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Why we combine drying processes
for our distribution transformers ?
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iofsTnuaswiswunToIUAYS:UUT LY (Distribution
Transformer) KA IGoIDUMAYMSWANSOISUNANNAD
aunalkngau 1lemsigngUs:nuiAsugiTiodua:3usen
iGovld (AEC) RIDURNIASYIRYMTUIGI 10 Us:nA Fth
powSiia:Us:aumsniniswaanbuINng1 35 Ulumiswan
KUoNUaus:uusKuUNY (Distribution Transformer) 11a: 20 U
Tunmiswanrysidavmavaunainny (Power Transformer)
vs:gndluniseaniuuTswnunkving 1etitnowiu
algia:montinnndus:anaAzutiieg iu o
a:3uan TageaniuuTsenulhius:uula AsUALAILAU
mglulswulAgundussgINIANIgUan VMiKUSIAIN
du pauAuMIsTHaRguavaIMAMUTUTAIUAY Tanw
I90AsUNSHINAURG Ioidadaginiuiunisasn
honUavhdntunw

NS:UUNISANIKAN 1SOVIKAN WuAoud Audnludtnauny
Gogs:uunBUTAINGS NlaUagus:uuNIsauUTanIUIU
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ngludandandavnoune:iauihduBh oty MNIAURTESS
niseuTancWAUILUANIAY AstdoniASoulnaou (Hot Air
Circulation) 1lieTanaw3usenananasandonlay Ho
lenfiLwsn (INuIKnia:anaan) ADUs:ANSwARDIUS:AU
kil Tngduegiiuds:aumsrugeuguaniids:o:naunis
ouRInU:AUAUBLINaKTaNUautU q undus:uu Vapor
Phase Drying (VPD) At3Tuns:usuniswanrdandaviuih
fAv (Power Transformer) lngiglos:nugovinasds:inn
Toalouri (Solvent) Adumsautideu alUssTURIoARWWNS
n (Active part) AigruknDcng1 MfAs:uvausundoums
oUIIRY TaSuAWSBUTaYNSY 9runNDRS:UUAUIUR:ITUZU
ag1sa01SaNA:TUS:ANSMWUINNIS:UUIAY (Hot Air
Drying) ns:uauniseulie:mis:uuauauevrenavini
Mnnfons:auia:ll Dlemamonisidou (De-polymeriza-
fion) GouRan uena N s:uunisouRTswUIKTHLT Sy
wAUWAU (combine) N1soulluU Low Frequency Heating
i#doy 1leidunistinonudeulasnsviiuanasnnegdulu
iDumstinaudeunnmotugnisuen 1leiaSUTRALASN
USudsuiia:licuunns:uaumsauTADUs:AnsMwavauTaan
Tuauna

S:uU Combined Vapor Phase & Low Frequency Drying U
Gudnlus:uunnuade TUs:Ansmwaunaanrkvisnzovlan

RoulfUanisnaaeuRTswuIKdikL 2:10ufevnaaeuRiu
algRanluniniAd TagBndus:uunISAIUAUNS:IAIIAISY
auiiomsnaaeunlenlauiluiuu Converter &wW1sn
pauAUMSTIUTAA:QNIIA:SATUDR AJUAAUS:UUINSOY
Do3annualy T wiugay ia:idanauauisnie:
back up nsnaaeuaRauUUANISNOAOURTSIIU
Power Transformer TA8nA%y FurhtAs:uumsnaaauingy
$9UZeYUSEN fisTny 1Ma (UMBU) TnawbuAvIA:SuEU
awsnfRusmshanuanATdegwasuavesiunniSovaoy
Ns:UaUNISNOADU

Tswuikvinul Tritnuamsaswia:antuinsouinstiiase
auysnd mgluifouunsiAy w.A.2559

Auwius avsdu
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l.\\ (Combined Vapour Phase & Low Frequency Drying Equipment)




ELECTRICAL ENGINEERING

Tunlandaviwih s:uumsauouiisiludoundrAtya:davnisnoiuds:tiatunmswan
muUndndounluniionday, Ns:01BaUIUNANS:0UIBY (pressboard) 9:f0viing L
anusn, ducdvq na:powuiudsuinutieshdaliioSnuiAruaudnnivaudulbifanga

auaudwameturdendaviuihAruinizaalaa audnde:linowdulooUs:uicu 8-10% TagtkinA
orurniUnd thidudanushbwalnonsudes:uvauauitiovane:Tuanmnauaununiwih (electric
strength) 90VS:UUAUIU ANMANMWEAIUNU (resistivity) douthiu na:i0uAaIsSuRv:netfifansiivnany
govauauIBy Guduns:usumsidrAnyAv:mInavdNgiv:ieans:nudendenavilinnadre
Ns:UaUNNSoUTANIWBU (drying process)

Jar0ulumiswanrdanJaviwiharnsus:uuinkung
(distribution transformer) Tngdaulhnye:1d35N1souIvU

o mAsouTnacu (hot air circulation) 1liaTanowFuUNAAY
dqAlwateausundonlay Fuius:AnSwanaTus:aunty

IDoUsEN fistng 910 (UMBU) TAIWUS:AVAR:ASIY
TswnueaarDanUaviuihdmsus:uusringguuing
Js:naunuustny Dus:aumsnifumswanrlandaviuin
AV (power transformer) LIWINN1 15 U Fyogne:
aswiswiuwannlenlaviihdrsus:uusnuingns
ArumMwnaiRgunurdeUaviwihmay useny Avldsoule
fiUUSEN Hedrich GmbH Us:inAigasul Fuilunlviuusen
FulhgeuTanTun1seonUUASNIASOVINSIONS:UUBUIRY
oRv:sauAUANWIIAeNILUS:UUNSOURITUMS WAL
@AUAUS:HIWS:UUNISOUIIUU Vapour phase 11A:S:UUNTS
aulfdouns:allihAawic (low frequency heating
system) Bulidorsuns:uulisn “Combined Vapour Phase &
Llow Frequency Drying Equipment”

TuuNAUTRUR:UNIAUBHANNSHINIUZOVS:UUNSOUNY
AovlluuRv:AnavATswUEAAKDaNUAVIWENAHSUS:UU
HUNgIKTHL 1@etRiianouiFeALINGU Tage:na1ddv
$:UUN1SOUIILU Vapour phase NOUIAITVMUAIUS:UU
mseulvdgns:ialudhaaudciBusmaunald
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ELECTRICAL ENGINEERING ......ccovvvvennnniennnnns

JoduINaNalUINganuNs:uauNISeu Vapour phase

NS:U2UMSoU Vapour phase Gubdonnncven
NS:UIUNISOUIILY Hot air circulation AelinisiBugrunnl
Tuns:uaun1seuIN 105 °C TUIDU 125 °C Fudvwalinms
MoINAUSURZU FuriTiIAIATEIUNS:UIUNISBUANAY
nisiestRnowSeunndaqiiietkdaqluikviaumsnis
moINAUSeUtNGOTUT

Q=axA(T; - Ty)

Toon
. : N kj
Q fio dnsimsthoinowdeu \ 3
a Ao duUs:AnsMsmuinaawsou ( 9 )
) h-m2K
A Ao duR@oRmeinacuseu (m?)

(T, - Ty) Ao MAWINNGWIDVYUNAT
aonawia:lugadaq (K)

ANs:usuMsaUIaNAWAURY:AVUATRTAUUS:ANE NS
meinAgwSaulanawAUTUAIgAVAI0g WANEUUS:ANS
nIsmgINAIWSaunalUl

msigsvanowsou =8kJj/h-m?-K
MswinoWSeu =80k//h-m? K
Oil Spray =600k//h-m?-K

Vapour-Phase =4500 kJ/h-m?-K

MsTd Vapour-phase process with film-condensation of
heat transferring vapour (ns:uauN1sau Vapour phase
AtgTonansa:awiludanawiumstnginaaudou
Us:naufus:uunisnouliuunuudau) a:KAINSongIn
nowseoulngsaulddnan Tnoe:lAmsoioinnawsou
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avanludouiisnaaumsauideuainifianmisnounduuuken
AN (droplet condensation) uu@azavinnfiauzoy
asa:ay (solvenhAliAruALTANWIATAA YAV
hondav 13u white spirit K60 INWwWAN shell

MsthginAcWSeUTdeg WHUS:ANSMWIRAZUIIN
asa:aohogiuanazlelunaunturyanbarurnichaauu
Sanhgnou FvavwaliinisiVasuilaverunbidnnfigneu
0gWsI0ISI

mstdarunninguauluns:uaunisau Vapour phase (Ing
Undins:ii 125°C) @:Tidudaisviriiiegausuanay
(aging process) 119 INTUFoVISUIEUNS:UIUNTSOUD
msdvermeametuineuaen (Evacuation) duliueondiau
RegluamAzuidudeonrifongauouds:nnizaglaai
Aanavidgndveaniunda

