data. There are of course, non-stationary random processes with
a stationary mean square value, but this s unusual in practice,

because it is highly unlikely for non-stationary data to haye a
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‘time varying-autocorrelation funcﬁion ét ény time displacement
X without the value at ¥ = O varying. Since the autocorre-

lation at ¥ = O (R(0)) is equ;l to the mean square value

( ?2), the mean square value will usﬁally reveal a time varying
autocorrelation. A similar argument applies to'higher order

- properties,

The stationarity‘of'random data can Be tested by investigaﬁing
a single record x(t] as follows:
1. Divide the sample record into N equal time intervals where

the data in each interval may be considered independent. -

2. Compute a mean square value (or mean value and variance
separately) for each interval andaiignthese sample values .

in time sequence, as follows:

2 2 2 2
X3 X3+ X34 besecene g Xy
3. Test the seqﬁence d%‘mean square valués for the presence of

underlying trends or variations other than those due to
expected samplinévvafiations.
The final test may be accomplished in.many wvays, but a non-para=
metric approach which does not require a knowledge of the
sampling distributions of data parameters is more desirable.
The Run Test fulfills fhese requirements, and is applied as

- follows; Let it be hypothesized that the sequence of sample.
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mean square values

2

2
Xl, X2( X3' 60680 8s 000 0p

4
{

are each independent sample values of a random ﬁariable withya 
mean square value of ¥ i. If this hypothesis is true, the
.variationé in the séquence of sample values will be rahdom and
display no trends. 'Hence the number of rﬁns in the sequence
relative to, say, the medium value, will be as expected for a
- sequence of independent fandom observatigns of theyrandom'varia~
ble, as‘presentéd by Table A.6. If the nuﬁber'of runs is sig-
- nificantly different>from the expected numbef given in Table A.6,
the hypothesis of stationarity would be rejectea; Otherwise,
the hypothesis would be -accepted. Note that the above testing
procedure does not require a knowledge of éither the frequency
bandwidth of the data or thé avéraging time used'to’compute
sample mean Squaré values, or any other parameter estimate.
Furthermore, it is not necessary for the data under investigation
to be free of perioaicities° Valid conclusions are obtained
‘even when peiodicities are present, as long as the'fundamentél.
period is shoft cqmpared to the averaginé time used to cqmpute
sample values. Examples of the appliéation of Run Test can be
found in Chapter 3.

"Application of Table A.6

For the acceptance of the Run Test hypothesis at a significance
level & , the number of runs (rn) generated by using 2n=N data

points must fulfil . the following requirements



" (b) THE DETECTION OF PERTODICITIES = - ;

rn~; 1 - X/2 < _rn < rn; IO(A /2

The values of rn_‘. are given in Table A.6 (Ref. 2).

4

Table A.6
Percentage Points of Run Distribution
- Values of r,,., such that Prob [r, > nyol = &, where n = Ny = N, = N2
[+ 4
n = NJ2 0.99 0.975 0.95 0.05 0.025 0.01 .
5 2 2 3 8 9 9
6 2 3 3 10 10 11
7 3 "3 4 11 12 12
8 4 4 5 12 13 13
9 4 5 6 13 14 15
10 5 6 6 15 15 16
11 6 7. 7 16 16 17
12 7 7 8 17 13 18
13 7 8 9 18 19 20
14 "8 9 10 19 20 21
15 9 10 11 20 21 22
16 10 11 11 22 22 23
18 11 12 13 24 25 26
20 13 14 15 26 27 28
25 17 18 19 32 33 34
30 21 22 24 37 39 40
35 25 27 28 43 44 46
40 30 31 33 48 50 51
45 34 36 37 54 55 57
50 38 40 42 59 61 63 )
55 43 45 46 65 66 68
~ 60 47 49 51 70 72 74
65 52 54 56 75 77 79
70 56 58 60 81 83 85
75 61 63 65 86 88 90
80 65 68 © 70 91 93 96
85 70 72 74 97 99 101
90 74 77 79 102 104 107
95 79 82 84 107 109 112
100 84 86 88 113 115 117

Periodicities in data are broughtout in many analysis tech-
niques. Strong periodic components are visible as delta

functions in the power spectrum, but can be confused with

36 -

narrow-band contributions. '~ The two can be distinguished-

by narrowing the resolution of the filter bandwidth

e a——— e
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in.which.c5se the indicatéd Bandwidth.of the peak will always

be equal to the bandwidth of the analyser filter frequence,
This will not work unless the resolution bandwidth of the analy-
zer filter is smaller than the bandwidth of possible narrow band

random data.

The amplitude probability density funétiong fof sinusoidal and
random data are different as shown in diagram 2.2. The problem
with this techniqué is that data with_manyvperiodic components

- could look like pure random data, and that in the case of a single,
single sinusoidjidentification is difficult unless the variance

of the sine wave is less than the variance of the randoﬁ part

of the déta.. Diagram 2.3 shows.the probability density functionv
>jvof fufnace acoustic noise. This plot does not shovaeriodiciﬁfa
ties in the data because of the large amount of beriodic Compb—

-nents present.

The autocorrelatiénuis another méthoa of détecting sinusoids,
Random daté without;xuiodicitieé will have an autocorrelation
which has a value approaching the square ofvthé.mean value as
- the tiﬁe.displacement Bécomes large. The autocorrelation
function of a sinusoid or collection of sinusoids will continue
to oscillaﬁe no matter how large the time displacement becomes.

'Diagram 3.7 shows these autocorrelograms and diagram 2.5 shows

the autocorrelogram of typical furnace noise.

The autocorrelation function oscillates at the same frequencies
as the periodic components in the data. The fourier transform
of the autocorrelation function gives the spectral density

function. This gives no new information but presents the infor-
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mation in the autocorrelation funétionvin a different form.
Diagramé 2.6 and 2.7 éhow the log spectral density plots of
furnace noise. Diagram 2.6 Ehows‘the log.Spectrél density
plbt produced by a real time analysér and ensemblé averager
using actual recorded furnace noise. Diagram 2.7 shows the
'Fouriervtransform of the-autocorrelatioﬁ function into the

real time analyzer and using an ensemble averager.

The long displacement autocorrelation function of periodic
'components removes random noise and leaves only periodic
components. The value of the autocorrelation function at

¥ =o gives the mean square value of the data.

The autocorrelation function and its Fourier transform was
the main technique used to detect and identify periodicities :
in the data. The mathematical definition of the auto-

correlation function is given by: -

T i .
R (V) = 1lim, -%— 5 x (8) x (£ +7) dt
T-peo
where
__ R_(=T) = R(¥)

and

R (O » R (V)] for all ¥

o e e ni A B A SAp e i s et b s e e i e —a = - - I [ TN . e et o o o e e+ i
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(c) TESTING FOR NORMALITY

The obvious method of testing data for normality is to measure
the probability density function of the daté and compare this
to the theoretical normal distribution. In the case of where

the probability density function is not easily available a

non—parametric_teét called the Chisquare goodness-of-fit test

can be applied. This test requires discrete samples of the
data and is suited towards digital processing. This test
which is described in section 4.6 of Ref. 2 was not required

in the analysis.

CROSS RECORD ANALYSIS

After the individual records have been applied, cross analysis
can be performed to detect similarities in a collection of data

records.

The individual_record analysis is'necessary_to validate the data

for cross analysis. An example of meaningless analysis is the

- correlation of a single pulse with a record made up of nany

pulses with different pulse lehgths. ‘The cross correlation
function has many peaks which are all significant, but, give

no meaningful information. |

The individual record analysis classifies the data and deséribes
its characteristics. The characteristics of jndividual records
are then visually compared before cross analysis.  This givésv

an insight to the true meaning of the cross analysis.

The function used for cross analysis is the cross correlation-

A e o . S e Aot <t b 0 i, eetn | n 5
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L}

function which describes the depehdence of the values of one
set of data on the other. ‘For two time history records

x (t), y(t) the exact cross cdrrelation function.

T
- .1 |
ny('t’) = l}m T 5 x(t) y(t+¥)at

ny (?) is always a real-valued function which may be positive

or negative. ny () need not have a maximum at ¥ = o

nor is ny () an even function as was true for the autocorre-

lation function.

The position of the cross corrélafion peak givés the delay time
between the signals if the system is linéar.v The Cross corre-’
lation function of two periodic signals with the same frequency,
will be a periodic funCtion-having fhe same frequency.v In this
case there are many positive and negative peaks in the cross
correlation function and the determination.of relevant time
delays, and whether the édrrelation is positive oxr négative

is difficult.

' The Fourier transform of the cross correlation function is
another way of presenting the information contained in the éross
qg£5elation function. The function produced is called the
cross spectral density plot which is very.useful in detecting

frequency components common to both signals.
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ACOUSTIC NOISE ANALYSIS

g

The analysis follows a sequence which is most easily described
by the flow chart in Diagram 3.1. The first data‘recorde to
be analysed were the recordings of continuous noise.
Recordings from Electrode 3 were chosen as its noise varied
more than that of Electrode 2, and the top position was
preferred due to the larger signal produced. The lower
position opposite Electrode 2 was not considered. (See

Appendix 10 describing the instrumentation check).

"The recordings used were on tape 7 and had a O - 10 kHz

bandwidth.

3.1 STATIONARITY OF THE ACOUSTIC NOISE SIGNAL

From inspection of the waveform it was decided that the noise
as a whole can be considered as being stationary. This was
confirmed by applying the Run Test to mean sqguare values

averaged over eight seconds.

As described earlier the value of the autocorrelation function at
1;§~£ime zero is equal to the mean square value of the data.
Using the SAI —~ 43A Correlation and Probability Analyzer, the
autocorrelation function was calculated seventeen times, once

every eight seconds, using 16 x 1024 summations per calculation.

Their values at T = o, being the mean square values, were

NS P 1 3 B < A iRy At (A Aot i gt v WPy % i - O e b




1 Stationarity Test of the Complete

Continuous Acoustic Noise Signal

2 Tests for Periodicities in the

Signal
|

e

3 Analysis of the Non-

Periodic Noise

4 Analysis of Periodic Noise

and Selection of the Com~

ponent to be Analyzed

_ 5 . Stationarity test of the
@ ' amplitude of the periodic
' ' component in the continuous

noise recordings

l

6 Preparation of sampled Acoustic Noise Tapes

-

7 Digital Signal Processing

l

8 Stationarity Test of the amplitude of the periodic

component in the sampled noise recordings

l

9 Test for periodicities in amplitude fluctuations

- in the periodic component using auto-correlation function

10 Discrete Fourier Analysis of the Auto-Correlation function

using the Fast Fourier Transform.

DIAGRAM 3.1
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displayed on a digital voltmeter and recorded, The Run Test

(as described previouslylt'was appliedbto this set of mean

square values. The mean square values and median line are shown
'invdiagram 3.2. The number of points = 17 and the nﬁmber of
runs = 8, For the hypothésis to be accepted at the & = 0.05
level of significance the number of runs must be between 5 and -
12. - (From Table A.6). . The hypothesis that the mean square
value of the data is stationary was éccepted at, the = 0.05

significance level.

3.2 PERIODICITIES IN THE ACOUSTIC NOISE SIGNAL

The second step in analysis is the detection of périodicities in
the noise. The equipment used was a Spectrél D;namics SD301C
Real Time Analyzer with the SD302C‘ensemble.avérager (RTA), and
a Honeywéll Correlator and Probability Analyzer.... :

The freéuency spectrum of the acoustic noise was investigated
"using the RTA. As the ma#imum frequency of the recording:is

10 kHz and the RTA'was set with a 0 - 10 kHz range. Diagram
3.3 shows the plot obtained using 512 ensembles. The majority
of the noise lies between 0 and 1 kHz. Around 5 kHz the noise
is 35 dB down on the noise in the 0 and 1 kHz band. The con-
clusioﬁ drawn was that significant noise is more likely to occur
in the 0 - 1 kHz band. Diagram 3.4 shows a plot with a band-
width of 1 kHz. This plot indibates périodic components which
are harmonics of 100 Hz along with wide band random ﬁoise.

256 ensembles were used to produce the plot shown,

In order to distinguish the periodic components from what might
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RUN TEST FOR

STATIONARITY.

Number of points-

Number of runs

b 8

\Sokﬁz

3.2

DIAGRAM
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-be narrow band random noise, the correlator and probability

- analyzer-were used. The probability density function is shown

in diagram 2.3. It conveys no meaningful information about
periodicities as many periodic components are present. Diagram
3.5 shows the éutocorrelation function of the acoustic.noise.
The cofrelaﬁqr used a sampling interval of 0,2 m,sec. and

32 x 1024 summations were performed. The éu%ocorrelation plot
(autocorrelogram) confirms that more than one periodic component
is present and that the components are harﬁonics. The Fourier
transform of the autocorrelation function was performed and a

plot of the periodic components without the random background

‘noise was obtained (See Diagram 3,6).

This spectral density plot shows harmonics of 100 Hz. After
400 Hz the harmonics are -35 dB and were considered insignificant

when compared to the tape recorder's 32 dB signal-to-noise ratio.

The Fourier transform of the aﬁtocorrélation function cannot be
obtained by feeding the autocorrelation function into the RTA.
The autocorrelation function is made up of 400 discrete d.c.
levels in the correlator memory which appear sequentially at the
correlators function output. The output is continuous with

the 400 points being repeated every 40 m.sec. If this is fed
into the RTA one gets a comb effect.caused by the discontinuities
between the end of the 50 m.sec. period and the beginning of the
repetition of the period. This effect is similar to the
window effect experienced when using the Fast Fouriér Transzrm
(FFT) in digital ‘analysis which is explained more fully in a

later section.
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This effect can be avoided by cﬁooéing a sampling frequency

which reduces ‘the discontinﬁity between the beginnihg and end df

the autocorrelationvfunction. “The RTA then sees the autocorre-
lation function as being continuous and the error is eliminated.

In this case, és the autocorrelation is periodic, the sampling
inferval was chosen so_that‘the'autocorrelation (shown in Diagram
3.5) function éppeared to be continuous. The 'effect pf the slight-f
discontinuity is visible in Diagram 3.6 asvthe small peaks occur-

ing at fixed intervals between the harmonics.

- The problem can also be overcome by"clocking'fthe‘single'block

containing the autocorrelation function into the RTA memory.

. The analyzer will then consider the autocorrelation function as
thé complete signal. Unfortunately, the RTA and correlator are
not directly compatible in this way and an interface which was

not available is required.

In both methods a multiplication factor must be calculated and
the RTA bandwidth must be adjusted to take into account the

difference between real time and the correlator output sweep time.

The detection of periodicities waS'applied to acoustic noise
recorded _at various times, and the conclusion drawn was that the
acoustic noise has large periodic components, whose amplitudes

vary in time. These components are harmonics of 100 Hz.

The acoustic signal can be described as random noise, as yet un-

investigated , and specific harmonics of 100 Hz. The sequence

of analysis as described in the flow chart divides into two
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paths. The analysis of the harménics, and the analysis of the

periodical components.

THE NON-PERIODIC NOISE

The periodic components, being 100 Hz and its harmonics dominate

the acoustic noise signal.

The importance of the remaining noise in conveying useful infor-

mation to the operator is considered below:

The autocorrelation function of a 51gna1 containing random noise
and a periodic component can be made up of the autocorrelat:on
functions of the periodic component and that of the random noise.
Diagram 3.7 shows this. A single sinewave with a periéd_T, has
and autocbrrelation function which is a cosine wave with period'

T.
As seen from Diagram‘3.7b

RXX (O) = RXX (h/T) . ¢ o 5 8 8 8 0 e 9 s 30‘3-1.

For a non-periodic signal (Diagram‘3.7a)

RXX(O) = —N— ZX" onrn.o-tcocv3-392
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\ .
where X is the value of the ith sample of a total of N samples
making up the data record. This is provided that N is large.
In this case the autocorrelation function gives the mean square

value of the data and its mean value squared.

The mean square value of the random noise in a signal also con-
taining a periodic component is

Rxx (o) - Rxx (nT) --pooo...3-3o4

Where n is large and the mean value of the data can be arranged

to be zero by a.c. coupling the signal (See Diagram 3.7),

If the signal contains a periodic component with its harmonics
the same priciple applies provided that T is the period of the

fundamental component.

