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ABSTRACT

In this thesis,nondestructive testing of nonferrous
metal tubings and rods has been investigated by employing
eddy currents.

Eépeéially the detection of cracks within the metal
bodies and on the surfaces;éléétIOmagnetic induction,
signal processing,and Other.probléms of testing procedure
have been éxamiﬂed}

A multifrequency test device has been realised by
using discrete-componehfs'and operational amplifiers

to examine aluminium tubes .and rods.



OZETCE

Bu tezde manyetik olmayan me?él tiip ve c¢ubuklarin
tahribatsiz kontrollari,eddy akimlari kullanarak
aragtirilmigtir. |

* Ozellikle,metal gavdeleriﬁdeki ve yizeylerindeki
catlak Saptamalarl;elektromaﬁyetik etkileme,sinyal'
degerlendirmesi ve diger kontrol sorunlari iizerinde
calisilmistir.

Ayrik bilegenler ve iglemsel kuvvetlendiriciler
kullanllarak;alﬁminyum tiip ve ¢ubuklari kontrol eden

ok frekansli bir alet gergeklestirilmistir.



CHAPYER-I

INTRODUCTIOﬁ

Electromagnetic nondestructive test methods are widely used in
the metals industry to solve a variety of materiels end prodﬁct
evaluation problems,Nondestfuctive tests are used‘to inspect and
evaluate materials,parts,and other pfoducts}in ways that do not
adversely affect their serviceability.Other much used nondestructive
tests are based on principles of radiography,ultrasonics,magnetic
particlesyand dye penetrants.The principle‘of the electromagnetic
tegt is that electromagnetic field perturbations caused 5y the
presence of a test object in the field are_measured and used indi-
rectly to detect conditions of interest in the test object.

The most commonly used nondestructive test applying electromag-

tism is the EDDY CURRENT TkST.Other tests are magnetic field tests

using electromagnetic induction senéors,magnetic field leakage tests

using electromagnetic induction sensors,and radiofrequency and
microwave tests involving.radiation fields.
The main operational functions common to mest‘electromagnetic
tests are:(a)the excitation of one or more tesf coils to produce
an electremagnetic field within the test object,(b)the modulation
of ‘the electromagnetic field quentities by the test object,(e)the
preparation of test ceil output signals fér analysis,(d)the analysis
of the test coil output signals,and (e)the display or indication of
the test results of the analysis. | |
1.1 DNature and ﬁses
Electromagnetic test methods use magnetism de§eloped by the flow
effcurrents.Usually a periodically #arying current is impressed upon
one or more inductors or coils,which produces a varying magnetie
- field within the test object.ihis magnetic field is modified by ohe

or more electrical conditions of the test object such as electric
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conductivity,magﬁetic permeability,or electric permittivity.the
magnetic field is monitored by measuring or analysing the resulting

induced voltages or currents or both in exciting or sensing coils.

,whe eddy current nondestructive test utilizes the effect of test

object electric conductivity and,in addition,in the case of magnetic
mzterials,the effect ¢f test object magnetic permeability.

MalN PRINCIPL&S.The principle of the electromagnetic nondestruc-

':tive test applied to inspect‘metal tubing is illustrated in rig;i.l.

EXCITATION

A
SIGNAL
EDDY
<:) ) i CURRENTS

(b)),
EDoY CURRFNTFLOW

Eig.i.i Jubing test using a single encirciling
coil:(a)vide view,(b,current distribution,normal
uniform tubing,cross-sectional view,(c)current

distribution, tubing with crack,cross-sectional view.
Bddy currents are' caused to flow within the test object by electro-
magnetic induction.A sinusoidal constant amplitude current is im-

pressed upon the single test 0011,as shown in Fig.I.la.lhis produces

- a varying magnetic fleld,cau31ng eddy currents to flow in the tubing

© in the vicinity of %the coil.In normal,uniform tubing these currents

flow in concentric paths around the tube wall,as shown in the cross-

" sectional view in Mig.I.Ib.These currents produce a field,called

the secondary field,which adds vectorially to the primary field.

é The combined fields produce,by electiromagnetic induction,a voltage

1

signal E1 at the test coil terminals.A crack in the tube alters the
flow path of the eddy currents appro;imately as shovwn in PFig. I.lc,

resulting in a new test coil voltage E, ,thus,the signal voltage

2



across the test coil varies with fesf 6bject conditions.The signal
voltage aléo varies wiﬁh test coil-to-object electromagnetic coup-
ling.This test signal is aﬁ ac signal having the samevfrequenc& as
that of the test coil excitétion cunrrent.lt is modulated by the
changing conditions of the fest 6bject within the test coillfield.
) ihis signal,being sinusoidal,can be described by an amplitude value
and a phase angle value with reference to the test coil exciting
current, |
It is assumed that the excitation currenk has a fixed value and

that the information signal appears as changes in the voltage across
the coil.lhis is a convenient method fbrfexplaining the behaviéur
of the test coil-test object system,but it does not represent the
only way to view this system.siﬁce‘the electric impedance of the
teét coil is equal to the ratio of the coil voltage to the,cﬁrrents

flowing in the coil,it is apparent that the test coil impedénce“

varies with the test object condition.This method of analysing the
test coil output signals is referred as "Im?edance Analysis",(Ij.;

In another method of monitoring the eléctromagnetic field-fhe
_Hall detector,a semiconductor element,is used.The ﬁall device pro-
duces an output emf which is proportional to the product of the
electromagnetic field intensity and a biasing current, (2).

The eddy currents,in the absence of tést object irregularities,
flovaarallgl with the su:face and in a direction generally deter-
mined by the test coil.Irregularities to be detécted must interfere
with the flow of currents.For examplé,a crack oiiented»with its

plane perpendicular to the eddy current flow giveé a larger signal

than if its plane is parallel with the current flow.An infinitesimal

thin lamination in the direction of current flow would have only an

infinitesimal effect on fhe current flow,

1
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FREQﬁENCY SPECTRUM.The electromagnetic teéts,including the eddy
current tests,usuvally use alternating pﬁrrents and oécupy the region

of fhe spectium extending from low frequencies into the microwave
regions (108-1012Hz).Most of these tests operate in the region from
5Q0't0 500,000 Hz.Bowever,radiation and dielectric effects become
increasingly important as operating frequencies are increased towafa
the microwave region. | |

USES.Electromagnetic néndestructive test methods are used in
industry to inspect and‘evaluate a variety of materials and products
Employed mainiy for the inspection‘and evaluation of electrically
conductihg materiais,the_tests can be performed rapidly and usually
-require no electrical contact with fhe test objects.Beside»fhe.
~detection of cracks,a wide range of measurements can be made in-

- cluding foil,plate,aﬁd.tubing thickness,rod and tubing diameter,
electric conducﬁivify,plating thickness,and the thickness'of_non—
Imetallic coatings on metallic bases.

Electromagnetic tests are mostisensitive to coﬁditions near the
surface of the test object nearest the test coil béééuse of the :
skin effect.This effect,the result of mwbual interaction of the
currents,increases with the increasé »in the operating frequency,

_ test object electric éonductivity,or test ijept magnétic Permeabil:

the electromagnetic test is eséecially sensitive to variations i
magnetic permeability of materials;Tﬁis is an advantage‘for Qoni-
toring purposes of magnetic peimeability which may be related to
prodﬁct serviceability.However,the high»sensitivity of the test to
.magnetic permeability variations san result in\signalé whiéh mask
those.caused'by other conditions o: greater inferest.A magnetic

saturation technique can be used ‘to reduce this interfeérence to an

acceptable level.



CHAPTER~2

BASIC PRINCIPLES

Electromagnetic induction is ome of the key principles of the
electromagnetic test.Electroﬁagﬁetid effects are caused within the
.test.objecﬁ by varying eiectrbmagnétic fields.This’results in eddy
current flow in a metal test object.The current flow within fhe
test object sets up a secondary magnetic field which causes electric
signals within the test coil thaf are rela{ed to test object elec-
t?icai conditions.Both electricél and magnetic characteristics of
the test objecf are important.Eddy current flow within the tesf
object results in .the skin'effect,é concentration of the currents -
~toward the surfaceS'adjaéent to the exciting test coils.
2.1 Eleétromagnetic Induction

For electromaénetic induction,the test object is placed in a.
varying magnetic field,called the primary‘field,set up by currents
flowing through a test coil.varying currénts are induced in the

' conducting ‘
v electricallfviest object by this varying magnetic field.These cur-
rents whose flow depends upon fhe tést,object variébles themse}vés,
‘prodﬁce a varying magnetic field,This“magﬁetic'field assoéiated
‘with the test object is called the éecondary.field.The principles
are illustrated in aﬁ épproximate way by Fig.2.I.The tesﬁ coil
without the test object is shown in Fig.2.Ia.An alternating current
varoduces a primary fiéld Hp.Next an electriéélly cqnducting test
object is placed in the field of the coil,as shown in Fig.2.Ib.The
induce& eddy currents flowing in the test'dbject produce a secondary

field Hs,which,in the case of nonmagnetic test.sphjects,opposes a

primary field to an extent that depends on the conductivity,size
of the object,and operating test frequency.The timihg or electrical

phase angle of the induced eddy currents varies,depending upon the
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test object parameters and the test frequency.The secondary field
associated with these currents also varies similarly.lhis secondary
field is monitored by-observingvifs effeéts on the current or voltage
"of the primary test coil,or upon currents or voltages induced in one
or more sensing coils placed nearby.actually,the effécts of the
primary fields are also monitored,but,as the primary field can be
made constant,its effects can be cancelled.
The relative phase angles of the excitation current,;magnetic
flux ;nd coil voltagesvaré important.Fig.2.2 illustrates these rela-
tionships in a single test coil first without ithe test object and

~ then with the test object within the coil.The conditions for the

test coil without test objects are shown in ¥ig.2.2a.Here the

NN

. Qrsap)
| J

/ > N S A

(3} b)

¥ig.2.1 Main principle of the eddy current test:

(a)empty coil with primary magnetic field,(b)test

object within coil,producing a secondary field.

1 L—a——i ‘F-P 1 ’ ’ ]:—l E?]} .E_s
. %’3 E=Ep . ' E=E; ‘\
——é | ——.—g |

Y

WITHOUT TEST GRIECT . WiTH TRST oeJecT - fEptEs=Eq
) 8 @ % ll' (&)
EXCITATION ELECTRICAL s
LU RRENT pEGRELS : SECONDARY
I 1 MAGMETIC. FLuY
e Y AGNETIC 3 SEcompARY e
ZIMALRY MAG METY - PRIMARY MAGNETIC TLUY
S ELux MAGRETIC Flux =0 R

Fig.2.2 Current and magnetic field.phase angles:

(a)Without test object,(b;with test object.
priméry magnetic flux ¢p'is in phase'with the excitation current I.‘.
No secondary magnetic flux is seen because no test object within the

field of the coil.in this case the voltage developed across the test

h N
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~coil lags the éxcitatipn'current by anbangle of 90 degrees.These
dlagrams are drawn with lagging phase angles shown 1ncreas1ng in
the cloCKW1se dlrectlon In these diagrams the direction of the
llnes represents the phase angle,and the ;ength of the line rep-
resents relative amplitudes.

