Al

STUDY OF SOLID AND LIQUID DIELECTRICS,

BY NONeDESTRUCTIVE TEST,USING SCHERING BRIDGE,

BY

MD,ASADULLAH KHAN

T
e

A THESIS
SUBMITTED TO THE DLPARTMENT OF ELECTRICAL ENGINEERING

BANGLADESH UNIVERSITY OF ENGINEBEERING AND TECHNOLOGY ,DACCA
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE

OF MASTER OF SCIENCE IN ENGINEERING (ELECTRICAL),

DEPARTMENT OF ELECTRICAL ENGINEERING

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY,
- DACCA, BANGLADESH,

) JULY, 1977,




b

CERTIFICATE

THIS IS TO CERTIFY THAT THIS WOHRK WAS DONE BY ME,
AND IT HAS NOT DEER SUBMITTLED ELSCWHERE FOR THE AWARD
OF ANY DEGREE OR DIPLCMA OR FOR PUBLICATION, '

COUNTERSIGNED

g/

SUPERVISOR,

SIGNATURE OF CANDIDATER.,




ACCEPTED A5 SATISFACTURY FOR PARTIAL FULFILMERT
OF THE REQUIREMENTS FOR TilE DEGREE OF M,Sc (ENGINBERING)
IN ELODCTRICAL ENGINEERING,

EXAMINERS : =

o el hetiy

w o %M

144) - O

iv) f;ﬁ&é;anéAa—




' ACKNOWLEDGEMENTS

The presont work was done under the supervision of
Dre AesMeZahoorul jiugq, Professor and HMead, Department of
Blectrical Engincering, Bangladesh lniversity of Enginearing
and Technology,laccas. The author is grateful to him for his
patience and continued interest to sce that this work progre
eased satisfactorily.

The aunthor wishes to thank ¥Mr, Giasuddin Ahmed Mellah
Executive Engineer, PDB, Dacca, for making the 11<EV 3 core
paper insulated lead covered (PILC)cable available for |

exXperiment.

There are many others whose suggestions helped much
in overcoming many difficulties, The author expresses his

gratefulness to them also,.



|

\

The pressnt work deals with the study of difforont
commercial dielectrics at high voltages to chserve their
dissipation factor (gangent of the disicctric luss angle)
and capacitance behaviour under difforoent condition, The
Schering Bridge was used for the burpoaa.x\This is a vory
ugeful non-dostructive method of testing dieluctrxca. A
schering Dridge,with. some of the auxilisry apparatus,lyins
unused and in a davaged condition, bhad to be émpnirad nnd
brought to proper working condition for this aéhdy. The.
thesis doals with {i) the gencral theory of schering Bridgﬂ.
and (%) interpretation of wariation of the dissipation factor

and copacitance as obtained Ln the study.

High-frequuney polyothylene cable, 11-KYV 3 core PILC
sable and transformer oil wore testoed under varying conditions
auch ax roepeated etress, long duration stross, chango of texp-
oxragture, etc. From the results attompis wore made to ovaluate
the condition of the dielectric from the point of view of

its2 breakdown strength,
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CHAPTLR=-I,

INTRODUCTION :

The different properties of electrical engincering mgterials
se—conducgor, insulator and others——should be procisely known for
their proper utilization, Moreover, the properties of the differe-
nt materials are not independent of the environmental conditions.
That is, the properties change with such factors as composition,
presence of impurities, temperature, humidity, eotc, Hence it is
very important to gather as much information pbout these materials
as possible under the different conditions, The nocessity of newer
materials required to suit the different conditions become importe
ant as research and developement of the clectrical onginocering
science tendsto produce articles and equipmont for the greater
benefit of users. Tho enormous advances that have talken pluce in
the difforent branches of electrical engineoring are largely due
to careful experiwental researches, being based on a fairly come
Plete mathematical and physical theory, in which the various elece
tric, magnetic and other relevont properties involved have been
precisely measured.

Insulating materials, or dielectrics, as & class, are required
to stop the passage of electric curreont at places where it is not
required to pass; in other words, it should posscss olowst an infie
nitely high insulation resistance, They surround cunductors in
celectrical epgipment forming electrical insulation between parts
across which a voltago oxists, Air acts as an insulator for over-
head transmission lines, Oil-impregnated paper-~=and other typocs
of dielectrics also =~ is required for underground cables, Then
there are othor sorts of matcorials to suit the respective candi~

tionse Thus transformer oil, in addition to its cooling purpose,



serves also as an insulation, In short, there is nc piece of
elactrical equipment that does not depend on insulation in some

form to maintain the flow of current in the proper charmel,

For dislectrics == like other materials = their required
properties should be preaerved as far as possible under the
different conditions for thoir proper utilization; and hence
the need arises for measurements of their different Propertiea

under different snvironmontal conditions,

The elactrical proﬁnrtios of dielectrics which are very
importaynt are the insulation roaiatanco. breakdown strength,
permittivity, dielectric loss angio {the tangent of this angle
is known as loss tangent or dissipation factor), conductivity,
etce, Of the Abovo mentioned properties this work deals with the
investigation and itudy of two properties ——- loss-tangont or
diddipmtion factor and capacitance {dependent on the permittivity
of the dielectricl,

It is a proven fact that the properties of the different
materials is dependent on their molecular structure., The molecular
structure of the dielectrica studied in the investigations reported
in the thesis are different., Thus while polyethylene and transformer
«=0il are non-polar materials, paper is a pila, mnterinltzl). Also,
there are physical differences botween these; while polyethylene
is a solid, tranaformer oil is a liquid, and oil-impregnated,
paper is a solideliquid combination,

As has baen monfionod oariier. two important properties of
these dielectrics have been investigated to some extent. These are
tﬁe loss tangent and capacitance. The angle by which the current
in any dielectric is not in quadrature wifh the applied a~c voltage

is known as dielectric loss angles. The tangent of this angle is



called the loss~-tangent or the disasipation factor, This defect in
the quadrature angle (for ideal case) arises from the fact that

no dielectric is perfect, and thus it possessos some cunductivity.
This cuasos an absorbtion of eclectric ancrgy by the diclectric,
This absorbed cnergy is dissipated as heaty The loss tangent is a
veory iumportant parameter of the dielectric; its impertance as an
index of the perfection of a dielectric cannot be ovor-emphasized,
since it is the best single test which can be made,without the
destruction of the dielectric, to determine tho suitability of the
dieloctric for a particular purpose, as woll as the state of the
dielectric at any time,

Eve,y dielectric material poseesses the property of storing
eloctric encrgy within it, and this property is callod the capaci-
tance of the diclectrics This capacitance depcnds, besidos the
bulk of the dielectric, upon its permittivity, £, which is a meas-
ure of its ability to store electric energy within it, Thus, the
grecater the permittivity, the greater is the capacitance of any
dioclectric or insulating material, ==the bulk, of course, remaining
the same,

Hith the above in view, tho following types of tosts, and
other experiments have been performed and reported in the thesis,

(1)  Testing the behaviour of high=-frequoncy, low voltage

polyethylene capble at high voltages and power-frequencies

(2) (a) An oil-impregnatod paper cable was testod with

repaaled and excessive stressing to obaervo! thoir
harnfgl effect, if any on tho dieleoctric

(b) This dielectric of the same type of cable was next
tested a few days after its breakdown wvhich was made to

take place after the repeated stressings, as stated above,



(3) Samples of transformer oil were studied to observe
the effect of clevated temperatures on their loas

tangent and capacitance,

The Scheping Bridge provides a verywseful and
conveni?ﬁt means to study (and moasure) the capacitance
and dielectric 1oss.nngle of die1eétrics. This bridge is
superior to other typos of bridges in many respects, Detailg
about the different mothods of mea&uring the capacitance |
'and loas tangent ?an.bn found in B., Hague's "A=C Bridge
Hethuds‘a). In Appendix G are givenlsome bridge notworks
that are satisfactory for .the measurement of dissipation
factors and capacitance, Since the Schering bridge had" been

used in the inVestigafions. sonme reldvant details are given

in the next chapter {(chapter 2),
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CHAPTER«Z,
THe SCHERING BRIDGE

2.1 INTRODUCTION:

‘Tho Schering Bridge waps fnvented in 31920 by HaSchoring and
is namod afber hiéai. This bridge was deseribed at an earifer date
By Phillips Thouss in “"United Statas Patent"No. 1,166,150 which
was accepted in Dac, 1915, figh-voltage testing in America tended
to be restricted to the usae of Wein PDridge. The bridgoe was entirely
devoloped in Europe, and was unsed by H.Schering and his associates.
This bridge could be designed for use at high-~voltages, and alsoc
for meaaurau#nta at diffarent frequencies ranging from 20 , to
i Hna' Low=voltage testing on swall capacitors with wvery high
precision is nlso possible. For o detailed discussion on 2he diffe=
erent aspocts of this bridge, one is referred to Hague's hnoéz’
"altornating current Bridge Mothoda',

The Schering bridge proves very easily operative for mnking
measurements of capacitance snd loss tangent of dislectrics at
high=voltagea,

2424 THE SIMPLE SCHERING DHIPGE:

The Schering Pridgoe in its simplest form is shown in £ip.2.1

below: e

high-voltage .
transforaner
secohdary

Pige 2.1 ¢ Simple Echﬁring Oridge.



In the figure, C, is the effective capacitance and R, the equie-
valent loas resistance of the imperfoet dielestrie. Evidently,
no dielectric mediun ig fully ingulating; it vill bave scome con=-
ductivity, though very very omoll., C, represants the standard
alr-capaciter. Cy 48 a variagble copacitor. 23 end R, are non=

inductive reglstors. The impedances of the varlous branches aros
ﬂi'vj'cl'
1
22-(37'554»22)
23=233

1

Zk-
1

then balanced, that is, with no current in the detector,
-e'get(a)

3123 = 5224

Putting in this egnation, tha cireuit aymbols for 51. 2&2. 23

and 2.+ wo get
LY ' _ 1 - R')(_._____'_{_.__)
AR = we, YRy +JjwCs

Jwg

o, Ra(teurivts) =guci (Yiwes+ R2)

from vhich, after simplifications, we have
c R
4 R

4 .
: 3; ongd ca.-;;n—- c1 H
' 3



For a parallel representation of the dielectric, ac im chown

in ths figure below, we have the following eguationas.

k==
£wly

"D‘XCLS rom
'Pa'i‘ C‘z P | G\Q_
i T%kval\el,

7

o] £

- o

P s

For arm 1, 2, = = -252

For emm 2; 32 - e

arno 3’ 213 - RB
Ry,
arn ’f' z‘} B Ewph i mi el mieir G N i S
(1 + jwCpBy)
Under belence conditicn
: zi/zz a I,/ %3

2 .
or, . - —mmeiim D e -

R
B,(Le§uCRy) . I
1l 3'0434

T '1 - (1+j!chﬁh)

Ry

Rationalyzing, we have

R, ( 1-31‘02122) .
533 & wmcbewee (1 & JuC,R,)

33(1 + wC; Ry ) I wC, R,




E uvating regl terms,

R, CyR- )

2

2
> R c

2
l+9w C > 5

Now, frowu the vector dlgpran choun below, for an a-pdied

voltace E,
E' CE ] CaBa
Coafa L =
1
E L F 2.2 WG, R,
> + W Ca
2 02 Ra
l +w 2 2
2 wacg Rg
or Cos" 6 = =
2 A2 el
l e+ w C2 Ra

Substituting 00525 in the e~uaticn c¢f renl torms obtained above,

we h:ve
A L
Cos25 - Cy, Ry c, Cos 5
C.. =
2 ® 2 2
w,C5 R, C, u" CC, R,

From Fige2s2, showing the ecomplote vector dlarran for hle

bridge network un.!er balance conditiona,

tn & awC, /- = w C,R,
R

4
/R 1
o 02 ] CER2
2
v CI‘_B’L} - ]J' ceﬂz or, RI} - ]J 1% 02 C#Re ¢ R
Substituting Ry in the oxpressiocn for C, flves C, = -»-é-ﬁ--Cos%S
3
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Pige2e2» Vector Diapgram for 2k Schering Bridge under
Balence Conditiona

Tha vector. diagronm of Fig.2.2 needs, perhaps, scise cxplanations
Vector OA reprosents the voltoge applied to the bridge !Eom the supply
transformers OB is the iﬁléage drop va acrogs art 2 which, when no
current flows in the u-xn null indicator branch (i.ce under bolance
condl.tions), is equal in magnitude mnd phase o tho voltape drop acrosc
arm 1, Vector OC i the drep ¥, across arm 3, vhich is equal in nRagnie
tude end phase to thpt actoss arm 4, Tho vector sum of OB ang OC obvie
ously glves the total bridpe voltage O, The current 11 flowing 1n'arm
2 end 3 is represented by vector 05, while OG roprosents the currcat 1,
fiowing in branches 1 and 4 « OF and OX reopresent the ¢6mponent parts of
current I, vhen split up betecen the capacitence Ce md reglotance R,
In the same way OD and OH roprosent tho componentm of the current Ly

when split up between By and €y«

The magnitudes of aome 0f tha vectors, ce.ge 0Cy are oxagnerated
for the soke 0f clearness. V4 iili, in rezlity, be very small comparod
with Vz and ¥,
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2,3 MODIFICATIONS OF THE SCHERING BRIDGE TO SUIT DIFFERGENT

CONDITIONS s

The aimple Schering Dridge has to be modified to include
ceftain precautions, to use it for testing short lengths of
cables, porcelain insulators where charging cuarrents are usuplly
small, about 30 millismperes. Near breakdown, whenr the current
becomes excessive, this method is not very suitable becauso it
is difficult to design non-reactive variable resistors, for use
in arm BB' which can carry la?ge currents, This defcecet is elimi-

nated by using the circuit shown in figure 2.3 beiow&

Fig=2.5: Mofidications of the Schering Bridge for large

Charging Current,.
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o cmmnm:

In the figure, n is a fixed low rcsistance, r is a Lixed
resistance of highor valuc in series with slide wire 3 tho sum
n+xr » L) is a constant ,~=usually equal to 160 ohms. The resis«
tance . &8s a non~reactive decade box upto 1111 ‘aulms-. P and 63 are
adjusted to secure balance, and by moving the potsntial contact on
the alids wire, a suftable value of n can he chosens This rosistance
combination can be cunverted into its equivalent star, and it can
bs ashown that balance occurs whon

c-ifcza 5(n¢r-« s*-P)In{P#G"} |

e (100 ¢ Pi/n (PeT )

. Qg r5 =@
tan 5 = \uScs_-wS <, — ws ¢

IR

& 0.1 _¢3 . |

where (n + r +s ) =100 ohms; S = 1000/r and Cg is in microfarads.
The second term in the oxpression for tan & is usually soall, and
can be neglocted, | |

The drraongement shown in figure above has been used to measure
capacitance l;pta 5 mf at high voltagess to exteond to capacitance
ranga, it is requiroed that the low-resistor n should be of very
gmall a8 valuoe. Vhen thisg is donu, the réaidual inductances of the
resistances and thoir comnecting leada,espoecially in n, have enocugh
effoct to distort the measurementa of the capacitance and the diclee
etric lcoss angle; the simple theory given has to be modified to |
include certnin modifications. Sume workers, Zickner and P teal‘fni-i‘
¢ ¢ have worked ourt the necossary corrections. They have ahown that
large condensors con be neasured with good accuracy when precaution

are takon.
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SCHERING BRIDGE WITH BARTHED SPECIMEN:

In the case where ono electrode of the apecimen §is nocossa=
ridy at ground potontial, such as in cable tosting where the lead
sheath is earthed and in testing high voltage bushings where the
.eentral ring is fixed to the ecarthed tank of a switch er tranafor-
-mer. In such cases it is not allowed to earth B, as had been done
An previous circuits; ond another method is adopted,

The earth point is shifted to point A, giving the so~called
finverted"” achering bridge. It has been introduced by Beormann and
Yeiler. A shield gy joined to the high~voltage cormer B defines
the stray capacitances between the high-voltage parts of the bri-
dge and the low voltage sides of Ca and Ca and ashown in figure
(2.%) below. It is seen that the adjustable arus‘ot'33 and C, are
at the full teat vclitage above earth, and must be provided with
fully insulated control handles to avoid danger tc the operator,
This greatly uniplicaie:.the congiructional features of the bri=
dge, but inspite of this difficulty satisfactory apparatus has
been made for tasting of bushings and cableas "in situ"] double
sheilding is uscd, an carthed sheild enclosing the highevoltago

shield shown in the diagram,

These difficalties are removed by-trannferring the aarth
point to C’. Roferring to figure 2.4(b), ecarth capacitances

from the cornﬁra Dy, B and A act as shown. The capacitancn c

Shunts detector and doeg not affect the balance & <, is in
parallel with ci and €, with RS’ theae introduce errors. Dy moans
of a asafety gap, &t is ongureqd that U never rises more than a fow
hundred volts above earth, svo that the offect of Qa-on R§ is vary
amall and can be aliminated by balancing the bridge nu-ahovn;

obtaining values of Co and tan o for the combination in the
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branch AC. Now remove the test specimen and rebalance, giving
¢, and tan & A+ Then it can be found that approximately,

M e e
cl___co CA

and.tansfic_;(co tan 6¢p = ¢y tanb, )

(. {:0 - c“ }c )

4
: -5 C
A ”'ﬂ,' :" &
Ca /{;\\’6’? H
: X J? s /
N%@ﬂzuf‘“Lg
- ‘>(\,? Wg.w‘ - *‘4 74
A :
s v
v b e A it e '\I; . a
. 'j’ - N R

5 ~ 1 )
ey EORET Y CTEA
mammy SNy gap

&

Fige 2.4 ¢ Schering Dridge with earthed test specimen.
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It is necessary thot the earth and interwcapacitances
ronaln definite and this can only be socursd by proper shielding.

Fig 2.4%.(¢) shown dingrammaticaily and arrangezent of shields
intonded to define and localize ths capacitances and leakances
hetwoau tho bridge atas and botween the primary winding,secone
dary winding and the tynk of the supply tranaformor. Dielectric
loages betweon the socondary winding and the insulatod tank are
considerable, and can ho eliminasted from the bridge meoasupements
by enciosing the prisary winding in an esrthed shield and the
socondary in a shield joined to the lowevoltage corner Dy the

tankk i3 joined tu this comner also.

