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ABSTRACT -

The deterioration of electrical insulating oils results in
the formation of complex oxidation products, many of which‘are_
polar in structure. The significance of the microwave-frequency
dielectric~-loss measurement, when applied +to the.évalu@tion of
aged transformer oils, is investigated.

A cylindrical cavity, operating in the_TEbl mode, is used
to measure the loss tangent of aged transformer oils. Q-factor
measurements are made by a dynamic method which is described.
The problem of mode interference in the cavity is-investigated
in detail. |

It is found that the 1§ss tangent of transformer oils,
measured at X-band, increases as the oil deteribrétes through
oxidation, The increase is influenced by several factors but
closely parallels the increase in acidity. Sludge particles do
not in themselves cause a significant increase in the dielectric{l
losses. An indirect correlation between the loss tangent and
the sludge content of an o0il may exist but has not been
established. |

The change in the dielectric constant of an o0il caused by
the presence of dissolved water, or by the ageing process,>is
too small to be measured by the method used. A small but
measureable increase in the loss tangent is produced by the
presence of water in concentrations of approximately 75 parts

per million,
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‘l. INTRODUCTION

1.1. Review of=Informa£ion on Transformer Qils

Refined betroleum oils have good electriéal inéﬁiééi;é
properties and are widely used as‘liquid dieléétriés*in
transformers, switch geaf and éower cables, Howevef, each ‘
type of applicafion places its own special demands ubon‘_
certain properties of the oil.

~~ Por the case of transfofmers,'power dissipatibn causeélaf
considerable increase in tempefaturg gﬁa-the oil mhst‘qcﬂ éé
a_heat—tfansfer“fluid'in addition to ité'role as #n'insulatqr.
Por this reason;'chemically stable oils with highroxidatioﬁ
resisténce are required if satiéfactory servide life is to be
obtained. The élevated'temperatures encountered in normal
service tend to agcelerate detériération of the o0il so th#t,
in ti@e, it must be feplgced or reclaimed in order to avoid.
service failure and equipheht damage.

Transformer oils have an indgfinite chemical composition
dependent upon the type of crude from which they are produced
and also on the refining process seiected for their
manufacture,i Both saturafed and unsaturated hydrocarbons ére
usually present so that'the 0il is a complex mixture contdining
various amounfs of’ﬁapthénés,vpafaffins'and aromatics. Olefins
”éhd other easily oxidized sqbstances are removed by the
refining brocess since fhe presence of sudh'COmponents would
coﬁfer a low chemical stability onithe’oil. Transformer o0ils

used in Canada are primarily napthenic. Because specifications



require them to pour at minus 50°F5 they are manufactured from
imported, wax-free, napthenic-base crudes.(l)

~Prom an engineering viewpoint, the harmful symptoﬁs of
transformer o0il deterioration in service are:

(a) A decrease in Breakdown-voltage caused mainly

by the presence of moisture and fibres,

‘(b) The formation of sludge which deposits on
varioﬁs parts of the transformer and hinders
normal heat dissipation, |

(c) The formation of acidic products which may
damage solid insulation or cause metal
corrosion in the transformer.

Moisture and fibres are present as impurities and can be
removed by drying and filtering or by centrifuging.

The acids and sludges.are formed by oxidation of the
hydrocarbon constituents of the oil. This procéss is
accelerated by the increased temperature and the presence of
oxidation yromoters and certain catalysts. A.large‘iolume of
literaturé has beén devoted to a study of oil oxidafion, a
review of which is-given'by.Morton(z). ’Several metals, of
which copper is the most important, act as catalysts during

(3)

“oxidation. These catalytic effects occur in all

transformers but can be greatly reduced by the proper use of
apti—oxidénts or inhibitors.(4)
. The oxidation reactions are complex and only a few general

conclusions may be drawn. The products formed, particularly

the,acids'and sludges, are related to the nature of the oil



nndergoing okidation, the type of catalyst presént, the
temperature at which the oxidation takes place dnd the amount
of oxygen available for reaction. O0ils which have been
heavily refined to remove aromatics are readily oxidized to
form acidic products but give virtually no sludge. Less
heavily refined 6ils which still retain a portion of their
original aromatic hydrocarbon content are more resistant to
oxidation and do not show this tendency toward acid
deveiopment, However, they will produée more sludge.-
Inhibitors, when added to good quality o0ils which have Been
properly refined; are very effective in retarding acid and
gludgé formation. They are much less effective whgn added to
low quality oils which contain oxidation.promoters‘orjthose
from which the naturél inhibitors have been removed by over-
refining.

Becéuse of their complex composition, transformer oils
~are subjected tb a 1afge number of tests in an effort to
evaluate their quality and suitability for service. |
Specifications for insulating:oils“usually call for tests of
such physiﬁal,ichemiqal and electrical properties as pour
poinﬁ,.éolpr,lviscosity,,volatility, specific gravity, flash
point, neutralization number or acidity, free and corrosive
sulphur content, interfacial tension against watér; oxidation
stability, dielectric strength and power factor. |

The oxidation stability test is used to measure the
sludge and aéid-forming tendenciés of akngw oil..:Althqugh'no

definite correlation has been establiéhedﬁbetween laboratdry



oxidation‘tests and service life, these tests are more useful
than any other in‘jﬁdging the quality of a new oil and
predicting its future deterioration. In the commonly used
tests of this type, 0il samples are subjected to_ah oxidizing
aﬁmosphere at'a,specified,tempe:aturéuand_after specified time

intervals, the accumulation of acid and sludge is measured,

1.2, Testing of Qils in Service

Maintenapcé prdcednres require tests capable of measuring
the deterioration of an o0il which has been in service for some
time, The tests normally used for this purpose are chosen
fr;m the specification or’accéptance tests and inélude
neutralization number, interfacial tension, color, dielectric
strength, power factor, resistivity and pxidatipn iife tests.
A rough indication of when the o0il should be changed can be
obtained but none‘of;these tests is entirely satisfactory.

Oxidation tests"which ﬁeasure sludge accumulatioﬁ are
sometimes apﬁliédfto.determine‘the useful life remaining in an
oil. Some oils, pafticularly inhibifed oils, haﬁg a definite
initialvinduction period during which oxidation pfoceeds very
slowly, followed by a period of more rapid,detefioration. In
such cgses,ﬁthe length of the induction period which reﬁains
can be meaSured by oxidation testé but they are generally of
little value when applied,to the more commonly usédAuninhibited
oils. After an extensive fieldetesting_pfégfam'which‘lasted
ten-years, McQ?ﬂneLL(?) concludedcthgtvthe sludge-accumulation

test, when carried out on uninhibited oils that have been
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subjécted tb service,.cénnot be consideréd aécepfgble as an

" indication of oil quality at that time or its fitness for
furthet'servicG, He stated that the moét_uSefﬁlftesfs_for

this purpose_are:fhe_neutraliZation number, inﬁefquial,fénsibn
~and color.

The neutraliZatidn number féférs to the amount of
 potassium hydroxide (KOH) required to neutralize oné'gram of 
0il and is thus a measure of the acidity of the oil.
‘Interfacial,tenSibn values are highest for a new oil and,
decrease rapidly to a low value which is approached
asympﬁotically_as the oxidation progresses. ‘This test
medsufes.the,gmoﬁntwa éﬁrfaceQactive‘intermediaiéfproducts of
oxidation pfeéenf and is of value.bnly during the_éérly stages
of oilfdeterioration. Color, when considered by itself,liS'
misleading in.évaluating oils of service quality but can be
helpful in conjunction with other tests.

None of fhe foregoing'ﬁésts-céﬁ be considered a; a
reliablebindicator 6f how much sludge is'likely:to Bé'fOund in
a transformer. _However,'experience in the’fieid_has‘shown
that oils do not usually défelop a significant‘amount of
sludge until their acidities have reached a certain 1eve1; In.
Britain, it is considered unwise to leave an oil in service
when its acidity,has reached a'ialue of 1.0 mg KOH per gfam.i
}Lpﬁyvalues of interfacial tension are measured well before
signifiéant'sludge formation occurs and this test,ié fbund to
be of DO'Valug1€6) Oliygr(7),has pointed out that in the

UnitedﬁStates,:mqstfopefators'of,poﬁer'traﬁsformérs c9nsider



0il suitable for service when -the aci‘dity is less than some
arbitrary'vélue in the 0.4 to 0.7 mg KOH per gram range. With
this decreased limit placed on acidity, interfacial tension

. values have more,significanCe and are often used in
conjunction with neutralization numbers.

The breakdpﬁn voltage of an insulating oil depends
primarily on the degree of contamination by*fibres ﬁnd
moisture. The dielégtric strength test is only a measure of
such contamination and is a vérygunéatisfactory criterion for

the condition of an o0il which has been in service.

1.3. The Low-Frequency.P0wer-Factor-Test

The 10W—frequen¢y poWer—féctor test is often used as a
criterion for oil quality, ﬁarticularly'with reference_to
cable and capacitor oils., It has also been used to measure
the deterioration of transformer oils in the field, replacing
both neutralizétion number and interfacial tension values in
determining the need for oil.feglamation.

__in its simplest form, the pdwer-factor test cOnsist of
filling a capacitor with oil and comparing the dielectric -
losses with those of a staﬁdérdlcapacitor whose 1osses_arg
accﬁrately known. A type of Schering bridge is used for the
-comparison an&‘very sirictuatteﬁtion'must be paid to |
cleanliness of the testzcellvand other details in order to
obtain repeatable reSults.(a)(g)(lO) The test is normally
carried out at a temperature between 20°GNAnd'1009Q,at power—

line frequency. Undef these conditions, polarization losses
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in the oil are negligible and the power-factor test is
essentially a measurement of oil,conductivitY‘or resistivity.
The actual value of o0il conductivity is of importance
only for cable qu'capacitor oils where low conductivity is
required in order to prevent overheating through ohmic losses.
For transformer oils, the actualvvalue,bf 0oil conductivity is
usually not sigpificant but it is of interest iflit can be
correlated to other important properties of the oil. “Attempts
have been made to correlate conductivity and power-factor
values with such properties as acid and sludge content. At
best, such correlations are poor because conductivity is very
much dependent upon the presence of certain trace impurities.
Childs andﬂstannet(ll).used resistiviﬁy and acidity tests
to evaluate the condition of transformer oils in service. The
conductivity was found,to §epend strongly on fhe‘tbtal iron
content of the oils as well as upon acidity. For an oil with
an acidity of 0.2 mg KOH per gram, an increase in iron content
from 0.1 to 10 parts per million caused a tenfold increase in
conductivity. There was no apparent connection between the
occurrence of iron and acidity in the oils. The large effect
of traces of iron on conductivity is also discussgd by=Salomon(12{
He found that artificially ageing a new transformer oil for
48 hours at_llSoc, in the presence of an iron wire, increased
the conductivity of the oil by a factor of 1000. Other trace
impﬁrities also had large effects. After many ageing‘
experiments he“concluded,thatvthere is no quantitative
correlation between the igcrease in power factor and the

. | 5
sludge value of ‘acidity produced. Bennett(lo) gives a graph



illustrating the large effect which the presence of moisture
has on the resistivity of ah,oil. McConnell(s) sfafeé that
power factor and dc resistivity measurements made on
transformer oils, during his program of field teStiné,_appeared-
to have little or no significance.

Prom these and similar experiments, one is led to the
conclusion that neither the low-frequency power-factor test
nor the dc resistivity test is of much value in défermining

the condition of a transformer oil in service.

