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ABSTRACT

This thesis studies on the emissivity (€75.14 um) Of engineering material and
equipment for electrical distribution system using infrared thermography. The infrared
thermography camera is widely used for preventive maintenances propose in many
industries. The most important factor to use the thermal image accurately is the
emissivity of materials. The heat chamber to control the operating temperature 50°C
to 200°C has been designed and created to maintain the temperature of material for
measuring the emissivity. To ensure the emissivity measurement technique, the
general used material, i.e., iron sheet, stainless steel sheet, copper sheet, aluminum
sheet, and brass object were done the experiment and compared with the standard
emissivity table. The emissivity values of new and used equipment for electrical
distribution system, e.g., terminal lug, nut, and bolt were tested. It was found that
the roughness and emissivity of equipment increases with increasing of the operating
time. Moreover, the uncertainty of emissivity estimation has been analyzed. There
are several sources of uncertainty such as thermal image resolution on different
angular view and surrounding effects on temperature and emissivity measurements

to be taken into account for accurately measurement.
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2.1.2 gunsaliaiu

Tuvueasinisldundasatan ndunsisatusseslnanavibiinanueaiaeaoulu

Y

nMsingunadl Fsilnaunanszezrineszninsndesiionmdunsisauaziaing viensin
pumgiluiuififenudssdunssentliannsongumgiluszeyndld sududosiad
gUnsolladu 1iuA nsfindantnenadumsisn (Rwindow) wienisldlauddienmszerina
(telephoto infrared lens) duiudiginimnsesu (focus) S9ddUNINIA 0 TRy
dletelfgaunnifitaldfaugniomndsiu seazdenuasminiivomihnndunaiin

wazaudanen nsseslng deadl

1) wiidnsdunsnse [Wugunsaineenlnseddunssanzarule Inaaudfnisdiu
$9@8unILIA (transmission : T) FainAndluuIUINTRRUNYINIAUEY o dUN 1Y
Wi gszuulnihndussdulnfwasnssualiiiamasaian aglunisldndesdtonin

dunsnsndngmungldundisiadunsise sndudesimuadinisawmius@dunssad

v =

gneiad WeliinaeuiiAinsdsinusaddunssavemusedunsusaluagendudn

grydeidiantuaunsaliiverinliAraungdnialafianugnseswindswu fred19n15Ana

Y

ﬁuwifmﬁuWimmLamﬁquﬁ 2.1

JUN 2.1 Msfindantiienedunse

2) wuddrennszezlng [Wuaudiasudmivldnuledoinisinaunglidiendes

= 1

drunmAuseuresingiedsseslng wiesendned19in waudsseslnag dauaudfvissiy

3ol faseddunsnsaiuiaininguiegaiifosnisingaunagdl inlianuauisalunis
seauinguuinidnuareglusserlnafinanduniovilvinmersanufoudatu n1sin
paungidsdiaugniosnniu

2.1.3 guinuuziiddyvaindasinenmaunsisn

ANANYUENEAYVBINADIEI8AINBUNTUIANHINAADAUYNADIVBINITIANGWUT

q o

1
[

wigenaningrienisingumanil fiail



1) Anuazienvaininanudou wioaruazdundiui tReadeiunisinesd
dduasndestanmdunlsnsaatenslned el YBULANTUDAAUNT BN (Field
Of View; FOV) gmmmﬁﬁ’mmﬁﬁmﬁm (Instantaneous Field of View; IFOV) wag detector
array 3anandesnisyindesaienindunsnsaluldlunistadausuia Arsiiansan

AMANBUEAINA1IUTENBUNISABNLYNABIDUNTILIA LAAUIEAUINY LAENITITLADS AN

q

)

unldiiiouansliiiutianuaunsaveandssdmsunisuenuez sz nineingasstulu FOV

Felagdrulngaxusgiuszegriiesenineingiundes ssUUIAUd LagIUIAYRIRIATIATY

{ i

lngAuasldunveININANNTBUITARALIlTEEEITEnINNA R U TR T uAandlugy

=

2.2 ATV UANTILNNIMAUIBLAIUALIBEALTUNEY LavanTinefinsaaundl aray

Y
¥ [
=1

element 3UIULINILIANINANUSDUNTANUALLDYATINUNNATVY [12]

UM 2.2 ANAZBEATIN LN NTLUEN9TENINNADIBUNTIIAN U IRgUANFNSY

'
a =

2) WAaneanuou unuanvauziidwanion1sussliun1snseaemvegungll

Y

Y

\Nendesiumsusvgugungil (span) kazszauaamail (level) Wmngauiunisidau lny

9 Y

mMsUsuguaungll A n1susuatsgangligeganiesiian Jdndunudnvasiiieaty

Y 9 9
TAaN19AN5OUTBININEIWAUTIU 1ABAIINATINVOY span LUSHUANUSINUTDIRnEN
wanslunimaeauiou n1susueedledluritaunginaulavilivesuiunisnszany
gauniiuAazgauunmaIeALSousgetnan dun1sususeivvesaamgl Wunisusu

Wougugaumgivayn dluyuueaveannateauioutieinlunsusumiuainavenin

2.2 duUseansnsuusIanlusau

[ Y] <

Fuusednsnisuasedniiuseu (emissivity,Besaliagly ¢ ufee) Iuauifntives

A [

) Bawansdaanuatunsalunsuisdauieuvesingla lnediiideuse “Usuussdn



weaNaNRYInglaY ; BT Wisuisuiulsinusdnuieanainingaauai (blackbody) ;

[
P=1

Ex(T) Ngaungiifieniiu” [5] dermiailanadl

E(T)

(D) (2.1)

e(T) =

[y a

FulszAninaunsedanudoudianaglutag 0 v 1 (Taggauaf) Juegiuriinuasian
Snuniiiui (Prudey ANNYTTY) JBS (viewing angle) wavgamnlifian 1udu [1, 5,
6] IENITATIUNGNIUNITHHTIEANToUVRITRgaANARDSUIE LA IEANN1INTEL VRS
LNadA (planck’s distribution) %uﬂuﬁaﬁﬁﬁ"uﬁagﬂugﬂmaqqmwg:ﬁLLazmmmmﬁ'u
wimdnluin fwansluannisi 2.2 deun Stafan-Boltzmann tinineimansviooasiels
AnwinIussdanuioues blackbody Ngumngiilag nasannALeNIAAY LaTIANNS
MINTTIBYBIUNAIAUNDUTINTARABAYIAY AINEIIAAY (@57 2.3) Fsldaunisdmiy

AuINsUNSIdnNTauveTIngeauAfnaLanluaun1T 2.4 fail

Eyp(A,T) = B WA 2NN Clcz (2.2)

@]

Eb (T) r fO WdA (23)

E, (T) = oT* (2.4)

Iy C; windu 3.742x10"Wum®/m?, G, WnAu 1.439x10%um.K
o #e Armsivesamviuluaiauy SAvindu 5.67x10% (WMEK® ) way
T #o gaumgiiia (K)

dMFUNSINUNTURTIERNTaUVEINgR3IRY WantnsoAaldasaunisi 2.5
E(T) = eaT* (2.5)

v

dmsuingasdlag Neamall T Weniu YSunamasnuiukesninainingaziiadesndn
g

q

¥
a 1 [y

WFUNIngeaNARuNeanT TngAutuYesdIuningatuHaanun Jusgiu
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Y
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3 [ =

warduUsEaANENSUNTIEvesing wenanll uegiufiAn1areinIsuNsduaraueIniiy

o v

wiwdnlwihfdnguissdanusousenindedaandugui 2.3

TngAnduUssansnisunSsdanusauausaulsmnaueiaduLasianisesnily 6

Doy
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Directional
distribution

Spectral directional emissivity A® d0UTZANTAITUNSIFAIIUTDUNNAITU
ANUUVDITIAAINUFTDUIINANUY1IARULA LI MUAANIINITRHSIE 1 NEN19
a dl> a T a 4 I a o &
gaungivile nefiarsauniswisidnuieuduluuiiiansinay 6 fie Polar

angle Wag @ Ao Azimuth angle @slagdiulugNuRin1TuHS @ADL

AsLdue? 0 < 15°

5UN 2.3 USunaumsusisedadnuseuluienieing q 5]

Spectral hemispherical emissivity A8 §UTZANTATUHSIAAINTOUTINIITAUN
AMULUUVBITIAAINUSDUINNANULIIARULRYD NNTEINULYINAUNADANINURT £

QaUNINilaY

=

Total directional emissivity fio Snsdruvomdsnuiiuisidvesiuiningase
wsgosudnihunduiinsnrufunnanuenedusewdsaunsuisidniuiou
ﬁuaﬁmqqmmaﬁLLquiasJLLé";ﬁ']m@uﬁLﬂsmsauﬁ’unﬂﬂaﬂusJﬂaﬂ?{u%qLﬁmﬁqmmﬁ
Aoy iamnsnisusisadanuiou 1 Aenananfuluuiifansanay Tnefiy
0 < 15° fiufle MsRsANdUsEArEnusdeufouinmsussdanuiou