IGorhmsIUSYUIRYUBUNURNNBUIIAVRINAS:UIUNNSBUIILY
3uq fiu Vapour phase IAI9:WUSFUNIUADNBUIN
NS:U2UNSOU Vapour phase 2:0ALIASYGOZUNIU
Geun31msauliuudu 15 % Tnous:uiny A WIASINAY
na1ve:gnanavagwINTngiaw:agWwiluzauNIsan
A9WAUFINAW (infermediate pressure reduction) hogj
Tugavs:nawauneumsiinaUSoUNNBUNU (heating
process) Iovandnouduna:s:uznalumseuRtioundn

TusUR2 naovwadwszounsaulonAwwISNZoy
nienlaviuihravagtdasmseunnondiu Toge:
Istunrlanlaviuinmaviugovauin 40 MVA fiv 315
MVA nia:nsvaulwihegiugov 220 kv fiv 380 kv

TngUndiaAtglunseue:guagiudeionaronodw
gNAYWIFU AIUIUANAUIOUIANQUIU, NSUIUNSWAN
la:NsanAIAUZIINAW 1Judu
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B sUn 2 nswiiaavanwinncvzevidaiFiuniseuntaUaulwdhaunn 40 MVA Bu 315 MVA Tagi#astunisoudiu (1a) MSauliv
Hot air luUsSSUZNA (1b) Msauluu Hot air TaginstuAunsiiaougaveNIA (2) Msaulluu Vapour phase (3) Msaulluu Ol spray

uanNINUUMSeUIUU Vapour phase Uudva:aunsngrs:anundunegiuneniwwisn (unstinilunenfivuisnaev
hjenlaygeunsedaunisne:nsavaouninis impregnate UOUTUIIAD) 1B@Nv:iNsUs:naurlandavlalngluidryriSev
ASUUNDU

ns:usuN1Isaunanlaviiuu Vapour phase
NUS:UUNISS:INYKS0IWISINOS (Evaporator)
lwuauuwnsanuaw (Thin film)
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sUR 3 v:1aaviivdauUs:naunanagavs:uun1seuliuu Vapour phase AlBoWaISINOSIVURUTAL
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solvent vapour
1 .| vacuum
: prommomeeees "1 a1
, .
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transformer
oil
lf 6.9 6.7 @ @
o e _] a1 412
B 5UR 3 HANNSOONIUUZEUS:UUNSAUIILU Vapour phase
1 I~ 1 1 [~ I~ 1 -‘l-
douUs:nounaniia:dsuds:nougeydavs:uuNIsauNuYU Vapour phase IJudvnelu
HUYIAY 1 fuussyasa:a1unsalnlsau (Kerosene)
KU1YIAY 2 $:UuNSs:IKgY (Evaporator)
AUNDIAZ 3.1 S:UUNSNAUAIKHAN (The main condenser) Man3unauinTsduna:unhegiuaniusTeluragiuaniu:
J0VINAd
huwiay 3.8 ulinidet@nenialsduiutieonaIniu (The separation vessel)
KU1YIAY 4 s:uuMsMAYTYINIA (Vacuum pump unit)
hu1wial 4.1 JuQales:ngluiniaudou Heating-up phase (Leakage vacuum pump)
HUYIaY 5 IdU (Autoclave)

hUwiaY 6.1 duifuinTsguRgnnAudauIuzevinad
HUNIAY 6.7 JUdhSUAY (Feeder pump)

huoIaY 6.9  Wainadiuua:idua (Fine filter)

HUg1ad 6.12 s:UUllamLJﬁ'Uun:J'lushou (Heat exchanger)
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g unAluTagmisauiiuu Vapour phase Gulainistanuuiuinnal 40 Undanainaluladzevs:uudanwaisinasuuiainiswouun
laiagunJavuinaaniugay 10 Unauun Tngnwusen Hedrich Tatginalulagnisona 8 waisinesivuiudal (Thin film
evaporator) guaAnyru:NMIsHIUZeavIinAluTaglilaNuru:AAY 89 weisinasiuuweadvllal (Falling film evaporator)niéiu

9naAMNSSUIAD

B sUn 4 hulladowaisines

3owelsinasatinte:Us:neuludagrioaunaidnsuouLIn
IadknoUSeuR@IZenoGuna1d daulnTsgurinaniolu
ReaunaEneINuuUgay GusUR 5 uenintielandu
dowaisinasSvunullalguidotcions:uauNISaUIIuY
Vapour phase ducielUd

e Tudounishoundavinmstoviiuniss:Tndov
90walIsines

e n1sthginAdWSauUINWIINalUdIATsgurinta
ogWUUs:ANSNW

®  AWISNAIUAUQIUKNIANUA

® dounswAWIUANAVIDOTISUNINUSUINY
InTs3unanay

® KAYINNISTUAS:UUUUAIKSUAY (MU19IAY 6.7)
a0waisinase:Nudinlsguagiag Fufiodnuns
IWuAaWUasONYTAUINU

e nAluTaddaweisanesivuRudabdubyaiduTu
misignudurandavia:nuawIsniunNISAu

anwinisgu

A '-:'.E

B sUR 5 9uduavevdnwalsinesivuiullatRnaoviiifu
fivieguaidnduounin
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ELECTRICAL ENGINEERING .....cccevuievennnnnnn.

FunaulunisaulnyazdundevnIsauliuy Vapour phase

NiJS:uUNISS:InuKSadNWalsInasivullauuwnsanuilay

1 dunaumsinsew (Preparation)

JunoudisuaunanistieafuwSniFEIN
oulla:thiurosdngrunnitanioAfiwwISn HAWRIN
GuessumsharyryimAngiuianeuticing 7
Daau1sTngs:uuNISMANYYINIA AdovnSAA
omAamgtuiniluanynyimARnWAUAGIWS:
IonauUasafiuitiounIne:ifunisanAALAU
UWAIUFEVE N (the air partial pressure) 1a:N1s
anUsurueengivuay HioRFeanUsSUUAIUWALR
noliNoNsyas:1Ta Mndus:uunistinaiudou
govimaulia:3awaIsinese:isuiusauiiviuga
Tas:11Y (the leakage pump)

3 JUuNOUNISANAUAUS:OUNATY
(Intermediate pressure reduction)

GudnsuauiaTs3u (MUNBIAY 6.7) 9:HYONIANAD
(HUwIAY 2.3) 2:00 S:UUMSNAUGIKANY:ANIU
iGuRna:rnsavienddouwauevtiaATsIu
eonUININBU JunauliidoudrAnyiuaguuin
Tumsduthoonuinnausuaviionfiwwisn

™
12 Hw

2 Juneumsiinaiwiou (Heating-up)

30weIsines (HUwIA 2) iSurivauTnge:rins
iDuarurnizevloiAlsguludns 10 Inadudedaluiing
Us:unrulUaufiverunnauaah 135 °C Mndulos:roina
U:ddimeudunuaad (Hugiag 2.3)

TogouinTsgur:IUrmsnauIbURYaRISundnavIionhiu
wsnia:e:guanaviuiuausuzevionnuwisn

loAfuNSNAgNoUs:SeuBUgNsInZITnsnIWSOUIIEN
RIA0INNISAIUIILUEVTIATSEU AIIUFUINAUIUR:ON
theenlUnnimeutusUevdausaunidules:nanadhia:
A1saany (the water-solvent vapour mixture) @unw
S:UUNAUAIHAN (HUNWIAY 3.1) a:e:gnunTURUTARtuN
(huniag 3.8) Iamotuvinthia:ansa:ange:igniulog
dalulaitiovenAawiancvAuZoAUKUNILU

Ansunlenlaviudhibausuusuirunin aase:rauneu
N1SANAIIUAUS:AUNAN (Intermediate pressure reduc-
tion) HangqASUIdeIliunc WIS tuMSsAuAWZEUSENIN
auou

JundUNISANAIILAUIUAONY
(Final pressure reduction)

‘ h&veINgrurndzevauuivANaaia:AIIUEU
¥ doulnnjzevausugnuroonuilidd 9:inskyan
e - o - 0o .4
} Nolainlsgu a:MNIsanALAUDEWNBILUSY
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JunounsMANYYINIAS:AUFY 6 guadumsnau

(Fine vacuum) (Distillation phase)

JunaulezifodutunstiniaTsuinsaauiuibu

Tuduneuls:uuniss:ingiia:s:uUNISNAUAIv:QNAneaNU N ; N S e
KuanJavnuranklailavgeunsSarlondavnlan

AoUS:UUMISMIANYYINARISURWU 19 NTFTUIUNaUlAIU I satintinhe .
Thrge:oaTagUus:uruimaugunsunistinaiusou aunau msiauhdunouiionfdwsniIAd drSunsiion

Ue:ngafideionouaumetuinegims:raw 0.1-0.2 ulwuungondauoanmnmITszruuumurlqummor;nTP
JAAUAS TugnnitovanAUIONMIBYAUOUTEYOILNDIU

KuanJavna:AlsgutudAuIn (pawauloavinlsgu
ueniktielUaINTINY30AMUAUUNUWAIU (a partial water IMfu 80 Daaursdouzavthiurondavimiu

pressure gauge) AT MSu3aUsunuTethngndveanuilny 1 Daau1sA 100 °C ) Tagdunoule:ifaaun
Jue:ridisrauisnus:uAaaugunindegiuauauld Tag 591WAISINOSHAYINIINANAIWAUKHSOS:HIW
Jnanutuns:uaunisaunieniuunsnzevkiandadikun JouMSATYYINAS:AUAN)
AoWIuUNInABluauauR:ImMUioundn 0.3%

Ty

thathvuauimau Vapour phase

3UN 6 UanAI9E1901ABY Vapour : ]
|

| vacuum pump unit
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Capacity plan for drying of distribution transformers
in a 2-vessel equipment

012 345 ETEOWMM D WISEIT B ANRHNE

Load:
5x 630 kVA per vessel

Equipment diagram
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Drying with
Vapour Phase
Technology

e

Abstract

Prior to their final completion, oil-filled power
transformers must be exposed to a thorough
drying process. Way back, this was done in
vacuum ovens by applying the hot air drying
process, and frequently subsequent oil impreg-
nation. However, this does no longer meet
today’s requirements of the production process
of power transformers. In the past years,
modern Vapour Phase drying equipment drying
the active part with a vaporous solvent has
gradually been replacing the old units. The
article describes the Vapour Phase drying
process and its advantages for the quality of
the transformer in detail.

