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ABSIRACT

The sudden failure of oil paper~insulatad current
fransformers has bacome a . problem of c¢oneiderable
concern due to the cost of the resulting destruction,
and  danger to personnal. The alm of tha dismertation
is to determine the most suitable method of detecting
inoipient faults in current transformers, test this
method on an experimental current transformer, and
tinally implement this tachnique in a Low test on-line
monitor. A lilterature survey indicated that hydrogen
‘gaa-in-oil on~line monitoring would be the most

sultable technique. '

In the demign and teating of & hyﬂrogan en~line o

moniter, diffarent +types of hydrogen sensors were

- evaluated. A reliable, agcurate and low cost hydrogen .

gengor. at the time of Iinvestigation could not ba
obtainad. The on-lihe mnonitor employed a membrane to
separate +the dissclved nhydrogen ;as from the oil. this
provai unraliable, A similar commeroial deaign wae
shown be temperature sensltive due to the similar

" technigue used. Therefore a cheap and reliable on~line

“wonitar using a wmewbrane has not been found.
The expariments performed on the experimental current :
transformexr proved that testing Ffor hydrogen gae in
- the alr aspace above tha oil is a raliable nokhod for
datecting incipient Faults. The mounting position of
‘the on-line meniter is oeritical. Standard sampling
tins proved unreliable for datarmining the hydragan
concentration in the oll..
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e INTRODUCTTON

The sudden fallure of oil paper insulated current
transformers has bacome a problem of considerable
condarn, While the humber of failures as a percentage
of the +total number installed may not be high, the -
fallures themselves are' digruptive to the system and
extremely hazardous. Chunks of porcelain can be flung
up to 100 netres £from the offerding transformer,
putting =taff and equipment at considerable risk. In a

comprehensive study undertaken by the Tennesse Valley o

Ruthority 4t was concluded that the fallures were the
result of "ygenerlc problems in fnsulation quality ang
that the system related conditions probably did not
contribute to the CT fallures" [1]. Although not yet

reported in the literature, experiences similayr to the -

North American ones referred to in the references have

been found in the Republic of South Africa. In support

of it, evidence which is being collected in tha
Republic  of  South Africa does indicate that the
failures have only occurred in partiaular typas and
desiqns of current transfnrmers {2].

Raﬁaarch conducted by‘Reynders indicated'thaF hydrogen
. ahd  ethane leVels are an effective means of assessing
the o At of the partial discharge ageing- 2]+ A

project was  initiated by Prof. J.P. Reynders at the

University of the Witwaterstand  to build a low dost
hydrogen wmonitor for current transformers, and then
test  this  pwminciple on an. experimental +tank. This
formed two natural avenues of research. The first part
af__tha research is to design and build a low cost
on~line wmonitor. The second part invelves testing the
principle of Thydrogen gas-in-oil on~line monitering,
. using either the on-1ii- monitor built or an
alternative method. ' o :



1.1 Preview of rest of the dissertation .

This MSc(ENG) dissertation has been Alvided into four -
parts. - The first part 1s this document, which is a
summary of the other three parts, appendixes 2, B and
€. ¥ach appendix has been written as a self-contained
_ documgnt. -

Chapter 2 gives a short review of the dilfferent
methods that c©an be uszed for on-line monitoring. This
" im used to present a strong case for using hydrogen
gas~in-olil monitoring for detecting incipient faults,
as opposed to other methods. The previous work done on -
hydrogen monitors is then given. For more information-
see Appendix A.

The gpecific aimz of the MSc(ENG) dlssertation are
~ then listed, : : : o '

' Chapter 3 has a short description of 511 the
experinental apparatus used. This 1s & ‘gummary of
Appendix B.

‘Chapter 4 fimst gives the background -of the
‘experiments, and then in turn briefly describes each
‘experiment. For complete information on these
 experiments see Appendix C. ' ' '

Finally the oconclusions that can be made from these.
‘xasulta are presented and recommendaticns for futuve
work are given. :

Appendix A consists of the literature survey which
ascertains the ocurrent -state of art in gas~in-oil
(GY0) - ‘analysis and on-line monitors,. Appendix A should

prove  invaluable to somebody who requires a

comprehensive summary of GIO analysis techniques for

transformers and on~line’ monitorinq technigques,

Appendix B .consists of & dQSGriptlon of-'all;:thé  .

apparatus used to perform the experiments. This
appendix will prove useful - for anybody continuing
research. into this field, and . ..1 ke usin~ lhe
. apparatus already bullt, or improvinq on the a« Lus
deslgned. '



Appendix € containg & description of all the
experiments performed. This appendix will be of

primary interest to somebody continuing the research
or requiring +the latest informatlon on tlie cugrent
gtate of art in gas-in-oil on-line techniques. Some of .

the experimenty also will be of jnterest to thola"'

involved in general gas-in-oll technigues.



Z  FORMUGATION OF THE PROBLEM

2.1 Failure in oil-filled current transformers

The dinsulation system of a high voltage ourrent
transformer must be designed ko cope with high
eloctria ficld, This is done by grading the field with
capacltive gsureens, and by using a large body of paper
insulation which nceds to be impregnated with mineral
-0id. Areas of high local stress can still ocour at the
edges  of the capacitive sereens. Because of <the
localization of these aveas of high stress, they do

not adversely affect ¢he overall insulation strength

and the curront transformer will pass standard
ever-yoltage tests., The high localized stresms will,

hovwaver, couse partial disoharges, and the associated

eloctre~chemical activity will reoult in a slow, but

- gustained, deterloration a#f the  insulation. The
situation can alac be aggravated if imprognation with
tho oil is inadeguate. The paper insulation arcund the
high - tension cenducter is, doponding on the gervicw
voltaga, tens of wmillimetres thick. tThe paper is
usually tightly wound and inadequate impregnation can
result in  low pressure volds at high £ield azeas daep
within  the insulation. Partial - dischargss will

commance at such a defect and aausa slov doterioration .

-of the ineulation.
A latent defect such as those diacumsad ahave may be
dopmant, in that, nerviea stross. levels are not

adoguate $o cause partial discharges, Howevar, a

tenporary eover-voltage may initiate discharge activity
at the gsite which will than ba maintainad ak ncrviua _
voltageq. _

partial discharge activity caubas dacompoaitian of the
‘oil and  the paper, and in thiz. way veloazes
hyaracarbon gagaes which are absorbed in the oil.
Partial . discharge activity can thorefora ba monitored
by econventional olectrical detection mothoeds, or by
menitoring the gases which are diasolved in the oil,



2.2 Overview of the current methods to check
b incipiont faults

© 2,2.1  DPartial discharge moasurement

The breoakdewn of high voltage solid inmulation in
service by elavtric treeing or tiracking is precedad by
a poriod of emisgion of partial discharge pulses..
‘Thore are 2 npunbher of standard laboratory methods for
measuring partlal dischurge activity in Eransformexs,
In the past nearly all such diagnostic testing
raquired costly tomporary reomoval of the aguipment

from pervigae, Partial discharge tecting dons during

normal operation was considered impossible due Lo the
interforence from tha much greater slectrical nolse

signals caused by the power line carrier, radio

stations, tranemlesion  line corona,  breaker
oporations, wote.[4] Ales, for some insulation asystems,
the time batweon the onget of dotectable partial
dlgehargs. and esatasktrophie fallure could bo too sheort

for the condition to bo detested by a prautiaal_-'

aconomic porlodic test procoducss.]3] :

A Fault Antieipator - for Bubstation Egquipment {FASE)
system lhas heon developed that can detect snd identify
& partial  discharge in a nedsy substagion
envirenment.[4] TFerrite cores, vhich are sonsitive to

- partial disuharqn pulses, are placed around the ground
lnads  of the current transformers . The outpuks ave
oonnactad to a gommon contrallar which records the
partial discharge pulsos and their directi n, Noise
pulses on  the system bus will be pleked up at all the
current transformors ond thus rejected, However if one
- ourrent  transformer - copnslstently produces a pulse of
opposite polarity to that frem all +%he curront
transformers, it do  identified as being Iin trouble.
Unforxtunatoly this technique is only sultable for

gurrent trangformers annnaatad e a commen bus. Tho

time intowval botwoon portial discharge onset and
fallure may vary Erom a few winutes to thougands of
hours, depending on the local stress evhancemant, and
the nature »f the insulating system. [4] Also moro
importantly, there is no direct rolatienship hotween
the rising partial dilscharge activity and inaulatian-
datorioration.



t

The experiments performed at the CSIR indicate that
while the hydrogen level in a current transformer
continmed +to rise due to & faulk, the partial
discharge astivity remained relatively constant. [2]

2.2.% Lenuotical technigues

Tha . ageingy of electrical insulation waterial is
connscted with strugtural degradatlon and molecular
changes, The energy content variss and besides guantum

emission also . phonon excitation and propagation =

occurs, Partial  discharges will result in acoustical
semission. Depending on the amount of disengaged snergy
a2 sound detection is possible. An acousitical analyser
has been built that can automatically distinguish
between hot spots in selid and - llguid insulatien,
partial éiacharges, madhanical crack 'initiation and
‘propagation. :
But  furthex investigatians will have to be darried out
in  ordey to  find solutiove for analysing
superpositions - of two  or mere sources with aifferant
intensities.{5] Because this technigue is still in its
“infarioy, its usefulness for on-line mnnitorinq is
-still 1imited.

_-2.%.3 |  Pawer. faatcr measurnment

The power factor Qf alaatrical insulatiun has boen

 recognized as a good indicator of its quality amd

future servicsability. Almost any form of dugradation
of the ' insulation will, ssoner or later, increase its
power factor. A conwon practice in the industry has
been to pericdically take the equipment out of
sorvica, - and measure its power factor and capacitance.
 Recently a nicrocopputer based apparatus has been
develaped which monitors power factor and capscitance
gontinuously, with the transformer on-line: Initial
tests done on ocurrent ftransformers indloate that it
provides an indication of a posaible incipient fault.
 Further tasting still has to be dons to confivm that a

rising powsr factor is a definite indication of an
inoipient fault. :



The f£irst limiting factor with this method is that the
apparatus only works on ‘transformers with a
capacitance tap.(§] Secondly, power factor measurement
is ‘a Bulk phenomensn, Power factor change due to
localized discharges could ba chascured by the overall
‘measurement. This is supported by the work dona by .

Reynders. and Meal., While a rising hydrogen =

concentration - indicated & fault in & ourrent
txunsformer, the power ‘factor remained ralatively-
cunstant, thouygh it was high; (21

2.2.4 High perfnrmance Liquid Chrumatngraphy .

techni‘:{.ia'

Recantly setr- - ~awformers have falled due to slight
overheating st 110 ~ 120 degrees Centigrade..
Gae - analys! : torantiate betwean that and.
general oxia.+. » Hlgh Performance Liquid

Chromatography (.~ ap bheen used to poparate
hydrossrbon - . poURt. sed exclusively by thermal

degradation of paper at Louperatures from as low as

110 degrees Centigrada. The presence of furfuraldshyde
‘has shown posibtive coxrelatlon to incredses in pagex
insulation overheating.

' High Performence Liquid. Chromatagraphy analyais iacks -

~ the sansitivity of Gas~in-0il analysis. Alse building

a. simple an@ cost-cffective on-line monitor hased on
HPLC technigues will be inpossible with the present =

gtate of art. It remains a sophisticated laboratory
tachnique.{71 - - o e

2285 Gas“in*oil analyais

Gag=in~oil analysis as appnsed to the other techniquaa
48 well proven and reliable in determining the
eondition of the ineulation. For the complete range of
tepperatura faults, the transformer oll will decomposa

~dts  constituent molecules, slewly - for low
tamperature faulta (overheatiny) and rapidly for high
temparature faults {arcing).



A chemical wmodel of this reaction shows that hydrogen
. gas will  be producsd by all the faults, and ln larger

‘guantitlies +han the wothar £aulkts. Rising hydrogen
leval 1ls an axcellent indlecation of an ineipient
fault, [8] By checking only f£or hydrogen gas, - the
potential cost of the instrument can be kept down., -

.No‘c:a 3 Sea Appendix A for the cpmplet(a- 1'i'l:eratur_é
survay to suppert hydrogen gas~in-oll monitoring.
2.3 Raview of the prav;oua work

Thae first hydrogan moniteyr was developed by Hitaahi

It used a membra .0 separata the dissolved hydregen

gas from the oil. Reported results are endouraging.
. one  problem with the design was that the hiydrogen
. gondontration was only meagured every 72 heursl{9] A
fault wcould oasily develop in this time, and not he.

de "acted by the apparatus bafore the transformexr
fu.led. This monitor also has not been available for
purchase to the best of the my knowledge. -

- & . hydrogen wonitor  (product = name omitted
intentionally; Is available commercially at a cost of

‘approximately R4V 000 in 8.A; This i1s faxr foo -

expensive for wide usage on O0s, The cost of cukrent
transformers start at approximately R8 000. One
problem with the commercial on~line monitor is that
alarms~ can only be sot for absolute readings. Due to
. tha varying amounts of guas normally prosant in the
_transformers, an alarm could be triggered for a
transformer that  is- operating satisfactorily. It is
. better ‘to trigger an alarm on a large rate of invrease
‘of the hydrogen ¢as cencentration in the oll.



2.4 Specific aims of the HSc(ENG) study

The aims of tha ‘Msc (ENG) study are divided inte two
separate aVanues for researclh. :

The aims of the study related to designing and
building & low cost on~line monitor are i =

‘1. Obtain and test suitable hydrogen sen-ors for the o

on=line monlteor.
2, Obtain  a suitable _ membran@ for the on-lina
monitor. :

3. Design and huild the electronica fcr the on-line
monitor. : :

4: Design and build a suitable enclosure.

The aime of the study related tc testing the prinaiple

o of the on—line monitor are

1. Build ‘&n experimental tank that would allcw tha'

- on=line monitor to be tested.

2. Note thae responaa of the monitcr to faults in tha'
odl. '
3. TUse the on—line mpnitor oF other means o

ascertain whethex the position st which the onﬂline -

mnnitur is hcite& on, affects the resulta.'



'3 TEST FACKLITY AND THE EXPERIMENTAL APPARATUS

3.1 General requixements

~ The overall aim of the praject was to build a low cost

. hydrogen G.I.Q. {Gas~in-0il) on-line menitor, and uge

that, or some other mesans, to test the principle of
~hydrogen gas~in-oil monitoring. : .

~ 'This. calied for's alstinet appératus : an experimental
tank, an on-line. manitnr, and some form of datalogqing_
facility._ '

The axperimental tank was desighed to allow on-line-
monitors +to wonitor the hydrogen concentration in-a
controllied experiment, ‘The tank allows different
on~line monitors 4o be bolted on at variows poaitions.
A Mydrogen aénsior éan also be bolted in the air space.
above the oil. Partlal discharge and arcing can be

induced in the oll at various heights. Altafnatively, .

'hydrugen yas can ba directly injected into the 6il,

Tha on—line monitor was built usinq a permeable -
menbrane to separate the dissolved hydrogen gas from
the oll. Hydrogen gas dissolved in the oll will
diffuse through the membrans, and be detectad with a
resistiva alament. hydrogen =enaor‘

. When +the project wag initiated, it was envisagad that_

the datalogging aide would be a large porticn of the
‘work. A prototype datalogger was  bullt around a
commercially  avallabls microprocesser  koard. A

-salf-contained microprocassor bosrd was then designed. .

At thig shage it became clear that the problems
associated with the - = actual 0.I.0. monitoring were
moxe Important. The f£inal product was therafore not

inplemented. Tha experiments were completed using a
commaraial datalogger, :

19



Tnitially standard sample tins were used to take oil
samplas from the experimental +tank. Problems were

- - encountered with the reliability of this method for

the hydrogen gas. The hydrogen gas would dissolve into
" the air bubbles in the sample tin, which subseguently
was  lost when ihe sample tin was opened. To elimilbste
any possible srrors due to the =ampling technigue, two
gas=tight syringes were used - for the rest of the
experimants.

| At =& later stage a nora acaurata hydrogan sensor, fual
. cell hydrogen sensor, was obtained. This was used to

monitor 4he hydrogen gas level in the alxr space abcve -

the oll in the experimental tank.

Tha gasétight ‘calibration chamber was built to
- oallbrate the senaors and test the commercial hydrogan .
‘monitor, o U

See figur§3;3}1_ for the complate block dlagram of the
‘experimental setup. Sesé pigure 3.2 for @ photo of
- the complate experimenhnl satup. : '

3.2 Experimental ank
The tank consists of 4 purts to which on-line monitors

ave bolted on at - differant beights. The fuel cell
hydrogen sensor can be bolted to the bottom of the top

1id. This allows the hydrogen cuncentration in the air

~ Bpaca ahove the oil to be monitored,
A partial dimcharge or arc can be created in the oil

' to simulate a fault, This can be dons at eny desired

height in the oil. The amount of partial discharge or
arcing ocan be mMonitered on the . partial discharge
monltor.  For wmore acourate studies, the apparatus was
modified +o allow a direct injection of & knnwn amount
of hydregan gas into the oil.

See. figure 3.2 for a phota of the tank, and fmgure -
. 3.3 far the diagram of the tank. '

11
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Figure 3.1 Block diagram of the complete
" '  experimental set-up
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TFigure 3.2 Photo of the complete experimental setup
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3.3 Hydrogen Gas-in-0il Monitor

The basic principle of oparation is that the gasas-

digselved in the oll will diffuse through the membrane
inte the gas chamber. Onoce eguilibwium is reached, the
ratlo between the concentration of hydrogen in the
~oil, and in the gas chamber will be egual to the
ostwald solubslity coefficient for hydruogen. Therefore
the xeading from the resistive element hydrogen sensor
should be proportional to the concentratlon of the
hydrogen gas in the oil,

Bee figure 3.4 for a2 cross-section of the &. line
monitor, figure 3.5 for a photo of the assemhled
monitor.

The electronics convert the siqnals from the hydrogen

sensor and the temperature sensor into 4-20mA outputs.
Sea figure 3.6 for a black cirouit diagram.

3.4  Gas-tight Gallhratmon Chanber

'A gas-tight chambar had to he conatructed to calibrata '
the resistive element hydrogen sensors.

| ‘To increase the versatility of the chamber, the o

‘chamber has a port, the exact same size as one of the .
ports on the experimental tank. One of the aluminitm
flanges used on the tank, is bolted to this part. This
- arrangement allows the fuel cell hydrogen sensar to bhe
sorewed into this port; or wvia an adapter, the.
© commerclal hydrogen wmonitor. If this feature is .not
~uwsed, the port can blocked off with one of the brass
plugs. The fuel ocell hydrogen sensor is bolted onte
the - port, and the resistive element hydrogen sensors .=
are inside. S ' '
The chamber also ocan be filled with oil, into which
hydrogen <4 oan be Ainjected. A magnetic stivrex is
. used to mix the hydrogan gas and the oil. '

See. f;gura 3.7 for a photo of the salibration
chamber. '

15
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Figure 3.4 Cross soction diagram of the hydrogen

on~1line menitor
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Figuro 3.5 Photo of the assonbled of=linc monitor
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Figuxe 3.7 Phato of the gas-~tight calibration
thanber '
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4  EYPERTMENTAL PROCEDURY

4.1 - Background

& brief description of the background of the
experiments will be given. This allows the reader to -
understand why some of the expariments were performed,

Two hydrogen sensors were obkained. The £uel cell
hydrogen is an e¥pensive pre~calibrated and
galf-contained  unit. The resistive element hydragen
sensor iz cheap, but un-calibrated. It was anticipated
that the wesistive alement hydwogen sensor wuuld ba
used in 8 chaap on-line monitox,

In the Eirst axperimant, hoth sensors were mounted in
- the alr gpace of the experimental tank. Thig allnwad a

direct campariaon batwean the two sehnmors. _ B
0ll samples were taken for laboratory analysia on a -
gas ~ chromatograph; ag a roferencs, The - reswlts
- indicated that - there were possible problems with the

sanpling method for hydrogen gag, Thae hydrogen gas
would escape out of the sampla tins when they wera
opened, Gag~tight syringes wera ozdersad that would
~ provide moye acturate sampling resulte. The oil would
be Injected  inte the gas chramatograph without diraat
- contact with the alx.