VNANNEIARY 1 AN



s
a a 1

4) Total hemispherical emissivity fie duUszansnsundadanudouiiarsenain
MsuKsEmNLSeunNATIENARLULAL NS AT oUN N TiAM

5) Band emissivity Ao dudszavemsurSidanuteuiinnsanlaemsadordus
AuEARUATLINEIANE AR UAanTEluT s LB IARY T figaungd
Nufuartrsmusmaauienty msmdudssansnsuisdmudeurililng
éuﬁmimmaaﬂmmaﬁaﬂﬁuLLiﬂﬁﬂﬂawum’m?iluzjmﬁ']aiuﬁdaﬂﬂmuanﬂﬁufuﬂ
lngAnnsunssdnuToulunniiani

6) Effective Emissivity fio dutszansnisunssdmnuseuilldiu infrared-detector
Tnlsfwmesdunsnsn feAnadeuvy hemispherical emissivity iaeawa3 band
width e

\losanndessnenmanuiounsandadunsnsansiadusedunsnselugininue

AAUNTS LU 7.5-14 um MSIndUUsEEVENISUNS sEmendesatsn wAlusaull Jsnanslu

sUwuUANNNTA 2.6

E75-14um (D

Ep 7.5-1apum(7)

E75-1a4ym(T) = (2.6)

Tnondsnuimnradudddunsisasuinludundanusuildainnsunsdvesing
Wmanguasndanuanindondiagiion gadu wazdsuingudivine dandsnumand
wwgnasaiusaziuwasduguvaiivesing daandluzuil 2.4 ddunsmmdulsyans
Msunfedanufeusiondosdurlsusei sududosdndsddmdsnuiiinannsassieuann

TrduIuT AN TN e linsUsEuAdNY STV IERINTouN AN Y

I3 | v )~ oA A
LUUﬂqVIQﬂWBQLLagﬁJ?’\l']']llqu"U@ﬂ@

Rk‘ ﬂ:aton

————— o — — — — — —

Mosorpion A~ A | SOTITESPrN

Transmission

]
= o A v v a

UM 2.4 MIgATusE nsaeoused wavnsdariuad@iuiinans
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TunsUURsaEn funnnsy ‘muuuwummaim FaEU9AIUITALVOUBBNIINNUH?
(reflection, R) U9@I1) mqﬁ] an@ialld (absorpsion, A) LLaSUN?{?uf\]zgﬂﬁﬂﬁhulﬂgﬂ@f’m%ﬁd

(transmission, T) #1493 ‘lJﬁ 2.5

Radiosity

]

Emission

E

Reflected

Iradiation ;
portion of
G irradiation
R

% ' [
v [

Ul 2.5 Sedvamundieananiluiaiag [5)
2.3 wasuanuFeuiindesanenwdunsisaldsy
nEsnuanEdouiindesdionmdunsnanldsueglugluuugeaisddurlaisaiauad
wieananiiuia nglas (radiosity: ) Usznaude fedflazieusanainiiuia (R) %QL%UWQQ&
Fuanannisusvesingdu (6) wazdidukeonaniuininglnenss () (Uil 2.5) B

' [ ¥
v A 1 -~ a U =<

UTNIUTIENUHNDDNIINNUNIVDITNN LT

q

e

9

wagiuAnIuaIsalunsLHSEve Tnguay
oumaiiiiavesing 1u°umzﬁﬂ%mm%’aﬁﬁazﬁauaaﬂmﬂﬁuﬂﬁmqﬁ]zﬁﬁuagj nuANENURANT
agviouSsdvesing uarUTinasidiuieenaindunnden Tnsndanuarudouiindesdnanm
dunssalsfunsdinfsddunansaunidnndedlaasiiueinia Usgnause Sadiusanning
109 wazSednnufeuiagiouoanaining SvanunsasuwaTuasdmiuseuruaiiu

20NINFVINYHALNABITIBNMBUNTNINLASY naUNTN 2.7

J= gsUTs4 + psgsurrO-Tsirr (2.7)

1 v IS 1

Tnemauved 0T Aousumdidiudainingies @vusedu Wmd wazimes

9

PsEsurr0Tdny A0 USunsidrnufouiiudunaindwandenlneseuniounainingouun
NIENULALALYIEUDNINNINGLEY
dmiunsdinldnaesanen ndunsisningumiinguiuntic 198 unssn Usuused

Y 9

dunsusnzansadeiuntiBursisalaiiseUSunamniaiidutuegiumaudinis
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AINIUSIEAIIUSDUVDINTIANBUNTILTA LAgUSUIUSIADUNT IS ATIRUANILHIULT67
A5793UBUNT TR Usenausie

1) SaddunsuIAuKeaNINAYInguazUnTABUNsIsAIiNgFInTIaTuB Ul Lse
2)

€

Y

W@BUNTNIANFWINFoUNAL B UUURITALATHIUNTIA19BUNTUIAEF

N

MFIVTUDUNTILTA

3) SsEBunsnIafuEBRNIIN N BUNTLIATNEAINTIATUBUNT LA

4) S9FDUNTTAINNAILINADUNFLNDUUUNTNIANDUNT WIATAFINTIIUBUNTLTH

Y

v

A1U150AUINUSUNUSEANLSAUNNA DI EN NAMUS U RS UN STV UNSLSALARa

aunIs 2.8
J = €rwoTikw +(1 — &rw — Tirw) Esurr 0 Torrr + Trrw Es0 To (2.8)

TENBNVDY & ryy o Tihy Ao USunaussdarnudouiiunainutiaisdunsnse d1msu
oUU09 (1 — £1pw = Tiaw ) Esurr Tk A8 USHaSednanudeudiasiouain IR-windows
W08 pg = (1 — & — Tipw) Funeda Areauanuisalunsasdoussdruseuain IR-
windows WaglauYes Tjry el AB %’qﬁmm%’@uﬁLm'aamnf\mﬂ’"s’mqLLé’aﬁ'qmu IR-
windows 1¢ faiAnanFedanudeuiiudeananniiuiaingies wdannsonzauiedsin IR-

windows tedufuaAIaNUIRn1saIHIUSIAAINSOUVDY IR-windows

2.4 nsnszinaliviuey
nsaeserauliuiuoudumsvenisauainuazamuideievesszuunisin
nazAAdeReusadoyafistenunassnun aliuiusuainnsindudnsaialaed
L2ANANIINANAIALAABUTIAALU UFHLAZANLARIAAA BULTASTUUALUAIU U
(Guide to the expression of uncertainty in measurement: GUM) [13] A1A31UAA A
indeuiimesnuldiufiohivsslenidemiamanisinluldnuluiududiely Tneanu
linduouanmstafiinain AnueaAARoULALLUUANETY 119 NALLANATTSANTITR
usagasafiliannsnasuneldtamu uaglianmnsnnianisaiuualiuvesrauuansld
drumnaliudusurnmsiafiinanarnueaaedeudeszuuiumnananulsiauysoives
szuumsiafiinisemuauud Tnegusziiuasdediusaunisaiviedinnandeivgluszuui
ynisiatu Weflaganunsaaianisaianuldanysaisneg fasifindu vioawnsansiu
wnasfiinvesealsianysalfsnananenansiedeyanisivinig
miﬂizL:ﬁummhjLLﬂuauﬁuﬁﬂaﬂmﬁﬂﬁmLmﬁumamaamﬁm [14] wianzludsiivauen

faRuAINYBIATRlRTnnIeIEN15 TR rinsTnduieuanidilaannnisTanseuriaruna
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voanuldauysalfnanlusiuuuvesauliniusuveinisin nieudnauedu uaz
FEAUANRNY Fau131nNN15TINAN LU NUTEIUTIIUBUNA () NanuaNilvAe

USnaudwinm (y) uandluaunisil 2.9
V= X1, X3, X3, .., Xp) (2.9)

nsUssiiuAasliwiueuveInTinudald 4 sUkuu (S0, 1995) laun n1suseiiua
AanuliuiusunInsgIu Type A AuliluuoulInsgIu Type B n135iuaA1nuliviueu
IS

wazauliwiuourey uatBendmIuLAazIUw UL Hfadl

1) msusziuaaliniuaunInggiu Type A
n1sUsiiuauliuiueunnsg i Type A lduanni1sadfvesuuianinisulsiu

ae19g¢ Inefiansananuamisatunisgveseiiinlaluraglavuenis Feanunsaanvuin
anulindusulalagiiudiwiuasilunisinginisendn “aruaiuisalunising,

(repeatability)” nsUseLily Type A (u, (x)) armrsamlaandiudesuuninigiuves

A1LadY (standard Deviation of mean) wanslugunIsf 2.10
u, (x)=58(x) (2.10)
drudesuuinsgiuvasduede: S(¥) annsambiainaunisi 2.11

_S@)

S(x) ” (2.11)