Introduction

Ever since paper was used for high-voltage
insulation (about 100 years), this material had
to be dried and protected from re-humidifica-
tion. During the production process of an oil
filled power transformer the insulating papers
and all other cellulose products will absorb
humidity from the air because of their hygro-
scopic character, according to figure 1.
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In the past, the paper was first dried by hot air in an
closed chamber; and then later, drying was infensified
and optimized by using fans and evacuating systems
(convection drying). Oil spray has also been used for
drying.

In the past 40 years, the Vapour-Phase vacuum drying
process has become the most Effective process for
treatment of large power transformers and has also
been used in recent years for smaller size transformers
down to 20 MVA
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Fig. 1. Moisture contents c of insulation material as a function of
relative humidity in the work shop at 20°C

General remarks about the Vapour Phase
drying process

Apart from the increase of the drying temperature from
abt. 105°C to 125°C, the extremely good heat transfer
is another main reason for reduction of drying time in
the vapour-phase vacuum process compared to the hot
air circulation vacuum process. The heat transfer for
heating of material to be dried is characterized by the
value in the equation

.......................... ELECTRICAL ENGINEERING l

Q=ax A (T2 —T1)

where

Q = heat o be transferred

a = heat-transfer coefficient
A = transfer surface

(T2-T1) = temperature difference between tempera-
tures of medium and surface.

For the different heating processes, the following
approximate typical figures of heattransfer can be
assumed:

Radiation abt. 8 kI/h m? K
Convection abt. 80 kl/hm’K
Oil Spray - abt. 600 kJ/h m? K

Vapour-Phase abt. 4500 kJ/h m* K

By using the modern vapour-phase process with
film-condensation of the heat transferring vapour, the
best possible values for heat transfer can be realized
under vacuum. In theinitial phase of this process, there
will even be greater heat-transfer values, due to the
droplet condensation on the drying object. For the heat
transfer, a solvent is used which is chemically related
to the transformer oil, such as white spirit K60 from the
company Shell.

The effective heat transfer is also characterized by the
fact that the heat-transferring vapour condenses most
intensively at the colder spots of the drying object,
causing quick adaption of temperature.

The higher temperatures used for the vapour phase
drying process (abt. 125°C) will not accelerate the
aging process. Evacuation is already applied at the
beginning of the process, thus atmospheric oxygen is a
life-reducing factor of the organic cellulose insulations.

When comparable components are dried, the insulation
of the transformer dried in the vapour phase process
will be stressed approx. 15 % less. The stress will be
reduced even more by intermediate pressure reduc-
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tions during the vapour phase heating process because
of less moisture and shorter drying times.

In figure 2, the results from active part drying of
transformers by the different drying processes have
been compared with nominal electrical power between
40 MVA and 315 MVA and voltages from 220 KV to
380 KV.

The time variations are caused by the different initial
moisture of insulation materials, production sequences,
and intermediate pressure reductions. The vapour-phase
process surpasses by far the convection vacuum drying
process according to physical principles, in quality, in
cost, and in flexibility.

Fig. 3. Principle design of the vapour phase drying equipment.

The main components and sub-assembly groups are
the vacuum pump unit (item 4), the condensate
collecting vessel for kerosene (item 6.1) with feeder
pump (6.7) and fine filter (6.9), the main condenser
— (item 3.7) for the condensation of the kerosene and
7/ '/, / / A*‘f /f 2 water vapour, the separation vessel for kerosene/
I:Ijﬂ water (item 3.8) and the evaporator (item 2).

Drying time

5 1

100 200 300 MVA Even though the Vapour Phase technology has been
Power of ransformer types introduced about 40 years ago, the technology of the
evaporation of kerosene has been modified and

Fig. 2. Drying times of fransformer between 40MVA and 315 MVA optimized over the decades. The company Hedrich is

for the drying process vapour Phase (2), conventional heating

without circulation (1a) and circulation (1b) and oil spray (3) using a technology which is called thin film evaporator.

The functional arrangement basically corresponds to
Moreover, it is possible to treat cil-impregnated units the falling film evaporator generally used in chemical
(which are selected for inspection and repair) by a industry.

de-oiling drying with the vapour phase process, thus
avoiding the unpleasant assembly work with oil and oil
contamination of the workshop.

Drying of transformers with Vapour Phase
with the thin film evaporatio

Figure 3 shows the main components of the vapour
phase drying equipment with thin film evaporation.

Fig. 4. Thin film evaporator
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The evaporator consists of numerous small pipes
heated on the outer surfaces while the kerosene is
running down in a thin film on the inner surface of the
small pipes.

Fig. 5. View to the base plate of the evaporator showing the
numerous small pipes Inside

Furthermore, the thin film evaporator shows a wide
range of other outstanding features which are advan-
tageous for the Vapour Phase process:

e No explosion-proof evaporator room necessary

e fEfficient heat transmission from the pipe wall to the
liquid film flowing off

e Exact temperature regulation without delays

e less energy consumption by considerably reduced
quantities of kerosene

o After the feeder pump, item 6.7, is switched off,
the evaporator is immediately free from kerosene. This
means a considerable increase of safety.

e Continuous separation of transformer oil during
pressure reducing phases and during fine drying,
independent of the drying tank.

e Owing to the thin-film evaporating technology,
excellent separation of the transformer oil and almost
complete recovery of the kerosene.

.......................... ELECTRICAL ENGINEERING l

Detailed process description of the drying
process with thin film evaporator

Preparation:

After charging of the vacuum oven (item 5) with the
parts to be dried, (on which the temperature sensors
have been fixed), the oven is evacuated to below 7
mbar by means of the vacuum pumping unit. Due to
reasons of safety, the operating pressure must be
below this pressure in order to reduce the air partial
pressure, resp. the quantity of oxygen so far, that the
formation of an ignitable mixture is avoided. The
heating devices of the oven and the evaporator are
switched on. The leakage pump evacuates the
evaporation and condensation systems.

Heating-up:

The evaporator (item 2.1) is working with a continu-
ously increasing kerosene vapour temperature. The
temperature is increased by about 10 kelvin/hour up
to a maximum of about 135 °C. The vapour is entering
via valve item 2.3 the autoclave.

Vapour condenses at the coldest spots of the active
parts and deeply penetrates into the insulation
material.

The unit to be dried is quickly heated up, especially by
the latent heat of the condensing vapour. The moisture
from the insulation is transported by means of the
water-solvent vapour mixture circuit, through main
condenser (item 3.1) and water-solvent condensate
circuit to collecting and separating vessel (item 3.8). In
the separating vessel, water and solvent are separated
by density difference.

For transformer containing great amounts of insulation,
it is advisable to apply one or several intermediate
pressure reductions for faster removal of moisture.
Moreover, the heat transfer to cavities, where moisture
accumulated, can be intensified.
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Intermediate pressure reduction

The kerosene feeder pump (item 6.7) stops and valve
item 2.3 closed. The main condenser is working with

full capacity and sucks out all kerosene/water vapour.

This process step accelerates the extraction of water
out of the insulation material significantly.

Final pressure reduction

After the limit temperature of the insulation has been
reached and most of the moisture hasbeen removed,
the vapour supply is interrupted and the solvent
evaporates from the insulation by continuous pressure
reduction.

Fine Vacuum

All connections with evaporation and condensation
systems are closed; the vacuum pumping unit (item 4)
is started directly.

The fine vacuum phase needs approximately the same
time like the heating up of the transformer. This phase

Examples for Vapour Phase drying plant

filtering device
| item 6.9

T

of the drying process is stopped after reaching a
steady end pressure of 0.1 to 0.2 mbar. At this point
the drying process is normally completed. Additionally
a partial water pressure gauge for measuring the
amount of water vapour in the pumped out flow can
be used to evaluate the residual moisture in the
insulation. During the drying of the active parts of new
transformer residual moisture of less than 0.3 % can be
reached.

Distillation phase

The distillation phase is necessary in the case that the
kerosene is mixed with transformer oil coming from a
repair transformer or in the case the producer is
working with oil impregnated winding. Because of the
big difference of the vapour pressure of kerosene and
transformer oil (80 mbar vapour pressure kerosene to 1
mbar transformer oil at 100°C) the separation can be
done easily by the evaporator (item 2.1). The distillation
phase can be started after each pressure reduction or
during the fine vacuum phase.