When the test obgect is placed within the test 0011,as in Fig.
2. .2b,eddy currents flow and & secondary magnetlc flux is estab-
lished.In this particular case,it is assumed that the secondary
magnetic flux ¢§ is prqduced.This secondary magnetic flux gives -
a new total flux ée.This new total flux gy produces a new‘test
coil voltage bt which 1ags ¢t by 90 degrees.The same result is
obtalned by considering the fluxes to operate separately,produclng
their own associated induced voltages.For example,the primary flux
Qs can be consideféd to produce thé voléégé Ep and secondary flux
ﬂ; can be conside?ed to_p:oduce the voltage ES lags it by 90 degQ
reeé.By{adding.ﬁs fo Ep,as shown,the net coil #oltage Et is again %
obtained.ihe test coil voltage resulting from the presehce of the
test‘object is actually'Es.prever,this voltage is not direct}y‘} )
available.lt can be méde'ayailable by subtracting from E; a:fixed )
yivoltage equallin amplitude and ﬁhase to the voltége Ep. |

.Any line betweehltwoApoints 6n the diagramrrepresents a siﬁu-
soidal signal having an amﬁlitude,ﬁrpportional to the distance
between the two péints and a phase angle described by the slope /
of the line.Also,we are not restricted to the use of the original |
orign as a reference point.Any other ppinf'on the diagfam can be’
uéed as a new reference point.The signals on the diagfam viewéd T

frdm-the new iefeience point are represented by phasors drawn fromJ
' €
“the new reference point to each of signals,that is,to the heads !

of the phasors representing those signals.These new phasors Te -
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ﬁresent the ampiituﬁes and phase angles of the signals viewed from
the new ?eferenCe.Likewise,the hopizqnﬁal'base line,can be replaced
by any other line through the origin,faking into account thé dif-
ference in the phase angle of the original reference and;the new
.reference;This flexibility of the phasor diagram is useful in rep-

. resenting and visualizing the various signalsvinvolved in compen-
sating or null balance circuits,which arefoften'used inithe input
circuité of electromagnetic ﬁesting equipment,

By using phasors,various univeréal loci diagrams have been ob-
fained fér different application purposes.Thesé,loci diagrams are
used to determine couéling effectsyeffect of freguency changes,
'conductivity,magnetic permeability,thickness of one or more number
of layers.by observing the changes in resistive and reactive parts
of the impedance of the test coils,(I),(4),(5).

2.2 Eddy Curreﬁt Flow and Skin Effect

One result of the flow of eddy currents in the test object is
bthe_skin effect.lt causes the currents to be concentrated near the
surfaces ad jacent té the excitation coils,.The effect increases
with the increaée in operafing fréquency,test.object electric éon-
ductiﬁity;and magnetic permeability;The currents decrease exponeﬁ-
tially with'depth,depehding upon the test objeét shape ahd thick-
neés.In addition tb%the decreése of current»amﬁlitude as dépth
below'the.surface increases, the phase angle of the current becomes
increasihgly lagging. | |

The skiﬁ effect can be explained in several-different but re-
lated ways.One explanation shows that eddy currents flowing in the
test object ét any depth préduce magnetic fields at gfeater depths
which oppose the primary field,thus reducing its effects and causing

a decrease in current flow as depth increases.Another explanation
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considers the skin effect a result of the absorption of enérgy
from an eiectromagnétic wave as it piopagates in the metal.The
skin'effect can be described by an infinite half-space conductor
upon vhich impinges a plane wave 65 infinité extent with magnetic
field parallel with the»Surfabe of.the‘conductor.The value Jx,the.
current density at any. depth x from the surface,is given.by ,

I =T exp(-x Vﬂi)“ﬁ‘) (.2 .I)

Where Jo:cur:ent density at surface, A/m2
f :operating frequency, Hz
/M:magnetic permeability
/M=4HEO-7 H/m  for nonmagnetic materials
For magnetic materials: o
M=o fo
Where /m}:relatjve permeability | - A
/%:4“:10_7 H/m,the magnetic permeabilify'of free space
x:dépth frém surface.Meters
T :electric conductivity.(Mhos/Meter) A 7
The depths at which eddy current density has dedreased’to'I/e
times‘its value at the surféce is called the pénetration depth,
EQuation 2.1 may be writien
I=T exp(-x/d) (2.2)_
where  ‘d;I/Vﬁ3Eﬁ=:pénetration depth of eddy currents.
The phase angle lag,using the phase angle of the currenf density
af the surféce as a reference angle,is given b& _
’-Oéxd/ﬁf/;l_f:x/g | | » (2.3)
where ;G:phase angle 1ags;Radians ‘
2.3 Sélection_of Frequency
Two main factors affecting the selection of test frequency are

the skin effect and the effectiveness of coupling energy into the ]
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test specimen.Generally,the effectiveness of coupling energy into
the test object increases as the frequency is increased.Since the
skin effecﬁ results in current éoncent:ations near the surface
adjacent to the exciting sources or tést coils,deep-penetfation
-of currents reqﬁires lower-frequency operation for fixed test spe-
’cimen conductivify.however,the eddy cufrent density at a fixed
frequency also becomeé less with depfh!increase in the cylindrical
test specimeh because of the smaller loops of emf® évailable as
the_center of the bar is approached.This occurs no matter how low
the test frequencieé are made.If it is desired to detect conditions
-at some depth within a bar,a high frequency is not chosen because
insufficient current would flow at the desired depth.Improved ope-
ration results as the frequency'is7lowered s but eventua11y>dimi-‘
nishing gdvantages result with further lowering of the test fre-
guency because 6f the ineffectivgness of the eﬁergy couplihg into
the test object and the falling off of currents because of the =
shape of the test coil and test object.When tubes are inspected
using the cylindrical_coil arrangement,it is found that the eddy
* current density does not fallioff as rapidly with depth into the
tube wall asfiﬁdoes in the case of tﬁe solid bar.Thus;higher test
frequenciés can be used for the inspection of tubes than is indi-

cated by considering the skin depth equations alone. (3)
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CHAPTER-3

INSTRUMENT ATTON
3.1 InstruméntationAuoncépts

Electromagnetic nondestructiver¢ést systems perform the
following impértant functions:Excitation,modulaiion,Signal
preparation,signal analysis,signal indication,and tesﬁ object
handling,

Excitation is-ﬁerformed by generator which deiivers the
excitation signal to tﬁe tést coilB.The generator may consist
of single frequency or multiplé_frequency sinusoidal-oscillators
and povwer amplifier circuits.It may also be a pulse generator
delivering the desired pulses.A sélf-excitéd oscillator whose
behaviour is governed by:the impedance of the‘test coil may
also be used. 7 | |

;v$he modulation of signal occurs in the electromagneticﬁfield
’of the test coil system@he test coil system may be in‘some
vaifferent configurations which is ofteh closely related mechaf
nically to the test object handling equiément.

Thg signal preparation part consists of circuits which’?re—
pére the output signals from the test coil for the.(next) ana-
lysis section.These qirduits consist of ac.compensating or ba-
lance networks which»subtraét a steady ac component from the
input signal so that the instrument amplifiers do not need as
large a dynamic range as otherwise would be the case.In this
part of the system filters can be used in‘order to signal-to-
noise ratio or to separate different carrier Signals in a'ﬁul-
tifrequency test system.Sometimes some signal-shaping circuits
are inclﬁded.The amplifiers,which are the important parts of

this portion,raise the signal to the desired level for the
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analysis process. ;

The deﬁqdﬁlation and analysis section of the system comprises
detectors and analysers,The detectors may be-either’amplitude
detectors or amplitudefphase*detectors.For detectors,reference
signals are provided from the'generator sections.Sampling cir-
cuits and discriminators may also be included in the analysis
section.Various types of summing and comparison circuits may
also be used here.,Filters may also be included fér filtering
the demodulated signél to discriminate against certain charac-
 teristics of thé signal. |

The signal diéplay of indication portion of the equipment
is the real link between the test equipmentlahd its intended
purpose.The signél nay be‘displayed by the use of meters,recor-
ders,cathqde-ray oscilloscopes,visuable or audible alarm signals,
\ relay oﬁtputs,and auntomatic signalling or rejeét equipment;

Tesf object handling équipment needs may be minimal,oi may
require very comlicated mechanical design,ln.SOme tests the test
coil assemblies are designed so that they are positioned and
held manually.In this case the demands for test object haﬁdlingv
equipment are minimum,and all that is required is a place to set
or .hold the.test object while it is being‘inspected.

As it is seen,thé test system circuits vary greatl&,depending

upon applications.An ac bridge circuit is shown in Fig.3.Ja

Z, 2o

TEST 08JECT

Fig.3.I Test coil bridge circuits:(a)single

test coil,(b)two coil comparison test.
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In this figure the teét éoil i; used'aé oﬁe arm of an ac bridge.
The bridge can be balanced for ; normal-test object,and the
- indicator then shows when a test object is present~whicﬁ does
not fall within acceptable limits. ~

Another variation of this circuiﬁyis”shoﬁh:in Fig.3+Ib.Here
another test cbi}_has been added in one of the other arms of the
bridge,resulting in a comparison arrangément.ln this case stan-
dard test objects are first placed in éach of the fwo coils and
the bridge is balanced.then one of the tgstldbjects is répl#ced
by an unknown test object and differences between the unknown
teét object.and thé étahdaﬁd are indicated by the degree::of un-
balance of thé bridge. | |

Multifrequency eleétfomagnetic nondestructive test equipment
may be divided into twq classes:those which use one test frequency
at a time and those which use more than one frequency simuitaﬁe-
ously to perform the tests.: |

A functionail diagrah of a multifreguency equipment which uses
several frgQﬁenciés éimultaneously is shown in fig.}.Z.Excitation
currents at each test frequency are impreséed upon the tesf coil
simultaneously.Multiple circuits are uséd throughout,and the test
coil output signal carrier frequencies are separated by filteis.
Multiple dual—amplitﬁde‘phase detectors_are used,and the outputs
éf the phase detectors aré summed and used to give separation
of several test object parameters. |

‘MODES OF OPHRATION.The test equipment maylbe classified:by
mode of operation,This depends mainly upon fwo functional areas.
The first is concerned Qith the typé of test coil excitation and
the second with the degree'of compensation or nulling of the test

coil output signal and the type of the detector used.Types of
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excitation include single-frequency sinusoidal,multiplevfrequency;
single pulse,repetitive'ﬁulse,and swept‘frequéncy. ' |

Three main input-detector modes are: |

I.Null balance with amplitude detector

2.Null.ba1ance with'amplituhe-phase detectors

3.Sélected off-null balance with amplitude detector.