AR lANAIALUANAITUINTIZAUWUSHUL U UdLYRIUSUNT B S nadon 15 Tn B
aunsanINIINIEANgvesteyalagUssanauinanlewnnigiu (standard deviation, S(x)

wansAluannsh 2.12

(2.12)

IngAade@antia (arithmetic mean, X) AoAinalsisulaannnisin mululaain

NANITIINANATLG 3NNISTAUSHN UM TUDATEAR UL N LARIRIANNITA 2.13
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_ 1
x=—Zx,- (2.13)

2) msuszsiuaulinuuauNInIgIU Type B

n1sUsifiuauliuiuaunInggu Type B LUuNsAUTIUTINdoyaInuma e
dieUszneumsfinnsan Boniamiliuiuoudnvuzdhaunanedouvesssuy astdulu
nsUszliuAuliLiueuNIngg U Type B fuUssiliuanulivuueuszsasliaiuiiazainy
\ilaludiuves wadalunszuiunisin elianmisafvuauvasiisnvesaaailiiuvueuld
ogugnianazasuiu lnslenans GUM léasusegaumasiiinvesmnulsinueuvesnis
oluguuuy Type B ldun pawianainvessnasgiu analivtusuiiunannisaeuiiiey
AnuaziBenlunisin FBnsasuliiey anzuiedeslunisasuiiisy Jefmunnisldauain
ANER (1SO, 1995) 1umi‘dizLﬁwﬁﬂﬁﬁ’amuﬁ?uﬁaqmwﬁummLLazmiﬂizmsJﬁaﬁuaqm'mmmm
wAouiiindy Tnenalduiueulszannifsuuuunanszneivestayaunnatuldud
sUuuuMINsTemuuLAmAoniiui anuwmasy waggudy iWevnnfinnsansiuiuazdes
wUagUuunsnssatesaiusuuuuaaliviueunnsgu (standard Uncertainty)

nsUszdiuAiaulaibiueu 1nsgIu Type B anusaussgnalduuuraniavailuns
wansisaudiiusssisdgmivameimuaiiamsodululd wandusud 2.6 Tasdw

udnsdalatazdiunnuansdsane wisunissyd@nsnawaraud1fgvesniuly

1 dl a dy o o
HUUBUNNATUIINAINUVBIQNAT [15]

sample
weighing sample sample sample
dilution filtration chromatography

i non.'t tempe- \ . injection
Nty rature \ separation

repeatabili

sensitivity
tolerance maximum \
tempe'ra.ture permissible detection
ggetmicint o, integration .
buoyancy concentration
- » of analyte
repeatability e f injection in sample
calibration purity rature . separation
i max!mlflm detection
pipet permissible
/ error integration
temperature
reference reference reference
solution dilution chromatography

5UN 2.6 Msldunuginneuailunisseyfdninavesiunusanulidugueu [15]
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3) nsUsesliuAUlduuausIY

n1353uAIAN lLUNeUNIATE YRS y TAnTuanAultwiuouvesdunm (u(x,))
Feusznoumeauliuiueu Type A wag Type B lasunume u, (y) B9A1dINa1IAesINg
2 i | w Y aa

A09DINAUINVBIANNRUTUTINTI (1)) wansluaunish 2.14 LagHasINAIAINA1IRE75

dl 1 1 1 o L U dl
59791 2 YesmaTInAIAN Ll LeUMatdeT Auandluanns 2.15

u (y):(%

1

j uz(xl)+[i] uz(x2)+...+[ij u’(x,) (2.14)
0ox, 0.

X

n

u.(y) :ch;uz (%) EJZuz(y) (2.15)

4) msUszifivanalintusuveny

Tunsalfenuliniueunufianudesuliimemeiazlflun1aufUa Fainanall
wiususIgmAufMUsENoUAIAL (Coverage factor : K) feauntsil 2.16 Lilelwilsz iy
arandasiugediu vhlurrnesnumaubiiiueuiissiuammdesiu 95% Gadiszney

AIUANIAY 2 [16]
U=k,u(y) (2.16)

A1FIUsENOUATUANLEDNLARINATTIUANKAA t (t-distribution) 3INTEAUAINLT DI
(Confidence level) AineenisiazAtosnaInududasy (Effective Degree of Freedom) #9an
AanaausaAIuIuleannaunis Welch-Satterthwaite wansluaunisn 2.17

u; (y
Ve =3 uﬁ ()y ) (2.17)
i=1 Vi

nsinanuliiuueuvasssuunMsinaiunsawisoanidu 2 Uszan loun n1sinaaull
wiueuveaaisslofanazauliuiuouresisnisin Taen1suszifiunnaliviueuves
insesilofauileszymnusiugrvenniesdlefuazauannsalunsinvesgunsaluansluen
Auliwiusu Inganunsawtseantd 2 ngu Ae AuliuiueuvenIsaeulisy was Ay

=

wiugvanATeiloda d1usunisuseiiuanuliniueuveaisn1sie WudiwlsNuedns

[
0y

AN AT BRBYDIITNTTAkarSsaunTaviln s IUEIR UM ALY IN TIRTY

Ae
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2.5 MUITEIREIY9
Marinetti and Cesaratto [7] YnaueyngunsalnageunsinAtdulsednanisunsed
ANTeu Auansluguin 2.7 Usgnaumie (1) naeaduvlsnisa FLIR SC6000 lutieninueg

AaUNATa 3-5 pm Lagld Insb sensor ANawLBEA 640x512 pixel, (2) gUnsalingumnia

9 Y
v

RIbUUFURasde RTD Pt100 s?iqiﬁl,ﬂuﬁ’;a@uL‘171‘EJ°Uqmmﬁﬁi’miﬁﬁwuﬁuﬂﬁuﬁwEJ"N, (3)
wriulfnndounndiesns uay (4) ndesnsouusuliieufounasufogimadeunisly
naesA iiemuaunsuisidandunadoulined uarliiinaninnsasviousdiesiian
finnnsnandesdnenineufeunsrgs 30° fuiuasu Judesnsilinaaeuldud nseany
M nsEAwun U PVC A uas wiuogfidonvuiaidn lunismnaesindnduyseavdnisun
Yednudou TiAugamgiivestufiodidligelu 20 ssmuwadoa 1nguvniifes 9ntdy
IN5ANQMUNYIAINUABINTT thenidalavannluieszfmanduysyaninisussdni
Foumglusunsy MATLAB, ThermaCAM™

IR Camera

Sample
Hotplate

Uil 2.7 gngunsaivezou [7]

1NNINAAT WU ArduUsEANSNTuKTsdAuTeunldiianunataAdeuaIna

$radslupmsafiannzuansieiu Jahdldluneasddlunsingungiselnlsines

BuNTNIA 2 UHUNITVARDY Ae Ningumgintiniglueimsiasmyingamgiintdsnieuen

9113 lnowuin msdngumgiineusnenmsidnafinaraindeunnninnsingumgianely
U o

81A75 L1099 MNN15TRgn)dn18ueNe1ASIATUNANTENUIINNITNTAETIBUTIENNNRN

AuwndeuunnnIMIngauiinielueinis
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7 Wall T =-10°C

surr

(e = 0.85, T, = 15°C)

3UN 2.8 Myingaminiianislulaznigusnainsaigndasinenmauseu [7]

Shi et al [17] ld@nwivduuseandnisudfedanufouroauninndinn 304
(Steel304) lunszurumsiiaanusou Tngyinsmeaswneyngunsaifauandlusud 2.9 e
nsRaRsukuMANNdunsn 308 SUAmABIIUIA 107 cm? Tugnnass uarlinrusousie
FBslinszuamileniweasauivindiurasseuaufnnszuai AMvesusiumannd
13 304 Andewesludidauuu Pt-Rh type R fenisionuuvaninnsadosing iiold
Judaeuiiievaungl wazldiinsaadussd@dunsnsnuseian InGaAs photodiode
detector #inugniaduduNIza 1.5 um lasRnmsauautuseuusniiioannatesnisasioy
Ysdnningdulardsinden inimaasinisldiszuuauguLU PID-Control Faanansn

a

JuiinszezatunsauseundanuduNusfuduUsEansmswassdanusaunindule

heat insulaior

thermocouple
) R
5 J g a
E I detector
1N
£ J| /specimen|\,
5 J thermocouple

gﬂ‘ﬁ 2.9 YANAaouad Shi et al. [17]
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1 =y 4 14 [ 1 <@ 1% A

I1NNITNAE/BI WU Lll@Iﬁﬂ’ﬂlli@UﬂULLNUL‘VTaﬂﬂaWLﬂiﬂ 304 WaLeINTALAYTOUT
LY 1 [ = 1 1 [ a A a X 1%