1.4. Object of the Work

Transformer oils which have been p?operly refined are
almost entirely free from polar molecules. When put into
service they become subject to polar contamination becduse
many of the importént deteriqraiion products formed as a result
of oxidéti;n,have moléculesuwhich are polar in structure. It
should therefore be possible to evaluate the condition of an
0oil by measuring the polarization losses associated with the
deterioration pro&uc‘ts° ‘A high degree of deterioration would
be indicatedbby large losses.

Debye13) has shown that for dilute solution of polsr
moleculeslin nonpolar liquids, the relaxation time of the dipoles
is given approximately by the expression

. 3
_ 4nnr ~
Td ‘ -_— kT LI ) 101
where v is the viscosiiy of the liquid, r is the radius of
the spherical dipole,Ak‘is Boltzmann's constant and T is the

absolute temperature. The orientational polarization losses



are & maximum at anuangulaf frequency, w =%; . From

Eqﬁa@ion 1.1 it follows that fbr ordinéry-temperatures,
perm;nent dipoles of atomic dimensions (r = lﬁz)‘have a
relaxation time of;approximaﬁelleof;O:secvwhen_in a liquid
such as transformer oil..;As alfeSult, the maximum
orientational'polarizgtion_losses_should occur atgfrequencies
near 10° ¢/s. Due to the large number of different oxidation
products formed, the loss peak is'probably very broad with
significght losses occurring throughout the microwave spectrum.

This thesis uses a microwave technique»to»invesﬁigdté the
correlation between the deterioration of‘tréﬁsformgf oil and
the resultant-ihqréase,in dielectric losses measu:éd;at_prand.
The purpose of the investigation is to determine the significance
“of the dieleétfic—loss measﬁrement,at microwave,frequency when
used as a criterion of quality for oils in service. »

In previous work done in this,Deﬁartment,_Smith(l4) used
lumped-parameter circuits to measure the dissipation factor of
transforher'oil at various temperatures andvat-frequeﬁcies up
to 10 Mc/s, One of his conclusions was that the dispersion
method for testing transformer oils, in the frequency spectrum
20 c¢/s to‘lo Mc/s and at‘room temperature, was not satisfactory.
However,'his measurements did indicate that at room temperature,
the maximum in the dissipation factor could be ekpected to

.occur at'very high frequency.

1.5. Classical Theory of Dielectric Losses

The relation between the electric displacement D, the

electric field E and the polarizationQP;ingiyen by.
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D}:_=,._ eoE + P s o 102

where,eo is'the_permittivity of free space. For linear
dielectrics, the polarization is a linear'fﬁhction of the-
electric field;and.EQuation 1.2 may be written as D = ¢E,

where € is the permittivity ofithe material and is given by

e‘= 60 + E . ‘ v . ° 0 c‘ 10_3

The ratio of thévpblarizétion to the electricxiield, %,.is the
electric,susceptibility X, In general, X 'is £requeﬁcy
dependent and it is this fact which gives rise to the'fgmiliar
polarization lpsses.

- The éolarization which occurs when a dielectric is
subjected to'an external electric field may be considered as

the sum of three contributions:
P_=,_'?ve + Pa + Pd : L 104

The subscripts e, a and d refer respectively to electronic,
atomic and dipolar polaiization. The electronic‘polarization
results from an elastic disﬁlacement of the electron cloud of
an atom relative to the nucleus. The atomic polarization is
caused -by. changes in bond angles or interatomic distances
of atoms within the molecule as a result of the applied field.
Molecules which have a_permanén£ dipole moment will attempt to
align themselves in the direction of the applied field. This
latter effect is known as dipo1ar,or orientational bolarization.
All of the foregoing mechanisms lead fo dielectric losses
but their individgal contributionsvto the total losses are

important in different parts of the frequency spectrﬁm, The
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relaxation tlme, To OF Ty assoclated with electronic and
' -15

atomic polarlzatlon is of the order of 10~ -13 1o 107 sec.
Since the maximum losses occur at angular frequengles such
that wt =.1, the dielectric losses caused by thése
polarizations are important in the inf?ared_tb ultraviolet
range but aré_smallidf lowér frequenciés; Depending on the
nature’qf the material,‘the relaxation time of permaneﬂt

dipoles may bevsomewhe:e_between @ays a.nd'lo"'l2 Sec.- Eor many

=9 or 10710

slightly polar dielectrics, T4 is approximately 10
sec and these dielectricS‘have a lbss peak“in tpe microwave
reglon of the frequency spectrum.

From Equations 1.3 and 1.4, the perm1tt1v1ty of a

dielectric may be'wrltten as

e = eo+ Xe+ xa+ xd ' A X 1.5

The frequency dependence of each electric susceptibility can
be crudely approximated by assuming it to be of the form

Xio

%= T e

where the subscript i, refers to either e, a oi d. From the
magnitude of the appropriate relaxation times,"it“#ollows that )
the electronic and atomic polarizations contribute their full _
share to the total polarization at micrdwave frequeﬁcies.
Referring to PFigure 1.1, a high-frequency permittivity €oq MAY

be defined as_’eea.,:_..eo + Xg + Xaf A static or zero-frequency

pergittivity e, can be defined as ¢, =6, + X40° Using these

definitions, Equation 1.5 becomes

o . s ea
e = eea+mm ees 1.6
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Thus, the frequency dependence of the electric susceptibility

can be described by introdﬁcing the concept of a complex

‘permittivity €, Written

as

e L= e' - je" ‘ e e 0 147'

c

where, from Equation 1.6,

e' =

These two equations are

- Bg ea - _
e 4 — ces 1.8
ea 1,+‘w21§
( ) Wty
€ - 6 '_'—-2'—'2 X 109
8 ea l +w xd _

referréd to as the1DebyeﬁEqdations(15).

The ratio ¢'/c  is defined as the relative permittivity e_,

also known as thevdielécfrip constant, The " term is

responsible for the dielectric losses.
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When a dielectric of permittivity €, is placed in a time-

varying electric field E,=nEoe3wt

, & current fidws, ;Defining
o as the conductivity of the dielectric, the total curient

density Jy is written as taking D = e E,

3D

Jn = OB + = (o + we!")E + jwe'E ... 1.10

T~
The component of the current which is in phase WithvE'resuits
in power'dissipatiOn. MThe*averége power loss w, per.unjt
volume, is
W =%— (o + we") Ef‘ . ees 1,11
The maximum stored-energy density.iﬁ the diéléctric is equal to
.% é’Eéa.- Hence, défining'theﬁg_of_the:dielectfic in the ugual

way and faking c=0 fdr,simplicity,

Maximum‘Stored’Energx | '

€
Q = Average Power Loss = e cee 1,12

The reciprocal of the Q-factor is referred to as the loss

tangent or tan § and is given by

tan 6 L= "':"::' : -‘ s e e 1.13

In writing Equations 1.12 and 1.13, o has been set equal
to zero in order to simplify the equations. However; these
equations ﬁay still be regarded asvperfectly geheral for all
dielectrics provided the qudﬁtity,e",is redefined to include
the efiects'of non-zero conducti#ity._:Referring to Equation 1.9,
this is done by adding a term g.to account'forvthe conductifity.
With this new definition of e", the tdtﬁl-current[density is
written as

JT = ((DQ" + jwe')E o oo 1.14
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The quantity;e"hnow includes terms for all_the mechaniéms
giving rise‘tq'cqfreﬂts”whiCh aré in4phase with the applied
field and, with this definition of e", the generality of
.Equations1l.12 and 1.13 follﬁws.

At very low freguencies, pqlarizdtiohflb#ﬁesjare

negligible_éq that,eﬂm=lg . Therefore, tan'6d=;%; =,£E,,

which is the familiar ratio of'conduction'énrren£v£o

A displacement‘current‘in E@cdpacitofw_uAs ihe‘iréquency:is
increaséd,'the rolariZation'IOéses aiso increase, pass through |
a maximum and then'dedréase once more to a ldw‘vglpe. In the
experiments,fthg'diéléciric losses atgx,bandférefdue"rrimarily

to polariZation‘effeéts.
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2. THE MEASUREMENT TECHNIQUE AT X-BAND FREQUENCI

2.1. Choice of a Method

Transformer dils in>theiruihitiqlaétateihﬁVefvdlﬁes of
tan & and dielectric constant of the order of 0.001 and 2.1
respecti#ely;.ﬁAlihQﬂgh the deﬁéri@féfidn'qf an oil was
expectéd.to be accompanied by,@n,inc:easéfin?tdn &, the
magnitude of the increase which would occur was not known.

In choosing a mé&Suremeﬁtftéchniqué;jtwo bésig requirements
were considéieqlto be qf‘brimafy impo?téncé:

(a) The methpg must be capable of ;i;akikngfg,c'g}.};ﬁirat_e
andirepeqtdblefmeasureméntéfbfv%a@ Sféﬁdi,
‘diéiectric.constant in. the faﬁge;bf interest.

(b) The expéfimental procedure involved in making
a measurement should be as simple and direct

- as possible.,

Both-wavegu;deland_;eSonantfcavity methods'are‘usei_for
measurements on @ed;um-1o§s diel§qt?ics; In waveguide methods,
a section of thé guide is sealed and filled with the specimen
ﬁnder test; thusfse;ving as an absorption cell. By
terminatingfthe‘égll‘&ifh“én open—ciiguitéﬁr short-circuit and
compari;g the VSWR,anQ”the’positions of the voltage nodes in
thé input waveguidé for‘the cases of the émpfy'and fhe-fille&
cell, fﬁe.values;of.tanﬁS»and dielgqtric_cqnstant of‘the sample
may béfdédﬁced. bA_siﬁpiiingtioﬁ;of;the prqééhuxé can be'made
by ,adjustijng_ the length of the a]o_;:séiu'p‘fgi;on cell, or alternatively,

the excitatiohzfrequeQng so that an integral nﬁmbei‘Qf_half
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wavelengths occurs in the cell. In'this,quasi—resonant method,
only the specimen iength and the'VsyR;in the input guide are
required for s,determination of tan §. Many sources of error
must be taken into account with the result that accuracies are
generally not ccmﬁdrable-to thdse'obtainable with resonant-
cavity'technigues. The foregoing. wavegulde methods have been

(16) who applled them

discussed in detail_by Luthra and_Wdlker
to ceramics. |

Cevity methodsca:e well suited-to'measurements on ﬁedium
and low-loss dielectiics, ihe.dielectric sample is placed
into the cavity which is coupled to the input;Weyegnidesend
excited into the desired mode of resonance. In order to -
calculafe the'ioSs tangent end the dielectric,cpnstant_is is
necessary tc‘meaSure the depth of dielectric in the cavity,

- the length of the empty cavity at resonance,vthe length of the
cavity at fesonancevwith,the dieleCtric in place and the |
'Q—factors of the cavity, both in the‘absence and presence of
the dielectric.  For low-loss liquid dielectrics; the cavity
may be completely filled, in which case the calculstions are

~ particularly simple. In almost all instances the effect of
wall'losses.can<beﬂaccounted for more readily than in

| corresponding Wavegpide’methods with the_resu;t;thatdgreater
laccu;acy is obtainable.