Figure 6 shows an example
of a vapour phase drying
equipment with the thin film
evaporator. The equipment
is designed for a 12 m long
autoclave and an evapora-
tion capacity of 500 KW.
All condensers and compo-
nents which are coming in
contact with kerosene/
water mixture are manu-
factured in stainless steel
design.

{ vacuum pump unit
B | sub-assembly 4

Fig. 6. Vapour phase drying equipment with thin film evaporator designed by Hedrich vacuum system,

Germany
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The drying of windings and the
simultaneous isostatic pressing is
becoming more and more usual
in the production of transformers.
Figure 7 shows an example for
pressing fools for windings in a
vapour phase oven during
commissioning.

?‘““-"-ML

Fig. 7. Pressing tools in vapour phase oven during commissioning

Summary and outlook

The drying of active parts in the vapour phase has in the mean time become a common
process step in the production of power transformers. The main advantages are the about
50% shorter drying time of the active part by reduced aging of the insulation material and
less energy consumption.

The drying of windings and the simultaneous isostatic pressing is the upcoming standard in
the transformer production. The producers of instrument transformers are just starting the
investigation of this technology.

Abstrakt
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Dr.-Ing. Stefan 2abeschek, Hedrich vacuum systems, Ehringshausen, Germany

Electric Low-Frequency

Heating Unit

With the Hedrich electric low-frequency heating unit,
the direct and continuous heating of the connected
transformers is realized by supply of a regulated low
frequency current. This current with lower frequency
allows the heating of transformer windings with
appropriately low voltage values, so that the thermal
compatibility of the insulations to be heated is
guaranteed.

The advantages are derived from physical facts: On
one hand, only winding and insulation of the appli-
ances must be heated up to full temperature, on the
other hand, heat and moisture flow direction is the
same - from inside to the outside - achieving efficient
results. Optimum exploitation of these advantages can
be reached by the transformer design and fabrication.
Prepreg elements for fixing the winding layers should
be used to achieve dimensional stability of the winding
construction. The axial forces can be compensated by
elastic compressible insulation elements and distance
profiles, if it is possible fo ensure same axial lengths of

the high and low voltage windings during the production.

Supports made from laminated wood are to be avoided
or should be predried.

This is the reason why LF heating is normally used only
for distribution transformers up to 4 MVA because they
do not have too much additional insulation material to
be heated. In case of higher rated transformers LF
heating can also be used but needs much more
sophisticated additional heating sources and is not as

[ o o |
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simple as it is for the small and medium sized distribu-
tion transformers

Basic control element is a microprocessor calculating
exactly the temperatures of the windings on the basis
of the resistance at initial temperature at short intervals
without interruption of the heating phase. For control of
the DC/AC converter, the DC power supplied is
additionally measured and compared to the AC power.
In case the allowable difference is exceeded, a
warning is given, and the heating process is interrupted.

Each heating unit is provided with its own microproces-
sor control. In case of individual operation, the opera-
tional data are fed by means of a keyboard and a LCD
display in conversational mode. In case the equipment
has a PLC system or an additional visualizing system,
the central input of the operational data can be used for
several heating units. The heating units can optionally be
operated manually or automatically.

It is possible to connect several uniform distribution
transformers in parallel to a low-frequency current
supply line. Uniform fransformers means same rated
capacity and supply voltage, same number of phases,
same short circuit voltage and same material for
windings. The optimum equipment productiveness is
reached by using two vacuum bells and one or several
heating units with reversing switch and one vacuum
pumping unit (see Fig 1.).
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access to the transformers for the

connection of the supply and
LF monitoring devices. The bottom
T comprises all connecting ports for
'9) vacuum, fransformer oil and for the
electrical lead through for heating

and measuring. The lead through for
—— | | I | the heating current are specially

designed for use under vacuum
n 1z nfrflmeflullns o o

conditions. The tank is lifted by
vacuum bell 1 vacuum bell 2 means of a lifting spindle system.

It can be designed either cylindrical
Fig. 1: Operating 2 vacuum chambers with 1 LF unit by using a reversing switch or rectangular. In case of using a
rectangular bell, the volume to be
evacuated can be minimized. The
lower part is provided with a roller
conveyor for the transport of the
transformers. Other transporting
facilities, such as carts or air cushions
are possible. The tank does not
require a wall heating or heat

LF 1 LF 2 insulation.

If different transformers shall be treated simultaneously, a corresponding
number of current supply lines are required (Fig. 2)

The full capacity and highest

economic efficiency of the equip-
ment is reached, if 2 vacuum bells
Transformer A Transformer B having one or several heating units
are operated sequentially. While the
vacuum bell 1 vacuum bell 2 heating-up and pre-drying phase is

running in one tank, the fine vacuum
phase / filling is occurring in the

Fig 2: Simultaneous operation with various LF units other tank (Fig. 3)

A vacuum tank with a vertically moving upper part (bell) and a stationary
lower part proved to be the optimum design. The lifted bell permits free

M
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Capacity plan for drying of distribution transformers
in a Z-vessel equipment

BT Al B RIN N LD BRI R NNk

H = heating
V = vacwm drying
F = filling

U = urloading  Load:
L = leading 5 x B30 KVA per vessel

Equipment diagram

Fig 3: Operation of 2 vacuum tanks with common LF units

Heating and Pre-drying
Preparatory work:

Transformers including housings are ready mounted. For
evacuation and letting-out the water vapour, a
sufficiently large lock-up opening must be provided in
the housing which is related to the insulation compound.
After il filling, this opening is closed again. The
transformers to be treated are moved info the vacuum
tank, and connected to the filling hoses and the filling
level monitoring device. The low voltage windings have
to be short circuited and the high voltage windings to
be connected fo the low-frequency current supply.

Drying process:

The transformer windings are heated to an adjustable
upper limit temperature by supply of energy from the
electrical current supply. At the same time, the vacuum
tank is evacuated to a vacuum of approx. 10 mbar by
means of liquid-ring vacuum

pump. The necessary heating of the windings with the
insulations to be dried is reached in the high voltage
winding by direct current supply, in the low voltage
winding this is done by means of an appropriate
induction current. The heat generated by the current is
directly transmitted into the conductor and coil insula-
tion.

| o n |
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So, a heat flow is produced from inside of the coils
towards the outside. The temperature is calculated at
short intervals from the heating capacity supplied. Due
to the inner heating and external vacuum, the same
flow direction of heat and moisture is reached to
efficiently dehumidify the insulation. This results in
extremely short drying times. The drying period only
takes approx. 25 % compared to the conventional
hot-air recirculating drying. In order to avoid conden-
sation of water vapour a flushing with dry gas is
performed. Only the windings are heated. The trans-
former core and the transformer housing remain cold
with this process. Compared with the conventional
hot-air recirculating drying, this means a reduction by
approx. 70 % in energy demand. The pressure during
drying process should be in the limits given by the
PASCHEN’s law.

Fine drying

When the preselected nominal temperature of the
windings is reached, the full pumping capacity of the
vacuum pumping unit is applied to achieve the required
end vacuum. The temperature of the unheated windings
drops very little, due to the already low moisture
content and the extremely low heat loss by “vacuum
insulation”. When the pressure falls below 0.5 mbar, a
sufficiently dry condition is reached.



Insulating Oil Filling and Retightening of
Windings

Insulating Oil Filling:

After the drying process, the transformers are filled
under vacuum with insulation oil. For this purpose,
either the volumetric or the sensory level control
system is used, or both together. Due to the continuous
drying and filling process under vacuum, the insulation
cannot take up moisture again. There are no fumes or
pollution of the work area and no need for expensive
cleaning of the transformers and the vacuum equipment.
When the transformers have cooled down, the missing
oil due fo volume shrinkage and total impregnation is
“topped-off” outside the vacuum equipment.

Retightening of Windings:

The advantages of this drying process can only be fully
utilized if both drying and filling of the transformers can
be performed in one continuous vacuum process
without breaks for retightening. Possibilities for that are
given by the winding design, keeping of equal lengths
for high and low voltage windings, use of Prepreg
elements and flexible supporting profiles as well as the
use of predried laminated wood or even eliminating
compressible, hygroscopic insulating elements
completely.

Typical process sequence during drying and filling of
distribution transformers 630 kVA.

| Peled TP C1 Pirnbar]

1

el EL

Fig 4: Total drying and filling process
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Efficiency, Quality and Process Reliability
Reduction of process time

The batch times for a preparation process are reduced
to 6 hours, since the heating source is arranged close
to the moisture to be evaporated, heat and moisture
transport is performed in the same direction as well as
an optimally controlled process guidance without
interruption suitable for the batch is possible.

Energy saving

With equal drying batch and equal equipment capac-
ity, the energy consumption is reduced by at least 70
% with the new process, since the vacuum and the
transformer tank is not heated, the core is only slightly
heated, there is no heat loss of heated vacuum ovens
and vacuum pumps have short running times.