In this way the contribution of the random noise to the total

signal can be considered.

Diagram 3.8 shows the autocorrelation fﬁnétiohs.of the acoustic
signals recorded from the positions hear the top of the fufnace
opposite electrodes 2 and 3. It an be seen from the autocorre-
iggiamé— that the signals contain periodicities. The autocor-
relograms are plotted with Y = o0 at the centre and a time
scale of + 20 m.sec. The correlator was a.é. coupled to the .
signal to ensure a zero mean value. The random noise bomponent

of the autocorrelation function reaches its final value (the

squared mean value = o) before 10 m.sec. of delay time. As
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described aboye the mean square value of the periodic compbnents
can be separatedvfrom the mean square value of the total signal
From Diagram,3;8 it was calculated that for the signal from
electrode 3 only 16% of.the total mean square value was due.to
random noise and the signal from electrode 2 had a random noise

contribution of 9% of the total mean square value.

In order to record the random noise signél without swamping the
dynamic range of the tape recorder with the 100 Hz signal and

its harmoniés, a set of notch filters was used to condition the
signal before recording. Diagrams 3.9 and 3.10 show the power
spectra. of the filtered signals collected opposite electrodes

2 and 3.

At the time of recording the exact structufe of the a;oustic
signal was unknown and thé set of notch filters removed 160,150,
200, 300, 400, and 500 Hz components. - These active filters were
designed using Siliconix application note AN74;6 (Ref.6); The
design parameters and characteristic:of the 50 Hz Notch is shown
in Appendix 5. Thé numerous filters tended to attenuate the.
interharmonic noise but as seenvin Diagfams 3.3 the mgjority

of the random noise is wide band with increasing amplitude in

the 0 - 1250 Hz band.. Diagram 3.4 shows the unfiltered acbustic
signal which shows the random noise at least 30 dB lower that the

200 Hz component.

The full unfiltered signal is approximately 3 mV while the fil-
tered signal is ZOOIuV, both referred to the accelerometer out-

put. This indicates that the filtered signal is 23 dB down

on the total signal.
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' The above considerations take into account the level of the
random component compared fo the total signal in both the time
‘and frequency domain. This project originated with the ideas
that the acoustic noise provided information to the operators
via their earé and via instrumentation. .To investigaté fully
the significance of the non—periodic.noise.the hearing ébility

of the ear must also be considered.

The instrumentation for gathering the acoustic noise signals was
designed to fdllow the éharacteristic of the eaf.as far aé
possible.. The limit of the instrumentation was the dynamic
range of the tape recorder being approximately 30 dB, while the
ear can detect a pure tone '60 dB down in noise. The use. of
pre~filtering diminished this limitation and allowed small’
signals to be recorded. A'feature_of the human ear not found -

in instrumentation is the phenomenon of *Masking'.

In this case the background furnace noise is masked by loud

pure tones. (Masking by pure tones, as described more fully in

)
Appendix 11, cause the thteshold of audibility to be raiséd for
noise at frequencies higher than the masking tone. The curves
‘of masking of a pure tone by another tone are shown and explained
in Appendix 11).

The sound level in the vicinity of the operating room meaéuredrv
with a sound level meter using the 'A' scale was of the order

of 85 - 90 dB. From the mean square estimates of'thé random
noise as compared with the 100 Hz signal and its harmonics, and

observing power spectrum of the total signal it was assumed that

a large amount of the noise was made up of pure tones.
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From the curves shown in Appendix 11 it can be seen that pure ".o..

tones with large amplitudes will raise the threshold of audibility

for tones of higher frequencies.

In the case of furnace noise the-iarge 100,7200 and. 300 Hz com-
ponents could cause the threshold of audibility to be raised by

20 to 70 dB fof frequencies higher than 100 Hz. The curves
shown invAppendix 11 refer to masking of pure tones by pure tones,
but will largely affect the masking of higher frequencies by

pure tones.

On taking into account the low noise levels of the non-periodic
noise and the masking effect by the pure tones an higher frequen-
cies, it was decided that information on furnace operation detec-
ted by the operators was more likely to be catried by the periodic

Rl
T

components.

The random noise in the 1 - 10 kHz band could be caused by bubbl--

ing and . movement in the furnace, but it is very unlikely that

changes in these random components could be heard by the operatoré.

This decision was also influenced by the only other work in this
field done by Higgs (Ref. 1) and his team.

Higgs in his work 'Noise Statistics in an Electric Arc Furnace'

used the same type of instrumentation as was used in this project.

His intrumentation differed in that he fed his signals directly
from a furnace wall mounted accelerometer into an on-plant, pro-

cessing computef. He used the computer via digital filtering to

e nas A PYR K < AT A A b S v S A e (4 o s e = e




remove his periodic components being 60 Hz and its harmonics an

14

conducted analysis on the femaining noise in the frequency band
500 - 1250 Hz. His work was "aimed at creating signatures of
furnace noise for different operating stages occurring in a

scrap furnace. He concluded that his’furnace generated‘noise
in a random fashion bn the decibel scale, and|that his signatures

changed with furnaceAlining”quality and/or thickness.

3.4 THE PERIODIC NOISE

-As mentioned previously the only other work done on the analysis
of noise in arc furnaces is by Higgs (Ref..l), who developed
siénatures of the random néise occurring between the harmonics
of 60'Hz. The following analysis of the periodié noise follows

the opposite approach.

The 100 Hz component and its harmonics are related to the electri-
cal power driving the furnace. This'Was easily proved by inves-~
‘tigating.the noise at periods when the furnace was briefly'
switched off.

The suﬁmerged arc furnaces has no set operating cycles apart from
four-hourly metal tappings, The process is continuous and is
_con;rolléd by lowering and raising the electrodes andvcontrollihg

thepower supplied to the furnace.

As the operating parameters are linked to the power source of’
the furnace and the same power produces the 100 Hz component and
its harmonics it was decided to pursue the ?nalysis of the perid—

dic components.
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The difference between this approach and that of Higgs (Ref. 1)
is that Higgs had set stagés in his process which caused‘ran- |
dom noise. He formed noise signatures. of initial arcing,
pooling and other characteristics which occur in the process.
In consideringvthe periodic components in the noise signal

one is investigating noise related to electrical parameters
which in themselves give indicafions of "good" or "bad"

operation of the furnace.

"Good" and "bad" o?eration of the furnacd is difficult to
define, but furnace operation resulting in a large power input
to the furnace normally gives good metal yields_and erratic
operation with difficulties in power input normally reduces

the metal yield.

An untested hypothesis on the cause of the 100 Hz signal and
its harmonics in the acoustic noise is described in Appendix

8.

The periodic noise consists of diminishing harmonics of 100
Hz. The levels of the 100, 200 and 300 Hz signals in the
full acoustic signal collected from the transducer mounted

at the top position opposite electrodes 2 and 3 were investi-
gated. Harmonics higher than 300 Hz tended to be frequently
at a very low level and were not investigated. Then analysis
was done using the Real Time Analyzer (RTA) in the manual
mode, as;a narrow band pass filter with an output rectifier,
and feeding the resultant time varying a.c. signal to a chart

recorder.
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)
This initial ‘pre-analysis' indicated that the level of the 300
Hz noise had more variations than the other two harmonics.
Another 'pre-analysis' technique was performed by plotting the
level of the harmonics with the hoist position of the nearby
electrodes against time. The only visible correlation between
the parameters occurred for data from both electrodes when the

level of the 300 Hz signal and the hoist positions were compared.

These plots are shown in Diagram 3.11 and 3Lig.'

From initial pre-analysis as described above it was found tﬁat
the 100 Hz and the 200 Hz components had few variations and had
no visible correlations with hoist position. For these reasons
it was decided to concentrate analysis on.thé amplituae of the

300 Hz component.

STATIONARITY OF THE AMPLITUDE OF THE 300 Hz COMPONENT

INVESTIGATED OVER A 3 HOUR PERIOD

The level of the 300 Hz'signal varies with time as established
previously. The longest continuous recordings of furnace noise

covered a time period of just under three hours.

From observation of the rectified 300 Hz signal plotted over 3

hours it was suspected.that the signal was not stationary over
this period. The plot indicated that the record length included.
the lowest frequency component in the signal, but this was not

conclusive.

It was decided to apply the 'Run Test' to test the stationarity

J L e, - SN




68

@Bﬁ\\ w:Kn :

7\
\\ \
/ ' Horst = Position ——
;o / _ A
/ \ / 300 H= . QS\\Rc\n .ﬁv\ Positron == ~/
A\ S _ \
\ o
W, L
v | | [ \
Electrode 2 - . \
, " . i | V
m \, I
S AT
. b
, h ,, I
,, / .,,\ N
, I ,V o
_ | b t
¢
,. i W m ] AN .W |
| , | |
] R
# MW«\) m | \:\y
, / .
[ \ A\ M ;m\
\ !
S AR
| I R J— P - .hw — 1 m . : \ﬁgmm *\Oixm
1 2 3

DIAGRAM 3.11

W g R iy e T e s e er



69

Hoist Position = — — . \\

ook Ampltade ———

. ‘m\hhdﬁon\m W

E

. \Ml.

DIAGRAM 3.12

e




70

of the mean square. The application and theory of this test is
described previously in Chapter 2.

The test requires that the data record be divided into equal
sections and the mean square value be calculated for each

section.

This was éccomplished_by calculating the autocorrelation function

for each section and using the expression:

_ % ' : o
R (o) = ﬂ} - = mean square value.s..3s5:1

The sampling rate of the Honeywell correlator was set to 1 m.sec.
and 128 x 1024 summations were performed‘ This'setting caused

an autocorrelation function to be calculated every 66 seconds.

‘The data came from a three hour continuous tape of furnace noise
recording, and the noise data used was collected opposite

-electrode three near the top of the furnace wall.

The tape was recorded at 3%"/second but was played ba§k for ana-
lysis at 32" /second giving a frequency multiplication factor of

8 (and a tape playing time of 22 minutes)  The RTA was used

(in the manual que) as a 2400 Hz band pass filter and rectifier.
. The rectified time varying d.c. signal was connected to the
input of the correlator.

The value of BIN o ih the correlator (Rx (o) ) in this case)

X

was noted after the autocorrelation function for each section of

the data was completed.  The noted values formed a sequence of
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20 mean square valués which were tested ﬁsing the Run Test.

The Run Test plot is shown 'in Diagram 3.13. The number of points
= 20 and thé number of runs = 4, From Table A.6 in Chapter 2"
the number of runs required to accept the hypothesis of stationa-
rity of the mean square at the = 0,05 significance level must
lie between 6 and 15. At this significance level the hypothesis
of stationarity of the mean square'df the level of the 300 Hz
signal, over a period of 3 hours is rejected. |

The above test fof stationarity of the mean square,of thé level

of the 300 Hz component was performed on a data record of only

3 hours.  From earlier considerations on record lengﬁhs influenc-
ing statibnarity tests, it i$ possible tﬁat_the mean square

#alue of the level of the 300 Hz component may be statidnary if

ibnger data records are investigated.

PREPARATION OF SAMPLED DATA TAPES

In order to investigate the level of the 300 Hz signal over

long time spans sampled data Was‘used. As explained in earlier

sections on data collection, the tape recorder was operated by

an on-off timer which switched on the tape recorder for 44
seconds every ten minutes. The tape recorder bandwidth was
0 - 1250 Hz. The longest uninterrupted span of sampled data

covered 46 hours 52 minutes and was recorded on Tape 9.

Signal processing techniques can be applied to data using dif-

ferent forms of equipment. Diagram 3.14 shows the different

iequipment options. In the analysis so far the processing
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equipment has been by analog devices. The analysis instruments
being the 'Hoﬁeywell SAi — 43 Correlator and Probability Ana-
lyzer' and the 'Spectram.Dynaﬁics Real Time Analyéer and En-
semble Averager', are both special purpose instruments requiring‘

analog inputs.

The sampled data records are not in a form where they can be
analyzed by the above special purpose instruments. These

instruments expect continuous analog inputs and will not operate .

on sampled analog data records.

From the analysis so far the indications are that the level of

the 300 Hz component varies very slowly in time. Neither of

the above instruments can analyse very low frequency variations

‘without preparation of the data.

Preparation of data is a procedure common to signal processing,
where data is converted to a format acceptable by the analysis
equipment. It was not required in the analysis of the conti--

nuous noise signal as the data was already in a format accept-—

‘able to the analog analysis equipment.

The sampled data recofds require prepafation before analysis by
either digital or analog equipment; ’»The preparétion'requifed

to format the data for analog analeis is complex and the result-—
ant data records would have frequencies out of the range of the
analog equipment. ,Féf these reasons fhe analysis equi?meht

used for analysing the sampled tapes was a digital VARIAN 620 L

minicomputer with a 12 bit Analog to Digital converter.
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DIGITAL SIGNAL PROCESSING -

A digital computer is a versatile analysis tool. The computer

can perform the function of dédicated analog inStruments when

programméd with the required softwave. Digital analysis is not
as straightforward as Analog analysis and can create errors

which are not found in Analog equipment.

The Analog—to—Digital converter samples a continuous analog
signal andvforms a data record consisting of a sequence of
humbers‘representihg the value of the analog signal at-tﬁe ins-
tant of sampling. This digitizing procedure can cause the

following types‘of errors.

(a) TheAsampling theorem requires that for full digital repfe—

sentation of an analog signal the digital sampling frequency must

bé at least twiée the frequency of the highest component present
in the signal. If the sampling frequency is too low,éonfusion
of theylow’and high frequency -components occurs. Thié causes

an errorvnot found in analog signal processing cailed fhe alias—I
ing or folding error. This error is avoided by low pass filter-
ing the analog éignal and selecting a sampling frequency greater

than twice the bandwidth filter.

(b) The sampled data is quantized to a discréte number of levels.
The accuracy of the Quantization depends on the number of quanti-~
zation leveis. For ideal'conversionvthe quantizing error will

have a uﬁiform probabiiity-distribution with a standard deviation

of 0.29 Ax where Ax is the quantizing increment (Ref.:2 Section




75

7.3.1). The VARIAN A to D converter is a 12 bit convertef having_:
4096 levéls. The étandara deviation =0.29Ax is thé rms Value |
of the quantization error, which can be considered as rms noise.

on desired signals. This gives a'peak signal to rms noise:

fatio of:

4096 A x

20 log ( 7.29 & x ) 83 dB

With this A to D converter gquantization error can be ignored
. provided the analog signal occupies a reasonable portion of the

A to D's ihput fange.

(c) Othef inffequent érrors which cah occur are 'Jitter',
arising.froﬁ the fact that the time interval between samples can
vary slightly in some random manner, and 'Aperture error', due tob
the'sample'being ﬁaken over'a finite‘period of time rather than
instantaneously. These errors can be eliminated by sampiing ”:

faster than is necessary and averaging over a few points.
The actual A to D conversion was done in the following manner:

The tape recorder wés run at 32"/sec giving a fréquéncy multipli;
cation of #8. This reduced the amount of compﬁter time required
The 300 Hz componeht was removed from the total signal and .:.
rectified to produce . a-time‘varying d.c. level proportional to
the 300 Hz component. This, was done by HP model 302 A wave
anélyzer set to 2400 Hz. The wave analyzer has an out-of-band

‘rejection of -80 dB at + 70 Hz bandwidth.

The recorder output was used to obtain the rectified filtered

~signal.
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The d.c. signal which was adjusted to vary betﬁeen 0 - 10 volts,
was connected to one of the channels of the A to D converter. |
The sampling frequency of the‘h to D converter was-set at 8_Hz,-
giving a sampling rate of 1 Hz when taking into account the x8 -

speed-up of the tape recorder.

The language used for the digital signal processxng was' BASIC.
This language is an 1nterpreter'language_which, although belng.
slow, is suitable for varying analysis techniques necessitating o
frequent program changes. The maximum sampling rate of‘the A to

D converter when using BASIC is 5 kHz, which is guite adequate..