The second mode,which will be employed in our design,use§ the
null balance condition with amplitude-phase detectors.hére the
phase discrimination method can‘be applied to discriminate against
signals having a particular phaseangle.Also,with this s&stem the
fotal deﬁodulated signal can be displayédvon the oScilloscope to
show phase relations and amplitude relations,thus giving more
meaning to the test object signals than‘in the case with systems
thch are not phasg-sensitive.The display system does require the
output signals from two phase detectors and their assoéiated
phase reference systems.

3.2 Test Coil Systems;Modﬁlation Function.

The modulétion functiénﬁis carried out‘wiﬁhin the test coil-
tesf object complex.The test coil assembly is the link with the‘
%gst object and its design is a majof factor in the distribution
of electromagnetic fielés within the test‘object.The orientation
of %he test coils determines the direction of flbw of eddy
currents within the test object.,

A wide variety of tesf coil confighrations are.possibie.
Although individual test coils can be used,double coils can also
be used to perfbrm.an almost equivalent function.tThis is iilus-

‘ trated'by the two coii arrangement shown in fig.B.B,where the pri-
mary field is established by an excitation winding.The test coil

output signai is taken from the output of the second winding,

whdeh is called the'sensing coil.When the sensing coil is placed
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- near the excitation coil almost the same magnetic flux threazds

boﬁh coils,thus the signal of either coil can be used to vrovide
information about the test object.The use of the two-coil assembly
provides greater flexibility in that the excitation winding can

~be designed to be driven from a low impedance source,and the

’ sensingvcoil can consigt of a greater number of turns to better

match to a higher impedance instrument input circuit.

GENERATOR
W
GENERATOR
GENERATOR [T
|
=/
|
& & 4
MULTIPLE
COMPENSATION FILTERS AND AMPLITUDE-
OR BALANCE  |—— — L ANALYZERS
R DALANC AMPLIFIERS PHASE
ég_J : DETECTORS
TEST OBJECT ' i ] l l A
© MULTIPLE
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Fig.3.2 Multifrequency instrument operating at

several frequencies simultaneously.
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Fige3.5 Louble coil assembly.

 Test coils may be shielded with conducting metal or magnetic

"material to shape the field produced by them or to increase the

sensitivity or the resolution.Probe coils may have magnetic cores

or may be wound in magnetic cup cores.

vhe single coil is shown in Fig.3.4a

Using such a coil,conductivity measurements and dimensional

" measurements can be made.In the differential arrangement shown
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¥ig.3.4 (a)Encirciling coil,(b)Encirciling

differential test coil.

in rig.3.4b,the coils are connected in a bridge circuit so that
& null signal is obtained if each coil is presented to it identical
test object conditions.unly when a different condition is presented
to one coil or the other an output signal is obtained.Thus ythis
coil arrangement can be used tg discriminate against slowly vary-
ing conditions along a section'of tubing or bar.The slowly varying
diameter or wall thickness variations can be discriminated against
whereas short localized cracks or other 1oc51 vall conditions-can
Ee detected,

1he resolution characteristic of a coil increases as its size
is decreased.Generélly,a probe coil can be made to have better
resolution than an encirciiing coil;The,advantage of the enciréiling
coil in the teéting of tubing is that =z high output can be achieved
because the tubing can be passed through the coil iapidly.whe use

of & probe coil to examine tubing requires a scanning motion.rhis

" can be obtained by either rotating the tubingvand'translating it

- past the probe coil or by tranglating the tube through a coil

" assembly which rotates the probe coil around the tube.rhis latter

“arrangement is called as spinning probe.

Important test coil characteristics are resolution,sensitivity,

‘?impedance,mechanical stability,size,distributed capacitance,and

"mounting arrangement.

3.3 input Gircuits—bignél Preparation Function,

The main functions of the input circuit are threefold.First,it

éprovides,when needed,an adjustable compensating or pulling signal
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for compensating a fixed component of the test coil output signal.
This results in the appliéation of a smaller total signal to the
amplifiers andvdetectors or it»provides a signal of desired phase
and amplittde.Second,it provides filtering for separating carrieré
having differentvfrequencies,as in multifrequency test,or it pro-
vides filtering for reducing the bandwidth f6r noise reduction
purposes.Third,it provides low noise amplification of test coil
output signals or the output. of the compensating circuit or filter
Acircuits.All these functions are carried out as needed to fulfil
the detector analyzer input requireﬁents.
3.4 Detectors-Analys;s Function

The purpose of the detector is to demédulaﬁe the carrier signal
which has the test object information confained in its émplitude,
phase,or frequency variations.In some equipment,the detector pro-
Vidés all. the analysis function that is performéd,in other equip-
ment additional analysis functionsaiéjcarried out by circuits
following.the detectoerbst-deteétbr filtering and»ampiitude dis=-
criminations are also part of the signal analysis function,Many~'
types of detectors are used.i few of these arelamplitude detectors,
amplitude-phase detectors,phaée angle detectors,and sampling detector:
3.5 Indﬂﬂiors-bisplay Function

Display and indicafor~needs differ greatly,depending upon the
applications of the test,requirements for permanént records,and
demand for automatic control fgatures.Aufomatic;visual,or audible
alarms can be included in the indicator equipment.Bar and tube test
equipﬁent is sometimes equipped with pen markers\fér marking flaw
indication locations on the tube or’bar.
3.6 Test Object nandling Equipment.

Test objects may be large and heavy or small and many.squipment
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using hand-held probes usually presents the féwesﬁ test object
handling problems.However,means must be available for bringing
the ‘test object to the instrument,or in the case of portable
instruments the test object must be accesible aﬁd available fér
the test.Bars and tubes caﬁ'be fed through encirciling coils by
means of a roller fed assembly.A large unwanted signal is caused
when the ends of the tubing enter or leave the tést'coil.This can
be eliminated by using photocell detectors,mechanical switches,

or proximity detectors to prevent false indications.
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CHAPTER-4

MULTIFREQUENCY METHOD
The parameter separating capabi#}ty_can 5e increased by inc:easing
the number of test f?equencies,ﬂowever,in doing this several impértani
'questions arise.For example,are the functions obtained independenf sb
that the variables may be separated?What technique can be used to
separate these desired signals?These and some other related topics
are discussed in this chapter.
4,1 Need for Multivariable or_Mulfiparameter Methods
vao complementary factors hiéhlight the need for improved nondes-
tructive test which will'idéntify additional test variables:
I.The manufacture and application of new materials and products

resulting from advances in science and technology require improved

test methods.

\

2.The electromagnetic nondestructive test has multivariable capa-
bilitiesAwhiéh have not been fully developed.

One approach to meet heéas vhich may invoifé seVerai test variable
is to use multlfrequency methods.These methods are generally stlll 1n’

the research and development stage,but they show capability of perfor

mance beyond that which can be obtained using single frequency tech-

niques. : _ ~
Most eddy current tests are made using one test carrier frequency‘

at a time.These tests have been highly developed over a lohg period J
. : , o : i
and serve many testing needs well.The new multiparameter or multivari

able tests require more complex equipment and,in their present state

of development,more difficult operating proéédures than the simpler |
single-frequency tests.The new tests are expected to meet needs in
Speciai problem areas where the nature and importance of problems

will justify the added comlexity and cost.
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4.2 Multiparameter Test Theory .-

The nondesﬁructive test ﬁariables which we wish to identify or
separate are called parameters.Typical test parameters are the
coupling or spacing between the test coil and the test object,test
object electric conductivity,test object cracks,test object thick-
ness,test object diameter,and test object magnetic permeability.

omall signal conditions éré assumed so that changes in test para-
meters result in linear changes in test cbilimpedance or test coil
outbut signals.We also assume that the test abject is nonmagnetic
go that the principle of superposiﬁion appliés.The magnetic perme-
ability of magnetic materials varies with magnetizing force.The non-
linear effect would cause.cross modulation between the various signa

In the applidation of the multiparameter test,increased instrumen
stability and accurac& are requiréd as the number of parameters in
the test is increased.The complexit& of:adjustment and thé'calibra-
tion of the equipment also increases és the nuﬁber of parameters is
increased. '

A éignal flow diagram,illustrating the different fﬁﬁctions‘of the

-~ test appeérs in Fig.4.1.

Test coil assembly is driven by a multifrequency excitation sig-
nal rl(t).The tegm mulfifrequency_is used éo indicafe that‘fhe:sig-
nal has more than oﬁé frequency component,that in general it hms
many frequency components,or if has é broad specﬁrum.The multifre-
gquency signals can be separated by usﬁng ii;#?rs operating in the
frequency domain, |

The multifrequency function generator in Fig;4.I provides signal%
for excitation of the test coil aséembly,which adjacent to or en- |
circling the test object.ill the excitation signals appear in the

test coil simultaneously and induce currents within the test object
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~at their respective frequencies.The test object parameters affect
the flow of currents within the test objéct,thus modifying the.
eléctromagnetic field conditions both inside and outside of the
test objectsrhese effects modulate the test coil impedance and

thus modulate the test coil output signals.The test coil assembly

. MULTIFREQUENCY .
- (|
EXCITATION ég&égxggR : REFERENCE
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rig.4.1 Multiparameter test method.oignal flow diagram.

response signal rz(t) carries in it modulation information concerning
the test object.
the multifrequency function generator also profiaes excitation
signals for the compensating circuits,which provide a compensating
1 siénal TB(t) which is subtracted from the test coil response signal
| at the suﬁming point.The purpose of the compensatiﬁg signal is to
remove or subtract from the fest coil respohse signal rz\t) a pomi- .
f nalyfixed multifrequency signal r3(t)’which reduée§ the dynamic ‘

range of the signal r4(t) applied to the filters and amplifiers.The

comﬁensating circuits,in many cases taking the form of bridge cir-

cuits,make it possible adjust the signal r4(t) to be a null signal
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for normal test object conditions.variations in test object para-
meters then cause this signal to differ«fpom the null signal in
accordance with the effects of the various parameters on the test
coil output signal. | -

The compensating circuits are used %o reduce the dynamic range
of signals dpplied to amplifiers and detectors.lhis permits greéter
sensitivities with the resulting ability to detect the presence of
~small test object parameter variations.It should be emphasised that
in theory a complete null is not necessary,but a good null ﬁrevents
overdriving the amplifiers.

Next,the compensated signal r4(t) is applied to the filters and
amplifiers.Here,in the multifrequency system,the signals are sepa-
rated by means of wave filters having bandpass centered‘at the
various excitation frequencies supplied by the multifrequency gene-
rator.ihe amplifier output signals (analyzer input signa1sﬁr5i(t))
are then supplied to the demodulators or spectrum analyzer.This
analyzer produces the coefficients c4 of the orthogonal basis func-
tions upon which the responsé signal is being expanded.in the case
of multifrequency excitation,the expansion used is the'sinusoidal
Fourier series.expahsiop where the basis functions are the sine and
cosine fnctions associated with the various test frequencies.tThese
Ci are the numbers fepresented in the circuit by signals.¥or a
given test object parameters which are not varying with time,these
coefficient signals likewise are fixed and do ﬁot‘vary with time.
However,as the test object conditions chaﬁge,thé‘coefficient signals
will chénge in accordance with the modulation of response signal as
a result in the change of the test object parameters.The change in
test object parametrs may be a result of the movement of the test
object with respect to the ftest coil assembly or movement of the

test object past a test coil assembly in a way that brings a change |
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in test object parameters into thé effective zone of the'test coil.
Amplitudenphase deteétors perform a Fourier series expansion of
signals,producing output signals of Ci‘
_The coefficiént signals C, next serve as input signals to the
transformation circuits.These éircuité operate upon the cbefficient

signals Ui,combining them in different proportions and polarities

-~ to provide output signals Qi which are the estimates of the test

object parameters P, .The magnitudes of these components are read

i
on meters,

A functional diagram is shown in Fig.4.2.