-

® D0 e INIME a0 @0 WM
‘ransfnrmar capacity Pa in kWA,

Fig. 5: Comparison of energy consumption
between hot air and LF drying process

Improved quality

The quality of the treatment and the lower stress of the
insulation is characterized by safe and continuously
monitored determination of the conductor temperature
of the winding copper from the measurement of the
heating capacity. The safety device avoids internal
electrical flashover and guarantees overcurrent warning
and interruption. This leads to reduced depolymerisation
of the cellulose insulation due to reduction of oxygen in
the tank atmosphere and short cycles.
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afonssuluun

As17s adauals

NYS$19 fuauau
NsS:0uKUaNUAaY

hienlaviihiugUnsninDaowaAnyia:isin
IwvAgaus:uUAVIYIIAS:UUTIHUN o WaWAUTWEN
FubninAARTUNISSNUS:AUISIAUTRGTSTWTATE
TWihegwiUs:ANSMuwia:u@otio n1stduu
hbanJaviwihegwiitddurga mikkdanJaviui
TaSunowinsganwauuiwih-nuna Aausau
AUFUIAIfiaMsIUAgUIUavaUIUMSNVIAT
ogdeitiov Fuunsbinesinarte:ithorgmsts
nuavklanlavduay suritikdondagifonanu
iFomeld 1lietibuldndonlauliongmstduiula
gued TaowdnludevAnuina:ignte nisauau
nglurandaviwid(Transformer insulation
system) [lounINARGAUIATMYAINOIUNU
roonlaviwihuinnai 30% V191N Insulation
breakdown Tagnuvds:inn msauaufurdonlav
(Transformer insulation system) TA1Idu 2 Js:nn
musURT ucielud

1. MSauaunan (Major insulation) |ﬂuau0uﬁesj
s:hdwznadnhegiu phase BN, s:HIWAN
agdanua/1en (limb/yoke) a:s:nawagasn
aounTWmsvav (High voltage lead) fiu ns1ad
(ground) FveTdns:nudaidy (Pressboard) 10U
Igunu (Barrier board) furidendaviwih

2. MSAUIUSaY (Minor insulation) I0UAUIUNDY
S:HOW turn, inter-turn, inter disk section ¥9v20
AJOIIA:S:HIW Tap
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NSAnY
USryny0s awdmnssumaas (8lannsadngtia-insauunAu)
UKIngndgmAluladws:aauindsuys

NSt
3AINS5S:0U9 Mslinuhewaaukous:inAme

Basic-Oil Impregnated
Cellulose Insulation System
Core Type Transformer

Laminated Magnetic

Steel Ct:e;

B

B
High qu \o:'oltage
Density E‘nd'"g
Cellulose

Spacers

High Voltage
Winding H
eavy

Cellulose
Phase-to-
Phase
Insulation
A-Minor
B-Major
C-Major

D-Phase-to-Phase

§Uﬁ 1 Transformer insulation system

ITovNns:mudaiidy (Pressboard) TnawdAnytunsiduausu
han (Major insulation) TundanUay miniMonisiAeuanweN
NS:UoUNSwANIA:NSTRU DwarlAifionauidgmuaenlonlay
H$oongmstanuzevhlanlavduay Tuns:uaunswangdtda
Degree of Polymerization (DP) I0UNsInAUAUTGRGINAZOINS:0NY
Gounisdnm tensile strength (AMAIWAUNISUGVYOUCellulose) Bov
ns:muiludarnuneggevhlonUay dulumninawiEatu
Tnsvasw cellulose ouns:oy §r‘imao\1msw‘iouamw nsnaasu
mAWBUTUNS:MY v:riRmugenuideyals:neumsanaulalu
misgeritiolav saufivmsquatisusnnnlonvavtuibeduld
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Kraft paper (ns:0nunswn)

InavA1gov kraft paper

Kraft paper Munnidellito
15y Fudoulnngia:inuntanu
ausunlaiUay 2:u19nduautu
U1 Boreal forest Us:infi Canada
(sUn 2) duauRthwwani
Ka1wAgwWUs 13U White spruce,
Black spruce, Balsam fir na:
Eastern Hemlock anvausUR 3
Tagwunsswas Kraft utisy
IS9na1 Kraft Paper

[ Arclic and subarclic

CIPHA [ Boreal forest

sludy areas

| Aspen parkland
O Boreal  Prairies
''''' ® Pakiang M Cordilleran (mountain) forests

I Temperate forest

o eo.C
Glasiyn
I
Eﬁaulor’l e
A
0 1 um
Alberta ) Yorktony
1| Saskatchewan ¢
. S W.‘W“‘e_}_.
T e Ly T T e T .-

sUR2 Un Boreal forest Us:inai Canada

e
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1001t 1001

Bk B R M Blon Hian AR SpTRORE  ERGMERAnS SpRRces  Bremers wpres

sUR 3 slinanodugduau White spruce, Black spruce, Balsam fir la: Eastern Hemlock

@weuun Kraft process

Tul n.A.1884 Unialoigasidudo Cral F. Dahl (sUR 4) Weuun
ns:uaums Kraft Process TagtdinaluTaglumsiUavamuwidioll
iDuidens:0nuld (Wood Pulp) Tagmistidelduirinssuasau
s Lignin (Delignifying Wood Pulp) 699 Sodium Hydroxide
lla: Sodium Sulphate s:n31WNS:UIUNISWAN Kraft paper 9:
il Degree of Polymerization (DP) 20V cellulose r‘ieszuw‘je
TUUAA0AY 9InAY DP ISUAUINNAU 20,000 AnAdIKAD 1,300-
1,400 na:dmALEWTUNS:0US:U0U 6% TUNS:UIUNSWAN
huanUavaavrinnisauausuns:nuthIAuNaulduIu Tnua DP
hauMsauralUave:anadikde 1200 la:dmAuEulLifu
0.5% Kraft paper o 1WUSANSAY 1JuausundsiAgn TA
AgWAUNMUNWIWdwru:ArsSutFRluausuturdenlag
TWih Daowidunsunartivanans:anuatiodu Taound Kraft
paper %:0dtMa muAzevitioliRthUwAN

sun 4 Cral F. Dahl
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Construction of cellulose Chemical structure of the cellulose fibres
H _. SO H c‘\u n\_qq
e TasvasninGaev cellulose Us:noudauiius: /’é_ N . T Nad N i 3’1,

T
Tulanamelu Hydrogen #uu197n Polymer glucose ”“ “\ c/ V\? l{ \E /é"
FusuuINSEVaenUItUNUILId MIAINATASYASIY

Celluloze is a polymer made of

fvwAngev hydrogen bond Nogs:nawrovly repeating glucose molecules
cellulose Aunaaviu sun 5 ¥ } f"\_f“_d,f:}-“{ Cellulose Fana'ofial
pot = 3"_ : ¥ [ Semi = Crystalline Structure )
%1 $ u Cellulose #a Polymer Glucme
U\/‘i F_!_a_{__ e {0 £ s b
i N ~ 4 / r wiu b-1, &-gl co;ldi: bond
suUR 5 naauTsvasuninbaev d NN N2 {_“ ' ) >
cellulose In cellulose fibres many pofymers are

connected by hydrogen bonding

Crystalline array Cellulose e hydrogen bond Nifindue:Sevaaidumwauiug
of molecules in microfibril , _ L Se o,
amicelle 19 ( longitudal view ) dauniduidugaiduan ( dotted
Individual cellulose — . - . P
J-f lines ) naaviivAsugeviduNIJuwANISYVATUIUIS: U

malecules et
e (Crystalline regions) MMAINOAUIZIISIIOINS:OY
auiiaay sun 6

- Cellulose {other than B
*} molecules cellulose) sUn6 Crystalline cellulose structure
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e NNNWUSIINUAN
(black lines) naaviv
FOuIW (voids) S:HIW
cellulose fiber 3y
IdOvEvUSUINUReut
RALIsngNQaFTY olkiise fibr
INSNgS:HIN
cellulose fiber qunanala

e Cellulosic 2:qaunriAnaWIBVISYS:HIW
secondary hydroxyls (OH)(§Uﬁ5) goulloay
Dwan cellulosic structure INaAUTUIADYS

MiAntuALTANINAZaY celluloseAnag1usaniss  sUR7 muweene Crystalline cellulose
structure

s cellulose

paper
(mechanical properties)
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ns:uouMsw@an kraft paper

UeUubidwans ol 13U WEIDMANN (Switzerland), PUCARO (Germany), ENPAY (Turkey) Bulizusumswanioodugiudad

Mechanical
Pulping Blend

suUn8 Kraft paper process

1. ﬁunaumsm's'uu':inqﬁu mswanzudanau 10uguneu
AuhjanaunaeniVden dnsedesiilaunaidn Ui
InSovAulAiduzuIAN auauaRdeuns Tavwu InSov
UoniUden (De-barker) In§ouAuaUTl (Chipper) lIa:s:UU
argwiua1agy (Conveyor)

2. Funeumsrivide [JuduneuAthInnaUTUIANTUGY
duidailionsn lignin eananiduly TneldansiAbiuri
Upnsenu lignin meldnisnounuanId:zevarukni
AIUAUNIAIOAY