24 ~THE SUBSTYIYUTION MLTHOD OF USING THE SCHERIKG DRIDGE:

llero the bridge arks consist of clomonts arranged as shown
in figu£:)2.5 ¢« The components are the bridge aro egual ratio
arms R, and B, a standard air=capacitor Cg, and a balancing
capacitor Ggpe This mothod is used becuase of its greater accuracy.
The spocintn is connected in parallel with the ptandard sirecapa-
citor, and the bridge balanced; then it is disconnected and the
bridgs robalanced. The parallel capacitance ¢, of the specimen is
the difference of the two readings of the stpndard capacitor
{readings with the specimen disconnotted being primed)

Cp

w A C = c;,u Cy

The resistive balunce of the bridge can be made in three
ways ¢ by a variablo rosistor of low value in series with the
standard cepacitor C, (serios-restistance bridge), by a variable
;capacitog in paraliel with the ratio HB (Scharing.ﬂridga}, For
the-ﬁchering Bridge the dissipation factor (loss tangent) I of
the apecimen is

)
p= B __AD
Ac
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' ' :
where AD a8 -0 =R ( Cp » Ly Jo The total éapgcitnnﬁe-ﬂé

in the capacitance arns ashould be as small as posaible ac that
tha'chnn;ﬂ-in.disaipation factor AD may be as large as possible,

sspocially for low-loss materials.

Fig=2.5 32 The Substitution Method of YUsing The Schering
By idgﬂ s

The balance squations of the simple Schering bridge ore not
concerned with tho parallel caponcitances of the two cepacitance
armpi rather, they are concerneil with the series vapocitoancos.

This fact, in combination with the fixod atray capacitance CA

across ratio arms R5 == this produces & diagipation faptor reade=

ing DA w Ccauses cross terms to appoar in the balance equations

when high losses ore moasurcds. The c¢omplets equations are &

1 4+ all

L 1 A e

P t + Da
¥

p = & . AD

AC 1 4 ab
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]
AD, and the dissipation factor

L c '
wviiere a = [ e < AD 2 D
AL AC

’ L)
readings D and D have been increased by DA'

245 «THE MODIFICD SCHERING BRIDGE USED IN THE STUDY:

INTRODUCTION

The bridge circuit, FigngG consists of four armsj the highe-
volitage arms AB and BC and the lowevoltage arms AP and €D, In
addition are suitable shield and guard arrangements and an adjuse
table low~voltage source. This bridge unit provides the two low~
potential arms, shield and guard adjustment circuits,

The elements ofithe different arms are : AB - highevoltage
standard air-capacitor ci‘ BC - test specimen in a suitable
holder, GB =4FP'-313 decade dial resistor suitable for alterna~
ting current, RS; AD=adjustable capacitor, c4. shunted by resistor,
R&. from which a centre tap connects through an adjustable air

capacitory Ca, to the grounded shield,

This ﬁhrficular bridge is designed to measure the ﬁieleetric
lose angle and capaciéhnce upto a maximum of-25 kilovolts, which
can be wvaried frdﬁ zero to that value. The range of capacitance
measureable accurately is from 4o to 20,000 PF, using a 100 DPF
air capacitor as astandard, and the tangent of the dielectric loss
angle (tan &) from 0.000i to 1.00, The”maximum rermissible specimen

current is 7?5 wmilliamperes.
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Be5s1 = VOLTAGE SHURCéSS

The bridge requires two voltage 5°“f¢¢£?}conneeted~inuart&s
as is ahown in Fig.2.7 & one L4 an adjustable low=voltage source
and tho othor a high-voltage source. The bridge is counnccted to
an earthed common shield which is connected to the common termie
nal of both sources and is equipotential with rospect to the

detactor branch, The shield and detector branches ars egquipotenw

tial when
W% s e
n 3

whero ?h is the voltage of tha high-voltage source, and vV, that
of the low « voltage source. The equipotential condition is obta=

ined by adjusting the low=voltage V| both in ﬁugnitude and phasa,

This sort of arrgngement compietoly eliminates any wnmanted
ébﬁplinc and prnvidae‘équipotential protection for the detector.
The guard ring of the highevoltage capacitor is msaintained at the
potential of the guard electrodes, for which reason its wvaluo is
rendered definito in magnitude. The capacitance of the bridge arms
do not affect tho balance condition, since they eithexr "act" haw
hetwaen theraquipotantial points (the capacitances ljumped at the
pointe A and € ) or shunt the two sources(the cupacitnnuas'humped

at the points D and D).

: (L)
2.5.2 THE LOW VOLTAGE SOURCE

The low-voltage is regulated bf a circuit shown in fig, 2.8
which consists of a continuously aedjustable auto-transformer(AT)
and a parametric phase~shifter using a transforaer T! and a
capacitor C, connected via anothor transformer T, (this being done

]
to increase the effaective capacitance), and variabile rosistors R
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Ll
and R , The continuously adjustable autoetransformer and the

voltage divider at its input vary the magnitude of the lowe

. ' e
voltage; its phase is adjusted by variations ef R and R *

/I'
v P A
, Py S,
~ :
S eonrse \ fine h R ArTreey fine
DA fﬁ\ ™ ' (" Q1
! J‘@Eégagg: hed 3 ! \}l R - \}ﬂ
s | |
AT | t e
G f
QIO © \pgeeget e
=== Tz T ¢
LT ' fSvinam
i .

Pige 2.8 : Low Voltage Source

2+.5¢3 THE RESISTANCE ARM, R3 a

The resistance branch of the bridge, RB' has five dials,

each dial contains six ceils per decade. This afrangement,
designed by Behrggjg is shown in figure (2.9) below. The wvalue
of each coil is twicae the decade units. One of the coils i=z
stationary. This is connected hetween two brushes to the next
‘decade. The remaining coils arc connected in series, and arranged
on the rotor as shown in the figure. In the position shown in the

left band arrangement, the current does not go through any coil.
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This is the Zepyo position of the decades. In the nextlﬁosition

of the rotor in the counterwclockwise direction, the first coil

on the rotor is arranged in parallel with the fixed coil and the
resulting resistpnee is 1 unit., In the next rotor positiong the

fixed coil is shorted and the first rotor coil is in the circuit

. along, the resistance being two units, In the third position,the

Fige2.9: Resistance Coil Arrangement,

 first rotor coil is in series with the parallel combination of
the fixed coil and the second rotbr coil, the total resistance
being 3 units, otce With suitable shield arrangements, the time
constants of this decade are quite low for all dial settings.
Measurements on a 1000 chms decade at 50 KHz gives for 1 X 1000
ohms a time = constant of = 1 X 10-8 seconds and for 10 X 1000

(2)

ohma one of =7 X 10-8 seconds
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2.5.4 THE CAPACITANCE ARM, Cy4:

There are five dials in this branch, with four having group-
ed capacitors in each, and the othep cansiating-ﬁf a variable
air-capacitor, fiach group cont;inn four capacitors, Two of.the
dials which show higher values of capacitances cach contain four
mica capacitors properly segled with ;ax. and shicelded, The two
other dialas, each contain four air-capacitors,sealed in alir£ight
containers and sghielded. Thege capacitors are arranged in a mann-
er such that ench consecutive setting results in a change of 3’10

of the total capacitance of each dialg .

2.5.5 THE CAPACITANCE,Ca &

The variable capacitor Ca serves to balance the phase
components of the arms RB and R&. it is sgquivalent to an inducge
tance connected in parallel with Rq. To obtain such balance prior
to a series of measurements, the capacitances C1 and ca are
replaced by two identical impedances 21 & 34. then C&.is set to
Zeroc, HS is made equal to Rk' and Ca and the low=voltage are
varied pntil the bridge is broughﬁ to balance at balance 21 23 a

Z.  Z _ ; ‘ , L
2 “k, Since Z1 = Zh. then 22 e ZS or R2I+ Jsz =

are the effective impedances of the arms

3409k 3+ where
4
L, and L {1).

2 3

2,6 AUXILIARY AFPPARATUS 3

2.6.1 _STANDARD AIR=cAPACITOR' ?:

The standard air capacitor supplied with the bridge has a
maximam voltage rating of 235 kilovolts. The nominal capacitanee
rating is 100 microfaradss whilo the actual rating ing, micro=

nicrofarads, is
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FIG. (@ STANDARD AIR
CAPACITOR AND

(b) POLYE THYLENE
SAMPLE .

FIG. AT RIGHT (g)THE HIGH-
VOLTAGE SOURCE,
(b)POLYE THYLENE SAMPLE

c) AMPLIFIER .

—
-
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Fig. 2,101 & Schematic Diagram of Standard Air-Capacdtor.

) This éapacitdr is af the conmectriec cylender deaign, inten~
ded for use as a thres lead capacitor where the low voltage elec=
trode is openated at or near thﬁ potential of the shield of the
capecitor., The low volt;nge torminals 1, figure ,2;31-.0-.'.'?1&5 a
_ahield cap over it as d’oes' the high voltage terninalﬁ.- The shield
of the capacitor is egquipped with four terminals, each marked;2
and the shield cap cvor the high-voltage terminal is equipped
with a terminal.

The standard capacitor is provided with means tc protect it

from atmospheric huwidity.

———
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/'/ | %
2{%.2,'Tﬂﬁ REQUIREMENTS OF STANDARD AIR CAPACITORS R
i -

S Gases, Oor air, when used as dielectriec, provide a medium

// wyich,ﬁs “completely” loss free., A properly designed air-~capaci-

K% ﬂrtor ia the closesat approach te a perfeect capacitor. The following
ﬂgf;#f; are gome of the propertioi that should be present in atandard
//fxff capacitors,
s (4) They should be true capacitors; that is, the current

" taken by them when supplied by a sinuasocoidal voltage should lead
on the voltage by an angle of A /2 and should be fres from har-

monic

(ii) They should he free from losses and absorption effects
in the dielectrics

{1ii)The capacitance should be constant and the standard
ghould be compact for a given value of capacitance in ordeyr that

inaccuracy due to earth capacitances may be very asmalls

(iv)The capacitance should be independent of frequancy, wave
form anid temperature

{v) The insulation resistance should be great and the capaci.
torssshould be capable of with standing high-voltages.

The air capacitors used are specifically buflt to withstand
the high-voltage. The dimensions are such that the dielectric
breakdown field strength is not approached, while simultanecusly
lossesn due to brush discharges and corona are avoided by adegquate
spacing and by well rounding all odges. This results in tho aire

cpacitor being bulky and of small capacitance.

The standard capacitors with their low veoltage electrode
and guard ring surrounding the highevoltage electrode have the
defect of much larger earth capacitances, with a consequent depen-

dence on surrounding objects and their potentiels. To overcome Y

. ' : g‘-
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this defect, the capacitor is enclosed in an earthed shield.

The advantages of standard air capacitors over resistors,
vwhen used as standard impedance, are tha‘followingta’ $

a) Their construction is simple; they can be sasily shielded
from extraneous capncitive affecta;(b) heating is absent; thore
~is no limit to the voltage for which these chpacitors can be
built, provided only that the necessary space is available to

accomodate their considerables bulk,.

(8)
2.6.2 SPLCIMEN HOLDER:

Tho specimen holder is deaigned for use with liquid diee
electricas., It consists of two shells, The outer shell consti-
tutes the high-voltage electrode and the inner shell constitutes
the low voltage electrode, The lowe~voltage electrode is surroun-
ded by a guard ring, so that the specimon capacitance and dissi-
pation factor measuromonts are not affected by extraneous affects.
The guard electrode is connected to ground terminal on the main
bridge. The top covers are made of gilasa, so that the specimen
is visible from ocutside, The cell has a capacitance in air of
about 75 U U F. The spacing between the wlectrodes is 80 mils.
The volume of the specimen required is approximately 75 cc or

4,5 cuabic inches,

-
S Ot
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INSIDE THE AMPLIFIER:
AMPLIEIER POWER SUPPLIES,
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24603 COMMERCIAL FREGUENCY AMPLIFIER : '

The amplificr, provided with the bridge is battery‘opérnted
(power supplies can be used instead). It requires twﬁ D.C. BOurces:-
one a 6.0 volt supply, the other a 90 volt supply, This amplifior
is designed to be uded for frequencios between 25 to 60 Nz, It is
electrostatical and magnetically shielded,

Further description of the amplificr is given in the "Pridge

Hannal".{s)

2.6.,4 NULL DETECTOR:

The bridge is supplied with a vibration galvanometer,inclu=-
ding a lamp and scale arrangement, However, this was not used-'in
the experimental studies due to somo difficultios, Xt is also
pogsible to use a D,C, microeammeter, in conjuction with a nmeta=-
llic rectifier. Actu&iiy.-use was made of of a senaitive cathode
ray oscilloscope, becuase it proves superior to the 0,.,C. micro-
ammeter arrangement,

In the schering Bridge, the voltage developed accross the

()

low=voltage arm is approximately VwG,Ra . If AS is the smallest

change in loss-angle to which the detector is roquired to respond,
then the sensitivity must be VwCR/AL . ..

For V = 1KV1 ¢, = 100 PF; RQ = 3182 ohms, z&6=10’g

1
and W = 314 radians/second, then the sensitivity must be 9 1L V,

207 PRELEMINARY ADJUSTMENTS:

These adjustments are made-mprior to taking measurement s
to balance out the residual capacitance in the bridge network,

They nced be made only once boefore cath set of measurements on

8)

test zamploa .
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. These adjustmcnts are made by connecting the testing unit
to the standard and spacimen terminalsj terminals 1 and 2 of the
teating unit (or vice versa) are connected to these terminals,
‘Lead %4 of the unit is connected to the secondary of a transformer,
supplying . 6.00 volts, The other end of the transformer is grounded,
Terminal 3 of the tosting unit is connected to a ground terminal
on the bridge panel boarde The bridge is then grounded, The amplie~
ficr, with the null detector connected to its output,is connected
to the terminals "DETECTUR"on the bridge panel board. 110 Vac are
supplied to the bridge low~voltage terminala,

" The value of Ca, ihe mean of two sets of readings takon with
connections 1 and 2 of the test%ng unit dnterchanged, is ohtained
after adjustments of RS' Ca, Veaarsa'. vEine fcourse and rine (Cil .'.I.g
hept at zero), These are varied in order to obtain tho balance
point, The final value of Cgliﬂhtﬁis unaffectod by the bridge
voltage, whoen précima measuroments are required, The details of

the above procedure are to be found in the bridge manuai‘a).

2.0 SHIRBLDING OF CONKRCTIONS AND THE LONVOLTAGE ARMS OF TIHE
BRIDGE:=

The connections from the A.C. aou;cn tolthe measuring circuit
must be sorecned, and thus protected from external electrical
fields, by a metallic gubo or othor metallic screens. The connecs
tions from the specimen to thé bridge must also se screenad

likewine,

2,8.1 SOURCES OF ERRORS:

When tests aroe made on short lengths e 1 yard or more =

). The avoid

consilderable error may arise from end effactu(
thig, the earthed sheath is always stripped back some littie
distance, lpying bare the insulation; it has been observed that

b
the lossesa in the c¢able end may easily swamp the true losses in '
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tha cable itself when short lengths of spocimen are tested,
These losgos may result from (i) leakage over the high surface
resisgivity of the bared insulation, and in the distributed
capacitance between this and the core of the cable: (ii) nop-unie-
formity of the electric field near the end of the earthed sheath;
{iii) donization of the air near the end by influesnce of noighe
bouring high=voltage conductoras,

Accurate measurements can be made if suitable guard rings of
a length not less than eight timeseeand naver less than four
inches==the thickenss of the insulagtion are applied to the emnd

, , 2
to by=pass the surface effccts from the bridge‘i ).

2+8,2 GUARD RINGS AND THRIR EFFECT:

In its simplest form.the!guard Eing is pade by cutting a
gap in the lead—sheath. The cable portion undey test is protected
completgly and offectimely by using an eloctrostatic screen., In
this connéctibnsdi: must be medtioned that a 1" or %" wire mesh
which will effect complete capacitance acraening, will not, in
genoral, effect complete loss=currcnt screening, especially if
the tests aro carried out in the neighbourhood of any highevoltage
corona or other discharge. Thus for highly accurate mecasurcrments,
the scraen must consist of a continuous matal, although in partie-
cular cases it may be possible to use wiree-meshes, if it can he
demonstrated that the condition of the experiment are such tilat
no l1osa current arrives at the detector pointss This screooen is
connected to the guard ring (or elactrode),and this in turn is
conncectod to a ground terminal on the bridge so that end currents

do not enter the bridge arms, but are passed via the shields,
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. «»THE EFFECT OF LENGTH ON THE ERRORS:

The errors due to endeeffectas andlto incomplete screening
are inversely proporticnal to the lenth of the cable under test,
and may bo nnnligibln on long lengthu.-say about 200 yards, For
intermediate lengths a guard ring 1" widey,close to the end of
the sheath, mmay be found to be sufficient, The errors, however,
depend on the voltages and on the arrangement of the equipmuxt;
The reguirement can only be ascortained by experiment,

Errors due to end=effects aré ﬁot necessarily positive, but

may mﬁke a negative contribution to thea apparent power factor,

For meapsurements on liquid dielcctrics, suitable shielded
- cells are designed to contain the specimene(Dotailed explanation

is given in the pridge manugl‘aii.