(NVERTING - AMPLIFIERS *-C!

\ : R SUMMING AMPLIF IER
+ R v
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SIMPLIFIED LINE DIAGRAM FOR ONE
OUTPUT CHANNEL

Fig.4.2 (a)Detailed circuit,one-channel output

(b)Simplified line diagram,bne-channel output.

'
\

4.% Four-parameter,Two-frequency 'l'ube Yester
DESCRIPTION.A simplified‘block diagram of the device is shown

in Kig.4.3.A 5 KHz and I5 KHz sinusoidal waveform generator provides

excitation signals to bridge circuit and reference or switching

signals to the two amplitude-phase detectors.The test coils are
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excited by the 5 KHz and I5 KHz excitationysignals from the bridge
circuit.The bridge circuit supplies nuil or near ﬁull test coil
output signals %o the two receiver channels comprising the 5 KHz
amplifier and its associated amplitude-phase detecfor and the I5
KHz amplifiér and its associated amplitude-phase detector.The out-

puts Ul’C29CB’and U4 represent the coefficients of the Fourier

‘series expansion of the test coil-bridge output signal.In this

particular test device the transformation circuits may be of a
special type wvhich provides for the succesiv; elimination of para-~
meters.In other words,the effect of parameter variations on the
signals in various portions of the transformation circuits can be
eliminated one at a time.THe principle of this trénsformation cir-

cuit will be discussed later.the advantage of the elimination of
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u'Fig.4.3 wour-parameter tubing tester (two frequency)b
the parémeter effects succesively is that it results in an easier
experimental adjustment of the transformation circuits for the
elimination of parameters with the general transformation circuit
ié is necessary that ali the parameters that are required to be
eliminated from a particular channel be varied in rapid succesion,

in this way the several nec_:'essary ad jugtments 6f the different
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circuits can be made to meet the required séttings for eliminating
these‘parameter effects.Outputs of the transformation circuits are
prOV1ded for both the 0801lloscope and recorder.

SPECIALIZED TRANbFORMATlON CIRCUIT It is convenient to use simp-
lified line dlagrams when discussing transformation circuits.If
the circuit components are shown in each diagram,the sense of signal‘
flow is lost in the complexity of theé ahplifier and potentiometer
- connections.For example, big.4.2 illustrates the evaluation of -
simplified line diagrams fof a general transformation circuit.Fiist,
in Pig.4.%a aré shown the circuit components consiéting of invérting
amplifiers A,cqefficient potentiometers Rij,summing resgistors Ra’
and summing amplifier I for producing the output signal for one
chanﬁel.lt is a function of this circuit to produce an output signal
vat point Pl,indicating parameter 1 output,which.is a summation of
the input signals Ci‘s that aré the coefficients of the Fourier
series or generalized Fourier series expansion of the test coil
output signals.To provide maximum flexibility,coefficient sighals
of both\polarities must be provided for each_ihput channel;élong
with the means t§‘sum various proportions of these signalé together
to form the signal for qne output cﬂannel;The inverting amplifiers
A prov1de the positive and negative coefflclent signals.The coef-
f1c1ent potentlometers R ij *s provide for the selection of the dif-~
ferent proportions of the coefficieni signals.'The fouﬁ summing
resistors Ra and summing amplifier 1 Serve to sum the outputs of
the various coefficient potentiometers tq'provide the channel 1
output signal which will depend upon the variations in parameter I,

‘whe portion of the transformation circuit just described is
next shown in a simplified line diagram in Fig.4.2b.A1though the'
inverting amplifiers;coefficient potentiometers,and summing circuit

are not shown on the simplified line diagram,it is inferred that

BOGAZIC) UNNERS\TES\ KUTUPHANES\
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L they are in fact present because their functions are required to

give the desired output.

rhe next step in the evolution of the diagram is shown in Fig.

4.4,vhere "the remaining three channels of a four, parameter general

..

trangformation circuit have been added.

Fig.4.4 ¥eur channel transformation circuit.(4-paramete;)
&5 Now that we have explained the simplified line diagrams for the
tianéformation circuits,ve can proceed wifh a description of the
apecialized transformation circuit used for the succesive elimi-
nation of parameters.The line diagram for this circuit is shéWn
~in Fig.4.5.Again,we have four input signals,the Fourier series
coefficients 01,02,03 and C4.The signal functions existing within
~EUMWAEEHK16F%m{1

ELIMINATE EFFECT OF p,

ELIMINATE EFFECT OF p,
#py. Py P3.0y)

a PyPyy

Pig.4.5 Transformation circuit for succesive

elimination of parameters.

the transformation circuit after final parameter sevarating adjust-
ments have been made are shown on each horizontal line of the diag-

ram.''he symbols shown on these lines indicate the parameters by
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number which,in general,affect the signals on that particular line.

For example,the expression f\P1P2P5P4),iqdicates that all four para-
me%ers,in geﬁeral,affect the values of input signals which are the
Fourier coefficients.It will be noted that parameter 13’:L is elimi-
nated at the summing junctions a,b,and c.Thus the signals immediately
following these sgumming junctions are a function of only Pz,Pi,and
P4.In a similar manner,parameter P2 is eliminated at sﬁmming Junc-
tions d and e,producing signals which are a function only of para-
meters 3 and 4.Finally parametér 4 is eliminated at junction f,

producing a signal at the P, output which is a funcition only of

3
parameter 3,and similarly at summing point g parameter 3 is elimi-
nated,leaving an output signal on channel P4 which is only a fuﬁc-
tion of parameter 4.The over-all effect of this circuit has been
to eliminate the effects of parameters I and 2,producing  outputs
P, and P
3 4

respectively.

which are affected by variations in parameters 3 and 4

It will be noted that 2 major difference exists bgtween these
line diagram and the one in rig.4.4 for the general transformation
circuit.'he main difference is that in the succesive eliminafion;
of parameters,as accomplished by Pig.4.5,0one parameter at a time

is eliminated.vhe operation of the circuit may be fiirther clarified

by considering the elimination: of parameter 1 in detail,First,let

us consider the elimination of ghe effects of parameter I at the
output ;f the summing point a.The signals available at the coeffi-
cient §d{entiometera‘feeding this summing pqiht are affected in
general by all féur parameters.As it is parameter I that we wish
to eliminate at this summing point a,all we need to dq is to<luse

the test object parameter I to vary,observe the summing point a,

and adjust the coefficient potentiometers feeding summing point a

so that the variation of parémetef I has minimum or zero effect
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upon the output signal of the summing point a.Unce this has been
accomplished we move to the next sunming point,summing point b,

and repeat the same procedure.Next the effect of variation of para-
meter I at the output of summing point ¢ is eliminated.This completes
the elimination of the effect of parameter I on the output signals
,qf summing points a,b,and ¢ for a four-parameter problem. .

Note>that with this particulaf.circuit only two parameters are

read at the output,the other twé,having been eliminated.additional
read out channelé‘for parameters I and 2 can be provided by the
addition of more.coefficient potentiometers and summing points

for the elimination of paraﬁeters 3 and 4.The method just described
is really the implementatibn‘of the method of Gaﬁss for the succesive
elimination of variables in a set of algebraic equations.Some inter-
‘change of input output signals Cl,CZ,CB,and 04 may be desirable
" for best results,as in the algebraic solution of equations by the

Gauss method, (5). : .
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CHAPTER~5

SENSING COILS AND THs FORMATLION OF SIGNALS
5.1 Yest-coil Arrangements

In most electromagnetic nondestructive tests the test coil gerves

~as the main link between the test instrument and the test object.
-The tegt coil serves itwo main functions.ihe first of these is to

- establish a varying electromagnetic field which causes currents to

flow in the ‘adjacent or encircled test object or to cause ,in addi-
tion,magnetic effects in the magnetic domains of magnetic materials
{if present).The second purpose is to sense the cufrent flow and
magnetic effects within the test object.

the over-all behavioﬁr of test coil and electrical conducior
systems ié very complicated because 6f the wide variety of geomet-

%

rical relations between the coils and the conducting test objects

~and the wide range of possible current flow paths within the test

5bjects.1n addition,many other complicating factors are préseht,

with some:of them not having compatible requirements.The test coil
mﬁst be(driVen‘with excitation currents,and this requires the dis-
sipation of some power within the testvcoil because of its 12R
1osses.These'1osses can result in undesirable temperature increases
in the test coil assembly;which can cause drift in insitrument readings
or may cause electrical'noise;similarly the currents flowing within
the test object élso caﬁses power losses with an attendant increase
in temperature,which can have an undesirable eff;;t,on electric

conductivity determinations.

Although the same coil can be used for excitation and for supply-

- ing the response signal,this is not: necessary and is often desirable.

i

Une coil can be used for excitation purposes with a second coil or
multiple coils used for monitoring the eleétromagnetic field condi-

tions.The use of separate excitation and sensing coils gives greater
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flexibility iﬁ meeting the test system requirements.For example,
the primary electromagnetic field may be established by use of a
feQ turgs of relatively large wire driv;n from a'lowﬁimpedance
generatoryand the number of turns on the sensing coil can be ad:s
justed»to meet the input impedance requirements of the sensing
circuits.If desired,sensing circuits having very high inﬁut impe=-
dance ‘can be used,and -the sensing coil may be wound with many turns
of small wire,

The voltage output ¢f a semsing winding is approximately pro-

portional to the number of the winding when the excitation current

and excitation winding turns are fixed.,lhe word “approximately" is

'used here because it is not possible to place each turn of the

éensing winding in a position go that it is threaded by the same
flux which threads the other turns.rhis effect is important in the
operation of the tegﬁ coils.it is related to two other etfects
which are basgic to the operation of test coils,and which we will
call the "distance effect" and the "dipole effect”.The distance
effect is a direct result of the way in which an electroh or group
of eléctrons making up ah‘elemental current affect tha behaviouf
of other electrons. ) | |

rhe distance effect may be explained with the aid of Fig.5.I

which shows an elemental current I dil flowing in a test object

i o.widy
s : P /dAP' 4nr
i
Ir
1
: T

.Fig.S.I Differential vector potential de at a point

P résulting-fram-elemental current Idil.
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and- a point outside of the test object at a distance r from the
elemental current ldil.Point P is also assumed %o be located on
a loop representing a single-turn coil around which we might sum
elemental voltages to obtain the total induced loop voltage.The
magnéticvvector potential at point P resulting from the elemental
current is |

AT MIA1 ,

where A is the magnetic vector poténtialdlis the magnetic permes
ability of the medium,I is the current stréngth,di is the vector
current differential iength,and r‘is the distance between the ele-
mental current and the point at which the'magnetic\vector potential
is tq be evaluated.the eléctric field intensity at a puint in free

space is

E=-

el
s

(5.2) |

where B is the elecfric field intensity and-%%—is the fime rate of
change of magnetic vector potential.A is fhe total vector pdtential
resulting from just one current element.in ﬁore realistic examples
the total vector potential at a point is the result of the summation
. of the effects there which caused by all curreﬁt elements ih the
system.the vector potential is directly proportional to the ele-
mental cﬁrrent strength dil and_inversely proportional to the dis-
tance r between the elemental current'andythe>point at which the
vector potential is being evaluated.Also of inﬁerest is the fact
that the direction of this contribution to the magnetic vector
potential is the same as that of the elemental.current.whus the
distance effect opeiates in such a way that thé induced voltage

at point P,resulting from an elemental curremt,is inversely pro-
.portional to the distance between point P and the location of ele-

. mental current.