AUNFNULLNULKAN Lll’e)l,’la?NWUlﬂLLNUL%aﬂ‘USEJﬁUNLﬂWU‘Ll wazanNsUsELaNamelusLnsy

ABNNIADT WU IealuiiuTun NN iluaL SEELIAINTT IANTEU AuuAgumall 830

=] 14

-1100 K danalvidagnaaeuiArdudssansniswnsadainuiouasdy eosniurdainy
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3.1 1A399N2AN IElUN1SNAEDU
3.1.1 ﬂélla\‘lihﬁlﬂ'lwau‘i/\l‘ﬁlﬁﬂ

naeg1en1ndunsTanldluauidedl Ae ndeedunsiisn Ju Tid00 (Fluke

=Y

Corporation, USA) ﬁ’ummlugﬂﬁ 3.1 (1) IefInsITUBUNTUIASULAUAINNEN IR LT LT
7.5 819 14 Tulasiuns 29391310 9aumail -20 §3 1,200 29ANGATEE kaTAUQNFDY £ 2
sawaldea 71 25 ssrwaldva wie 2% lasidenldafiunnnia ansreduseddunuy
Focal Plane Array, uncooled microbolometer, 320 x 240 Wniwwa, FOV 24 9911
(WLAUBL) X 17 997N (WLART), AINNALBIALBSIUT (IFOV) 1.31 mRad wazsezlialndan
15 g, Inglunisnaaesi 2 %qLﬁumimaaqLﬁaﬁﬂmma%mmaqLLazm’mazLé‘amaqmw
Audeu (FOV uay FOV) fildenisusssnaumiduussansnsuns@dunsise Iadnsly
gUnsniiadu fe 1aud (telephoto IR) il FOV 12 a4 (Luauew) x 9 o9 (WuIRs), IFOV
0.65 mRad wagszesliialnaan 45 gu. Aulmnaaausey (Thermal Sensitivity) winfiu
0.05 perAgalged Viqmmﬁ 30 perTaldud AR NAZISEATaIN AN UTISTEENS
uanseruuanslunei 3.1 Ineddns a fe d Tumsemaneda guues, yuue4RifingIa

JULRYD, TTELLUIUBU X STELLUIRG WAy laudsyezlng suansu

A15197 3.1 ANUALIBEATDININANTBY (Ti00) NT2eErneTeniningiufIngIadus 9

Distance (cm) FOV® (cm) IFOV” (cm)
50 21x16° 0.07 x 0.07°
100 42x31 0.13 x 0.13
300 126x94 0.39 x 0.39

300° 63x47 0.20 x 0.20
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Ao Tinguull, Argaumiiwindenie background temperature Uag A1 transmission
Hugu Tnedlousunsaninghamdna o sudadlousummmiiwessn 9 awanudeuss
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faIN1TIAITILRANTOU (A) N1TUSUAT emissivity  (9) n15USUAT background

temperature (3) M3UTUAN transmission wag (@) N15USU span 199 NAINTOU

3.1.4 1a3sllATzviasdUsznauTHn

1383 Energy Dispersive X-ray Analyzer (EDX) (gﬂﬁ 3.3) 1 Juadeafleldlunis
Ansedesdusznevyaadl  madinsigitan nieasivantan tnssruideildiaies EDX
é’m%’wmaaumsLiJ?iauLLanaﬂﬁﬂisﬂaumqmﬁuuﬁuﬁaﬁumqﬂﬂimﬂlmzwﬁmmsﬂw%ﬁ
nunnsldaunndanazisliiunisldou Ineinimeaeufiquiiamuiuazinse
AavantRvesTan (Awd.) aantiideInenmansuazmaluladuvisdsemalny (33.)

3.1.5 indesdiotnAdnungussuuiuAIvasing

sniTeildiedesiiotnninuvguse (Kosaka  Surfcorder  SE-40D) dwsuiiasnes
ﬂmé’ﬂwmzéﬁummmwﬁaﬁu%nmﬁwaaqﬂﬂimﬁluﬁzwﬁ‘immleﬂwﬁ”’qﬁchumﬂ%’muLLas
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3.2.2 MIANYINAYIYUNBIUATANALLDYAVDININBUNTUIA

yanmaBaLilaAnyInaTe LD (Viewing Angle) uazmuazLdunvasnmaunlsise
uansiagUl 3.4 Usznaude ndosdurlsnisn idandes wazgaiudnauiou Inafums
vosndesdienndunsnsafindsegiduntnvesiangafinninegfu Thermoelectric
cooling device (@wioluayly TEC ifuitade) Faldiluumaaniudou auaugamaiilagly
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Thermal Image Thermoelectric ™ || [ ]
Camera Cooler

- Heat Sink
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Power Supply
) I
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Side View LS
thermometer
Thermoelectric
Cooler
Thermal Image
Camera Distance
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o 100 cme
. . 50c¢
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3.23 NIANYINAYBENIIZWINGRNTUINY
nsveaestildyngunsainaass 311U 2 Ya Fesenaumegunsalnan 5 ddu laun
nansdunsLIn, wesluAlilasiin K, 9183ndes, IR-windows (Fluke, CLKT Type: 3, 12

indoor/outdoor use) kavyarnlinauiou fuandluzun 3.6

IR window Fluke
100-CLKT

Thermal Image

Camera
Thermal Image Camera

Calibrator (Black Body)

Fluke 9132
Surface
Thermocouple J
T(Space)
T(window1) T(window2)

@ O

Contact Digital Contact Digital
thermometer thermometer

(n)

Thermal Image
Camera

Reflect

IR Window material
(Fluke 100-CLKT)

Surface

“\Thermocouple
Contact Digital

thermometer .
Surface
Thermocoupl o
60
“ -/ Sample TEC module
—— |
Power Supply (Heat source)
|:| O Heat Sink

O

(@)

JUT 3.6 ¥ngunsainaaediioAnyInaveanIzlInRaNsauTng
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3.3.3 3BN13ANYINAVRIANITUINGIUTOUING
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1 I 1 v 1 = a (% =)
nsnaaoawundu 2 du o MsAneINSUAsULUaINSRIUNITURS @ WAL Na T

aad

A15a9H LAY IR-windows  Tlgaumgiiingg 905U 3.6 () Ysugumaiifiuives
blackbody (Ts) Fadugunsaiaeuiiisulviflgumgiiviniu 50, 100, 150, 200 wag 250 °C
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Abstract.This paper proposes a method based on the spectra response of IR detectors mounted on
thermographic camera for emissivity measurement at various target surface temperatures, while the
reflected temperature istaken into account, and also studies on the effect of surface roughness on the
emissivity value. The emissivity (€8-14um) of general engineering material such as iron, stainless
steel, brass, copper and aluminum obtained in this paper are in agreement with other literatures.
Finally, results found that the roughness and emissivity of equipment increases with increasing of the
operating time.

Introduction

The emissivity is a surface radiative property which is defined as how much radiation emitted by a
surface compared to a blackbody at the same temperature [1]. It depends on many factors such as
type of material, surface treatment (polishing, blasting, rolling, etc.), surface roughness, oxidation,
viewing angle, temperature, and wavelength [1, 2, 3]. The emissivityhighly influences to the
temperature measurement especially with infrared pyrometer as the amount of energy radiating
from the measured target object depends on the emissivity. The total signal captured by IR detectors
mounted on thermographic camera is mainly the emission and reflection of a target surface. In order
to obtain the accurate temperature measurement with infrared thermometer or infrared camera, the
user should know the emissivity of measured object and reflection from the object.The ASTM E
1862-97 [4] defined the reflection as the ‘energy incident upon and reflected from the measurement
surface of a specimen’ and reflected temperature depends mainly on the surrounding radiation.
Campo et al. [2] mentioned that the emissivity values should be measured in the operating
conditions. If this is not possible, the value could be searched from the research literatures.

Infrared thermography systems are suitable for a wide range of applications due to their
portability, real-time imaging, non-invasive and non-contact temperature measurement capability
[5]. There are many applications of infrared thermography such as estimation of internal temperature
in the product during heating process [6]; planning for preventive maintenance; determination of
thermal diffusivity of aluminum, copper and brass [7]; and inspection of process [8], etc. Most of
them are pointed that the advantage of thermal image camera is for the non-destructive testing. The
applications of infrared thermography can be divided into two groups: quantitative and qualitative
measurements. The qualitative temperature measurement displays the data in number. The accurate
measured value is very important. Therefore, the accurate emissivity is taken into account.

Several methods for emissivity measurement have been done. Some methodologies concerned
about the reflected temperature. Schurer [9] measured the IR emissivity in two wavelength bands,
providing the surface reflectivity with the use of a black painted hood with known temperature.
Datcu et al. [10] used a highly reflective and diffusive aluminum mirror to quantify the
surroundings mean radiation for improving the accuracy of surface temperature measurement. Some
researchers have studied about the effect of surface roughness on the emissivity value. Wen and
Mudawar [11] proposed the model to predict the emissivity from the surface roughness parameter.
They found that there was a good relationship between the emissivity of aluminum alloy surfaces
and surface roughness, especially with increasing temperature. The main drawback of many

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 161.246.233.66-16/09/13,09:37:09)
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methods was the complexity of the experimental setup. Recently, Marinetti and Cesaratto [3] have
proposed a method for emissivity estimation which was based on the spectral response of a specific
IR sensor without the use of reference materials. In their research the surroundings radiation was
unknown but kept approximately constant; therefore, the reflected temperature was neglected, and
its knowledge was not required. Thus, the non-sophisticate experimental setup for the emissivity
estimation was the advantage of this method. However, they found that emissivity values obtained
from the proposed method was influenced for outdoor temperature measurement, where the
knowledge of the reflected temperature was important.