Q measurements ccn be conveniently made utilizing a
sophisticated dynamic method described by Free(17) -in spite
~ of the relatlvely large amount:of equlpment Whlch is required
for tests, the experlmental procedure is 51mp1e and yields

good results.
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Due to these consi@eratiops; a regonant—cayity technique
was chosen}apd usedlfbr ail tan 6 and‘dieléctric constant
measurementg. For reasons diScussed in1a‘iate£ sgct;on it was
found impractiqﬁl-to,uée a §ompletely filled cavity for tan §
measurements but‘good reéﬁlts_Weré-obfainéﬁﬁﬁsing £he parfly
filled cavf%y;‘_The method'fbr,g measuiement wiilfndw,be

described.

2.2, ‘Apparatuslfof QﬁMeasurementv

”A.leCk.giggtdmﬂfothe equipment, is;Showh in(EiguﬁeiZ.l.

“An air-cooled klyst:pn_osqillgtof[is £réquenc&'modﬁlatéd by
thé_éuperpqsiﬂion»9£¥a sdwtobth vqltagebfiom:ﬁhg QRQ,swéép'onto'
the reflectorzﬁoltage;‘ The cavity;iuséawds“a %fansmission
device, is loosely coupled to the input waveguide and is tuned
to resdnate_at;thevcentrg_frequenc&‘Qf the klystron. At the
output of the cayify?,theftransmission resdnance,curve'is
detected, amplified by a low-noise audio amplifier and
displayed on one trace of a dual-beam oscilloscope. The
Q-factor of the cavity is determined By measuring the frequency
separatibﬁ‘of the resonance curve half-power points; This
measurement_iS’easi1y and_accurately made using markérs‘of
known frequéncy sebaration that are.displayed onnﬁhe second
trace oflthe oScilloscqpe.

| Generation of the frequency markers is agdomplisheﬁ by a
straight—fqrﬁafdQﬂouple-he#e:qdyne:methpd;f By means of the
direéfibnal,dbdpier,éﬁdjhybrideT_junétiOn;_a“smaii poﬁ{ibn of
the output powefjirbmvthé7£reququy+ﬁ0§#ldie§}klyStrpn is’

transferred to the first crystal mixer. _HeTe it is heterodyned



Fig. 2.1 Block Diagram of Apparatus
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with the output of an ﬁnmodulated, fixed-frequency klystron
tuned approximately to the centre frequeﬁcy of the first. The
mixer output consists of a frequency—modﬁlated signal
corfesponding‘tq the,@ifference‘fféquency between the two
klysirons. This Signalfis'now~cbmbined with the output of a
6a1i5rated.o$cillatqr,in‘a second cfystaljmixer. After
'ampliiigation of the‘outpqt and removal of high-f;equenqy
componeﬁts,'three,markers are available. The centre marker
"is produced when the klystrons are in tune and the outer two

'~ when they differ‘by'the qécillator_frequenqy;

Additional;émaller markers,icorféqunding io_harmonics of
the oscillator ffequency; arérproduced if the poWefﬂlevels at
the mixer inputsvare_noﬁ correctly adjusted. These extra
markers will not be present if the circuits have been well
adjusted but, in any case, they are small and cause ﬁo
confusion even if they are visible.

The markers mdy be moved as a group in a horizontal
direction on the CRO trace by sllghtly adjusting the frequency
of the second klys’bron° " A flne control of the reflector

voltage is a good method of achieving this smoothly. The
separation of the outer markers is controlled by qdjnsting'the
frequency of the calibrated oscillator. The photographs of -
‘Figure 2.2 illustrate the quality of the traces and markers
available, as well as the use of the markers and precision
attenuator in measuring the frequency separdtion bf the
resonance curve half—_pbwerppin_tso

The procedure_fqr Q measurement is as follows. The
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cavity is first tuned until the peak of the resonance curve
occurs at the centre frequency of the swept klystroﬁ,- The
verfical position of the'oscilloscope trace upon which the
markers are displayed is adjusted until it is located at the
peak of the resonance curve. The input power to the cavity is
no&'doubled by adjusting the precision attenuator. After
readjusting the résdnanqe curve baseline to its original lével,
the markergfoccur at the half-power level on fhe vertical
scale., By making the necessary width and horizonfal position
adjustments, the.markers are superimposed oh the resonance
curve4half-pow§r points whose frequency separation caﬁ now be
determined directly from the scale setting of the calibrated
oscillator. | |
Important advanfages are gainéd by using this technique
for Q measurement: |
(a) The measured Q-factor is independent df.the;
crystal detector characteristics.,
(b) Slight instabiiity of the klystron frequency
during fhe measurement ddgs not affect the
&cquracy"of:the result. If small frequehcy
drifts occur, they are seen.as slight
hbrizontal shifts of the resonance curve on the
oscilloscope fface; The shape of the resonance
curve is leiﬁ unchanged.
(é) Measurements are rapid and easy to mdke,
The chief disadvantage of the technique is that the power
output of the klystron may not remain- constant over the swept-

frequency ban@ ) In later experlments it was found that this



21,

effect was appreciable and a correction had to be epplied,

2.3. Design of the Cavity

For theueccurefe‘determinatlon of_dielectric losses by
cavity methods,.the mode choice and cavity design‘are”
necessarily such that wall losses are smalllcompefed wlth
specimen losses; This allows the dielectric losses to be
calculated by measuring the total losses in the cavity and
then applying a correction term for the resistive losses on
the walls. Assuming that this correctiou term can be
calculated to an accuracy of about 90%, the uncertalnty
introduced into loss tangent values w1ll not exceed 1. 5% if
the cavity wall losses are less than 15% of the speclmen
losses. This argument leads to the conclusion that a cavity
with anO felue of not less than 15;000 is fequired for loss
‘tangent‘meesurements:with'a partly ﬁilled,cuvity whose
measured Q is about 3000. |

| AgCylindiical_cavity_designed to oferate at 8.5 Ge/s in
the TEy, mode’was used for the measu:ements._ The“photogfeph
of Figure 2.3 shows the cavity and some of the*asSociated
equipment.

Thé»TEOl‘mbde,of operation was chosen because of the
highly deSifdble‘field pattern asSoCiated'withuthis,ﬁode.

. Since the E-field is purely circumferential, there is no
'curreut_flow'between'the*side,Walljaﬁd the end wall of the
cavity. -HenCe;‘theecevity'may be tuued‘by a. noh;contacting
plunger whlch helps to damp out undes1red modes of resonance.

A further ‘desirable property of the TE mode is that the

0l -
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fieldsihave no,azimuthal dependence. As a_result,.the_TEo1
mode is a singlet and has no tendency to splitzqr become
unstable due.to small irregularities in the cavity. The fact
that the TM;, mode is a companion mode of the IEbl is not a
serious‘disadvantage._:The,coupling elemenis"eeh_Be located
tovexeite tbe desired'ﬁode:preferentially.‘“I#}addition, the
undesired_TM11 mode is strohgly perturbed byfthe'presence of
the‘gap at the £uning plunger.

» The cavity wds;made ehtirely:of brass. Choosing a
diameter of 3.090 inches a.’nd.a., maximum 1er;g'th'olfv"2'.‘6'.ivncihes
gave a Q  value in the desired range without p1atingvthe
cavity. The,tuning'plunger position was controlled,by a
micrometer screw of length one ineh,fcalibrated to0. 0.0001 inch,
In order to permit plunger travel over a distance larger than
one inch, the cavity'barfel was made in two sections, the
upper one being easily removed. This permitted the cavity
length to be varied by the plunger from 0.7 to 2,6 inches, a
range snfficient to0 locate the first three resonances of the
TEq, mode_initheAair;filled cavity.

| Originally the base plate was fastened to the cavity by
machine écreWs and was sealed by a gasket. _Thi§ arrangement
was 1nconven1ent for two reasons: |
(a) The gasket was somewhat compre551b1e. Therefote
the length of the cavity as measured by the
mlcrometer depended upon the ten51on of the base-
plate-mounting screws.
(b) ‘The presence of the gasket made cleanlng of the

caV1ty difficult.
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For these reasons, the base plate'was'securely_faStened to. the
cavity barrel and permanently soldered into place. A small
hole near the outer perimeter of the base plate served:as a

drain.

2.4, The Cdupling Krrangement

For a uniform waveguide system, the’guidé'wavelength'k ’
the free-space wavelength ho and the cut—offfwaveiength.hc are

related by the equation

1

- .= ©
sz T

2 e o0 2.1
g o e ' '

The cut-off wavelengths for TE__ and TM_ waves in a cylindrical

waveguide'aré giVeh by .

: 2na -
nm c Knm
, soe 2e2
. _ 2ma
™M M= §-

- nm
In these expressions, a is the radius of the guide;_Knm is the

th | - . th
m = root Qf__Jn'(x),:_O,._»_Snm is the m

root of J (x) = O.

At a frequency of 8.5 Gc/s, a cavity of diameter 3.090
inches will peragate any mdde'for which the ratio of cut-off
wavelength to guide'radius, ;3 s is greater than 0,9. Thus,
thirteen'modes,of propagation.are possible in the air-filled
cavity. _Eilling the ca&ityfwith»dielectric rééults in
additional modes of propagation being permiited, In order to
excite the desired TEOllmode_preférentially5 the coupling

| (18)

configuration’nsgd_by Bleaﬁey. ,vnand,illﬁstrated schematically

in Figure 2.4[was_employed.
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Coupling into the cavity is from_thé narrow side of a
reétangular waveguide through two small holes in the base
plate. Coupling out of the cavitj-is through a third hole in
the base plate_intovthé end of another section of rectangular
waveguide. The size of the_coupling_holes_was expérimentally
adjusted until sufficiént power was available at the output.
A hole diameter of 0.25 inches was gsed.-“The coupling holes
were sealed with thin glass discs glued;t& the underside of
the base plate;

The»theory of the coupling configuration is easily
understood. The only field component which exists along the
narrow side of a rectangular waveguide Qperating in the TE; o
mode is the longtitudinal magnétic field. By.coupling from
this side of the guide through two sﬁall holes‘placéd
diametriéally opposite in the end wall of the cavity, the
longtitudinal magnetic field in the guide is coupled to the
radial magnetic field in the cavity. From waveguide theory,
the radial magnetic field at the end wall of a cylindrical
cavity is, (omitting the term, ejwt): |

For TE modes:

Hr,:;Cl % Jn'(kr) cos né cee 2.3a
AFor>TM modes:
B, = - iCp £55 J,(kr) sin n0 oo 2.8b

The holes are spaéed one-half wavelength apart in the
rectangular guide so that the_fields at the holes aré'of equal

magnitude and opposite in phase. As a result of the cos n@
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or sin n@ dependence of the~Hr components, only TE or TM waves
whose order of n is even will be excited ih'the cavity by
fields phased in this manner,

The output coupling hole is located to reduce the numbei
of undesired modes appearing at the output. Again, because of
the form of the O-dependence, modes corresponding to n = 2 will
have a zero H, field at an angle of 45° to the input waveguide,
Such modés should be eliminated from the output by locating
the coupling hole as indicated in Figure 2.4. Although the
eliminatioh of undesired modes by this means may be of
importance if the cavity is used as a wavemeter, it does not
help to solve the fundamental problem of mode interference in
the cavity.. This can be done only by preventiﬁg the excitation
of undesired resonances. Since the primary application of the
cavity is for tan & measurements, the location of the output
coupling hole is of secoqdary.importance.