- The induced voltage around a loop is equal to the summation of
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the elementallvoltages induced in each section of the loop.l'his
is summarised more precisely by the equation
vizjﬁ.di | 5.3)
vhere Vi is the total induced voltgge around the loop and & is the
electrical field intensity around the paéh of the loop.a very im-
portant factor enterg here,resulting from the naturel change in

direction as the summation of elemental voltages E.d1 proceeds

_around the loop.The regult of these in a specific case is shown

in Fig.5.2,vwhere we consider just the elemental induced voltages

at two diametrically opposed poinis a and b of the loop.Points

Fig.5.2 Cancellation of induced voltages iﬁbdiametrically

opposed Fections of the loop under special conditions.

2 and b are assumed to be equal distances from the current element
dllo.

Both these two induced elemental voliages,or eleciric field

strength vectors (one a% point a and the other at point b),being

caused by the same elemental purrent,have the same &ector direce

tion,However, it is apparent that when the summation of elemental
inducéd voltages around thé loop is made these two parficular con=-
tributions will céndélplt is apparent also that some cancellation

\

occurs owing to the natuwral circularity of the loop no matter what

i© the location of the elemental current,with the cancellation becoming

more complete as the 4two distances from the current element to two
diametrically opposed points on the sensing loop approach equality.

Thus,there are two main reasons why the sensitivity of the sensing

"loop to current flow within the test object talls off quite
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rapidly as the distance between the sensing loop and the test object

is increased.rirst,we have the I/r dependence of individual current

elémenf contributions to the vector' potential at points around
the loop,second,we have the cénce%}ation efféct resulting from the
change in direcfion of the path of summation around the loop.The
latter effect is called the dipole effect because at great distances

from a current carrying loop the magnetic field approaches that

5; which would be caused by two adjacent magnetic poles of opposite

polarity located on the axis of the. loop,

The inducting principles which we have been discussing in con-
nection with the induction of voltage in the sensing loop as a re-
sult of current flow in the test object is also applicable.t9 the
induction'of voltages or emf s within the test object caused by

currents in the excitation loop or coil,This depicted in Fig.S.},'
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Fig.5.3 Induced voltage within a test object resulting

} from current element IdI in excitation loop.
where the current is now shOWp flowing in the.excitation coil and
the vector potential at point P2 withip the metal is shown,Here a
cﬁrrent element 141 is assumed to flow in the excitation loop at

point Povresulting in the magnetic vector potential da at point'P2

in the metal.Again the distance r is the separation between the
current element and the point at which the vector potential is
beiﬁg evaluated.

lWé can novw consolidate Figs.5.2 and 5.3 to show a combined ex-

citation loop 2nd senasing loop to form a test coil assembly,'this
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is shown in Fig.5.4,vhere the sensing loop is placed within the
excitation loop.The sensing loop could as vwell be somewhat above,

below,or outside the excitation loop,with some accompanying change

in the operation characteristics of the assembly.We can nowv consider

-

EXCITATION LOOP

RN =77 SENSING LOOP
A Y

Fig.5.4 Combined - -excitation loop,sensing loop,

and test object,

i the individual effects of an elemental current ledi flowing within

the excitation loop,at point P2 within the test object and af point
P1 within the sensing loop.'lhe current element Iédi flowing within
the excitation loop at point P0 causes an electric field intensity

E;l at point P1 within the sensing coil and electric field intensity

=]

at point P, within the test object.This electric field intensity

e2 2
within the test object causes test object current lm to flow at

point P,.Thig current in turn causes an electric field intensit& E;

2
to exist at point P:L within the sensing loop.Thus af point Pl,we
have the suﬁmation of two electric field intensities,one resulting
from the eleméntal exqitation current and the other from the cﬁrrent
which flows within the test object.Thus,the field intensity at
pc‘zintvP1 on the sensing loop resulting from current element 1d1
at point Po on the excitation loop is
E= ﬁe l«:yﬁm |

The total induced electric field intensity at a point,as at Pl,

iz the summation of the result of the effects of currents flowing

everywhere in the whole system.Bach point around the sensing loop

receives contributions of electric field intensity from every ele-

. mental current,that is,every Idi,aréund the excitation loop.tlhe
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summation of Ee.di around the sensing loop is
Vi‘—'jEe'di o (5.4}
where Vi_iscthe total in@uced voltage‘around the loop resulting
directly from the excitation current,
o the effects of the presence ofﬁthe test object are summed up

in a somevhat similar but more complicated way.

£XCITATION LOUP
£ SENS ING LOOP

#ig.5.5 Final current flows in test object and
induced voitages in. sensing loop are a result

of complicated interactions of all currents flowihg

Eig,S.S is an attempt to illustrate this rather complicated:
state.?oint Po represegts any paint on the excitation loop,point
Pl represents any point on tﬂe éensing loopyand point P2 represents
anylpoint within the test object.However,to aid in:showingfthe
com@lexity résulting'from thé interaction of éurrents at other
parts of the test objéctyse#eral other points in the test object
are shown labelled P.Again;ﬁhe nevw induced electric field intensity
céntributions at point Pl on fhe excitation loop must be integrated
around the loop along with the electric field intensity contribu-
tions from thé cutrent flowing in the excitation loop to give the

total induced voltage of the sensing loop.
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Three other effects,although basic but of lesser importance
are : (a)the results of induced currents in the excitation and
sensing winding,themselveé, (b)the'effect of distributed capaci-
tance of the loops or coils and their leads,and (c)the proximity
effect which causes a redist:ibuf;on of current flowing in the
adjacent wires of the coils,
In all the discussions about the sensing loops and excitation
loops it is assumed that the loops are nearly closed so that we
can ignore the small space between,the ends. of the loop which are
connected to the leads.It is also assumed that the leads are arran-
ged so that no net voltage is induced‘in them,
The induced voltage of the whole multiturn is the summation
of the induced voltages of each_turn.Ofcourse,multiturn coils ap-
pear in many shapes and with many different spatial distributions
6f the turns.A statement that the output voltage of the whole coil
is a simple summafion of the individual turn ;oltages is ah approxij
‘mation.The distributed cépaciténce of the coil causes a shunt load-ﬁ
ing effect which actually results in current flow in the coil with ﬁ
accompanying voltage drops which change the coil output voltage.
this effect increases as the frequency is increased.It is also -
largér‘for coils with many turns placed in close proximity;Eddy
curreﬁts induced within the wire of the coil can also affect fhe
output voltage. |
ENCiHCLiN@CQL.Encircling test coils;having'less resolution,have a
_higher test object output rate and require less complicated test
object handling equipment;The encircling coils may be short or
long,depending upon the applicatipn,(G) -
| The encircling coil is a very commonly used coilvshaped for
insﬁeétion of bars havihé circular cross-section and for the ins—

pection of tubing and pipe.
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- 8ingle,double,three-coil systems of alternative types can be
designed for different purposes.langent coil,hybrid coil,through-
trénsmission cbil,rotating coil types a?e the other type of coils
which are used for some other purposes,(7),(8).
5.2 Impedance offTest coils and the rormatibn of Signals

The impedance of the test coils does play‘a prime role in elec-
tromagnetic nondestructive tests.From the impedance point of view,
it is the variation of the coil electric impedance which modulates
the excitation current or excitation function,fesulting in the.
varying test coil output signals.The variations in impedance are
a result of the variations in current flow and magnetic field con-
ditions within the test object.These current flow patterns and mag-
netic effects are themselves a direct result of the test object
conditiong.

‘The generation of the test coil output signal is depicted in

Fig.5.7. A test object-test coil combination is shown in Fig.S.Ta.

A

| —
2, § {“

IN Z|N 3 g )

! : l E-1Z

rig.5.% rest coil input functions:(a)test coil impedance

(b)test coil voltage,constant current condition.

The tegt coil has electric inpuﬁ impedance Zin.This input impedance
is a2 function of frequency gnd of the test objeét conditions.he
effects of the flow of.currents within the test object and their
mutual interactions are reflécted in the coil impédance.Fig.5.7b
shows a fixed ac excitation current i being applied to the coil.
Thisg applied current flowing in the test coil developes a voltage

E acrosé the impedancé Z of‘the coil,Thus by appliéation of Ohm's

law we have

3
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E=I.7 - ~(5.5)

with fixed excitation current,the voltage developed across the.
'coii is diréétly proportional to the impedance of the éoil.If,
instead of applying a fixed exc%ﬁation current,a fixed voltage

is applied to the coil,the ac durrent flowing in the test coil
will vary with the impedance.The current,however,varies inverseiyv
with the impedance of the test coil,as can be seen by solwing Ohh*s

law for this case,giving

These two cases are'extremg ones and actual operation generally
falls somewhefe between them.,Thus,beth coil current and coil voltag
’ usually vary some with impedance changes of the coil, |

FORMATION OF SIGNALS.The major portidn of the férmation of sig-
nals in the test coil océurs within the test coil-test object comp-
lex.However,there remains an important phase éf the formation of
the actual signals that are presénted to the analyzing circuits' ‘i
of the receiver.The need for further.modification of the test coilf
signals comes aboﬁt becauseiof limitations of the dynamic range
of the amplifiers.The requireménts of dyﬁamic iange can be réduced
by subtracting from the tesf'cbil output signal a fixed component
of.thé signal,leaving esséntially.only the portions of the signal
which vary because of varying test object éonditions.This is accom
lished by use of bridge circuits or ‘balance or null circuits,which
effectively cancel the fixed portion (or a desired amount) of the
fixed portion of the signal.