According to the main advantage of thermal image camera (TI) is non-invasive and non-contact
temperature measurement, it is widely applied to many applications in outdoor conditions. The
accurate temperature measurement which effected from the emissivity value is required for
qualitative analysis especially when applied for the preventive maintenance of equipment. The
measured temperature highly influences to the operator in making a decision such as a maintenance
monitoring system of equipment in the electrical distribution system. Therefore, this paper proposes
a method based on the spectra response of IR detectors mounted on thermographic camera for
emissivity measurement at various target surface temperatures, while the reflected temperature is
taken into account. Also, this paper studies on the effect of surface roughness on the emissivity
value.

Principle of infrared thermography

Infrared thermography is a system of recording temperature by measuring infrared radiation emitted
from a target surface. A large number of point temperatures are measured over an area and form to a
thermal map of the target surface. For TI camera, temperature measurement method is converting
the infrared energy emitted from a measured target surface into an electrical signal via IR detectors
mounted on the camera and displays the true surface temperature as a colour or monochrome
thermal image or a number [5, 12].

The intensity of energy emitted by a blackbody (L¢) at temperature 7" can be obtained by the
Planck’s distribution law (Eq. (1)).

X CcA’
 aexp(C,/AT) ~1]

(M

Where C; is the first radiation constant: 3.741832x10 ' W-mz; C, is the second radiation
constant: 1.4388x102 m:K; A is the wavelength [m], and 7 is the absolute temperature [K].

However, for a real surface at the same temperature 7, the amount of energy emitted will be
smaller than that of a blackbody. The intensity of energy emitted from a real surface (L) depends on
its temperature and emissivity (g). The spectral emissivity (€,), a surface radiative property, is
defined as the ratio of energy emitted from a surface to that emitted from a blackbody at the same
temperature (Eq. (2)). Therefore, emissivity can be expressed as

_L(T)
EA(T)_M o

The emisivity can vary from 0 to 1 (perfect blackbody). It varies with the surface condition and
with temperature and wavelength.

As infrared thermography operates at a limited bandwidth, for example TI camera at a
wavelength range of 8-14 um, the emissivity measurement method using this TI camera could be
expressed as
T) — L8—14,um (T)

88—14;1m ( T)

)

0,8—14 um (
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The perfect blackbody will absorb all irradiation (G, W/m?), defined as the rate at which
radiation is incident on a surface per unit area of the surface. In practical situations, portions of the
irradiation may be reflected, absorbed, and transmitted (Fig. 1), depending on its wavelength and
angle of incidence. From a radiation balance on the medium, it follows that

G = Grer + Gaps + Gir (4)
then division by G, the equation can be expressed as
l=p+a-+t 5

where o, p and t are defined as the fraction of the total irradiation absorbed, reflected and
transmitted by a surface, respectively.

Since the signal detected by the IR detectors mounted on TI camera is a combination of energy
radiated (emission, E), absorbed, reflected and transmitted from surrounding target body, the energy
that reflected from, absorbed in, and transmitted through the target surface shall be known for
converting the thermal energy into the real surface temperature. If the transmission is neglected, the
total radiation is captured by TI can be expressed as

J=€E + (1-€)Gper (6)

where J is radiosity accounts for all the radiant energy leaving a surface. It represents the rate at
which radiation leaves a unit area of the surface. This radiation includes the reflected portion of the
irradiation (G), as well as direct emission from the surface (E) (see Fig. 2). It is generally different
from the emissive power depending on the emissivity value.

Radiosity
Reflection Irradiation \
Emission

Absorption A~~~ Semitransparent

medium

Reflected
portion of
irradiation

Irradiation

Transmission

Fig. 1. Absorption (Gaps), reflection (Gier), and
transmission (Gy) processes associated with a Fig. 2. Surface radiosity
semitransparent medium

Measurement system

The measurements were performed with a Fluke TI32 camera operating in the long-wave band (8 to
14 pm). The temperature measurement range is (not calibrated below -10 °C) -20 °C to +600 °C
(-4 °F to +1112 °F). The refresh rate of Image capture frequency is 9 Hz or 60 Hz, depending upon
model variation. Detector type is 320 X 240 Focal Plane Array, uncooled microbolometer with
operating temperature at -10 °C to +50 °C (14 °F to 122 °F). The amount of IR radiated from the
target surface, including emission and radiation, was detected by IR sensor mounted on camera.
Suesut et al. [13] proposed the experimental setup (Fig. 3) that consisted of an oven chamber to
heat up the sample and to ensure that the sample and reflected temperature is constant during the
testing, and a jig and fixture for holding the sample in the marked position inside the chamber. The
sample was placed with the fixture in the chamber and a thermocouple type K contact probe was
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used to measure and record the target surface temperature. The chamber can be provided the
temperature up to 300°C. The internal surfaces made from stainless steel for decreasing chamber
surface radiation to target sample. The experiment was started by heating the sample until its
temperature of 200°C and the cooling process was performed by the TI camera with an angle of 0°
with respect to the normal of the target surface.

Samples of different materials were tested for emissivity measurement: iron plate, copper plate,
stainless plate, aluminum plate, brass object as shown in Fig. 4 (a), (c), (e), (g), and (i), respectively,
and some equipment in the electrical distribution system such as terminal lug of load break switch
made from copper with tin plate; bolt and nut of distribution transformers. The effect of roughness
on emissivity was also carried out with the new and used electrical distribution equipment
approximately 3 years. The samples were performed the roughness test with Kasaka Surfcorder
SE-40D and carried out the surface analysis with Energy Dispersive X-ray Analyser (EDX).

The temperature of oven chamber was set in the range of 50 — 200°C. The sample was held in the
chamber and heated up to 200°C. The IR thermography was captured during the cooling process
with a temperature decreasing about 10°C. Simultaneously, the thermal radiation radiated from the
target sample surface was captured by IR sensors, and the temperature of the sample surface,
chamber surface, TI camera surface (ambient temperature) was measured by thermocouple type K
contact probes. The emissivity value presented on infrared thermography camera was adjusted until
the temperature of the target surface measured by a contact probe being close or equal to that

measured by TI camera.
Temperature controfler

dA1cos©
Thermameter

(Thermocouple Typa K}
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W)

Fig. 4. Real image and thermal image of (a and b) iron plate; (c and d) stainless plate; (e and f)
aluminum plate; (g and h) copper plate; and (i and j) brass object

The reflected temperature was required to set in the TI camera, measured by pointing the infrared
camera at the target object and measuring the apparent surface temperature of an infrared reflector
positioned on the target surface, which represents the reflected temperature of the object itself [4].
The reflection from the radiation of TI camera for various materials was presented in Fig. 4. In this
paper, the reflected temperature was recorded at the reflection area as shown on the display of TI
camera; therefore, for estimating emissivity € (7), the temperature measuring point must be located
in the reflection area as presented in circle line on Fig. 4 (b), (d), (f), (h), and (j). All materials
except brass have a smooth and quite gross surface. Their pictures have the same trend; the blue
colour presents the reflection from the TI camera located outside the oven chamber. In case of brass
object, it might be not suitable for measuring reflected temperature with this method. This is in
agreement with the reported in ASTM E 1862-97 [4], this method is not suitable for a diffuse
reflection.
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Experimental results

The emissivity (es.14.m) of general engineering material such as iron, stainless steel, brass, copper
and aluminum obtained from the method proposed in this paper was shown in Fig. 5. The emissivity
value depends on type of material. The values are almost constantly through the temperature range
of 50-200°C for all tested material types. Comparing among them iron plate was a highest
emissivity (0.81-0.88) and copper plate was a lowest one (0.16-0.28). The estimated emissivity of
various materials in this paper is in agreement with presented in the literature [14, 15, 16, 17].