3.3unsumséiu nenide wenide (Mechanical pulping
process ) msiignido JnnduRcunsaunds Tusdzevidie
Ns:MY lazgovInad :avidtvithau 1lenonidosen giv
Ifuilioin3suido (Stock Preparation) wANNS:0u

4.3unou@ANNS:aY (Paper making machine) Mswan
ns:mu (Papermaking) 9:1UveonIaIlU 2 dou Ae AIUR
Sund “douillon” (Wet End)  Fun:AsoUAAUANIG
Machine Chest uiludounmisifudhidie sufivdou

| o n |
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Process Chest
s, Hydrapulper

Arnsnasadh (Pressing) lazAoUYeY “FodIIRY” (Dry
End) BuUs:noudagaoumismauliiuns:any (Drying) dou
misdaluns:0y (Calendering) la:AoUNS® IIUVLIIU
NS:0NY lA:ONIONWANHTTUA
Converting) aunaaviugy 8

(Reel and Finishing or

misth kraft paper Widluns:uoumswaaniondav

Tunmswanrdendavtiiarunwanuuinsgiuaina $ulu
Govidendnndu (Raw material) TADUS:ANSMwAzIKLN:
aufiumseoniuuldnu Fu3anaurANATENSWAN
hUeNUaundAnYTaIn INUIKAN 20A20 QUIUNS:NY NIA:
thiunlenUav msAaidendnnaunaidudeisiiugiu
AArytoUs:ANSMWIA:ogMstinUZourloIlay ggo
$ogursuSnunianUaunasiasudioyaluidevdanauan
JuaalngasuauBubaUAIANYUIN Janauds:nn
IdganuIaAnuNWANAURMIAAUNUIONAWAUDEWTTY
ia:dwademstdnutusunna fuunaowtie:gessurgiiv
AoW3U Alufivérudeausuns:ay AUReVAUEU
3N3WAZOVALZU NMSNNAOUIIA:NISTIINAUEU NG



guoumsidoudANWIoOvaAUIU
(Insulation paper)

o 10oisUIS UKoAY HiaNUave:fianauseu Ta5u
AoWIASuaNWIWih (Electrical Stress), Un, oxygen lia:
misiVAguIlavdagnu:nuna Jedginaite:rangan DP
JOUNS:YR:ANATINANSUAU (1,200) Furitino L
ngunsvaevns:austuriondaviuiiusi:uig a:in
hionUaviideuanwe:0An DP ogs:h319 150-200
nisideuamuwaevhlolUavauagiiuana:msianu fu
thiuna:ns:nuazidenanweswiSamniasu arunni
I18:A9WFUAY

o MsiFoUANWITOVINAILSOUZOUNS:01Y Kraft 92
IR3uturtenyavigrunnbiduiudnas:naw 60°C f
90°C msiAouaMwiv:nnIsyTAISI3u MnbenUaviia
Overheat AifiaINNIssokboIUav over load KSaIfin
Hot spot wafiAeongmsidunuaeunionUave:auay

o HunlanNUIAYMYKEoMSIAoUZOINS:010199:TU
aveadennuauTanWIWINasduwau 1alnsvas
hienlavenIinnsoudu Fljauisnie:nuce
Mechanical vibrations TaiDuioatunu 4 Fvdaawitu
dounadeuanmwaevthijulians:ay Tigms
WAguIUave:fiaitiouan thermal, Dielectric, chemical
K$o mechanical 10oTasu§sTurhAvAsUAN W 2:
awsnaNwuUsSuUssamwihdu  neude:Buainali
ns:0uKSerlaNUavIAIMY

o MsiHoUANWINAIUTUAY TaowsiDudouidh
s:3uitiounnimstianiUagunauzu Mnns:mugthiu
iloarunnDavau a:nnthiugns:auibogrunnich
av Guliufunmsmmnuduluntiondavivih Fvidu
iSoviiinAnuamINNsI@anIsIaRIiuaUI:AILISH
nfidrymneuns:muklondaviniamsidouaniu
IwsHINNs:uIFgmenseidouamuliaisamili
navAUAMWIGUTG
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nowFuTurandavuininu

Itiouenausuns:MuDAUEU TUBUIUNNSWAN
hsIlavmnU3Engwan amuisnianauEuly
ns:ulaaundduezitiannouEedunisideuaniu
JOUAUIUNSIMNUALINNAUBUTG FumuuIasTIu:
rhruatfausulunlenUavikilinowBulaTiiiu 0.5%
iondenUaugniaunu ANUFUL:LINIKAYANEUDN
Iaf0NNUISoNIADMgTurbeIUay Gud

1. 9INIKAVNIYUDN

1.1 msdadviia:uiisusnu s:Hawidadh
KuanJavnviu Iunirinansaudanu
9INANYUDN

1.2 iNngUaing K$oMaviNnNIs3ansau
dh, gnnognSed:fiu

1.3 Ifomsnauaauudiviiaihaavy
terminal board, tap changer, leads, HSo
@uihOurng cellulosic paper insulation

1.4 109grunnUIlaguUNlaY I1a:0NSSoNHoY
sovSuUluU (conservator) HSe Rubber bag
)

2. InaNURASEINNIAGD
2.1 inanmsianaazov cellulose 1oveINNs
IdouANWAIUIYIOVAUIU SIUAUAIIWSOU

midiNonssoudogey H, fiu hydroxyl (OH)
groups

2.2 1ovanwanidannisideuaniwaev oil
MiAINaUPASeN O, soudionu hydrocarbon
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dnswadovanuFuaanionday

1.10udsviRiRansidouamuwaay cellulose Tuns:0ny

2. i0uGdAnA dielectric strength devauau (Uiulia:ns:any)
3. MiAINa bubble emission (WoveimiA) s 9 DwarmiAinannudowsaunauou (dielectric failure)

4. 1Aa Partial Discharge Tuauauns:nusUA 10

SUR 9 naaunisiiia bubble emission

nshadauniauduluausuns:nvkanlay
awisnninisnaaaula 2 38
1. 38Nvasy (Direct method)

Tagmsfians:0uIA:I0MAIAIBUGIUFS Karl Fisher
Titration (KFT)

38 Karl Fischer Tngms Titrate GoogwADUNDUAIU
Us:nauasgansa:anglolodu (iodine) Tuluniuea Faiwles
Tnoanlyd (sulfur dioxide) 1a:wsau (pyridine) Tngy
ToloGur:riugisefiiudn et rugasonsunua s
TninsnAudn Azevansa:aue:lasuiludtinanazeoy
Tolodiudas: Jausunszevieloduitdlunisininsn  au
AunsiAl: H20 + 12 + SO2 + CH3OH + 3RN -> [RNH]
SO4CH3 + 2[RNHII

[ o o |
36 el T—l "‘"‘T,f:'mﬂ!

sUR 10 naaumsIia Partial Discharge

mislaiasni 2 Inatn A9 volumetric 1Az coulometric

1. luU volumetric a1sa:ang Karl Fischer AUs:nouday
Tolodiu 9:pnifivaviurhfisensursudloTeduaouuifia
3u na:Usunalelodutiv:gnAuNUINUSLINSIONTIISO
Ia:AWIBUEUYOVAISUUIOY

2. U coulometric a:DoToduINN3ulUTNINGS Gy
UgnsefuiiatnlaguleTeladtailuleledu suiileTedu
AguIfiuIfindu FuaunsnAuarulsunnuTeTeduidanung
gouthsagTagtdusuuns:aluihRtEuAuan 1o
iWavidudsurrudhAdusgiudioogw dunaauaArtunioy
ppm (part per million) Fumsmmaowuluausu
ns:auT85U



380:dntumsAeudNen DlonmarihrionUavidgme
Iws1:Gevaalniusn Main tank auunna:da manhole
FUaans:uATiaIsnIFnanwaavauauns:nuia
soufiunsnaaeu KFT DrateUade Advwatunisainsi
@WANISNOASU 13U

e nAoWIURegTuMAlaysaulwadonsIfuGIoE v
(s:nowmisidanondav) 1a:n1saudavaragwilionnaou

e mnhlonlavdorunniaudus:iviithoonnns:0nug
thiu itAANRTATUIUUSU 91N3NSWAIKATT FouUjuams
naaeuldimsUs:Duwans:nu AIGINNISNOASU KFT
U 7RevduamsauldsaunaulusUiuu Round Robin
Test (RRT) IdioAnuiia:dins1AUSLATUUTUNS: 0¥
s1uwaRIaauGaonsWSUR 11 aud

&89 ug.
o [m|
& |o¢
(=} [m|
< OE :*fgggm
o IF 383 o7
3 oG 3,02 297
23 J— —
= 243925 2,25 2hd
1,97 1 Fd1.7
2 1,701,641
T| 1.36
1,2 ;
7
Sample A Sample B Sample C

sUR 11 naounsuimsdnAnoudutuns:aiu sample A, B lia: C

o NNNSWRRUAMATANUIONASHIN Guogn B, C
FlAmMwanaaaus:HIWAaVUUaNMSAIaNaWAULIN 10y
lAWNRE@AINAIEW A FuDUSUItURWFUBETUS:AUAT
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IjeIUsBUIRvUwLAYeIRoURUANMSNOAOUNY 7 KUV
Wagunlavogs:naw 1.0 % v 2.0% mniSeuivunis
5090UAAUBUMINAIRIONG 2:WUMAINEOWATN
ABUIILIN

o UrymdnusaGulumsInAnauzulngasueinns:any
iUeuaInmAEUTU Cellulose nciagudaulunlionday
nancvfiu Fudmsns:rgaaudunuuladiave (@wsl
A 12) IAzNAoUNSEANSIIAS1ARITUTSY S110udou
IfundudioegwiusuuIn IdormAwalady Furhldon