In the sacond__axperimqnt, the ohﬁliné monitor was

tested on  the tank.  The . results were negatlve. To

check whether the problem lay with the sn=-line monitoxr

~er the experimental - set-up, the commercilal hydrogen
‘mondtor wag usged.  Similar results woxe found. This

~ Indicated a problem with the axparimantal set-up ox
both the on-lina mnnitoraa

-3t - this  stage it was decided to .calibrate the
reaistive olemont hydrogen gensors more accurately
than in axperiment 1. Tho gas-tight chember was built.
A Xknown amount of hydrogen gas could ba injected into
the chamber and the output from the resistive element

- hydrogen seunsors wmonitoyed. This forms the basis for
aexporinoat 3. - : :
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The gas~tight chamber was designed so that the on~line
monitors could be tested on it. Due to the negative
results from expeviment 2, the commercial en-line
hydrogen monitor was tested on the gas-tight chawber.
The wesults for this experiment 4, indicated that the"
sommercial hydrogen nonitor is sensitive to external
conditions, Because the designed on-line monitor is
hased on the same principle, it was decided to halt
the development of the on-line monitoxr, and rather uss

. the gas~tight syringes o oomplete the rest of the o

axpariments._

| At this stage the fual call hydrogen sensor became'

poisoned. The fue)l ocell waa replaced, . but
_unfnrtunatexy was uncalibrated. The fuel cell hydrogen

-sensor and - the resistive element hydrogen sensor was
retested, See experiment §, This allowed a direct
aamparison of the two differant teohnologias.

For experiment 6, the tank was modified to allow oil
sanmples Lo ha taken using the gas~tight syringes.
. Hydvogen gas dan alse be injeatad into the tank uaing -
- gas-tight syringa. _ . '

4.2 Kxperiment 1

See  Chapter 2, page 85, of Apbénaix C Por more
-informatian. B S

AL purpoaa

© Pime - responsa and comparison betwean tha fuel cell
hydrogen sensor and the resistiva element hydrogen
sensors  in the air spage ahuve the oil in tha
experimental tank.=

4.2.2 Mathod

The experimental tank dis f£illed to 3/4 of its height
with oil, The fuel cell hydrogen sensor is bolted to
the botton of the top 1id, The resistive slement
hydrogen sensor ls bolted to the top port. Tha rest of

the tank is sealed. o
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Areing of various +time Jlengths was induced in the
bottom of the tank., The output f£rom the fuel cell.
hydrogen sensor and the resistive element hydrogen
sensor was wonitored using u datalogger. Oil samples
from the bottom of the tank was taken after a few
 hours from the start of the arcing. '

4,2.3 Results and genclusions

1, The fuel eell hydrogen sensor responds to a fault
in the bottam of the tank within 1 mihute, and xeacheas
- a steady veading within 18 minutes. Bee figure 2,1,

page 8, of Appendix Q. :

2. The resistive element hydrogen sensor responds to
‘4 fault 4in the bottom of the tank within 2 minutes,
and yeaches a steady reading within 20 minutes. SEG
flgura 2.2, page 10, of Appandix ¢, o

3. Assuming the fuel cell bydrogen sensor 4is .
aceurate, the resistive element hydesgen sensox

- rasponse iz not linear. There is alse o spread in the .

reading. There is approximately a maximum of a i12Bppm
spread for any partioular voltage raading. See figura s
2. 3, paga 13, of Appandix e _

4. The hydrogen conaentratian in the alx space im not
praportional to the hydrogen concentratlen in the oil,
but iz proportiohal to the acetylene concentration in
the bottom of +tha oil. The acotylsne disscives
~ pelatively easy in the oil compared to the hy&ragen.
When an oil sample i3 taken, 4if the sampling tin is
not perfeatly sesaled, the hydrogan will escape. I
believe that unreliable sampling technigques account

fox - the erratlo results for hydrogen concentration in

- the oi). Sae figure 2.4, page 35, of Appandix [+
--5. The hydragan ncnuantration in the air spaae is.

: propartional to the Auration of the fault. See figure -
2.8, paqe 17, of Appendix c.
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4.3 Experiment 2

See Chapter 3, paéé 29, of 'Appendix ¢ for more
Information. .

4,3.1  Purpose

Tests, in contact with oll body in the experimental
tank, with on-line monitor and the ccmmercial hydrogen
wonitor.

The experimental tank was £illed to 4/5 ths of its

height with oil. The on-line wonitor was bolted to the

top port, and was in contact with the oll. Arcing was.
induced in the hoktom of +the tank. The commareial -
on~line monitor was then bolted to the top port and
the test repeated..

The tank was then filled to the top with oil and tha

tests repeated.

_4,3.3_' Results and concluaians

R Both - the on-lina monitor and the commercial

" hydrogen monitor indicated - that the no dissolved

‘hydrogen gas has been detected at the ends of the
porta. Either both the on=llne monitor and the
commercial - hydrogen monitor were . nhet .operating
eorrectly, or the hydrogen in the oll was not weaching
the ands of +the ports. Since both monitors wers not

. aperating correctly, it  was suspectad that the

- hydrogen was not reaching the ends of the ports. =

4.4 Experipent 3

~ Hee Chaptexr 4, page 23,- of Appén&ig ¢ for ‘more
1nformation. S . - : -

44 Purpose

'_Calibratinn-of tha:raaistivﬁ element hydrogen sgnSQrs. _
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4.,4.2 Method

Three resistive element hydrogen sensors were sealed
in  the gas~tight calibration chember. Various
concentrations of hydragen gas was introduced into tha
chamber. The results were menitored en a datalogger.

4,4.3 - Results and conclusions

1. Resistive element hydrogen sensor 1 and resistive
element hydrogen sensor 2 show good repeatibiliy for
all the tests, except for test 4, In the fourth test
the readings are totally different. The sehgors were
cold. at this stage. This implies that the sensors are

accurate only If the sensors are allowed to reach an
- egudlibeium temperature. See figure 4.1, page 26, of
Appendix €. . : ST ' R

2. ‘The rapeatibilty 'af-.resistive element hydrogen -

sensor 3 iz povr for a 500ppm concentration of
- hydrogen. Sensor 1 and 2 were new sensors when the

. above . tests were perforijed on them. Sensor 3 had been

uged approximately for a year before this. This

L implies that the -acouracy of  -tha resistive element

hydrogen sensors possibly deteriorate as they agea See
ﬁigure 4.3, page 32, of Appendix c. _ :

3i To compare the three aansors, the diffarences in
- the minisum output voltage for each esngor at the twe
 different ooncentratlons are taken., For sensor 1 this
ie 1.5 vyolts, for sensor 2 this is 0,75 volts and for
sensor 3 this is 2.3 volts. This implies that there is -
ne  consistent absolute accuracy for the sensors, This
dmplies  that the sensorxs will have to be individually -
calibrated for each application. See £igure 4.7, page
"34, of Appandix C.

4. In all the resultﬁ the sensor readings reached a
mindmum voltage aftexr a minute or twe, after which the
‘xeadings slowly increased. Unfortunately it can not be
aseextained £rom this experiment, whether this is part
of the sensor response, or Aif <the actual hydrogen
concentration decreases. '
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1.5 -Bxperiment 4

Ses Chapter 5, page 37, of appendix ¢ for more
information. '

4.5.1 Purpose

laboratory tests on the performance of thé:ccmmercial
hydrogen monitor.

4.5.2  Method

The commercial hydrogen monitor was bolted to the
. gag-tight chamber. Various amounts of hydrogen gas was
injected into the chamber. For first tests, no oll was
~ present in the container. In the f£inal tests the
chamber was f£illed with oil.  Air bubbles alsc were
- introduced into the chanber, the xresponse of the -
commercial hydrogen wmonitor noted, o

The = commercial hydrogen = monitor's ryesponse ta
témperature change also was:noted.' -

4, 5.3 ' Resulta and conclusions

1. The. commexu;al hydrogen nonitor's rapeatlbility is
~ good, but. tha absolute accuracy was poor, overread by -
approximately 100%. Thls implies that elther  this
particular commercial hydrogen monitor 1a inaccurate
and . requires proper laboratory calibration, or the
ostwald  coefficient value used is wrang. ‘Bee figure"

. B, 2, page 42, of Appandix c.

.2, The  commercial  hydrogen - monitor  is very
temperatura sensitive, . S -

3. The ' commercial hydrogen monitor reading is
sensltive to the presencé of aiy bubbles.

4.6  Experiient 5

‘See chapter 6, page 44,  of 'Appendix ¢ for more
information. : o
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4.8, Purpose

Calibpation of the fuel cell hyaragen and resistive .
¢lement hydragen sengor using the gusutight chamber.

4.6.2 Hethad

The 3 resistive element hydrogen senso*s were saaled
in +the gas-tight chamber, The £uel .ell hydrogen
sensor was bolted to a port on the chamber. Various .
quantities of hydrogen gas were injected into the
chambey. ‘The oubpute from tha sensors were recorded.
with the datalogger.

' 4.6.3 Results_and conclusgions

1. The resistive element hydrogen sensors will have
~be  individually calibrated. The results . for the
 resistive element hydrogen sensors are similar to
axperiment 3. Ses figqure 6.2, page 50, of Appendix C.
2. The repaired - fuel cell hydvogen sensox was
;_ipaccu:ata.'sae figure 6.4, page 52, of Appendix C.
4.7 Experiment 6

See Chapter 7, page 53, of Appendix C for more
anformation. ' o S ;

4 7.1 . Purpose

Dissolved hydrnqen gas conaentration in the oil at tha;
various porta. :

- Method

Hydrogen gas was injected inte the bottom port neing a
gas-tight syringe. The hydrogen gas cohdentration was

" monitoxred in the alr space above the oil using the
fuel cell hydvogen sensor. The experiment was laft for

24 hours so that the hydrogen gas could dissolve .

through the oll. Two oll samples wers taken from the
gsame port using the gas~tight ayringas.
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4.7.3 Results and conclusions

1. From all the tests, the acetylene concentration
was approximately the same. This indicated consiatancy
: in tha gas-in-oil analysis.

2. Tha results jndicate that dissolw\d hyﬁrogen g‘as o
was not reaching.the end of the ports.

3. When pipes ware used t;at_allawed the oil in the .
middle of the ¢tank to be sampled, no conclusive

results could be drawn about tha atffect of the height -

on the sampling results.

4.8 Fleld trials of the cummercial hydrogen
monitor '

The commeccial ‘hydrogen monitor has been used by BSROM

on  gassing transformers to. monitor “the hydrogen o

concentration levels. Ses figure 4.1 for he
commercial monitor readings versus time. The reading
hava heen averagad out, ‘he graph shows a periad mg
4,5 days., Note how the rasdings drop at 00:20 hours,
midnight, and reach a peak at = approximately 12:00

hours, wmidday. The graph clearly shows that the

dommercial = hydrogen monitor is showing & wmaximum
reading when the amblent temperature is the highest,
and  a minimum reading wnen ths temperature is tha
lowast. _ _
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5 CONCLUSTONS AND RECOMMERDATTIONS

The conglusions and recommendationa are divided into
two parts : those conclusiocns pertaining to the
feasibility of manufacturing a low woost hydrogen
on-line menitor, and those conclusiona that deal with
tha validity of the underxlying principle of oparation.

5.1 Low cost hydrogen on~line monitor
5.1.1 liydrogen sensors

CQnuluaiana

1. chparing the fuel ooll h"‘rogan sansor and the
reuiative eclamant hydrogan senaor 5 _

The Ffuel call hydrngan gongor is nxpansiva ak R3I0O0
‘while the resistive oloment hydrogen sensor is cheap

at Ri30. The fuel ¢all used by the fual pall hydrngén -

- penmor has to he replaced at a cost of RLODO.

The fuel cell has a Iifetims of approximataly 3 years
while the resistive elemant hydrogen sensor . is
anppaaea to have an unlimitied lifetime.

The fuel cell hydrogen sensor iz supposed ta be

. approximately 5% accurate, while the rasistive oloment

hydcogen sensox is totally insccurate. Bach resistive
-alement hydrogen sensor will have to be individually

- calikrated bofore use, and probably yearly thereafier,

The fuel ¢eoll hydrogen senser is stable with

hempexabure and time, while the resistive element -

hydrogen -~ sensor = 45 . totally = inacourate if the
- eguilibrium temperature ie not rosched.

The £ual cell hydrogen sensor has & built in 4 = 20 mA
© loop, and thorefore ragquires no signal cenddtioning
eloctronics. 'The resistive oclement ‘hydrogen atnsors.
roquire signal conditioning electronics for converting
‘the output of tha ceell to a 4 = 20 mh 1oop. Tha
electronica will cost approxismataly R200.
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2, Both sensors are therefors not suitable for a 1ow :
cost hydrogan wmonltor (<R5000). The initdal price of
the fuel cell hydrogen sensor is high, and requires

expansive fuel cell replacements every 3 years. The

resistive elément hydrogen senso. tequires laboratory
calibration approximately every year.

The @ost in man-hours could be prohibitive if the _
manito:_ is far in the fiald, Assuming that the monitor
requires 2 hours for removing from the transformer, 2 -
hours for laboratory calibration, and 2 hours for
insBalling, the cost would be approximately 6 X RS0 =
R30¢ + Cour.er service from the local ragion to E.I
and back. Note that this cost could easily exceed the
cost of replacing the £fuel cell hydrogen sensior
sensor, if the fuel cell hydrogen sensor i used.

3., If the cost of the on~line monitor is less of a .
‘consideration, the fuel csll hydrogen aensor is the
best cholce, The rasistive element hydrogen sensor is
not suitable for acourate measuraments, and will only
ba suitable for a go / no-go . type of wonltor.
Unforeunately this type of monitor ig not suitable for

reliakle on-line monitoring. 2 nonltor must rathew
give an alarm for an user selectible inorease in the
- hydrogen concentration aver a certain time. Depending
' on the design of the monitor, using the fusel cell
hydrogen - sensex has  the potential of regquiring no

calibration prior and during use an the transformer.

" ithis implias that local manufacture of the instrumant'-
is faasibl& » . .

Racnmmendatioﬁs

.i;_ A numbar of fuel vell hydrogen sensors should be
ehtained; and evaluated for acouracy and repeatliblilty.

. 2. If the fuel cell hydrogsn sensor conforms to the
nanufactuxex's -specifications, it should be used for
future designs rather than the reslstive alement

' hydrogen BenBOL. : ' S
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5.1.2 Menmbrane separation of the diasolve& hydrogen
gas from the oll

Canlusions

1. Using a membrane to ssparate the dissolved hydrogen
- gas  from the »il hag a nupber of disadvantages. There
are two methods of using the membrane. The one method
is to allow the hydrogen gas dilssalved in the oil to

reash egullibrium with ths hydrogen gas in the gas:

chamber on the other side of the membrane. This was
the method used in the hydrogan monitor designed by
Hitachl. The problem with this method ie that the time
taken to reach equilibrium is inordinately long - 72
hours in the case of the Hitachi on~line monitor. '

The other method i to use the mewmbrane In such a way
that the hydrogen gas that diffuses through the .
‘membrane is less than the hydrogen gas used up by tha
sengor. This is the wethod used by the commercial
hydrogan moniteor. This implles that the sendor reading
i proportional ¢o the: rate- of diffusion, which in
turn  is prnpartional to the quantity of diaaolved
hydrogen. _
This nethod is very temparature sensitive, hecause . the-_
rate of diffusion has an axponantial risa fur a

_-tamparature rise, - :

2. It is very difficult to abtain suitablo membranes
- in 8.a. Bventually the membrane used in the designed
en-iine . monitor was apecially manufactured by
Engineering Investigations Applied . Chemistry -

department. Unfortunately the congigtoncy hetween the -

different membranas made cannot  be. guaranteed, The
£inal on=line wmonitor will skill xaquira a standard
cemmercial membrane for casy manufacture, :

3, The mebrana nas to be in sontagt with moving oil.

. The axperimental results clearly show that no raliable

results can ba obbained fron the on-ilne monitor if
‘tha, monltor is holted to a port a owall distance from.
the oil hody. :
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Racommendations

1. Alternative nethods for separating the dissclved
hydrogen gas from the oil should be used for future
on~linea monitor designs. : :

2, This mathod must alse be abla o aample tha oil
deep in the transformer far adourate on-line.
nenltoring. ' o

5.2 Hydragen on-1ine monitoring

5.2.2 Monitoring the hydrogen concentration in the
air space of a transformer

g cancluaiona

3. Thia would ke tha ideal way of onﬂlina nonitoring
of current transformers. All the experiments performed
showed fast and c¢onsistent increases in the hydrogen
gencentration in the air space’ of the experimental
taznk,  This mebhod would be alse cheap, because no
apparatus iz reguired for rewoving the diagolved
hydrogen gas  From the oil. Uhfortunately this method
cannot  be implemented due to safety considerations. No
modifications oan be made to the high voltage side of
the ocurrent transformers, Also no leads can ba taken
from the high voltage side to ground level. The only"
way that this methed can be implemented, is if the
hydvogen meonitor - ie designod into the current
transformers at manufacture. S .

.2, Thie method - could he implemented on high'voltaga o
transformers, - While net possessing the problems

assoclated with current transformers, nore researsh
will have bs conducted. If this does work, this would
be a very cheap method of monitoring high vcltaqe

' 'tranaformera.
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Recommendations

1. Tastas ‘should be conducted on the high veoltage.

transformers to ascertain whether this method is -

puitable for on-line monitoring. This will require an -

accurate on-line moniter to compare the hydrogen
concentration in the oil to the hydragen concentration
in the air space.

5.2.2 0il sampling technigues

Conalusions

1. laxge problems were encountered in taking reliable
oil samples for hydrogen gas concentration. Acetylene,
and to a lesser degree the other hydrooarbon gases; -

are nat very senaitiVQ to the aampling method.

'2; The gas-tight syringes provad rel;able for oil

sampling. - Unfortunately their cost , approximately .=

' R550, rulesm out the poseibility of using the syringes
for general oil sampling. The tin samplé vessels used
 are probably still the most cost effective method for
general sampling. But the hydrogen gas level sheuld
not be used to assess the condition of the
transformer, ~Acatylene is the best gas to check For,
but will not indicate increases in partial diseharge
and other luw 1aval faults.

-_3.- xf any cil samplea are taken, it is most important
that thore ars no alr bubblesz in the oil. This applies
egually to using the gas-tight syringes as to using

“tha standard  sawple tins. fThe hydrosarkon gases

 dissolved in the oil, to varying degrees diffuses into
any air Dbubbles in the oil. For example, most of the
acatylene will wotay in the  oil, while most of the
' hydrogen gas will diffuse into the aix bubhles.