The emissivity of new and three years terminal lug at a temperature of 50-200°C is presented in
Table 1. As seen from Table 1 and Fig. 6, when the operating time of equipment increases, the
roughness (in this paper) and the emissivity rises. This is in the expected since the emissivity of the
oxides is usually higher than the emissivity of the metal [2].
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Fig. 5. Emissivity of different materials

Table 1 Typical of surface roughness and emissivity of equipment

Type of equipment Roughness Emissivity
(Raa Hm) (88-14um)
New: Terminal lug T 0.45-0.71
Nut 2.0
Bolt 14 0.47-0.77
Three years: Terminal lug 9.1 0.43-0.69
N’ A 0.56-0.78

Bolt 3.2

lerm 130634

(b)
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Fig. 6. Images and SEM images x35 and x750 of equipment: (a) new terminal lug; (b) three years
terminal lug used; (¢) new nut and bolt; and (d) three years nut and bolt used

Conclusion and recommendation

A method for emissivity measurement based on the spectra response of IR detectors mounted on
thermographic camera is proposed. The experiment was carried out at a target surface temperature
range of 50-200°C. The reflected temperature is taken into account for this proposed method. It was
found that the emissivity (es-14um) Of general engineering material such as iron, stainless steel, brass,
copper and aluminum measured in this paper are in agreement with other literatures. The emissivity
value depends on type of material. The values are almost constantly through the temperature range
of testing for all material types. Comparing among them iron plate was a highest emissivity and
copper plate was a lowest one. Besides that this paper studied on the effect of surface roughness on
the emissivity value. It was found that when the operating time of equipment increases, the
roughness (in this paper) and the emissivity increase. Nevertheless, the obtained emissivity from the
proposed method needs to validate in the operating conditions for evaluating the accuracy of
temperature measurements, especially, in outdoor conditions.
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Thermal Image Resolution on Angular
Emissivity Measurements using Infrared
Thermography

T. Nunak, K. Rakrueangdet, N. Nunak, and T. Suesut

Abstract—This paper reports the effect of viewing angle and
thermal image resolution (IFOV and FOV) of Thermal Imager
(TI) on the emissivity, with a view to providing a potential
temperature monitoring of equipment in the electrical power
distribution system which the reliability of system is the most
important concern. The results show that the emissivity, which
is the most important parameter to obtain the accurate
temperature, is approximately constant at the viewing angle
less than 45°. In case of the changing of the object to detector
distance, this will not affect to the temperature measurement if
MFOV at the object level is smaller than the targeted object.
This can be concluded that TI is an effective tool to measure the
temperature and monitor the failure of electrical equipment
installed in the position at far away from the operator.

Index Terms— Emissivity measurements, thermal imager,
viewing angle, thermal image resolution, electrical equipment

I. INTRODUCTION

MISSIVITY (€) of object and infrared detector-to-object
distance are technical factors for an accurate infrared
thermography measurement which are the source of
uncertainty in temperature measurement with the infrared
camera. Emissivity values play a significant role in the
determination of correct temperature of an object surface.
Emissivity depends on many factors such as temperature,
surface roughness, wavelength, and viewing angle [1], [2],
[3]. In general, emissivity of a real surface is interested in
emission at a given wavelength or in a given direction, or in
integrated averages over wavelength and direction [4].
Thermal imager (TI) or infrared thermography is a novel
nondestructive technique that measures the temperature of
an object remotely by measuring infrared radiation emitted
by an object surface. It can be used as a tool for monitoring
process and preventive maintenance since the faults
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generally presented with abnormal temperature distribution
and easily detected by thermal image [2]. Electrical
inspection is one of the monitoring applications that has
successfully utilized from TI. The reliability is the most
important topic that engineer who takes responsibility of the
electrical power distribution system needs to concern in
order to avoid the failure of equipment. This causes to the
Condition Based Maintenance (CBM), based on using the
real-time data, involves to the electrical system and need to
be achieved maintaining the correct equipment before its
failures actually occur. The contact measurement of
temperature of the electrical power distribution system is
usually impossible to achieve, whereas TI can be an
effective tool to success [5], [6].

For accurate measurement of electrical equipment
temperature by an infrared camera, emissivity and object to
camera distance need to clearly understand. Since increasing
of object to camera distance can decrease the spatial
resolution of a thermal imaging system. This can affect to an
accurate thermal image and can be achieved by choosing the
right TI with the appropriate application. Spatial resolution
is explained in many specifications of TI such as FOV,
IFOV, and detector array [2].

There are several performance parameters of TI, which
effected to a sharp and accurate thermal image, e.g. spectral
range, temperature resolution, frame rate, and spatial
resolution or thermal image resolution [2]. Some researchers
have been studied about these parameters, e.g. Muniz et al.
[7] have proposed the use of experimental models for error
correction in temperature measurement by thermal imager
due to the influence of the field of view of the imager’s lens,
combined with varying viewing angles between the
measured object and the imager. However, they have not yet
studied the accurate temperature measurement in the
viewpoint of emissivity changes due to the thermal image
resolution.

Also in general, the emission of a real surface differs from
the Planck distribution. Emissivity of real surface obtained
from TI with the specific infrared spectral band should be
presented at a given direction. In 2011, Suesut et al. [8] have
been studies the emissivity of electrical distribution
equipment at a normal direction over wavelength band from
8 um to 14 um. Nevertheless, equipment in the electrical
distribution system is installed at the approximately height of
10 meters above ground level, the operator who carry the TI
for measuring the temperature of equipment usually is at an
angle of elevation of 45° with the targeted object.
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Therefore, the main objective of this paper was to study
the effect of viewing angle and the thermal image resolution
(IFOV and FOV) of TI as the influence of instrument on the
emissivity, with a view to providing a potential method
capable of actual implementation. Also, consideration about
these parameters has the benefit to operator for choosing an
appropriate thermal imager because they had an influence on
an accurate temperature measurement.

II. THEORETICAL BACKGROUND

A. Basic Principle of Thermal imaging

An object emits infrared radiation at a temperature above
0 K. The amount of radiation emitted by an object depends
on its temperature and emissivity. Emissivity is defined as
the ratio of energy emitted from an object to that of a
blackbody at the same temperature. In general, the spectral
radiation emitted by a real surface differs from the Planck
distribution (Fig. 1). Emissivity of real surface is interested
in emission at a given wavelength or in a given direction, or
in integrated averages over wavelength and direction [4].

Directional
Distribution

7

Fig. 1. Radiation emitted by a real surface at various directions or viewing
angles (0)
Source: Fundamentals of Heat and Mass Transfer [4]

For temperature measurement of an object with TI
camera, the infrared radiation emitted from a measured
object is converted into an electrical signal via IR detector in
the camera and then processed into a thermal image which
displayed a large number of point temperature over an area
in form a thermal map of the measured object surface [2],
[91.

B. Thermal Image Resolution

Thermal image resolution or spatial resolution is an
important parameter, e.g. field of view (FOV), instantaneous
field of view (IFOV), detector array, considered for
choosing the infrared camera.

Fig.2. Spatial resolution at a different object to camera distances
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This parameter can be used to indicate the ability of the
camera to distinguish between two objects in the field of
view. It primarily depends on object to camera distance, lens
system and detector size. Thermal image resolution
decreases with increasing object to camera distance as
shown in Fig. 2. Lens system with small field of view has
higher spatial resolution. Finally, detectors with larger
number of array element will produce thermal images with
better spatial resolution [2].

III. EXPERIMENTS

A. Experimental Setup

The equipment required for the experiments consists of an
infrared camera of a thermal imager, a tripod of camera
stand, and a heating unit. Fig. 3 shows the schematic of a
typical experimental setup, where the thermal imager camera
is placed suitably in front of the sample placed on
thermoelectric cooling device (TEC) constructed on the
holder. TEC was used as a heat source. The temperature was
controlled by a DC power supply (24 V 2.1 A) with a
current regulator circuit. In order to measure the emissivity
at various directions, a special sample holder was used to
enable adjusting of the samples direction as shown in Fig 3.

The acquired thermal images are displayed on the TI
screen and stored in the personal computer and real time
temperature of the sample can be remotely measured.
Typical thermal images of samples at normal direction and
45° to the normal direction along with their original
photograph are presented in Fig.4.
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Fig. 3. Schematic of a typical experimental setup

B. Thermal Imager (TI)

Infrared detector with a band pass filter from 7.5 um to 14
pum was used in experiments. A portable infrared camera or
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thermal imager TIi400 (Fluke Corporation, USA), with a
temperature measurement range of -20 to 1,200°C and an
accuracy of £2°C at 25°C or 2%, whichever is greater, was
used in experiments. The thermal detector was a Focal Plane
Array, uncooled microbolometer of 320 x 240 pixels with
the field of view 24° (horizontal) x 17° (vertical), spatial
resolution (IFOV) 1.31 mRad and minimum focus distance
of 15 cm. An addition lens type (telephoto IR) with the field
of view 12° (horizontal) x 9° (vertical), IFOV 0.65 mRad
and minimum focus distance of 45 cm was also used. The
thermal sensitivity was 0.05°C at 30°C. Thermal images
were analyzed by thermal imager software Fluke

(2)

(h)

TABLE 1
THERMAL IMAGE RESOLUTION OF THERMAL IMAGER (T1400) AT
VARIOUS OBJECT TO DETECTOR DISTANCE

Distance FOV* [FOV®
(cm) (cm) (cm)
50 21x16° 0.07x0.07°
100 42x31 0.13x0.13
300 126x94 0.39x0.39
300° 63x47 0.2x0.2

“Field of View; *Instantaneous Field of View;
“Horizontal size x vertical size; IR tele lens type

SmartView® 3.5. The thermal image resolution of Ti400 at
different distances is presented in table 1.