29 3 SAFETY:

In the bridge, very little voltage develcps across the arms
AD and CD, hacuﬁse their impedances are very small in comparision
with those of the afms containing the standard air-capacitor and
the apoéiMQn. If the impﬁdancé of the specimen is about 30 Mohlme
at 50 cps then balance ¢an be chtained with RB having a value of
a few thousand ohms, The ;01tagn that is developed across the
resistonce arm is thus about one'ten-thnﬁsandth of the appliad
high-voltage. Thus under normal conditions, the points A and C
are at a potential of a fow volts above ground, Thus, there is
no danger to the nperator. when adjusting R3 uﬁd C§¢ As an addie-
tional precaution, Ra.‘ck and R& are enclosed in a metml casming,
which is earthed, and the adjusting knobs are made of carofully

selected insulating matoriala.
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Although the hridge is safe under normal conditions, a
hazardons situntion would arise if the specimen C, were to
breakdowri, This will result in the application of the full
voltage teo the rositance arm RB = a consaquent danger to the
operator. To avoid puch a situations; the Ernnches AD and CD
are shunted by over = veltage safety devices consisting of
neon‘glowzgﬁmps, placed at A and C, This séfety device is
arragnged to operate when the potential difference across the
adustable branches rise te about 200 volts, so that the
bridge is put out of action long before a dangeroua situation

arises,
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CHAPTER « XXI

STUDY OP SOLID DIELECTRICS

3.1 CO-AXIAL PULYETHYLENE CABLE:

To study solid dielectric mediums, a polyethylenc cable
was taken, This cable is used in highefrequency applications,
It 48 not Qesigned for used at high-voltages and powere-freguen~
cies, lowever, it was tested at power-frequencies and high-vol=-
tages, 80 that the behavicur of the dielectric under these con-
ditions could be ascertained. The diclectric was tosted to study
the behaviour of its twu properties-capacitance and dissipation
factor{lossetangont)e with voltage, Evidently, the capacitance
is dependent on the dimensions while the loss tangent is inde-
pendent of the dimensionse The dissipation factor or loss tangont
is a pr&perty of the medium analogous to permhttivity,

Since the specimen iz o concentric cable,itz capacitance,

, (14)
Ce can be obtained from the formula for a cylindrical capacitor .
, 0.,039K ]
c= . microfarads per mile.
103100/d

where K is the permittivity of the dielectric
D & diametoer of the outer conductor

ad = n" " " {nnor conductor,

That the dieplectric losseangle, & , is independent of the
dimenagions of the medium can be found out in the manner given
below 2

Lat the total length of thespecimen be L.
Let r = resistance per unit length

C & capacitance per unit length,
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For length L, then

total capacitance = CL
total rssistance = r/i

The total capacitance current = Vwel = I9 H
The total resistive current = LA L. = Ian'
L ™
Tan& = Ic irwcL
—— = Wer
IR VL/;
Dut ¢ = c/L and r = RL
s ten s e :C oRL = WCR
- ” - Vi -

-
YV
\
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Figure=3,1~ Schematic diagram of an Actual Dielectric
and the current through it,
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FiI6. ABOVE THE EXPERIMENTAL - SETUP  SHOWING (g
(b) THE DETECTOR, (c) AMPLIFIER,
{e) STANDARD AIR CAPRACITOR .

) SCHERING BRIDGE,
(d )AMPLIFIER POWER SUPPLIES |

FIG. BELOW (a)THE HIGH VOLTAGE SOURCE . AND (b) SPECIMEN.
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3e3s1 CONDITIONS OF MEASUREMENT:

Going back to the actual specimen, a length of 141.7 cm,
or 4,649 ft, of the cable was teanted, This length excludes the
portion cut out for making guards rings a¢ both ends, The overs
all length of the cable is 158.3 vcmse

For complete shielding from extraneous effects, the portion
under test was enclosed in a matallic screen, The provision of
this sort of sc¢reen is very effective in nullifying tho stray
capacitive cffects and lossecurrents, The screen and guard rings
are connected to a ground terminals (GR) on the bridge,

The - capacitance per foot of the cable is 32 micro-microfarads,
this being marked on the cébles. For a length of 4,649 ft, the
total oapacitanco'is approximately 148,77 Llif .
| The inncr copductor is made the high-voltage electrode,
and the outer eoﬁductor the low=voltage electrode, Cellophane
tape is provided at the ends of the highevoltage terminal(bhoth at
the specimen end and near the transformer end) to minimize corona
discharges; otherwise terminal discharges affect the actual measu-
rements on the specimen, |

Readings were taken under normal conditions, at different
voltagese—=from 1,00 kilovolt onwards upto 9.00 kilovolts, liigher
voltages could not be reached bacause the intencity of the discha=
rges increased so pmuch so that hissing sounds {(due to discharges)
could be héard at about 10 kilovolta, After‘thiu value of.éoltage,
the discharges from the high-voltage conductor caused an are to

- the guard ring.
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THE FOIRMULA UTILISED:

The capacitance of the specimen is obtained from the

formul&a}
R
, 02 = cl'guﬁlcona sin~1 PoFe
'3 '

-where P.£fs denotes the powef factor,

¥

When the sattinga of the cg dianls i3 leas than 0.1 microfarads

(as dn this case), the capacitance can be found from the

. eguation
R
02_= C1 P -
‘ R
3 . .
Hlere C = capacitance of standard airecgpacitor

1
ng = 31088 ohms.

Rs e is obtained from thedial setting in ohms,

The dial settings of Ga on the bridge panel in microfarads,

gives directly the valuc of the loss tangent, tan $.
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TALLLC=1,

SPECIMEN: POLYTHENE CO-AXIAL CAULE :

LENGTH : 4,649 St,

e . el
R e
1.00 2277.5 | 0.0010 ¢ 14 x 19’6 139.98
2,00 | 2276.3 | 0.0014 + 10 x 1207° 140,052
3,00 22754 j 0.0016 + 10 x 10?6 140,107

ls,00 | 227041 0.0020 + 10 x 10~° ‘ 140,187
5.00 2273.2 | 0.0022 + 06O o 150,24%%

| 6,00 22720 | 0.0024 + 8 x 1070 1404317

| 7.00 2271.2 | 0.0025 + 70 x 105 140,366

800 | 2270.4. | 0.0026 + 40 x 10™¢ 140,416
9,00 2269,6 | 0.0027 + 96 x 10~6 140,404
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3.2 DISCUSSION ON THE DATA :

3s2¢1 DISSIPATION FACTOR:

From the data, it seen that at 1,00 kilovolts, the dissipation
factor is about 0,0020, which begina to increase gradually, and
slowly, as tho VOltage is increased, at 9.00 kilovolts it is about
00,0025, The increase could be due to discharges taking place in
the voids; and could alsoc be due to the presence of additives ,which
are added to it, The increase could be due torshouting of discharg-
ing voids. The rate of increase is approximately linear, (Dotails

about this is given in Appendix (;).... Je

3022 CAPACITAMCE DBENAVIOUR:

The capacitance is also found to‘increque with voltage,~the
increase being much more rapid as comparced to that of the dissi=-
pation factor, Moreover, in this case, the rate of increase is not
very lincar, This confikrms the theory thét ag discharges take plae
ce in the voids, however small they may be, they short circuit
the air space in the voids, and thus result in the increase of

the capacitance. Since the number of discharging voids increase

'wiph,the applied atress, the capacitance inecrease will depend

directly on it,
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CHAPTER-IV.

Iﬂb STUDY OF THREE CORE 11.K,.V, PAFER INSULATED LEAD COVERED

(PILc) GABLE 3

4,1 INTRODUCTION:

A 3ecore 11=EK,V paper insulated lnad covered coble was
taken to study the behaviour of oil-inpregnatad papor insulation
under different gonditiops of strossings, The ctable was atudid
to investigato into thes behavionr of the dissipation factor and
capacitance with the application of high-voltage.

Experimonts wore performed to study the variations with
voltage of the corg to core and core to sheath dissipation factor
{(loss-tangent) and capacitance.

Study was done under fhrec different conditionst (i) before
any sort of stressing, and normal conditions; (ii) after appli-
cation of stress in excass 6f four to four and a half times the
normal working voltage; readings wers taken iomodiately after
stressing and 20 and 45 hours after stroesasing; and (1ii) a few
days after the breakdown of the oilefimpregnated paper insulation,
The application of stresaes on different occasione wera for diff =

srent durations,

4.2 PREPARATION OF THL SAMPLE 3

To study thé behaviour of oil impregnated papor insulation,
# length of 2.10 metres or <... ft, of a three«core calba was
taken. { A groater length could not be used becuase the charging
current excecded the maximum current limits of the high=voltage
transformer saecondary; earlier a léngth of 26 faot was tried.)

To make connsctiona to the cores, & portion of the armouraed
ateel and lead sheath was stripped off; then the outer paper cov-

ering the cores was removed, The throe cores wero then saeparated,
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by turning-their ands in different directions, so that no
discharges take place between them, The terminals were converd
with waxe The insulation was then covered with oil resisting
plastic tape to avoid the ingress of moisture into the insula-
'£ion (paﬁér is véry hygroscopic), as this would increase the
dissiﬁat&bn factorﬂand lower the hreakdown voltage, Similarly,
.some portion of the ledd sheathlwaé stripped off the other end,
the cores separated bf bending them in different directions.
Plasfic tape wasrapplied carefuiiy. and the ends were covered
‘with waXy, 50 as to stop tﬁe entrance of.moisture from this end,
and also to avoid discharges from c¢onductors between them and to

the sheath,

4.221 GUARD RINGS AND SCREENING:

To obtain accurate daté, it is required that suitable guard
rings be provided at the end of the lead sheath; and also that
the sample under test be screened completely in order to avoid
.extraneous effecta,

For the purpose of making a guard ring, a gap~about one
iﬁch wide « is cut in the lead sheaths The length of the guard
rings obtained is about six inches. ( The guard ring should be
at lcast eight times the thickgness of the insulation, and never
less than 4 inches )¢ The gap is then covered with a plastic tape
so that moisture does‘not enter the cable, The length of the céble

under test was enclosed in a metal screen. This screen is kepl

P
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apart from the cable by surrounding portions of the cable with
jute, The nmetal screen is coﬁnécted to the guard ring.
each core

covered with
plasiic bepe

Ua P& r"i ———p
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;_m___w_”wgﬂugﬂ;ﬂﬂ £ il

4
metallic screcn 9uard' space
' G‘Quer-ed writh Pin&-i“c "[CLFQ)

Figele1 3Schematic diagram showing cable with screen

and guard ring,
2,2 CONNECTIONS AND GROUNDING:

The low voltage termiual of the specimen {the sheath for
core to sheath measurements; and one of the cores for ccre to core
measuremcnts)was connected to the SPECIMEN terminal of the bridge
with a shielded wire, the shield at the bridge ends was connected
to a GR terminal ﬁext to the SPECIMEN ferminal and the other end

of the shield {(at the specimen) was connected to the gunrd ringse

The low=voltage terminal of the standard airecapacitor is
Qext‘connected to the SPLECIMEN terminal, This is done with a
shielded wirey, in the manner similar to that in the case of
specimen,

The highevoltage terminal of the specimen {any ofthe cores:
each is marked separately for identification) is next connected
to the secon&ary of the high voltage transformer, This is done
with a shielded wire; the shieid at the transfommer end is connece

ted to ground, while that at the specimen end connected to thea
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guard ringss

Tho highevoltage terminal of the standard capacitor is next
connected to the secéndnry of the high=voltage transformer, This
is done with a shielded wire with the shield at the transfornmer
ond connected to ground and that at the capacitor end connected

to terminal 2 on the capacitor.

The ground connections for the shie;ds at the transformer T,
end, and the grounding of the transformer, are all taken to the
same point,

The amplifier is next connected to the bridge at points mare
ked PET, The shield of this connecting wire is connected to the
GR terminal adjacent to the DET points,

An,chi@loscoPe, connceted to the output of the amplifier,
ig used as the ﬁull detector.

Before making measﬁrenan&s. the bridge has to be balanced,
for repidual capucitancelin the mﬁnner indicated in chap. 2,

(The details of thé.procedura of making measurcments is to be

found in the bridge manual(sg.)

i3 MEASURGBMUNTS AND DATA:

The cileimpregnated paper insulationsPILC cableewas studied
under varying conditions i at first, the dissipation factor and capscit
for VQltagelupto 25KV, Then, the dielectric was stressod for
different voltagep=seabout four to four and a half timea the
working voltﬁge-n and different durationse=mat times for 2 to 3
hrs, nnh at times for a fow minites, All those heve been elaborate=

1y given in the data.
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The inéﬁlation between éore%fifand sheaﬁh ﬁaélmaﬂe.tﬁ'
hreaﬁdown by sirésaiﬁg the inﬁulafioh‘fof a leng‘pezibdi'
Cumulative heating and dischnrgea lead te tho rupture.

' it may be mentionod. that attampts to take data at s¢till
higher_voltages fgaled.pecuuge_dischnrges started taking place
" 'at"tt_ie ‘terminal of the i;ﬂ.gﬁ-vﬂtﬁge &ansfom_er i;aﬁdjor ‘within
the shielded cablea from ﬁhe tranﬁfor@er td'fﬁe aianﬂarﬁ air

¢apacitor and the spocimen). Evidently, these discharges would
- . . . - - o . '

£ . . . - 0 ) . - : ] ) ‘

affect the true disslipation factor of the specimen, . : L
t
” i - .;' o c. ] fiaid ’
- hl ' x. [ -~ .
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. et b o -~
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DATA FOR THE BEHAVIOUR OF OIL-IMPREGNATED PAPER

| INSULATION 'BETWEEN ONE CORE(’ CORE-Z) AND SHEATH -

UNDER STRESS,

o~



PREVIOUS STRESSING OF THE INSULATION,

TaiLEez. [T(2)]
DATA TAKEN UNDER NOHKMALCONDITIONS ,WITHOUT ANY

m T3, 008 ;}2?:3’" g gﬁggﬁﬁxcn. H i
KV E ¥ !gm? LN
I5.00 600,00 0,001 531.333

L?.oo 598,50 +0025 532,665

.00 597.00 .0040 53&.903

10, 596,00 0070 534.899'

11 595.20 L0074 {535.618

h2 593.00 0101 15574605

I3 590,00 .0120 15404339

14 590.60 ;014 539.790

15 587.55 00170 j5&2_.592

he 586.40 0.0190 1543656

17 . 5B5.64  }o.o20 544,362

‘18 583439 0,023 546.401




b

TABLE=%3, [(3)]

THE INSULATION BEEN CORE I AND ﬁllEAﬁi, HAS NBEN

STRESSED (IMMEDIATELY AFTER STBESSING) AT 50 EV

(R.MS)FOR A FEW MINUTES,

[ _ - P

e e e 1

kv i §] e ]
+00 609,00 »0129 523.48
.00 608;801 ,9128 52?.65

v;oo ]608.30 «0126 524,08

pe00 608,30 w0147 524,08

ko.00 1606.20 0169 525.90

§1.oo 579+1 - o0270 559551

h2.30 }580.0 0337 549.66

F&.oo 1579.00 0370 550474

15,00 577.60 +0420 552451
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TADLEwli o [I(ﬂ)j

READINGS TAEEN 20 HOURS AFTER THE ADOVE S5ZT.

R T N R G
KV, _ _ ‘ 4 el ]
g.00 1639 <0026 498.90
9,00 {635.3 0048 501.81
10,00 532 0087 504.&3
11,00 :éz? | .0125 50&.45
| 12.00 523 0164 511,72
13.00 ézo | <0190 51;.19
14,00 516 '.0214 51%.53
15.00 61&.0 «0254 51§.22
16,00 61150 | .0285 521,77
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TABLE=5 ()
READINGS TAKER 45 HOURS AFTER STRESSING THE
INSULATION BETWEEN CORE I AND SHBATH

U

REMARRES

‘ ﬁggﬁg ; § 5 Ohma, l Eagg fsprcIMey §
kve ' #f o T Vhy oF HCAPACITANCE, |
A, - jiMmc, &

| si6o | oo . | ulsees | ussics.
9,00 | 66 636.5] dvez |  s00:86
_ 10,00 | s 633‘,‘"._;“ .‘éﬂ'ﬂ?s -1 sozisz .
| 1100 | G280 | .eax | 507,64
12.00 " 62520 .7 '.;ﬁllzr;; | - s10.08
._ﬁ‘,gﬁ' _‘ '-}62';1’-5' R :0.16.5"' o i 512.95 -
1hdo | 616.3 | 0195 7 ffi'a‘!.‘?izfi.l
15.0 | 615.14 | .0216 518,19
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TADLE=6, [T(&)]

THE INSULATION DETWEEN CORE~I AND SUEATH HAS BXEN

STRESSED AT &5 KV FOR HALFP HOUR,

e I ST e IR

KV. ' mF o i
7.00 | 646.8 «0019 . 492.8
8,00 640,1 «0054 498.05
9.00 635.4 +0084 501.75
10,00 632 0105 50&.&5
11,00 629;0 <0143 508.45
12,00 621.5 . 40190 5i2.95
13,00 617.4 «0217 516.36
14.00 614 0241 519.22
15,00 611, «0260 521,77
16.00 608 « 0290 524,34
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TABLEsZ. TT(7)]
DATA TAKEN APTER APPLYING 35 KV FOR WO AND HALF

HOURS BETWEEN CORE X AND SHEATI,

ECN I N e R
KV, i mmt i
7.§ Gﬁﬁrs .ppsa 494465
ﬁfb { 638.2 .QQS? 499.53

9.;9 653.9 F..m':o | 503.47
10,;3 631.4 | L0132 504,91
11.;0 | ©27.0 H.ﬂ}?é 508.45
12.&0 | 621.% | .0214 jr 512,79
13,&0 619.0 -\.02&6 | 515.02
1436 | 614.6 0278 518,71
5.0 | 611.0 0293 | 521.77
16.0 608.4 0306 | 524
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TABLE=8, [T(9] -

READINGS TAKEN 45 HOURS, AFTER THE PREVIOUS SETs

| S | e
PL.1E R, Oh . "
R e | R, |
8,00 637.7 | o079 | 499,92
10;00 631.5 | .6125 3 50&.67
1i,5o 625@} L o171 509,67
13400 621.0 .020 | s513.37
14:50 | 61608 | .ozu3 517420
16;00 611,0 0278 521,77
17;00 60755 ;0304 | 524,77




TABLE=9 [1(9)]

DATA TAREN IMI\*IEDIATEL? AFTER APPLYING 41 KV(RMS)

FOR % HOURS BETWEEN CORE I AND SHEATH.

Vorinc, | 0 LG me. oamcrmced
We 1 1 N Lo |
7.00 6&@.7 ‘.uoﬁa | 49@.&&
.34)0 51;;!,- ..oiia 497”-35
g.00 653 , | «0175 | 503.65
19.00 629 e022 | 506.8%
11.50 620,7 | -0274 513.61
13;0 ] 619.& :'10530 szg.aa
e 607;0 { #0350 525.21
16,0 602,0 5 0362 ] 529457
175 598,8 1 20373 | 532.40
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TABLEw10. [T(19]

MEASUREMENTS TAKEN AFTER STRES3SING THE INSULATION
BRTWEEN CORE XTI AND SHEATH AT 45 KV FOR 2 IIOURS,

STRESSED OF 21.10.76 DATA TAKEN OR 26,10.76.