'Racdmmsndations

i« An experimant ghonld be set up to guantify the

erxors due bto using the standard sampls vaasels foy
~ the varlous gases.
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- 2, This mnust be repeated using the gas-tight syringes
- 4o quantify the error in using the syringes, If the .
vesults are positive, the syringes wecould be unsad

possibly useéd for strategic transformers suspected of -
partial discharge activ;ty.

3, No alr bubbles must be praaant in the sample
vessals. '

5.2.3 commercial hydroqen monitor

capclnsions

1. The partinuiar commercial hydrogen monitor that was
tasted was Inacourate, de-pite electronia alikration

'priur to the experimants.

2, The commercial hydrogen monitor is very temperature

gengliive. This  was confirmed by the commerelal -

hydrogen wmoanitor raading on an actual transformer in
: Eha fliald. : . :

3. Tha cammarcial_hyﬁrcgen monitor is sensiti&e te any
“air bubbles in the oil in gontaot with the membrane,

4, The commercial hydrogen monitor must be in contact

with the main oll body or in the stream of the oll

~ flow  for vrelisble measurements. The manufacturers-
'_racommendatinns on this must be followed,

- By The dost af the commarcial hydrogen yonitox -
__praaludes wide usage on aurrent transformers. : -

Recommendations
4. A number of commercial hydrogen moniters should be
tested for acouracy using an aaaurata mixtura of
hydrogan gaa and oll.

2, .If th's monitor is used on power trans¥ormers, tha

results must - take into account temperahura variations
%o prevent false alarms.
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5.2.4 Effect of the position at which the monitor
: ‘is bolted on the transformer

Conalusions

"1, The  results indicate that no disselved hydrogsn gas
reaches the ends of the ports.

'Regnmmendaﬁiuna |

1. fThe on«line monitor 'mﬁst not be bolited an £o A
 transformer wvia a port. It should be in direct ccntact_"
with the main hoﬂy of tha oil. :
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i INTRODGCTLOR

This appendix consists of the 1itéiatura survay which
agceartains the ocurrent state-of-the-art in gas-in-oil.
analysis and on-line monitnrs. '

This appandix has been writtea as a self-contained
document, therefore an index and bibliography ia
ineluded, :

This document should prove invaluable to somebody who
requires a comprehensiva summary of GI0 analysie

technigues for transformers and on~1ine monitnring :

techﬁiquas._

Thé'appenﬂix is divided into the folldﬁing sections i

Chapter 2 providas some background information on vhy

gag~in~oil analysis ls currently the proven methoed for
apsessing  the ocondition of the Insulation in
transformers, : S

Bogauss the MSu(ENG) is  directed strongly towards a
gas-in-¢il on-line monitoy, extensive information is
provided in Chapter 2 on gas-in-oil analysis. This
includes  the theoretical background, the actual wethsedld
-of using it, and the various wéthods of interpxating .
Tha raaults. o

ﬂhapter 4 provides inﬁormatiun an Hiqh Pnrﬁormanca
Liguid  Chromatography which prosises to hs very
importent in the future for dlagnosing  insulation
-detevioration, - : -

Chapter 5 provides a summary of zome of the current
approaches to on~line gas~in-oil monitors.



2 BACKGROUND TNFORMATION ON CONDITTION
HONITORING OF WRANSFORMERS

The first gommerclal transformers for the transmission -
of elecktricity, Stanley transformers, were air-dooled.
Soonn after thelr introduction, Georgs Westinghouse
(founder of the Westinghouze Company) Immersed the
entire transformer inm a tank of oil and spaced the-

laminatione 3in the core so that the oil could

eiveulate by convection amonyg them, Tha ol
contributes to the dlelectric strength of the
trancformer, provides efficient cooling, protects
transformer core and ceil assembly from chemical
abtack, and prevents mildup of sludge. {11 _ i
Qver the years, progressively wmore stress has heen
plaged on successivaly less ol) for camparahle
transrcrmar ratinqs; Sea table 2.). {2]

Table 2.1 Typlead oil content according ta tha
- tyransfornay aasign period _ '

ﬁgéigg_ngsggﬁ 'ai2;gg_9zuQiL,nanhxﬁa_az_zgggaggxmg;

1915 7.6
1230 3.8
13485 1.9
1960 1.2

Q:5

1977

Insulation is the weakest Iink in & tranaformer and
the oil i an integral part of the insulation systom. -
Therafore the conditien of the insulation ecan be
thecked by analysing the oil. The most common methods
of chesking +the oll are = testing the genaral
condition of +tha oll, analysing the oil for dissolved.
hydrocarhon gasaes, and analysing the ail for heavier
suspendad hydroearbon camponants. : _

The American SQcisty gor Tooting and Materials (ASTM)

lists 30 tects in publicatien DIL7 of which the wost
important are listed in tawle 2.2, [2]
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Table 2.2 Bight most important ASTH tests for in
service transformer oil

ASTM test Formation provided by tesk

Dialectric breakdown ¥Fres water in oil
strength

Neutralization Acid in oil
Iunmbar ' '

Interfaclial tension Sludge in oil |

Colour Marked change indidétas.prbhlam
ISpgeific.gfavity | check for contaminants ' .:J
dpacity- cloudiness implies cuntaminatinn~”'
Sedinant indicates detarioration
Paﬁer factor | Indicate: - asence nf oxidation

or aoht.s Adon

'Unfortunatéiy none of the tests giva'airedtjinaicatian'
of thae insulation deteriopation., In  contrast

gag~in=oll analysis using gas chramatagraphy {G8) has -

bean  established as the mnmost rallakle methed of
indicating dinternsl transformer faulis and insulation
breakdown. Also recantly, llquid chromatography has
boan  used tg  isolate heavier hydrocarban compounda

that indicata insulation breakdown. .

,chramatcgraphy aan  be tracea haak te tha tarn af tha_

century, when & Russian botanist, M. §. Tsevek,
Csoparated a . mixbure of plant pigment prior to
identification of tho wompounds.

Chromatography wags advanced in the 1950's ko whexe it
was poasible to offect the separation of gases. In the
1960's ¢ was applied to identlfying fault gases
diganlvad in transformer oil. Table 2.3 indicates .
the most comaen ganes jdentlfied in ells {37



Table 2.3 Gases in oil usually tested for in oil

Hydrogen ' Hy *
O#ygen : ' 0y
Nitrogen Ny
Methane . CHy *
Carbon Monoxide Col *
Ethane - CoHg *

Carbon nioxidé -0y
Ethylene GaH, 4
Acetylene . CyHy . %
{* denotes combustible gases)
various empirical 'm&thada have besn 'prdpased'-ﬁo-'
idenkify the type of fault and its severity. -

These include checking for limits (in parta per
milliun range) of certain key gases {hydrogen, .

_ acetylene eato), chacking tha total combustible gas
present,. and . the Rogers and Doranburg methods which

-use ratios of warious gaaea to indiaata the type of

,fault.

; Reaently - gone transformars hava failed due to slight.
overheating of paper at 110 = 120 degrees Centlgrade.

‘Gas  analysis cannot Qifferentiate bhetween that and -
garexal oxidation of oil. High Parformanze DLiguid

Chromategraphy  (HPLEC)  has been uged to separate
hydrocarkbon  sompounds produced_exalusivaly_by thermal
degrada;ian of paper .at temperatures from as low as
110 degrees Centigrade. The presence of furfuraldehyds
has shown positive correlation to increaaes in pape*
“insulation overheating. o
High Performanve Liguid chromatography analysis lacka -

the sensltivity of Gag-in-0il analysia.



Also building a simple and cost~effective on-line
monitor based on HPLC techniques will be impossible -
- wlth the present state of art. It remains a
sophisticated laboratory technique. (4]

other methods of insulation condition monitoring have
been proposed. These include direct partial diavharge
measurement and acoustical analysis.

The braakdown of high wvoltage solid insulation in
service by electric treeing or tracking is preceded by
a period of amimsion of partial dischsvge pulses.
where are a rumber of standard laboratory methods fox
measuring partial discharge activities  in
transformers, In the past nearly all such glagnostic
“testing reguired costly hemporary removal of the
equipment from service, Partial discharge testinyg done
during nowmal operation was considered imposeible dus
-to the interference ' £rom the much greater electrical
noise slgnals caused by the power line sarrier, radio
gtations, transmission lina  coroma,  breaker
operations, etc. Also, for some insulatlon syetems,
the +time between the onset  of detectable partial
discharge  and catastrophic fallure could ke teo short
for the condition to be detected by a practical
econonic periodic¢ test procedures. [51[26] _ '
A Fault Anticipator for Substatlon Equipment (FASH) .
' gystenm has heen developed that can detect and identify
a partial discharga in a noisy substation anvironment.
Ferrite cores, which are. sensitive to pawtial
disvharge pulses, are placed axound the ground leads
of the current transformere . The oubtputs are
. connected to a common controller which records the
partial discharga pulses .and their direction. Noise
pulses on the system bus will be picked up at all the
current trangformers and thus rejected. However 1f one
current transformer uonsistently produces a pulse of
opposite polarity to that from all the ourrent
transformers, - it is ldentified as baing in trouble.
Unfortunately thim technique is only suitable for
ocurrant. transformers oonnected %o a gomwmon bus, The
time interval bhetwaen partial discharge onget and.
failure may vary f£rom a few minutes to thousands of
hours, dopending on the local stress enhancement, and
the nature of the insulating system.(26]
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Alro more importantly, there is no direct relationship
between the rising partial aischarge activity and
insulation deterioration. The experiments performed at
the ©SIR indicate that while the hydrogen level in a
-eunrrent transformer continued to rise due to . a fault,
the partial dJdischarge activity remained relatively
agongtant. (6]

Raceﬂﬁly. research has baen done on using_aadhshiaal
emission analysis for detection of  ageing din
Aransformers. :

The ageing of electyical insulation material dis
connected with structural degradation and molecular
changes. The enexgy content varies and besides quantum
emigsion, also phonon excitation and propagation
odtwrs, Partlal discharges  will rasult in acoustical
emimsion. Depending on the amount of disengaged enexgy
a sound deteutlon iz possible. An agoustical analyser.

hag been built that can auvtomatically distinguish .

between hot spets in =molld and liguld insulation,
partial discharges, wmechanical orack initiation and
propagation. But further investigations have to be
carried out in order to find solutions for analysing
superpositions of two or more sources with different
intensities,[7] Bacause this technigue is still in its
infaney,  its usefulness for on—line nenitoring is
'still limitad.

The power fautor of alactrical inaulation haa hean -
recognized as a - good indivator of its quality and -
 future aerviceasbility,  Almost any form of degradation
of the insulation will, sooner or later, inoreasa its
. power factor, A common practice in the industry has
bheon o periedieally take ©he - equipment out of
sorvice, and measure its power factor and capacitance.
Recently & microcomputer baged apparatus has been
developed which monitors power factor and capacitance

continucusly,; with the transformer on-line. Initial =

tosts done on current transformers indicate that it
- provides an indicatien of a possible incipient fault.
Abundant evidence indicates that an increasing powar :
factor is indigative of degrading insulation.



The first limiting factor with this method is that the
apparatus only works on transformers with &
capacitance tap. 28] Secondly, powar fac. . ¥
measurement is & bulk plenomenon. Power factor change
due to lecmlized discharges could be obscured by the.
overall measurement. This is supported by the work
- done by Reynders and Meal. While a rising hydrogen
concentration indicated a fault in  a ourrent
transformer, the power factor remained relatiValy
gonstant, though it was high. [6]



3 GI0 ANALYSIS

A complete discussion of all the aspects of Gas-in-0il
(610} Analysis 4is given .in this chaptar. This is-
-diviued into the following sections @ '

The thaoretical basis for GIO analysis - & theoretical
prediction for gases produced due to various faults
based on thermodynamic principles is presented. .

. Gas. chromatograpay =~ a & & deacrzpticn on how gas
- chromatography works. :

- Extraction of oil =~ general procedures foi ramovang
011 from the transformers.

_Intarprating the GIU results ~  various methods for
Ainterpreting the results, these include Rager‘s ratlof.
test, Laborelec method, eta. :

Conclusion - The general conclusions that oan be drawn
from the Lliterature survey on what should ke the best
approach to an on-line mnn;tcr to—detect inc;pzent
'faults in transformers.

3.4 Theuretlcal hasxs for GIO analysis

. Different +types of faults ~ arcs, ho* spots, partial
discharges, eto ~ van be defined in terms of localized
temperatures which they = genarste. Halstead [8)
proposed . & model which . cgorrelated equilibrium
pressures of the basic hydrocarbon gases pruducad ina
transformer to . a partisular tesperaturae. These
equilibrium - pressures are  propgortiomal  te  the
concentrations  of the various Hhydrocarbon gases &
Praduced; ' : : B :

" For - the aomplete ranga of temperatura faults, the
transformer oll will decompess to their constituent
molacules, slowly = for low tewperaturs faults
(everheating) and wvapidiy for high temperature Faults -
{areing). Since the end products (hydrocarhon gases



and carbon) and the original reactants (transformer
oil) are the sape, the overall free energy for the
following prooess will be fixed ¢ : : :

oll molectles into @
CpHys CpHy, CHy, CaHg, Hy

The model system will thus be taken as being one in
“pleh all - the molecules involved are totally
decomposed to products given in (1), with each product
being in eguilibrium with a1l the  others and the
yverall pressure of the system being taken as 10°
¥n™? (latm).
‘The equilibrium partial pressure of various gaseaus
reagtion products were calculated using the
 equilibrium constants for the following reactions, at
temperatures between 500K and zaoox. : '

| ¢ {salid} '+' 2H, (cas) = CH; (gas)

. 2CH, (gas) = CyH, (gas) + 2, (gas)

CgH, (gas) czﬂz-(qas).+ Hy {(gas)

]

CaHy (gas) + Hy (gas)
CyHy (aas) + 28, {gas) = CQHG (gas) |
"The results are ahown in f;gura 3.1, [31

' These equilibrium partial pressures are prnportional"
‘to the concentration of the gas in oil. Various ratios
of " the hydrocarbon gases were cumpared to actual
‘experimantal vesults and were found to coxxespond. Sed
table 3.1 for a list of wsalculated gas ratios and
table 3.2 for actual experimental results,



Table 3.1 Calculated gas ratios

rault temperature Ratio
CaHp Cally CHy
(Degrees Kelvin) — www—-- o reme———
500 4%10™23 ax.010 50t
1000 2x1.0~8 400 9
1500  axe3 0.3 sx1073
2000 . 1.3 - 1073 2073
5

adee - wWee 000 - e

Figure 3.1 Lquilibrium pressures system with total
systom pressure egqual to 1 atmosphoare
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Table 3.2 Expefimental gag ratio results

Fault temperature Ratios .
CyH, CaHy CHy
(Degrees Relvin)  c-www- e ————
cHy . GH, X
503 (Hot spot) O infinite . 1.3
628 (Hot spot) 2X10 8 2.1
about 2000 (Arcing) 4 0.2 6.1

Therefexe ~the varilous methods used to analyse GIO
analysis results can  be related +to theoretilcal
predictions. - _

3.2 Dagassing ol

Dissolved gases are extracted from a sample of oll hy
expahgion of the oil sample in a pre-evacuated known
voluma., The vacuun expanded gases ave comprassed to
atmospheric pressure and the total volume measured., .=
The degassification apparstus is evacuated to a 10™3
‘gbasolute pressura of about 10 Torr or less by means
of & vacuum pump, The degassing flask is gently heated
(up o 100 degrees Cenblgrade) and the oil
continuously stirred with the help of a magnetlc
stirrer. Thiep takes about 10 minutes after which the
gases are drawn out. - and transferred to the Gas

Chromatograph. Fr.m this mathod 99 percemt of the

dlssolved gases in the oll can be extracted. [9}{1Q)

3.3 Gas Chromatagraphy

Gas Chromatography (GC) is & process of separation,

identiflcution - ang guantification of wolatile

11



mixtures, In GC the component gases to be separated
are carried through the separation column by an inert
gas (carrier gam), The separation colwm consists of a -
non-volatile solvent (Sillca gel, Porapak §, Molecular
sSleve BA, activated charcoal ete) supported on an
inert size graded s=molid (Solid support). The solvent
selactively retards the sample components according to
their distribution coefficient, until they <form
separate bande in the c¢arrier gas. These component
bands Jleave tha column in the  gas stream and are
recorded as & function of time by =a detactor.
Gonerally the components are separated inte three

different runs ' ' -

I = Analysis of hydrndarbons methane, ethane,
ethylene, acetylena, propane and propylena with the

'-.flame innisatian detector,

I - Analysis of hydraqen with the. katharomater-"
detectur.

III - Analysié Of'cérbon méhcxidé'and'carbon'dicxida
with the flame ionisation detector and a catalyst‘_.”
[81{10). - - :

3%4 : Extractiohiuf'uii

As an mxampla and guide the folluwing mathod uaad hy
CEGB is summarise& balow.tzsj

Thea fiald nse  of &;saolvad gas—in-oi] analysia
requires a simple robust methed which requires little
skill, Previously = the sampling valves fitted to -
transformers were used. These proved unsultable for
providing reliable samples because they readily
permitted the iIngress of moisture and air inte the
sample, CEGB  devalopad a new valve for uss on hew

transformexs or for fikting to the drain valves of

older transformers.
As a tewporary method, thaugh, the samplas are drawn

fron a draln or £illing line which ls temporarily
stopperad by a neoprans bung hored to take a snall

12



bore (174™) mnylon tuba. Samples are taken in so0mL

glass bottles which are filled with the upward .

alesplacement of alr. They are sealed with plastic
 serew caps  containing  flanged conical polythene
 inserts after leaving a small hubhle above to allow
for oxpansion‘

. 8amples taken in this way have Laen shown to be
reproducible and stable for up te 6 months.  [45]

3.8 :i:rrl_:o:preting the results

There are various methods for interproting'the results 

of GIO analysis, A short dosoription of the following :

methods are given

~ Setting allowable 1limits for the amount'ond the :

rate of product:on of various hydrocarbon gasos,

=« Setting a lianlt for the amount and rate of _
. production of the rotal Combustible Gases  (TCG}.

S HChaoking for key hydrooarhon-gaooo.

- Ratio tests which inc:lude both Rogar‘s test and
: noronburg‘s teot. ' .

-~ Gas patterns. .

.:3.5.1 : Allowahlo limits ‘for tho gasos

'-Various lists of the propoaad allowable and - nonw
allowabls limits for certaln gases hava. besn proposad,
. These &re baned on results from a nubber of .

in-gervice transformers, and noting what constitutes a
. normal - trend in transformor detarioration and what
does not.