The effectiveness of the coupling configuration was
investigated over a wide frequency band. Within the range,

8.3 to 8.9 Gc/s, the amplitude of the TEy, resonances at the
output gf the air-filled cavity was greater than that of the
strongeét undesired mode by a factor of about 200. Upon
filling the cavity with oil, this factor was reduced to about
30. Thé TEy, resonances could be satisfactorily excited well
outside the frequency range stated but the amplitude reduction
of other modes was not nearly as good. This is to be expected
sinée the distance separating the inpqtvcoupling holes
corresponds to exacfly one-half wavelength only at the design

frequency. For other frequencies, the fields at the coupling
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holes are no longer iﬁiperfect phase_opposition and modes
whose order of n is odd can be‘more easily excited in the

cavity.

2.5. Measurement of'Qo and O

(19); the 1umped-parameter equlvalent

FollowinéiGinzton
circuit. of a cavity with two 1nputs is shown in Flgure 2.5 (a).
The input and output coupling to:the caYity is represented by
 ideal transf@rmers; Self-inductanqeéAand“resi3£ive components.,
Assuhing\thﬁtiboth[the generator and load are matched and |
neglegting_the s;1£findugténces‘of the coqp;ing elements, this
~circuit may be transformed into the one of Figure 2.5.(b). The

input and output coupling coefficients afefdefinqq]gé] B

1z, Z
2 11 .2 % -
Bl O nl .-E;— 9 Bz = n2 'Rs. - LI 2.4

Z1 and_22 afe the characte?istic_impedanCes of the input‘and
output waveguides and the equivalent generatb: voltggé E is
equal to nlEl.t

The. unloaded Q of the cav1ty is

w L
_ Yo
Q= -
| s
‘The loaded Q of the cavity is

woL
Q = orYr
. L ‘ ARs + Ble + BZRS ’

9, | i |
QL = 1 + Bl + 6; o . !: L) 2.5

The relationship between cavity Q and the transmission

resonance curve is obtained as follows:
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| lznl' | : nzsl
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Coupled |
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e

(b)

Fig.Z;S. Lumped~-Parameter Equivalenf Circuit of the Cavity
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The transmiSSioﬁgI§§§ T(m) is defined an;vf};ﬁ§'¥f.?

_.PL: ' ' _ SRR '
T(w) = ﬁF—_v v - : B . h . [N ) 2.6
o _
where _ .
P, = Maximum available power from the generator
dellvered to a matched load.. -
P = Actual bower dellvered to the load.
Calculating T(w) for the equlvalent clrcult of the cav1ty,
. L apag . s
T(w) = 1 g - 2 Ceee 2,7
(1 + Bl + B,)” + 4% -
In this expres31on, ZS is defined as the t i 'émetqr;
I R = f £ A ST
A = - f = T e ee 2.8
“n*fJO; (3] v

where £ is.théiféébhéht frequency of thewdaviﬁy‘* '
and fl is the deviation from the resonant fréquehcy.
At resonance, /A = 0. Therefore
: 43132

2
(1 + Bl + BZ)

and using Equation 2.5 yields the normalizéd;trangmission

T(w ) =

equation:

T(w) _ 1 vee 2.9
o, ) 1+ 4A2

The transm1551on half-power points occur when ZZSQL =1, from

which it follows that

R

o0 e 2.10

.1.f..( .11

Thls shows that Qo cannot be calculated dlrec f?b@_ﬁhe.
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transmission résonanée curve. A separate experiment to
measure the coupling coefficients is reéuiréd. For the case
of very loose coupling,'Bi and Bz are small compared with
unity and may be neglected. If this approximation is valid,
Q, & QL‘for the empty cavity.

The input coupling coefficient Bl can be determiﬁed from
a measurement of the power flow into the cavity at resonance.
This measurement is most easily made By removing'the matched-
load termination-on the waveguide run and replacing it with a
good short-circuit located to give field maxima at the input
coupling holes. A standing-wave detector pIaced'immediately
before the cavity in the waveguide run is used to probe the

(20) B,

can be calculated from the values of VSWR measured for the

VSWR pattern in the guide. As outlined by Ginzton

cases of the tuned and detuned ca.vityo Measurements of Bl were
made for the empty, partially filled and the completely filled
cavity. In each'cése; Bl wasifdund to be approxima?ely equal
to 0.01. The output coupling coefficient ﬂz‘cannot be

measured but it is assumed to be of the same order as Bl‘ On
the basis of these measurements, ‘the loose—coupling
approximation was taken as being valid.

The Q0 values of the first three TEdl resonances were
measured and compared with the theoretical Qo values. The
results are listed in Table 2.1.

In calculating the theoretical Q , & skin depth of.

1.48 x 1074

~cm for brasé has been used. The first two
resonances indicate that, due to sufface roughness, the

effective skin depfh was apprbximatély 10'percent greater than
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the theoretical value. The additional reduction in measured
'Qo for the third resonance is probably a result of the cavity.
being constructed in two sections. The second section is used

to lengthen the cavity so that the TEO resonance can be

13
located. An imperfect junction between the two sections would
increase the wall losses in this area and probably is the

reason for the reduced Q0 observed.

Table 2.1, Q0 Values

. . s x Ratio of
Resonance Theogetlcal Experamental Exper./Theor.
o o : Qo Values
TEOll {9,340 8,250 0.883
TEy 0 16,850 15,000 0.891
TEj;3 28,300 21,000 0.75

2.6, Initial Tests with the Filled Cavity

Several difficulties-were encountered in attempting to
make tan § measureménts with a cavity completely filled with
0il. PFor the purpose of Q measurement, a signal-to-noise
ratio of 25:1 was desirable. This permitted measurements to
be made with ease but required a resonance curve amplitude of
not less than 200 microvolts at the detector output. Signals
of this amplitude could be obtained for the lower-loss samples
tested butvthe highef—loss specimens'gave an output about an
order of magnitude below this level,

A second problem involved the frequency modulation
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charactéristics‘of the reflex klystron. In order to 6Btain
maximum power from the klystron, it'was'dperated near its
absolute makimum ratings. Under these conditions the
electricél tuning available was 20 Mc/s of which only a central
portion 1 Mc/s in width was free from amplitude.quulation.
For small deviations.from the centre frequency, the power
output of the klystron decreased symmetrically about fo and
had dropped off 0.8 db at a deviation of 4 Mc/s. For larger
deviatibns, the decrease in output power was more rapid and
was ﬁo longer symmetrical about the centre fréquency;

A fuither cdmpiication was discovered upbn inveétigation
of the output detector response as a function of frequency.
Two different detector heads and matching units were employed
but no combination of these permitted the detector to be broad-
banded sufficiently to give a frequency independent response
over the swept-fiequency band of the klystron. The optimum
adjustment of the matching unit was a compromise between output
amplitude and detecfpr bandwidth and yielded a respcn#e which
was down only slightly at a defiation of 4 Mc/s.

Due to the klystron modulation characteristics and the
detector response, only the central portion of the klystron
tuning mode could’be used. For the symmetrical part of the
klystron power-output curve, a correction for aﬁplitude
modulation can be derived very easily. Therefore it was
decided to‘limit the width of the resonancé curve -so that the
“half-power points feli within 4 Mc/s.of the centre frequency.
In accordance with this restriction, the minimum‘falue of

loaded Q which could be measured was_apprqximately 1000.
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Completely filling the cavity with the oils tested in later

experiments resulted in a loaded Q considerably below this

value. As a result, it was necessary to use a cavity only

partly filled with oil for the tan & measurements., This

automatically provided adequate power at the detector output

but intfoduced some

additional mode-interference problems

which are discussed in a later section,

2.7. Pields in the

Cavity

Prom waveguide

resonant cavity:are

ejwt) s

For TE Modes:

E

H

zZ

]

)]

]

0

theory, the fields in a cylindrical

(21)

given by , (omitting the term,

Jn(kr)'cOS no sin Bz

%.Jn'(kr) cos n@ cos Pz | ee. 2.12a

- B

n . ’
—= J _(kr) sin n0 cos Bz
rk? n

n . .
—5 Jn(kr) sin nO sin Bz
rk

j Wi Jn'(kr) cos nO sin Bz



For TM Modes:

H =0
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eoe 2412Db

z
Ez = Jn(kr) cos n@ cos Bz
= — ' ;
E, = E,Jn (kr) cos n@ sin Bz
n . .
EO = B 2 Jn(kr) sin n@ sin Bz
. wen .
H = - j =% J_(kr) sin nQ cos Bz
rk
Hy = - ] wse J, ' (kr) cos nQ cos Bz
Tuning Plunger Position
[ in Empty Cavity
jmEo e ey T 1
| Plunger Position !
z, ' with Dielectric ! J
| : 2
|
b
Air
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f 2a

Figure 2.6 Schematic of Cavity
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A cylindrical cavity designed to resonate in. the TEO1 mode
and partially filled wifh dielectric is illustrated in Figure 2.6.
At fesonance, TEOl waves exist in each section of the cavity.
FProm Equation 2.12a, the field equations for this mode are
writteﬁ as: |

In the air-filled portion:

CH, =Cy Jo(kr) sin Bz,
H = C, Eﬁ JO'(kr) cos By 2o eee 2.13a

. WU He L
o = iCy —E——_Jo'(kr) sin Bz,

In the dielectric-filled portion:

H, = C4 Jo(kr) sin B4z,
H = C. 28 5 1(kr) cos B.z . 2.13b
r=- “dk Yo daT1 e »'

’ L W H, .
Eg = iC5 JO'(kr) sin B4z,
In these equations, Ct and Cd are constants which allow for the
possibility of waves of different amplitudes in the two sections.
The boundary conditions to be satisfied at the air-
dielectric interface are that the following field components be
continuous:
.(a) The tangential component of the magnetic inténsity H,
(b) The tangential component of the electric field E,
(¢) The normal component of thé magnétic induction B,
(d) The normal component of the electric displacement D.
Applying the boundary conditions at zy = Qd,'zz = - ft’ two
equations are obtained: | |

Cd sin Bd I& = - Ct sin Bt ft eee 2414
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CaB84 cos By Ry = ctst cos B, 4, ee. 2.15
Dividing these two equafions yields the.resultant equation
which must be satisfied for a TEOi resonance to exist in the
partly.filled cavity:

-—%‘E-'t'a.n Ba Q‘il, = - -—é—; tan B, ’Qt N ces 2,16
Equation 2,16 may be put in a differeﬁf‘form by using the
relation Qt'g Qo - ('QA + fz), vhere |

10 = resonant length of the empty cavity, .
Iz =.reduction in resonant length due to the

addition of the dielectric. *

. Since Qo corresponds>to an integral numbermof‘half'wavélengths

52', and Bt = %E , it follows that tan Bt f = 0 and Equation 2,16
2 M ° | |
becomes

1 ) 1 3
m.‘ban Bd Id =mta‘n Bt( Xd"‘ Iz) LR 2017
The right-hand side of this equation is known in terms of the .

measuréd quantities 12"£d and kt' Thus, hd may be calculated

by solving an eguation gf the form i%%JQ = A, where @ = %E Id’
d

Having obtained Ad, the dielectric constant €, may be "evaluated-

by using Equation 2.1 in the form

2, 1 1 . :
(7] = )\ ("—"+ - ) LI 2018'
T o 2 A 2

d c

2.8. BExpression for Tan 0

The Q of a resonant cavity is defined as

_ Total Stored Energy
Q =uw Average Power Loss

eoe 2419

For a resonator partly filled with dielectric, this expression

is written as
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Q:w——-—-————P +P ' - LA ) 2.20

where Ut_is the energy stored in the air portiqn, Ud is the
energy-stored in the dieleétric portion, P is the average

power loss on the walls and Pd is the average power loss in
the dielectric., |

The quality factor of the dielectric alone is defined as

Cpla_ 1
Qd“ Q Pa ‘lfan 5 °

Hence, the loss tangent of the dielectric may be derived from
the measured Qbof the partly filled cavity by rearranging the

terms of Equatioh 2.20:

U P
-1 t \J
tan § =§ li-ﬁz-i-l:l - -(x-)-ITd— eese 2421

The stored energies and power losses on the walls are
calculated from the field components in the c;vity assuming
the fields to be those which would occur for the case of a
loss-free dieleétric. The calculations are simplified
considerably by chéosing the depth of dielectric jd‘to
correspond to an integral number of half wavelengths in the
dielectric so that a node of the transverse E-field occurs at
the air-dielectric interface. It can easily be shown that for
this field distribution, the mean magnetic stored energy equals
the mean electric stored energy in each of the air and‘
dielectric-filied'portions, thus enabling the stored energies
to be determined from either the magnetic or electric field
alone. Choosing the simpler form,

ﬁtg %GO.J(1E| 2 av | L 222

Air Volume
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Ug =3 e J[}El 2 av | o ve. 2.23

7 Dielectric Volume
‘An approximation for the wali losses may bé obfained by
assuming-the.wall to havé a uniform conductivity of effective
© value Og* ‘This determines an effective skin depth er' From
'a consideration of the Poynting vector at the wall surface, the

power flow into the wall is written as an'integral(zz):

7, 5—%:3; lgTI ®as ... 2024
Wall Area

where HT is the t@ngential component of the'magnetic field at
the wall surface. The product Ao, is expressible as a
function of Qo, the experimentally measured va}ue of unlaaded
cavitva;:;This'provides a means of eliminating this product
from Equation 2.24.

Evaluation of the stored energies and wall losses has been

carried out in the Appendix. Substituting these values into

Equation 2.21 yields the result:

. xts Acz
_ - \ 3 n, K—g + 4sa ;—5 + By
tan 8§ = l-[} + 2 b - 1 d : d -
- Q | "n.e€_. 4 93 n.e_0 2 .
¢ } r Xd 1%r 9 . 4a Kc )
t
veo 2025
where,

Q = the measured loaded Q of the partly filled cavity,

the number of half wavelengths in the dielectric,

=]
-
I

the number of half wavelengths in the air portion,

the.measurédVQfof the empty caﬁity;,

-
o
]
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vV = the number of half wavelengths in the empty
cavity when Qo was'measured, |
8. = the dielectric constant of the dielectric.

Except for a slightly different notation of nl‘and n
(23)

2’
Equation 2.25 is the result quoted by Penrose

Although a general expression for tan & which is valid
fdr an arbitrary depth of dieiectric may be derived, there are
Aiﬁportant reasons forrchoosing‘ Qd to be an integral nuﬁber of
half wavelengths so thgt the E—fie1d>is éero at the air-
dielectric interface:

(a) Since the losses in the dielectric are a minimum

where the electric field is a minimum, the
interface region makes only a small contribution
to fhe measured loss tangent.  Therefore, small
errors in the dimension ﬁd or poor levelling of
the cavity will have only very minor effects on
the accuracy of the measurement.,

(b) Meniscus effects are negligible.

(c) Small changes in !d do not detune the cavity.

This prevents mechanical vibrations which perturb
the liquid surface from causing instability of
the resonance curve displayed on the oscilloscope.
This point is quite important experimentally.

The fact that small changes in ﬁd do not detune the
cavity can be shown very easily. If L is the total length of
the partly filled cavity at resonance, differentiating

dL A
Equation 2.16 shows that T = 0 for Yd = 0, ?— .
d . .
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2.9. Preliminary Tests with the Partiallx_Filled Cavity

A series of tests were carried out to determine how well
the theoretical expectatiohs were borne out experimentally for
a comﬁércial transformer oil. A test frequency of 8.71 Ge/s
was selected because the operation of the klystron was most
satisfactory at this frequency. The first experiment had
three main objectives:
(a) To investigate how accurately Ay and e could
be measured with the partly filled cavity,

(b) To determine how significant small errors in
1; and levelling of the cavity are when
measuring tan §,

(¢c) To eliminate any mode interference whichvmight

be present. _

The value of At was first determined directly by measuring
the distance between the resonances in the air-filled cavity.
In a similaf manner, Kd was obtained directly by measuring the
distance between reéonénces when the cavity was completely
filled with oil. Using Equation 2.18, an accurate value of €,
is obtained. As discussed previously, the resonance curve
produced by the filled cavity is too broad for Q measureﬁent
but is. suitable for detérmining k& and €. with an error of
about one part per thousand.

In order to investigate how accurately kd and . could be
measured with the partly filled cavity, various depths of oil
were placed in the 6avity and Equation 2.17 was ﬁsed to.

calculate values of kd a.nd.yer from the measurements corresponding



to each depth. The results are given in Table 2,2, For small
0il depths, the calculated values of Ld and er»contain lafge
errors, presumably due to the perturbing‘éffects of the
coupling holes. PFor dielectric depthsIOf apprqximatély one=
half wavelength, the values obtained with the partly filled
cavity ére essentially the same as those measured with the
completely filled cavity. Subsequent experiments confirmed
that kd and €. could bé measured satisfactoriiy with the partly
filled cavity provided the o0il depth was apprdximatelyIOne-half

wavelength.

Table 2.2. Initial Measurements of Kd and €,

0il Quantity 0il Depth Calculated,)\d Calculated er
ml inches inches inches
10.0 0.0814 1.067 _ ~1.905
20,0 0.1628 1.030 2.025
30.0 0.2442 1.013 2.085
40.0 0.3255 1.005 . 2.110
50.0 0.4069 0.998 2.135
60.0 | 0.4883 0.994 2.150
65.0 0.5290 0.994 2.150
70.0 0.5697 0.995 2.145

Test Frequency = 8.71 Gc¢/s
A

d measured with the filled cavity = 0.9940 inches

€. measured with the filled cavity 2.150 inches

Measured.xt = 1.6030 inches
Theoretical A, = 1.604 inches
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The measured Q was expected to remain constant for smail
changes in Q& from the half-wavelength value. The tuning
plunger could be adjusted so that the resonance curve displayed
- on the oscilloscope corresponded to either the_TE012>§r ‘I‘E013
resonance. Contrary to expectations, it was found that mode
interference was present and caused the Q of both reéonances
to change quite drastically as Qd was varied slightly. An
attempt to remove the interference by changing the frequency
of the klystron oscillator by a few'Mc/s was not successful.

A new freqﬁency of 8.825 Gec/s appeared at first to be
satisfactory. In order to investigate more systematically
the effects of varying jd’ a calibrated pipette was moﬁnted
as a burette and connected to the drain in the base plate of
the cavity. This allowed the oil &epth'to be varied
continuously iﬁ‘a known manner while the resonance curve was
being observed on the oscilloscope. Graphs illustrating the
mode interferepce encountered are given in Pigure 2.7. Por
purposes of curve comparison, the Q-factors of the two
resonances have been normalized.

It is significant to note that the curve shapes are very
similar, a fact which indicates the interfering mode is not
influencéd by plunger travel in the air section of the cavity.
At a given frequency, the presence or absence of an 1nterfer1ng
mode appeared to be determined solely by the depth of oil

present, This type of interference would not be caused by
normal resonances whose waves are propagating in both sectioms
of the cavity. However, ghost-mode resonances, consisting of

propagating waves in the dielectric section and evanescent
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waves in the air section, could cause such interference. These
resonances do not tune with the plunger if it is faf enough
awvay from the liquid surface. It was temporarily assumed and
later confirmed that the troublesome interfering modes were of
the ghost-mode variety.

In view of the severe mode interference in the vicinity
of the correct depth in Figure 2.7, a systematic search for a
more suitable frequency was made in the band 8.3 to 8.9 Ge/s.
Between 8.3 and 8.4 Gc/s, there was no interference observed
for oil depths near the half-wavelength value. The frequenéy
of 8.395 Ge/s was finally selected and used for all of the
later tests, The graphs of Figure 2.8, obtained in the same
way as those of Figure 2,7, illustrate the amount of error in
Xd permitted before the measured Q-factor is affécted.

There were no errors due to mode interference detectable
in any of-the acfual tests performed later. It was also
confirmed that levelling the cavity approximately by a visual
inspection was perfectly adgquate provided the oil depth was
near the half-wavelength value. An accurate levelling did not
produce any measureable change in Q, The effects of mechanical
vibrations caused by the various cooling motors in the power

supplies were completely negligible,

2.10. Ghost-Mode Resonances

FProm Equation 2.1 it follows that waves which are
propagating in the dielectric region and evanescent in the air
region can occur for any mode whose cut-off wavelength lies in

the range such that
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2 L]
For these modes, the propagation}constant in the air region,

jBt’ is real and positive definiﬁg the attenuation constant

- 1/2 . .
a = 21t _"']'.—"—"__l— ® o o0 2026
A2 A2 |
[+ 0 :

The evanescent waves have a longtitudinal dependence described by
hyperbolic functions rather than by trigonometric functions. For

the air region, the following substitutions are made:

jBt=a
sin B, J, = - j sinh a ft » ce. 2.27
cos Bt Xt = cosh aéﬁt

These substitutions, when applied to Equation 2,16, yield
the conditional equation which must be satisfied for a TE ghost~
mode resonance to be excited. Although Equaiion;2.16 was derived
for the specific case of the TEOl resonanée, it clearly épplies
to all TE resonances in the partly filled cavity. Hence, the

condition for any TE ghost-mode resonance to océur is given by
tan B 1 = —Ei taﬁh ! : | 2.28
d. d.-_ a a t e o .
The matching condition for an arbitrary TM mode can be

derived in an identical manner starting from the appropriate field

equations given by Equation 2.12b. The result is:

Bd tan Bd fd = - erBt tan Bt ft ‘ o 2.29
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For a TM ghost-mode resonance, this becomes

tan 8y {; = % tanh o [, | ev 2.30
d
The vﬁiue of the préducf a !;, encountered for the various
ghost modes, was generally larger than 2.5. Therefore tanh a [t
~ is approximately equal to unity and Equation 2.28 and Equation
" 2,80 take the following simplified forms(2%);

For TE ghost modes:

3] _
tan Bd£d='a_d' vee 2.31
Por TM ghost modes:
t = 'a"" 4 oo 2.32
an Bd jd Sy Bd _

Thé cufves.of Figure 2.9 have been plotted from these equdtions
and show the theoretical debth of oil for a ghost mode to be
excited at a given frequency. It is of interest:tb note that
the interference discussed previously and illustrated in
'Figuré 2.7 can bé attributed to the excitation of‘fhe TE32,
JTM32 and probably a combination of the TMGi and TE13 ghost-
mode Tesonances.

An experiment was performed to investigate how strongly
the various ghost modes were excited at 8.395 Ge/s. The
results are shown in Table 2.3. Several of the resonances were
' to00 weak to be observed directly but these could be detected by
"noting their effect on the TE,, modes. As before, the oil
depth was varied continuously while the TEOl resonance curve
was being observed on the oscilloscope. At the depth
‘corresponding to the excitation of a ghost mode, a distinct

broadening of the curve and decrease in amplitude occurred for

both TEOlz.and TEO13 resonances. The T.E32 ghost mode was much
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\

weaker than the others but could still be positively identified.
It was also observed that the TEO2 mode was somewhat tunabfé
with the plunger. This was to be expected since for-ft
approximately equal to one inch, putfing tanh « ktvequal to

uhity is not a good approximation.