The BASIC subroutine ADC]1, X Y 1th1alizes A toD conver51on,
the parameters X and Y determine the analog input channel number
and the number of blocks of digital data required. The digital
data blocks are magnetic tape blocks each containing'576 data
values. Using this subroutine analog tapes were digitized and

the digital data was stored on'magnetic tape.:

As the analog signals digitized were actually sampled analog
signals made up of 44 second sections, the digital data was split
into these sections. From the tape recorder spec1f1cations
(Apendix 4) it was observed that the tape start time and stop
time took a total of 5 seconds. The data on the tape during .
these five seconds is not of value and was discarded by dividing -
the digitized data record into 39 element intervals, and dis-

carding the five elements between each_seotion.

The tape recorder recorded a switch-on spike when switched on,
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which was easily visible in the dfgifél data and indicated the
beginning and end of each section,

A pre-processing program was»written Which.collected,the 39 ele--
)'mehts in‘each section, and outputted their mean value to the tele-

type in the following format:

N : Data . XXXXX

where N is the line number and XXXXX is the data value.

The teletype was selected as the output device as BASIC language
on the VARIAN, can only write data to magnetic tape via the A a
to D converter and data can only be read from the teletype or =

magnetic tape.

When outputting mean values, the teletype punchwas switched on
and a paper tape data record,-in the format necessary for use in

a BASIC program was created by the pre—processing'program.ri

“The daﬁafvalues contained 'line numbers' and were acceptabié as -
dafa lines in further analysis programs. . This involved pre-pro—
, cessing was done to save time, as thé.procedure of reading datq”
from magnetic tape and calculatingﬁmean values before applyihg
analysis techniques took up a‘sighifiCant amount of proceésing
time.  In the case of many records on the same magnetic tape,_.
‘the access time is even larger due to the computer‘having to

read through the tape to find the required record.
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3.8 LONG TERM STATIONARITY OF THE AM?LITUDE OF THE 300 Hz COMPONENT

The data récord whose preparation is described above, consisted
of 250 averaged samples of the amplitude-of the 300 Hz component
in the acoustic noise. The sampling rate is once per 10.75 |

minutes. - Diagram 3.15 is a plot of the level of the 300 Hz

component against time for a period of approximately 47 hours.

‘This plot indicates that visually the data is stationary and

. ) . 1 "
that the failure of the previous test for stationarity of the
mean square amplitude of the 300 Hz component could be due to an

insufficient record length.

A computer program was written which calculated 12 mean square-_
values each value calculated from 20 data points. These values
were applied to the Run.Test to test for the stationarity of the
meaﬁ square. The plot of mean square values along wi£ﬁ the
medién value was ploﬁted on the computers Visual Display Unit

(VDU) and is réproduced in Diagram 3.16.

As seen from Diagram 3.16 the number of runs = 6 for-the 12 point
plot. From Table A.6 (Chapter 2) the.stationarity of the mean

square of the data is accepted at the o = 0.0S_Significancé

level.

INVESTIGATION FOR PERIODICITIES

The data used in this investigation is the 250 element data
record used in the stationarity test, This data record repre-
sents a very slowly varying signal and covers a time period of

44% hours.
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. EQUIPMENT OPTIONS FOR DATA ANALYSIS.

DATA ANALYSIS . B

-

ANALOG EQUIPMENT : HYBRID - EQUIPMZNT DIGITAL EQUIPMENT

GENERAL PURPOSE SPECIAL PURPOSE SPECIA‘L PURPOSE GENERAL PURPOSE
ENALOG CGMPUTER. ANALOG INSTRUMENTS OGITAL INSTRUMENTS DICITAL. COMPYTER

DIAGRAM 3794

Amplitude fluctuations of 300 Hz component of the Acoustic Noise Signal

over a period of 47 hours.

DIAGRAM 3.15

Bun Test for stationarity of the mean square of the amplitude of the 300 Hz

component in the acoustic noise over a period of 47 hours.

. POINTS
RUNS

12

f
[®)]

DIAGRAM 3.16
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The sample autocorrelation function was used to investigate the
data record for periodicities. Using digital signal processing,

only estimates of the true autocorrelation function can be cal-

culated.

The sample autocorrelation function for a data record fxn}

wheren =1,2 ...... , N, - as given by Ref. 2 is:
_ 1 N-r : ,
Rx (rh) = 'ﬁ.—:; E_ ){rl . }&1+r e p ey 3-9-1
n=1 _ v
r ) = 0’ l' 2‘( .opo.co--n. .mo

where r is the 1l4g number, m is the maximum ldig number and h is

the sampling interval of the data.

Another definition valid for m 4< N is given by (Ref,2}.

;7 Nor . : ' A
R. (rh) = = E Xn En+r seaese 3.9.2
x N - ,
n=1
r =. o, ll . p & p s 8O Hp l »‘m’

The expression used in the analysis was

N/2

Rx (rh) = -ﬁ E— n . n+r ® e 900 e oo, 3.0903
: n=1 : L »
Where r | = 0, l( 2' e e s o N/2 .

=2

which isdsample autocorrelation valid for rg

The autocorrelation function consisted of N/2 points calculated
from N data points. The variance is the same for each point

unlike the function generated by expression 3.9.1 where the
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variance of the individual pointstvary with r. Expression.

3.9.2 was ﬁot suitable as it is only Vaiid fof m << N,

The BASiC program written remoyed the mean value from the déta'
record and using expression 3.9.3, calculated and plotted tﬁe
sample autocorrelation function. The 250 element data record has
the 125 pOint'autocorrelétion function shown in Diagram 3.17.
The sample autocorrelation function‘whichvcovers 22 hours 211

minutes does not approach zero for large r.

This is due to an error E in the calculated mean value which is
an estimate of the true mean value, in which case the autocorre-

lation function should approach B2 for large'r.

The function in this case does not approach any_set value but
varies about zero. This is indicative of periodic components
in the éignal, which cause periodicities in the autocorrelation
‘funétion. | Thelperiodicities.in the autocorrelation function
are visually difficult to identify due to the functions' limited

lag time, and resolution., -

The periodicites can be idenﬁified.by calcﬁlating the Fourier
Transform of the sampled autocorrelétion‘function to give the
sampled spéctral density function of the originai data record.
As explained in the section describing signal processing techni-
ques, the Fourier transform of the autocorrelation function ex-
cludes the random noise which is present in the Fourier transform
of the original data record. _ The Fourier transform p:ovides.

no new information, but presents the iﬁformation in the auto-

~correlation function in a different form.
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THE DISCRETE FOURIER TRANSFORM

The digital Fourier transform called the Discrete Fourier Trans-
form, is.calculated by a Fast Fourier Transform Routine. There
are many Fast Fourier Transform routines available in different

computer languages and most of these are simple to implement.

Thé'funcﬁion produced is an estimate of the spectral density
function énd cancbntéinsignificant erroneoﬁs information;
Appendix,12 compares the biscrete Foﬁrier Transform with the
Continuous Fourier Traﬁsform and arrives at the following con-

ditions for equivalence of the two transforms.

(a) The time domain function h(t) to be transformed must be

periodic.

(b) - h(t) must be band limited and the sampling rate must be at’
least twice the largest frequency éomponentrof h(t). This

prevents aliasing errors.

(<) The truncation function x(t) being the data record peridd.

must satisfy
x(t) = nh(t) no= 1,2, 3 eeeeeen
Condition C is not satisfied in general, causing errors in the

spectral density plot. The most serious error being 'leakage'.

Leakage, as explained more fully in Appe@dix 12, is the interfe-
rence between the side lobes of the sinx/x functions, "The sinx/x

function (Diagram 3.18) is the Fourier Transform of the truncation
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function x (t), If x(tlfnh(t) - n = 1, 2, 3 ...
theh siae—lobe interferencé occurs. - | |

Leakagé can be reduced to a suitable level Ey applying a cosine
tapér to the ends of ﬁhe truncation function x(t). The result-
ing functioﬁ'as shown in Diagram 3,19 has a Fourier transform
(Diagram 3.20)>with feduced side lobes. The cosine taper is
épplied to first and last tenths of x(t).: Other £runcating
functions, e.qg. the Hamming and‘Hanning windows can be used to

prevent leakage, but the cosine taper was most suitable,

The Fast Fourier_Transform (FFT) uéed was acquired by Dr, Sﬁihgler
(Electrical Engineering Department, UCT)'who'transléted it from
FORTRAN to BASIC and made it available for use on the VARIAN
minicoﬁputef. The adapted FFT program used for:this signal

processing analysis is reproduced in Appendix 13.

The autocorrelation function in Diagram 3.17 is only one side of
the full even fuﬁction. The full function includes a mirroi
image of the present function about the ¥ = o axis.. ‘The FFT
performs a 256 point transform on 128 poihts of data in complex
notation. The imaginary parts of the data are all zero as the

autocorrelation function is real.

The adapted FFT program read the one~sided autocorrelation
function, removed its mean value and created a mirror image to
form the full even autocorrelation function.. This function was

then symmefrically truncated to 128 points, and the cosine taper

‘was applied to the truncated ends. The FFT of the function was
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then calculated, reformated and piotted;

Diagram 3.2]1 shows the plot ofithe FFT of the autocdrrelation
function~ianiagram 3.17. The plot is symmetrical about 0 Hz.
aﬁd has a full-scale frequency range of i'l/Zh Hz with a sample
resolution of 1/128hHz, where h is the lag time between autocorré—

lation function samples.

The program scaled the plot to the maximum value in spectral
density function. The mean value, if it had not been removed
- would have appeared.as a large 0 Hz (d.c.) value which would

increase the amplitude scale and dominate the plot.
The spectral density plot (Diagram 3.21) indicates the following:
No mean value is present as expected.

The largestvamplitude has a périod of 128h which is the
truncating period. This is an error created by the
Discrete Fourier Transform (DFT). The DFT assumes aICOn—f'
tinuous signal consisting of the repeated data block. The
fruncatedvdouble sided autocorrelation function data block,
when repeated forms a function, with a long period equal.
to the‘truncaﬁing period (Diagram 3.19). This error is an
. effect other than 'leakage' which is Eaused by unsatisfac-

tory fulfilment of condition C.

The remainder of the spectral density is a valid presentation

of the frequencies of the periodic components in the auto-
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correlation function,

The plot shown in Diagram 3,21 .is made up of 128 poinﬁs joined
by straight lines. If a frequency éomponent is presentvwhich is
not a multiple of 1/128h Hz it is not accurately shown>in the.
plot on both the time and frequency axié. ' Inétead the nearest-v  
multiple of 1/128h has a peak whose-amplifﬁde is less than the
true peak, This erfor cauéed by sampling in the frequency

domain is described in Appendix 12.

The three dominant components in the plot are at frequencies of

13

approximately 3/128h, 7/128h, and 11/128h. _Theséfrequencies _
. - i .

have periods of 7 hours 38 minutes; 3 hours 16 minutes and 2

hours five minutes.

The variation of the amplitude of the 300 Hz component of the
acoustic noise, is adequately described by the above analysis.
- It can now be ‘cross analyzed' with data describing Furnace -

Operating Conditions.
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CHAPTER ™ 4.

FURNACE OPERATING CONDITIONS ANALYSIS

DECODING: __OF OPERATING CONDITIONS DATA

‘The magnetic tapes containing the data dealing with the operating

conditions were loaded on the UNIVAC and VARIAN computer systéms,

and attempts were made to read the data,  The reading of thé\tapé

was found to be not straightforward and translation programs

were written. A description of the problems encountered and
the operation of the programs written follows below. The
UNIVAC computer was chosen due to its ability to work with large

amounts of data and the ability of its ASCII FORTRAN compiler‘to

access the magnetic tapes.

Translation of the Tape to usable form on the UNIVAC

The program FURN.DATA2 reads the tape and transfers the data into

‘a UNIVAC data file which is readily accessible to analytical

programs written for the UNIVAC.
The problems encountered in translation were:

1. The tape has one ASCII character (8 bits + l»parity) written
perpendicular to tape motion which must be read into a

UNIVAC word containing 36 bits.

~In this way 4% ASCII characters fit into a UNIVAC word.
To avoid splitting characters Q format was used in reading

the tape. 0 format reads four 8 bit words.into a 36 bit
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word leaying .a zeroe to the left of each ASCII character.

1 ' 10 19 28 36

This word containing 4 ASCII characters is split into 4

words using a DECODE statemat,

2. The tape is writtén.in blocks each contaihing.129 UNIVAC’
words or 516 ASCII chafacters. The last two characters are
ASCII NULL characters and scattered within the block are
four carriage return ASCII charaéters which were inserted
while translating the data from disk to tape, The program
must search for the carriage returnicharacters.in each block,
.delete them and shift the rest of the characters up to take

| up the empty space.

3. The databrecorded every minute gives.thé Daté,‘Time and
Sector Number followed by 25 values. vUnfortunately,,this
piece of information can be spread acfoss two blocks. ‘The
program has to search fof the completeness of a minutevdaté

record, which can involve'collecting data from two blocks.

4. The minute data record is written to a data file. This
data file must be manipulated by the EDIT processor in order
to convert the ASCII characters to field data used by the

UNIVAC.

A second'program FURN,FIND searches for any'given data and time
and notes the position on the tape. This position allows FURN,

DATA2 to skip blocks and save time, when reading data. Unfortu-
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nately, the Condat file often has'gaps in the time record corre-
sponding‘to breaKdowns on the plant computer. This restricts

»,

FURN.FIND's capabllltles.

ANALYSIS OF THE FURNACE OPERATING CONDITIONS

The list of Operatlng conditions logged is shown in Appendlx 6.

The secondary current ,b and hoist p051t10n were chosen for analy51s,
as both these parameters are related to the power input to the
f;rnace via the electrodes. The seoondary current is calculated
by the computer from the value of the current measured in the

primary circuit and is a minute average of the current flowing.

The electrodes hoist position data is made up of minute averages

of directly measured data. The furnace operation is controlled
by varying the vertical position of the individual electrodes

via their hoists.

-The data records available restricted the sampling frequency to

‘a maximum of 1/60 Hz. This factor influenced the decision in

the previous section to concentrate analysis on low frequency

amplitude fluctuations of periodic components.

As the data is in digital form, digital signal processing is

indicated.

- The analysis techniques are the same as those described in

Chapter 3, Sections 8, 9 and 10 of the analysis of the acoustic

noise, and their description will not be repeated.
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The preparation of the data and the analysis results are described

below.

Preparation of Furnace 'Operating Conditions' Data

The VARIAN was chosen for digital signal processing of the

current and hoist position data as the analysis‘programé alréady
written céuld be used. The crésséanalysis between Opérating‘ L
conditions and acoustic noise required that all sets of data be
available on the same computer. The UNIVAC’is unable to digitize
the acoustic data,‘for this reason all analysis was performed on

the VARIAN. o ' .

:Although facilities . do exist for transfer of data from the UNIVAC
to the VARIAN, the software required to read this data into

BASIC analysis programs was not available.

It was found that the amount of data to be transferred did not

“justify this softwéfe’being written.

The data required'coveréd the same time period as the recorded

sampled acoustic noise signal.

Using the programs FURN.FIND and FURN.DATA 2 the relevant data

was located and printed.

From this data a new data record was manually prepared with "a’ S
10.75 minute sampling period. The new data points were averages
of the 3 minute-averaged points at the 10.75 sampled interval.

The sampled points were time sychronized with the sample points .
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of the acoustic'data.v

This new data record was manudlly entered into the computer -and
stored on paper.tape in the same format as the acoustic noisé
data. .This enabled the digital analysis techniques described

previously to be used on the current and hoist position data.

STATIONARITY OF CURRENT AND HOIST POSITION DATA OF ELECTRODE 3

Using the Run Test the hypothesis of stationarity of the mean

square of the hoist position and the current relating to electrode

3 of the furnace, was accepted at the X = 0.05 significance

level.

~

Diagram 4.1 shows the plots'of mean square values as

required by the Run Test.