13



For Czechoslovakia +the follewing limits have been
proposed [11] @

€0, 30006000
CH, 100

O, H, 0

Collg 10

narenhurg has the follawing Linits for his ratio test
to check if the analyais is va:l..td [1.2] '

sas Upper Timit fbpm
¥y 200

co . 1000

CQHZ : 158

OgHy 15

14



These norms Wwers refined and then incorper ed inte
the ANSI/TEEE Guide as 90% probability horms £ 1

gas  Dpper Limit (pem)
. Génerating'  Transmission
Transformers Transﬁcrmera
H, 240 . . 100 |
ICH4 160 _ R 120
C,H, 11 o ss
CaHy %0 | 30
h_ Coflg a5 3 65

The CSUS Guidelines give both an upper limit for
normal operation  and a lower limit for. abnormal
operation with a region in betwesn for which both

normal or abhormal operation is not. clearly defined..-

E13]

Qaa ' _pﬁ_x;Limi,___z B Lgm_x;;gmuh_;g;

Norimal Ok _ .Abncrmal Oge;atian
By 156 - 000 |
CeH, 20 S 100
ézﬂa_ T | _;5'
o 500 1000
.9°2 10 000 15 000
Ny 10 000 ~ 100 000 -
0,0 2000 ~35800 @ -
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From statistical analyses done on transformers in
Finland the following limits have been proposed for
healthy tranaformers [27 .

gas Upper Linlt (npm). )
.-Hz ' o aen

CHy 100

CyHy - 30
| ayHg 1m0

co . 500

Theé Soclety of Electrical Cooperative Ressaxch of
.Japan proposad the £ollcding caution lavals [14] H
_QEQEEEQEEEImBé_iﬂQ Hnagg_Lamét_i_;*ngzmal_gpg“azign

oy Oy czH4 G o

275kv, > 10MVA 400 200 300 - 150 300

278KV, < 1O0MVA 400 150 200 = 150 . 300
- BOOXV © 300 100 - 1000 - 5O 200
'3.5.2  ‘'Total Gombustible Gases (TCG)

- TCe ‘daetection was readily accepted in nitrogén gas
preservation systems whers  Buchholy type relays are

not used. The gases were vacuum extracted from tha

oil: This was adapted by U. &, Manufacturers for
congervator designs. The amount of combustible gusaes
(see Chapter 3, page 4 and & for what gases are
combustible) are measured by the heat produced,
usually emplnying a tharmal cohductivity cell. [12]

16



TEEE ©57.104 recommends the procedure in figure 3.2.
[12] :

CSUS guldelines réco:mnen_d the follewing [13] P

TCG_Lower Limit for  TCG Uppsr Limit for

Normal Operation Abpormal Operation
300ppm | 5000ppm

ASEA broposes the follovinq' guidelines based aﬂ_
statistics from Eurcpe.n countries [15] ¢

‘Open transformers :  okay if TCG production <= 1 ppm
: per day :

Sealed transformers i okay if TCG production <= 2 ppm-'
' pex day

- The sogiety of Electrical éodgerative"nésaarch' of
Japan proposed the following cauntion lavels for total
- I0E and TCE. generation pear. year[ld] :

Transformer Bg g,ng Unper z'gg & ' '

: E Jihi;inmml Eg;_yhazminnmixgnnl
275kv, > l0MVA . - 1006 - 350
275kV, < 1OMVA -~ . 700 . . 250

s00kV. 400 150

In concluslan, cantinuous reG in Nitrogen gas
presarvation systems units has the potential for the _
- fastest response to all kinds of faults - from slow to
- rapidly developing. {121 : -

17
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3.9.3 Rey Gasies

Different faults result in different "key gase~%, The -
following is a list of the different types cf faults
that occur :n  *ransformers with a list of key gases.
 Alterpative & _.ces are given since they do not all
agree on the same key gas for a particular fault.
Thermal_decoﬁposition of oil @
- Hz [11]

- light hydrocarbons [3]

_Thermal decomposition of oil te destruction :

= light hydrocarkons + ﬁa. [31

Thermal.decompﬁsifion of.éel;uidsg (insuiatioh; }' _
- o + o, {11) | o o
- Go+coy [3]

; 06 riﬁ}I L

Thermal decnmpositinn of cellulose to dastructlcn
(pyrolysis) : - S

= €O, + Hu0 + carbonaceous materials [17]

19



Thermal decomposition of oil and insulation :

Weak discharge (corona) :

- Hy [16]
~ Hé [11)
~ Hy [18]
- Hy [3]

. Heavy discha£ge {aré#ng}_:
= CpHy  [16)
- CyH, '{113
. céﬁz' [183

- CpHy  117]

The IEEE présehts a generic method : See table 3.3, .

131 -

There is agreement among the different sources about

key gases. This is especially true of weak and streng
discharges. ' ' : :

2Q



N o

Table 3.3 IEEE generic method

tected gas

{a) Nitrogen plus 5 percent. or less oxygeﬁ-:
Normal operation of transformer.

(b) Nitrogen p:.s more than 5 percent oxygen :
Check for tightness of sealad transformex.

(¢} Nitrogen, carbon disxide andfor carbon monoxide :
Transformer overlceaded or operating hot, causing seme
cellulose breakdbwn. Check operating conditions.

(d) Nitrogen and hydrogen :
Corona discharge, electrnlya;s of waker, or ruating.

(e) Nitrogen, hyusogen, carbon dxoxade, and carbon

Cmonoxide 3

Corona discharge invalving cellulosa - ok . severe
overloading of transformer. :

(£) Nitrogen, hydrogen, methans with small amouhts of
ethane, and athylans

. Sparking or other minor fault causinq some breakdawn”
" of @il.. '

{g) Niﬁrqganf hydrogen, wmethans wlth carbo» fioxide,

- carbon  monoxide, and asmall amounts  of  other -

hydrocarbons; acetylene is usually not present @

Sparking or other minor fault in presence of

celluloge.

(h) Nitrogen with righ hydrogan and other hydrecarbons '
including acetylene : -

High energy arc causing rapid deterioratlon of oil.

(1)'Nitrogen with high hydregen, .methane, high :
ethylene, and some arstylene @

Kigh temperature areing of oil but in a conﬁlned area,
pocr connections or turn-to-turn shorts.

(1) same as (1), except carbon dioxide and carbean

‘monokide present

same as (i), except arcing in cosbination with

cellulose.
2]



3.5.4 Ratio methods

Uging ratios of varicus hydrocarbon gases ocan isolate
the fault. Alse using concentration raties is less
dependert on measuring precision.

Twe people, E. Dorenburg and R. Rogers, wers primarily
respongible for developing the ratio nethods. Both
baged thelr work on Halstead!'s theory (See Chapter
3.1) and also statistieal analysis of case histories,

'?igura 3.3 ' describes  Dorenburg's fault
identification procedure [12],

Roger's method was modifiecd and incorporated in the EG
- 589. Fiqure 5.3 illustratea this mathn&. 112}

lLaborel ey matha& which 1s used in Balqium is shown in"'
figure 3.5 below. [24] '

a2
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3. 5-5 Gas pat‘l:erns

Thig method is only generally used in Japan whexe it
has been wusad for the past 15 years. K fault is
diagnosed by using a gas pattern diagram, plokting
soncentrations  of component gases with that of the
most dense gas as unity, An example is given in
figure 3.6. Generally three kinds of patterns,
namely, Hy, CH, , and CHy - OH;  types
exist. The H, results from an ave and partial
dischavges, the CzH, type;, Z£zom are discharges,

and the CH; « C,H,; Zrom overheating. (28] ' s
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4 HPLC ANALYSIS

For the past 20 years, the gensral condition of oil

£illed = - electrical equipment, = particularly
transformers, has been monitored by determining
dissolved gases in oil, using gas chromatography. A
short~coming of wgas-in~oil analysis is that it is

non-specific. The ratios of the gases produced
indlcated +the type of fault which may bé present in

the transformers, but do not give an clear indication

‘a8 to the materdals which way be damaged in the
fault. An examplé is CO and €O, which both can be
the. %esult of the thermal decomposition of . the
cellilose or the long-term oxidation of tha oil.

Development ~ in  the  High = Performance — Liguid -
Chromatography  (HPLG) has led to complementary.
analytical methods which allow hedvier mnmolecules
dissolved in the oil to be separated and identified.
These heavier liguid mnaterials are often speclflc

' ‘products of everheating insulatien,

' The most sultable Liguid molecules for identification
of problems are: furfuraldehyde ‘produced by mild
-overheating of paper; phenol and cresoly are similarly
produced from synthstic resin-impregnated paper board

. and ocumyl aleohol ang alpha=-methyl styrene can ba

. detetted in = cables  containing cross-linked
: polyethylene insulation. B

'For fackory haat-run tests of transformera. using HPLG_
analysie for the detection of furfuraldehyde, lacks
sensitivity compared to GIO analysis hy about an order

of magnitude, But HPLC 1s proving useful in detecting -
. enhanced paper ageing in transformers, at operating

. tempesratures - well below those which produce: dlssolved
gases such as hydrugen 0¥ methane fie).

Recentiy two S70MVA generator transformers operatad
for only 25% of their design life, due to bulging
thermally -degraded paper tapss that blocked off
 interdisc wooling ducts. Thig led to genexral
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overheating at temperatires estimated to be around 110
‘to 120 degrees Centigrade, Normally GIO analysis will
"be used +to deteckt €O and 002. - But a® mentioned
before, these gases can also be in the oil as the
‘result of oil oxidation.  Also the production of other -
- hydrocarbon gases at these tempergture are very low,
and therefore difficult to measure-accurately. :

this is where EBLC analveils is useful: for detecting
furfuraldehyde which, is produced from temperatures as
law as 110°C [4]. .

Therefore for very low tenperature faults where GIO

gnalysis iz not Sensitive enough, BPFLC analysis will
be useful. ' . _ :

29



5 ' CURHENT APPROACHES TO ON-LINE MORTTORING

The different approaches to on—line mcnitoring can be_
divided up into four main types: :

=~ Hydrocarbon on-line monitors that check for the
most common fault gases. Usually Roger's ratio
test or sinilar, is used to predict the type and
soverity of the fault. - '
- Dn-~line monitora that check for a particular gas'
-~ dissolved in the oil to determine whether a fault
. exists oy not. .
=~ ‘On=line monitors that analysa the cil for TCG
which is used to check whether a fault exists or
not.,

- on-line monitors in addition to checking for one - -

- or moxe gases digsolved in 0il, also check the
‘load ocurrent, top woil temperature, hot spot
: tamperature ata. o o

Examplea of davaloped mcnitara that fall - into the ©. -
- akove catagaries will ‘ba given in the followinq_
_aections. _ : _

5.1 ' Hydrocarson on~Line momitor

A hydrocarbon on-line monitor is basically a field
counter-panrt to a full lahoratory set-up. Variosus

' hydrocarbon gases are measured, . to which Dovenshurg's

or  Roger's rabio methods are applied. ~A hydrocarkon .
- on~line = monitor ~oan be used for both on-line
- ‘diagnosis, whare a transformer is used to check for-

the existéence of a fault, and on-line menitoring, ~

whete a fault is known %o  exist, but the type and
severity of the fault ia being monltorad,

A short description follows nf an unit developad in’
. the United Kingdom. Figuare 5.1 is a Dblock diagram
of the on-line monitor. 2 tubular saparator is used,
where oil 18 passed over a silicone rubber tube and
air flows through the tube rewoving the qsses which
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diffuses through the tube wall. Gas samples are
intrpduced into +the chromatography column every 40
minutes by a timer. 2 sroven commercially available

flame dJonisation detector (PID)  is used. A typical

récorder trace produced by the equipment is shown in...'

F:Lgm:‘e 5.3, [41
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5.2 on—line monitor for a particular gas

on~line monitora designed to detect a particular gas

are usually designed to detect H, gas. The reason

for this lies in Halstead's theory {Bee Chapter
3.1) . From £igore 3.1,1 it can be gseen <that
whatever the tewperature of the fault is (from 200°C)

hydrogen is produced and the rate of production of

hydrogen ihcreases with temperature [B4]. Note that
¢,H, is also produced frzom about 200°C hut the
potential concentration is much lower than H, and
tharefore more diffienlt to dstect. Two Iy drogen
on-line moniters based on this theory have been
developed. The first was developed by H. Tgukioka and
K. Sugawara from Hitachi Research Laboratory. Figure
5.3 givas an outline of the apparatus. Tha
separatlion part consists of a polyimide membrane
- 0,005cm  thick and 9,6cm in diameter, and perforated
membrana protection made of a stainless steel plate
0,2om  thick, with many small holes, each about 0,2cm .
in diameter.  This part is fixed near a flange valve
on the lower park of the transformer. The gas
detection part consists of a gas chamber,  an
electromagnetic  valve and a gas sensor chamber, in
which a gas sensor is installed. The gas chamber is a
space in which hydrogen gas, vhich permeates through
the wmembrane, is allowed to collesct,

The wvalve opens and shuts automatically at regular
time intervals in order to allow the hydrogen stoved
in. the gas chamber to contact the gas mensor. The'
. sengor 1s semigonhductor based that quea an output
voltage proportional to hydrogen. :
Field results indicate that the instrument works WQll

and. ir switable foxr praeventing transformer failurs.

The most important problem with this instrument 4=

~ that the sampling period is 72 hours. A’ fault ‘could

aasily develop in this pariod. [20]
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I.R.E.Q also developed a continuously monitoring
device (Hydran) able to measure the level of dissolved
hydrogen in dielectric oils. See figure 5.4, The
Rydrogen gas dissolved in the oil diffuses through a
seni~permeable  Teflon membrane - and . is  oxidised
electrochew’cally on a platinum electrodda. — This
alactro~oxidation is couplad —~ with the
glactro-production of oxygen from the ambient air on a

second elattrode.  The elactric curvent produced by -

- these vreactiohs is converted into a voltage by a load

- resistor, which is amplified and displayad. An alarm
level wan also be set. _ :

The Hydran Nonitor has  heen in field tests where it

has sucdessfully prevented tvansformer failures [aa). -
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5.3 706 on~line monitor

A Tes (Total Combustible Gas) is similar to a hydrogen o

gas on~line monitor in that it iz used to determine
vhethar an inscipient fault will oceur or not, wather
than detarmine the type of fault.

a TCG on-line meniter vas developed by Konsai Electric
Powar Corporatlon and Mitsubishi Hlectnle
Corporation.  Figure 5.5 presents a block diagram of -
the system.  The extraction unit _aana;ats_ of a -
Toricélll Bubbling extractor, Alr is used as the
bubbling gas. A combustion type, high sensitivity TCG

detector, was specially - developed for the TG

nonitor, Because sensitivity of +the TCG detector
changes with moisture in the sample gas, the molsture
is removed by fraezing in a cold trap., The detector
is . calibrated with standard gas bafore every
. measarement. The date processing unit is coliposed of -
‘a chart regorder which indicakes the results on chart
- paper. = The ontire apparatus ie controlled hy &

sequence controller with gas measurenent intervals _
that. can be set at different rates, : '

Fleld rasults Indigated  that the TCG monitor will be
‘usaful for fault nonltoring {22). '
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5.4 Complete transformer monitoring system

A complete transformer monitoring system aims A
monitor all possible transformer problem areas, This

. type of system is used to determine the existence. of &

fault rather than diagnose lts origin.

Westinghouse bas dEveloped the Transformer Monitoring
System (IMS) to provide continuous on~line monitoring.
and analysis of &elected power transformer operating
paramaters., Figure 5.6 15 a D»lock diagram of the
gystem. TMS has the follewing inputs: '

w Top o11 temperature - usas two Platinum Resistanca
Tamperature Detectors (RTD). :
~. Wipding current - wuses an 1nstrument current
transformer (TOT}.
~ Relative  oorona ~ uses ah _acoustic porona -
- detactor, : S _ S
= Gag-in-oil hydrogen concentration measured by
- continuous gas analyser* :
- gtatus inputs - contact olosures from various
indicators, which include : oil level, oll Elow,
-hearmng status of oil pumps. ' B

‘The wusa of multiple inputs, continucus monitorinq, and'

an higtoric data base improves the avallability and’
util;zation of powsr transfarmers [23}
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6 CONCLUSION

Gas-in-oil -analysis . as opposed to other technxqﬁea is
well proven and reliable in’ detarmining the conditxcn
of inaulation.

Partial dischargé measurements are not reliable,
becausa even - though. an higher partlal discharge
_‘measurement will indicate an higher probability of a
. fault, there is no definite correlation. Also, the
background noise is very high in the field, and can-
~ easily swvamp out the actual weasurement. An exception
ke’ this - is - a technigne developed for current
transformers  connected to a common bus that allows the
- common . neise to be f£iltered out. This is only useful_
for transformers cloge’ uﬁgathﬁr on a common bug, - '

" Power factor ,measurament-ia not easily implemented in
an on~line monitor. Since power factor measurement ie
‘a bulk measurement, localised 2faults are not easily

. detected. Research also shows that the power factor =

does - not necessarily increase in the presence of a .
~ fault, -while +the hydrogen -gas definitely does
increase. ' - " S ' : -

'Acaustical Emiasion Analysis is still.ih ita.infancy4_
~and  thexefore its usefulness for on-line monitoring is
still limited. R o . '

" High. Performahca Liguid Chromatography promises to be
ugeful in the future, but lacks the development of Gas
_ chrnmatography. Also an on~line monitor built on HPLC
principles will ba bulky and expensiva due to lack of“
aff—the-ahelf parta.

The design approaah to an on~lina noniter will ha.
hased on tha fellowing considarations.

=~ Becaunsge of the number of transformers in the
field, the oost of the on~line monitor is vexry
Amportant, eapeaially with respeat 40 tha aost of
cthe transformer. . -
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~ the on-line monitor is also cost gensitive in
terms of the University budget for the project.
~ The design should be reliable and based on sound
- theoretical and *  actiocal canaideratlons.

Due to the cost of large transmission.and.géneration.'
transformers, the ocost of the on-line monitor is less .
of a problem. Therafore it is desirable to go for a
full hklown hydrocarbon on~line monitor using some
ratic test.
Designing and building such a munitor will he
duplicatinq commercially available designs and there
is the problem of a limited University budgek. :
on the other hand designing and building an on-lina
" monitor for ourrent transformers has the following;-
advantages: ' _
"~ tThere is a very definite need for ourrent
transformer on-line monitoring due to the amount
of racent failluves.

-« Current transformers ara cheap and 'therefcrehi o

- regulre a very cheap on-line monitor design. _
« Even though there are commercially availabla _
designs, they aras very axpensiva. (more than R25
. 000)
. = There is « tatal lack of 1nformatinn on gas
limits, watio limits for ocurrent transformers.
© The information provided in the previocus chapters
~are  almost excluaively for high voltage-
. transformers. : _
~ Also there i very little informatmon on where the'

oil sample should ba taken, (even for high voltage

transformera)

In conclusion, the design of an cn-lina monitar will

be for a low oost gasmin*oil type for .currenkt

fransformers. Becauze of the cogt considerationy,

only one gas will bhe monitored. The overwhelming

. evidence points to hydrogen as beinq the most suitable
gag for dateation. ' _

Expariments will have o be dong to determine for what
 rates and upper limits of hydrogen production alarms
will have %te be sat, and where the oil should be
manitored in the ourrent = transformer.
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1 INTRODUCTION AND HISTORY

Appendix B has been written as 2 self-contained
document, and therefore includes its own index and
references. A description of all the apparatus used te.
perform the experiments is given.

This - documant, while fulfilling part.ef_the'ﬁse(ENG)'
dissertation requirements, will prove very useful for

. anybody continuing researeh inte this field. The
apparatus built should prove very useful for future

axperimentation.

The apparatus ueed 15 described in eix different

sections ¢

- Experimental Tank - This apparatus is ueed te
simulate a € (Current Transformer). Ik allows
on-line wonitors td be bolted on at various
heighte, whila in contact with the oil, or air_
8péce mbove the oil.

'~ Hydrogen G.1.0, (Gae-inmoil) n-line mnniter- A

descoription  of  the physical construction of the -

monitor, and the internal electronics is given. _

- Gas~tight calibration chamber - This chamber
' allews various hydrogen sensors to be calikrated. -
~ Hydran - fThis commerclal hydrogen on-iine monitor
~ was used to complete some of the expariments._A
. description of the principle used is given,

. followed by a descripbion of the phyeieal
wonstruction and internal electronics.

| - Hydrogen sensors - A description of both the

Sieger, and the Figare sensors ure given.