Table 2.3 Ghost-Mode Resonances

Resonance Anplitude « .Theéf; 1, | Exper. I
B volt inch inches . inches
1 TM221 1100 - 8.11 10,295 o.zés
Dhogy * 3.38 0.337 0.341
Mg, o 25| 3,50 | 0.357 | 0.361
TEq01 50 0.802 0.368 © 0.384
TEg, : * 1.895 0.448 0.456
_TEézl * 2.63  0.537 0.545
TElél * 3.25 | 0.656 | 0.659
TE, . %' 3.29 0.671 0.676
™, 5, % 0.802 0.738 0,741

o [ o
* Indicates presence detected indirectly

Test Frequency = 8.395 Gc/s

2.11 Propagating,Modes.in the Cavity

The modes excited in the air-filled cavity were identified
by usingquuation 2.1 to calculate the theoretical cavity

length at which a particular resonance should occur. Table 2.4
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lists the resonances excited strongly enough to be observable
and compafes their approximate actual amplitudes at the
detector. Some of the weaker resonances found were due to the
excitation of modes in the space behind the tuning plunger
rather than in the main portion of the cavity. These could be
easily distinguished from the normal ones by noting that since
the space behind the plﬁnger is lengthened as the cavity
itself is shortened, the tuning behaviour of resonances
excited behind the plunger will be reversed.

In a similar manner, Equations2.16 and 2.29 were used to
identify the modes in the partly filled cavity. PFor the oil
depth chosen, the TMll resonances are theoretically degenerate

with the TE resonances but are not excited because of the

01
coupling configuration used. No evidence of interference from

. the TM,, mode could be detected. Other propagating modes in

11
the cavity are sufficiently far removed to eliminate the

possibility of interfering with the TEO1 resonances,

2.12, Correction for Klystron Amplitude Modulation

Ampiitude modulation of the klystron causes the frequency
separationvof'the resonance curve half-power points to be less
than the true separation which would be measured if the power
output of the klystron remained constant 6ver the swept-
frequeﬁéy band, For this reason, £he value. of QL calculated
from Equation 2.10 is larger than the true value. An
approﬁimate correction for this error will now be derived for
that portion of the klystron power-output curve which is

nearly symmetrical about the frequency fo.
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Table 2.4 Resonances in the Air-Filled Cavity

Test Frequency 8.395 Ge/s

Amplitude Actual Cav. Theor. Cav.
Mode Length Length
B volt inches inches
* 4 0.644
TElll 30 0.731 0.730
TEs 4 120 0.787 0,784
TEOll 75,000 0.844 0.845
Possibly TMlll 40 0.855 0.845
Possibly TE311 10 0.901 0.886
* 20 0.952
* 10 1.021
TM211 300 1.059 1,051
TE4q4 40 1.105 1.102
TE, 5 200 1.110 1.1Q6
TE 10 20 1.460 1,460
-TE212 240 1.570 1,568
TEy; o 70,000 1,688 1,690
* 4 1.708
Possibly TE511' 60 1.872 1,900
.or TM311 1,886
™y15 240 2.112 2.103
TE113 10 2.185 2.189
TE412 40 2.206 2,203
TE122 60 2.209 2.212
Possibly T™yoo 20 2.351 2,340
TE; 5 200 2.356 2.352
TEO13 50,000 2.532 2.534

*
"Indicates Resonance behind Tuning Plunger
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Referring to the equivalent circuit of Figure 2.5(b), the
presence of amplitude modulation can be accounted for by

assuming the generator voltage to be of the form

E =,E(f) = E(£_) g(fl) cee 2,38

Since ihe correction is limited to the symmetrical portion of
the power-output cﬁrve, g(fl) is an even function describing
the frequeﬁcy dependence of the output ip terms of the
deviation fl. With'this substitution,'tﬁe normalized

transmission through the cavity becomes

T (w) g?(;)
T(w,) 1+ 4A% 2

. s o0 2.34

T(w 1

The half—power points occur when Mo Y =2 ° Therefore,
brecalling that A = ;l , the true vague of O is calculated
from Equation 2.34 ang is given by
' £ o 1/2 |
QL = §T; [Zg (fl) - 1] eoe 2435

The correction term, [Zgz(fl) - 1] 1/2, can be obtained by
using a very simple experimental technique to plot a graph of
the function gz(fl). At any given frequency, the signal level
at the detector is related to.the power output of the klystron,
Quite generally, the power transmitted through the cavity and
delivered to the load represented by the matched detector is

E 2

L ,
PL(f) ='B—2§'- . e 00 2036
s -
Consider the case of the cavity tuned to resonance at a
fréquency f = fo + fl. At resonance, the cavity acts as a

pure resistance of the value RS and hence, evaluating EL’ the



power delivered to the load at this frequencyxis given by

P (£) e Bi‘a = B2 (£ )g?(2,) e 2.87
1 2 s
Similarly, with the cavity tuned to resbnance at the frequency
fo’ the power delivered to the load at the frequency fo is
Bo

‘ —. Ez(fo) ... 2.38
(1 + By + By)°Ry

PL(fo) =

Dividing these twb equations yields the normalized power level
‘at the detector as a function of frequency:

: - g e 0o 03
PL[io) 1 o -
In each case the cavity has been tuned to resonance at the

frequency in question.

£ +f f f -f
o'l |° f 1 Trace 1
} 1 - Markers
. . ' 2 B
/',/-—"__—“~'~\\\ /—g (fl)
/"‘ \\'\\\\

SN o J L_ _ Trace 2

Resonance Curve

Fig 2.10 .Frequency Dependence of Response-Curve Amplitude

Prom this analysis, it follows that the peak of the

resonance curve observed on the oscilloscope traces out the
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function gz(fl), as the-gavity is tuned across the swept-
frequency band of the klystron. This is illustrated in

Figure 2,10, The cavity is first tuned to the ffequency fo and
the amplitude of the resonance curve is noted. The cavity is
then tuned to a slightly different frequency £ = f°,+'fl. The
response~curve amplitude will be somewhat lower due to the
reduced power output of the klystron at the freQuency to which
the cavity is tnned, The original level is restored by
increasing the power input to the cavity with an adjusfment of
the precision attenuator. Continuing in this manner, the graph
of Pigure 2,11 is obtained from the calibration of the
precision attenuator. This graph is converted from thg decibel
scale and is used to produce the required correctioq cuive of
Figure 2,12, The correction curve is completely independent

of the detector square-law chéracteriétic.

Two assumptions which require some explanation have been
made in the foregoing analysis. It has been assumed that the
coupling coefficients are independent of frequency and also
that the detector stays matched over the frequency range of
interest. That Bl and 62 do, in fact, remain essentia;ly
constant is fairly élear. The fields in the cavity at the end
walllare independent of frequency. In the waveguide, the small
changes in guide wavelength caused by the frequency deviations
from fdlproduce completely negligible effects as far as the
operation of the coupling holes is concerned,

The matching of the detector is a slightly mofe difficult
problem. Nearly all of the observed decrease in the output

level was due to the klystron but a small portionvwas caused
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by the frequency-response charac@eristic of the detector.

The two efﬁects are not easily separated experimentally and
the graph of the function gz(fl) includes both., However, for
purposes of simplicity, the correction has been derived for
an ideal detector and gz(fl) is assumed to represent the

amplitude modulation characteristic of the klystron.
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3. TESTS AND RESULTS

3.1. General Procedure

Two trénsformer oils of commeieial quality were selected
for the main series of tests. They will be referred to as
0ils 1 and 2 and were of the following general typesi

0il i -~ a lightly inhibited oil,

0il 2 - an uninhibited oil.'
These oils were artificially aged by oxidizing them at either
110 or 115 °C. The correlation of tan & with deterioration
was investigated by making tan & measurements on-samples aged
different periods of time. . -

The condition of the aged oils was also determined
chemically by evaluating the neutralization number of each
sample., Because of the.complex and lengthy procedure which is
required for a sludge determination, the amount of sludge
present in the oXidized oils was inspected visually gut wds not

measured quantitatively.

3.2. Artificially Ageing the Oils

The basic procedure‘outlinéd is the one used for the first
set of tests. The modifications made prior to a second set of
-tests are discussed in a following section. |

Four oil sémples of 120 ml each were ﬁut into thoroughly
clean, 250-ml Erlenmeyer flasks., The flasks, unstoppered and
exposed to the normal room atmosphere, were placed in a

thermostatic bath whose temperature was held constant at 110_°C.
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An 18-inch length of 12-gauge solid copper wire, carefully
cleaned with fine emery and a dry cloth, was coiled in the
form of a spiral and placed in the béttbm of each flask, This
served as a catalyst to speed up the oxidation of the oil.
Every 48 hours, one of the samples was removed from the heat
bath and allowed to cool to room temperaturé. Detérminations.
of neutralization number and tan § were then made.

The heat bath consisted of a well-insulated metal
container large enough to accommodate four samples at one time.
‘This container Was filled to the proper dépth with paraffin
and was heated by a hot plate. The temperature of the bath
could be‘adjusted to any value between 80 °C and 140 OC, Once
adjusted, a simple electronic circuitvemplpying a thermistor
immersed in the paraffin, automatically heid thé temperature
constént to within £ 1 °C of the set value. The circuit is

shown schematically in Figure 3.1,

"3.3. BEvaluation of Neutralization Number

Thé‘neutralization number of the oil was determined
following the ASTM Color Titration Method, D974-58T(25), The
mathod cohsisted of dissolving a 50-ml o0il sample in 100 ml of
a titration solvent, adding the indicator and then titrating
with a standard alcoholic base solution until the end point was
reached. The titration solvent itself was very slightly acidic
and required a few drops of base solution for neutralization,

A blank titration on 100 ml of the solvent pfovided a

correction for this.
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The titration solvent was prepared by adding 5 ml of
distilled water and 495 ml of isopropyl alcohol to 500 ml of
toluene. The indicator solution was made up by dissolving
2.5 gm of p-naptholbenzein (orange in acid, green-brown in
base) in 250 ml of the titration solvent. For each titration,
0.5 ml of this indicator solution was used. The standard base
solﬁtion was prepared by dissolving 2.5 gm of NaOH in'one
litre of isopropyl alcohol. This base was standardized
frequently by titrating with an aqﬁeous 0.1 N standard HC1
solution., The concentration of-the base solution was 0,068 N.
In order to express the neutralization number in mg KOH per
gram, the calculations were done as though KOH had been used

"in the preparation of the base -solution.

3.4, Evaluation of Tan §

For the measurements of loss tangent, the cavity was
filled to a depth corresponding to one-half wavelength in the
oil for the TEOl mode. Rather than measure the depth of iiquid,
the filling was done volugetrically with a pipetie. The volume
of 0oil required to give the correct depth was calculated from
the measured value ofler and the known diameter of the caiity.
For oils which contained sludge, care was taken to epsure thgt
a representative sample was placed in the.cavity.