Fig. 4. Typical (a, d, g) original photograph and thermal images (b, e, h) at normal direction
and (c, f, i) at 45°to the normal direction of blackbody, black painted sheet, and galvanized
zinc sheet, respectively

C.Measurement Method

Three types of experiments were carried out. The change
of emissivity of targeted object due to variations in viewing
angle was studied. Then, the effect of IFOV and FOV
changes on emissivity was investigated by changing the
object to detector distance and lens type. The radiation
emitted from the sample is measured using an infrared
radiation detector, which has been calibrated at a blackbody
model 9132 (HART Scientific, USA) during separate
measurement in order to ensure that the obtained results
from each experiment had no effect of the instrument.

Temperature of sample surface measured by TI was
simultaneously = measured with a J-type contact
thermocouple, in order to record the actual temperature,
which are placed on the sample surface, close to the area
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viewed by the infrared detector. Emissivity of the object at
each condition as displayed in TI was adjusted until the
temperature measured with TI equal to that of a
thermocouple, then the adjusted emissivity is the actual
value of the object. The reflection temperature or sometimes
call the background temperature (Tpg) is a parameter that
affects the emissivity measurement; therefore, it was
monitored during experiments for determining the reflection
of radiation of the surrounding. In this study, Tpg was
between 25.1°C to 26.4°C.

Experiments were performed on two types of samples:
square piece of black painted sheet, as a representative of the
high emissivity sample, and galvanized steel sheet, as a
representative of the low emissivity sample, as a part of the
electrical distribution equipment such as PG clamp,
connector or bolt. The sample coated with a black-paint for
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Fig. 5. Emissivity of (a) blackbody device, (b) black painted sheet, and (c)
galvanized zinc steel sheet as a function of the emission angle at distance of

50 cm, 100 cm, 300 cm, and 300 cm with addition tele infrared lens

enhancing surface emissivity. The emissivity of each sample
was measured at the temperature of 50°C normal to the
surface and at the viewing angles 15°,30°, 45°, 60 °, and 75°
to the normal direction at object to detector distance of 50
cm, 100 cm, and 300 cm. For each viewing angle the same
sample was used for emissivity measurement. Each
experiment was repeated three times and the average value
was taken from the recorded data.

IV. RESULTS AND DISCUSSIONS

A. Effect of Viewing Angle on Emissivity
The first experiment was carried out to understand how
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the angle of view was influenced to the emissivity. Changing
in the emissivity was recorded in each direction, and results
for all samples are shown in Fig. 5 (a, b, and c). It can be
seen that the emissivity of all three types of samples is
approximately constant over a range of viewing angle and
dramatic changes to increasing or decreasing with increasing
of viewing angle depends on sample types. Emissivity of
blackbody device and black painted sheet starts to decrease
at the angle beyond 45°, whereas that of galvanized zinc
steel sheet increases at this viewing angle. These results are
in agreement with reported in the textbook of Fundamentals
of Heat and Mass Transfer [4], which explained about the
influence of viewing angle on emissivity of a surface. For
emissivity of conductors, it is approximately constant over
the range of angle less than or equal to 40 (6 < 40°), after
which it increases with increasing of angle. In contrast, for
the emissivity of nonconductors, it is approximately constant
for angle less than or equal to 70 (6 < 70°), beyond which it
decreases sharply with increasing of angle.

B. Effect of distance between object and detector on
Emissivity

The increasing of object to detector distance causes the
increasing of the size of a single pixel (IFOV) and the
horizontal and vertical enlargement of the total measuring
field (FOV) at the object level as explained in Fig. 2. FOV
and IFOV of TI at various distances is shown in Table 1. It
can be seen from the results in Fig. 5 (b and c), the
emissivity for all distances at the same viewing angle are
quite similar. This is thought to be due to the measured size
or measurement field of view (MFOV) at the object level is
smaller than the targeted object, as a highlighted rectangular
frame on the picture in Fig. 4, for all objects to detector
distances and all viewing angles even IFOV and FOV are
changed.

C. Effect of Lens type on Emissivity

Changing IR lens from standard type to tele type can also
changes the thermal image resolution as I[FOV and FOV
changed. It can be seen from the Fig. 5 (b and c) that the
emissivity of both standard lens and tele lens at the same
distance (300 cm) has almost the same values. This can be
explained with the similar reasons of changing in object to
detector distance. However, it was found that there is a slight
variation in the results of the galvanized zinc steel sheet at a
distance of 300 cm. This is probably due to the emissivity of
this sample is quite low, causing to the sample meets the
large effect of the surrounding radiation.

V.CONCLUSION

From the importance of accurate temperature
measurement using TI, especially when used for monitoring
the operation of the electrical power distribution system that
the reliability of system is the most important thing, this
paper reports the effect of viewing angle and thermal image
resolution (IFOV and FOV) of TI on the emissivity, with a
view to providing a potential method capable of actual
implementation. The results show that the emissivity, which
is the most important parameter to obtain the accurate
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temperature, is approximately constant at the viewing angle
less than 45°. Although changing of the object to detector
distance causes to change the thermal image resolution, this
will not affect to the temperature measurement if MFOV at
the object level is smaller than the targeted object. This can
be concluded that TI is an effective tool to measure the
temperature and monitor the failure of electrical equipment
installed in the position at far away from the operator.
Nevertheless, most of electrical equipment has the low
emissivity that will be affected from the surrounding
radiation. Their exact values of emissivity at each angle
should be reconsidered with concern the reflection, and also
the results should be brought to determine the emissivity
correction methodology at different angles in further
research.
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Surrounding Effects on Temperature and
Emissivity Measurement of Equipment in
Electrical Distribution System

T. Nunak, N. Nunak, V. Tipsuwanporn, and T. Suesut

Abstract—This paper reports the effect of surrounding
conditions, e.g. IR radiation through IR window and the
reflectivity and temperature of internal surface of chamber on
the temperature and emissivity measurement. The results show
that the transmission percentage of IR window is about 50 for
all IR temperatures, except when the target temperature was
the same as the surrounding temperature (T,). At this
condition (T = T.), the temperature readings were almost the
same for all percentage of IR window. The accurate
temperature measurement can be achieved by adjustment of the
transmission correction in the IR camera or in the software.
Considering the effect of materials surface and temperature of
chamber, it can be concluded that the surrounding conditions
can affect to the accurate emissivity measurement only with the
high reflectance object, whereas the high emissivity object has
no effect from the surround.

Index Terms— Temperature and Emissivity measurement,
Reflectivity, Infrared thermography, IR window, Electrical
distribution system

I. INTRODUCTION

E LECTRICAL distribution system has the main function
to deliver the electricity from the transmission system to
individual consumers. It consists of the utility electricity
production, high voltage distribution, switchyards and
substations, service transformers, switchgear, breakers, and
meters [1]. The failure of electrical power distribution
system can be occurred from many issues, e.g. poor surface
contact, under-sized conductors, eddy current, loose
connections or excessive current flow, causing to an unusual
heat distribution as a hot spot around the equipment, and can
be inspected with a contact or non-contact thermometer. For
this application, an infrared thermography or thermal image
(TT) camera, the non-contact temperature instrument, can be

Manuscript received June 29, 2015.

T. Nunak is with the King Mongkut’s Institute of Technology
Ladkrabang, Faculty of Engineering, Ladkrabang, Bangkok, 10520
Thailand (corresponding author to provide phone: 66-2-329-8347; fax: 66-
2-329-8349; e-mail: teerawat(@ measuretronix.com).

N. Nunak is with the King Mongkut’s Institute of Technology
Ladkrabang, Faculty of Engineering, Ladkrabang, Bangkok, 10520
Thailand (e-mail: kbnavaph@kmitl.ac.th).

V. Tipsuwanporn is with the King Mongkut’s Institute of Technology
Ladkrabang, Faculty of Engineering, Ladkrabang, Bangkok, 10520
Thailand (e-mail: ktvittay@kmitl.ac.th).

T. Suesut is with the King Mongkut’s Institute of Technology
Ladkrabang, Faculty of Engineering, Ladkrabang, Bangkok, 10520
Thailand (e-mail: kstaweep@kmitl.ac.th).

ISBN: 978-988-19253-6-7
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

used as an effective tool to inspect the equipment before
their failures actually occur in order to maintain the
reliability of the system which is the most important topic
that needed to be taken into account from the electrical
engineer who takes responsibility. This implementation is
called the Condition Based Maintenance (CBM) [1] [2] [3].

An accurate temperature measurement of the electrical
equipment is an important decision variable for the
preventive maintenance of the electrical system. It can be
affected from many factors: technical skill of the
thermographer; technical factors or specification of an
instrument such as thermal image resolution and thermal
sensitivity; environmental or surrounding conditions such as
relative humidity, temperature, wind speed, electric current
load of the targeted equipment, and its emissivity. Several
researchers have been studied on the emissivity
measurement because it has a significant role to the
temperature measurement of an object with TI camera [4]
[5]. Emissivity is a surface radiative property, which relates
to the amount of radiation emitted by an object [6]. In case
the wrong emissivity value is entered into the TI camera, the
displayed temperature on screen will be wrong.