LR ! mmfy L
2.50 | 6i5.0 0346 492.26
3'.0(; 42,0 | 0327 496,57
s.bn | 662.3 | o284 | 481.35
6;&0 670.0 L0264 | 475.82
700 | 676:4 025 | 471,32
8.00 | 6803 023 468,62
9.50 683.6 | .0227 ? 466,35
11,60 683.2 | L0279 { 467.51
12,50 { 683.0 031 466,76
14,00 682.0 | 4035 467,42
15.50 680.0 «0345 } 468,82
17.00 | 677.3 .0355 | 470.69




0401

T{9)
T{10) .
.035¢4 : . ‘ a

030+
1(8)

.025¢
M2)

.020F

0151
T(3)

010+

005

[

- : ' 5 10 1S
VOLTAGE , KV (RMS) =———mc—te

FIG.L2.a. VARIATION OF DISSIPATION FACTOR WITH VOLTAGE FOR CORE I AND SHEATH
INSULATION , UNDER DIFFERING CONDITION
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F16.,2.b. VARIATION OF. CAPACITANCE WITH VOLTAGE FOR INSULATION BETWEEN

CORE 1 AND SHEATH
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TABLE=11 [T(11)]

READINGS ARE TAKEK TO INVESTIGATE INTO THE DXIELECTRIC
BEHAVIOR AT DIFFERENT VOLTAGES. THE DATA IS FOR THE

INSULATION BETWEEN ONE COHE(CORE XI) AND SHEATH,

tan & o SPEC IMEN

13§ig§gg.xv. | Tse Ohme Cye mf. | CAPACIZANCS,

| Eo=Cy ﬁrxmmr)

Cy= 100" tt s
3.10 634,53 0.6012 502,601
5.00 6343  0.00125 502,601
6,00 634.2 0,00125 502,681
7.00 63%.2 0.00130 502,681
8.00 631.7 0.00180 504,669
10,00 630.0 0.,0061 506,032
11,00 629;3 0.00775 506,595
12,00 627.6 00,0110 507.967
13.00 625.6 0.0129 509.591
14,00 622,4 0.0152 512,211
15.00 620,00 0.0180 514,194
16,00 619.00 0.0190 515,024
17.00 618.5 0.0214 515.441
18,60 616.6 ©0,0220 517.029
19,00 614.7 0.0255 518,458
20,00 612.6 0.0267 5204405
21,00 610,0 00,0290 522,623
22,00 606.4 0.0303 525,726
23.00 604.0 0.0310 527,815
712&.00 602,0 0.0320 529,568
25.00 600,08 0.0330 531,333
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TABLE=12, [T( 2))

DATA TAREN AFTER THE INSULATION BEIWEEN .CGRE XIX: AND \

-

SHEATH HAS BEEN STRESSED AT 50 KV (RMS} FOR A FEW

MINUTES.
voraen, | o [ EnEs | Gvacimwes,
RS R e

3.00’ 3 593 1 .016 f 538

,5.06: 593 o016 | 538
) 7.00 | 592 ;,. 017 | se0 -

10,00 . 588 1 o2z | 543

11.00 | 586 . ] .026 “ 546

iz.oé 580 1 .ost | 551

is.éo | 572 | .os6 _ 554

14,00 574 1 0ko . 557

15.00 | 570 1 o6 - 563

16.dé { 566 ': 058 570
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TADLE=13,[ T(12)

DATA TAKEN 20 HRS AFTLR STRESSING THE INSULATICON
DETWEEN CORE II AND SHEATI AT 50 KV (RMS5) Puit A

FEW MINUTES.

T, |5 o | e | e,
KV, maf,
2,00 591 | - 0185 559.42
5;00 590,8 - #0195 539,61
5.00 590.5 . 0202 539.38
6.00 590,1 0201 540.25
7.00 591,0 0202 539.42
o0 9,00 589.7 . <0214 540,61
gz 10,00 588.9 . «0227 541.35
11,00 589 +0246 $541.26
13,50 580 . <0268 549,66
14.00 578 . <0314 551,56
15,00 575 «0572 554.43
16,00 570 <041 559.30
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TADLE =34, [T(4)]

DATA TAKEN AFTER ATRESSING THii INSULATICN DBETWEEN
CORE IXI AND SHEATH AT 41 KV (RM5) FOR THREE HOURS,

o R el [ v o

v, _ | uunF_‘.
7.00 | 636.8 0016 500,63
8.00 630.9 «004L3 505.31
9.00 626.3 +0083 509402
10,00 62%.0 | 0094 ‘ 510,90
11.00 620.8 0124 ' 513.53%
ia.oo 617.3 . <0143 516,%h
13,00 61@.6 +0166 518,71
14,00 | 610.0 6190 522.62
15,00 607.0 «0234 535.21
16,00 | 604,.1 <0266 527433
17,00 601;3 +0291 530,18
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TADLE=15, [T(15)]

DATA TAKEN 45 HRS AFTLR STRESSING THE INSULATION
BETWEEN CORE II AND SIHEATH AT 41 KV(RMS) FOR THREE HOURS.

e R S I

Kv. i mmF ,
9.00 632 0066 504.43%
10.5 626.4 0113 508.94
12,0 621,2 0148 513420
13.5 616,4 0182 517.20
15,0 611,6 0217 521,26
16.5 607.0 0253 525.21

TABLE=16, [ TCI4]

READINGS TAKEN IMMEDIATELY AFTER STRESSING INSULATION
BETWEEN CORE I AND SHEATH AT 41 KV {RMS) FOR 3 IlRS,

T [0 | ] s

KV, | i| owF,
8.0 621.5 .0087 512.55
10.2 614,.1 «0125 519,13
12,0 606.0 $0172 526.07
13.5 600,0 »0226 531,33
15.0 595.1 0258 535.71
16,0 591,.5 +0281 538.97
17.00 587.6 « 0300 542455
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TABLE=17, TT(7)]
MEASUREMENTS TAKEN IMMEDIATELY AFTER APPLYING

45 KV (RMS) POR 2 HRS ACROSS INSULATIOR BLTWEEN

_CORE IX AND SHEATH,

ABPLIED R Chms ton B = | SPECIMER

| voLTass ﬂ 3 Cpe DF, ’ ﬁ;ﬁfncxrnnca
8.00 639.6 | .0103 498.44
10,00 631,2 | 0152 505,07
11 624%,6 | 0197 510,41
12 618.5 | 0270 515,44
13 614.4 © .0300 518,88
14 61%.3 +0332 521.51
15.5 | 603.3 S w0342 | 528.43
'17.00 -598.1 .0356 : 533.02




READINGS OBTAINED 20 HOURS AFTER STRESSING CUORE Il -
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TABLE=18, [7(18)]

SHEATH INSULATION AT 45 KV FOR TWO HOURS.
|ScLTAGE i KT Bl } CAFACTIANCE
KV p—

10.00 631,6 «010 504,75
11,00 627 .0135 508,45
12,50 619,53 L0185 514,77
14.00 612.0 +0255 520,92
15-5 606.5 0301 525,64
17.0 601.3 .0325 530,18

L o]

TARLEe19, [ T(19)]
DATA TAKEN FIVE DAYS AFTER DREAKDOWN OF THE INSULATION

BETHEEN CORE(IX) AND SHEATIL,

votmes | 2o JImE S T Chacitancs

KV, i muF.
3 542,6 «0346 582,54
5 562.,6 «030 566.65
6.5 569.0 «0241 560,28
8.0 577.0 «0210 562.26
9.5 579.0 .0225 550.60
11,0 582,5 +0257 547430
12.5 580 - 20278 549,66
14,0 579 «030 550,60
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DATA TAKEN FOR THE II;FSULATION BETWEEN

CORE-III AND SHEATH,
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TABLE=20,T(297]
... DATA TAKEN AFTER STRESSING THE INSULATION

BETWEEN CORE XI AND SHCATH AT 41 KV (RMS)

Sy

s

FUR 3 HOURS,

APPLIED | Ryoor ' tan 5 e W SPECIMEN

VOLTAGE 3 * 8 c,. . i| CAPACITANCE

KV, ' o jf saoF -
8.00 620.3 .0035 514,94
9.00 1 615.4 | «0076 518.04
10,00 612.4 1 - .o098 520657
11.00 608.2 L0134 1 524,17
12.00_7 003.6 R 09'150 ) 528- 16 -
13.00 . 601.3 | 0182 - 530,18
14,00 598 +0210 533.11
15,00 595 .0230 535.80
16.00 592 L0253 538,51
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INSULATION BETWEEN CORE 111 AND SHEATH.
o
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TABLE=21, T.7(2!)]

7?4

DATA TKEN 20 HRS, AFTER STRESSING THE INSULATION
BETWEEN CORE I AND S{IEATH FOR A FEW MINUTES AT

50 KV(RMS),

oo 1 o e | cumsesmimes

| xve L moFe
9.0 2121,8 .0001 150,27
10,0 2118,.0 « 0009 150,52
11.0 2111,0 0033 151,02
12,0 2099,0 «0090 151,88
13.0 2086.0 «0112 152,85
14.0 2075.0 «0154 153.64%
15,0 ‘2066.0 0183 154,31
16,0 2058,0 0.0198 154,91

TABLE~22, [7(22)]

READINGS TAKEN 45 HRS APTER STRESSING THE INSULATION
BETWEEN CORE I AND SHEATH AT 50 KV FOR A FEH MINUTES.

APPLIED ‘RS Ohms . tan 6= ¥| SPECIMEN

VOLTAGE ’ Cpue mF. i| CAPACITANCE,

KV, ] il mmP,
3.0 2113 149.46
7.0 2112.0 150.95
10,0 20944 «0011 152,22
11,0 2085.5 « 0054 152.87
12,0 2073.0 .0102 153479
13.0 2054.,0 .0120 155.21
14,0 2045.0 0150 155.89
15.0 2042.0 0200 156,12




'‘DATA TAKEN A FEW MINUTBS AFTER APPLYING 45 KV FOR

3

728"

. TABLE=23. (T3

1/, HRS BETWEEN CORE I AND SHEATH.

SPECIMEN

32&3@ 1 Tgo Ohms ] :.z? o | ! CAPACITANCE,

KV, . . a 1 owF,
700 2134 I au0.39
8,0: 2129 00025 149,74 -
940 2123 j 00080 150,16
1040 2113.9 . 0032 150.é1
11.0 2100,0 «0083 151.§1
12,0.,  2092.5 0112 152,39
13,0 2077.0 0153 153449
14.0 2068,0 «0187 154,16
15.0 2060 { .6204 154,70
‘16,0 ‘2050 T .0210 155451
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TABﬂEqah.'[T(ﬂ4)J

DATA TAKEN 48 HOURS AFTER STRESSING AT 45 KV
FOR 1/, HOUR, THE INSULATIONS.: BETWEEN CORE~I

AND SHEATH,

BFrLIED i Ohma ¥ tan 2= | SPECIHEN
Eﬁnrﬁan i3 i Fy,. mF. | CAPACITANCE,
. } i 4] mmF,
8.0 | a1z L0011 | 150,31
10.6 | 2112 $0034 | 150.93
1;.0 2107 .éuﬁg 151.31
12.0 2093 Wo112 | 158,32
13,0 208? «0136 - 152,76
m1q.6; 2069 .0165 154,08
15.0 2062 +0189 154,61
16,0 2056 +0210 155,06
17,0 2047 | .oa35 155074
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TABLE=25, [ T(25)]
DATA TAKEN AFTER APPLYING 35 KV FOR 2112 MRS,

DETWEEN CORE IX AND SHEATH,

APPLIED  { Rge Ohma, T oo ¢, ¥ SPLCIMEN
}VOLTAGE )} - _ ST } CAPACIEANCE,
| KV, i At S { Pt

8;6 | 21768.5 ,0005 | 156,3&
9#0 21640 ;obqg 147 .32
10;0 2157.3 ;0976 147;78
11;0 2138.3 L0131 | 149.09
12;0 '2126.0 | .0164 149,95
13;0 2121.5 0188 159;27
14,0 2165 \;og1gf 151445
:5;0 I 2096 .0228 15210
16.0 2087 L0246 152,76
1;;0 2081 ‘l.ozsh _ 153.20




&

TABLE=26. [T(20)]

DATA TAKEN 48 HOURS AFTCR STRESSING THE INSULATION
BETWEEN CORE II AND SHEATH AT 35 KV FOR 2l HRS,

APPLIED TH. . Ohms. 1 Tan & = ¥ " SPECIMEN
VOLTAGE | - i} c,, mF, I CAPACITANCE,
KV, A S . i, worF.
11.0 - 2135.1 0044 ( 149.31
12,7 2110.9 cu8y 151.03
14,0 2098.9 | o145 151,89
15.5 2058.8 0180 | 152.84
17.0 2079,0 0220 15% .54

TABLE=27, [T(27)]
DATA TAREN A PEW MINUTES AFTER &APPLYIKG 41 EV
BETWEEN CORE I AND SHEATH FOR 3 lIRS.

&

APPLIED [ H., Ohms. | Tan 6 = I SPECIMEN

VOLTAGE § - bC,, mF i CAPACITANCE,

KV, j MawF . _
10.0 2175 0075 146,57
11.5 | 2147 <014 148,49
13.0 2126 .017 ‘ 149.95
14,5 | 2110 .026 151,09
16.0 2100 .0215 151,81
17.0 | 2087 .0230 _ 152,76
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TABLE-28, [T(26))

READINGS TAKEN IMMUDIATELY APTER APPLYING 45 KV
FOR 2 HRS ACRUSS CORE II AND SHEATH.

T SPECIMEN

APFLIED [ R,, Ohma ¥ Tan 5 =

VOLTAGE | 2 FCye ® F I CAPACITANCE,

Rv, 1 - | meF.
9,00 | 2200 . 0080 144,91
10,00 | 2192 0095 145,44
11,30 | 2164 0160 147,32
13.00 | 2137 -" 0237 149,18
14,00 ai2e . 0250 150,24
15,5 2103 0280 151,59
17,0 2000 | .030 | 152.46

TABLE=29, [T(19))
READINGS TAKEN 24 HRS AFTER THE srnm gING THE

INSULATION BETWEEN CORE II AND SHEATH AT 45 KV
. FOR 2 HOURS, ‘

. Ohms. [ Tan & = ¥ SPECLMEN

APPLIED 1R

VOLTAGE § ° Cys mFo | CRPACITANCE

KV, | a4 " § =mmF. .
9.50 2188 «0019 145,70
11,00 2174.5 0050 146,61
12,50 2160 ' 20120 147.59
14,00 2135.0 3 «0165 149,32
15.5 2117.0 | » 0220 | 150,59
17.0 2097.0 0253 152,03




iy

S0

TABLE=30, [T(30)]
DATA TAKEN FIVE DAYS AFTER THE DREARDOWN OF THE

INSULATION BETWEEN CORE II AND SHEATH,

P PO R b

Kv, . § i J wunF o
3;00 | 7058 0068 | 154,91,
.50 : 2076,3 200496 15354
6.00 | 2093.7 | .0032 | 152.27
7,00 | 2105.1 | .o0z2 | 151,59
8;00 | 2112.3 »0013 ‘ 150493
9;50 2118.3 (010 180.50
11.0 | 2114.3" { .0083 150,78
12,5 | 2106.0 +0133 151,38
14.0 2089.7 | .0186" | 152,56
15.5 | 2076.0° | .0196 j 153,42
17.0 2067.7 + 0203 I 154.18
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TABLE-& 351, [T(30]
DATA TAKEN AFTER STRESSING THE INSULATION BETWEEN

CORE XI AND SHEATH AT 41 KV FOR 3 HRS.

Tan & ~T SPECIMERN

1APPLIED ¥ R_,Ohms,. 1
VOLTAGE, { ° iC,, mF, § CAPACITANCE,
KV. o §: § omP,
8 2099.1 L .0013 151,82
10.0 2089.4 |  .coz8 152,58
11,0 2078.4 0073 | 153.39
12,0 2073 .0110 153,79
13,0 2065 | L0136 154,38
14,0 2054 w0163 : 155421
15,0 2043 - | L0175 | 156.05
16,0 2035 0198 | 156466
17.0 2026 o e0211 | 157,35
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TABLEe32, [T(32]

DATA TAKEN IMMEDIATELY AFTER APPLYING 35 KV
FOR 2% HRS DETWEEN CORE I AND SHEATH.

APPLILD T SPECINEN

fR.y Ohma, §Tan 5 =
VOLTAGE, § ° bC,o m F. | CAPACITAKCE,
KV, i % L P,
8.0 2145.8 «0008 148.38
9.5 2135.3 .0023 149,29
11.0 2123,1 | «0051 150.16
12,5 2112, 0.6085 150,95
14,0 2100,0 0.0133 151,01
15.5 2085.0 +0187 152.90
17.0 2¢?4.0 »0210 153,71

nATA ODTAINED IMMEDLATELY AFTER APPLYING 41 KV

(RMS) BETWEEN CORE I AND SHEATH FOR 3 HRS,

A S S v
.\ mmf
9.00 2187.5 ;0007 145,74
11,0 2163.1 s 0017 147.%8
1%.00 2141 + 0060 148,90
14,5 2126 <0100 149,085
16,0 2100 «0130 151,81
17.0 2090 0140 152,94
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TABLEe3h, [0
HEASUREMENTS DORLE IMMLDIATELY AFTER STRESSING THE
INSULATION BETWEEN CORK II & SHLATH AT 45 KV FOR 2 HRS,

APPLIED 1 Ryy Ohmse [Ton & = ¥ SPLCIMEN

gngAGE. f } Cye moF. : 22§TCITAHCE.
8 2200 0034 147,91
9 2187 0065 145,77
10 2169, 0113 146,98
11 21061, 015 147.52
12 2141, «020 't 1483.90
13 2134, ~022 149,39
14,0 2115 0253 150,273
15.5 2100 0277 151,81
17.0 | 2084 0295 152,98

TADLEw35, [1T(35)]
READINGS OBTAINED 20 HRS., AFTER STRESSING TIIE
INSULATION BETWEEN CORE IX AND SHEATH AT 45 KV
FOR 2 HOURS, '

PLIED [ R,, Ohms. 1 Tan o= Y SPECIMEN
E‘(;mmt. i 3 i C,, m.F. i CAPACITANCE,
KV . i : §) mmF,

10 2139 «0016 145,64
11 2182 .0623 146,10
12.5 2163 «015 147.39
1k.0 2144 «0183 148,69
1545 2128 . 023 149,81
17.0 2095 0250 152,17
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TABLE=36, T (26)]
DATA TAREN FIVE DAYS AFTLR THE BREARDOWN OF

THE INSULATION BETWEEN CORE IX AND SitEATH,

T Tan & = "=V SPEC IMEN

VOLTAGE, j 30 omms. § ¢ . mF, § CAPAGITANCE,
KV, 4 | mo¥ _
3.0 2049 | «0079 155+59
£5.0 2082,5 | t_.omu 153.09
6.5 2103.9 | ‘.ooah | 151,53
840 21181 0009 _1 150,51
9.5 | 212301 | ‘.0(')03' | 150,16
11,0 | 2120 | ﬁ.uoﬂ | 150.,"58
12,5 2109 w012 | 151,16
14,0 2104 155 151,52
15.0 2094 i «Q175 152,24
17.00} 2072 «0193 | 153.85
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| " TABLE=37, [T(37)]
READING TAKEN AFTER THE INSULATION BETWEEN CORE I
AND SHEATH HAS BEEN STRESSED AT 50 KV FOR A FEW MINUTES.