FORMATLON OF SIGNALS BY SCANNING.Most electromagnetic nondes-

tests .
tructivevﬁéy be classified by either fixed tests or scanning ﬁests
in the fixed tests the test object 1s placed within‘dr adjacent

4o the test coil assembiy and the instrument output is read or

recorded,this gives the information about the signal obtained
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for the test object in this fixed position relative to the test
" coil assembly.The signal during the placement is not used.The sig-
nal obtained is compared with the onefbbtained from a standard |
test object.Conductivity tests,some dimensionai tests,tests for
specific flaws in specific locations of a test part;and some lo-
calized thickness tests can ﬁé perforﬁed properly by fixedfmethod
of tests.

In fhe scanning tests a‘continuqus signal is read while the test .
object is passed_through.or by the test coil assembly.changes in
continuously changing portion qf'the test objec? which is viewed
by the test coil result in changes in the output sigﬁal or output
signals.The wvaveform of the output signals dependsvﬁpon the nature
‘of the test object parameter variations,the relative velocity of
the test coil and test object,and the extent gnd‘the shape of the
- sensitive zone of the test coilkassembly.Thérinstrument output
is also a function ofjthe electrical oharacteristiés of the‘cir—
cuits used in the instrument,especially its frequency response
characteristics,or,in other words,its passband.The scanning test
is widely used for the inspection of wire and the other objects
where long lengths or large surface areas.are.inspected.

Loci diagrams re;ated to phase changes and amplitudes can be
obtained.The signal loci caused by the presence‘qf cracks and
other test object irregulafities can also result in curved signal
loci.The curvature and relative phase angle of these signals carry
information about the test object irregularities,(5).

53 Important Test Coil Pa?ame%ers (or Characteristics)

Test coils are used to meet a wide variety of test conditions,
and the felative importance of tesfwcoil characteristics varies
-accotding to fhe nature of the various tests.Important test coil
parameters are resqlution capability,size,glectric impedance,elec-

trical and thermal stability,sensitivity,power dissipating ability,
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low pressure and vibration sensitivity,resonant frequency,distri-
buted capacitance,and coil~donfiguration.

.In many tests the sensitivity of thé test cdil assembly is of
little concern because a lack of sensitivity may to a great extent
be compensated by applying more pé&er to the excitation of the
test coil or by prowiding more émplification in the receiver.NMany
times,detection limits are set by unwanted signals caused by vari-
ations in the test object,which céuse background signals that can
not be eliminated by an increase in sensitivity.Test coil stability
may be relatively unimportant in the scanning or ac differential
tests,Wwhereas it is usually very important in a fixed test or
écanning test using absolute or dc output.

5.4 Test Coil Selection

The/shape of the test object,the dégree qffesolution required,
and the depth sensitivity requirements are important factors to be
considered in the selection of test coilg.A related test instrument
d;sign :equirement ahd the selection of test frequency or test
frequencies must be taken into consideration here.?he skin depth
varies inversely'as,the square root of the frequency,conductivity,
and magnetic permeability.The tyﬁe of tesf determines some of the
teét coil requirements.A fixed test requires goéd mechanical,elec-
~trical,and themmal stability of the test coil sysfem,and the re-
solution requifements may or may not be impdrtant.In the scanning
tests long-term stability may be less important than resolution
and adaptibility for use with the mechanical scanning mechanisms.
The function of temperatufe,is less noticéble in a scanning test
where each section of a test object is exposed to the field of aA
coil for only a short time.vlest coil assemblies usually have two
final equilibriumVteﬁﬁératﬁres;one without the test object in po-

sition and one with the test object in position.The thermal time
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constaﬁt may be.longer than the desired inspection time to meet
a<§equired-test rate.In this case the test coil temperature and
test object temperature are continuall& varying.These effects can

be reduced by use of low test coil excitation 1evels,(9).

.
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CHAPTER-O -

CIRCULT DESIGHN

6.1 Test Bquipment sections and Detailed Block Diagram

-

DEMODULL ATION DisSPLAY

SIGNAL, AND OR
EXCITATION MODULATION PREPARATION ANALYSIS INBICATION
DETELTORS :
| resr o] ibes | M| [roren
GENERATOR [~ ASSEMBLY 1 —alzy yeps [~ D‘s“z""“;"a“&-s ] RECORDERS,
BIGMAL.
TEST OBIEC HefuNg HNg 5w ‘Zﬁiﬁi
H i
1 i
: TEST OBIELT :
————— HANDLING 1o — — o o . ]
EQUIPMENT

Fig.6.1 Internal functions of the electromagnetic

nondestructive test.

PSD-4 |
g9p°
L
P5°D°-1 . F
90’ 3
_ o L N}
prATURE] O : (1
LLATORS J
NULLING
) creutTat | 7] BPF-I
NONINV, POWER AC DRIDGE 4
ADDER ' [T AMPLIFIER *1 (15T comw) °
f NULLING - apE 2
RATORE] \ CIRCUIT-2 F-2 ] 5
LATOR-2{ 0% | O
g0° | ]
PSD-2 a
° -4 Z
0 q
o
f -
SD-
Pgo"l

AND
DISPLAY

‘rig.6.2 Detailed block diagram
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6.2 Quadrature Oscillators
-

PAl

¥ig.6.3 Quadrature oscillator
~Pin I2 : sine output
~-Pin 10 : Cosine output
-1If Cf=c§=4'7 nF : f5=4980 Hz
=If C£=Cé=?°5 nF fdzlbéOO Hz
"R}::.S Ry
~Wa(R_K,C Cp) M

6.3 Noninverting adder

Ry 12K
\/l ¢ ]
\po—f 3
Ry 12K
R,
100

Fig.6.4 Noninverting adder
R R
N R <R, .2 2/~ R_a+R o]
a 4 576

+R
v—-—j-—é-4£\V'¢v )
o R_+2RRg

-V = 220 mV is required since it is supplied to power
0ymax

ampllfler which accepts that much of voltage at its input.
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6.4 _ TW Power amplifier

- Ce
o—il 8
Vi 0.4uF TABS
R, g
1001k G

68 ’ '
4 A4 ‘ »

Fig.6,5 TW power amplifier
- Load is an ac bridge wvhose one arm is the "COIL"

-V, = 220 mV
i,max

6.5 AC pridge

R
- GX==§;ﬁa ‘
Yy
TR
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6.6 Nulling Circuit

12K

Fig.6.7 Wulling circuit
- To prevent saturation in BP¥ g,different outputs are provid
- Tor 4980 Hz BPF: RfGLZ X |
- Tor 15600 Hz BPF: Rf=4K7

6.7 Band Pass Filters (BPF's)

Fig.6.8 Band pass filters

- S = _ 1y 2
BY=f /0 4 R=0/C,LA r* /wR C,Co , RFRRT/(R_-RY)

- TFor f6=4980 Hz:
Y ft
A =50 dB=316 , Q=14>(A°/2)1/2, BW=34%6 Hz , C=Cs «47 nF ,

R'1=—5 K 4y R,=12K8 , R_=IM9

2 3
- For I5600 Hz:

A =40 GB=I00 s Q=14>7T , BU=I115 Hz , C=Cg=+4T nF ,
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=3 K , Ry=I0452 , R,=608 K

6.8 Phase Sensitive Detectors (PSDs)

5K6 630 680 5xé

b—

VCC A Vc E

_ Pig.6.9 Phase sensitive detector circuit

10K

IO’MF ]:
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6.9 Transformation Uircuit

COEFFICIENT
POTENTIOMETERS

Pig.6.10 Transformation circuit
= VoV R Ry
R. ‘s are determined according to the dc input levels in

B ¥

order to obtain compatible -Voi

-

8

- Rf>ia chosen either high or lowsdepending upon the desired

output level and output sensitivity.
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6.I0 Display Circuit

Ra_

12
B,
0K
.sj ’

D, UAA 170

-

nL_ D ¢| Bl_g

I

Fig.6.II Display circuit

- Vref=V66=12‘V,dc

- V, is provided by the transformation circuit.

-

6.11 Briex Descriptions of Some Circuits

QUADRATURE OSCLLLATORS. The circuit shown in rig. 6.3 uses two
operationel amplifiers.In order to produce two sinusoidal signals
w1th an exact phase difference of 90 degrees,they are connected
in a feedback loon.The first ampllfler is a noninverting 1ntegra-.
tor and the second one is an inverting integrator.The circuit can
be considered as an analogue computing loop which is used for solv-

ing a differential equation of
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2
x

b —;'z'-*--kgx

2§
:i.

The value of x=a.Binwi is a solution of that differential egu-
ation.The value of the angular frequency uiis determined by the
tiﬁe constanfs éf the two integrators.,

{;,; W = oy where “’fI/R:Cl ’ w2=1/3202 then
*w=I/(RIClR202)1/2 “ (6.1)

For oscillation conditipn,the resgistor R? must be slightly
smaller than the res#stor Rl.ns the value of Ri gets smaller,the
oscillation sfarts more rapidly but that causes a distortion in
vaveform.Using #ET in series to Ri 91t will become easier to obtain

rapid but less distorted waveform.

EPP.

¥

Ry

1]

Fig.6.12 Basic network

When R,3»R. » R, is removed from the basic circuit.The maximum

value of @ is approximately 20.4s Q increasés,R2 decreases.l.ow “2
attenuades the input signal.

B==3% dB Bandwidth,nz

f;acenter frequency,ﬁz

Agamidband voltage gain,dB
Ez(s) - Hw-s

H(spz5=—= o .2
El\s) 82~&M%S-K%2 A (6 )
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vhere ¢ =2f _ n:oche.ol » Q=f /B

b A i~ ;‘ml\ Q<=5
= o
%. 8 [ \ i .._\4\*:\\< ",/“2
e ¥ s & U hery N
I F INET? ™ C T N
=~ 4 ‘. g 1 = \ 05
3 5/} /1 ¥Is \
‘;- o F A // 1 D3 :
§-4- V.4 \&M/mﬁ ? of N
& L ;{i"’ K%\ é 0|
8 |- 24 N o
L L] A BOTE N
g -1p ﬁy : Wﬁ —© J\\\\
@ i} N - NN
P—— ——r
0 -sg T
01 0.2 03 0404081 2. 84 2810 Q.l 02 03 0408081 2 34 681
Normalized frequency Tw/wo) : - Normglized fraquancy (w/es,)
{a) (b)

Fig.6.I3 (&) Gain, \b) Phase angle diagrams versus W/wo -

R_R | ,
R =—22% .pa avyila /2 )1/2 relations must be satisfied
eq PLl—?Rz 0 .
for real components.
| R R,CC "‘l/qd2 :
eq 57172 o (6.3)
] — OL :L !
Req((’l 02).—:{);:,(:%-.—(}‘ \6‘4)
§%E3C2~i~ig : vy
R | 10.5)
: 2 o -0

set Uimcg and choos®s an appropriate ul that will yiéld R's in

the order of X s.

/2 does not hold:Select Rlaand Ré in Ko's.Then

find 01 and CQ.D@lectad R; should include the output resistance

/

LE P A /2 )

of the previous stage.

Find R R PR allows to remove the resistor R,_ .lhen R =R .,
eq 2 1 eq 1

2
HQR -
e
RB— QR » (6 06)
1~ (<] : . .

HR
1
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- C,=HR /R (6.7)

2 eq 3 o

c = I/Hleo , . (6.8)
High Q is needed for minimﬁm.phase shift during the filtering.