= Datalogger ~ Initially a self-contained dataloqger

- was  designed ‘and partially bullt. Due to & change
in the direction of the MSc(ENG) work, this was
not  finished. A commercial datalogger was used
;netead A deecription of. both will be given.

Ta provide the rasader wzth a better overall view of -

the project, the history background to the aequxeitien

uf the various apparatue is given,



The overall alm of the project was to billd a low cost
G.L.0. (Gas-in~0il} on-line monitor, and use that to
- tast the regponse of a wmonitor mounted at various
heights on a mock-up of a CT {current transformer) -
the experimental tank, : :

This called for 3 distinct apparatus : an experimental
tank, an on—line moniteor, and.some form of datalogging_ -
facility. o

Due to <cost considerations, the on-line monitor was
based on a membrane technigue to separate dissolved
hydrogen gas  from the oil. The dn-line monitor
reguires two components, the hydrogen sensor and the
membrane, which are the most difficult components to
lo¢ate. Initially the only hydrogen sensor that could
be located was the Flgare sensor, & resistant element
gas sensor. This had to be ordered from Japan. No
suitable commercial membrane could be located. While

- the sensor was on order, -the experimental tank was
 designed and builk. For cost reasons, the experimental
tank was built - out of PVC. Four ports were welded om .
- at wvaricus heights, which allows an on—line mnnitor to

ka mounted at these heights.

once the F;garo sensor arrived from Japan, the nn—line '
monitor was designed and built. The oh~line monitor

was turned out - of aluminium and stesl, To allow ths.

on-line monitor to be interfaced to the ports of the
‘experimental tank, aluminium £langes were made that
kolted to the ports. S R R

Whan the projact - was started, it was envisaged that
‘we datalogging side would ke a large portion of the
ork. A prototype datalogger was bullt arxound a
commercially  available wmicroprocessor koard. A
self-oontained wmicroprocessor board was then designed.

At this stage it became clear that the problems .

associated with the the actua ¢.I.0. monitoring were
more important. The =£inal product was therafors not
lmplemented. Fortunataly a Fluke datalogger was kindly
loaned by the Procesg Control Group of E.I.
{Engineeriny Investigations).



E.I., was approachaed for help in obtaining a suitable -
membrane., Mr. G, Lok from Applied Chemistry at that
stage was building up expertise in membrana
technology. Applied - Chemistry kindly supplied a
memprane based on experimental technology. (In the
meantima, this +echnology has been patented.)

Initially standaxd sample tins were usged to take oil
gamples from the ewperimental tank. Problems were
encountered with the reliability of this methoed for
the hydrogen gas. To eliminate any possible errors due
te the sampling technigue, two gas-tight syringes were.
" ordered from BAmerica. To use these on the experlmental

tank, various interfaces were made.

At apout this _stage- of the MSc(ENG), a different
hydrogen -sensor (Sieger), a fuel cell gas sansor, was
obtained. This was wused to moniter the hydrogen gas
lavel din the adr space. above the oll in the
experimental tank. ' : 3 '

various elsctronic iInterfaces wera considersd for the
oh=-line menitor, Eventually the standard 4~20mA loop
- was used, Once the on-lina monitor was completed, it
was tested on the experimental tank. The experimental

resulté were negative., (See Appandix C, Egperiment 2

for more detalls.) To check this, the Hydran was
berrowed. An adaptar had to be made that allowed the

HySran to be bolted to the experimental tank. The L

rasulta again were negatlva.

To solve this problemf the sensors had to be tested in
a more . controlled experiment. The - gas=tight

éalibration chamber was +han built to calibrate the

Sensors and tast tha Hydran‘

Note & See RAppendix ¢ for datails of all the
exparlmsnts done. : : .

In the next few chapters, the apparatus used are
described in detail, This i f£inally followed by the
recommendations for the further wuwse of these
apparatus, o



2 EXPERTMENTAL TANK

fhe experimental tank was designed to elloweonaline__
monitors to wmoniter +the hydrogen concentration in a

controlled experiment. The problems in using an aetual' -

oT aré !
~ Safety haZards from live apparatus. :
~ Difficulty 4in acvessing actual cenditiens within_.
the CT. ' '
= Difficulty in gaining access to the oil, and air
spacea above the oll. -
 Ohce the experiments can be reliably performed on the
tank, these can then be performed en an actual CT. o
Note : the experimental tank can be equally well used
to simulate the conditions within a BV transformer.

The tank allows varicus on-line monitors to ke bolted

on at diffeérent heights. The Sieger sensor can be

bolted to the bottom of tha top lid. This allows the f
hydrogen concentration - in the air space above the oil
to be monitored. The output frow the Sieger sensor and.

the  on-line wmonitor are 4-20mA current loop outpubs. -

This easily interfacee to the Fluke &atalegqer via a
_ 1oad resistox. .

A partial_ diecharge or arc van be created in-the_eil'
to aimulate & fault., This can be done at any desired
height in the oil. The amount of partial discharge ox

arcing ean ke monitered on the partial discharge -
monitor, Unfortunateiy the total energy expended in a -~
fault cannot be directly read from. the partial
discharge mnnitor, nnly 'the maximum level ef the

faul‘b

" For more accurzte studies, the appaxatue wag modified
to allow a direct injection of a known amount of
hydrogen gas into tha oil. '

S5ea Flgure 2.1 and FiQUre 2.2. for a diagram and.
 photo respe.cively of the complete system.
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Figure 2.2 Photo of the complete oxperdmental sat~up



2.1 Degcription of the physical canstructzon of
the tank

The experimental tank waz nmade 1.5 meires high, and

30em in  dlameter. See Figure 2.3 for the diagram of
the tank. Four ports are welded on at various heights.
See Figqure 2. 4 for clase-up of port, The ports are
welded on wvia a short length of pipe from the tank.

. This is oloser o the situation when an on—lina  '

monitor is used on a real CT,
The +top. 1id and boctom lid are holted to the tank via

. rubber ¢asketd. A brass rod, that is connegted to the

partial discharge generator, goes through the middle

of the 1id via a cable gland. The Sieger sensor is

also kolted to the bottom of the lid. Bea Figure 2.5
ang rigure 2.6 for more detalls. I _
The complsbe tank 1s supported on a small table. A tap
at the bottom of the tank allowa oil ta be drained

out. See Figure 2.7,

A lazge affqrt was expended in maklng the tank as alr
tight ns possible. If the experiment calls for an alr
breathing experiment, the top port can be laft open to
the -air. Betwaen both the bottom 1lid and tank, top lid
and tank, a soft »ubber gasket was used, Between the
aluminium £langes and the ports, o-rings were used,
Teflon tape was used on all tha sorew threads. This
included the screw thread on the on-line monitors,
pluge, Sieger sengor and ‘tap. Patroleun grease was
usad on all the gaskets and o—ringa' ' -

2.2 . pescription = of  the .-partial__-éigcharge:
generator o o :

‘A dbrass rod allews the partial discharge generator to

be lowered inbto the tank at any desired helght. This
allows faults to be simulated at varlous heights. The
live connection is made to the brass rod at the Lop.
The xreturn lead is taken through the bottom of tha
tank via a serew. If the partial discharge generator
iz not used, the hale in the top lid can ba blocked
with a plastic plug.
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Figure 2.3 Diagrom of experimental tank




Figure 2.4 Photo of a port



Figure 2.5 Photo of the top lid - upperside

10



P A b g

Pigure 2.6 Photo of the top Lid - lowerside
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Figure 2.7 Fhoto of the hottom of the tank
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The partial discharge geneérator consists of a Perspex
body. Two brasse screws, specially shaped, screw
through the top and +the bottom of the Perspex body.
See Figure 2.8 and Figure 2.9. The screw with the
sharp point screws inte the bottom of the Pexspex
body, and the screw with conlcal hole screws into the

top of the Perspex body. The conical holé facés down .

into the oil. An air bokble is trapped in this hola.

 This allows partial discharge to take place between

the two brass screws. Paper oan also be sandwiched
batween +the brass screws. DThe brass rod screaws into
the  ftop brass ccorew. This ¥rod holds the complete

assembly in the oil. It also provides a path for the

live connection to the high volfage power supply. The =
return connection is made with a wire bolted to the

- bottom brass rod. This wire is bolted to a sorew that

is serewed through the bottom lid of the tank.

2.3 Description of the port flanges and adapters

' Eﬁch- port has an aluminium £lange bolted to it. See

Figure 2.10. The on-line monitor built can be
directly sotrevwed onto this. A hrass adapter allows the
Hydwan to interface to the flange; Bee flgure 2.1%.

Unusad ports can ba sealad off with brass pluqs. Thase:

brass plugs have basen mod;fied_to allow & gas-bight
syringe with &  needle (Figure 2.32) to inject
hydrogen dgas in the oil, This s done by gandwiching a
septa between the brass plug, and an aluminium diss, -
See Figure 2.13 for pictura of a assembled plug, and

the constifuent parts of the plug.  Initially this

system was also used to sample oll from the tank,

-Unfortunataly tha needles obtained were too narrow for

the oll to easily be drawn in. The brazs plugs were
again modified, this time te allow the syrings to he

- sokewad on via a small valve. BSee Figure 2.13 for

the complete plug assembly, and the constituent parts.
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riguxe 2.9 Photo of the partial discharge generator-
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Pigure 2..0 Photo of the flange and the ¥ydran
adaptex S ;




Figure 2.1) Photo of a pluy, and its constituent
parts (for usa with the syringe via a
needle) .
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poedle
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Figure 2,13 Phoko of a plug, and its constituent
parts (for uwse with tho syringe via
o valve) o
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3 HYDROGEN G.I.0. ON~LINE MONITOR

The monitor housing is divided into 3 chambers. See
Figure 3.1. The £irst chamber is in contact with tha
oil. The guses dissolved in the oil diffuse through
the membrane into the gas chamber. The gases done in
contact wlth the Flgare senser which Is mainly
sensitiva %6 hydroygen yas, The output from the sensor
is converted to 4-20mA industry standard ocurrent locp.
- A tenperatura sgensor is mounted nex+ to the Flgaro
gensor, The output £rom this i also converted to a
4-20 mh industry shandard current loop.

The Yasic principle of operation ig that the gases
dissolved in the all will diffuse through the membrane
into the gas chamber. Once equilibrium 1ls reachsd, the
- ratio petwoen the concentration of hydrogen in the
~eil, and in the gas chamber - will bhe dgual to the
- Ostwald solubility cosfficient for hydrogen. Tharafore
the reading from the Plgaro senser should be
proportional to tha uonaentraticn of the hydrogen gas
in tha oil.

3.1 Description of the physicai conatruutioﬁ ”" 

The on~line monitor is made of aluminium, except the
part that screws onto tha flanges that are bolted to
tha ports, This madée. of steel.  See Figure 3.1 for
crosg-gectlonal pleture of the monitor. See Figuve
3.2 for a picture of the assembled monitnr, and -

Figure 3.3 for the conatituent parta.

The membrang separates the oil and the gas chambar.
- The membrane was specially manufactured by tha Applied
Chemistry = Depariment  of E.X, Unfortunately, the
detalla of the membranels composition or construction
cannot be given, as it was been patented at the time -
this report was written. Yhe most important detail of
the membrane le¢ that it has been nade to be ay
~ parmeable ta gases as pussibla,

a0
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Figure 3.1 Cross section diagram of the hydrogen
. on~line monitox _ - _



Figure 3.2 Photo of the assembled on-Line momitor
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Figure 3.3

Photo of tha disassembled on-line
monitox
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Both sensors arxe mounted o., a PCB (Printed Qivecuit
Board) that separates the gas chamber from the
elentronic chamber, The main interface electronics is
mounted onto a second PCB, which iz held in the
electronics chamber. A water resistant socket is used
for the output from the electronies.

‘The complete unit is made as gas-tight as possible,
Edch chamber is alse sealed from the other with
- a~rings. '

3.2 Pescription of the electronics

gee rigure 3.4 for ths block diagram of the

- alectronics. The Figaro sensor reguires a stable BV at

150 mA power supply for the heater element, therefore -
the incoming power supply must be regulated, A normal -
regulator cannot be used, because the heat aannot be
disgipated din the oonfined - enclosure, A small
state~pf~the-art switchnode power“supply 16 uged. The

‘output  frow +he Rigaro sensor is bufﬁered, before
going into - tha voltage-to-currant  converter IC

(Integrated - Circuit). The precision reference for the
sense element in the sgensor is also suvplied by the
IC. A second voltage-to-current converter IC is used
for the temperature sensor., The temperature sensor is
positioned right next to the Figaro sensor. All input
and output connsctions are protected from noise and

. overvoltage, Ses Figure 3.5 for the complete circuit

diagram. See figure 3.3 for a ploturs of the Figaro
sansor PCB {Printad cirouit Boazd), and tha aleatronic _
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4 GAS~TIGHY CALIBRATION CHAMBER

A gas#tight chamber had to be'coﬁstrﬁcted_té'calibrate
the Figarce sensors. A known amount of hydrogen gas ila .

injected  into the chamber. The concentration of the - |

hydrogen gas is then the guantity of the hydrogen gas
indected divided by the volume of the chamber.

To increase the versatility of the ¢chambar, the
chamber has a port, the exact same sizeé as one of the
_ports on the experimental tank. One of the aluminium
flanges used on the tank, s bolted to this. This
allows the Sieger sensor to be scorewed inte this port,
or . via an adapter, the Hydran. If this feature is not
used, the port can blocked off with one of the brass
plugs. The Sieger sensor is bolted onto the ports, and
the Figaro sensors are inside.

The chamber can also be £illed with oil. Hydrogen gas-

- can be injected ifito - the oil. A magnetic stirrer is

used to mix the hydrogen gas and the oili, {Note :

. Great difficulty was found in mlxlng the cil and the
hydrogen gas. See Appendlx c.) :

4.1 DESGrIption of the physxcal construction

The complete chamber is made of Perspex. ALl tha sidas_'
“ars  glued together, -except -for the lid.. This holts

onto the top with sorews. An o-ring is used to

maintain a gas-tight seal, A circular disc of Perspex,

‘the same dimensions as a port on the tank, is glued-
onto the top. This has a hole in the middle that goes
through the 1lid as well, One of the aluminium flanges
~used on the tank, can be bolted onto this. An o-ring
3% used to seal the gap between the flange and the

Perspe... A similar port, but smaller; is alse glued to
the 1id. A septa is sandwiched batwean this, and a
similar sized Perspex dizc. This port allows a syringe
with a needle to injeet a known amount of hydrogen gas
into the chamber. :

27



Eight brass screws are screwed through tapped holes in
the top 1id. A wire lug is used on both sides of the
sorew. This allows elect-ical c¢onnections +to the .

" inside of the chamber. This was used to test 3 Plgaro

sensors mounted inside the chamber. To maintaih a gas

tight  seal,  fTeflon tape was used on the eight screws.
See Figure 4.1 Lor the dimensions of the chamber
Seea Flgure 4.2 for a plcture of the chanber.

28



L e |

e

Pl

WO.H

- / D thishatst © 1900w

Figure 4.1 Diogran of the gas~tight calibration
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¥igura 4.2 Photo of the gas-tight calibration
clhianber
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5 HYDRAN

A commercial hydrogen on-line monitor was borrowed to
complete some of the expermments. The Hydran monitor
was kindly loaned by the ROTEC group of RSKOM. Because
the designed on-line monitor is similar in principle
to  the Hydran, it was decided te evaluate its
performance. These experiments highlight some of the
problems with the principle, See Appendix C for mora -
details.

A brief description of the principle of operation for

the Hydran is given, followed by & ganeral description
of the complete instrument.

5.1 . Description of Bydran principle .

gee FRigure 5.1 for a dlagram of the oross section of

the Hydran. fThe hydrogen gas. dissolvaed in the oil
dlffuses thraugh a semi-permeable Teflon menbrane and
i  oxldised - electrochemically  on - a  platinum
alectrode, This electro-oxidation is coupled with the
elegtro~production of oxygen from the ambient air on a
gecond aleotrode The electric current producad by
these reactions is converted into a voltage by & load
resigtor, which is amplified and - displayed by the

~ electronlc enclosurs,

The sensor  is designed so that the hydxogen sensor
consumes the diffused hydrogen gas much faster than it
wan diffuse through the menbrane., Thus, the sensor
output depands solely on the rate of diffusicn through
~ the membrane, which is dirvectly proporitional to the

voncentration of dissolved gas in the oil. [}

5.2 ' pescription of Hydran instrument
The Hydran instrument consists of the saﬁéor'uniﬁ, and
the elactronic enclosure. A bhlack foam slszeve is used,

around the sensor unit, to nininise temperatura
variations.

a1
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The sensor contains both & hydrogen sensor, and a -
tenperature Sensor. The oikputs from both the sensors:
are gent via a scresned cable to the elactronic
enclosure. Thess wrée Yuffered, and thon fed into an.
analog function I¢. This I¢ allows the temperature
sutput te modify the hydrogen sengor output, so that
hydrogen sendor output is decreased as the temperatura
. inereases. fThis is fad t» a digital panelmeter, wiich
displays the hydrogen zoncentrstion in ppm (parhs per
million).

| The output is -also converted to a o~1mA uutput for
remote monitering. an optional 4-20mn current 1ocp qan
alse ba added. :
Two alarm levels can be set. The sutputa can be use:
to warn pergonnel of an impending fault.
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A HYDROGEN SENSORS

Two different sensors were used for the various

experiments., Hach senser has its own advantages and _'

disadvantages. A deseription of both sensors are
given, followed by a aomparison between the two
SeNSOYE. : . o

6.1 Description of Sieger sensor

The Sleger sensor is based on the same principle as
the hydrogen sensor used in the Hydran. Both use a -
- fuel gell to detect hydrogen gas. See Figure 6.1 for
a cross-section of the SeNgor.

 Nete ¢ The Hydran may be using a sensor made by
Sigger. This ocannot be confirmed, becauge the Hydran
sefisoxr unit cannot be opened. :

The hydruqen gas is oxidised electrachemically ona ,

platinum electrode., This electro-oxidation is coupled
with the electro-production of oxygen from the ambient
air 2n a second electrode. The electric current

producad by these reactions = is converted into a- o

voltage by a load yesistor. This is amplified and

o converted by the Iinternal slectronica to a current

output of 4 - 20 WA autput.

The sensor used for the exper&ments is the model 911.'
This consists of the fuel cell in a stainless stsel
houging that will net ignite hydrogen. :

‘The impurtant specifications are

Standard range : 0 - 1000 ppm
‘Response time TS0 « 70 seconds
Lineavity .1 Baiter than i+ 8%
Rapeatibhility : Better than + 5% [2]

Note : BSes reference 2 for mors information on tha
- Bleger sensor,

Note 1 Tha abova specifications were confirmeﬁ by SA's
largest user of the Sieger sensor = NUGOR.
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Figura 6.1 Cross-section of the Sleger sansor
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Unfortunately the original fuel cell in the Sieger -
sensoxr was polsoned, so this was replaced by ancther
- eell., This could riot be calibrated in SA. When tested
on the gas~tight chambsy, the output was incorrect,

6.2 bescription of Figaro Sensor

The Figaro sensor is based on a resistant element to
detect hydrogen gas, The Figare sensor consists of a
tubular ceramic former over which &in oxide is
painted. A heater threaded through the ceramic former,
maintains & constant tewpersture along the  whole
ceramic £ormer. Doped tin dioxide is painted over the
‘surface - of the tube to rasult in an anymlus of active

material. This element is bonded to the nickel pirs of

a high temperature xesin header. This ig held in a
nylon case with a atainless steal gauze which: will not

aliow +the sensor heater %o ignite an inflammable -

atmoaphera. Bee Figure 6.1 and Eugure 6.2.[3]

If a bead of tin oxide is haated in clean air, cxygen-'

ig - absorbed inte  the = surface layers until an -

eguilivrium condition 4is ashieved for the particulax
temperature invelved. A characteristic conductance foxr

the tin dioxide ocan be measured, which is a function

of both temperature and the partial pressure of the
- oxygen., If @& combustible contaminant gas is present, -
it will absorh, then react with some of the oxygen, so
raleasing - electrons From the oxygen which bacome
available ~ for conduction, This means +that the
¢onductance - rises until equilibrium is again attained,
The conduatance therefore gives a measure of the
concentration of the contaminant gas, yiven conditions
of ‘constant ‘temperature and humidity. Clearly any
reducing gas will result in a rise in conductance, but
a oconsiderable deyree of selectivity can be achieved
by the addition of ocatalytic incluzlons teo the tin
oxide and careful control of the temperature. (3]
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Note : See reference [3] for a comprehensive report on
solid-state gas sensors made Dby Figaro for more
ihformation.