‘Results:
Current , . Hoist Position
No. of points 20 oo : 13
Runs _ 7 -5
Run Acceptance region ‘ o
« = 0.05 6-15 . 3-12

(From Table A.6)

DETECTION OF PERIODICITIES IN CURRENT AND HOIST POSITION DATA

The hoist position and current data were analyzed with the tech-

niques used in analyzing the amplitude of the 300 Hz component,

The autocorrelation functions are shown in Diagrams 4.2 and 4.3.
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RUN TESTS FOR STATIONARITY OF THE MEAN SQUARE

f o | n
MeJmn 2 .
1 3 2 7
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DIAGRAM 4.1
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The autocorrelation function of the hoist position data clearly )
indicatésvperiodicities.~ .These periodicities are clearly visi;
- ble in the spectral density plot (Diagram 4.4) of the autocorre-
lation function. The dominant peribdic.component hés a period
of approximately 3 hqurs 48 minutes, Its second harmoﬂic is
—-11 dB and its third harmonic is —15.dB. A vsry low frequency
component occurs between the dominant component and the error

peak (discussed previously) atvl/128h. .

The autocorrelatisn_funCtion of the current data shows periodici-
ties, which are not as QOminant as those in the hoist position
data. For large lag time the function value is less than zero
due to avdepressed mean caused by inaccuracies in the calculation
:of the mean value of the data, Thé'error in the mean,value.
‘calculation is due to short periods in the data when the current
is zero. Diagram 4.5 shows the spectral'density function of

the autscorrelatioﬁ function. The dominant peak is the erroﬁ
~peak caused by the FFT, The periodic componen£ has a period of
approximately 3 hours 48 minutes. = The remaiﬁder-of the spectfuﬁ
could contain 1lst énd second harmonics but this is not conclusive

from the plot.

The above analysis adequately describes the Hoist Position and
Current Data. The periodicities detected are of smaller fre-
quencies to those found in the amplitude of the 300 Hz‘component

in the acoustic noise.
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CHAPTER 5.

~ CONCLUSIONS ON ANAﬁYSIS OF ACOUSTIC -

NOISE AND FURNACE OPERATING CONDITIONS

In'previous sections the amplitude of the 300 Hz signal in the )
acoustic noise and the current and hoist position data of the
related electrode have been analyzed. These ahqleis terminated

with spectral density plots indicating periodicities of large

,time periods. The resolution of the plots was not sufficient

to determine with‘any accuracy the actual frequencies of the

peaks.

. This resolution can be doubled by using-an effect know as tadding

zerées'f The data block to be transformed has a block of equal

length filled with zeroes added serially to it. The cosine

- taper is till only applied to the initial block, and the mean is

calculated and subtracted from the non-zero data. The FFT is.

performed on double the resolution.

This regpiution‘was not applied as the FFT was limited to 256
points. The resolution could havé been.dbubled by halving the
number of data points then adding zeroes and applyiné the FFT,
but this procedure was also rejected as'it’reduced the number of
data points to the low value of 64 which would hot fully repré—

sent the data.

Further analysis on these parameters was not- necessary ‘as the
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parameters were.adequateiy specified,by the above analysis.

The following analysis concentrates on detecting common propertiés
in the-‘data records.  These ﬁroperties are already Visually
apparenﬁtfrom the pre-analysis plots in Diagrams 3.11 and 3.12‘v
and from observations of the spectrai density plots of the .indi-

vidual parameters.
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ANALYSTIS RESULTS USING DiFFERENT DATA - RECORDS

To confirm the;finaings of the analysis of the amglitude of the
300 Hz componenﬁ, the analysis was repeated using date recorded
“over a different time interval.- .The~data-relating to the hoist
positioh’and current over the same intervalvwere‘énalyzed. - The
data records shown iﬁ?aiagramsconsistea of 88 pqints aé-compared

with the 250 points of the ;previous records.

The same data preparation and analysis preocedures :used on the
previous data records were applied, the only difference being the

record lengths.

All three data records were tested for the stationarity of their
mean squares; | Diagrams 6.1, 6,2 and 6.3 show the mean square
plots reéuired for the Run Tests, - All three data reéords had

stationarity of their mean sguares at the X = 0.05 signifi-~

cance level..

The autocorrelation functions wereﬂcalculatéd for all three data
records. (Diagrams 6.4, 6.5 and 6.6); The maximum lag number
(r) was 44 and each point on the plot was calculated from 44

multiplications resulting in a limited accuracy. The autocorre-
lation function of the hoist position data showed a single mean-

- ingful periodic component which is dominant on the spectral

density plot (Diagram 6.7). The frequency of this component is
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the same as the dominant component in the previous hoist posi¥
tion data record analyzed..
The_autocorrelatidn functions of the current and the amplitude of

the 300 Hz componant indicate periodicities but do not have the

accuracy required for meaningful discrete Fourier analysis.

These data records were cross-analyzed, the results and conclus=

ions are described along with those of the other 'time period’

 data set, in the Cross Analysis section,
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CHAPTER 7.

FURTHER ACOQUSTIC NOISE ANALYSIS

In the previous analysis of.the‘écoustic noise data records it
was decided that the periodic components in the nbise’signal Were‘
likely to.be affected by furnace opefating conditions. The 300
Hz component:was chosen for analysis from indications.found'in
the pre—analysié._ The other large periodic compdnents are the
100 andVZQO Hz cbmponents. ~For the sake:of completeness the

analysis of these components follows:

The formation of the data records followed the same procedure as

that of the 300 Hz component. The wave analyzer was tuned to

'give a d.c. value proportional to the amplitude of the 100 and

200 Hz components respectively. The conversion procedure of the

analog signals into sampled digital records having a sample inter-

“val of 10,75 minutes is as described preViously.

Tests for stationarity of the mean square value of these data
records were applied. The results of the Run Tests are shown in
Diagrams 7.1 and 7.2. Both data records were found to be sta—

tionary at the X = 0.05 significance level.

The autoéorrelation functions of the data records were calculated

in ‘the same manner as described previously. - The autocorrelograms

 which have a time axis of r = 63 are shown in Diagrams 7.3 and

7.4. - These plots indicate that there are no large periodic com-

'~ ponents in the data.

The spectral density plot for the 200 Hz data was not calculated
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RUN TESTS FOR STATIONARITY OF THE MEAN SQUAHE OF :

The amplitude of the 100 Hz component in the acontic noise.
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AUTOCORRELOGRAM OF THE AMPLITUDE OF THE 100 Hz COMPONENT IN THE ACOUSTIC NOISE.
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as the autocorrelation function does .not fulfil the requirements
for discrete Fourier analyéis.» Diagram 7,3 showing the autocor-
.relation function of amplitude of the 100 Hz component shows
some slight periodic fluctuations. ‘These are displayed in the
spectral density plot (Diagram 7.5) and are shown to be of a léw
level. The large components on the plot closé to zero.are errors

of‘the_discrete Fourier transform.

This'analysis indicates that the amplitude of the 200 Hz periodic
component varies very slowly with time and that possible'periodic

components will only be detected over larger time périods.

The amplitude of the 100 Hz periodic component has a few low

frequency low amplitude'periodicities, but is largely random.
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CHAPTER 8.

8.1 CROSS ANALYSIS

CrossanélyéiSinvolves the detection of similarities between
data records. In this case, the amplitude of the 300 Hz compo-
nent in the acoustic noise was comparéd with the current flowing

~in the nearby electrode and its position.

The technique used for the analysis is the cross-~correlation
: function, This is similar to the autocorrelation function,

but it compares two separate data records.

.{xnz, {3 =,y=0

n =;. l' ZYOOODIDODDIOOCN

The cross-correlation function used is given by

. 7 ny (rh) = —ﬁ :l XE 3 n+r * % & 5 0 0 8.1.]—
' 4 + n -1
or
yX N N .,  + “nt4r T
_ 1 'z tn-l _
r = N/4 ceverneenslirennssas + N/4

where r is the lag number and h is the sampling interval.

This éxpression requires N data points per record to give a N/2
cross-correlation function. This expression was chosen from
other equally valid expressions for the same reasons that the

similar autocorrelation function was chosen (See;section 3.9).

PIV




112

The cross—correlation function shbws correlation between data

records-and the lag time of one record behind the other.
v A ’

The cross—-correlation function can be normalized to + 1 by divi-

ding the function by [ x* VIR - . | |

8.2

CROSS ANALYSIS BETWEEN CURRENT AND AMPLITUDE OF 300 Hz

COMPONENT IN THE ACOUSTIC NOISE SIGNAL

The cross—correlation function of these parameters was calculated
and plotted by the VARIAN minicomputer. The expression 8.1.1
described above was used'with_xh_the current data and Yn the

amplitude of the 300 Hz component.

Diagram 8.1 shows the cross-correlation piot, the number of

It

points = N/2 125.

Diagram 8.2 shows another cross-correlation plot using different
data collected with the same instrumentation. This plot has

N/2 = 44 points as the original data record has only 88 points.

" The 125 point plot shows thatthérevis no unique peak in the cross-

correlétioh function. This is because both data records contain
periodic components'of similar frequencies giving a cross;corre—
lation function very similar to the autocorrelation function of
a'periodic component. The peék'close to the ¥ = 0 axis indiéatés

that the noise lags behind the current. The noise lag time is

'approximately 10 minutes.

The 44 point plot agrees with the 125 point plot; but shows only -

one peak due to the short record length, The noise lag time
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CROSS CORRELATION FUNCTIONS OF ELECTRODE SECONDARY CURRENT AGAINST
AMPLITUDE OF THE 300 Hz COMPONENT IN THE ACOUSTIC NOISE.

| J | 1 | |
-2 o) 2 4 6 8 10
DIAGRAM 8.1
CURRENT LAGS 300 Hz COMPONENT '/ CURRENT LEADS 300 Hz COMPONENT /

) | ! !
-3 -2 -1 0 1

N {=-
R

.+ DIAGRAM 8.2
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is also approximately 10 minutes,

CROSS ANALYSIS BETWEEN ELECTRODE HOIST POSITION AND AMPLITUDE

OF THE 300 Hz COMPONENT IN THE ACOUSTIC NOISE SIGNAL:

The cross-correlation function was calculated-in-the_same manner
as above, using expression 8.1.1 with x  the electrode hoist
position data and Yy the amplitude of the 300 Hz component.

Diagram 8,3 shows the cross-correlation plot, the‘numbér of

points = N/2 125.

Diagram 8.4 shows another cross—correlation plot, using indepen-

dent data from the séme data collection instrumentation. . This

plot contains N/2 = 44 points.k

After taking into account the different scales it was found that

the two plots agree in that the function has a negative peak at

a noise lag time of approximately 30 minutes.

CONCLUSIONS

The cross-correlation functions for the two sets of independent

data on hoist position, current and amplitude of 300 Hz compo-

nent did not have sufficient resolution to accurately determine

lag times.

‘The points in the 44 poiht plots have a large variance which:..

limits the accuracy of the peaks. In both the 44 and 125

point plots the resolution is limited by the sampling time.

" The cross—correlation functions showed that all three of the

parameters varied periodically with the same frequencies.v To
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AGAINST AMPLITUDE

OF THE 300 Hz COMPONENT IN THE ACOUSTIC NOISE.

| | ! { | ! [ |
-10 -8 ar =2 0 2 4 6 8 10
‘"5\ DIAGRAM 8.3
EY
HOIST POSITION LAGS 300 Hz COMPONENT

HOIST POSITION LEADS 300 Hz COMPONENT

3 HOURS

DIAGRAM 8.4
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identify these frequencies the DFT of the 125 point,cross~corre-.
lations were calculated. The 44 point cross-correlation had

record lengths too short for‘accurate DFT analysis.

The DFT of the cross-correlation function is the Cross spectral
density function which indicates common frequencies in two data

records.

A program‘was written which removed the méan value from the data

and applied the cQsineAtaper to the ends of the functions. The

cross—correlation.funcfion does not require the formatién of its

mirror image as is.required for the DFT of the éutocorrelation

function. .The_FFT was then applied which calculated the plots

shown in Diagrams 8.5 and 8.6. | o | | 7
. _

The following was noted from the plots:

(a) The error frequency component at 1/128h where h is the
-sample interval was absent in the plof relating to hoist
position and'was not dominant in the plot relating to cur=s
rent. This is due to the cross-correlation function
performing more like a continﬁous function than the ;”“

double-sided autocorrelation function.

(b) The plots were very similar in that both had distinct’
peaks at frequencies corresponding to periods of 11 hours
26 minutes and 3 hours 48 minutes. " They can be des—

cribed as a fundamental and a third harmonic.
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CHAPTER 9. R 119

CONCLUSION

FURNACE OPERATING INFORMATION DETECTED IN THE ACQUSTIC NOISE -

This project originated from a belief that furnace operators can

- hear 'how well' the furnace is operating, from the acoustic noise

-

prcduced by the furnace.

The research was aimed at investigating this belief.

The instrumentation designed collected acoustic noise generated

by the furnace. Appendix 10 is an}instrumentation check done from

an on-plant recording. & It proves that the noise recorded is

actual acoustic noise, not electrical noise pick-up.

A measure of 'how well' the furnace was operating was very
difficult to achieve, as neither the furnace Staffvnorkthe
researchers involved in investigating furnace operation could

define what operating conditions indicated 'good' or ‘bad!

"operation.

The- furnace uses electrical power to melt ore. The power is
applied via:.current flow through the furnace electrodes. This

power 'injection' is dependent on the amount of current flowing

and its conversion to heat via the undefined action at the

electrode.  The conversion is affected by the position of the

. electrode in a vertical plane as inferred from the electrode
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hoist position.

From energy considerations)if»the losses in the furnace are
reasonable constant, than the heat produced to melt the ore is

directly related to power injected into the furnace.

If the amount of ore melted reflects .'good.l or 'bad' furnace_'
operatlon, then from the above logic, the amount of current
flowing “in the electrode, and the position of the hoist holdlng
 the electrode give a measure of power injection and conversion

and thus reflects 'good' or 'bad' opefation.

The individual aﬁalysis described previously'showed that; the -
two operating conditions choSen, the current and hoist positions
varied with a definite period. The amplitude of theﬁ300 Hz
~component in.thevacouStic noise varied with a.similar.pefiod.
Cross - analysis proved that both operating conditione and the
amplitude ef the 300 Hz eompohent in the aeoﬁstic noise have

common frequencies.

Theivariations in the amplitude of the 300 Hé'eompenent in the
acoustic noise are heard by the operators and gives them informa-
tion about the electrode current and hoist position. This

could explain the belief that the operators ean 'hear' how well

the furnace is operating.

The cross analysis was performed with two sets of sampled data

records. The analysis agreed, but due to the second record being

R
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only a third the length,of the first record, and the fixed
sample interval, the analyéis accuracy was limited. Unfortu-
nately these were the only sampled data records made, all the_
other acoustic noise records being continucus short term recof-

dings. The furnace at the time of this date analysis was shut

down for relining so further recordings could nct be made.

The fixed'sample interval of 10,75 minutes limited the number of

~in the data records which reduced the accuracy of the digital

analysis technique and prevented accurate neasurement of lead

or lag time in cross-correlation of records.

COMMENTS ON FURTHER ANALYSIS

The analysis'usedbacoustic data collected near electrode 3 and
data describing its hoist positibn and cunrent.v ThewecouStic A
noise at other electrodes is similar but not identical. .Futnre
analysis could be aimed atvcompering fhe differences in opera-
ting. conditions between the 3velectrodes,.with ﬁhevdifferences
in the acoustic noise signals detected near ﬁne individual
eiectrodes. This analfsis would be very interesting put it‘

is doubtful whether the conclusions would aid furnace operation.

The analysis of the furnace operating conditions was limited by
the—-one minute sample format of the data.-v Thsi sempling inter-
val is adequate for data-logging but limits the signal to a
maximum frequency of 8 milli-Hertz. As described in Appendix _

8, the acoustic noise could be created by rectification action

~of the arcing electrode. = The variations in the periodic noise

ccmponents could be caused by the variations in the  arcing

action. Future analyéisvcould be directed at recording actual
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current fluctuations and performing signal processing,analysis 
to investigate the actual mechanism of energy conversion. The
electrodes could be analyzed separately without the problem of

inter-electrode interference.