'''''

APPLIEB § R_,Ohmsa, Iﬁhn25=- ¥ SPECIMERN
, VOLTAGBg § 3 1C o moF E CAPACITANCE$

7 50 . 1960 - L0002 362.65
5.0 1986 0016 160452
7.0 | 2003 | o013 . | 159,21
41,0 | 2180 011 14%.91
1350 | 2040 622 7 146424
14,0 1990 031 -,~i59,48
15,0 | 1581 <034 160495

- _r-‘-x -_*tr I T e r, M ET(‘%S)] vea' :_'.l*.' --, . ~‘ .“ o Pl

f‘-,* SN ::?"'&\\ R ‘ -~ D B

i

;‘7RLA91HG~TAREN 45 hRS. ﬂFTER swnaasxra THE I%SULuTiON
'f,BETﬂnEN CURE I AND SﬁnATﬁ.AT 50 av "FOR A YEW MIHUTES.

/| APPLIED !'n3 Ohms._ !Thn(5= = o RS SP%CIMEN’ ':Ef
? ggfwaeg oF - ..?CQ. m.F. .g z;;fcxraﬁcn,

3.0 é;?é | 146.;?
5.0 | = 2156.0 - iug.87
7.0° 213@,0." 1;149?67

9.0 | 2117.0 ) f:lsbgsg,

S 0.0 | daskes | 150,77

- 11,0 'aado,ﬁ‘ | f;bnﬁi . 7151.81
12,0 | . 2090 R 0096 152.54

1300 | 2074 | ;613 153471
1.0 | 2066 | 017 154431

1540_ 2056 4020 i55.b6



 TABLE=39, [T(>9)]

92

READINGS TAKEN IMMEDIATELY AFTER APPLYING 45 KV

FOR 1/2 HR. BETWEEN CORE I AND SHEATH.

orma, | 0 lon g | e,
KV, i | . lomt,
3.0 2140 148,97
S50 2129 149.74
7.0 2109 %0026 151,16
9.0 2095.3 | .con6 152,15
10 2094 ”,opkzq o 152,24
11 2076 .0@08 152,56
12 2064 «C1h4 155:&6
13‘ 2051 . +0180 15544
14 2042.0 ' .0210 156,12
i5 20 2.5 .0225 156485
16 2025 «0250 157.43
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TABLE=4O, ['7(40)]

DATA TAKEN IMMEDIATELY AFTER APPLYING 35 KV FOR
2% HRS BETWEEN CORE I AND SHEATH.

BT T Ty

APPLIED | R, Ohwmse I ®an & c ¥ SPECIMEN
VOLTAGE, | &L lc4. m. F, § CAPACITANCE,
KV, § 1 fmf,
8.5 2148 .0028 148,42
10.0 | 212% +0071 150,09
11,50 | . 2113 ' {  ,0130 150,88
13.0 2096 0180 152,10
14,5 | 2083 «0213 153.05
16.0 - 2077 THRE, 0236 153.86
17.00 2062 0255 154,61

-

TABLE=41. [ T(41))
DATA TAKEN 45 HRS, AFTER STRESSING CORE I AND
SHEATH INSULATION AT 35 (KV} FOGR 2 HOURS,

APPLIED IR, Ohomss, 1 Tan & = = § SPECIMEN
VOLTAGE, | ° }cé. m.F . §f CAPACITANCE,
KV- . 5 - !J tl:‘l?;
10,5 2124 000 150,09
12.0 2109 005 151,16
13.5 2091 SRRO071 152.46
15.0 2073 | 0089 153.66
16,00 2061 0120 | 154.68
]
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TABLE=42, D] [T(2)]

DATA TAKEN IMMEDIATELY AFTLER APPLYING 4t KV FOR
FOR 3 HRS., BETWEEN CORE I AND SUIEATH,.

APPLIED . I R_, Ohng. ! Tans = ¥ SPECIMEN
;3&’1%13, : 3 ; Cyo mePe : ﬁfczwmcs.
9 2149.5  +0070 148,31

10, 2133 : +0113 el 149.46

1145 2106 . 20185 151,38
13,0 2093 . 40225 152,52
14,5 2073 y «0245 153.79
16.0 2055 . 0265 1555413
17.0 2046 . +0278 155,82

TABLE=43: [T&3)]
DATA TAKEN FIVE DAYS AFTER THE DBREAKDOWN OF THE
INSULATION BETWEEN CORE II AND SHEATH,

APPLIED 1 R_., Ohms, { Tan ¢ = § SPECIMEN

VOLTAGE § - ° ICye aoF, f CAPACITANCE,

KV, ] P %aqg’ _
2.0 2018 0110 157 .58
5.0 2041 ~0082 156. ©
6.5 2060 <0063 154,76
8.0 2073 .0053 153,79
9.5 2078 .0050 153,42
ii.o 2070 20109 154.01
12.5 2062 0150 154,61
14.0 2051 «020 155.44%
15.5 2044 ~ .023 155497
17.0 2032 » 025 156,89
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4,4 DISCUSSION ON THE B DATA OBTAINED IN CORE TO SHEATH MEA=

SUREMENTS ¢
J

. \ L
b,4,1 ~-DISSIPATION FACTUR BEIAVIOUR BEFURE BREAKDOWN: .

The data was takon for the behaviour of the insulationa¥

after differcnt streossings, These stressings were at times hg

axcesa.of 4 to 4% times the working voltagé. and applied for’i
differené durations. Ultimately.lthe insulation broke down |
after suﬁa periods of stressinge '%

Thi; repeated stressing for long durationq”in.excess‘of'

. e ) .
the working voltage will cause ionization and wil;fresult in ﬁ

A o

the degrahation of the dielgctric; newer products qill forme ﬁ
These wili%nuseas qualities di@ferent from the eariier originaél N
dielectrice Th;s‘fs discussed §n details in Appendix 'CY,

It has been observéd that before aﬂy atresaing; the ionizs {
ation curve shows a practically constant value of disgipation
factor with incroegse in ﬁoltage upté d certﬁin value, After
this, the increase in fhe dissipation factor 1s abasacrved, The
jonization point {the voltage at which the dissipation factor
begins to incroasse with VOltnée) in the two cades (core le
Sheath arid Core XII-Sheath) is somwhat differents However, the
rate of increase ofloss tangeﬁt with wvoltage is ahout the same
in both the tases, For the data obtained on one ;ora (core=II
-Sheath), it is scen that, at higher voltages, thero is a
trond in the loss tangent to siightly decrease the rate of
change with voltage. Evidently; at atill higher ;ultages—- -
provided the insulation does not broakdownes=thero will be a
maximum in the loss tangent and then the losa tangent will
decrease with voltage.. This is characteristic of polar materials.}

which possess a peak in their dissipation factory, amil paper is
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a polar material, although the impregnant may not be fully so
( The structure of paper and its effects on losses is discussed

indetnils in Appendix-D)

With different atressings, on different occasions for
different intervals, it has been observed, that there is a
graduai deterﬁorati#n of the diclectric, The stressings {in
excess of fhe working voltagze) produce discharges, which adver=
sely affect the oileimprognated paper insulatione Those dinchar;i
ges could ge seen to form near the ionization pointy and have
baen obserﬁed on the oscilloscope, Evidently, with incréase in
stress, thé discharges willgﬁmltiply in number, and plso their
_.amplitudgg;wjll increase,{For a discussion on discharges, refer
to Appendix-'C'), It 4is obserfed_that,thevrate of inecregse of -
disgipation facto; decreésés ﬁomeﬁﬁat af higher valtag;s'aftef
cach stréssings; ié ig obse%&eé thﬁt the dissipation factor
(loss tangent) incregses in value, which indicates that the
condmctivity of the dieldciric is increasing,--o aign of deterio=-

ration oftheinsulation,

45,2 BEHAVIOUR AFTER_BREAKDOH“:

The déta'ohtaiﬂed five days after breakdown is very diffew
rent from'the earlier datas.In this case, it is seen that the

T —————

curvep are 'Vt curves. The dissipation factor {loss tangent)
starts frd& a high value, at lower voltages, and beging to
decrease ag the voltage is increaaed. and then it increases as
the voltage is raised still higher, This may possibly be due to
the formation of newer materials, bkaving behaviours and rosponse
which are different, It could also possibly be due to space=cha=
rge effects, We also £ind that although the disgipation factor

begins to docrease, it does not come down to very low valuas,
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,h,3: CAPACITANCE DEHAVIOUR DEFORE DREAKDOWN

For the bchaviour of specimen capacitance with voltage,
under different cunditions. first data was taken before any
sort of stressing. It has becen ohserved, that for both gets of
data (Core XI-Sheath and Core-lI-Sheath),. the variation of capa-
ciatance with voltage is smooth, and its increane with voltage
48 not rapid, This increase is capacitance with voltage, is dué
to discharging voids, which shortecircuit the voidss It has alseo
been observed that the overall capacitance of one core to sheath
(I-5) 45 greater than that of tha other one (IX-5).However, the

rate 'of incregse is found to be similar,

For data obtained, #n intermediate dates, after different
stressings, it was obse,.ved, that the rate of increase of capacie
tance with sircss has increased, Moreover, in one case (I-3),
it Was observed that the 6vora11 capacitance of the insulation
has decreased below the value obtained befors any smort of
stressing. In thc other case (II=S), it has been ohserved that
the value of the cnpéitanco of the dielecttic has increased in

‘vglue, and haas become greater than that before any stressinge

4,h.,4 3 AFTER DREAKDOWN ¢

After the breakdown of the insultion, it was observed that
the naluuaof of cpacitancé curve has changed. In one case {(IsS)
it is observed that the value of the capaéitance has decreased
condiderably. It is alsce seen that at first, the capacitance
slightly increases with voltage {upto a certain value),takes
a peak value, and than begins to decrease ;s the ptress is
increasede Horeovér, the rate of decrease is very rapid, Then,

there is_; tendency in the behaviour to increase with voltage;
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but the rate of increase is very graduale This is probably due
tb:%hé formation of newer materials, whose bohaviour with stre-
ssing is different, The value of the cgpacitance in the other
case (II-5) has increcased very much after breakdown, Moreover,

the shape of the curve is nearly the same as the one in the

pravious casc,

Fﬁr an intormediate set of.datae in both cases { Core-I
Sheath and C;re Il ~S5heath) it is observed that the data for
both the losse-tangent and the capacitance does not confirm with
the manner in which the other datas behave, In the tase of didsei-
pation factor behaviour, there is slight dip in bothk the cascs,
which in indicative of the fact that sapce=charge cffects are
predominant in this region, Morgover, in both the casosx, it is
found that” the value of theidissipayion Factor at low values is

quite high., Horeover, the¢ vjplue of the dissipation, at a partie-

cular stress, is also higher than in cases obtzined_later.

" As for tho case of the capaci£énca behaviowr, it is observed
in one casé (I~5) that the behaviour is not systemmatic, At firast,
the increase in the capacitance is slow, and then, at a certain
atress,'it incrensg abruptly to a higher value, from where it
begins to increase slowly. This could possibly be due tho fact,
that a greater number of dischargas have océurrcd, and have
short-circuited tho veoids, thus r2sulting to an increagse in

the capacitance,
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Lot.5: CONCLUSION:=

For the case of capacitance behaviour, it lis observed that
for an intermediate éet of data, it capacitance is much groater
than in other cases obtained béfore the breakdown, Ehe capaci-
tance curve show a condition when the capacitance increases but
31ight1y with voltage; and then it begins to increase at e
greater rate. Then also, there are some irregularities present
in the variation, Moreover, it is 9bserved that tho variation
ia analogous to thntrof the loss tangent, becuase where there
is a dip in the fonizgtion curve,there is a slight dip in the
data pointse obtained, the same sort of irregularities are
prescent in both the cases. The curves.that are presonted in the
graph are not made to pass fhrohgh all points. By .Jetting theo
curves gass throughxglllthe points‘gpq undul atiocns conuld he
obhserved, One cannot rule out the effect of extraneous capaci-
tive coupling, which could gffect the data, Care had always
bhoen Faken to ensure that the screening iaproperly done. ¥May be,
it coﬁld bhe 50, by accident sometime, the screon@ng fiad not been
prnperly done

It remains to be mentioned that not each core to sheath
insulation had boen stressed for the same voltage and duration.
Also it the number of stressings were differont, Finally, under
atress for mome houfs. breakdown of one core to sheath insulation
occurred, ﬂ

Due to increased atressing tho insulation below the sheath
haa borns much of the deteriorationy because in each stressing
it had to be present, Since the number of stresging, thelr magni-
tudo and duration were differenty it is assumed that the deterio-

ration in the different core to sheath pores(due to discharges)

!‘S&‘i -



102

have been different, Thiz results in the formation of carbon
particles and othier products.

The electrchhemical effects of ionization and the disch-
arging voids is that they gradually deteriorate the oil by
oxidizing it., Moreover, as a result of oxidation and othé;y
chemical changes, hewer cﬁemicallﬁnterials ﬁre known to form,
Electrical discharges in the.SAB spadefin the environment of

the liquid dielectric cause a more or leas permanent increase

in the conductivity of the dielectric,

4.,5: DISCUSSION ON DATA FUR CORE TO CORE EXPERIMENTS:

b,5,1 3 DISSIPATION FACTOR BEHAVIOUR BEFORE BREAKDOWN:

.

Fr;m the daté. for dirferent core to core measurements,

it ia"koun& the rate of incroase of 1055 tangent (dissipation
factor), after the ioniéatipﬁ point.increases after each stress-
ing of tﬁe ingulation., In oné case, it is observed that the value
of dissipation factor is greater than that1obtained later because
in this case, a maximum of 50 KV(RMS) had be applied fof a few
minutes across Core I and sheath insulation. The curve for I=-S
data of the same date is also a bit different. Moreover, in the

" donization curve for this data, we find a small dip at iower
voltages before the ionization point;'This indicates that apaco=
charge effects are taking place gt those values of stressing. At
higher voltages, it is aebserved that the rate of increase of
diasipation factor decreases with increase in voltage. This is
also the case with hther set of readings. If the voltage is
further increased, one would observe that after passing thrbugh
a peak value, the disasipation factor will decrease¢ with an

increase in voltage. This is the case with polar dielectric,
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which possess a peak_ in their dissipation factor. This peak

value is a function of temperature, frequency

4,5,2 : AFTER BREAKDOWN :e

The behaviour of the dissipation factor with voltage
aftaer breakdoiwn is different from the curves obtained earlier
and before breakdown, The pattern is however similar to that .
obtained in the case of core to sheath hﬁasuraments. It is
observed, that 'V' curves are obtained @ first, at low values
of stressingu.'the digsipation factorﬂbeéinu to decrease as
the voltage is intreased, It goes through a minimum value and
then riscs as the voltage is increased further, The portion of
tﬁa!'V' curve which shows an increase of disaipation factor
with voltage is however similar to the other ionization curves.,
‘Moreover, the rate of increcase is also similar.

The curves for fhe three core to core moasurements are
similar, except that'for core I = IIX data, the value of the
minizum in the jionization curve, after breakdown, is greater
than that in the other two cases, This could passibly be due
to tha fact that both cores I and II had been repeatedly stre-
ssed by applying voltages, in excess of four to four and a
half-times the working voltages, acroas the respective cores
and shath, Moreover, since the core 1lI to sheath insulation
was affected by breekdown, it is ovident that greater dompge
has boen occurred to the core II insulation, as conpared to

+

that of core I, since this.” core did not breakdown.

4;5.3 t CAPACITANCE BEHAVIOUR BEFORE BREAKDOWN:

The vaxiation of the capacitance of the specimen with
- ’ value
voltage, shows a gradual decrease in itsxwith increase in
voltage aftor each stressings llowever, the general trende—

increase of capacitance with increase in voltage==is present,
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There is exception present in the case of core I = I1II measure-
ments, For the data obtained on 11.10,76, the behaviour is not
in confirmity with other .datas, This sis also observed with the
data obtained on 11,10,76 for the core-I-5 measurements, One
could presume that the oil-impreégnated paper inauiation of Core=

I is somevhat "difforent” from those around other cores,

4.50% 2 AFTER DREAKDOWN:

For the dufvés obtyined from data taken after the breakdown,
it is observed that the capacitance also diacreases in value with
increase in stress upto Qome valuca of atressings, thon it beginsas
to increase as the atroess is increased, The po;tion showing the
inerecase in capacitance with voltage lies in the region between
the values ohtgined for other cases, The curve obtained in the
case of core XI-III measurement is a bit difforent from thc other
two curvese={for core I-II ,nd 1X~-IIX data) Here, iﬁitinlly.
thefé.ﬁé ﬁresent a peak in the curve, This is also found for the
core lI=-5 capacitance curve obtained after breakdown. The decrease
in the capacitance with increase'in voltage, for the initial
portion of the curve, is also more rapid as compared to the
other two cases. Horeover; the value of capacitance is greater
than that for the other two caﬁéa. It may be mentioned, that the
pattern of the capacitance reverse voltage curve for the Core
I-5 measurcments obtained after breakdown, was alsoc different

from that obtained for II-5 measurcments under similar conditional

-

4,6 : CONCLUSION:~

‘ Thao effect of discharges that take pkdee in the gas pockets
in oil-impregnated paper insulation manifegts in a gradual change
in the éompoaition of the dielectric materia1§1). As a result of

the discharges, newer materials are fommed due to electro=chemical
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effecta, Electrical dissharges in the gas apace within a dicle-
etric iiquid cause a permanent damage ta-the dielcctricea=nnd
results in an increase in its ceonductivity. The increased elec-
trical conductivity of deteriorated oils may in sonme cases
result from the formation of substances that are electrolyti-
cally dissociable, usuably it results from the formation. of

(1)

colloidal ions s A feature common to auch colleoida is a cone

at;t;eni,thnt by itself is insuluble in theoil., Examples of
such materials are'soluble® sludge, aaphalt, cuprons soaps or
oxides, and condensation products that rosult from electrical
discharge reactrons involving oxygen, nitrogen as well as
hyd?ocarbons. It has boen(l)obaerved thgt the conductivity mar-
kedly increases when hydrocarbons aré suhjebted to electrical

. L}
discharge in the absence of air, oxygen usually accelerates the

process,

Balsbanghtza)and Co-workera(25)have investigates between

the amount of oxygen absorbed gnd the'conductivity, the

(26)

b
dielectric constant and color. Balsbangh has also observed

that for both o0il and oil=-impraegnated pnper.‘subjected to
voxidution in the pres?nce of % copper catalysts, the conductivity
in the early staées of oxiﬁation increased more when the supply
of oxygen was limited than when 1téwns un-limited., The effect of
copper salts in causing high power-factor in seriously deter-
forated oil-filled cable has been pointed out by Hirshfeld, M

(27) (28)

Meyer, and Wyat: e« Evans and Davenport discovered
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evidence for the presence of strong acida as well as

‘wegk ones in oxidised insulating oils,.