The Q-factors corresponding to the TE and TE

012 013

resonances were measured fo; each sample. These were corrected
for amplitude modulation of the Kystron according to Equation 2.35
and were then substituted into Equation 2,25 to yield the tan §

values,
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Equation 2.25 takes a simple form when numerical values
are assigned to the various parameters. For example, choosing
v = 2 corresponds to a % value oflS,OOOfTom Table 2.1. This
value of Qo did not change durihg.the entire peridd that the
cavity was'used. The radius a is fixed at 1,545 inéhes,,the
cut-off wavelength Ac for the TEO1 mode is equal to 2.533 inches
and the»guide wavelength Rt is equal to 1.688 inches. For 0il 2,
€. is equal to 2,165 and hence, kd = 1,032 inches, All the
measurements were made with n, = 1 and n, equal to either 1 or 2,

With these substitutions, Equation 2.25 becomes

3.02

Q - 0'000249 o0 3.1

nz l: Tan 5 =

n. =2: Tan &6 = 2294 _ 0.000275 vee 8.2

Q

These equations.perhit tan 6 to be calculated from the Q-factor

2

of either the TEyy5 oF TEy;5 Tesonance. For 0il 1, ér = 2,150
and kd = 1,035 inches, . Therefore, a pair of almost identical

equations are obtained.

3.5, Test I - Artificially Aged Oils.

Samples of 0Oils 1 and 2 were aged by the method discussed
previously. Both oiis were clear and bright in appearance and
slightly yellow in color at the start of the test. The inhibited
0il showed only a slight discoloration and a barely perceptible
trace of light gréy sludge after 192 hours of ageing at 110 OC,
The uﬁinhibited 6il darkened rapidly in color and began to
pro&uce dark brown sludge when aged for about 36 hours., After
192 hours, the oil was a reddish-brown in color and contained

a considerable amount of sludge. Tan § and acidity measurements
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were made on'samples aged for various periods of time., The
resulfs are given in graphical form in Figure 3.2,
TheAdielectric constant of the oils was origihally
measured as 2,150 and 2,165 for 0Oils 1 and 2 respectively.
These falues had not changed measureabiy after ageing the oils

in this test.

3.6, Test II - Artificially Aged Oils

It was desirable to make measurements on oils which were
more highly oxidized than those of Test I. Por this reason,
the oils for Test II were oxidized at the higher temperature
of 115 °C. In addition to raising the"tempefature.of the heat
bath, the procedure was modified by bubbling filtered air
which was dfied with silica gel, through each oil sample.,

This ensured an adequate supply of oxygen for the deterioration
process, A sample was removed from the heat bath every
24 hours, |
Again, the inhibited o0il was deteriorated to a much
loﬁef &eg:eé than the uninhibited oil, The slight amount of‘
sludge formed by 0il 1 was light grey in color and the oil
»'itself was golden yellow., The aged samples of 0il 2 were very
dark in color and were heavily sludged, Tan § and acidity
values are given by the solid-line graphs of Pigure 3,3, It
was again found that the dielectric constants of the 0ils had
not changed a measureable amount as a result of the ageing
process, |
>‘A»simple test was performed to determine what signifiéance

the presence of sludge had on the tan 6 and acidity measurements,
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The heavily.sludged samﬁles of 0i1“2; upou.whieh tan §
measure@ents'ﬁed already been'made;”wefe“fiiteredvto;femove the
sludge. Tan 6 and acidity measurements were theh made on these
filtered oils. The dashed-llne graphs of Figure 3. 3(b) show
the result. The neutrallzatlon number of the oil was found to
be less after sludge removal but the tan § value was either the

same or slightly increased.

3.,7. Test 1II - Effect of Water

Since water hae a polar structure and exhibits a 1arge
loss tangent at mlcrowave frequency, the tan 5 measured for an
oil will be 1nf1uenced by m01sture content. An experlment was
performed to determine the magnltude of this effect.

A few drops of distilled water were added to a quantlty
of 0il 1 in a glass—stoppered flask. This mixture was stored
for three weeks until the oil had taken on a cloudy appearance,
indicating partlcles of moisture in suspension., A measurement
of tan & was then made on the oil and was found to have increased
from the initial value ofA10,8 X 10;4 tpvll;S»x 1074, No change

in dielectric constant was measured.

3.8, Test IV - 0ils Removed”from Transformers

Three oil samples, Temoved from-tfansformers in service,
were obtained from the.Standards Laboratory of the B,C. Hydro
and Power Authority. All three of these oils were regarded as
worn out and were in the process of being discarded. The loss
tangent and dielectric constant values measured for these oils

are listed in Table 3.1.
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3.9. Accuracy of the Measurements

The error contaiﬁed in the measured tan § values depends
primarily on the following factors:

(a) Calibration error of the precision attenuator,

(b) Random error in heasuring the Q-factor of the

cavity,

(c) Thé presence of amplitude modulation in the-

output of thelswept-klystron,

(d) The accuracy of Equation 2,25 in correctihg

for the wali losses in the cavity. |

Although the amount of error in tan 6 caused by the
calibration of the precision attenuator cannot be measured,
it is estimated to be léss than 1%. For the purpose of Q-
measuremenf, it is required to have two calibration points on
the attenuator ﬁhich correspond to a power difference of
exactly 3 db. The absolute amount of attenuation present need
not be accurdtely known. The attenuator used was compared
with a rotary-vane attenuator whose absolute accuracy is claimed
to be 2% or 0.1 db, whichever is greater. In view of this, the
~estimate of less_than»l% error seems reasonable.

The repeatability of Q measurement was determined by
carrying out a number of identical measurements. When
measurements on oils were being made, the (Q-factors were
génerally less than 3500 and the repeatability was 1%. For
the measurement of unloaded Q-factors in"excess1of 15,000,
oscilloscope trace jittef and broaaening’of.the markers reduced
the repeatabilit& to 3%. This uncertaiﬁfvaf.S%,ip Q, would

not produce an errorvlgrger than 0,5% in the value of tan 8.
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The errors in tan 6 caused by amplitude modulation of the
klystronvare estimated to be less than 2% after apﬁlying the
correction described previously. Since tan § is a'éonstant of
the dielectric, Equations 3.1 and 3.2 should yield identical
values if there is no'amplitude modulation p;esent. In the
case when the swept klystron is also amplitude moduiated, the
value of tan & calculated from the TEO12 resonance will be
consistently lower than that calculated from‘the‘TEdls resonance.
This is illustrated in Table 3.2 which gives the uncorrected and
corrected values of tan 5 calculated for the aged s;mples of

0il 2 in Test II. The corrected values of tan & differ by less

than 2% in all cases.

Table 3.2  Calculated Values of Tan & for 0il 2

Hours at Resonance fl Upcorrectei 'qurected4
115°C Mc/s tan & x 10° | tan & x 10
0 | TEys 1.93 £ 0.01 11.4 11.9
0 © TBy s | 1.23 ¥ 0.01 12.0. | 12.1
24 TByy, | 2.48 T 0.02 115.3 '16.6
24 - TEgig 1.59 ¥ 0.1 16.3 16.8
P TE,,, 2.70 * 0.02 16.9 18.7
48 TEqy; 4 1.72 2 0,01 | 17.9 . 18.5
T2 TEg) o 2.72 £ 0,02 17.1 | 18.9
72 TEg 3 1.74 % 0.01 18.1 | 18.7
96 TEqy o 2.98 £ 0,03 19.0 21.4
96 . TEy s | 1-92 ¥ 0.01 20.3 21,2
120 | TEgs 3,14 ¥ 0,03 20.1 23,0
120 TEbls | 2.04 % 0.02 21.8 |  22.9
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The close agreehent of the correéted values of tan § in
Table 3.2 also indicates that the wall losses.in the cavity
have been properly accounted for. it is not possible to
determine exactly the magnitude of the error intrbduced by the
correction for wall‘losses since it depends on the validity of
the assumptions made in deriving Equation 2,25, An estimate
of the error lihit is obtained by the following fea.soning°

The two basic assumptions méde in deriving_Equdtion 2.25
were that
(a) Except for a magnitude factor, the fields in the
cavity are thpse which would occur for a loss-
free dielectric, |
(b) The wall losses can be calculated in terms of a |
. effective wall conductivity o.
The first of these assumptions is in general use and is taken
as being wvalid. The-second is also in general use and can be
partially justified. A value for Oq can be calculated from an
experimental measurement of Q0 for a particular resonance in
~the air-filled cavity. Using this value'of Ogs the Qo of other_
resonances can then be predicted with an error of less than
'10%, Thus, it seems reasonable to use this same value of O
when calculating the wall losses in the dieléctricjfilled :
cavity. On ﬁhis basis, since the wall losses were less than
20% of the dieleétric losses, the error invtan & from this
source is regarded as being lessvthan‘l.s%; |

In view of the foregoing soﬁrces of error, the absolute

error of the measured tan 8 values is estimated t6 be less than

6%. For the purpose of comparing tan & values of different
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samples without regard to the absolute value, the error is
‘less than 2%..'_'

Dielectric constant measurements made with the completely
filled cavity have an error of less than 0.1%. .Medsureﬁents
of dielectric constant for the aged'samples were made with the
cavity partly filled. PFor these, the error is less than 0.25%.

The repeatability of the acidity measurements can be
summarized briefly as follows. The samples of 0il 1 were all
lightly colored so that the estimated repeatability is better
than 0.01 mg KOH per gram. For the aged samples of 0il 2, the
darker color made observation oflthe end point more difficult

and the estimated repeatability is 0.03 mg KOH per gram.

3.10. Discussion of Results

The graphs of Figure 3.2 and 3.3 show that a correlation
exists betweehAthe measured values of tan § and acidity for the
aged oils., Some of the qualitative aspects of this correlation
may be deduced from the graphs of Figure 3.4 which have been
prepared by piotting'the incremeﬁtal changes occurring during
the ageing experiments. Referring to Figufe‘s.é, several
observations can be made: |

(a) The relation between tan & and acidity is

approximately linear except for the very early
stages of oxidation,

(b) The increase in loss tangent which occurs is

related to the nature of the oil and also to
the conditions under which the oxidation takes

place,
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(c) For the same increase in acidity, the increase in

loss tangent for 0il 2 is approximately twice that

for 0il 1.

0.40
: 0il 2
I _ 1
=0 T Test II y
% 3
m .
g 0.30
- _0il 2 y
~ \ o
én \\ Test I f
| \
% 0,20 - o
o 0il 1
3
P Test II| °c /0
< .
=] /
-
o 0.10 ; /u/
0
3 ////
Q
S' .
=
4

P B B A

5 10
4

.Increase in Tan § x 10

Fig. 3.4 Increase in Acidity versus Increase in Tan &

Although the correlation between the loss tangent and
aéidity is very definite, the measurement of the loss tangent
is not merely a direct measurement of acidity. It is quite
probable that at least some of the oxidation products
contributing to the dielectric losses have a polar structure
without being acidic. This fact is borne out experimentally as
shown by Figure 3.4. During the very early stages of oxidation,
tan & increases rapidly compared with acidity,‘indicating that

the initial oxidation products are polar but not acidic. However,
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except for this initial period, the gquantity of acidic oxidation
products formed in a particular oil increases more or less in
step with the quantity of polarizable products giving rise to
the dielectric losses, |

It will be recalled that the aged samples of Oil 2 were
more highly sludged than those of 0il 1 and hehée; one might be
led to believe that the higher values of tan § for Oil 2 were
caused by thé>extra sludge. This conclusion would not be
correct. The loss tangent measurements made on the oils from
which the sludge had been removed by fiitration, showed no
decrease in tan 6.».In fact, a slight increasé Wés noted in some
cases but this was undoubtedly due to inadvertentlygcontaminating
the samples with water, or some-other polar impurity?fduring the
filtration proéess. It must thereforebbe concluded that the
sludge particles themselves do not make a significant
contribution to the value‘of loss tangent measured with the
technigque employed.