Analysis could also be done using noie data samples collected at
long intervals, e.g. 1 week. This would allow the noise to be
correlated with furnace production, Noise signaturesvassociated~

with 'good' and 'bad' operation could be determined.

The low level random noise not heard by the dperators could
-carry information abour physical conditions in the furnace, e.qg.
bubbling andbmetal level. | Future analysis could investigate-'
these low level_signals by filtering the 100 Hz-componeht and
“its harmohics from the acoustic noise signals. ThiSWWOuld be

similar to the work done by Higgs (Ref. 1).
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CKPPENDIX 1.

AN

This Appendix contains the data sheets‘fbr'thei L

‘accelerometer used in detecting the acoustic -

[

noise analysed.

'The data sheets describe the Models 213E and 233E. -

" Modé1 213E was-the aécelerdméter used.

124
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[

. 213E
© 233E

Flat Charge Characteristics

~ HIGH SENSITIVITY
ACCELEROMETERS

MODEL

Lancatatis sl

i

AU
Y 5

ENDEVCO PRODUCT DATA

¥
3
l
i
b

.«m_mhﬂu-h A e

These accelerometers are versions of well-proven designs that have received
wide acceptance in the field of shock and vibration measurement. - ACTUAL SIZE

Piezite® Element Type P-8 crystal material combines high sensitivity, flat
charge characteristics, high resonant frequency, broad temperature range,

' and high capacitance to give these accelerometers a high degree of versahhty
in the expanding field of shock and vibration measurement.

Model 233t is a premium version of the Model 213E. It fcatures low transverse
sensitivity and all-welded hermetic seal. In addition, the Model 233E operates
to 260°C instead of 177°C. Models 213E and 233E utilize self generating
piezoelectric crystals and do not require external power for operation.

3

SPECIFICATIONS FOR KIODELS 213E AND 233E ACCELEROMETERS
) (According to ANS! und ISA Standards)

~

DYNAMIC o . . NOTES
CHARGE SENSITIVITY .............. 60 pC/g, nominal; 45 pC/g, min.
VOLTAGE SENSITIVITY! ............. 45 mV/g, nominal 'With 300 pF external capacitance.
. . . - _
MOUNTED RESONANCE FREQUENCY 32,000 Hz, nominal : Ao T et
" FREQUENCY RESPONSE (£5%)? ....Charge: 4 to 8000 Hz, nominal® f;tiiii’, g;g&s% et: g:gﬁci’;fzzv;e:;gf; ’;:i:
Voltage: 2 to GOO_Q Hz, nominal ) celerometer Manual.)
TRANSVERSE SENSITIVITY " yse ENDEVCO® 2640 Series or 2700 Series
213E....... .5%, max. Charge Amplifiers. o
233E........ 3%, max., 1% on specnal selection s
AMPLITUDE LINEARITY ............ Sensitivity increases approximately
19% per 150 g, U to 106C g.
TRANSDUCER CAPACITANCE ....... 1000 pF, #:20%

CRESISTANCE . vieieneaannnnss 20,000 M, min. at 22°C (72°F)
T ! """ 1000 M2, min. at 177°C (350°F)
500 M2, min, at 260° C (500° F)

{233E only)
TYPICAL TEMPERATURE RESPONSE
' A The solid curve shows the nominal
< +20 : charge-temperature response, The
s . - _______._.-—-—4—/%0—075?—— nominal voltage-temperature response
S0 e R e = ] is illustrated by the dashed curves with
a T T e e external capacitances as indicated.
R —20 pe ..._,_:-xoo.;iF‘~
*F - 65 o +75 +150 +250 +350 +500
‘c ~-54 -18 +24 +66 +121 +177 +260
Temperature £ timitfor 213¢
TYPICAL FREQUENCY RESPONSE o
+10% ' - 7 The solid line shows the charge-
S P~ . 7 frequency response. The hroken lines
(-] o
= IOGUW\M ,/ show the voltage-frequency response
s 0 oo o e e = S E— with the loads shown. Estimated
a 27 100 me T el calibration errors:
s yid " 5to 100G Hz: £1.5%
—10e Lz 1000 to 10,000 Hz: +2.5%
2 10 100 , 1000 10,000 '
: Frequency—Hz
s
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.55
et
(13.9)

4

SPECIFICATIONS FOR MODELS 213E AND 233E

§ i

CONNECTOR

10-32NF-2A THREAD
MATES WITH ENDEVCO
3030A CABLE ASSEMBLY

Dimensions in inches and (millimeters)
Tolerances: .XX (X.X)== #4-0.03" (-+:0.8 mm)
XXX (X XX) == +0.0610" (+0.25 mm)

LABEL (13.72)

l i
i“, " !]'”“i
il il
(T E—
8 ‘H l \tg r THD DEPTH
(19.8) - ;!li m (2.97 MIN)
! | ;
i [
28 et o
@y g — :".:::,:{
l 140 (3.56) 15 | O IR} B
i S
003 17 400 t
15 e e =0 028 :-.004
(13208 o (6.35 +0.25 —0.00) =D
IDENTIFICATION - yonpon 7 540 DIA

c—p—

PHYSICAL |

{  DESIGN

! WEIGHT
CRYSTAL MATERIAL
CASE MATERIAL
CONNECTOR

" MOUNTING

e -

GROUNDING L
ACCESSORIES INCLUDED

ACCESSORIES AVAILABLE

Single-Ended Compression

32 grams (1.2 ounces) nominal

Piezite® Element Type P-8

Stainless Steel _
Coaxial, 10-32 thread, mates with accessory cable.

Tapped hole for 10-32 ENDEVCO?® Mounting Stud.
Recommended Mounting Torque: 2 Nm (18 in.-1b.)

Signal return connected to case.

Model 2981-4 Mounting Stud with 10-32 accelerometer mating thread and
M5 metric thread, or Model 2381-3 with 10-32 to 10-32 threads.

Model 3090A-120 Low Noise Cable Assy., 3 m (10 ft.), 300 pF nominal.

Mode! 2986M3 Insulated Mounting Stud with 10-32 accelerometer mating

thread and M5 metric thread.
Model 29868 insulated Stud with 10-32 to 10-32 threads.

ENVIRONMENTAL

" ACCELERATION LIMITS

TEMPERATURE -

: BASE STRAIN SENSITIVITY
' MAGNMETIC SENSITIVITY
ALTITUDE

HUMIDITY

: 1000 pk g, sinusoidal, in any direction
: 2000 g, in any direction.

: —54°Cto 177°C (—65°F to 350°F)

: —54°C 1o 260°C (—65°F to 500°F)

25 equivalent g, nominal, at 250 strain. - :
0.00005 equivalent g per gauss, nominal, at 60 Hz.
‘Not affected ) : ;

: Epoxy sealed )
: All-welded hermetic seal

Endevco syroaymous with reliability.

Continued product improvel:nent necessitates that Endevco reserve the right to modify these specifications without notice.

" RELIABILITY: Endevco maintains a program of constant surveillance over all products to ensure a high levai of reliability.- This
program includes attertion to reliability factors during product design, the support of stringent quality control requirements,
and compulsory corrective action procedures. These measures, together with conservative specifications, have made the name

CALIBRATION: Each unit is calibrated at room temperature for sensitivity, capacitance, transverse sensitivity, and charge-fre-
quency response from 20 to 4000 Hz. Temperature calibration at —54°C (—65°F), 22°C (72°F), 177°C (350°F), (260°C for 233E),
and other calibrations are furnished upon special order. See Calibration Service Bulletin No. 301.

Consult the Endevco Export Price Schedule or the nearest Endevco Representative for current prices.
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APPENDIX 2.

The information in this Appendik is from the Endevco
Instruction Manual on Piezoelectric Accelerometers.

ACCELEROMETER OPERATION -

Equivalent Circuits of Piezoelectric Accelerometers,

The equivelent circuit for a piezoeleciric transducer
‘ isvshown in Figure»A2.l, ‘In practice, the internal
resistance, R shown in circuit A2.1A normally
exceeds 20,000 megohms and, thus, can.be ignored when
considering the over-all transducer performance.
Similarly, effects dﬁé to the internal inductance are
not significant until far beyond the upper frequeﬁcy'
1limit of the tfansducer and can also be ignored._ The
simplified circuit (Fig. A2.1b) is adequate for
applications analysis.
The piezoelectric transducer is effectively a capac-
itor which produces a charge, q, accross its plates
proportional to a force applied to the crystal. The
opén circuit vdltage,_e, ouf of.the transducer‘is
equal to the generated charge divided by the trans-

ducer capacitance,

or e (volts) = & (plcocoulombsl. Thus, the transducer
' . Cp (picofarads) :

‘cah also be represented as a voltage generator and a

series capacitance (Fig. A2.1c).

ot e b A e e v i matmonei wmrp ¢ v e et Smvas s mi s e e i o
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-

I
3

4

Ll e

acceleration

input ~: Co+ Ci=Cp

0——_*, = }———q‘ .
O
&/
}

;

B
CHARGE GENERATOR EQUIVALENT

' VOLTAGE GENERATOR EQUIVALENT

Y

FIGURE AZ2.1 ) ‘ S
: " Eauivalent circuits for a piezoelectric transducer (A) actual circuit, (B) charge generato§ equivalent, -
and (C) voltage generator equivalent. :

Accelerometer Sensitivity

The sensitivity of an accelerometer is defined as the ratio
of its electrical output to its mechanical input. It may |
be eXpressed'in units of charge per unit of acceleration -
or voltage per unit of accelerafion. It.is most.importént
the terms in which thé respective parametérs are expressed:
e.g. average, rms, or peak. |

Charge Sensitivity

Each accelerometer is provided wifh a Chargelsensifivityb
calibration, Q, éxpressed in picocoulombs per g(pC/g);
This is measured directly or derived from Q EC, whérer
;;"expfessed in picocoulombs, E in Volts, and C in_picd—
férads. This calibration is used when the accelerometé}
is operating into charge measuring electronics;  Note that

magnitude of sensitivity can be expressed in other terms:

pC rms pC.  pk pC. | rms pC
=, = 1,41
g rms & Pk g Pk g

—— =




Voltage Sensitivity

_ 129
Calibration cards also carry the accelerometer voltage

sensitivity, B, in millivolts per g'(mV/g) as calculated
with a stated amount of external capacitance connected

-to the accelerometer.

-

Effect of Cables on Sensitivity

When performing measurements, the transducer circuit
involves an external capacitance and a shunt resistance.»
The extefnal capacitance Ct.is commonly cable capacitance :
plus input capacitance of the associated amplifier. .The‘4}'
shunt resistance Ri is commonly the input resistance'of

the associated amplifier. (Figure A2.2).

s O
Yo

o—
| %Ri

il

Cp

11

o -

(A)
CHARGE EQUIVALENT

Cp+Cy

rowe S
——

e
ez ——— .
Cp+Cy @ . R

(B}
VOLTAGE EQUIVALENT

Figure A2.2. Egquivalent circuits for a normal piezo-
electric transducer system; (A) charge equivalent, and .

(B) voltage equivalent.
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Since the charge generated does not change, regardless of
the amount of external capacitaﬁce added, the charge
sensitivity of the accelerometer remains unaffected bj
Vthe length of interconnectiﬂg cable. This characteristic
explains the practical advantage of a system incorpor-
ating charge‘measuring electronics rather than voltage

amplifiers.

When using voltage amplifiers, the amount of external -
capacitance must be considered in establishing the signal
at the input of the amplifier. With added capacitance,

the output voltage (appearing accross Ri) becomnes: .

e :C?-+ Ct

The total system capacitance during actual uée may differ
from the capacitance that was used ip the‘original calib-
ration.. This changes the basic voltage sensitivity‘up or
down by a calculable amount. The new sénsitivity canvbe

determined with either of two equations:

E= g—ig x 1000 (1)

P t
Where: |
E = new sensitivity being determined, in
"millivolts per g (mV/g) |
Q = factory supplied charge sensiti#ity,'in
o ‘picocoulombé_per g (pC/g)
C,- transducer internal capaéiténce, in
picofarads (pF). |
Ct?ttotal capacitance extérhal to thé transducer

- for which E is being established, in

picofarads (pF). -



e

Anothe; form of Equation 1 can be written as: '131.

Cp + Coa1 | :
E = Ecal 5;—;—§€—— ‘ | | (2)
_Wheref
E = new senéitivity Qeing determined, in mV/g.

Eogq1= factory suppiied voltage sénsitivity, in mV/g.

FREQUENCY RESPONSE

Low Freguency Response

A piezoelectric accelerometer is a self-generating

transducer that produces an electrical'output signal that
is proportional to acceleration; without fhe use of an
externallpower'source or carrier voltage. In practice,
such a transducer cannot be used to measure constant or
steady-state accelerations. At zero frequency no mechan-

ical energy is being put into the system, thus electfical

energy cannot be continuously removed.

When using charge amplifiers the system low frequency

response is determined primarily by the low frequency

‘response of the amplifier. The length of cable between

transducer and amplifier will not affect the low frequency

of the system, which is limited only by the character-

istics of the amplifier.

When using voltage amplifiers, the low frequency'responsé

of a piezoelectric accelerometer is a function of the

- RC time constant of the accelerometer and the input

resistance of the matching electronics. -

Of course, the low frequéncy response of any accelerometer
can be improved by swamping with additional shunt capacit-
ance, such as 1ong cables, to raise the RC time constant.

However, this technique will also affect sensitivity as

discussed on the preceding pages.

o vy e ot e s e, [ ot e
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Actual response at any frequency can be measured from

Figure A2.3. ‘ | - “ i
Wheré: | |

f = frequency in Hz

R = input resistanée of the matching amplifier

in ohms | ’ “
C = total capacitance in‘farads of the accelerometer,

¢

plus additional applied shunt capacitance, if any.’t

1.00 : —

L1 ]
0.80 ///
W 060 ' ~ /(/
2 , 7
4 L/
[72]
o« . /
g 0.40 ' /
E ) ) 4
<
-
w
m .
0.20 ;//
//
L—
0 e
.01 .02 03 .04 05 .10 20 .30 .40 50 .00 200
'fnc

FIGURE A2,3

. Low Frequency response vs. Ioading {voltage amplifiers).
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APPENDTIX. 3.-

. -0

LOW POWER VOLTAGE BUFFER.

'Ry = 1O0KQ

- C1- = -l].lf"

C cein = 1+ RNl 140 -4
. ‘ Ga1n : _(l_}_..) = 1 +154 — 1

3 U S _"*1“  _ 100
HBreaEPOlnt at orciRr - Zwlo—"16° | 2w

> L e = 15.92 Hz.
‘Device used LM4250 C

Set Current N uA

n

Set resistor (pin 8 to.-Ve) 2.2 MQ

Supply voltage % 1.4V | | _
‘—“*"Gain B.W product ' ' = 50 KHz

Slew rate 0.0ZTV/uS ' Opén loop gain 105

Phase margin  30°

Batteries MP 675 H 1.4V 210 mAH.

< T T L i e i 02 s 1 menee it s o 4 o oot 5 e ey
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APPENDIX 4.

-,

This Appendix contains the specifications of the
tape recorder used in recording the acoustic noise .

signals.

The'recorder ﬁsed was an EL 1020/07 portable instru-
mentation recorder completely wired_for'7 channels
equipped with 1 basic unit EL 1020/10 and 7 process-
ing amplifiers EL 1020/20. |

oot 1 oo w6 o e v oA A e e e s e 4 et et fgv e




INTRODUCTION

The EL 1020 equipment can insta‘nt:meously and simultaneously record up to scven variable

electrical signals at 2 high rate and in accurate mutual phase relationship, and reproduce them’

at the same or a different rate; each signal being the clectrical equivalent of the magnitude of a
phemomenon under investigation (e.g. temp_eréture, position, pressure, flow rate) in analogue
form i.e., the amplitude of the signal is proportional to the quantily to be recorded) or digital
form (the quantity to be recorded being expressed numerically and then encoded into a train of
pulses). The seven 'channels' are supplemented by an eighth‘one, the audio channel, for the
recording of speech and other less critical information. _

The signals can be recorded immediately after suitable amplification (direct recording, 'DR'),

or they first modulate the frequency of a carrier generator incorporated in the recording channel
('FM' recording). ' '

The latter method can be 6f .advanta'ge when particularly accurate recording of transient and drift
phenomena is required. With frequency modulation, one track may be employed for the recording
of an unmodulated carrier. Playback of this carrier will reveal any small but inevitable tape ‘

speed deviations, and this can be used for electronic flutter compensation in signals derived

from other channels. This permits low tape speed recordings to be used at their full efficiency.
Each of the seven main channels has an all- in processing amplifier of the plug-in type.