'(29)havo investigated into the

Piper and Co~workers
‘effect of lead soaps and cépper smoaps at difforent
temperatures, They(have reported that these soaps
caused high power factérs at temperatures appreciably
above those a; which their solutions became viatbly

.hegerogeneous upon cooling,
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CHAPTER=5,

EXPERIMENTS ON LiIqUID DICLECTRIC SAMPLES:

Del 3 THE OIL SAMPLE:-

To study the behaviour of }liquid dielectrics,commercially
available transformer coil was takoen, This 0il sample was used
before in transformer. To prepare the specimen-—sno that no
visible foreign particles could be preéent-the following
procedure had been usaed :

The oil somple, taken from the stock kept in a drum, was
heated upto 120°C s0 that dissolved gases and moisture could
escape from the oil, This was done because, breakdown occurred
(many times) in many samples. The breakdown voltage was about
120 volts/mils, and even less on mahy occasions., After breakdown
itlw;uld be observed that carbon pnrfi;ies would dépoisé on the

clectrodes; at plagés on the electrodes between which disﬁharge
' 1

. would take place {(probably),larger dark spots could be observed,

5.28 CLEANING OF THE SPECIMEN HOLDER :-

It has to be mentioned here that utmost care was nceded to
cieun the specimen holder otherwise impurities would present
difficulties in taking data. TQ this effect, carbon tetrachloride
was utilised as a clegning agent., It is a very useful organic
soluent, Standard quality of the solvent was used. The following
procedure was utilized to clean the specimen holdor(a)z First,
some CClh was poured into the specimen holder, then covered and
shaken so that the soluent could rcach all the places. The cover
was then removed and both the electrodes were scrubbed with a

piece of clean cloth, and the specimen holder closed again and

‘shaken. The CCl, was poured out {thrown away). Then a further
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quantity of 0014 was poured into the specimen holder, and the
specimen holdey thoroughly rinsed; Finally, some more of the
soluent was pamred in, andfinal rinsing was done, the soluent
was. poured out, The specimen holder was then heatecd, with the
1id on, upto 120°C for sometime, This process has been found
to be quite effective in cleansing the specimen holder free
from soluble and suspended impurities which could be present
in the specimen holder(a).

Before taking the liquid sample for experiments, the
specimen holder was rinsed with some of the liquid to be tested,
and (the liquid) thrown out. The hot sample (at 120°C) was then
poured into to spccimen holder in sufficient guantity (about
75 CC)e The specimen holder was covered, and the liquid allowdd

to ¢cool upto the termperature at which readings were to be

taken,

5631t MAINTAINING CONSTANT ELEVATED TEMPERATURE:

Since different readings.had to be taken at different
elevated temperatures, it was necessary to keoep the termperature
constant. For this purpose, the specimen holder had to kept on
a2 hot brick (which had to be heated for a pretty long time).

The temperature would come down in a single set of readings.
Then the brick was again heated to obtain the roquired temperas
ture, This process is quite cumbersome, Anothor process is given
below (as presont in the bridge manui%% :

56342 : ANOTHER METHOD:

Place the assembled specimen Holder {containing the specie
men) in an air temperature both on a surface which is insulated
for 3000 to 4000 {and remove handle 3 ). Then place a thermometer

in the well in the spocimen holder.
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Raise the termperature of the test spaclmen (by means of
the temperature bath)upto a valué of 100 to 105° ¢ as a.ndicated
by the thermometer, Then allow the -tem_perature- ‘of the ‘peczmen
to drop to thé value at which the measurcement is t6 be made.-
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DATA ODBTAINED ON LIQUID DIELECTRIC
(TRANSFORMER OIL) SAMPLES AT
DIFFERENT TEMPERATURES o

-
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TADLEe44 [ TC44)]

DATA UBTAINING ON TRANSFORMER OIL SAMPLE (SAMPLE-I)

AT ROOM TEMPLRATURE ( 21°C).

LP’PI_‘.IED | 113.0hms. “§ Tan 5§ Tempe § SPECIMEN
{3fTAGE' : ==C4.HF :T”c }z:;ncxrnmca.
2.73 1899 21°%¢ 167.88
- 4,09 1881 169,48
5.45 1870 170,48
6.84 1865.1 170,93
8.18 1902,.3 167.59
9.55 1899,2 $ 0012 167,86
10,91 1897.5 0024 168,01
12,27 1896.5 +0035 - 168,10
13.63 1894,7 +0046 166.26
15,00 1893;6 '].0059 _3&L§;; 168.56
16,35 1892,.9 «00736 168.42
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TABLEw45, [ T(45)]

DATA OBTAIKLD ON THE ADOVE SAMPLE ARTER DISCHARGE,
[ ]
ANI3 AT ROOM TEMPERATURES 21°C)

APPLIED 1 R,, Ohms. | Tan s = Y SPLCIIGN

VOLTAGE, & - ic, .mF, CAPACITANCE,

KV, 3 . { enP,
9,55 1866.4 .0017 170,81
10.91 1364 0029 171,03
12.27 1862 +0046 171.21
13.63 1860 «0059 171,40
15.00] 1857.5 +0075 171,63
16.35 1854.0 <0094 171.95

TABLB~464 [T(46)]

DATA OUTAINED ON SAMPLE I 24 HRS, LAT.R, AND
[+]
RUOM TLMPERATURE.(22°C).

APPLIED § R. Ohms, I Tan s = ] SPRCINEN

VOLTAGE, § ¢ iCy,y . { CAPACITAICE,

EV. raF o
3.48 1903 - 167,52
4,99 1877 169.85
5eit5 1878 170,21
6.82 1870 170,48
7457 1369 170,48
B8.25 | 1868,.4 »0001 170.63
8.86 1867.2 00075 170.74
9,55 1866.3 + 00147 170,82
10.36 1865,1 «00213 170,93
11,32 1863.3 +00287 171.09
12,27 1861.1 « 00352 171,30
13.35 1859.7 «00498 171.43
14,83 1858, 1 00613 171.57
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TABLE=474 [T(47))

DATA OBTAINED ON A FRESH SAMPLES(SAMPLE 2)
OF TRANSFORMLR OXL AT 85°.

APPLILD © lxz Ohms — ffan € = SFECINEN

VOLTAGE, 30 Cyo moF. CAACITANCE ,

KV, {  onr
1436 1957 051 162.90
2459 1920 «065 166,04
3.28 1910 +070 166,91
4,09 1892 082 168.50
4,61 1888 «102 168,86
5.18 1873 105 170.21
6.41 1871 «113 170439
7.02 1860 «121 171,40
8.32 1859 128 171.49 &
8.69 1864 «128 171,03

TABLE=48. [T(48)]
DATA OBTAINED ON SAMPLE-2 AT 73.5°C.

APPLIED

R, Ohumis,. Tan & = § SPLCIMEN
VOLTAGE, 34 Cyv eFe CAPACITANCE,
V. mank o
1,36 1869 .0125 170,57
2,32 1831 .0218 174.41
3.41 1810 «0275 176,13
4,64 1795 036 177.60
5.45 1790 043 178.10
6.40 1783 « 049 178.80
772 1781 0057 179,00
8.46 1775 « 065 179,61
9.20 1766 <071 180.523
10.2% 1774 .078 179.71
10.91 1770 082 180,11
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TABLE«49. Tv(49))

DATA OBTAINED ON SAMPLE 2 AT 69°cC.

31:1’1.311:9 3‘3‘ , Ohms 1§ Tan & = I SPLCIMEN
Kgr:rm. ‘ .c,* . u{.F. ::::fcrrm.w.
1,36 1866 « Q004 170.85
.41 1799 | 0198 177.21
5.45 1780 " .0276 179.10
7.06 1774 | 0,037 179.71
8,18 | 1764 © o .o48 180.73
9.68 1761 " .063 181.03
11.05 1753 . 066 181,086
12,06 1750 " 071 182.17

TABLE=50. [1(50)]

DATA OBTAXNED ON A nég SAMPLE (SAMPLL 3) OF
TRANSFURMER OIL AT 77 C).

g, | 5 | e | caescimnee,
KV, .| . omf,
1.45 1750 .071 - 182,17
2.21 1777 1,060 179.40
5.15 1793 © 059 177.80
4,78 1803 " .064 176.82
6.14 1806 «071 176.52
584 1811 £ .076 176,04
:6.95 1818 © .079 175.36
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TABLEw51, [1(51)]

DATA ON SAMPLE 3 AT 65°C, AND AFTER REMOVING
IMPURITY PARTICLES FROM THE LOW-VOLTAGE ELECTRODE
SURFACE BEFORE MEASUREMENTS,'

+

tppx.wn '] RS, Ohms ] Tan & = )| SPECIMEN )
E;}r:r.emx; c&f m.F, | ;::fCI?ANCL
1,364 1908 16799
1.95 1878 0045 ' 169.76
2,92 . 1858.3 0089 174.55 «
4,09 1848 00170 172.51
5481 1833 L0211 173,92
6.1l 1836 .026 174411
7.00 1825 | .028 17%.68
7455 1325 = . Q30 - 174.68
8.32 1821 " 4033 175,67
TABLE=52, tTCb'Q)J
DATA TAKEN ON SAMPLE 3 AT 46°C

APPLIED Tty s F Tang » - —~ 4 EVRC LR
Kgyrms Cys m. F g;::g:frmcs
1.65 1908.1 - 167,08
2.50 | 1880 o 169.50
386 1862.5 | .ovo1 171.17
.92 1857,7 . .0028 171,98
5045 1850.3 0040 172,30
601k 1846,2 ;0052 : 172,68
7.02 1842.5 0066 | 173.03
7.86 1839.7 0078 173429
8.73 1836.3 .0099 173.61
9,27 1833 +0100 173.92
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'5.h 3 DISCUSSION ON THE RESULTS OBTAINED:

Transformer oil{com&eréiully'aVailabla'that hagd already
beeﬁ ﬁsod but éentrifﬁged) ﬁas'ﬁahnn tdetudy its dissipation
and cnpmcitauce behaviour under stress. Temperature was taken

a5 a parameter. Data was tﬂken at different elovateﬂ tamparature.

. as is giveu in Tables &4-;2. The data was taken on threc differont

daysa. It has to be mehtioned thnt the lamplns had tﬁ bhe thanged

bocuase the dischargos wiihin the liquuiled to tha fnrmation of

impurities. The effect of dxschargos on 1iqu1d dielectrics is

discussed in Appendzx C.'

.534.1 % DISSIPATION Fncmon.»

It has bheonh observvd that no d:ssipntion factor reading

wa— “-n-__ . . .=

'gﬁicould be ohtained at 1awer voltagaa.\and at 21 C and 22 C. At

- \. - !'L

b — -

'“abnut 8., o KV, thedmssipation fﬂctor nould he rcad,afﬁmr Which

1t begins to incrcase with v*ltage. In: rONG” sat of ‘datay it was
found thut the diaeipntian factﬂr'inéro;;ns markééiy after the
occurrance of dischnrges (the datas were ﬁakon on the same day).
Hhon,the readings were takon on the same samplo, thu next day,

it was found that the dxsaigﬁtion factor has &acreased. below

'thoae obtainod the provious dny. Howevar. the raoc temperature

in this case was i % highor., The-curvaﬂ in the threa‘caﬂes are’
all similar. These éurV@a nrb shown in Fige - .
Another frosh amaple vas tnken. and nfter perfonming the

functiona mentinnad in saection 5.2, data was taken at three

~different temporature,-&E Ce 73 5 C and 69 c. It wnarfbund that

at 69 C and, 73.5 G we get curves which are parallel,aand the
diaaipntiun Lfactor increaeea with voltage.ﬁvidently, the one at
higher tpmpvraaure shows a greater. diasipation factor. The digsi-

pation_faetog for the temperature of~8, ¢ are very much greater.
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Tha points obtained are irregulor, but can be approximated by
a straight line curve,

' The curves for another aamples obtained from data taken
at 46°C, 57°¢, 65°C and 77°C show only a slight gnomadly, The
data obtined at 77%C gave a 'V* curve, while that at 46°C gave
an increase of diss&ﬁation factor with voltage which 4is lowfr

than that for 57°C and 63%.

Selie2: CAPACITANCE BGHAVIOUR:

The capacitance data obtained on the three samplos, at
different temperaturas.;howa a some what irregular behaviour.
Ih the'case of sample I, it is found that there is a gradual
increase in capncitancqf_On one occassion (before discharge),.
it was found éhnt the pnpnéitanco increases with wvoltage to somo
extent, after which it comaea down to a lower vn@ue,_gqﬁ again
incr;aéﬂs but gradualiy. Thosreis no irrug&&af bahaviqur of
capacitance in the data obtainod for sample 2., The capacitance
increase is curvilinear, and comparitively, the capacitances at

higher temperatures, ore lower. The data obtainod on sample 3

indicate an irrggular cap citance behaviour,

In this caase, it was found that at highor temperatures, the
capacitances are highor. This is just tho opposite of that for
samplae 2.'In one caso (at ??°C)it is found that the capacitance
starting forom a highe value at low voltage, docreases as the
applied streas is increased., In the other two sots of data for
the samoe sample, it is found that the capacitanco incroacses in
the mannof nrqthat for sample 2, but tho capncitance is lowor at
lower temperature; that is,the capacitance at 46°c s lower than

that at 659¢,
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G058 CONCLUSIONS

From the data obtained, it has beon found that tho dissipati-
on factor of the liquid dielectric is very low at low=valuesc
-of stress and lower temperatures and 2re not measureable upte
certain stress. However, it begins to increase at higher volta-
ges, and the increase 15 linear in general. Moreover, it was
obtnined that at higher tomperature the dissipation factor, in
gonaral. possesses at higher vnluo; alno, the disaipation factor
is obtainnuiézhgglgﬂ?ﬁsdue to tha fact that, at higher tempera~
tures and higher atress, the impurities incroease in mobilityy
and also there iz a diaqeciation‘uf the impurity mokeculsa and
those of the dielgctrié@liquid,igselr into ions, which contri=
bute to the increase iﬁ‘th;*conductifitﬁ of the liguid. The
conducﬁi&n_mechanism in 1iquid dielectrica ia discuased in
3yoéte£ details in Qppéqﬁiﬁ;'r'). - L }} . |

As for the capacitnnce behaviour, no regular dnta could be
obtained. For the three samples astudied (these are taken from
tire sama stock)the behaviour is somowhat differents But it has
beon observed that at bigher temperatures, the capacitances are
higher, in genoral, This results from the fact that at elevated
temperatures that there is a sharp increasc in pernittivity,
This is because the viscosity fall to a lower value. This
contributes to the increase in capacitance. .

Dieldectric léquids behave vory peculiarly becuase of the
presence of impurities; impurities oven in slight amounts very
much affect the behaviour of liquid dielectrics. Difforent

investigator have in general have obteined confiicting data,

and their interpretation differ markedly.
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CONCLUSJION AND SUGGESTION FOI' PURTHER WORK:

61 3 CONCLUSION:w

To atudy dielectrics undoer differing conditiona, the
following dielactrica were taken : (i) Polyethylene high-
frequency cable,{(ii) 11-KV 3 core oil-iﬂprégnntod paper cable,
and (iii) transformer oil. These were studied undor ditfering
conditions and at highe-voltages to observe the behaviour of
thesir dissipaﬁiun factor and capacitance, Tﬁo data obtained
during the investigations tally with the theoretical interpre-
tations in nearly all casos. The cable behaviour after breakdown,
though not represantative of tho data taken prior to breakdown,
indicnies the formation, to a considerable extent, of nower
materials. (This broakdown took place after many stronsings at
4.4% tices the working vcltage}-wThiao materials form as &
result of ionic dischargesj;electro.cheuical changes take place.
Althoughi no chemical analysis was done, it is presumed that
water in sufficient quantity is present during poasursments
(because on one occassion while studgting transformer oil,
similar 'V' curvoe was obtained. Later it was found that droplets
of water were prescnt in the specimen holder). Or it could be
that newer materials contributing to spacoa-charge polarization

have formed (Ref. Appendix 'EY)

6.2 2 SUGGESTIONS FOR FUTURE WORK:

The formation of discharges and thaeir bshaviour can be
further investigated by using the Schering Bridge, provided
that certain other auxiliary apparatus, such as filter circuit
and also amplifier for high.frequcncy, a;o addad, It is hoped
that further satudies on dioclectrics of differont typose to suit

our condition-=would greatly help in the proper utilization.
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Investigations can also be carried ocut to determine the
behagviour of materials not generally used ;s‘dialectrics but‘
which possess insulating praperties.

It is augkested that the study of power loss-using an
clectroatatic wéttmetar-togetber with the stndy of dissipation
factor behaviour at different VOltagos-(undldiffering conditions)
would help much becuase under stre&s and during ionization hewnr
materials are formod which possegs differént permittivities, This
aurtlof study Qould throw light on the formation of newer
matorials.

The usual practice had beon to study the dissipation factor -
{or poweyr factor) behaviour in ordoer to determine the behaviour
of dielectrics at high voltages. The study of c¢apacitance

bahaviour will also be useful, as has beeon sugpgosted by
(1?3.

Paking
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THE _OUSERVATION OF DISCHARGES ON THE OSCILLOSCOPSE.

e have used an ocacilloascope as a null detector, The signal
is fed from the amplifior-a powere- frequency amplicr, provided
along witlhh the bridge. It mng be smentioned that, instnad of a
vibr,tion galvanometery or a d-c micro-ammoter,; use has boen
mada of the oscéliaacape. The vibration galvanogeger has not
been used bacuanse its use boecomes very cumbersome and difficulé
tios arise as ragards the aoffects of mechanical vibrations on
them. Morcover, the auxiliary apparatus supplied to b¢ used
with the bibration galvanometor, were not in oparating conditions,
A d-c microwammeter had'hgen also tried, but its ﬁsa. near points
whore balance has to be cﬁanged froﬁ.réaiativu branch to capaci—
tance branch, bocomes difficult to find tha proper value of a
parficular setting, bocomes o little difficult, Finally, we tPied
the vibrgtion galvanometer, and if has hoen found that it is easy

0 use it as a null indicator.