'hus the inequality fér Q must be satisfied.If that inequality is

satisfied,we may use the following useful equations for design.

= Q/C WA - (6.9)
Req— I/(.o R3c102 (6.10')4
RB=Q(C1+C2)/'@00102 | (6.11)
R,= ulReq/(Rl-Req) ' (6.12)

PSD.Phase sensitive detector systém yields dc outputs as res-
ponges to ac input signals.The input 51gnal frequenc1es are equal
to the reference s1gna1 frequencies.The obtained dc voltage from
a PSD is proportlonal to the amplitude of the input bignal and

the cosine of its phase angle relative to that of the reference

signal.

A PSD operates like a multiplier circuit which gives an output

signal proportional to the product of the input signal and the

reference signal.We consider a sinusoidal signal es;zEs Sin(uét+¢)v

multiplied by a sduare wave reférence'signal.The square wave is
assumed to be symmetrical about zero and to have unit amplitude.

For a square wave with unit amplitﬁde it is poésible to write

; sin 3@ t+ ; sin 5 rt) (6.1%)

the product 6f these two signals will be

N W
vr- —ﬁ(blnh%tf

w0

VR g T
e .Vr=yﬁfES(uln(u%t-ﬁ)blnhét+bln(u%t+¢)381n30%t+....)

E_(Cos((w- w)t+¢)-Cos((w +w)t+¢)+

w(LH ’-=llN

Cos( (W, -3w)t+¢) Cos((w +3w)t+¢)+ cees) (6.14)



52

It is seen that at the input signal frequencies of °g=“§53“§§
5u§;...etc,thé multiplied signals will give dq terms as -%ESCOS¢;
'%Eé% Cosfj...etc respectivgiy.

After the multiplicatien process,a low pass filter is used in
order to eliminate the ac parts of the product signal.

In Pig.6.9 the closed loop gain of the amplifier is switched
between plus and minus unity by a square wave reférence signal
which is applied to the gate of +the FET in the circuit.When FET
is OFF the gain will be plus unity.(Because Ii=1£;0 and e:ae+=eé)
When FET is ON (assuming rp—»0; e :-'.esnz/ﬁlz -e_) the gain will
be minus unity.(Tziis used for compensation of Tl).These proceéses
illuétrate the PSD*s operation.

DISPLAY CIRCUIT.Inpuf voltages beyond the selected indication
range cause the diodes D1 and/or DIﬂ.to light up so that only an

exceeding of the range is recognized.

Provided that R2=:R3+R4 the following is wvalid.

V2,13 M4
Jrer _ T3ty
. .. R
i,min 3
vi,max==vref
v =18 7

cc,max
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CHAPYER-T. -

COMPLEMENTARY DATA AND CONCLUSION

T.I Speciai,Applications B

(a)Detection of anisotropic bonditions:Anisotropic conditions
within a test object‘can be detected by using the directional |
properties of the magnetic fields of test coils.If the conductivity
of the test specimen is difflerent in two different directions,
rotation of the test coil oﬁ the surface results in variation in
test coil impedance,reﬂ%lectiug the effect of the anisotropy of
conductivity.‘ | | o

(b)Inductive thérmometry:Metal teﬁperaturé'can be monitored
without contact with the surface.lhe effect that is monitored is
the change in metal electric cqnductivity,résulting from changes
in temperafure. |

(c)Eddy current sonic vibration test:An interesting combined -
veddy current and sonic test method'for testing composite materials
having one electfically conducting member has been described.
Elastic vibrations ére generated in the test part by fdrces‘

developed between eddy currents flowing in metal sections of the

test part‘are detected.Detedtion is performed bv a sonic transducer

receiVing‘sonic enefgyiradiated fhrough the air from the test part. |

No coupling materials between the transducers and the test part
are required.Undesirable test object'conditions are detected by
observing‘irregularitieg of the spectral'response of vibrations

compared with those of standard test objects.

(d)Eddy cuifent ultrasonic transducer:An eddy current ulitrasonic

transducer generates and detects ultrasonic waves in nonferrous

metals without use of any coupling medium except free space.
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(e)Penetraéion depth:In nuclear reactors,the aluminum jackets
of the nuclear elements aré controlled by penetration test.
Additionally,eddy current flowmeter,coil temperature stabiliza-
tion system,EM field mépping device,ycurrent flow observation in
liquid metalyand many other special applications are possible by

using the same principles.

7.2 Test Results

Crack détection,notch,dent and corrosion detections were
achieved on different tvpe of aluminum tubings.raults ﬁere
detected at‘tha same locations on each experiment for thé same
tﬁbing.The seﬁsitivity of the test outputs can be increased or
decreased easily by changing the feedback resistance valﬁe of
the inverting adder amﬁlifier which is fed byjthe coefficient
potentiometers.it the seme setting position of the coefficient
potentiometers,large cracké give higher dc outputs than!the smallér
ones.The detection becomes difficult as the time proceedé due to
the temperature effect of théfLesté éoil.For long-term measurements
the coil design must be improved so that the temperature effect

will decrease.

7.3 Device Operation-

The use of the’device produced for application purpose of the
theory,is very simple.The cogfficientAfotentiometers are adjusted
freely to a reference point of light on'fhe‘display sjbtem with
a standard test object within the probe.Then the specimen which
is to be used for testiﬁg'is placed into the probe.Any change on
the display during the scanning will mean thét there exists a

fault at that part of the test object.

Te4 Conclusion

In this study,2luminum tubings and rods are examined,: i .

ol
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hovwever,by using the same principles,it is possible to make
reliable tests on other nonferrous metals.,
| The most important considerations are the resolution and the
;{egﬁzcoil effects.Both of them are determined accqrding to the
type of applicationsThetestcoil is a kind of transducer and
should be optimized for each kind df operaﬁiong.

Fest: coils can be produced in different sizes for different
. test object diameters and can be applied to the device directly
by meané of a socket. |

For different types of materials,the frequency fiactor has a
prime role.The sfarting point in frequency selectiéh is the depthﬂ
" of penetratibn,which ié affected by the conductivity and magnetic
permeability of the material = to be ﬁsed.A variable frequency
generator system will improve.this study.

Multifrequency test method is an’advanced method with-respect
to single frequehcy methods.Detecting and designatihg of faults
are possible simultaneously with this method.

It is possible to find a wide applicatioh erea to nondestructive
eddy current test methods in industry.First'ofiall,these methods
are>not time vasting and fhéy are nét laborious.Examination of
4regulér1y shaped products-riéﬂ easier than irregularly shaped ones.,
‘Nondéstructive eddy current tésting methods do not adversely

affect the serviceability of the producﬂs.
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APPENDIX~A

BASIC CONCEPTS
A1 Eddy Current

An electric current induced within the body of a éonductor
either ﬁoves through a nbnuﬁifoimfmagnetic field‘or is in a region
where there is'a change in magnefic flux.It is sometimes cailed
Feucault current.Although eddy currents can be iﬁduced in any
electrical conductor,the effect is most pronounced in solid
metallic conductors.Eddy currents are utilized in induction

heating and to damp out oscillations in various devices.

Fig.A.I Eddy currents which are induced in a disk

moving through a nonuniform magnetic field.

CAUSES.If a solid conductor is moving through a nonuniform
magnetic field,electromotivé forces (emf;s) are set-up that are
greater in that part of the conductor tﬁat is moving through the
strong parévof the field than in the partrmoving thfough the.
ﬁeaker part of the field.Therefore,at any one time in the motion
there are many closed paths within‘the bbdy of‘the conductor in
which the net emf is not zero.There are thus induced circulatory
currenfs that are called eddy currents.In accordance‘with Lenz's
Law,these eddy currents circulate in such a manner as to oppose

the‘motién of the conductor through the magnetic field.The motion



57
is damped by thé‘opposing force.For example,if a sheet of
aluminum is dropped between the poles of an electromagnet,it
does not fall freely,but is retarded by the force dué to the
eddy currents set-up in the sheet.If an aluminum plate oscillates
between the poles of the electfomagnat it will be stopped quickly
when the switch is closed and the fiedd is set-up.The energy of
motion éf the aluminum plate is converted into heat energy in
the plate.

Eddy currents are also set-up within the body of a material
when it is in a region in which the magnetic flux is changing
rapidly,as in the core of a transformer.As the alternating current
changes rapidly,there is also an alternating flux that induces
an emf in thé éecondary coil and af the same time induces emf s .
in the iron core.The emf*s in the core éause eddy currents thaf
are undesiréﬁle beéausetof the heat developéd in the core (which
results in high energy loss) and because of an undesirable rise
in temperature of the core.Another undesirable effect is the
imagnetic flukx set-up by the eddy currenté.This flux is always in
such a direction as to oppoée‘thé'change that caused if,and thus
it produces a demagnefizing effect in the core.The flux nefer
reaéhés as 'high a #aiue in the core as it would if thére were no
eddy currents.

LAMINATIONS.Induced emf's are always present in conductors
that move in magnetic fields or are present in fields that are
changing.However it is possible to réducé the eddy currents
caused by these enf s by laminatiﬂg the conductor,that is,by
»building the conductor of many thin sheets that are insulated
from each other rather than makdng it of a single soiid piece.
‘in an iron core the thin iron sheeté are insulated bv oxides on

the surface or by thin coat of varnish.The laminations do not
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reduce the induced emf s but if they are propérlv oriented to cut
‘across the pathé of fhe eddy currents,they confine the currents
largely to single laminae,whére the(péths are long,making higher
resistanée;the.resulting net emf in the possiﬁle closed path is
small.Bundles of iron wires or'powdered iron formed into a core
by high pressure are also used to break up the current paths andv

reduce the eddy currents,(I0).

A.2 Electromotive Force (emf)

The electromotive forcevrepresented by the symbol around a
~closed path in an electiic field is the Qork»per unif charge
required to carry a small positive charge around the path.It may
also be defined as the line integral of the electric intensity
around a closed path in the field.,The term emf is applied %o
 sources of edectric energy such asbbatteries,éenerators,and
inductors iﬁ which current'is changing, |

MAGNETIC FLUX.Lines used %o represent the magnetic induction

B in a magnetié field (magnetic induction=flux density)

_ — tesla _

B = /q’«)‘Sine= F/Iisine (W} or (N/A-m) (a.1)
T:the force in a moving charge q ' '
E:length of current element

I:current |

¥SinB:the component of the velocity‘of the charge in a

direction perpendicular to B. .