This modular unit contains recording, playback and output amplifiers, a frequency modulator
and a demodulator. The time constants of the networks and other circuits are automatically

- changed when the tape speed is changed. Each amplifier has a DR/FM switch, gain controls, a
'modulation meter and controls for calibration and signal level indication.

In the course of a recording operation, separate playback heads permit 'off tape' monitoring.

The magnetic erase, recording and playback heads are made of ferroxcube, a.NiZn ferrite of

high density, high wear-resistance, low lossées and excellent magnetic properties;-
The material permits the manufacture of fine and accurately positioned gaps handling very short
. wavelengths, Head currents and consequent temperaiure rises are low,
The tape is driven by two capstans, one before and one after the recording and playback head.
assemblies. The capstans are driven by a belt from the capstan _moior. There are four tape
speeds, 30, 15, 33/4 and 15/16 inch per second, accurately servo-controlled by a crystal os-
cillator with frequency dividers. A photo-diode is exposed through a slotted disc on the motor
shaft. The resulting .signal is compared with the signal from the cryStal oscillator, by means .
of which the speed of the capstan motor is controlled. Slow playback (a maximum of 32-fold
expansion can be obtained) facilitates re-writing the information in a pen recorder (strip chart);
fast playback (up to 32-fold compression) permits visual analysis with the aid of oécilloscopes.
Recording is done after the IRIG standards on %' magnetic tape, kept and handled in a special
cartridge, which is inserted and removed through a 'pillar-box' slot in the recorder front panel.

The cartridge protects the tape against dust and damage. The tape is fully antomatically threaded

and unthreaded, and the machine can be operated by untrained personnel.

The recorded tape can be repeatedly played back on the equipment itself or, after it has been

removed from the cartridge, on any other IRIG standardised recorder taking NARTB reels
Likewise, it.w-ill play back IRIG recorded tapes from other machines.

.Thc tape movement and the channel circuitry are controlled, via 'logic' circuits controlled by
five pushbuttons and two rotary selectors, Operation it also possible by pushbuttons on a

remote control box, . '

The audio channel serving the eighth track written on the tape edge has a microphone with switch,
recording amplifier with automatic level control and a built-in loudspeaker.

All these recording and playback functions are combined in a relatively small piece of equipment,

which can be lifted an moved by one man.
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Apart from its power source, which may be the AC mains or a storage battery, the instrument
is completely self-contained, As the mechanism is suspended in shock ahsorbers and the

electronic circuitry is solid-state, it can be operated while travelling by air, rond or rail.

It will function in the vertical as well as in the normal horizontal position. It can also be

mounted in a standard 15" rack by means of a mounting kit.

MECHANICAL LAY-OUT v

The recorder basically consists of the following units:v 4
x a frame wiib carrying handle, panels, brackets, ctc:, protceting the interior and supporting the sub-
assemblies, connectors, switches etc; this frame can be modified easily for mounting in
standard 19" instrument racks. '
x a tape deck ' _ _
" ‘ Containing the tape transport and automatic threading mechanisms, the tape cartridge holder,
the magnetic head assemblies for 7 channel operation and ancillary devices; this tape deck is
mounted in shock absorbers. ' ‘
* an amplifier compartment

With rails and plug~in connectors for up to seven processing amplifiers, each amplifier carry-
ing on its front panel the pre-set controls which are nofmally located behind a cover panel.
The compartment is completely wired for 7 amplifiers. .

% a power supply uait

Comprising mairs adapter, mains transformer, rectifiers and voltage stabilizing circuitry, k
a chopper circuit for batitery supply and an oscillator section with dividers. '
The unit is cooled with a fan.

.

RECORDING METHODS

Depending on the signal to be recorded, a selection can be made from 2 recording methods.,

1. Direct recording (DR)

With this conventional recording syétem, the signal itself, after suitable ampliﬁcatioh and
superposition of K. F. bias (pre-magnetisation), a rather wide frequency range can be
covered (see chapter E-4 Technical Data). ‘ .
The use of ferroxcube heads elimninates the necessity of electrbnic corrections in the recor-~
ding amplifier, . ' _

In the play-back section of the ampliiier, the frequency response of the playback head only N
is corrected by L. C. and feedback circuits. -

[ 3

Frequency Modulated (F.M.) Recording

The frequency (¥',) of a carrier signal generated in the recording amplifier is modulated by
the amplitudc of the incoming signal, with the result that the carrier frequency varies pro-
portionally to the amplitude of the input signal. If, for example, the input voltage varies
between +and -1 V, the frequency of the recorded signal will vary between fo + 0.4 fo and
fo - 0.4 fo. .
" The overall frequency sweep applied with this system is therefore 80 %.
However, only the frequency of the recorded signal is of importance, i.e. the number of
times that the signal becomes 0 V. The shape of the signal on the tape is of less importance.
Irregularities of tape movement (flutter) cause wndesired frequency variations which show
up, after demodulation, as a spurious signal,
This interference can bz practically eliminated by recording an unmodulated carricer on an
otherwise unused track. After demodulation, spurious signals, caused by "flutter" can thus
be isolated and subtracted from the signal playcd back from the other tracks (see chapter

G-11 Miscellancous operations, point a).,

e e e e
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TECHNICAL DATA

1. General data ' . , _ : : :

Power supply voltage , " 110V; 125V, 220 Vor 245V +10% S
' ' 50 or 60 Hz or 24 V d.c. (+1.5 V) S eE
Power consumption ' . max. 200 VA ,‘ - . '
Position during éperation - horizontal or vértical
Ambient temperature ‘ In operation : 0°...+45°C
Storage : -400, .. +759C.
" Relative humidity . 5..95 %, if not condensing
) Dimensions height 11. 8 inch (300 mm)

" width 17.6 inch (450 mm)
" depth 24.6 inch (620 mm)
Mounted in a 19 inch rack, the maximum dépth is
20 inch (510 1nm) o
Weight ' ’ Depending on the number of channels from
100.. 121‘1bs (46..55 kg).

2. Tape transport

Start time : <8sec. at 30 in/s
' <6sec. at15  in/s

<4 sec. at 33/4 in/s

<4 sec. at 15/16 in/s

Stop time . <1 scc. at all speeds _ ‘ .
Rewind time . , < 5 min. for an 8-inch reel containing 1800 ft of tape.
Tape speeds . 30 in/s. -76 cm/s

15 in/s. - 38 - cm/s ) .
33/4 in/s. - 9.5 cm/s _ : |

15/16 in/s. - 2.375 cm/s o o \
Speed ratio ' 32:1. ' S : ‘

Playing time with long~play tape at 30 ° in/s. : 11° minutes
. at 15 in/s. : 22} minutes
at 33/4 in/s. : 1% hours
_ at 15/16 in/s. : 6 hours
Playing time with extended play tape at 30 in/s. : 22} minutes
‘ at15  in/s. : 45 minutes
at 33/4 in/s. : 3 hours
at 15/16 in/s. : 12 hours
Tape width - }inch '
Speed deviation Within 0.2 % of the nominal value
—_Wow and flutter measured in a band l _ '
width up to 300 Hz ) - at 30 in/s. max. 0. 18 % peak
e at 15 in/s. max. 0.20 % peak
at 33/4 in/s. max, 0.40 % peak
at 15/16 in/s. max. 0.70 % peak
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3. Heads

Number of channels
Recording head
" Playback hcad
Track width
Track spacing
Spacing between stacks (gap-to-gap)
Gap scatter -
Gap azimuth
Gap length

Head standards

Inductances

VCrcv)ss—talk between adjacent tracks
Static skev‘/ measured between 2
adjacent tracks of the same head
stack at 30 in/sec,

Dynamic skew

4. Direct Recordir}g/Pla.vback system

seven + onc audio channcl

" combined in two stacks

combined in two stacks
0.03 + 0. 005 inch

0.07 inch

1.500 + 0.001 inch

< 0,02 mil (0.5 pm) -

90° + 1 minute of arc to the base plate

- recording head 3.5 ym +20 %

playback head 1.9 um +20 %

IRIG specification 106-66 _
recording head 0.1 mH + 15 %
playback head 2.0 mH +15 %
better than-36 dB

< 3 psec.

3 usec peak-to-peak at 30 in/sec

(between the 2 outer tracks the total skew is about

8 usec at 30 in/sec)

Frequency response

2nd and 3rd distortion _

Signal-to-noise ratio measured in

a pass band from: 250 Hz to 100 kHz

‘ " 250 Hz to 50 kHz

250 Hz to 12.5 kliz

_ 250 Hz to 3 kHz

Input level acljuétable

Input impedance

Output level

Output impedance

H.F. bias frequency

5. F.M. Recording/Playback system

Central frequency

Max. frequency sweep

Overall frequency response

at 30  in/s. 250..100,000 Hz +3 dB
at15  in/s. 250.. 50,000 Hz +3 dB

at 33/4 in/s. 250.. 12,500 Hz +3dB -

at 15/16 in/s. 500.. 3,000 Hz + 3 dB
<1% B
at 30 in/s. -36 dB

at15  in/s. -36 dB

at 33/4 in/s. -36dB

at 15/16 in/s. -36 dB’

from 0.1 Vr.m.s. to5 Vr.m.s. in 5 steps

> 18,000 £ .
1Vr.m.s. nomingl across 1000 .
30 @ o ’
432 kHz

at 30 in/s - 54 kHz

at 15  in/s - 27 kHaz
at 33/4 in/s - 6750 Hz
at 15/16 in/s - 1688 Hz

+40%
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Tape speed Frequency Tolerance
- range !
30 ips 0 Hz...10 kHz 30 Hz 0dB +0.5dB
E 5 kllz -1 dB + 0.5 dB
_ . 10 kHz -3 dB +0.5dB
15 ips 0 Hz... 5 kHz 30 Hz -0'dB + 0.5 dB
- ' 2.5 kHz -1 dB + 0.5 dB
5 kHz -3 dB + 0.5 dB
3% ips 0 Hz...1250 Hz 30 Hz 0dB+0.5dB
: 625 Hz -0.5dB + 0.5 dB
. 1250 Hz -2.5dB + 0.5 dB
15/16 Ips 0 Hz...312 Hz 30 Hz 0dB+0.5dB
' ' 150 Hz -0.5 dB + 0.5 dB

On special request:

Overall frequency response:

Overshoot

Rise time

Input level

(for max. frequency sweep)
Input impedance

Output level
“Qutput impedance .

312 Hz -2 dB+ 0.5 dB

the same frequency responsc, but with a tolerance

of 0,5 dB instead of 3 dB at the upper frequency limits -

:<10% ' :
:at 30  in/s - 30 usec -
at15. in/s - 60 usec

‘a;t 33/4 in/s - 240 usec

at 15/16 in/s - 1080 psec.
0.1V-0.2 V-0.5V-1V-2Vor5V
(selection by calibrated attenuator switch)
18, 000
1 V peak across 10,000 @
30 Q
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APPENDIX B&.

The notch filters were designed using Siliconix Application Note AN 74-6
'_(Reference 6). The filters used 3 LM308 operational Amplifiers'tq
achieve a dual Integrator Resonator circuit which was arranged to give a
band elimination second order transfer function of:
2
Ho (8* +87)
% . 0)1 here Q. = 1
S +‘ Qﬁ + o where D

23

. as shown in diagram A5.1:

i '
H Re c‘ 1
' o—ALC:)- Ry
Y,

' Tripte Ampiifier ¥p {s1+QY)
Realisation of 814 wp + wyf
‘ Qp

DIAGRAM AS5.1

. This can be written as
Vout (v _ _ Ry . [RiRRRsT R,___)
o= - -] RRRG |t RGeS

- g2+ 1 g+ Ry
- RC, R,RRC;C,

for band elimination the S term in the numerator must be zero;

therefore Rq Ry = RZRg

~ then:
R, B
2 N
Q R2RSR8C1C2
R
@07 RRRCG
__ Ry
Ho=- ¢
. Ry
W@ =RG JRRREC
RiR;=R;R¢
Qp ~R;G

To calculate the component values:

Rz = Rz =Ry

R1 = Re
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1= Co

.2 © Belect Rg

Select C

&K
{1

Rg

Notch frequency fg = ZTTSZ

and let Qp = 1.2 v -
"The.gain for f < fg = -R4
. R8
f > fqg= -R3 =1
R?7

» The notch frequency, and notch depth, can be adjusted independently by '
. adjusting Rg:and Ry  The low freguency gain can then be set to 1 by
adjusting R#ﬁwhich does not affect the notch frequency or depth.

Notch filters with notch frequencies of 50, 100, 150, 200, 300, 400 and
500 Hz were built and connected in series such that any cambinations or

all the notches could be switqhed into the line.
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 APPENDIX 6.

fThis’appehdiX”shqws’a list of the operating Conditiene'f;;;f
vrecorded on digital'magneticitape. ‘The Hoist PositiOni.t;* ot
~and Secondary Current were found to have rellable data 

throughout the recording, but not all the channels ;'-

' were in rellable worklng order, .

s
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LIST OF VARIABLES'RECDRDED

Average furnace resistance

Channel Variable Nominal Position in
’ range array RAF.
1 1 53
) Secondary current '
2 - 2)  calculated from 0-100 x 100 54
] primary current. o
3 3) 55
4 =) 13
: ) _ .
5 2) Secondary power 0-10 x 1000 15
)
6 3] 14
7 1) 65
) : ,
8 " 2) Power factor 0-1 x 10 000 66
) Co :
8 3) 67
10 1) 20
_ ) : ‘ o
1 2) Hoist position 0-1 X 10 000 21
) .
12 3) 22
13 1) 62
) .
14 2) Electrode 0-1 x 10 000 83 .-
: ) resistance '
15 3) 64
16 Total gas flow 0-5000 x 1 95+96
17 Carbon reduction 0-1000 x 1 81
18 co 0-100 x 10 27
19 co, 0-100 x 10 28
20 CO/CO.0R H, ? or 0-10 x 100 (27/28) or 29
21 N2 0-100 x 10.0 .73
22 Power, MW 0-50 x 100.0 5
23 Power factor 0-1 x 10 000.0 s2
24 Tap changer position 0-22 x 1 19
25 0-2 % 1000.0 q7
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, APPENDIX 7.
Taken from Reference 2. ‘
STATIONARY RANDOM PROCESSES.

When a physical phenomenon is considered in terms of a
random process, the properties of the phenomenon can
hypothetically be described at any instant of time by
computing average values over the collection of sample
functions which describe the random process. For
example, consider the collection of sample functions
(also called the ensemble) which forms the random process
illustrated in Figure A 7,1 ,The mean value (first moment)
of the random process at some time t; can be computed by
taking the instantaneous value of each sample function

of the ensemble at time t;, summing the values, and divi-
ding by the number of sample functions. In a similar
manner, a correlation (joint moment) between the values
of the random process at two different times (called the
autocorrelation function) can be computed by taking the
ensemble average of the product of instantaneous values
at two times, t; and t; + T. :

xﬁ(‘)

- xy(t)

x2(t)

xy(t)

|

|

: |

] 1
+

4 4 ¢

T

Ensemble of sample functions forming random process.

Figure A7.1
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That is, for the random process {x(t)}, where the symbol
{ } is used to denote an ensemble of sample functions,
the mean value uy(t;) and the autocorrelation function

R, (t1,t1 + 1) are given by

.

R .
’”:(tl) = hm E zxk(?]_) )
. | AT
a:(th t]. + T) = hm — zxk(tl) xk(tl + T) . e 'vb - . ",\1 .