6.3 Comparison batween the Sieger and the
Figaro hydrogen sensors
edger Senso] o FPigarec Sensor

Fuel cell has a life of Unlimited life span.
approximately 3 years. : _ :

Built in 4-20mA output. Requires elactranic aignal .

nondltioning.
- Precalibrated. " Uncalibrated,
Expensive ¢ + R3000,  Cheap i % R125.
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Fgqure 6.2 Diagram of the Figaro element
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Figure 6.3 Picture of the complete Figaro sensor
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7 DATALOGGER FACILITY _ .

When the prrject was started, it was envisaged that
the datalogging side would be a large portion of the

work. The dQatalogger would ke a self-contained unit

that would allow the readings from the on-line monitor -

to be logged, and processed for trend analysis. To
thig end a datalogger wae designed arcund the 80: 2AH -
procaessor. To test the cperation of the datalogger, a
commercial  board was first used. The core software was
written and tested using this commercial board. A mare
compact board was then designed. At this stage it
bscame clear that the problems assoclated with the
acgtual gag~in-oil monitoring was more important. To
complete the experiments, a commercial datalogger was
borrowed. The advantage of the commercial datalogger -
was that the output was printed directly onto a strip
of paper for future reference. An IBM PC computer was
- required for the designed datalogger to off load the
data., -An IBM DPC. was not always freely available for
this.

A description of the designed datalogger will be
given. This design is definitely still -useful for
future work as the hardware design is cumpleted. A
brief description of the commercial datalogger is then
given. &

7.1 pescription of designed datalogger

A MIC (Murton  Industrial controls) 1017 board was
bought te test the initial software. An extra board

wss - built that - contained the /D (analog to Dlgital)--'

I¢ Integrated uirouit). This interfaced to the aensor
electronlcs.

Features of this board include :

~ 64K bytes ROM.
- 60K bytes RaM,
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= Serial port with anto baud rate seledtion. o
~ Cholce of RS232, KS422, and R4485 serial
interface, :

~ BASIC interpreter.

~ Berial printer port.

- 3 % & Parallel ports.

«  Onboard EFROM programmer .
This board provided the ideal basls for testing the
datalogger. A program could be written on an IBM PC.
computer, and then downloaded into the MIC micro's RAM
via the serial port. Once the program was debuggea,
the program is programmed into the EPROM.

fee fFigure 7.1 for tha circuit diagram of the A/D
board, This based around an §~bit A/D - ADC0S04. The
ocutput of the A/D is read by the mnioro via the
parallel ports., The input to the A/b comes fram the
Fiyaro hydrogen sensor eluoctrondics.

See ?igura 7.2 for tha initial circult diagram of
the Figare hydrogen mensox electronica.

Nete : This is not the sama as the cireult diagram'
described in Chapter 3.2, The design described in -
Chapter 3.2 is a later demign that is more flexible.

Onea the basio swfiware was running, a mioro board was
dasigned, This bhoaxd is cbvioualy cheaper to build
than buying the MIC mioro heard. This design aleo
contains  the assential faatures raqumrad for the
datalogger, namely @

~ 32K bytes RAM for data sﬁcraga.

=  BK bytes EPROM for program.

« Onkoard 8 bit A/D. :

- 2 %5 bit parallel ports.

See Figure 7.3 for the conplete circuit diaqram.

The software writtan road tha putput from the Flgaro
gsensar and the temperature senser. This was displayed.
on a 4 digit LED (Light Enitting bl e) display. The
hydrogen senssr output was displayed in ppm, and the
temperature cutput in degrees Centigrade. These _
readings ave displayed alternatlvely every 1 sesond,
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The data are stored 4in the RAM for later retrieval.
Tha software was not developed further than this. It
was at this stage that it was decided to use a
 conmercial datalogger to complete the experiments. -

7.2 Description of Fluke datalogger nsed

Tha Fluke datalogger is hasically a multimeter with a
printer attached. The datalogger can be programmed to -
gean  a number of user selectable channels, Each
charmal can be programmed for a dlffakent voltage ox
current range. Bach channel also has +two alarm
-settings asaocgiated with it, Bach channel is scanned,
‘and then printed out with the corresponding time and
data. Tha scan rate is nser selectahle. _

The datalcgger proved very useful, allowlng a numberf
of the experiments to be completed. One _advantage of
‘the datalogger is that it le based on old technology.
Theraefore the datalogger was not used that often by
ESKOM.: This allowed my uaa cf the instrument te be -
unrestricted, : _ -

45



8  RECOMMENDATIONS

A number of vecommendations can bhe wuade from th'e'
experience gained in constructing and using the'
axperxmantal apparatus.

'All of the apparatus used for the exparimenta can be
- successfully used for future experiments. This is
especially true for the experimental tank and the
gas-tight ochamber. The design for the datalogger can
be used for other projects as wall,

8.1 Recammenﬁations for use of Experimental tank

The tank requires very llttle modificaticns for future
experiments, Xt provides a ideal vessel for tastlng_

on-line monitors, elther by injecting hydrogen gas, or .
genarating partial discharge ox arcing in the oil. The =

one useful addition would be adding  valves

 independently £xom the porks for oil samples. This

would be more flexikile, because an on-line menitor can
be used on a pork, and an oil sample can be teken at
the same height without modification to the onwlina :
monitor, :

a.é_' Recommendations for the unrlina monitnr

The on-line monitar is baaeﬁ on a similax prineipl& o
the Hydran monitor. A membrans is used to allow the
dissolved hydrogen gas in the oil to diffuse through
inte a gas chanber. This concentration is detected by
& hydragen senmor. The diffusion is very dependent on
 ‘temperature. I believe that this is one of the main -
problems with this type of on-line menitor. The only
reliable wmethed is to draw out a certain volume of
oll. This must be degassed, and then the concentration
of hydrogen gas from this measured. Due to the cost
and complexity, this will prevliude it's usage on CPs,
but will be very useful for RV transforners.
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8.3 Recommendations for the gas-chamber

Thig chamber will prove useful for calibwating the
hy@regen sensors, and the on-line monitors. The one
. improvement would be some method  of mlxing the
hydrogen gae and the o0il better. This could be fan -
‘driven by an external motor. The problem with this is
to get a gas~tight seal for the spindle. Alternately a.
Pan attached to a magnet asaembly that can he driveni'
by a magnetic gtirrer, :

8.4 Recompendations foxr the Hydkan'muniton |

The Hydran has been successfully used in ESKOM for

detecting problems with HV transformers. But the
problem of ‘temperaturs dependence remaing. The axact
gause for the ‘temperaturs variations should ba
ascertained, ie. is it the temperature influence on

the rate of diffusion of the hydrogen gas through the

membrane, or is it the hydrogen concentration in the
transformer that  1s changing, I believe from the
- experiments done on the Hydran, that it is temperature
change - on the diffusion that - is the predominant
affect. Thiz -can ohecvked reliably by using an on-1line
nonitor not based on using a mewbrana to aeparate ‘the
diasolved gas and the oll.

8.5 - Recomnpendations for tha'hydrogan'§qnsors

EBach sensor has ite own advantages and disadvantages,
The Sleger sengor iz dafinitely the one to use for
accurate applications, vhere wocost dIs not that
important, The Figare is sultable for a cheap and
simple alarm type application with caraful elactronic
design. '

8.6 Recbmmendations'far the datalbggef""
The design as it is can be used For any datalogging

appllications. The moftwara written forme the basis for
any datalogging appliaation. :
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‘1 INFRODUCTION AND HISTORY

Appendix @ .ﬁas'-been ‘written as a self-contained

document. A desoription of each experiment is given. A
description  of the wethod used +to parform the
experiment, a description of the apparatus, and
results are given. This is followed by the conclusions
that can Dbe drawn from the results for that
expariment,_ and the recommundations for further work
B improvement in the experimantal pracedura. :
lrinally, the overall - connlusions and recommendations
that can ba drawn f£rom the results of all the .
axperimenta are glven,

To giva _the yeader a .hettér overall view of the
projact, the hiatory background to the experiments is
Q'iVen': . o . . o

The overall. alit of the project was to huild a low cost

gas~in=oi) on-line monitor, ang use that to test the

‘response of a monitor mounted at various helghts on a -
mock-up of a €T  (Current transformexr) - the
experimental tank., o

o diffarant .hYd:ogan sensors ware obtazned, namely_
the gieger sensor and the Figaro sensor. The Sieger
génsor is basad on & fuel cell, while the Figaro

 gensor uses an resistant element. To test the response

of these sensors, they were mounted in the air space’
of the experimental +tank., This formed the basis of

. Bxperiment 1. Because of thé rapld rasponse from both

gensors to arcing produced in the bottow of the tank,
v large numbex of tests were conducted to investigate
this more fully. This also allowed more data to be

avallable to compare the sensors, The Sleger is an

etpansive pre-calibrated device, while tha Flgare is
ereapar and . uncalibrated., The Plgaro was the natural
choloe for a low cost monitor. Tharefora the data were
veed to oallbrate the Figare sensor, wlth the Siegex
8  reference, assuming that the Sleger sensor was
nocurata, {Later nora precise ronparisons were made.)



Alsc while these tesbs were performed, oll samples
ware ‘taken from . the bottom of the experimental tank.
This wae supposed to allow a comparison between the
‘hydrogen gas dissolved in the oil in the bottom of the
tank, and the hydrogen gas in the nir space., But this.
test hinted at the difificulty of taking reliable oil
samples for GIO analysis for hydrogen gas, From a
theoretical analysis, the concentratichs should bhe

proportional, +this was not the case. It was supposed
‘that the problem lay with the sampling technique. Xf
an air bubble got into the sample tin, the hydrogan

gas diffused from the oil into the air bubble, which

was subseguently lost when the tin was opened. Due to
the cost of the GIO analysis, it was decided to obtain
two gas tight syringes to sample the oll accurately to
prevent repesting the expériment.

Wiile theme - syringes wera on order from Aserica, the
on-line monitor was completed, This was tested on the
axperimental tank. These testa Lformed sxperiment 2.
Arcing was produced in. the botton of the tank. The
wonitor was bolted %o the top port which was covered

by oil., fThe Sieger was bolted to the top of the tank,

" in the air space, to confirm the presence of hydrogen. .

" HNe change in output from the on=line monitor scourred - |

over a period of a day or two, even though the Siegex
clea:ly indicated that hydrogen gas was produced., This
eould rasult only from elther the wonitor not working
‘oorrectly, or that no hydrogen gas dissolved in the
oil reaching the monltor. To teskt the latbter

supposition, a comtercial unit wag borrowad - the -

Hydran., This unit had been successfully used arcund
the world and in ESKOM. No overall change in the
qutput was noted. - {The Hydran displayed on- average a
reading of 50 ppm.) To wake sure that hydrogen gas was’
- dissolving  in the oil, the tank was totally £illsd
with oil. (The Sieger sensor was remnved.) At this
point it was noted that the Sileger sensor was
malfunctioning. (At a later stage it was ascertained
‘that the sensor waas poisoned Erom keing ever-exposed
to hydrogen g¢as.) Again ne overall inerease in the

sutput from the on-line monitor occurred to indicate

an increase in the hydrogen level.



on the other hand, the output from the Hydran seemly

varied with temperatura. Due to this variation with
tempergture, the Hydran reading was regardad with

doubt. The only way to check what actually was

happening in the tank was to take reliable oil samples'
at the various ports.

In' experiment 1, the Flgaro sensor was calibrated to
the - Sieger sensors, The mamufacturer guaranteed an
accuracy of approximately 5 %. This was confilrmed by
RUCOR « S.Afxica's largest consumer of <the Siager
sensors. Unfortunately the Sieger sensor was poisoned,
and this could not be confirmed. K
To check the consistency betweon the different Figaro
sensors, twWo more Sensors were oxdered..

While waiting f£or the syringes, a small gas-tight
chamber was built to accurately calibrate the Figaro
sensors, and the sleger sensor. Beven tents were done
ont tha Figars sensors. (experiment 3) -

Due’ to cost and time constraints, a new sieqar gengor. .
gould not be obtained. The suppliers, though, kindly .
replaved. the secnser element with a second-band spare
‘that they had, Unfortunately this could net bhe
calibrated in 8.Africa. This  sensor with the Flgaro
“sensors, was calibrated  in the gaa-tight calibration
chambar. {axperiment 5} x

Puring the peried that ‘the Sieger sensok was bhaing
rapaired, & Hydran nonitor was avallable at BE.I, for
calibration, An adapter was made to allow the Hydran
menitor ko be bolted to the gas-tight calibration

ghamber. A number of Bests were performed on the

Hydran, = which  are listed in . experiment 4, .
Unfortunately +thae Hydran had be returned before more
extensive tests could be complated.

once . the sieger ‘gensor was returnad, the siegér

‘gongor was oalibrated with the 3 Figare sensors,

using the ocalibration chamker. The xesults are
prasentad in experiment 5. '



For the final set of experiments, it was decided to
adapt the experimental tank, so that oil samples could
be +taken at the various ports, Port adapters were
manufactured that allowed the gas-tight syringes to

take oil samples via a needle.  This also allowed

‘calibration standard hydrogen g¢as *to be injested in
the bottom of the tank, Thisz eliminated another
unknown =~ the ‘total amount of hydrogen gas in the
tank. The Sieger sensor allews the total amount of

hydrogen gas in the air space to be ascertained.

Unfortunately while the system allowed hydrogen gas to
he injected in the tank successfully, tha oll samples
could riot be taken successfully. The needle's internal
diameter was too small for the oil ko be drawn. This
xemulted -in a large negative pressura on the oil -
drawn, which effectively degassed the oll. The sasiest
solution was to use the Hydran. The Hydran has .a
sampling valve that can directly interface to the
syringe. Negotiations were entered in to borrow a
Hydran f£rom ROTEK. After numerous promises, an unit
was supposed to ke delivered, but withdrawn vhen a
fault oceurred on a transformer that had to monitored.
It was decldad again to make othex adaptatione that
~ allowed the syringes to draw an oil aample directly
from the ports. The syrinqes are sorewed on the porks.
viaz small ‘taps. The xesults indlaated that the

dissolved hydrogen gas in the oll was not reaching the E

ends of the ports. Adain the port plugs were modified.

gmall pipes to the middle of the tank allowed the oil

£o e  sampled directly from the middle of the tank at

" the wvarious heights. These results are listed in
experiment 6. : - . SR S



2.1

EXPERTMERT 1

| TitYe

' Time response and cofiparison between Sieger and Figaro
hydrogen sensors in air space above the oil in the_
experimental ¢T container, : :

2’:\-2

1.

3.,

Purposze

To check the time regponse of the.siegér and the
Figaro hydrogen sensors mounted in the ailr space
above the oml when arcing occurs in the oil, - '

To prmvide a comparison hetweSn thej81ager; an
expensive pre-calibrated self-contained hydrogen
sensor (fuel cell +type sensor), to the Figaro
(resistant  element type - sensor), -a cheap

.uncalibrated hydrogen sensor. .

T calibrata the Figaro sensor, using the siaqer o

. mensor  as a reference,. assuming that_thaZSLegar-

sensor is accurate.

(Note { The Figarc  sensor is eaiibrate& more -

4.

5.

accurataly in 1ater experiments )

- -compare the concentyation of hydrcgen gas
dissolved in tha oil at the hottom of the tank to

the hydrogen concentration in the ajir space as o

neasured by the sieger in the atr space abova the

: Olli

To chack whether the hydrogen gss concentration in

the alr space is proportional to the time length

 of arcing in the oil.

14

24

hppn:atus_

EkpérimahtaIICT taﬁk.

Sleger gensor. (Has a bullt in 4-20 mA loop)

5



3. Figaro sensor in speclally built on-line monitor
housing. Electronies convert the output to a 0~20
A 10‘3?- : . ’

4. Fluke datalogger for recording of results from the"
: two sensors onto printed paper.

5. Partial dlscharge measuring instrument.,

6. Spark gap.

7. K 0 - 50KV supply.

8. sténdard 15V power supply to powér_the sensors. - .

8. Sample vessels for oil samples.

2.4 Method

The spark gap is positioned right in the bottom of the

tank. This allows & greater chance for the hydrogen to
mix in the oil. Alse, this provides a woxst case for

measuring . the time = response, of the hydrogen_:l.

concentration in the air space abové the oil. The

. spark gap 'is connected to a 0 ~ B5OKY power supply. A

partial discharge monitor is also connécted to this.-

- The Sleger sensor is boltad to the underside of the -
tank's top lid. The Figaro sensor is contained insida': .
~ the purpose built monitor housing, This is bolted to -

the top port on the experimental CT tank. The OF tank

is filled to 3/4 of its height with oil. This allows

the top port to be’' part of the alr space above the

"+ The CT tank is sealed off to the outside aix. The
current outputs of the =sensors are zonnected across
resistors to convert the output to a voltage that can

.be read by the datalogger. The sensors ave suppllad by

a standara 15V power supply.

The -dataloqger. is. typiaally pragraﬂmed_ t. read the
gensors qvery 30 to 60 seconds for the first hour, and -

‘then every hour thereafter, The sensor readings ara



printed onto a paper strip as two veltages and a date
and time stamp. The Sieger output is printad as 2 to

10V  output which represents a 0 to 1000 ppm hydrogen
- concentration. According to the manufacturer this is

accurate 4o within 5%. The Figarc output is printed as

A& 0 te 10V reading inversaly proporticnal to the
-hydrugen concentration, :

‘The © to 50kV power supply is increased until arclng

le absezved on the Partial _Discharge Monitor. The
arcing 1s then malntained for 20 to 60 seconds. The 0

to 50 kv power supply i¢ then switched off and the .

ﬁatalogger is started.

2.5 Results

18 tests were done aver a parlod of two montha The

‘data has been tabled as the voltage readings from the

two sensors versus tzme,-

.'The data has bean aonverted into fcur sete of tables.
" Bach tahle uges data from one or more particular teats
© done,  ¥rom thess tables, graphs have keen generated

that summarise useful 1nfcrmation. The tables are

- listed below with an explanatory caption, and the
-graphs that have heen generated 1 L

Tahle. 2.1' - Table of siagerf énd: Figaro senson:

readings versus time. This table consists of tests
1;%,4,5,6,7,8  and 12. -Yhe other testé have been
exaluded due to the lack of enhcugh data points. The
fullowinq graphs have been generatad* :

Pigure 2,1 - Some tests of the siegar sansor
readings wversus time. This graph gives the time

 response of the Sieger sensor. This graph uses the
results from test 1,4,5,6,7 and 12.