A.3 Lenz's Law

A“laﬁ of electromagnetism which stafes that,wheneverithere is
an induced emf in a conductor,it is always in such a direction
that the current it would produce would oﬁpose the change which
causes the induced emf,If the change is the motion of a conductor

through a magnetic field,the induced current must be in such a



" as to oppose the changes
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direction as to produce a force opposing the motion.If the
chénge causing the emf is a éhange ofAflux threading a coil,
the induced current must produce a flux in such a direction
Lenz‘s law is a form of the law of conservation of - energy,

since it states that a change can not propagate itself.
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APPENDIX-B

EM FPIELD THEORY ANDlELECTRIC‘CIRCUIT THEORY

B.T EM Field Theory
An electromagnetic field maftbe described by‘the‘vectors'ﬁ,
ﬁ,ﬁ,and'i.The vectors E and H areithe electric and magnetic
field intenéities,respectively.The vector D is fhe electric
displacement or elecfric flux densify,apd the vector B is the
Amagnetic induction ér magnetic flux dgnsity.The electromagnetic
field is a direct result of the presence of electric charge.
Three states of electric charge result in different effects of
intereét.Stationary charges produce a static or stationary
electric ﬁﬁeld.Charges moving at a uniform velocity produce in
addition'é magnetic field.TWO major effects accompany a change
vin velocity of fhe charges.One is the change in the associated
magnetic field which is accompenied by the production of an
électrigAfield.This produces a field in the vicinity of the
moving charges (or electric current) which is calléd the induction
field.The second.major effect is the radiation of energy thréugh
the radiation field resulting from the accelération of the
electric charges.Thus,there are four inteirelated field conditions,
I.Static electric field ﬁréducedvby stationary charges |
» 2.Stati§ magnetic field produced by éharges moving at e
consfant velocity
B.Induction field produced by charges moving with’varying velocity,
producing interrelated.vé;ying electric'ana magnetic fields.,
4.,Radiation field prodﬁced by charges during periods of changing
velocitye.
Moving‘charges constifute an -electric current flow,and the

existence of flow leads to the concept of current density.The
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electric charge density is represented by P ,a scalar,and the
current density,a vector quantity,is represented by J+The current
density J is related to the electric field intensity E by a form
of Ohm's law |
J=0E ' (B.I)

where T is the electric conductivity of the material in which the
current is flowing.

The vectors D and E are related by the electric permittivity &£
and the vectors B and H by the magnetic permeability/u as follows;
FocF - (B.2) |

‘3--/14'1_{' - . (B.3)

The vectors .E-‘Ti sByD and J and scalar 9 are related‘by the

Maxwell equations:

—G.B:? | (B.‘4) ' ‘
PXH=34+2D B.6 i
VXH——U'i'—%E ‘ - . . ( ) |
VXE:—._E. = /(A S i (307)

7. )

T ___ -~ P-) X ;
VD-leD: —_bDl‘_.l.ZD;_ Bg; (309)
VXE = Cu (.?;ﬂé

5 (x BH&)+ as (__:J_ ?_’_4:&) (B.10)

Maxwell“s equations give a complete,déscription,of the relation
between the field quantities,charges,and currents.The total
potential at a point is found by summing the scalar contributions
of electric charges at different ?oints to obtain the ﬁotential
at one point.The electric field intensity at that point is then -

obtained by operatingmon the potential with -V,
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In electrostatics,the po#ential Vr,at a distance\r from charge
q is
V= a/40E A - (Bewd)
The potential at a pdint re§ylting from charge distributed

over a volume is

| V=.J_£d_g | - (B.12)

4Mer
ap& the electric field intensity at the point is
. E=-TV | (B.I3)
Another éxample is the use of a magnetic vector potential to
aid in the solution of EM problems in a somewhat parallel way.

A vector potential A is found such that the magnetic field vector

B may be obtained directly by solving for the curl of A s

B=Tx & : (Bo14)
or H =Vx& | (3015)

Substituting (B.I5) into (B.5) and carrying out sevefal inter-
mediate vector algebraic operations results.in the following
equation relating the electrostatic potential Vr,the magnetip
vector potential K}and the electric field strength E :

E =-Tv-p 22 | C (B.16)

| 9 . . - .
or K=J___\' (B.I8)
v

Bo2 EM Field Theory and Electric dircuits

RESISTANCE ELEMENTOThe resisfors possess only conductance,the
the capacitors possess only electric field effects;and the
inductors have only magnetic fields or changing magnetic’?ields
with the expected elect?ic field effects.

First,appljing Ohm‘s law to the resistor,we have

J=GCE (B.I)

where J:current density,i/m
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@ sconductivity,(o/m) 4
ﬁ’:electfic field intensity,v/m
The intefnal voltage vﬁ,int deveioped by the current flowing
in the resistor is

Vp,int= “E12 -1/ | ! - (B.19)

where 1 is the length of the resistor.,
Now we multiply the numerator and denominator of the right-hand
side of (B.I9) by the area A of the conductor to convert current -

density J to amperes.This results in

J, LI \
=-SA T | (3.20)

where the coeffiicient 1/ga is the resistance R.Thus

CAPACTTANCE ELEMENT.Maxwell's third law is

Fom T _B,B - RN
VxH=J« -.-a-E‘ : ) A

o mm = aE T » _
Thus,we can write VxH J“"’a—t"Jt _ (B.21)

where Jt is the total current,being the sum of the conduction
densiky .

current J and the disphacement current %E%.
density density

We shall limit our region of interest to the space between two
conductors (capacitor plates)sthus J in (B.2I) is equal to zero.
Since 3-»%:‘3\,' represents the total current Tft,and B:zﬁ,i‘b fiollows

dens&j
that

(B.22)

i
el

= = I(= | — '
and dE=Jt-dt/2_ or E:ZJJt dt . Converting Iy to‘ current

-_I(= ~;; , .
E—EA J.A dt_aA JI.dt | (B+23)

converting E to internal voltage drop Vc int‘by multiplying by
. : b . : -

the distance between the plates gives
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V- El—r- {I dt | C (B.24)

where s A/1 is the capacitance of a parallel plate capacitor,
‘neglecting end effects,where

A :area of capacitor plate,m?

1l :separation of platesym

2,:permittiv;ty of the.space or the material between the blates:
-I2

for free space é_:go:;8.854x10 F/m.The reciprocal of 1/sA is

the capacitance @,thus

-_1 | :
vc’mt & J-I at (B.25)
and V 1 JI at
. PP C _

INDUCTANCE ELEMENT.The relationship between the current I and
the voltage V of a coil can be obtained by using Faraday‘s law,
which states that the induced voltage in a loop is proportional

to the negative rate of change 8f flux which threads the loop.

.48
d

afB.a5

V= - 413,48 |  (B.26)

—

¢.+

where Vi svoltage induced in one turn
¢ :total magnetic flux threading one turn
B :magnetic flux density

ds :elemental surface area of loop
When more than one turn is threaded‘by the same flux,the

total coil voltage is

. def d)B.ds ‘ s
Vni=— —~—N _.—IH-'E-— v . (3027)

where N is the number of turns.
The last two equations are also directly related to the
Maxwells equation of TxE :-—%—% being integral form of it.

 From Ampere‘s law

Jﬁ.di =I
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which is an integral form of the Maxwell equation of

ol

B = Te 2

gl

It is apparent that in generél the magnetic field is proportional
to the current.In the general case where furns of the coil are
distributed inAspace,the contribution of the ﬁggnetic field at
any poiht by the current flowing in +the coil depends upon many
factors.This applies also for the induced voltage.However,we can
combine all these factors in one constant Kq for a given coil and

write V . as
ni

ax

Vh,int="K173%

(B.28)

is called inductance L having the unit Renry,

The constant,Kl
thus’ .
aI
Vn,int™"Dgt (.29)
or ‘
az ,
Vapp— ¥ TF | (B.30)

B.3 AC Quantities
| PHASOR REPRESENTATION OFjglNUSOIDS: A conveniént way to
represent sinusoids in equations and in graphics exists in which
sinusoids of the same frequency aré represented by complex numbers.
The complex numbers erresent both the amplitﬁde/and the phase of
the sinusoid.The principle of thé @ethod can be expiained bj
starting with a sinuéoid to be represented.let us assume that the
sinusoid (FigeB.I)
£(%) = A’ Sin(wt+e) ' (Be31)
(where A is the maximum value of the sinusoid) is to be represented.
‘Euler‘s equation |
ej¢=;Cos¢+jSin¢ , (B.32)
relates the exponential function ej¢ and the sine and cosine funétions

of ¢ (Frig+.B+2) Multiplying both sides of Euler's equation by A gives

Aej¢=:A Cos¢+jAASin¢ ' (B.33)
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1A sidyts gt

e =C0s ¢ jsin @

Pig.B.2 Euler‘s exponential equation relating fhe
exponential and trigonometric functions
substituting @ =wt-G- in (B.33) gives
2e3 ) _ 480N ) Gos(ute)cia Sin(wt=8)  (B.34)
o ‘

We now have a compnlex number Aae called a phasor oh‘the
left-hand side of the’equatioﬁ and the or%ginal functioh of time
appearing along with other terms on the right-hand side of the
equation.ﬁquation.(B.54) and the graphical construction in rig.B.3

tells us the original function (A Sin(wt+©)) can be represented

by the conplex number Aeje.if it is undergtood that to?obtain

ol A
Aéwe]m

\\
Acostut +8)

Pig.B.3 Phasor diagram -
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the original function f(%t)=4A Sin(wt¢®) we

Jwh

I.Multiply the phasor Aej& by e ,and

2.Use only the imaginary term,disregaxding the factor j.
3O Jwit-
asctuallyy,either the real or the ;naglna*y compopemt of Ae e

can be used fo repreqent the orlgrnsl *unction but the pna ors
are different for the itwo cases.it is usual cugtom to use the

Jﬁ'j v to represent the original ginugoid,prebadbly

real part oi A®
because it is more satisfying to lat "real" componenis represent

"real" components.

eoi=y

PHASOR Ael® , o

#ig.B.4 Relationship between the phasor and the
sinusoid which it represents

. . 38 Fuk ' ! e
using the real part of ae” e" to repressent the original
function f(t) would require that the angle 8- in the phasor be

replaced by yﬁ;TV2).This is shown in rig.B.5

</\\ w {tﬂ \ /Wm |

P . 1
Al 07112 ’ ;

2 = costut+ 6-n/2) = sintut+ @)

Fig.B.5 Alternative representation using the real

Jurb

part of ne’ to represent the function f{(t)



NOMENCLATURE |

enf

Electromotive force

EM Electromégnetic

BPF : Band pasé filter

SD ¢ Phase sensitive detector

P
E : Electric field intensity V/m
H : Magnetic field intensity , ‘A/m" f
T : Blectric flux demsity ¢/m?
"B : Magnetic flux density - . (Wb/mzl T
$§ : Charge density - C/m3
J & Current density ‘ A/m?
Q@ : Blectric chérge : C
I ¢ Current A
0 : Magnetic flux Wb
Vv & Blectric potential | v
g .: Electric permittivity | F/m
M3 Magnétic permeability | H/m-
3. + Resistance | o
C : Capacitance ' R
LI : Induc£ance , H
T : Gonductivity  (o/m) 2
M, : Permeability of free space 8.854x10_12 F/m
’gg : Permittivity of free space 4 x10™1 H/m
é : Velocity of ¥M propagation

in free spéce C= VQMQQO . 2.998x108 m/s
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