GEEGD -

s

] Pressboard Ohi-site :
) Paper I 1 werkshop niﬂl’fij’;lkf;;:‘”
@ wood After repair e
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2. 35nvdou(Indirect method)
2.1 ms3aannudutudiitu

lngdouunhevlpianisnaaeurlandaviuin 9:18 Curve
90y equilibrium diagram (GusUR 13) Fuilumsuana
WesiFunaudugeuns:audetniingey cellulose 910
nsdnraEUeutbu (Muswidu ppm)

ing
=

©
é&
/ | . 1%

CHl sample taken al 20°0
4.0% water = & ppr
1. ﬂ’!‘w«-3mm

——

p
=)

80 °C

=
=

100 °C

Water content in Paper % wt.jwt.
L
=

=2
(=]

10 20 30 a0
Water content in Mineral Qil. ppmf wt.fwt

sUR 13 equilibrium diagram

Taoins:uounis 3 Junisnaudvl
2.1.1 ifiudaegnihiiurninriondaviavaniussolu
2.1.2 fMs30AAWFUGILTS Karl Fisher Titration

2.1.3 thAnawBuRTdeIntbu (ppm) dolUrAn IWes
IFunaUFUZEVNS:0Y Tngtd equilibrium diagram

wazavns:uauNsavnaiwamiAiiomMaAu@awaln
NNMISIfUAIoE W, MsaudisedWiuduheudnianis,
equilibrium diagram 2:18Ta0A2sTAN equilibrium arunni
govdu/idou Imdu ?iumamsnnaauaeuﬁaudﬁﬁﬁmsﬁu
7 ihidulUenusUR 14 dud

[ o o |
38 el T—l "ATJ:L‘&!

o
<
1

£ 1340
& | OA 548 |l
= OB B
= 50, OC
£ i 44,3
g .. @F 393 40
5 40 =
= | 0OG - 35.‘.
§ c.§
30|
19.8
152152
' 1129 g_“ 12
ﬂ I H 5
485
Sample A Sample B Sample C

sUR 14 naounsuimsdnmaaudutudiiu sample A, B iia: C

NNAoegW A DAduid 3.5 Bv 12.1 ppm, (1206 B U
AIAIWYU 5.8 fiv 19.8 ppm 11A:0098W C Dwanlns
[UgvIuUABUILIN Tomanilawad@awainiviAoudway

2.2 Insulation Power factor measurement

iums3arnawangizsmsausu devthiufuns:oy Tu
sU %PF 18:78A0WAUIDUSS:HI M %PF AUAIAIWBUAY

sUR 15 38msticioutdrn Temperature correction factor
na:JuasmsAluiiug

2.3 Dielectric frequency response measurements

iBumsnaaeudnaWFUZOUNS:MBIA:INTUAIBMS
Jins1:AmsnevausvAdUBiuauaurlailay Tnons
NN&oUGIY AC Voltage (200 Vpeak) NIa:IUAgUAI LA
9N 1kHzAauURURYAWAR 1 mHz MUUISNISNOAeU
sU16 Tngn1sdIASAR:1E standard curve 910 X-Y Model
sUR17 Fuldunmnussnduanntandaviolan iotuim
mANUAUTURDBIUAISI8AIBEONISNOABU AUISDANG
Td91N Tirathai Journal UA 1 alUR 3 1douILLIoU 2555



b
Tan deltaPF, &

= Attan delta = 1.0%. moisture can be around 4%
LW Attan delta = 0.5%, moisture can be around 3%
m Artan delta = 0.3%., moisture can be 0.5 to 2%

Lov
E —(idr
@ ——er g
@
Pebousture in cellulose, %
P N T N
] (3] 1 15 F % ¥ L5 4 1% ]

SUR 15 nswlia0unowELTUSS:HI WA %PF AuAAIWEU

b J
L J

[5\3% (v
_{43— lo:

Measure at several freguencies
Use Ohms law:

¥ 3

p e 1. PF
Zo)=Z®)  z2(w) = ‘ .m: .
Tl {&' and 5™ )

SUR16 naavavesmsnadou Dielectric frequency response

Lo woltage winding
Cote X = % barriers in the main duct
{15-55%)
il Y = % spacers of the circumference
{15-25%)

- Pressboard barriers

Pressboard spacers
Cellulose: Blue color

High vollage winding 0il: Red color
Y 1-¥
€ e e 1-X

= X

sUR17 nmwiiany X-Y Model aevauauriieiyay

.............. ELECTRICAL ENGINEERING

nmsnYanFUsaNINKloNUay

misiv:ritfausurdenUavifviudnoudu 1IBudviilude
ogmistaviunlanadiuih TaglinatndAnyfunisoulify
Tanow3ulus:uurianUagsIkLng (Distribution fransformer)
(42838 Hot air TaglienAseulaouseu 1lieTanaudu
09NN Active part (INUIKANIIA0AIN) IA:MSOUTA
poWEUTUS:uUKHDaIUAYTWINMAY (Power transformer)
(9938 Vapor Phase (AWsnfAnWdeNn Tirathai Journal U
A 1 alUR 3 IGeUIKIBU 2555)

ﬁuﬁumsﬁﬁnnmu?}ufwlﬂquﬁuﬁwﬁtuﬁ'o:mTﬁthan\l
Dorgmstanuignaunu aliiionaudawseviuauau
hieilav acwBuRa:astuthbundenday ( dissolved
moisture ) lia: AIWSOU ( heat ) IHorURAsgtvauaulu
thiurdandav (oil-impregnated cellulose insulation )
iWuwatinantuaudanwinbanav ( chemical degradation )
ansUs:naURINOBUMULIAS acids, peroxides, 0,. H,0,
1a:duq duilluwalfiiunawdudu ( add moisture )
AUALUAAWIRBVISYNINAANAY ( mechanical degrada-
tion ) AruaLTARIWIRVIsINWIWIhanav (dielectric
degradation ) 1a:iaNsaAlad ( acidic polar material )
dvwaliauaunaneiludauniwih ( conduction ) ifin
ionization 1N partial discharge INaUsINNISNU

corona lia:Ain glow discharge  Tuiioausuna:uagaing
Ao mikausunitageuIdur® ( insulation failure )

ns:uauUMsMINAUZUAISISUAVIAMSWAKDBIVAVH
AISM1SIAUANUALURIZONAUIUNS:ONY IA:NS:UIUNISOU
IRV Active part TudouzeumsiinumnWUITAWFUIRU
vINSgIU dovSuddumsintaingnis Dry out A8 hot oil
purify agwisfiauneudidunisdeviuliuasnisnadsy
Ia:ARIANNOABU Iws:MsiATaannEgAdITUNS

naodvidglonatuniIsIYWdnAsY

1ona1s919dV

[1] S.D.Myers, J.J Kelly and R.H. Parrish, “A Guide to Transformer
Maintenance” 1981

[2] WILLIAM D. STEVENSON,JR. “ Elements of Power System Analysis”
Third Edition, 1975

[3] A.K.SAWHHEY,” A Course in Electrical Machine Design *
Third Edition, 1974

[4] MOHAMMAD TARIQ,megger “Estimating moisture in power
transformer”

[5] CIGRE Dielectric response diagnose for transformer winding
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Designing of Autotransformer
for 18-pulse Rectifier Unit

Panarit Sethakul' and Wattana Kaewmanee?*

Abstract

It has been known that 6-pulse rectifiers and converters
are the main sources of harmonics in electrical systems.
Using multipulse rectifier is one of the harmonic mitiga-
tion methods for a system that contain 6-pulse rectifiers
or converters. The multipulse rectifier that complies
with the IEEE recommended practices and requirements
for harmonic control in electrical power systems is the
one that has 18 pulses or more. The main problem of
the classical 18-pulse rectifier which uses zigzag
transformer is its size and weight; however, this
problem can be diminished by using an autotransformer.
Though there are many literatures state the merit of
the 18-pulse autotransformer rectifier systems, none of
them presents an autotransformer design procedure.
This paper demonstrates the design of an autotrans-
former for the 18-pulse rectifier system. The parameters
obtained from the design have been implemented and
the experimental results shown that the designed
autotransformer is working well.

Keywords: harmonics, autotransformer, 18-pulse
rectifier
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Table 1 - Life of paper under various conditions

Lifie years

Paper typelageing temperature | Dry and free With air and
from air 2% molsture

B0 *C 118 57

Wood pulp at 90 *C 38 19

98 "C 15 08

80 *C 72 76

Upgraded wood pulp | —_ 34 27

9 98 °C 18 12

nauunuiviseverghlonlaviuconsu
NS:WU:BISUNMSNMSIRNINGSILIOUNS:0NY
1u IEC 60076-7 Kt 29 fiv 31 Gu wusrieaAseu
RAN30UBNAI0 Hottest spot @ 98ovMIzaGuALU
ongzovnanUavilans:asauau 105 oumizaidua
:Mnu 15 U

nuoiivergniendavdugroininu 15 U tanse Tu?