Figure 2.2 = Some teésts of the Fiqaro sengor

readings versus time. This graph gives the time
vesponse of the Figaro gendor. This qraph uses the:
results from test 1,4,5,7 and 12, :
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Takle 2.2 ~ Table of the Figaro sensor readings
versus the Sieger sensor readings for varlous tests.
For all the ‘tests, +he hydrogen condentration
increases gradually for approximately an hour and then.
drops slowly over a period of one to two days. Only -
the vreadings frow the perlod when the hydrogen
- congentration is decreasing, are used to compare the
two sensors, as this minimises the time response

errox. oOnly tests 4,5,11,13,14 and 15 ake ‘used, as

these have enough Suitable data.

Pigure 2.3 =~ 'The Figaro sepsor vreadings are
compared +to the Sieger sensor readings for the
above mentioned tests. Thisz graph uses data from
tests 4,5,11,14 and 15, ' T : :

Tahle 2.3 =~ Table of various gas concentrations in
the oil at the bottom of the CT tank varsus hydrogen
" eonwentration - in  air spage. Thesa results  were

obtained from GIO analysis of the oil sampled at the

 bottom of the tank. The hydrogen consentration in the
alr space was chtained from the readings of the Sleger
sensgor, 011 sanples were taken from the bottowm of the

0T tank via the tap. 'The oil sanples wars takan during o

tests 3,4,5,6, 7 and 8 of experiment L.

r;gure' 2.4 = camparlsan_hetween the hydrogen and
~acetylens concentration in the oll at bottom of
the -tank, and the nydrogen concentration in the
air =space. %he daba came from tests 2,4,5,6,7 and |

Table 2.4 - Tabla of maximun readings from Sieger
sensor versus length of  time of arcing. This table
consists of data from tests 4,5,6,7,8,13,14 and 15.

Figure 2.5 - Graph of the maximmm readings from
the hydrogen sensor versua length of time of

arcing. Uses data £rom tests 4,5,6,7,8,13,14 and
15- ’ )

1l



SIERR SIEQER ST TIST TEST VEST YEET

4 1 t 1 ] -
e} tprml (i) (i) (it (wla)  teln
L} (1]
# [71]
o H
i} s
iA] 3
p5] 3
0 13
px ns
L ] ]
H] s
] 12
1 n -4 ]
10 14 [ ]
] - ead L3
I i L] * L]
13 7251 u [} it
X! ] i3 EL
Fo) ULy L] I
H ] p] " “" .M
1% W3 w16 M
4 L:l 2] M 4
4 Y "Moo []
L] H u "
43 pLt] " [ 1}
LY 0 “ 15
(1] ik T4
44 h -3 o
Y nig L T I
ok w0 7 o
LU bt ] 4
} ] ta E [
fl IS . LI T
51 L] 1] o
W LE § Mook 14
i [l H ¥ »n
33 Hrs 4] 1
35 . : i [ ST |
23 1) 4 a
R!] [ .. 24 4 M
~] iy P Mo
§ 00 u ] u
& 1113 M A1 .
& L] . Lo . . 2l
4 Bl - S LI
o 30 . ) 15
- & *s 4 -
. M i .
& w ) 15
&5 [ 43 B T
& [ 3B . ]
1 [ 1] 14 13
n wiy
1 L1 14
“ ] * .
" L] 14
13 44 ] .
i) L. 12
u TS o
u L]
-1 s ]
H L) : ) & u
# o Ty . i
R Tk [ 1
43 o i 14
- . i 1
1) ws - o .
L) B . . N 11~ :
Y] 5 . a3 (41
(1] - o
w -, . 5
¥ i 1o
%l LX)
&l y
|- I 121 X .
E L] L] . bal 11
*» Wl
us 5
91 351 .t L]
i1 " 4]
[ L] . ul
W .0 )
- .
8 .
1 i

Table 2.2 Fi.garo sensox readings versus the Sa.egar
sensor readings for various tests

12



LT

saosues oxebra

ou3 pue apbaTs I useagay wostaedwon  £rg ombrg

 COMPARISON BETWEEN SIEGER AND FIGARO

FIGARO SENSOR OUTPUT (volte)

SENSORS WHEN USED IN AIR SPACE

EXP 1 TEST 4

EXP 1 TESTS
EXP 1 TEST i1

EXP 1 TEST 14

BEXF1TE "15

FIGURE 2.3 |

- SIEGER SENSOR OUTPUT (volts)



¥T

TTO Ul SUOTaRIULIUCD Seb BNYIOA o
~eouds are o} UT USTIRIAUGDUOD UsBOIRAH - £*¢ BIARY

3 1
s 1
5 2
4 T
'S 3
6 4
3.3
3 1
7 1
3 2
8 1
8 z

STEGER
READING

2

175
175

335
470

750

Hr O
ppm prm
st 1
@ 1
I T
1k .2
v 2
16 2
16 1
7 2
% 2
13 1
183 66
28 B

LAE CAS-IN-OIL. ANALYSIS FROM EILAR

S CoHd

ﬁ%ﬁmSa@amuga'é-

" Q
._ﬁ

8
3

Rl I g T

e o o2

¥

\a'
§$mqanmhubuﬂ

[

rpm

PG Do smSonwid

ppa

435
200
194
1113
263
21
258

m.
Sz

3
232

340

rom

26120
25536
23253
35316
23768

2191

26051
519
24110
27457

2672

61
49932
63498

43464

Si618
318



006 008 00 00O 00G OOy OB 002 00K

- vzaunei|

© {udd) NOLLVHINIONOS NIOOHAAH

cHeD INFTALIDY
v

2H NIDOHOAH §.

i

Y1V SHL NI NOLLYHLNIONOD NIDOHAAH

‘SNSHIA 10 3HL NI NOLLVHINIONOO SYD

(wdd) NOILVHLINIONOO 8Y2

Figure 2.4 Gas concentration in the oil versus

hydrogen concentxation in the aix

15



ARCING ORIGINAL -  FINAL DIFFERENCE
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[ FIGURE 2.5
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Figure 2.5 Sieger sensor reading in the air 5pade'._
versus time length of arcing in the oil
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. 2.8 © Conelugions

The #following conclusions can be made from -the
results: : : '

1. The Sleger sensor responses +to a fault in the
bottom of +the tank within 31 minute, and reaches a
steady reading within 15 minutes. (figure 2.1) '
2. The Figara =ensor responses to a fault Iin the
hotton of the tank within 2 minutes, and reaches a
steady reading within 20 minutes, (figurs 2.2)

3. 2assuming the Sieger sensor is accurate, it can be
seen from £igure 2.3 thak the Filgaro response is nott
linear. There is also a spread in the reading. There
is approximately u maximum of a 125ppm spread for any
particular voltage yeading.

3. From fLigure 2.4 it can ke seen that the hyarogen o

concentration in the air sgpaus is not proporitional to
‘hydrogen  concentration in the oil, but is
proportional to the dcetylens concentration in the
‘botton of . the oil. The acetylens di:solves relatively
easily in the oil compared to the hydrogen., When an
oil pample 3s taken, - if the sampling tin is not
perfectly sealed, the hydrogen will escaps. I believa
that unraliable sampling techniques account for the
erratic results for hydrogen concentration in the oil,

- From figure 2.5 it can be clearly seem that the

'-hydrogen concentration in  the alr space dis
praporticnal to tha d‘ratian of the Ffault. ' :

2.7 Recommendations
- thé’fbllmWing recommendations can be made:
ER Mounting a sensor in the alr spage ¢an bhe an
excellent method Ffor detesting a fault in the oll for
-small oil quantities, fThe hydrogen concentraticn An

the air was proportional to the duration of the faults
in the oil.

18



2. Both sensors provided good response times, the
Sleger sensor being a bit faster. Assuming that the
Sisger sensor is acourate and repeatable (according to
the manufacturer's apecifications), the Figaro sernsor
is not suitable for accurate measurements. More tests,
independent of the Bleger sensor should be done, Note:
Thesé tests were performed in experiment 3 (chapter 4)-
and experiment 5 (Chapter &).

3. The sampling tins do not seem to provide ancurate:_
results for hydrogen gas dlseslved  in the oil. an
acourate method should be used for future exparlmants.
Note: Gas-tight sytringes  were used for future
experiments. o - SR
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3 EXPERIMENT 2

Pesta with on~line monitor and the Hydran on~line
menitor, .

3.2 Purpose

1. To check whether the self built onh~iina monitnr
detects any hydrogen disrolved in the oil. -

2. To check whether the Hydran, a commercial unit,
detects any hydrogen dissolved in the oil, '

3.3 . Apparatus

1. ‘Mwxperimectal CT tank.

2., Figaro s=ensoxr in speclally Euilt oneliné mbnitax-

housing. Electronics convert the output to a 0-20. .
‘ma loop. - STl

3. Hydran on-line monitor. -

' Partial.diacharge.maasuring,inatrument;._

5. Spark gap, o

6. A 0 ~ 50KV Supply._

?; _sﬁanaard 1Sv poweﬁ éupply'tﬁ ﬁdwer ahe.éansdré;

8. Sleger sensor

3.4  Method

The spark gap is positioned right at the béttmm of the
tank, -This allows a greater chance for the hydrogen tu
nix in the oil.

20



The spark gap is connected to & 0 ~ 50kV power supply,
A partial discharge moniter iz also connected to this,
The Sleger sensor 1s bolted to the bottom of the top
1id of the exPeriment tank.

The €T tank was filled to 4/5 this of its height with'
~oil. The ail covered the top port, Areciny was ipduced
in *ne oil and the response from the Figaro senzor
noted. No significant change in output from the Figare -
genser oocurred. o cheek that tha on-line meonitor wasg -
working, the Hydwan was substituted.
‘The tank was then totally £illed with oil., This would
- hepefully force +the hydrogen gas to mix wore readily
with the oil. The tests were then repeated with thg
on~line moniter and the Hydran.

the € tank is sealed off to the outside alyr. The 0 teo
50kVv  powar supply i increased until arcing is
obgerved on the Partial Discharge Meniter. The araing '
jo then maintainad for 1 te 2 winutes.

ﬁgs._. Reaults

No wmignificant change coourred in thé1outpu£ from the
Figaro sensor and the Hydran for the first test. The -

siegor sonsor 4indicated a hydrogen concentration im

the alr space greater than 1000ppm. It is suspected
that +the hydroegen was concentrating wainly in the aiyx

space ahove the oil., To test this, the Etransformar was

C£illed to the top with oil, (The dleger sensor is
removad for. this test,) Again no ﬁhanqa ocourred in
the resndings.

8.6  Conclusions

1. Either the on-line monitor and the Hydran monitor
was not oporating ecorractly, or the hydrogan in the -
oll was not reaching the ends of the ports. Sinee beth
monitors wera not  operating  sorrechly, it was
suspected that the hydrogen was nat raachinq the onds
of the ports. : . -

21



3.7 Recommendations

1. $ince the on-line monitor design is based on the
design of the Hydran, and is a cheaper version of i
the . dydwran should be tested more £ully in the -
lakoratory, fThis will ascertain whather the on-line
nenitor will operata correctly. Note: Thase tests were.
parformed, and are described in Chapter 5. :

2. Acourate oil samples mugt be taken at the ends of
the  ports to ascertain whether the hydrogen disasclved
in the oil is ypeaching the on-line moniter or the
Hydran, Note: Chapter 7 describes this experiment.

aa



4.1

EXPERIMENT 3

Title

Calibration of'rigaro SeNgOrs.

4.2
1.

2

-3

4.3
1.
2.
.3::
.4.:_
5.
6.

7

a.4

The Pigare sensors are gealed in the gas~tight
A standaxd power aupply ls used
pover . the heaters inside the sensors. An ultxa
staoble’ 5V is used as a reference for the resistop
inside the sensor. The veoltage developed
across this resigtor olement 1s monlbtored by the

ealibration chanber.

T

alement

Purpose
To calibrate three different Figarxo sanebrs‘
To the chack repeatability of the Figarc ssnsors.

To compare the three Flgare sansdrs.

Apparatus

-Gas?tighﬁ ca1iBraticn chamber.
1;0.mi gan~tight syringe._-

Three Eigarb_sensors.

Ultra stable 5V roforsnce.
Stondard 5V power supply to power the sensers.
fiuké datalogger for racording rasults.

calibration standard hydrogen gas.

. Mokhod

datalogger.
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Various concentrations of hydrogen gas are introduced
into the chamber. The datalogger is programmed. to
sample the outputs f£rom the sensors in 30 second
intervals for the first balf hour, and thereafter
every 5 minutes. '

4.5 Results

Seven tests have bean oonducted to date., The firast
four tests wers for a hydrogen concentration of 500
‘ppm. The =econd three tests were *or a hydrogen -
concentration of 100 ppm.
The results or ‘teste 1 to 7 have been summarised in
Pable 4.i. :

A number of graphs have been generated frnm this data.
Note: In +test 1 the Figare sensors were c¢old. For the -
rest of the tasts the sensors were allowed to reash
equilihrium tempexature.

The fallowing graphs bave heoan generated from the teaﬁ
1,2, 3 and 4. The injacted hydrogen quantity was iml,
_mhia is  eguivalent to a hydrogen concentration of-
500ppm. - These graphs show the repeatability of the
thrae sensors. -

Figure 4.1 - Readings from Figaro sensox i.
- Figure 4.2 - Readings from Figaro sensor 2.
Figure 4.3 - Readings from Figaro senser- 3.

The, fallowing graphs have haen genarated from tasté -

5,6 and 7. fThe injected hydrogen quantity is. 0. 2.
~ {100ppm}. These graphs show the repaatability of the
- thras sensors for this concentration of hydrogen gas.

Figure 4.4 - Readings £rom Figaro sensor 1.

 Figure 4,5 - Readings from Figaro sensor 2.
Figure 4.6 ~ Readings frum_?iqarn genaor 3.
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The following graphs compares tha'a Figaro sensors For
two tasts, both for a 500 and 2100 ppm concentration of

- hydrogen gas. These graph: show the repeatability

between the different sensors.

Figure 4.7 =~ Comparison between the 3 Figaro
sensors versus time, for a concentration of 500
~ppm  hydrogen .gas. The data from tests 2 to. 3 are
used. - '
Figure 4.8 -~ Comparison between the 3 Figaro .

sensers versus time, for & concentration of 100 -

rpn hydrogen: gas. e data from tests 6 and 7 are
uged.

The following graph shows the_difference for each of

the three different sensors, for different hydfogen

- concentrations. The data from tests % and § are used.

- figura 4,9 =~ Figaro outputs versus.timaffor 800
" ppm and 100 ppw hydrogen congentrations. :

2.6 " conclusions

i, From . figuve 4.1, figure 4.2, figure 4.4 and

figure 4.5 it can be seen that Figaro sensor i and

' Figare sensor 2 have good repeatability for the #irst -
' ‘three tests, In the fourth test the readings are
“otally different. The sensors were vald at this
‘stage. This implies that the sensors are accurate only .

if +the sensors ‘are allowed to reach an equllibrium

_ temperature.
2, From figure 4.3 it' “gan be seen tnat the .

repeatability of Figaro sensor 3 is poor for a 500ppm
cohcentration of hydrogen, Sensor 1 and 2 wera nav
sensors when the above tests were performed on them.
Sensor 3 had been used approximately for a year before

thia, The results for figure 4.6 &re batter. This

implies  that possibly the accuracy of the Figaro.
sensors deteriorate as they age.
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3. Figure 4.7 and figure 4.8 supports the above
conelugions, The repeatabllity of the individual
sansors are good. But the abaolute readings for the
Figaro semsor 3 is totally different than for the
_other +two newer sensors, This implles that the
absolute accuracy deteriorates as the sensor ages.

4. To compare the thres sensors from figure 4.9,
the AQifferences iun the minimum putput voltage for each
gansor at +the two different concentrations are taken.
"For sensoy 1 this is 1.5 volts, for senszor 2 this is
0.75 wvolts and for sensor 3 this is 2.3 volts. This
inplias that there ils no consistent abgolute aceuracy
for ‘the sensors, This Jlwplies that the sensors will
have to be individually caliosrated for - each
applisation. o

B, In all the results the sensor readings reached a

- minimum veltage afier a minube or twe; affexr which the
readings slowly inoreased. Unfortunately it san not be
agcertained whether this is paxt of the sensor
 responsa, or  if tha' actual hydrogen concantration
deorangas.

2.7 Rgcnmhendatians

1, The Figara aensnr ia not auitahla for acourate

readings. -
2. If ‘the Figarn aananr s usaﬁ, the fallawing~~
- - pracautions will have be takan: - ' '
. - = The readings from the Figaro sensor will be
totally inacourate for approximately a half houw
after a . power failure, ia. unsil equilihrium-
tomporature is roached. ;
=~ Each senadr will have bhe individually calibrateﬁ
. bafors usa, and thureafter at least once yeay.

3. The Sieger senuor should ba compared to the Figaro
‘sengsors to see whather the hydrogen concentration is
docreasing, or if the Figaro nensor sutputs change Ffor
~a constant  hydrogen - soncentration. Note: These
experiments were performed, and are described in -
Chapter 6. ' '
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5.1 Title

Lébaratcry tests on the performance of the Hydran. -

| 5.2 Purpose

._1. To check how tha Hy&ran responds When measuring
- hydrogen gondentration in aix. = _

2. To chack how the Hydran responds when measuring
- hydrogen. canoentratian in eoil.

3, Te guantify the affect of air bubbles in contact
- with the membrane.

4. To quantify the temperature effect en the Hyaran
raading. : S
R . appamﬁa
"i" Gas-tight uslihration chamber.
'2; '1 Oml Gaa-tiqht syrinqa.
3 é{-;Hydran on-life monitqr.;
__ 4.\ uagnetic atirrar. o

8. calibraticn standard hydrogen gaa.

8.4 = Method

‘The - Hydran was bolted to the. gas-tight chamber.
Hydrogen gas of various concentrations was introduced
inte the chamber, The response of the Hydran was
nchad at various time intervals. :
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‘For the first ten tests, no oll was present in the
conkainer. No stirrver was used for the first two
tusts, ' :

A further three tests were conducted with the chamber
filled with woil. A stirrer was uséd for these to mix
the hydrogen gas and the cil. The chamber was totally
filled with oaidl. Great lengthe were gone Lo ensure
that no air bubbles were left in the chamber that
would affect the result34

In the third test, aix bubhlas_was introduced into the
chamber, and allowed to reach the membrane.

Finally thae temperature effect on the Hydran reading
wag noted.
5.8 Results

In - the f£irst nine _té&ts, .4,om1 hydragen -gas .waﬁ'_
injected into the gas-chamber. This is equivalent to a

concentration of approximately 2000 ppm in the air.

Bacause +the Hydran has been calibrated for hydrogen
gas - dimsolved in the oll, the Hydran should display a

reading ©of 2000 ppm X 0.056 Ostwald Snlubility*:

- Coefficient). = 112 ppnm.

Figure 5.2 compares the actual readings of the
Hydran to the theoretical readings for the Hydran. -
In 411 the %ests the reading rose by approximately -
200ppm. ~ This implles that the Hydran is overreading.
Good repaatability was demnnstrated ag 1onq ag the -
tomperature was held aanstant‘

In the * 10th test, 12,0ml hydrogen was introduced into
the chamber. The Hydran reached a maximum reading of
500ppn. - a '

In the last 3 tests, the chamber was £illed with oii.