'By uging an éscilloacopa. tischarges were obsorved sn the
oscilloscopon, These discharges incroased in amplitdde as the
applied voltugae was increased, It may be mentionad,that these
discharges -—having a Croquency very such largey than the supply
frequency «e=coutld not have been obsarved with edither p vibratioon
galvanometer or a d.c, micro-ammetor, These dischargos currents
are superposad on thae 50 cps frequency. Asn the amplifier and
hridge had not be designed for their balance,they wara sven
prosent whon the bridge is balanced. A, balmnca.thﬂsa-diacharges
are pr:seat, but instead of heing superposcd on the supply wavee

shape, they are symmotrical about a strajight line, Another
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oscilloscope (with botter sensitivity bhad also boen, but thias
does mot affect the valuea uf the datu mich) had also been

usode Tho bohaviour of the output, as scen on the oucilloscopo,
it unbalance, near balgncoe and at balance aro showvn Ciayrausoa-
tically in the figures bolow. HMorcover, it is absuved tlat there

is no appreciable change in the amplitude of those dischrgos.

U f A/\NM%WUAUAW

At Unbolance Nsar Dalance

———AAAAAAAMANALAAANA,

At Balance

It may be menticned that tho formation of dischurpges in the
specioon became obsorvable on the oscilloscope at about 10 EV, as
is notod for mensurements taken on 1-9-?76. In sach cycle if two
discharges take place, then for a 50 cps 1npu?. there are 100

discharges occuring per second.
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APPENDIX w Do

STRUCTURE OF POLYLTIIYLENE 2 A DBRIBF DUSCRIPTION & -

(1)hnn a crusa=iinked type of molecular

Polyethylene
strﬁcturea This rcasemblas a thrée-dimpnsional fishnets Inastoad
6f‘being lﬂﬁg, thin and flexible, the molecules raseomhlo an
irrdggular threu-diemensionai fishnet.‘nnd the proportics are
very much dependent on the size and &3 distribution of theo
meshlinks, Whon tlie meshes are very 1lgrge, with very fow cro=-
salinks, tha prbpertieﬂ arc like those of linear chained struce
turc. An example is uncured rubber, with its high eldugation
and racoverf..on the otherhand, vcrﬁ many crosslinke malo the
mnfarial hard and stiff,and probably brittle, as in the case
of hﬁrd*rubher or phenolformnldnhydéw-reain. -

The fishline type of molecule includes 3 wiﬂs Variﬂtg af
chemical structures,,Rplyg?hyelene ia made by linking large
number of ethyelene‘mﬁlacuin in a chain, This ia done by a
process lnown as polymerization, Pelyetheydene is tho sinplest
viﬁyltype resin. It has excellent ®# e¢lsctrical propepties. The
dialectric loss anple is very ;ow; sgince it iz a non—polar'

material thoe diclectric logases are also low.

H 1n H H H H

1 } 1 ] 1 . STRUCIﬂRB_OF
GC = C ..G - L w - fl‘ smeame PDLY‘I:mn‘ENE

1 4. ' ' 1 1 *

H 4] H i H i

PHYSICAL VROPERTIBES:

The structure of polyetheylene is very simple and
uniform. It is a compound of high.moiecular wolght and is
cryatallinoe, It has been roeported that it is 40 to 60 percent
cryatalline at room temperaturc. It decpcases at higher tempore

atures and bocomeo Zero at about 105°C. This crystablivity at
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rooa tewmperature makes the polycthylins inert to many of the
solvents and chemicals which would be expected to attack
hydrocarbones. Tho fact shat it in a saturated hydrocarben

makos it resistang to chemical attack also,

1

LLECTRICAL PROPERTILES 1w

A number of obscerved electrical propertica are not entirely
consistent with the etructure shown. Hecuase it has' a symmetrical
structure, it is non-polar, Thus wa would expect ne¢ dipole moment,
and hence they.e sahould be no loss, Commercial sanplos have g low,
but not zeroloss, particularly after the plastic has been milled.

It undergoes s¢ractural changés under the action of high #oltagézz

i

CONCLUSION: -

¥hen considering polysthylene as used in highe=frogquency
cables, it must be ﬁorna in mind that a compounded material is
boing usad. This is so becauso stabilizers are pdded to minimizo
the dhgrndntion due to heat, suniight ete. Thus the values obtai-

ned and raeported are on such a mixture,

+

Polyethyleno has found wide useas in high-fraquﬂncj applica=-
tions sucin as radar cables and alse for the insulation of
communication and sybmarine cables, In its uso for powoy cables
two w weaknesses wust be guarded against. Although polyethylene
is ozon#-prnot. it is very susceptibla to corona, poasiﬁly
becuases the covrona raiscs a partion of tho pMlyathylene agbove its
melting point, and dielectric failure ~nswwrea, A polyothylene

cable furthermore, will not wiihstand over-hcating, by shorte

circuiting current of more than momentary duration,
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APPENDIX-C

THE PHOESENCE OF YOIDS, AND THEIR INFLUENCE OH THEG
DISSIPATION PACTOR ARD CAPAGITAKCE OF AN INSULATIRG Mobiium,

YGIUS AND THRBIR PRESBHCE JIH SOLID INSULATING MEDIUM:

Voids and gas pockats ars invariably proesont in solid and
oll-inmpregnated papor insulntiongisz These voids are present in
the cellulose structure and when oil is added to it as an impreg-
naﬁt. it is absorhod iﬁto the hollow celiulosge fibres and their
interstices, aﬁd also ﬁn the gurface of the papcers Thia results
An an almost homogenanﬁs dielectric. The iapregnant incroases
the dielactric atrengtﬁ because the gas voids ure nﬁw filled
with 0i) (the presence of voida reduces the dicolectric atranazthl.
Voids stilil rcﬁain. and impose an upper limit upto which strenss
con bo applied.without Erenkdown. The presence of thesse voids ave
due ta defecieﬂcian in the manufacturing pracess of +©0 tho unavo-
dahle pbyaical changen'bruught.nbﬂut during oporation, Yonic
discharges take place within the voids, howcver, anall they may
bee Above o ceirtain critical atrass intensity, those diascharges
cause savere# local damage and destruction to the dielectric

leading to breakdown,

THI; FORMATION OPVOIDS AND THEIR MULTIPLICATIONS

No diascharges are present in oil-impregnatod paper insulation
at lower voltages. Hownvar, whoan the stress in raisedt above a cer-
tain valua, a gas bubble forms in the diclectrics Dischergéstiﬁ) |
take place within the voids. These discharges usmually cecur in
small steps over a range of applied voitage during oach half s

cycle of the appliod a.t. voltage. The formaticn of those discha~

;R

rgos are depondent on such factors as the high surface resitances
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of the insulation facing of voids, the existconce of more or less
active points of discharge Ainitiation, the presence of asurface
charge conceniration from nprovious dischargas. Hrasuaﬁitia’
informs that the presence of moisture 4ppears necespary for the

(19}, .ve showm that

formation of gas bubble. Some researchers
elugtriqal discharges occur ahove a certain critical value of
applied stress, Ei.‘ovnn if the papo; is so ﬁull imprognated that
no voida are present initially. If the voltage be maintained at

the discharga incepticn voltage levol, the discharges dincrsaso
rapidly 4in maghi tude, aomotimos to ascveral timns.thn initial

value within the Tirat faw minutes, ﬁnd life may be very limited.
This discharge finception voltage is dopendent on the hydrostatic
pressure on the oil. llowaver, it has been shown that thoe cffects

of deonsityk an& the typa of paper, and the viscasity and diodine
nnwber of the oil on the dlschargﬁ inception voltage are rclatively

amnll,

C1g,49)
Tho authors have alsc shown that the gas initially geonerated

in electrically stroassed paper impregnatod with a dielectric lige
quid is derived from the water retained by the cellulese (which
is hygroscapic) through absorption forcem,however well the paper
in dried. Provided the gos bubbles are not prosent initislly,

the thraoshold value of stress for gassing at normal prossures is
low only with Siopregnated wmatorials containing an appreciable
amount of‘aINDrbed molsture,and ia increased hy drying, If any
water be proegent in the liguid form, it can be eiautrolyxed reade
ily dnto its constituents a; powor {requoncies and suitable curre

ent densitiea. The oxygen 50 evolved may raeact with the oil, rasu-

iting in the dotoaricration of the ocil-impregnated paper. Repeated
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streasing.above a certain voltage, will definitely ragult in
electrical discharges in larger numhers and also oslacrochamical
roactions,which could iead to the destruction of the insulating
properties of tho oil-impregnated paper insulations
uhen(iﬂ)elnctrLCnl discharges talke place within n gas bubble
aireqdy prasent, they genarate further gas through thae decomposi-
ti@n ofthe ¢il, and thd gas bubble increasaesn in'a12u¢ Tho rato

0f gas cvelution is dependent on the naturoe of tho oil, and the

precaence of additives,

THH“RESUL? OF DISCHARGES :
It has baan reported‘aO)that ionic diachargos result in
carbonization, vapomization. This carbonization short circuits

the discharging wvoid, It lhias also beon obaerved that ch;nsns taka
place due to the cumulative offect of local chowical deterioration,
wapourisation and resuliting wechanical domoago which may ultimately
produce a condition where failure ean occur, perhaps by an ovors
volinsa.

EGUIVALENT CIRCULT NGPRESCMTATION OF A SOLID INSULATION

CONTAINING VOIDS:

A dielectric containing voids mey bo fairly ropresonted am

- n ccmbination 9£ capacitances and rasistnncés arrangoed ag shown

e)

1n.£igureitkij>“;.¢) below 3

B2 oz 202 TG
WAty -

Figt Gaf... ¢ Circuit Model of an Insalation comsisting
- of Internal Voids,
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Hore the molid insulation is represented by shadod capacizors

and tha 1nt§rnal voids by unshaded capacitors, Lach gas spac; is
divided into numerous small capaciatances separatod by resiastors
which correspond to the aurface resictance of the insulation
facing the gas space. Hot all tho gas volds discharge simultanso=
usly. The dizcharge within the volds is dependont upon the siresas
developad within the voidas, as a result of the application ef
voltage. Areas that have active points dischargo first,and are
followed by other areas as the voltage is rasised higher and
higher.

Burniarilﬁ)hma given a rather simple circuit analogy of the
ingulation under conditions of streaé. He conaidérn-tha gAas spaces,
in which discharges occur, asz a capacitor shunted by a resistor,
The value of this rosistore its resistancessvaries with the app-
lied voltage, being Infinite at low~voltages and baginning to
decroyee as the voltage is raixed asbove tha corona startina volt=
agee The capacitoremwpgas mnace-——is in series with a capacitor
;npresenting golid insulation whome loss angle is invariant with
the voltage, Prom an analysis, 4t has beoen observod that a maximum
in dissipation factor (tangent of the dielectric loss angle) will
occur as the voltage ia raisod shove the corﬁnn starting voltage.

IHE EFFCCT OF DISCHANGES ON MM DISSIPATION FACTOR:

The discharges takéng place in th&‘ﬁaids ropresent and irree
versible absorption of power and céntrihutn to the dielectric loss-
es in the dielactric,

If thore ware no losseos in the diclectric medium, then the
angle batween the valtage across it and the current through it would

be in guurdrature(aoz In an actual dielectricythis is not the camse.
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The difference in the ongle is less than a righteangle, The diffe
erente betwsoen the guadrature anple and the angle actually prosont,

ia known as the dielectria loss ianglei. The tangent of this loss

anglo, 6 s dis ¢alled the dissipation factor. Tho dissipation
factor 45 a very important parameter of an insulation,

Leaving out other factors, ove shall consider the variation
of digsipation factor with voltage. This is of cnnsidarablé zlnpor-;
tance espacinlly for the insulation of high~voltage cablas.s elace
tric machinas and other applications. The genersl tendency of thias
relationship, for a dielectric containing voids,is ropresontad in
figure (iCeZ..)_;}. The dissipation factor, tan s, is almoast cunst;mt
upto a certain range of voltage V upto Vion,after which it hegins

to increase rapidlye.

DigsipaTion Facron

. e

< - Yion ———‘l

VoiTAgE

Fig : G.2.;5 « The Ionization Curve of an lInsulation baving

air or Gas Bnlrapped in it,
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(19)

The curve showing the relationship betwoen dissipation

factor and voltage is called the *donizotion curvet, Point A ‘.
marks the threshould of Sonization in the voids trapped inside ﬁ‘
the insulation, Those voids increase in number as the applied
stress ig incroasaed, This &onization is associated with a consi-
doravle abeorption of cnergy which causcs a aharp rise in the
dissipation factor. It may be montioncd that the higher the
jionization point, and the flattexr the Lfonization curve beyond
point A, the better is the quality of the insulations

THE POWER L0SS IN pItizctics$???

The dielaectric power losa P (in wgtis) for sn insulating
medium is givon by
P e Vi2 720 tanb
where V = applied voltagoe in volts
f = frequency of the applied voltage in cpse
C = capacitance of the insulation in faraods,
The apecific dielcctric losa por unit volume of dielectric,

is given by
P = Eaf £ tané

o "1015' Hattu/cnﬁ
Le x b

whore P represcents the speeific diclectric losa per unit wvalume
of the diclectric in H/cn3
E = olect?ic ficld intensity nt.tﬁe given point of tho
insulation in V/cm,

€ = permittivity of the dirlactric.

IUE EFPECT OF DISCHARGING VOIDS ON THE CAPACITANCE OF A

- DIELECTRICS
The overall capacitance of a dielectric in which voids are
pregsent{or come into being as ax rosult of strassing or otherwise)

. 48 a combination of the capacitance of the solid insulation as
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woll as the cnpﬁcitancauof the voids, which may contain air or
any other gase The representation of such a dielﬂctfic by o
circuit mode}) has baen carlier in figure.

(16). it instantanecusly shortecircuits

When a void discharges
in the void a smaliﬁareu of the gas spance, or the whole void. This
results in the incroase of the cenpacitance of the dielectric medi-
um; becuase theso gns spaces are in sories with the solid dielec-
trice Since the number of discharges incrbase ax thes applied
stress is incropsed, it is evident that the capoecitzhce of the
dielectric will alpo increaseé.

BQUIVALERT CIHCUIT iU
{22)

IPRESEHTATION OF A DISCHARGIRG VO1ID:

White head haa reprosented a discharging void, as shown
in figﬂfﬁ'Cﬂ;ﬁi};, by an ejuivalent eircuit model, An internal
discharge involvea the partial or complcte discherge of the capa=-
citance of a void in a very short time comparocd to'chn;ge_tho
capacitance by the variation of tha gpplied voltage, e;copt at
high frequencics, In the figure Gc raprescents the gas-filled
void in o aolid dielectric, where Cb is the snlid‘diélﬁctric in

serles

zzz Cy,

rig: -C.3; : squivalont Circuit of a Discharging Voild.
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with it and Ca is the remaining dielockice If now the gas in the
void breaks down the voltage across Cc will £al) by AV in & time

7 sec when tho discharge i= axtinguished. The

not more than 10~
energy dissipated is approximately

¢, AV V., AW,

wharg V is the discharge voltage,

This happens provided Ca and €d Cc are puch greater than Cb.

IHE EEPECTS OF XIONIC DISCHARGES IH THE VOIDS ON TI LXIFE

OF_TIH: ¥NISULATIONS
(1)

Zonization or coronn is detrimental to the dieleetric,
They shorten the life of the insulation, The effocts of corona
may manifest in a change in the chamicgl composition of tho
dielectric,resulting in thodeterioration of the same, Thia ia
a volume cffoct and affects the whole 1nsuiation. The offects
of these discharges can be ohserved hf meaguring the change in

. the diasipétion,factor. Evidently, the rate of ianimatiun

increases aw the appliocd stress is increased.
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PERDIXwD,

THE PACTORS CONTRIBUTING TC TIE LOSS588 IN OILe

IMPREGRATED INSULATING SYSTEMS:

GENERAL DXSCUSSION 3

The didoctrie ioss behaviour in oil-impragnatnd paper Ln-ula-
tion are influenced both by the geomotry and the space=charge,
whick is trapped in the solid-liquied 1ntnrfacgfsaxhu lossoe are
olso affocted by the bohaviocour of cach component forming the
intorface, Three types of loss mechanisn are gnnéraliy found in
insulating liquids. These are i 1) sonic conduction, ii) dipole
orjentation and iii) space-charge polarization. Oils containing
aromatic, napthunic..parnffinlc cunatitu;nts exhibit 11 the threo
types of loes. lonic conductivity primarily determine the losses
in eables at power fregueoncies and at about room tempﬁrnturoz.
This icnic oonduction incrcases with the 1ncronsn:1n.tompnrature.
appliad f£icld strongth, the polar contents of thn oilay and aglso

tho oxidation products which form in the insulating 1iquid,

THR MATURE OF PAPER AND HOW XT APFECTS TONIC CGHNDUCTION

The mechanism of loos in kraft paper assumea a vory complox
‘form due to the fact that the chemical and physical structure of
the krnft'pnpur affects the loss mechanism in oil impregnated
paper insulation, Bystem. The celiuwlose moleciiles of the paper.
fibres consists of a series of glucose repeating units arranged

ar shown in the figurs beélow :

I
l/ CH20 A
‘ ] 20K o H . ‘I,H \]
'
. H oH “ |
[ _
| @) e oW
' on " H O—J
\ H ‘
\ by Tou ! 4
' N EHzOH o /l
Fig: D4 Eraft Paper Structure: . X
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The repeating units are eath of the order of 104: having an appr-
oximate width of 9 :. and a thickneas of 5R, The polymbleoular
nature of the paper filwes provent an exact daetormination of the
molecular weight and chain=longth, but estimates mange from 105
for the former @nd.10350 for the latter. Then thore area the
carboxyl gruuﬁ which have not boen ghown in the Liguro obonve.
They otcur at tho rate of apout'on por hundrod gluocosc - units.
Thoeir presence causes tho cellulose to behave as a woak acid,
having an donization cunﬁtant‘of 2 x 10'1q.-Thuli if one viows
ionic cohdnctinn as a rate proceas, the carboxyl groﬁps may, to
some axtent, offe;:t the jonic losses within the Xpaper at power
fragquoncies. The smnllest pore within fo:a single celliunlose
fiher vﬁrioﬂ in‘le;gth frbm 19 to 100&0. The collulose fibers
form n‘cnﬁpinx intervoven chanpel system within the poper, and
hence snough space is there for long=r;nge ion excursions within
odl=imprognatod papepr, with, of course, thge sizo of tho ions

being smaller than the pore size,

THE PRESKERCE OF WATER DUE TO ABSORPTION:

There is some water prosent in the paper, even after the
best mathods of drying have been used, for a long durations,
These watoer molaoculoa are retained through absorption forces,
by hydrogon bonds that axist betweon the H,0 dipolas, and the
hydroxyl groups .of the écllulosa moleculas, ‘I‘héso will econtribute
to the ionic conductivity 1if disasociatoed, Xt is gonerally socon
that svon with tho best drying, 0.5-1.0 % of the bound water is

retnined by the mmper fibers,-
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SPACE CHARGE EFF“E;C-_TS;

The space-charge effect can be macroscepically described by
¥agner esquations, if the properties of the insulating medium
forming the interface are known.