The foregoing analysis does not necessarily imply that
the sludge content of an oil and the meaéuredﬂloss.tangent are
not related.. It is Quite possible that these two quanfities
may be related indirectly. TFor instance, an oil showing a
tendency towards sludge formation might_also tend to form
other oxidation products (ﬁoﬁ necessarily acids) hévihg high
polarization losses° In this way, a high loss tangent might
be indirectly iﬂdicative of a high sludge content even though
the sludgé itself is not'responsible,fbr the dielectric losses.,
The experimental evidence suggests this proposal.as a

possibility but it has not been adequately demohstrated.,'
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A possible reason for the negligible contribution of the
sludge to the polarization losses is that‘thé iﬁsoluble '
particles settle out rapidly to the bottom of the cavity where
the E-field is weak., Thus, even if the étructure of the
particles happens to be polar, the dielectric losses associated
with them will be small; 1t thé particles could be placed in a
region of high E-field, possibly by a different mode choice,
the losses héasured would probably>5971arger; -However, it is
felt that the losses caused direétiy bj thé préSence of the
sludges would still be a small percentage of the total. This
6bservation is based partially on the relativqu small effect
which sludge‘removﬁl had on thg acidit§.§f thé'sampies. :

qucause the inhibitors ad@ed to transformer oilé are often
polar compounds,vthe initial loss tangent‘measured-for new oils
may vafy over a considerable range. This aspect was not
investigated in detail but a few measurements on new oils wére
made. An uninhibited oil had a loss tangent of 11.3 x 1074
while'a heavily inhibited 0il, known to be of high quality, had
a tan § value of 14.1 x 10-4. As a result;vif is clear that a |
measurement of 1osé tangeni, when applied to new oils, cannot
bé used as a criterion 6f quality.

At a frequency of 8.5 Gc/s, the loss tangent and dielectric
constant of water are approximately 0.5 and 65 rgspeétively.
Test III was able to show that the presence of water did
produce a measuregblévincrease in tan § but the magnitude of
the increase was small. This isbexﬁlaiﬁed by noting that the
solubility of‘watef in a new oilvis'low, 5eipg'of the order of

76 parts per million (ppm). For a used oil containing
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moisfure-absorbing material such as cellulose fibres or
hydrdphilic‘oxidaﬁion.products, a somewhat higher moisture
content is possible but the increase in tan & caused by thé
water would still not be large. It may therefore be concluded
that the increase in tan § in aged or used oils is caused
primarily by polarizable substances other than water.

| The changes in the dielectric c;nstant caused by the
ageing or by the presence of water were of no significance

for any of the oils tested. Even contamination with a material
of high dielectric constant such as water, produced a change
in €. which was small enough to be masked by the experimental
error, This seems at first to be somewhat surprising but it
is fully:predictabie if one considers a contaminated or
oxidized o0il to be.the normal oil, loadedhwith small‘pafticles

(26) gives an

having a different dielectric constant. Lewin
equation for calculating the effective bulk dielectric constant

of a particle-loaded dielectric:

3(¢)
€r = 8o (1t T3 26,4 o
L2 TO 7

®, = €ro

[ A 303

where

€ = effective bulk dielectric constant of the

T
paerticle-loaded material,
€., = dielectric constant of the main material,
ep = dielectric constant of the particles,
(%) = ratio of total particle volume to total

volume.

Bquation 3.3 may be used when the radius of the particles
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is very much smaller than the wavelength in the dielectric,
Applying the equation to a transformer oil coﬁtaining water
particles, it is seen that a concentration-of approximately
800 ppmbwould be required to produce a change in the
dielectric constant of 0.25%. It follows that the much
smaller concentrations of water found in practice do not
produce a measureable change in €pe

Sincevthe oxidation of an oil affects only a small
percentage of the hydrocarbon molecules, leaving the others
unchanged, ﬁhe same argument may be used to show that the
bulk dielecfriC‘constant should be affected only slightly by
the ageing process. This was borne out experimentally by the
measurements made on the artificially aged oils. The seivice;
aged oils examined in Test IV showed a considerable variation
in €. with the most severely deteriorated oil having the
highest dielectric constant. It is felt that this is
coincidental. The values of €. that were measured are
probably determined by the original dielectric constant of
each oil rather thaﬁ by the‘degree of deteri&ration.

The technique employed for measuring ihe dielectric
losses at X-band produced very good results, The most serious
experimental difficulty encountered when first trying out the
method consisted of ghost-que interference in the partly
filled cavity. This pfoblem could be reduced by using a cavity
with a smaller diameter, say for instance, 2.1 inches. The
guide wavelength corresponding to a frequency of 8.5 Ge¢/s would
then be 2,35 inches and only 6 modes could be propagated in the

air-filled cavity. When partially filled with a material whose
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dielectric constant is 2.15, an additional 5 ghost modes
could_exist. The dielectric depths corresponding to the
excitation of these ghost modes could be avoided much more
easily in thisvcavity than in the larger diameter cavity.
Because of the longer guide wavelength of 2.35 inches,
the cavity barrel should be made longer and a micrometer whose
travel is not less than 4 inches is recommendeé. The detailed
design shoﬁld be worked.out'so that with the désired'depth of
dielectfic in the cavity, the tuning plunger is capable of
being adjusted‘to yield any of the resonances, TE012 tq TE014
inclusive., The theoretical unloaded QAdf these resohances
would be between 18,000 and 22,000 in a brass cavity at
8.5 Ge/s. This cavity design would permit the same type of
measurements té be made with a considerable reduction in the

mode-interference problem.
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4, CONCLUSIONS

The significance of the microwave-frequency dielectric-
loss measurement when applied to the evaluation of aged
transformer oils has been investigated. _

The technique of using a TE,, -mode éylindrical cﬁvity,
containing a depth.of 0il corresponding to one-half wavelength,
proved to 5e a very satisfactory method of measuring the
dielectric losses at Xebénd. The Q—measuremenf technique
employed was sufficiently sophistiéated to redﬁcé the random
error in the measured loss tangent valﬁes to less than 1.5%.
The absolute error in the_loss tangent values is less than 6%,

It has been established experimentally that the loss
tangent of transformer oils, measured at X—bénd, increases as
the oil deteriorates through oxidation.: The increase in loss
tangent closely parallels the increase in acidity but also
depends on other factors such as the nature of the oii and the
conditions under‘which the oxidation takes place.

Sludge particles, when pfesent in an_agéd £rénsformer oil,
do not in themselves cause a significant increase in the
dielectric losses. The possibility of an indirect relationship
between the loss tangent and the sludgeICOnfent of an oil is
indicated but has not been established.

The change in the dielectric.constant of an o0il, caused
by the presence of dissolved Wafer; or by the artificial ageing
process, is too'smail to be-meaSured‘by the methbd used. A
small but measureable increase in the loss tangen£ is produced
by the presence of water in concentrgﬁiohs of approxiﬁately

75 parts per million,



7.
APPENDIX

Evaluation of the Stored Energies

‘From Equation 2.23, the expression for the dielectric-

stored energy Ud is given by

2 ' : _
Ud..‘ IIEl | | oo Al
| - Dielectric Volume
Substituting the value for the electric field given by

Equation 2.13b into’Equation A.l and referring to Figure 2.6,

the foregoing equation becomes

U, = %1ed | » Cdz(%ﬁ)z'le(kr) sin2 del anbdr'dzl
. z=0 7r=0 ’ ‘ e ee A, 2
The depth of the dielectric is chosen so that ﬁd = n; ( d)

)3
and lt = n2(§_) where_nl'and n2 are integers,
Noting that Jl(ka) = 0 for the TEOI mode, Equation A.2

integrates(27) to yield_

2 2 2 - d ~
Ud = T(Gd d (—E) O (ka) nl ('4—“‘) ‘ e o0 A°8

A similar integration for the air-stored energy gives the

follow1ng resu1t°
U J—"ne' Z(E&)z a? 'z(ka.) o (k) o A4
t - o 2'4 S tee T
For the dielectric depth chosen, an inspection of

Equation52,15.shows that

2 - 2 o . see A5
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and hence o
, g 3
t T2 M
U, = n,e 3
1%r Rd

>

oo A6

where e is the dielectric constant ed/e .

Evaluation of the Wall Losses

The wail losses are calculated from Equation 2,24:

o .
P, fIHTI
o Wall Area
On the side wall in the aielecfric,_HT.= H, = CyJ, (ka) sin Bz,.

Therefore, the side-wall loss in the dielectric is given by

da

1 2 ;2 . 2 -
— : C.,” J “(ka) sin” B,z, 27ma dz
Z4,5, J[ a Yo . i“ %
Integrating, the side-wall loss in the dielectric is equal to

2 2
Cy” I, (ka) ma n, g
4=Ae°e

eoe AT

On the end wall in the dielectric, Hp = H = d(k —). Jy (kr).

Therefore, the end-wall loss in the dlelectrlc is given by

_ a ,
1 2 Pa2 |2 |
TR f Cq (-k——) J;“(kr) 2mr dr
e e
r=0
“Integrating; the;end—wall loss in the dielectric is equal to
Paye 232 | |
-—-——- ( ) J (ka‘) . o 0 0 A08
2 Aece k ‘o T '
In the air—filled section of the_Cavity, the wall losses
are calculated in a similar manner by starting with
Equation 2.24 and using the expressions for HT whlch apply in

the air—filled;portion. The results are as follows"
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The side-wall loss in the air-filled portion is equal to

2 2 '
C.” J, (ka)ﬁa nohy

4er°e

The end-wall loss in the air-filled portion is equal to

t s 00 A09

| Be, 2 2 A o
e A 5 () ct J % (ka) o cee 4410

Thé;total wall loss in the cavity is obtained by summing

N | A
the quantities A.7 to A.10. Using the relation K —2 to

simplify the resultant expression, the total wall loss is given

by A | e 3

naxd cd oz(ka)1 S Y xcz_
Pw = 4 A G nl + n2 _‘§ + 43 -T e o e Aoll
. ' e e AN ¥ 4

The guantity A} is determined from a measurement of
the unloaded Q of the cav1ty° For the empty cavity of length
A \ _
10 such that Qo = V(Efd where 'V is an integer, the stored

energy is obtained from Equation A.4 and is equal to
2 wp 2 g2 ; 2 v (M
O (F)° 2= 9,7 (ka) ¥ (2)

The wall loss in the gmpty cavity may be obtained from the

quantities 4.9 and A.10 and is equal to

c 27 %ka)nava 4a A °
0 9 t l + —_— .
4 A% va°

Stored Energy
W “Wall Losses

Since Qo , it follows that

_ wpy2 1 o : ees A.12
Qo - u)eo(k ) Aede s 2 -
) y 4a. Xc

1l +

S oje

.3
vxt ,
1

Equation A.12 is used to elimihate the qugnyity TE———'from
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Bquation A.11, with the results.

7 - - }\ ) }\'cz 3
) A ) nl+n2;\——3+4a'-):—-§b
1l Cowpy2  ac d 2 2 S0d ' ~d
Py = Q; weo(EE) T " I, (ka )q o o f
. o : - 48 Ac ‘
1+ —3
R Y
.... A.13

The quantities PW, Ud

substitution_intovKuation 2.21,

and Ut/Ud are now available for
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