N-o N =1

where the final summatlon assumes each sample function is
equally likely. :

For the genera] case where p_(t:) and Ry (ta,t1 + T) deflned
X

“in Equation A~ .1 vary as time t, varles, the random process

{x(t)} is said to be non-stationary. For the special case

~where uy(t;) and Ry(t:,t:1 + 1) do not vary as time t; varies,

the random process {x(t)} is said to be weakly stationary

or stationary in the wide sense. For weakly stationary

random processes, the mean value is a constant and the auto-

correlation function is dependent only upon the time dis-

placement T. _ That is, ug(t:) = By and R (tl,tl + 1) = R (T)

An infinite collection of higher-order moments and ]01nt
moments of the random process {x(t)} could also be computed
to establish a complete family of probability distribution
functions describing the process. For the special case
where all possible moments and joint moments are time in-

- variant, the random process {x(t)} is said to be strongly
stationary or stationary in the strict sense. For many
practical applications, verification of weak stationarity
will justify an assumption of strong stationarity.

ERGODIC RANDOM PROCESSES.

The previous section discusses how the properties of a random
process can be determined by computing ensemble averages at
specific instants of time. - In most cases, however, it is
also possible to describe the properties of a stationary
random process by computing time averages over specific

sample functions in the ensemble. For example, consider

the kth sample function of the random process illustrated

in Figure A 7.1. The mean value ux(k) and the autocorrela-
tion function Ry (T,k) of the kth sample function are given by

al) = Jim - L f @ dt i o AT.o
\ .

R, (7, k) = lim 1 J z,(1) xk(t + .,) dt
T T
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If the random process {x(t)} is statlonary, and Uy (k)

- and RX(T k) defined in Equation A7 ..2 do not dlffer

. when computed over different sample functions, the random

_ process is said to be ergodlc. For ergodic random

processes, the time-averaged mean value and autocorrelation

function (as well as all other time-averaged properties)

. are equal to the corresponding ensemble averaged values.
That is, My (k) = Uy and. R (t,k) = Ry(7). Note that only

stationary random processes can be ergodlc.

Ergodic random processes are clearly an important class of
random processes since all properties of ergodic random
processes can be determined by performing time averages
over a single sample function. Fortunately, in practice,
random data representing stationary physical phenomena

are generally ergodic. It is for this reason that the
‘properties of stationary random phenomena can be measured
properly, in most cases, from a single observed time his-
tory record. :
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APPENDIX '8,

Lt

A HYPOTHESIS ON THE CAUSE OF THE PERIODIC COMPONENTS IN THE

FURNACE ACOUSTIC NOISE
s

The voltage applied to the furnace electrodes is sinusoidal with
a 50 Hz frequency. The manner by which the carbon electrode
converts current to heat is not clearly defined but it is agreed

that it is probably a resistance heating or arciﬁg effect.

If arcing does occur the electrode could act as a full wave

rectifier.

The Fourier series of a full wave rectified signal defined as

y = |sinx]| for -m . ox<m -
is 2 _ .4 cos 2X _+ .cos 4x ' + cos 6X " +.e..,COSDX
" ™ 1.3 - 3.5 5.7 . (n-1) (n+l)

" If sinx is a 50 Hz sinusoid then the full wave rectified signal

contains a 100 Hz component and its harmonics. The amplitudes

of the fundamental and its harmonics are

'1,0.198,‘ 0.085, 0.047

This is similar to the'acoustig noise signal which is dominated
by 100 Hz fundamental and its harmonics. The amplitude varia-
tions of components in the acoustic noise could be due to changes

in the rectified waveform caused by different arcing conditions.

~
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AP P_ENDI,X* 9.

The program listings in this appendix are:

1) CHAD+FURN.DATA 2 which reéds(bperating conditions)

data from a data tape, and dumps it in a UNIVAC
data file called 19. ‘

2) CHAD#FURN,FIND locates the block position from

inputted Date and Time informatidn.

R (RIS
. TR e N
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APPENDTIX 10,

INSTRUMENTATION CHECK.

Plant Procedure. -

151

The transducers heing accelerometers, are only vibration sensitive -

and the prdcedure below was designed to isolate the transducers
mechanically so that any signal recorded would indicate electrical
noise pick~up in the cables or instrumentation. ~ The problem of
mechanically isolating the transducers without changing the routes
of the cables was solved by hanging the transducers by rubber—
bands as close to their mounting positions'aé>possible. The mass
of the transducer and the rubber bands formed a low pass system

with a breakpoint below 100 Hz.

Analysis Results.

Plots A10.1, A40.2. and.A10.3 show the auto—correlatioh function
for the signals recorded with the transducers mounted in the
above manner.
Plot A10.l is the auto-correlation function for the sitnal from
the top position electrode 3. RXX(D)‘= 0.021. |
Time scale is + 400 msec. '
Plot A10.2 is the auto-correlation signal From'the top position
electrode 2. RXX(D) = 0.0065.

A Time scale is + 400 msec. _
Plot A10.3 is the auto-correlation function signal from the mid-

position electrode 3. RXX(O) = 0.01.

Conclusion. -

Plots A10.1 and A10.2 show random noise with very low value

'pefiodicities (less than 50 Hz). These periodicities are reson-

ances of the catwalk structure transmitted to -the transducers

***-thfough the rubber bands.
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Plot A10.3 shows a periodicity of 50 Hz, which could be a resonance
of the structure from which the transducer was suspended. This

is unlikely and the 850 Hz is more likely attributed to electrical
hum. pick~up. _ '

For this reason, analyses of E%e noise was concentrated on the -
other transducers which had no evidence of electrical noise '

pick—up.
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APPENDIX 11

Taken from Reference 2,

MASKING BY PURE TONES.

It is dlfflcult to hear and understand speech in the presence

*of a background of some other loud sound. Under such circum-~.

stances we say that the desired sound or signal is masked by
the background and define the degree of masking as the extent
to which the masking sound raises the threshold of audibility
of the desired sound, the increase being customarily expressed
in decibels. In general both the masked sound and the masking
sound have highly complex wave forms and frequency structures.

. However, an understanding of the basic principles underlying

this phenomenon is most readily obtained through a study of

the special case in which both sounds are pure sinusoidal tones.
In performing experiments of this type the masking tone is
operated steadily at some particular intensity level, and the
intensity of the signal tone is raised from a level below audi-
bility to one that is just distinguishable. Typical results
of experiments of this type are shown in Figure or two masking
frequencies, (A) 400 cycles/sec and (B) 2000 cycles/sec. In
each the frequency of the masked tone is indicated along the
axis of abscissas, and the threshold shift in decibels for
various intensities of the masking tone along the axis of ordl-
nates. : : :

" 100 1 T : - :

100 db

Threshold shift in db.

0 F I ) L [ - 1 1
200 400 500 1000 2000 5000 200 400 500 1000 2000 5000
Frequency in cycles/sec Frequency in cycles/sec v

(A) 400 cycles/sec (B) 2000 cycles/sec
. Masking of one pure tone by another.

It will be observed that the masking of one pure tone by another
is most apparent when the two tones are of approximately the same
frequency and also that in general a tone masks signals of higher
frequency more effectively than it does those of lower frequency.
For example, a signal having a frequency of 1000 cycles/sec and
an intensity level of 40 dB is completely masked by a 400-cycle
tone whose intensity level is 80 dB, but it is well above the
threshold of audibility in the presence of a 2000-cycle tone of
the same intensity. A consideration of the aural harmonics
generated by the masklng tone supplies an explanation of this

effect
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For the 400-cycle, 80 dB tone these harmonics have frequencies
of 800, 1200, 1600, etc., cycles/sec and have loudnesses
approaching that of the fundamental, so that, since one or
another of these harmonics will be of approximately the same
frequency as any signal in the upper audible range, it will
provide effective masking. On the other hand, the aural
harmonics of the 2000-cycle tone have frequenc1es of 4000
cycles/sec or more and hence do not mask the 1000-cycle signal.
The notch observed in each of the curves when the signal fre-
quency is approximately the same as the masking frequency is
due to the generation of beats, which aid in recognition of
B the presence of a signal.

From the results of experiments such as that described above it
.1is possible to make qualitative predictions as to the manner in
which pure tones should be expected to mask complex signals.
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 ARPENDIX - 12 - . K | I
Taken Ffom:. ' . |
"Digital:ﬁrocéssing of Signals" by Gold B. and Rader C.M. .(refefenCe 7).

The Discrete Fourier Transform. ’ R T ' ' .

Introduction to the Discrete Fourier Transform. - : _ ' L o

b The Discrete Fourier Transform‘is 2 modified version of the continuous.
Fourier Transform which ié“amenable to digital computer computation. The
' formation of the dicrete transform from the continuous transform is shown by
considering the following example. ' '
"Let a function h(t) have a Fourier Transform H(f) (Flg. 1(a) )

To determlne the Fourier Transform of h(t) by means of digital analysis

techniques, it is necessary to sample h(t) at regulag}ntervals. By the sampling {
~ theorem, ,to represent h(t) cohpletely the sampling fr%qﬁency must be greater »
or equal to twice the highest frequency occuring in n(t). ) :
Sampllng is accomplished by multiplying h(t) by the sampllng 1unct10n. F1g 1v
The sampled function #(t) and its Fourier Transform are shown in Flg. lc
This diagram shows the first modification of the original Fourier Transform pair.
If as in this case, the sampling ffequency is 1eés than twice the highest
frequency then aliaéing or folding occurs. This_probiem is easiiy solved by
choosing a smaller T. B o
The transform pair shown in Fig. lc aré ursuitable for machine computation
due to the large number of points representing the curve. By aﬁplying £‘Square
window .Fig.'id the numbér of pdints_areAlimited‘to N,_The.efféct of this window . .
>is seen in Fig. 1le. : S : N : o ' - o
The transform of the window is a sinc(f) function which goes to a delta
functlon as the 51ze of the w1ndow goes to 1nf1n1ﬁy. To reduce the ripple in.
'Fig; 1 er. T must be as large as p0551b1e. : U “ . o
o Fig. 1 e is still not acceptable because the frequency transform is a
continuocus function. The machine can only compute sample values of the fregjuency
f;;hct;on, thus it is necessary to modify the frequency transform by the

frequency sampling function Fig. 1 f.
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. APPE N D Ix 9.

The_progfamflistings in this appendix are: .

1) * CHAD#FURN.DATA 2 which reads ‘operating conditions’ =

‘data From a data tape, and dumpS'it in a UNIVAC
~ data file called 19. = o _‘_7 ‘  _. Lo
"~ 2) CHADSFURN.FIND locates the block position from -

- inputted Date-and Time information.
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CHALIFHRILL) ATAZ

DICHS O 12aP(129),1245146)073(349)

1
2 20 FuRMaT(ta, Gl
2 Pl e PeT st /0231622050505493505%0%U5,05057
4 DATA (PeT(Idel=3e6) s5vgy
5 1hCLuDE 5Y5S=FTuLli3 Flop
3 WaNOL(pPRTIz]l2Y
7 BUFADIPKTI=L0C LT 2AP)
J . C -t.oovn..o,v-o-.gt-'{ naaz ]’0'RE\'_:]u;).b.ﬁ.ovpb..Q‘Ob‘.v..aOgg
9 Fuluc1 tpxTy=rFuby
10 CALL FloatekT) -
11 C ossveressctsnrrelEAD WO OF MINUTES DATA 4BLOCKS SKIPPED®®3sssase
12 READ 12,0080 1Syt IE ’
13 pixliT 5200 .
b4 5600 FURMAT(v HINUTES J3LO0CKS BLGIHM EWD %) .
15 URITE(S,12) 4HD, I Chau s HE
is C esvecvsassnnsbET HINE TO BLOCK SKIP 6SKIP IC BLOCKG®ees*rneny
17 FUNCTIPKT)=FuF
19 LU 42 =2]1.1C
19 CALL FlostpxT) L _
3 42 CunTLhYE : -
21 C sesvvaveoransSET MNODE TO REAC BLGCK®4sessedsessvsvesresnsan,
22 FUNCTIPKT)I=F & : )
23 Tu=)
21 . WP =9
25 12 FORMAT )
25 21 CALLU FroucekT] _
! 27 IF{IbesT,iiRD) G TO 92
23 In=0
27 DECOLE(S16+10Us1ZAP1CH) 2
< 130 FORNATIA(BORIZ)235R1)
31 DATA ICRHINDTESIAT/O01590104,01017 ) ) . .
32 C s2veveroe asrraatbiioVE CARLAGE RETURH CHARACTERSY___uiddajsseveeetscessesr
33 DU 72 I=)1+516 : ' )
3% IFLIZUIY HELICR)Y GO TO 72
a5 In=11+)
36 DU 14 J=1+515
37 (ZAJV=120d+1) .
34 14 CONTINYE : -
39 72 CUNT INUYE ) .
IR IF{1BeGT.HRDY GO TO 92 :
43 103 IFUNP.11E.0) WY TU 24
32 C wesvevorertonnvssr IUD UDATEL ANp WRITE MINJTE BLOCKS OF DATA
43 C wodssevsorrasnenn®T) FILE 19
Lk U0 19 4=1+516
45 IFCIZ0) L HELIVTEY GO TO 19
43 1FUIZGu+1) ,HuETAT) GO Tu 19
"7 IFtH+379+1M=510)1646,7
43 7 HP=1
49 JA=]
5) D0 10 I=W.510"1M
51 ATBLJAI=1Z(])
' 52 JASJA*YL
53 10 CONT INUE
' LX) GU TO 19
55 24 1A= .
=} 56 DG 25 K=9A.380
57 yTB(Kl=1L(IA])
= T3 TA=TA+]
57 25 CUWNTINUE
m
63 . GU TO 9 . . )
61 -3 ARITECL 2900 B2t o laN+pto e F ) o (1278 1) oKI= H+3IOY
52 I6=1n+}
53 19 CONT1HYE
X GU To 2]
% 9 ARITE(S, 20040 Ta(h2), ¥2=00s 0 (NTALK2)2K2=1030)
b It=13+1
47 HP =y
1 68 GU TO 103
59 .1ay CUNTINYE
3 ? 22 PrIuT 111
71 111 FORNATLY Fup JC wUN 1)
5 72 STUp :
73 £ub
7 ;
ol
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CHnvsfF sl 1), FInd

1 DINCHSTOd 1Z2AY 11290, 1285100 w0022
2 20 FurRitaT(1X,80:11)
3y TfLOER PRI} 232314 22050905%,03505050535357
4 VATA (kT (L el=a0n) 260yy
[ DATA 1€CRVINDTE*HUL/DI15e03108,0000/
o INCLOLE sYSssefTHLIB,FlOP
7 UarDyu(rrTa=129
3 FUNCTLPKT)=Furky .
9 BUFAutPK T =t9C 1242
19 Caty Froagper)
11 ) Fuactipkry=rFuf,
12 VU 1Ud J=1.7d . v
13 ChtL FloatpxT}
i 103 CONTINUE
15 FUNCTIPKT)=FR
16 READ 49, 0MiITH
Y RCAD 49,4071
13 READ 49,4072
ty HEAD 47,J4Til
29 READ 49 ,0TH2
21 READ 47,9741
22 READ 47,4712
23 49 FORNAT(R])
71 DU 1ZziK=141090
25 CALL FlowtpkT!
Zo 25 WP=p .
27 . DECOLE(S160100,12AP, 1CHY I
23 1UG FURMAT(6(6aRR1°7)934R1)
27 DG 72 I=1.516 )
3 IFC1Z01) MELICRY GO TO 72
31 DU 14 J=14515
32 1ZCJy=1Z¢J+1)
33 14 CONTINUE
34 72 CONTIHUE :
35 {FINP.ER.1) GU TO B5 -
35 DO 19 N=1.516
37 IFE12¢4y.Ca.107E) GO TO 4 -
33 18 TFTHPT19+19e2° |
37 19 CONTINYE -
43 12 CONTINUE - }
41 5 IF(N+25-51518843602 . e ' -
G2 86 HAHTH=]Z e o) : . N =
43 HDY | =1Z(a+8]) :
T NDY2=TZ (+9)
435 HTH1=12(0+17)
446 NTH2=Tr(i+18)
47 . NTMI=1Z(is+20)
Ty NTHZ=TZ (e 21
49 ) ’ NSC1=1Z(i+23}
E¥] TFLUNHTH NE.JMNTH)Y GO Tola
51 CIFtNoY) L uE,guY1l) GO TO 18
52 - IFlnoY2, 4, 9072) 6 10 18
53 IFCNTHL G HELJTHL) 62 TO 18
54 ) TFtuTHZ .0, 0112) G0 10 18 ]
55 IFCHTML L UE,JTHL) 6O TO 13 ) *
ED IFnTi20€,0T72) G0 T0 18 . ] S .
57 32 HRITELS,50) K
EE) 50 FURMAT ()
59 URITE(S, 2000120 gP) v uP=H,u+24)
89 stTap
61 2 _CUNTINUE
62 UU 22 1=iH4518
%) 1Pt 71y Eq.i MLy GO YO 24
64 22 CUNT [ HUE
65 2R . NTOT=1
65 4=
b7 D0 23 43=N.HTO0T
54 T8ty =s12093)
697 NEENELS
79 23 " CONTINUE
713 Hp =y
72 HL=NTOT+2~N
73 GO Tu 12
74 as Kl=]
75 DO 03 I=tL+27
7% 1241y=312(K1)
77 Ki1=K1+]
73 ] CUHTINUE .
72 DO H4 12=1408L71
43 IZtr2y=niaqte)
a1 dy CUNTINUE
32 NEN}
38 wlh _TO N6

EX] EhV
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APPENDTIX 10.