The Wapgner egquations s @

Ten S = wik/{(1 + wo v 4 R) |
whore T and K are the relaxation time and the ahsorptien factora
respectively, and nf:e given by
= By e B IG, 40y )

e ~5, 0 4)°

2
ﬂﬁﬂa (Glocrz)

and K=

_ 1 ’ ) L
llore (40, and B4 B, gre the conductivitjes and the real permi-

tivities of thetwo contiguous layers.

Thusa ,  1£ is sesnt that tanb 4is an explicit fanction ofihe
fraequancy, w, and an implicit function of the temperatare and
the field strength, bocuase these determine the values of

»
g and £

From the sbove equation for K, it is seen that K is of finite
vaiue, so long as

( E';G“E - E; (o ) £ 0, when an interfacial space«charge loas
results, It magnitude, at power frequencies, depends parkedly on
the value of T =« 1/37(1‘. At this value, the peak in ten b occura.
The value of tan b can thus rise or fall with fresduency, temperature,
and the field strength. It has been shown that the application of
Wagner's analysis, in practice, is rendered impossible bocuase
numberous interfaces, having dielectric parasmeters whose values

cannot he established and defined with certainty, are presecnts
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There arce some other mechanisms that describe tho spacew
charge effects, but none of these can fully déterminc overall
dielctric response of the complex solidfliquidMinuulating‘sysfevn
Thase mechanisms are known as (i) Garton and (ii) Boning efiects.

The figure given below, depects a typical spaco.charge
affect obhtained with a practically driecd cabla model dmprasgnated
with a lowovincosity pipe-filling oil.

Tan & —

Boplied Fleld S’Lr‘ength, KV-—

Fla.32.2. Space-Charge Effect,

DIPULE ORIBNTATION:

The ¢hird effect that contributes to the oveérall losses in
the cileimpregnated paper insulation systeom is the effect of
dipole aorisntation. Thim results from the alignmwont of induced
and permament dipoles in the form of biidges and chains, An
electron can traval with rolative eanse along thess chalns, and
thids contributes to the conduction currents Since the diametors
of the dipoles are spall, an alignment of permament dipoles in
the usuapl type of cabhle insulating oils is not possible over
modarate ficld-strengths, However, inducad~d£paiehy the m;joriiy
of which consists of paper fibres suspended in the oil within
the pores of the paper,
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the pores of the paper, are sufficiently large to form bridge.

According tu Kok, the condition for induced dipole alignment is

[ ] E._' - E?
By i 1 . T . 1/, KTe
B! + 2Bi

L} L]
whore 51 and L, are thereal permittivities of the icpregnated
and the induced dipule, and i is the vilue of thie applied field,
i is the Boltzmann constant and T 1s the tempoerature in degress

abaolute,

CUGNCLUSICNS

In tha above discussion, & membuer of loss mechanisms have
been deacribed in brief, These loss meciiunisms account four the
lomsses, that take place in ocil-impregnatedepaiper insulations
The factors contributing to the losses, have been sghuwvn to be
depended on the mubility of the oily, the field strength, the
tomperature, Since a large number of factors are invelved, a
quantitative ap; roach to the problem is difficult, Iience, the
treatment of the problem should be along phenomenological

timas.
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APPERDIX=E ¢

"CALCULATION OF ERRORS IN PERMITTIVITY AND POVER

FACTOR FOR PLAT ELLCTRODE SYSTIMSY,

4

_The Lalculntions given belowcahow the diffarences,bestween
tha(EEf} and measured values of the dielectric constant and
disaipation facter. Although, no fiat electrodos ware ussd,
this section is given to facilitate furiher moasurements and

calculationna,

PEHHITTIVITI_HEASUHEHENTE:

Lot ¢ = aguivalent series capacitanca in upf of the contact
offect pcrmcma of area.
r = sgquivalent series resistance per cma of areans
E = overall series pormittivity of the specinmen and
contact.
t = thickness of the apetimen in cugn
The overall capacitance pnp cn?
5]

B |
— . nuf = 00885 ——nnfs
% xo.91 OO ¢

and the capacitance, C,, of the specimen itself pur-cﬁz is

obtained from,

©.0085 B ¢ s
de., Cy = 0.9885 gc o f.

tC -~ 0.,0885C

Observaed Permittivit - 0,0885 B x{tC-0,08858 )
Permittivity of tho nielectric t 0.,0085EC

"‘{i "%;21@2} from which the
error introduced into the permittivity moasurement is easily

ohtained,
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POWER_FACTOR MPBASUREMENTS :

With regards to the power factor woasurencnts, the tangents
of the phasc angles aro considered. 7 |

Let “n be the angleof current lead for the material alone.

Lot ﬂ,r be the overall angleo of cux;rent load for the
specinen and contact. _

Than tho series ecyuivalent resistance (R} of the specimen
and contact is

_gpt? o
w x 0.0885-3- tan #y

¢ Where w = 2 - X Lrequency.

Then the eguivalont serica reosistance of the materisl alone ie
(R ~xr )
Hence,

Tt p,. tan ﬁ.r V= 0_.08!_.’-5 BC ! 0w )
. -3 ( tc -0.03353 ’ .
ton fy wx 0.0885 B n

-

= { 1= r/n )

(1 - 0.0885 £)=
Ct

From this equation the error in powey factor ean be

found outs
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APPENDEIX=F

CORDUCTION IR LIGUIN DIFLRGTRICS ¢

INTRODUCTION:

The conductimity of pure liquid diclectrics Ls very low
at low walues of voltages. The conductivity can, however, be
increased by increasing by the applied stress or by injecting
conducging 'particles’ into the liquid by scme procaigfj Many
workers have reported their inveatigations on ibﬂ conduction
phenonenon in weakly conducting liquids: It may be mentioned
that thcy‘hava used differant technigques and mechanisms in thair
investigations. They have also reported that the conductance of
15iquid diclectries increases due to the prosence of impunities,
including dissolved air, and also upon the material of the cell
electrodaa.‘ '

| LOW=-PIELD CORDUCTION:<

In hibgly purified dmsulating liquids, such as hexanse, it
has boen nbsarvaé’iihat. at low field strengtha{ < 10KV cmfll.
the resideual conduction current is duc to trace amounts of
dmpurity ions, and that the lower limit of current is ultimately
detersined by the ionizatfon of the liquid molocules themselves
by external cosmic radiation

HIGH PIELD COKDUCTION:

At high fields (;>G.1 Hv‘cufl) tha‘silcdnduution process
is known to invelve emission of electrons from the cathode by
either (1) cold ﬁmiésion. sometimes called field emission , in
which the electrons tunnef through the surface potential barrier,
or (2) by field enhanced thermoionic énission, usunlly refered to
as Schottky emisgion. The latter process is a conﬁequence of the

lowering of the work function barrier by the applied field. This
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results in the emission of appreciablé thermoionic currants even
at room temperaturs,

In addition tu‘gl)tha above mehtioned eloctrode procecses,
the dismsociation of the ligquid moleculeas, at high stresses,
will in itaelf generate charge carriers, This effect results
from the fact that the efuilibrium constant of an undissociated

moleciule and its jions will increase with increasing fielde.

AMPURE LIGQUID

THE . CONDUCTION IN

Since expeérimonts hers wore pépfarned on oyrdinary trans=
former oil, which contains fmpurities in many formsewsuch as
disaoived gases, suspended particies. othor dissolved fimpurities
——y discussion en conduction phenowenon vn such iiquid‘dialec~
trics is preaented hore,

THE CONDUCTION MECHANISGMSS

The conductiwity of a iiquid diclectric csn be divided
into two roupggf)(a) the intrinsic conductivity and {2) the
. msoe=colled impurity conductiVity.j The first is due to the
71ﬁquid noleculeé themsslves which dissociate into charged
carriers at sufficiontly high ftélds'and-whiéh is dﬁperdeﬂt
upon the applied stress. This intrinsic conductivity of liquid
diclectrics is not egqual to zerae, no matter how tharoughly they
@re purified; thore fis ﬁlwﬁys faund to exist a cortain Fesidual
conductivity. fhn intrinsic conductivity is donic in nature,
and resalts fr&a-tha transport, by the olectric fisld, of ions
foracd bflpnrtihl dissociation of the hasié molecnlos cosprie
sing the 1iqﬁidQ‘The degreo of disséciation depends upon the mo-
'Lngules'structuré; neutral molacules are lLess caspable of dissos
efation then polaer opes. Hence, as a rule, diclaccirice with a

1nw diclectric cdnstaht exhibit poogper electric,i conductivity
o o , _

\



{46

than those having a greater diclectriec constant, A nonepolar

{neutral) transformor 0il hgs a residual conductivity of the /
4

order of 1 x 10-18 onw? cm~l. /
Ly
INPURITY CONDUCTIVITY | g /’ 7.

The impurity—cnnﬁnctivity-an the name 1tae1t susgﬂaﬂg--f
is due to the presence of the impurities in liquid di@lcﬁrﬂcg.
tvidently, the nature of these impuritios, their behavior ﬁt
" ‘electric fields, contribute differently 2o the impupity @éniuc
tivity, Thus, those impuritics that are diassociable ena&ly;u%il
" contribute more than these which are not dissociable ea511§,'§
Non~polar ones will contribute less than polar oness Rondily '
diasociabln contaminants qreatly increase the conducedvity in

polar diolectrics ligquids because their degree of disscciation

in such liquids is more than in non-polar oOnele

MFL&R—-KONIC Lt}hﬁUCTIV LTX :

fwulsificd Vntar. snlid pnrticle;. and other contawinanta
give rise tc still snother form of additional elsctrical condu-
ctivity under the acticn of an applied electric atress, droplets
of emulpified water and suspendod solid particles will become
electrically charged; they can therefore act as current carriers.
Such conductivity may be termed molor ionics In general, tolloi-
dal pérticleu(au well as larger suspended particles)}bocome posi-
tively chenged by the alectric fisld of their dislctric conatamt
in greater than that of the Ifquid they are suspended in., iIf the
liquid dielectric has a higher dielectric constant, the particles
begome negatively charged. This molar-ionic conductivity will

rise with increase of temporature, due to decreansed viscosity.
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Dapending on the ionic concentrats the slectrical conducte
ivity 0 of a liquid may be expressed by thﬁ-aqnntigg?)
T Hbcqf ( K+ oK)
whers H = nueber of ion pairs / oo
] = charge por ion
- K¢ = mo¥ility of the pogitive Liona
Re = mobility of the negative fong,.
Mobilities of the positive and negative lons are not equal owing

- %o the difference in their masscg.

Yonic conductivity increases sharply with incréase in
tomperature. This &a due to greater dissocistion and higher ion
_ nnﬁility with increase in temperature. I{f it is assumed that the
mobility 4s the same for both types of charged carriers, the

21)
tomperature dependance of ionic conductivity cen be given byﬁ

- B - -
x Ae- T ohm 1:cm 2

ng? 12¢
2 L

6 KT

A

where N = total number of ions/cm’
1 = ‘distance betwaen the particles in the liquis

« frequency of natural vilirations of particles.

Boltumanr constant

I
8

e absolute temperature,

a = W'/K'

W s papectivption energy.
Tho getivation dnergy is tho amount of onergy necessary for
separation of an ion frow » neighbouring nwlecule to which it
becomos attachad during its movement in the electric field.
As a firat ap,roximation, the quantity A may be sonmidored
independent of the teraperature, especiully in:rcln£ian to the

quantity uéﬁﬂﬂf.
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CR_INCREASED COMDUCTIVITY

FACTORS RESBUNSIDLE F
fteaction between tho liquid diclectric and oxygen also

contributes to an increase in the conductivity, Investigaticns
carried out by Balabangh and his co-wnrkerig?)Point to the fact
that for both oil and ofl-impregnated paper subjocted to OXi=
dition in th; presence of a copper catalyst stbhel ot conduce
tivity in the 1 carly stages of oxidation incroased mora when
the supply of oxygen was limited than when unlimited, Davenport
and'Ewmns(gg} have shown that both weak and strong aclds sre
present in oxidised insulating oils. Also, organiec acide occur

naturally in transformer oil, which s a mixture of non=polar

hydracarbons.

ELECTRICAL DXSCHARGES IN LXQUID DILLLCTRICS, AND THEIR
EFFECT ON CORDUCTIVITY: '

Electrical discharges in dielectric liguids reasult iun
elcotro~chomical reacticns. Important to their behaviour is
the formation of gaseons ions, Eases, and‘condenaatiuﬁ producta.
Even for siaplﬂ-hydrncabrongagi. like benrene ( Ccilc), it has
been shown that n great varioty of gaseons fons are for-=d,
The volume of thegas evolved depends upon the structure,
volatility, and viscosity of the vil, and the partiel pressure
of the gas in contact with it. In general, paraffinie Iydrocar-
bons evolve the greatost amount of gos and avomgtics th.e least,

as judged by the overall results of ths vgrious investigatora.
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Electrical discharges usually produace more polymsriged op
condensed hydrotvarbons than gas, as has been reportad for

0

decalin,

. Ha 3
Elnctrical discharge, .. ““in the gas space in the
environment of liQpid.dielectrics generally cause a more or
less pormanent increase in the conductivity of the diclectric

&>
iguid.

Although téé)ebnductivity increases very muach when
hydrocarbons are subjected to elecf.dischargal in the
abaence of air, oxygen . : usually accelorates the procass, It
has been also shown that nitrogen or carbon dioxide

also increases the conductivity markedly,.
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APPENDIX = G,

. T, . i

BRIDGE REYWORKS GENERALLY USED FOR THE MEASUREMENTS

OF DISSIPATION FACTOR AND CAPACITAKCE OF DICLBCTRICS,

INTRODUCTION:

A bhrief ddacription'is given hers of some bridge m:thods
thag¢ have been used for the study of dielectrics, particularly to
£ind their capacitance and dissipation factor (tho tangent of the

‘dielectric loss angle). B. flague's hook(a)

s"Alternating Current
Dridde Methods", deacribes asevoral devices for. such mecasuremaonts,
A few important mothods are included below:

(2)

1.1 WEIN-DE SAUTY'S DRIDGE: Do sauty's simple ridges, with

resistance ratio arms, as improved by Wein fis shown in Pigure 3.1.
Balante can be secqred by varying the resistance U and the verinble
resistance S, it heilng in seriea with the standard air capacitor,
cu' L at balance, |
(a) tan & = (WC r )
p = tan 5 & + weC

}
& BC‘IA.

and (b) <,

Pig-A.1. WEIN-DE SAUTYS BRIDGE.
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Maxioum sensitivity is scecuraed when A = B, These may he Sfdentical
resiatance coils, final balance be¢ing secured by alternately wapy

C and S .
5

1.2 #TKIHSGH'S BRIDGE:

Atkinsosglhal moTified the Vein Dridge by uasing an auxtliary
tranaformer on one side. This enables the unknowns of the capacit—
aor; a leagth of high-voltage cable, toc be determined in torms of
the ratio arns, Ry and R, { Pig. A.2), A low=vcltage standard air-
capacitor cs of fixed valua and provided with a variable resistance
e and the ratio mms T of auxiliary transformer to main tranafor=
mer. DBy using a substitution method and an air capacitor of known

capacitance Co. the transformer ratio term drops out of the expres

ssion a n‘l
cx = Cn _ 12
R wn
2 t
NS SS——.

ians

g

1]

Ons
=3
e AN

F,iﬂ"Auao
Atkinmona' Modificationof the Wain Bridge Foxr Meoasuring
Dielectric Loss in Gnbles.



152

It B, is changed only in steps, so that R, /R, is any

a
integer m; then

[ ]

Cx = m l:ﬂ R1 /111

Pinally, tanéx =wrC = w [(r.-r;) + (R~ R;)(I-Tﬂ-

‘Tha bridge can be mnade direct-reading as to capacitanceo, and
Atkinson has introduced a method for making the value of r, road

per cent power Ifactor diroctly.

1.5 DAWES AND HOOVEN'S NRIDGE:

Dawes and lloowugﬁ)hnve added a mutual inductor to tho basic
De sauty's bridge. Their bridge is shown in fig 1.35.
Neglecting self=-inductance M, we got
¢, = € nlj R,

and tan g = WC R = w H/nl.

4 Cs U
M%‘_@J— o

Pig-A.3. Dawes and lloover’'s Briidge.
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1.4 TRANSFORMER BRINGE:

" {(7)
A Transformer Bridge has been designed by Doyle and Salter

In thia method, the principle of capacitance-train mothod{used to
determine the ratio of instrument pfnﬁential tranafarmersii i
reversed a tranaformar with known transformation ratio is used to
compare tho capacitance under teste, (G , r,), with a standard
capacitor ﬁr; By making a second balance with a loss-lcas afr
‘capacitor C_, the ratio of the transformer is eliminated, and

: LR
. ' . F -
Cx = Cy cr_/ Cp -

Ne
/ o i T ;[7 .
\f:/ ; ‘21
A~ R — __C'p

PigeAad ¢ Transformer Bridge.
The application of the Aryton shunt to the shunting resiztance
R , across Ct._.. permits the determination of tan 4 and the computa-

tion of the loss tangent or dissipation factor
1

tan £ =& W€ r. B
® = W Gy RS
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is tho uultipiying péwer of the Aryton Shunt.
'Thxs mathod has a considerable advantage because the gui&d»
plate of the tast-piace.)and also all guards and shilds, can be
tonnocted directly to earth.
The above equations (for the different types of bridges
nentionedy are approximate, and are correct within Cu 1% far-

capacitors with power factors below about $5.0%X.
SCHERING BRIDGD:
A detailed description of thia bridge has béon given:in.l.c

Chipters2, Ty bocause it was uscd in the experiments.
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