AnouAe “TNAoASY” IddavinuiSeudaiuiondou
Go9u:ASU tuRertenUavluintubudmsianu 100%
naoqioan Tilkga Tubmn FTemailurgudutiosuin
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6.2 Relative ageing rate

Although agelng or deterioration of insulation Is a time function of
temperature, moisture content, oxygen content and acid content, the
model presented in this part of IEC 60076 is based only on the insulation
temperature as the controlling parameter.

Since the temperature distribution is not uniform, the part that is
operating at the highest temperature will normally undergo the greatest
deterioration. Therefore, the rate of ageing is referred to the winding
hat-spot termperature, In the case the relative ageing rate V is defined
according to equation (2) for non-thermally upgraded paper and to
equation (3) for thermally upgraded paper [7].

v=2h-seye (
{ 15000 - 1 5000 }
Vo 1104273 B 4 o0y {3

Where ﬂh is the hot-spot temperature in *C.

Equation (2) and (3) imply that V15 very sensitive to the hot-spet
temperature as can be seen in Table 2.

Table 2 - Relative ageing rates due to hot-spot temperature

Eh: Non-upgraded paper insulation | upgraded paper Insulation
* v v
80 0.125 0,036
86 0,25 0.073
92 0.5 0,145
o8 1.0 0.282
104 20 0.536
10 40 1.0
16 8.0 1.83
122 16,0 329
128 320 5.8
134 64,0 101
140 1280 172

»” PRI TIRATHAI

ogIsfmuduidaioUs:neududnidrangiumsmkun
91ghe grunnllnyseu (Ambient temperature) Tngfu IEC
60076-2 KUNA 9, 10 t1a: 11 Didiu 3 GadaunuAe
orunNDNAVANAIUITUR 40 ovr , arurnlioAvdavIdiou
RAauaAUITUR 30 ey lA:aruNDIaAvYevAUAUIN
A 20 ourn

Gevengrunnizevamwiondsubnisiyasuiavnasn
Ml Guliugrunnbiaavgevivle:gnuiutaiunmsinsnn
auliumsAnAudrueeniuugrbaIUavidisuauuIAId
gaswnSadgoaniuuluioy

V]

TnuniseaniuutiufiemsesniuuIlionaunuAarUKATA
u3u

iDuBuRAyar:RTRNUKTeNUauRTuAsUZouTUR
(Top oil temperature rise limited) na:N&AryIagAe
orunnDAITU3UINAYevaNAIN (Winding temperature
rise limited) FuiAodouRMawogzouns:mlngnsuAS
ns:wu FuAndounaunuidie 60, 65 AJUKLIY A0

n
IT

The temperature rise limits given in Table 1 are valid for transformers
with solid insulation designated as class 105 *C according to IEC 60085,
and immersed in mineral oil or synthetic liquid with a fire point not
above 300 °C (first code letter: o).

The limits refer to steady state condition under continuous rated powder,
and 20 *C average yearly temperature of the external cooling medium.

If not atherwise agreed manufacturer and purchaser, the temperature
rise limits given in Table 1 are valid for both Kraft and upgraded paper
(see also IEC 60076-7).

Table 1 - Temperature rise limits

Ranmiremant o Tmpmw: rise limits
Top insulation liquid 60
Average winding (by winding resistance
variation ) 65
= ON.. and OF .. cooling systems 0
= 0D .. cooling systems
hat-spot winding 78




ns:wugaundvegwhlanlaviuntivuiAuaruiliosaniuy
hanJavuuihiorgmuuaruiiainan 25U dulinsu

nnATdIduTUIAatU IesaniuunbanUadii Hottest spot
DAMAU 98eum ognlonUave:miu 150audumsh
deunistiiony 2500U dourndnsidou V BuAuaruain
15 msdagUideumsiiuAie 25 MU 0.6 At
AUITUQIUKNTZOVINAIN Bh

V = 2(0r-98)/6

Fuidouaruuniandotu 1s19:7a" Limited oy Hottest
spot AU HSUKDaNUavey 25U INAu 93.58 deg. C

nduliausrumwIsIDInes ATdRINNISeoNILUINUAY
Tugnsanua Tngdavlinn Hottest spot Uagnauninu
03.58 deg. C

6h = 0a + ABor + Hgr
where : Bh is the hot spot temperature

©a is the ambient temperature 1Gou9IN
Plant GogRUs:InANgZu3aATaITu
29.0 deg.C

ABor is the top oil temperature rise

H is the hot spot factor and is equal to 1.3
accoarding to IEC 60076-7, section 8.1.4

gr is the winding gardient (only the
maximum winding gardient is considered)

where : Oa

29.0 deg. C

ABor

48.8 deg. C

..................................... ~DO IT YOURSELF

H = 1.3
gr = 10.9 deg. C
Therefore
Bh = 29.0 + 48.8 + (10.9 x 1.3)

Bh = 01.97 deg. C

Hot spot temperature is 91.97 deg.C based on
ambient temperature 29 deg.C FubAntiound
Guaranteed Hot spot temperature

03.58 deg.C based on Transformer life not less than
25Years.

ioilumsasUlngigAe muuniiidaen IEC standard
FulAaAgzovarunning Aeudwandus:nAngdu
GumndeumsiieeniuunlonUavtitiongmsiaunun
grouudoveaniuuingiiAn The top oil temperature rise
$orarunDRITUIURAYYrU:ATEUKToNUavTuAIUBEY
thuRIBU3U 9:devimanavegwiilivy:ibolsouRouiu
AW Standard ndauT3Fe 60.0deg. C uaNddogwi
gnUUU9IUKNDAUNANIANAVTY 48.8deg. C UONAING
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AvUs:augntdomuuunnRaaduRtivaavRn  IA:NWeULINNSASYAATYINEOINS
Sronssulldh fde “TAuiuuguaosnaw” (Yablochkov Candle) FuinAuRCIU
U A.A. 1876 Taganfgyaaadairktivohitaaadaugundcoagiuinavingluin
NSIIFAAU  IIa:oadandunUdannuifoulWi  (Electric  Candles)  Yaadazev
guasInaWtimIrnninAIurbourdaIJaviudh

msritdoduzay  “Tauifuugnuasznow”  Idurailagugouds:amaasinalan

Sronssulldnia:iagas Avidugovioananaaluddazeviwnaddy TauRou
TWihaaurniFnuhonan &:aonnan IadAuIldevAFnudouns “Tauluiadnu’
(Lodygin’s Lamp) r‘ﬁe?ﬁuoq’omﬁu

idoulusnou U AA. 1876 IWDAIASURNYIUUSSNUIA-EnSawavIUUS:QuFaul
aurndlanmuuanidupsuisninsyasuaau Idounumuus U AA. 1877 $u
FIMNYAUASUNUADY Louvre Tsva:AsTaIUST SOUMINUURADURAQIOINSUUNSA
FuiiFo Avenue de I Opera dvasiadlUdsuTnuRuugUaSINow 9 NdulaNTL
JovluiigufnauaswlaoRaoucou  miseduiduaduan  Feunddinud
AUNUDDI09SE TsuIsy US1an IAaNS1Y NouR:ididUSuIvesAuU. Iuaifou
adu Ussaina adlau  a:neaeaiduuiunsulsy  IaviusuadwiadyoviauIRgu
£IUASINOWNNYOIUCIUARCIUY, MoTAN cunuUU 95a rigo S IATsuA:AS
PAVE'_ YABLOCHKOV TUIBUITTUWS:S159OuNKIKIIUOSIFY IATUWS:S1OOUNEASUIKIAULRN AdU

(1847 - 1894) TchETriﬂawTaoooo “lavilnnSaldy” suduidon UASFUIU:IOUIFONSSAITY
QUINY3Y

U Af. 1877 MnANmsiSesady neduaf (Khotinsky) TARNIBuUUASIURUGMS
You soUA 1004U IIaldusuriaaalliadnu fu INsuUlWihouassnawinsaUs
soAUSUUSTAVRIASUL IanaansUasiduzavauio Iwna giuassnaw na1on
sold 1008U AUYADIUAQYSNINDSAIFY SOUNVAIUS:ALTCve Jad wonrMU

U Aaf. 1878 Iwnadaauiviaununausaiduiathinuifyusuassnowaugiunand
NouNAUIUTIUNSASNASY  AtURNIAINSOUMsUsudniWihuunansaisn
IAASUSWSAINYSAUF French legion of Honor

U A, 1892 1wa roudnsuashean:Juuidiuchds:nAzounnaugudnuna

ASAIZY Iwida AoAuRTRIAvASNINTAN IdAYUS:Qugaavin IWIAMIKRNS 1S9
RNINTUSENNISTUSUR 19 BunAu AA. 1894 Aovizsiaiow (Sarctov) Us:INASARY

Thomas Edison stole Russian thoughts and ideas, as well as their
inventions.
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