INSTRUMENTATION CHECK.

Plant'Procedure. .

. The tranSducefs being accelerometers, are only vibration sensitive :
and the procedure below was designed to isolate the transdubefs
mechanically so that any signal recorded would indicate electrical
noise pick-up in the cables or instrumentation. = The problem of
mechanically isolating the transducers without changing the routes
of the cables was solved by hanging the transducers by fubber—
bands as close to their mounting positions as_poésible. The mass
of the transducer and the rubber bands formed a low pass system

with a breakpoint beiow 100 Hz.

Analysis Results.

Plots A10.1, A10.2. and.A10.3 show the auto-correlation function
for the signals recorded with the transducers mounted in the
above manner.
Plot A10.l is the auto-correlation function for the sional from
the top position electrode 3. RXX(D) = 0.021.
Time scale is + 400 msec. _ '
Plot A10.2 is the auto-correlation signal from the top position
electrode 2. R, (0) = 0.0068.

Time scale is + 400 msec. _ _
Plot A1d.3 is the auto~correlation function signal from the mid—:

position electrode 3. Rx*(D) = 0.01.

Conclusion.

Plots A10.1 and A10.2 show random hoiée.with very lowvvalué ’ .
pefiodicities (less than 50 Hz). These periodicities are reson-
ances of the catwalk structure transmitted to ‘the transducers '

—— through the rubber bands.
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Plot A1D 3 shows a perlodlclty DF 50 Hz, Wthh could" be a resonancev

'fof the structure from Wthh the transducer was suspended This.

“1s unllkely and the 50 Hz is more llkely attrlbuted to electrlcal o

'”hum pick-up.

) other_trénsducers which had no evidence of electrical noise

‘pick-up.

For this rezson, analyses of the noise was concentrated on the = -
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APPENDIX 11

Taken from Reference 2.

MASKING BY PURE TONES.

It is difficult to hear and understand speech in the presence
*of a background of some other loud sound. Under such circum-.
stances we say that the desired sound or signal is masked by
the background and define the degree of masking as the extent
to which the masking sound raises the threshold of audibility
of the desired sound, the increase being customarily expressed
in decibels. In general both the masked sound and the masking
sound have highly complex wave forms and frequency structures.
However, an understanding of the basic principles underlying
this phenomenon is most readily obtained through a study of

the special case in which both sounds are pure sinusoidal tones.
In performing experiments of this type the masking tone is
operated steadily at some particular intensity level, and the
intensity of the signal tone is raised from a level below audi-
bility to one that is just distinguishable. Typical results
of experiments of this type are shown in Figure or two masking
frequencies, (A) 400 cycles/sec and (B) 2000 cycles/sec. In
each the frequency of the masked tone is indicated along the
axis of abscissas, and the threshold shift in decibels for
various intensities of the masking tone along the axis of oxrdi-
nates. : : : '

’ 100 ] ¥ I‘ T 1 T
80
€0

40

Threshold shift in db.

20

0 L) X 1t I 1.
200 400 500 1000 2000 5000 200 400 500 1000 2000 5000
Frequency in cycles/sec Frequency in cycles/sec »

(A) 400 cycles/sec (B) 2000 cycles/sec
" . Masking of one pure tone by another.

It will be observed that the masking of one pure tone by another
is most apparent when the two tones are of approximately the same
frequency and also that in general a tone masks signals of higher
frequency more effectively than it does those of lower frequency.
For example, a signal having a frequency of 1000 cycles/sec and
an intensity level of 40 dB is completely masked by a 400-cycle
tone whose intensity level is 80 dB, but it is well above the
threshold of audibility in the presence of a 2000-cycle tone of
the same intensity. A consideration of the aural harmonics
generated by the masking tone supplies an explanation of this
effect. ‘




For the 400-cycle, 80 dB tone these harmonics have frequencies
of 800, 1200, 1600, etc., cycles/sec and have loudnesses
approaching that of the fundamental, so that, since one or
another of these harmonics will be of approximately the same

- frequency as any signal in the upper audible range, it will
provide effective masking. On the other hand, the aural
harmonics of the 2000-cycle tone have frequencies of 4000
cycles/sec or more and hence do not mask the 1000-cycle signal.
The notch observed in each of the curves when the signal fre-
quency is approximately the same as the masking frequency is
due to the generation of beats, which aid in recognition of
the presence of a signal. ' S

From the results of experiments such as that described above it
.is possible to make qualitative predictions as to the manner in
which pure tones should be expected to mask complex signals.

R A AR oA, ey 5
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APPENDIX - 12
Taken From:. B
ngigitalffrocéssing of Signals" by Gold B. and Rader C.M. (referenCB 7).

The Discrete Fourier Transform. o E _ T B .

Introduction to the Discrete Fourier Transform.

The Discrete Fourier Transform is a modified version of the continuous.
Pourier Transform which is”amenable to digital computer computation. The
' formation of the dicrete transform from the continuous transform is shown by
considering the following example. ‘ ‘
‘ "Let a function h(t) have a Fourier Transform H(f) (Flg. l(a) )
To determine the Fourier Transform of h(t) by means of digital analysis
techniques, it is necessary to sample h(t) at regulaglntervals. By the sampling
_ theorem, ,to represent h(t) completely the sampling fQEQﬁency must be greater

or equal to twice the highest frequency occuring in h(t).

Sampllng is accomplished by multiplying h(t) by the sampling Iunctlon. Fig.1lb

The sampled function Q(t) and its Fourier Transform are shown in Flg. lc
This diagram shows the first modification of the original Fourier Transform pair.
If as in this case, the sampling frequency is leés than twice the highest
frequency then aliasing or folding occurs. This problem is ea311y solved by
choosing a smaller T.

The transform pair shown in Fig. lc are ursuitable for machine computatlon

due to the‘large number of p01nts representing the curve. By app1v1ng a" square

window Fig.'ld the number of points are limited to N. The effect of this window .

1s seen in Flg. le. ]
The transform of the window is a sinc(f) function which goes to a delta
functlon as the s1ze of the w1ndow goes to 1nf1n1ﬁy. To reduce the ripple in.
'Flg. 1l e:. T must be as large as possible. '
Fig. 1 e 1is still not acceptable because the freauency transform is a

contlnuous function. The machine can only compute sample values of the freguency

functlon, thus it is necessary to modify the frequency transform bv the

frequency sampling function Fig. 1 f.

.
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The discrete Fourier transforms pair ng.l(g) isnacceptable as both the
'time and frequency domains are representad by discrete values; If the original
time function 1s represented by N samples, the or1g1na1 Fourler transform
l.H(f) is also represented by N samples. . R _Lﬁs.“m-.hu...n
g . The sampllng in the tlme domaln results in the perlodlc functlon of
- frequency, and the sampllng in the frequency doma1n results in a perlodlc ,
d functlon of time, N time samples and N frequency samples represent one per1od of
'A.the tlme and frequency domain waveforms respectlvely. The Fourler transform
.falgorlthm assumes the 'w1ndow' of N points to be one perlod of a continuous A
;wave and thus calculates the Fourler transform. S :‘7 - N oo
" The extent to whlch the d1screte Fourler transform approx1mates the )
;.contlnuous transform depends of the waveform being analysed. The follow1ng .
h’examples show the va11d1ty of the approxlmatlon. D1fferences in the two transforms
. arlse because of the d1screte transform requirement for sampllng and truncation

A_ Cons1der the function h(t) and 1ts transform H(f) in Flg. 2(a). o g

,[itThe waveform is sampled by multlpllcatlon with the sampled function in Fig. 2 (b)

_giving the “sampled wave in Fig. 2(c). There is no aliasing as T_ 2T and the
Fourier, transform in Fig. 2(c) has an amplltude of A/2T due to sampling in the
tlme domain. F1g.2(d) shows the rectargular functlon whlch truncates the input-
uaveform. The length of the rectangle is chosen to be exactly the period of the
input waveform. The transform of the rectangle is convolved with Fig. 2(c)
giving the result in Fig.2(e). A close up vers1on is shown in Flg 3. A sine(f)
'functlon is formed on each impulse of F152(c) and the sum is given by the dark
11ne in Fig.3. The distortion of the resultant waveform is ellmlnated by the.
‘sampllng of the frequency sampllng function F1g.2(f) which samples at the zeroes
of the s1nc waveforms.: . . L . X
. Multlpllcatlon of the frequency functlon Fig. 2(e) and ﬁs(f) Fig.2(f)
implies the convolutlon of the time functions in Fig.2(e) and 2(£). Because the -
-sampled truncatlon waveform Flg.2(e) is exactly one period of the original '
waveform h(t) and since the time domain impulse functions of Fig.2(f) are
separated by T , then the1r convolution yields a periodic as shown in Fig.2{g).
‘Comparing Flg 2(a) and Fig.2(g) we see that for the continuous case the
time domain amplitude is A and goes to A/2 in the frequency domain, while for -
'the continuous case the time domalntamplltude is A'l‘° which goes to T A/2T in

the frequency domain.

o T e T o T T T e
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"~ Thus the discreée.Fourier transform can be written as

ey e s

B(n/NT) = TZ n(kT)exp(-j2rnk/¥) . m= 0,1,2;.....N-1
. - Koo . . S e R

Equlvalence of the contlnuous and dlscrete transforms requlre

>;.1) the tlme domaln functlon h(t) must be per01dlc.'

2) h(t) must be band limited. B . .

3) the sampllng raxe must be at least tw1ce the largest frequency component

- of h(t) _ ._;5 ‘;1 R I R ”_f.~:*.}

- '4) the truncation function x(t) must be an integer multlple per01d h(t) or. x(t)
,“;must be non—zero over exactly one perlod. o ’ :

’ The dlscrete Fourler transform 1mp11es perlodlclty in both the time and
.frequency domalns, the N. 1nput samples must represent a period of a contlnuous

3 'waveform. If condltlon 4) is not satlsfled leakage occurs resultlng in errors.

."if Fig. 4(a—g) show the same example as F1g.2(a—g) except that the truncatlon

’ _interval does not satlsfy condltlon 4) above._ (Flgures 1—4 come. ‘from Ref. c)




APPENDIX 13,

This program is the adopted form of the FFT program supplied by

Dr. D. Swingler, Electrical Engineering Department. Universify

of Cape Town.

The program produces a spectral densityvplot from a single sided

autocorrelation function.

The magnitude of the spectral density function is plotted with

linear amplitude and frequency axis.

FFT PROGRAM.
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then applies a cosine taper to the data before computing the FFT.

The program first removes the mean value,
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1018
T Ic

* 1 {9= 255 THEN 5¢é
52 T DXJd3+ DI=Iig9+ 1)
53 TO &3
54 T Gl=DCL9+ 1)
5% OTU 53
Sé ET IJ3+ 1=t
57 0T 59
55 ET Gl=CG1
59 FT LCigy=TI1
oG ¥ o13= £55 THEW 63
&l ET DCIg+ 1)=T2
62 GoTo. 64
63 LFT Gl=T2
€4 LYT 11=13/7 2
68 IF (Iv=11d<= ¢ THEY &3
6 LFT I2=19-11
67 LrET I1=11/ 2 :
&3 IF (11=10)>= (G THEN AT
A3 LFELD I9=1i9+11
7O WETNT JR
T1OLYT 11=10 _
72 IR (21-13)>= (0 THEWY 113
73 LET ip=1lx 2 '
T4 LET Uls €.893313/¢7 1415/%5()
75 LET Le=Siadul/s 2
76 LFT W1l=-2xU2xU2
77 LET we=S1NCUL1)
78 LET W3= 1
T OLET W G
30 FoR oJi= 1 Td ¢l L C
31 FOr J3=J1 TJ IR e
32 LFTU £1=JR
33 LFT wo=wleil
B34 1E oo 2REB TAED H43
'35 LET TieLRxldKE)=-Wi=T{xKe+ 1)
S6  LFT TEaURD0As+ 1)+1 4xT(H2)
87 GITI 90 ‘
B3 LET Ti=W3«D(£2) = hn(=]
=9 LFT To=WExGl+nal{ &)
¢ LFT M) =DI(n1d)-T1
21 1F (f1+200= 510 THFS 110G
38 1F AP= PhRE THAFG DF '
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93 iIF wl= 958 THEN 95 7 o oommmmomomme N
94 LFT IXK2+ DI=IXK1+ 1)-T¢
95 COTD 101 '
€ LET Ci=IC(K1+ 1)=-T2
97  GUTI 101
3% LET D(AZ+ 1)=G1-TZ
99 GOTI 161 » .
6100 LET G1=CG1-T2
101 LET INK1)=DXK1)+TI1
102 IF ®l1= 25% THEN 1GS
162 LET XK1+ D)=D(Ki+ 13+Tg
1G4 CGOTO 106
105 LET G1=G1+T2
106 WELT J2
107 LET T1=u3 A
168 LET W3=Wl*Wl-Waxlkio+W3
109 LET Vaswasl1+TIxbo+ 4
110 WFYT Ji
111 LET Il=12
112. GJITO 72
113 EETUEN
114 FOE J= 1 Td (N- 1) STER 2
115 LET T1=D¢J)
116 LET To=D(J+ 1)
117 LFT L) =DCJ+)
118 LET. DCJ+i)=Tl1
119 "IF (J+d)= 255 THEN 1923
12CG LT LCJ+ 1)=DCJ+ 1+W)
121 LFT L(d+ 1+W)=T2
122 ¢oT0 195
123 Lr7 g+ 1)=G1
124 Lii Cil=7o
195 WEYT
126 TREIUEN
127 LFT 7= ¢
128 FOF K= 1 TO N
129 1IF ¥= 128 THEV 139 _
130 LFT D(KI=LC 2%xK- 1)1 £+0C¢ 2%X)t 2
131 rFoOTo 123
132 LET DC 1843)=DC £58)1 D«Glt 2
123 LFT IXA)=SCRCRCK))
134 IF DXX)>F THFEN 136
135 COTo 137
136 LFT E=DCX)
137 NEST A
133 TETLEN ;
133 CLLn FILIdTs=1s=-1 ;2
14G CrLL LIJEs 1s-1 o
141 CLALL  EoidTsC=1+ £/73)51¢ 1)< £/F= “
142 53 K= 2 T3 § '
1423 CLLL LINFs (=14 2% /6),005)= ©/F= 1
144  JF4T K
145 LET Y9= O3
146 CLlLL Tt dTaY3s=~1 N
147 CéLi. L1 AR a9, i
T CrLi. :z 2t 3T =15-1
fa  FTINT v
1SG TRILEY
151  Fuan
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