First, 4.8ml (equivalent tae 2200ppm) of hydrogen was

injested inte tha chanber, Great difficulty was
experienved in properly rixing the gas and the oil,

The Hydran displayed itr  upper limit (approxiwatuly -

28050ppm) .
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The o0il  was replaced and +then 2.0ml hydrogen gas.
(1000ppm) was injected inteo the o0il. BAgain the Hydran
displayed 2B00ppm. This was repeated. The sanme
results occurred. After 4 hours the reading dropped to
. 650 ppwm, When +the container was shaken, so ‘that
alr/hydrogen bubbles reached the membrane, the readinq '

. rose to 13558 ppm.

"Sea  table 5.1 and figure 5.1 for -1 aummary af
these resulis.

" Figure 5.2 compares the actual reading of the Hydran
monltor o the theoretical reading.

To test the affect of air bubbles on ths Hydran
reading, air bubbles were introducéd at the membrans.
For. 0.5ml of air introﬂucad, the display dropped from
A300ppm o 113Dmev
For 1.0ml of &' ‘utreduced, the display dropped £rom.
1300ppm  to YlEppm. Clearly the equilibrium conditions

- at the membrane are vary easily upset. _

: The oase .aﬁ the Hydran Sensor unit'waa_heated up by'z_-;
to 3 degrees Celsius. In each case the temperature -
rose by approximately 50 ppm, S _ '
5.6 Canclusions

" Le _mhé Hydraﬁ*s repeatablility is good,_ but the

absolute - accuracy Wwas totally ouk, according to

theorstical caloulations. This implies that = either
this particular Hydran is inacourate =nd requives
‘propex. laboratory’ aalihration, . or tha Ostwald
ceefficient value is wrong. ; '

2. The Hydran is very temperature sensitiVa.

3. The Hydran readmng is sensitive to the présanca of

ir hubbles.
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5.7 Recommendations

1. A number of Hydrans should be checked to =ee
whethexr the above results are cohsistent. This will
confirm whether the absolute inaccuracy of the above
Hydran is typlcal. '
2., The actual value of the_ ostwald solubllity
goafficient should be checked for various olle. Does
this vary with age, amount of contam:.nants, and total
‘gas quantity dissolved in the oil? -
‘3. An acourate on-line monitor cannot be based on the
. membrane aoncept to separate the dissolved hydrogen
from the oil.
4. B method of reliably mixing the oil and the
hydrogen gas should be worked on. This will allow a
more accurate aasessment of the Hydran. '

43



6 . EXPERIMENT 5

.6.1 ' Titie
calibration of Sieger and Figaro éenso:s- usingi.
gas-tight chamber. :
6.2  Puxpose
1. | To calibraté thé Figare sensors.
2. To comﬁare the three different Figﬁfo sensors.
3. To _calibrate. the Sisger sensiqr. .
45 :T§.' compare the Figaro sensors to the - Sieger
Senszor, ' : ' '
6.3 . Bppﬁrétns |
1. Gas-tight célibraticn chambex.
2. 1.oml gas-tiéht syringe.
_3.”_Thﬁeé Figarc sensors..
- 4; 'Sieqar séhéo:.' |
5._-Ui£ra stab;a BY :gfe:epqe,
5...standard sﬁ.pnwer supply tc'powér £he senSprs.  
_'ff__Flﬁka'datalogger for recording rasults; |

8. Calibration standard hydrogen gas,
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6.4 Method

The +three Figarc sensors are sealed in the gas-tight .
callpration chamber. The Sieger sensor is bolted to
the port on the chanber. A standard power supply is
uged +to power the heaters inside the sensors. An ultra
stable 5V ig used a8 a reference for the resistor
element inside the eensor. The voltage developed
across this resistor e¢lement is monitored by the
datalogger. The 4~20mA output of the Sieger sensor is
converted into a 2-10V signal, which is monitered by
the datalogyer. -

various  quantities of ‘hydrogen gas is intrududed'into
the chamber. The gas is mixed with the air inside the
chamber with a magnetic stirrer.

The dataloqger is pragrammed"tot.sampie tha'uutputs -
fxom the sensors in 30 second intervals for the first
half hour, and thereafter aevery 5 minubes,

6.5  Results

Tha following table have been ‘genarated  with its .
corresponding graphs: : ' .

- Table 6.1 =~ Sieger and the 3 Figarc senser outputs
versus  btime for 0.5 ml injected hydrogen (eqniVQlent'
to 250 ppm hydrogen” conaentratian) “Tha results for
*tha saparata tests are given. . c

. Figure. 6. 1’.- siager and 'tha 3 Pigavoc sensors
outputs  versus time for 0.5 ml injscted hydrcgan.
_This figure uses the data from test 1e - '
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Figure 6.2 =~ Sieger and the 3 Figaro sensors
outputs - versus timeé for 0.5 ml lnjected hydregen.
The hydrogen was injected at regular intervals, in
¢.5 ml quantitiea. Thig figure uses the data from
toat 2.

Figure 6.3 - Tus 3 Figaro sensors versus the =

Sisyer smenzor for test 2. This graph provides @
calibration of the Figaro sensoxs, assuming the
8ieger sensor is accurate. :

Figﬂra 6.4 - Maximum Gleger readings versus
injecked hydrogen congentration., This graph shows
the accuracy of tha ﬂiegcr sansor.

6.6 'cbncluaidna

i. Figure 6.1 and figure 6.2 confirme that the
“Pigare sensoks ars hot absolukely accurata;'ﬁanh ona
- will have o be individually calibrated.

-9, From figure 6.2 it can be ssen thet as the
e Yo sensor readings increamse after reaching a

fidsamum,  the Sleger sensovs decrease. Both senserz

therefore show that the agtual hydrogen concer-vation
iz decraasing. This confirms the previous rasults. _
3, Mgure 6.2 again chows that 4iheve ia & 1arga
spread in the Pigare aanaor ragdings, . _
4. Tigure 6.4 shows that this particular sehsor is
inacourate. These resulis are oconkraxy Yo the
wapufacturer's npecifications, Presumalbly this ie due
Yo the fagt that the zonsor unit wes raplaced locally,
and not calibrated ascurately.

Note: NUCOR is 8. Afvica's largest user o tha Blegor
sengsors.. They test all their incoming Siegex SENBOLS.
Thair test results oconfirm the manufacturert's
gpeciflications, - :
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6.7 Recommandations

1. The Figaro sSensor is not suitable for an accurate
on-line monitor. . _

2, A few new Sieger sensors should be obtalned, the
manufacturer's specifications checked, If ‘these are
. meet, the Sieger sensor can be used in an on-line
monltor without calibration., Depending on the design
of the on-line monitor, there ie the definite poasibly
of manufacturing the wonitors without requiring
calibration. ' o
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7.1

ﬁl@ERIHENTG

Title

 Comparison betweer the hydrogen concentration in the

" oil

T2

1.

at different heights.

Purpose

To check whether the position at which the oil iz

' sampled for hydrogen concentration is important.

7.3

1.

Apparatus

Experimenﬁal CT tank.
IISiager:senéar. {Has a'huilt in 4-20 mA loop)

' Fluke datalogger for recording of results from the

sieger gsensor onto printed paper.

'_”Two 100m1 gasutight-ayringes for oil sampiinq}_

"Sml gas-tight - ayrxnga to inject hydrogen gas intb_ o

the experimental tank.

Calibration standard hYdrogeﬁ.éas;_i.'

- Standard 15V power supply to power the Eensors, . -

Sample vessels for oil samples,

B3



7.4 Method

All the ports are sealed with special plugs. The top -
apd bottom ports use plugs with septas. The hydrogen
gas 1ls injected dinto the bottom of the tank via the
septa. 'The middle two ports use modified plugs that
allow the gas-tight syringes to serew on via a tap.
Teflon tape is used on all the screw threads. Thisg

~1lows oll samples bto be taken without any air heing
suqked into the oil sample.

‘The Sieger sgensor is bolted to the undersids of the
tank's top 1lid. The CT tank ie f£illed to 3/4 of its

hejght with oil. This allows the top port to be part

- of the air space above the oll. The CT tank is sealed

off to the outside alr. The current output of the
Sieger sensor is connected across  a  resistor +o
convert the -outpub to -a voltage that can be read oy
the datalogger. The Sieger sensox is auppliad by a
standard 15V power supply. : . _

The datalogger is  typically prograhmed__to_raad the .

sansors every 30 to 60 seconds for the first hour, and
then every hout thereafter. The Sieger output is

ruinted as 2 Lo 10V output, The Figaro output is .
" printed as 0 to 10V reading 1nverae1y propoxtlunal to

the hydrogen concentration.

--Hydragen concentration gas is injected into: the bottom
of the tank. The tank is tilted until all the hydrogen
gas bubbles through to ths top of the tank. The

hydrogen gas concentration in the top of the tank is

- monitored with the Sleger sensor. The experiment is
. laft for the night. The next day two oil samples are
taken with the gas-tight syringes. Initlally two oil
‘samples were taken from the top middle pt- ¢+ The large

difference In the readings showed that?uua dissolved
nydrogen gas was not reaching the end of the ports.

" This was repeated for another two tests. The two -

middle ports were modified to allow the oil to ke

~ sampled from the middle of the tank.
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A thin pipe is jammed inte the plug. This allOWS an
‘oil sample -to be taken fram the middie of the tank at
the different heights. The dead oil in the pipe is
dlscarded before the actual oil sample is taken. Two :
teats were performed. :

7.5 Results

For all three tests the acetylene conoentration is
approximately the = sane, approximately  SOppm.
Invidentally this acetylene is from the preévious
experimente when\arcing was induced in the o¢il. In the

first test, the first oil sample contained sppm._j”

hydrogen. ~The second oil sample contained 199ppm
hydrogen. TIn the second experiment both oll samples:
contained approximately 12ppm hydrogen. In the third
test no hydrogen gas wag detected.
For the next two taests, the samples ware taken at
- different helghts. For +the £first test; ons test
contained too  little gag from analysis. This was
_-ohviously a problam with the degassing apparatus. The
- second sample contained only 12ppm acetylene, at

variance - with the above tests. This again indicated a . -

problem with the degaasing apparatus,

- In the second test, the flrst sample was contaminated
‘with alx f£rom the degassing apparatus. The sawple
~could not- be analysed. The second sample contained

‘44pph - acetylene, which corresponds to tha above
samples. This indicated that this sample was valid. No
hydrogen was detectedl '

7.6 cdnclusions

1. The first three tests show that the dissolved
hydrngen gas was not reaching the é&nd of the port.

- 2. Unfortunately not enough data are available from

the  second two tests to make any conclusions.

' 7;7.-- Recommendations

1. More tests must be dona.
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8 CONCLUSIONS

8.1 Hydrogyen sensors
1. ¢omparing the Sieger sensor and the Figaro sensbr'f' .

The Sieger sensor is - expensive at R3000 vwhile the
‘Figaro sensor is cheap at R130. The hydrogen cell used
by the Sileger sensor has to ba replaced at a ccs+ of.
R1Q00. .
The - Sieger ocell haz a 1ifetime of approximately 3
years while the Figaro 1ls supposed :to have . an
unlimited lifetime. '

The Sieger cell is supposed +to be approximately 5%
 acourate, while the Figaro cell is totally inaccurate.
‘Bach  Figaro . ocell will have to bhe individually
calibrated  before use, and probably once yeax
thareaftern, _ ' _ _
‘The Sieger ocell is stable with temperature and time -
while the Figaro ocell iz totally inaccurate if the
equilibriun temperature is not reached, '
The Sieger sensor has a built in 4 - 20 mA loop; and
therefore requires no signal conditioning electrenics,
The ¥Flgaro sensors Trequire - signal conditioning .
~electronics for converting the output of the cell to &

4 - 20 wA loop.  The alectronics will coest
approximately R200. ' S C

2. Both sensors -are therafore not suitable for a low -
cost hydrogen oh-~line  wmonitor (<R§5000). The initial

price of the B8ieger sensor is high, and requires
expensive hydrogen c¢ell replacements every 3 years.
The Flgare sensor Yreguires . laboratory calibration

‘approximately every year. This cost, in man~hours, .
could be prohibitive if the monitor is far in the

- fleld, assuming that the monitor requires 2 hours for
removing from the tran former, 2 hours for laboratory
calibration, and 2 hours for installing, the cost
woula be approximately 6 x R50 = R300 + Courler
gervice from the local region te E.I and back. Note
that this cost could easily exesad the oozt of-
venlacing the Siegex sensor eall, 1f the Sisger sensor
is used.
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3. If the cost of the on-lire monitor is less of a
consideration, the B8leger sensor is the best choice..
The Figare eensor is not suitable for accurate
measurements, and will only be suiltable for a go /
no-go type of monitor, Unfortunately +this typs of
monitor is  not suitable for reliable on-line
nonitering. A monitor must rather give an alarm for an
user sslectable increase in the hydrogen concentratinn
ovar & caertain time.

Depending on the design of the monitor, using the
sleger sensor bas the potential of reguiring no
calibration prior and during use on the transformer.
This implies that local mamifacture of the instrument

is feasible. . '

8.2 Monitoring the _hydrogen concentratian in tha'
air space of a transformer '

1. This would be the ldeal way of on-line monitoring
of aurrent transformers. ALl the experiments performed
ghowed fast and consistent increasas ih the hydrogen .
concentration  in the air space of the experimantal
tank. This method would be also cheap, because no

appavatus  is reguired for removing the dissolved

hydrogen gas from the oil, Unfortunately this method
cdnnot be Implemented due to safety congiderations. No
modifications can be mada to the high voltage side of
the = curpent = transformers. Alse no leads can be taken
from the high voltage slde to ground leval. The only _
"way that thls methnd can ke implemented, is if the

hydrogen woniter iz designed - into tnaﬂ.aurrent;_ _

transformers at manufacture,

-2, ‘This methed could be implenented on high voltaga
transformers. While. hot possessing +the ‘problems
assooiated  with current transformers, mnore reseaxrch
‘will have be conducted. If this does work, this would
be a very cheap method, rxelative to the price of large
high voltage transfurmers, of monitoring high veltage

- kransformnens.
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8.3 Hembrana separation of ﬁhe diasulvad hyﬂrogan
' gaa from the uil
1. Using a membrana to separate the dlsaoclved hydrogen
gas from the olil has & number of disadvantages. There
are twe wethods of uzing the membrane. The one method
is to allow the hydrogen gas dissolved in the oll to
reach eguilibrium with the hydrogan gas in the gas
chamber on +the other side of the membrane. This was
the method used in the hydrogen on-line monitor
designed by Hitachi. The proplem with this method is
that the time taken +to reach eguilibrium is
inordinately long - 72 hours in the oase of the
Hitachi on-line monitor. Also the bemparature effect
on the rate of diffusion has to be taken in acoount,
 The other mnethod I1s use the membrane in such a way
that the hydrogen gas that diffuses through the.
memibrane is less than the hydrogen gas used up by the
gansor, This is itha method used by the Hydran. This
- methed is  very temperature sensltive beocause the rate
-of diffusion has an exponantial rise for a températura
-risa,
2. It is very difficult. to obtain auitable membranas'

 in  8.A. Eventually the wembrane usad in the designed -

~on-line monitor was specially manufactured by
Enginaering. Investigations Applled  cChemilsbtry
department. Unfortunately the consistency batween the
- Aifferent membrenes made eannot be guaranteed. The

final on-line moniter will still require a standaxd

- commercial mesbrane  for aasy manufaatura ef ‘the
n-lina monitor, -

Tha - membrane hag to be in contaat with moving oil.

Tha experimental rasults clzarly show that ne raliable

rasults . c¢an be obtained from the or~line nmonitor if

the monitor is holtnd o a port a small distance from

the oil boﬂy. : :

8.4 Gil'aampling'tachniques
1, 'targa problemg were oncountersd In takihg reliable
il samples for hydrogen gas concantration. Acetylene,

and to a lessor dogree the other hydrosarbon guses;
are not very sensitive to the sampling methed.
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2. ‘The gas~tight syringes proved rellable for oil

sampling. Unfortunately their cest , approximately
R550, rules out the possibility of using the syringes
for gendral oil sampling. Tha tin sample vessels used,

are probably still the most cost effective method for

general sampling. But the hydrogen gas level should =
not be used to assess . the condition of the
transformer. Acetylens is the best gas to check for,
put will not indlcate indreases in partial discharge
and other low lavel fFaults,

3. If any oll sanples are taken, it is most impoptant .

that there are no air bubbles in the oil, This applies
equally to wusing the gas-tight syringes as to using
the standard sample tins, fThe hydrocarbon gases
digsolved in ths oil to varying degrees diffuses into
any air bubbles in the oil. Most of the acetylene will
stay in the oil, while most of tha hydrugan gas will
- diffuse inko “he air bubbles. 3

B.5 Hydran on-line monitor _

1. The particular Hydran monitor that was tested was
inaccurate, despite electronic calibration prier to

- the experiments.

2, The Hydran is very temperatura aensitive, Thia was'*
‘confirmed by the Hydwan reaﬁing on an actual
transformer in tha field. .
3. The Hydran is sensitive to any air hubbles in the
oil in contact with the nembrana. '

4. The Hydran nust be in sontact with the main odl
body or in the stream vf the oil flow for relibble

neasurénents, - The manufaoturers recommendationa an'_-'

this muet be followed. -
5. The ocost of the Hydran precludas wide usage on
current transfarmers‘
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. B.6 Effact af the height at which the monitor

is bolted on the transformer

1. The rasults indicate that no dxssolved hydrogen gas
reaches the ends of the ports. _
2. ¥Wo ¢onclusions oan be nade about the helght at

_ which the sampling is done due to the lack of data.
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9 . RECOMMENDATIONS

9.1 Hydrogen sensors

1. A number of Sieger sensors should be obtained, and
evaluated for accuracy and repeatability

2. If the Sieger mensor conforme to the manufacturer's
specifications, 4t should be used for future dasigns
rather than the Figaro sensur.

L]

9.2 nhnitoring the hyﬂrogen concentration in the
air space of a transformer

1. Pests should be cunducted_ on the high voltage
. transformers to ascertain whether this method is
suikable - for on~line monitoring. This will require an
‘acgurate  on-line monitor to compare the hydrogen
consentration in  the air spaae to the hys-ngen_
coneentration in the ail. L :

”9:3 Membrarie separatlon of the dzssolved hyﬂrogen
gas from ﬁha oil _ o

S A;terngtive mathcds for aeparating the dissolved
hydrogen = gas from the oil should be used ror future:
cn=line monitor designa. .

© 2. This method must alse bé able to sample the oll

‘deep in  the . transformer for  accurate on~lina
_monitcring, : : L

9.4 0} sampling technigues

1. An  experiment . should be setup to try quantify the

arrors d0e using the standard sample vesgels for the
varioua gases.
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2. This must be repeatad using the gas-tight syringes
to confirm whether &the ayringes are suitable for -
acourate measurements. If the results are positive,
the syringes could be posslbly used for strategic
" transformers suspected of partial discharge activity.

3, No air bubbles must be presant in the sample
vesgeals, :

9.5 'Hydran;on—line_monitar.

1. A number of Hydran monitors should be tested for
acouracy usihg an known mixture of hydrogen gas and-
oll.

.%. Any results baken cmust  take inte account
temperature variations o prevant false alarms,

- 9.8 Effact of the heaght at Whldh the manitor
is bolted on the transformer
1. The on~1line - moniter must, ot  he bdltad on to a

transformer via a port. It should be in direct contact
with the main body of the oil. '
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