Suesut et al. [7] and Nunak et al. [8] have been proposed
the emissivity measurement method and have been reported
the emissivity values of several electrical distribution
equipment, e.g. terminal lug, bail clamp, driving stud, and
insulators, which made of many types of materials, at the
temperature range of 30°C to 200°C. They estimated the
emissivity of object during the cooling process. The
temperature of hot object is decreased with the convective
heat transfer between the ambient air and hot object via the
prepared aperture in front of the chamber. This may cause to
be the source of uncertainty in measurement because it is
difficult to maintain the constant temperature. Besides that,
they chose the stainless steel to be an internal surface of
chamber with the reason for decreasing the radiation from
chamber surface to sample. However, this may be not true
for all types of materials.

Therefore, the main objective of this paper is to study
effect of surrounding conditions i.e. (1) mounting the
infrared window (IR window), which is the infrared-
transparent window, at the aperture in front of the chamber
for controlling the temperature to be constant during the
testing and (2) considering the characterization of internal
surface of chamber, i.e. reflectivity and temperature of
internal surface of chamber on the accurate temperature and
emissivity measurement of tested samples.
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II. THEORETICAL BACKGROUND

A. Thermal Radiation (Emission and Irradiation)

All objects emit thermal radiation at a temperature above
0 K. The mechanism of emission is related to energy
released as a result of oscillations or transitions of electrons
within the matter. The amount of radiation or emission (E)
depends on its temperature and emissivity (g), and the
magnitude varies with wavelength and direction. Emissivity
is defined as the ratio of energy emitted from an object to
that of a blackbody at the same temperature. It depends
strongly on the nature of the surface, which can be
influenced by the method of fabrication, thermal cycling,
and chemical reaction with its environment [6].

Incident radiation may originate from emission and
reflection occurring at other surfaces (Fig. 1). The intensity
of the incident radiation may be related to an important
radiative flux, terms the irradiation (G), which encompasses
radiation incident from all directions. It may be incident
from all possible directions, and may originate from several
different sources.
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Fig. 1. Incident radiation.
Source: Fundamentals of Heat and Mass Transfer [6]

B. Surface Reflection, Transmission, and Radiosity

Reflectivity (p) and transmissivity (t) are properties to
characterize the reflection and transmission (Fig. 2 (a)). In
general they depend on surface material and finish, surface
temperature, and the wavelength and direction of the
incident radiation. The reflectivity is determined as the
fraction of the incident radiation reflected by a surface, also
depends on the direction of the reflected radiation. Most
engineering applications assume the medium to be opaque to
the incident radiation (t =0) and the diffuse reflection (Fig. 2

(b)) [6].

Incident ray

Reflection Irradiation
v
- <

(a) (b)

Fig. 2. (a) Refection and transmission of semitransparent medium, (b)
diffuse reflection.
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Radiosity (J) represents the rate at which radiation leave a
unit surface. This radiation includes the reflected portion of
the irradiation and the direct emission from the object
surface.

III. EXPERIMENTS

A. Experimental Setup

There are two sets of the experimental setup (Fig. 3),
which consists of five main equipment, e.g. an infrared
camera (Ti-400, Fluke Corporation, USA), J-type contact
thermocouple, a tripod of camera stand, IR window (Fluke,
CLKT Type: 3, 12 indoor/outdoor use) and a heating unit, as
explained the detail of some equipment in Nunak et al. [5].
Thermal images were analyzed by thermal imager software
Fluke SmartView® 3.5. The infrared radiation detector was
calibrated before performing the experiment in order to
ensure that the obtained results from each experiment had no
effect of the instrument.

IR window Fluke
100-CLKT

Thermal Image
Camera

N Thermal Image Camera

Calibrator (Black Body)

L i Fluke 9132
-

Surface
Thermocouple
TiSpace)
T(window) T(window?2)

(g O

a0

i

VG

Contact Digital
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Fig. 3. Schematic of a typical experimental setup.

Fig. 3 (a) shows a schematic of the experimental setup for
studying the changes in radiative properties of IR window
(emission and transmission) at various surface temperatures.
The measured object, in this experiment was Blackbody
(model 9132, HART Scientific, USA), which the emissivity
is known, i.e. 0.95). An IR camera is placed in front of the
Blackbody in order to obtain the normal direction (6 = 0°) to
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the object surface. Fig. 3 (b) shows a schematic of the
experimental setup for studying the effect of reflection on
the tested sample. An IR camera is placed at the viewing
angles 45° to the normal direction (6 = 45°) [5]. The sample
placed on thermoelectric cooling device (TEC) constructed
on the holder for heating the sample. The temperature was
controlled by a DC power supply (24 V 2.1 A) with a
current regulator circuit. Inside the chamber, the reflective
material (very low emissivity) and general material (high
emissivity) were placed on the surface of chamber for
considering the effect of reflection on the emissivity of test
samples.

C.Measurement Method

Two types of experiments were carried out. Firstly, the
experiment was studied on the change of emission and
transmission through IR window due to variations on surface
temperature. From Fig. 3 (a), blackbody was set at the
temperature of 50, 100, 150, 200, and 250, respectively. At
each blackbody temperature (Tpg), three thermocouples
were used for recording the temperature of medium (air)
between IR window and blackbody, IR window at inside
area (closely to blackbody), and IR window at outside area.
The Tgp was measured using TI camera. The IR detector
received the IR radiation of blackbody emitted through IR
window and then processed into a thermal image which
displayed temperature over an area in form a thermal map
[2] [9]. Emissivity in TI camera was set at 0.95 for the
blackbody. Percentage of transmission in the TI camera was
adjusted from 10 to 100 every 10 percent. The temperature
that obtained from TI camera at each percentage of
transmission was recorded. The reflection temperature or
background temperature (TBG) in TI camera (Fluke) was
monitored during experiments for determining the reflection
of radiation of the surrounding. In this study, TBG was
about 29°C.

The second experiment, effect of reflection on emissivity
was investigated by changing the material types placed on
the surface chamber at different surface temperatures of
internal chamber. Two types of samples were tested in this
experiment, i.e. square piece of black painted sheet as a
representative of the high emissivity electrical distribution
equipment (bail clamp and connector splice compression)
and galvanized steel sheet as a representative of the low
emissivity equipment in the electrical distribution system
such as drop fuse and terminal lug of load break switch SF6.
At the internal surface chamber was mounted with two types
of materials having the different reflective radiation. The
experiment was divided into three groups, i.e. sample
temperature (T;) is lower than internal surface chamber
temperature (T, (Ts < T¢), Ty = Te, and Ty > Te. The
experiment was performed at the sample temperature of
30°C (room temperature) and 50°C, and also the chamber
temperature was set at the same temperature of tested
sample. The infrared radiation emitted from sample was
detected by infrared detector through IR window which
mounted in front of the tested sample. The percentage of
transmission IR window was set at 50 as obtained result
from the first experiment. The reflection temperature or
background temperature (Tpg) in TI camera (Fluke) was set
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at a temperature of Tc Thermal image of tested samples
from each experimental group was captured by TI and
recorded for considering the effect of reflection occurred.
The emissivity of each sample as displayed on TI camera,
which considered in the infrared radiation area of 0.5 cm’
locating at the center of each thermal image as a highlighted
rectangular frame on the picture in Fig. 5, was adjusted until
the presented temperature equal to measured temperature by
a thermocouple contacted with the sample surface. Each
experiment was repeated three times and the average value
was taken from the recorded data.

IV. RESULTS AND DISCUSSIONS

A. Effect of temperature measurement through IR window

As we knows the IR window transmittance is an important
parameter for accurate temperature measuring. The more
accurately IR window is known, the more accurately
temperature is obtained [10]. Figure 4 gives the
transmittance results for the IR window at the target
temperature from 30°C (room temperature), 50, 100, 150,
200, and 250°C, which IR window temperature was

200 =0 ——100 ——150

o 350 ——200 —e—250 —=—30
£ 300
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(=]
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Fig. 4. IR transmission vs. target (blackbody) temperature from 30°C to
250°C.

approximately 32, 35, 41, 50, 57, and 65°C, respectively.
It can be seen that the transmission percentage of IR window
is in the range of 50 to 55 for all IR window temperatures
which related to target temperatures or blackbody
temperatures (in this experiment), except when the target
temperature was the same as the surrounding temperature
(Tsy). At this condition (T = T,), the temperature readings
were almost the same for all percentage of IR window.

The transmission percentage of IR window at 100%
means all energy leaving from the target surface, which is
called radiosity, can directly radiate to IR detector. When
the infrared energy radiate through IR window, not all of the
infrared energy emitted from the objects of interest is
transmitted through the optical material in the window. The
decreasing of transmission percentage causes the decreasing
of the energy emitted to the IR detector. This will affects to
the accurate temperature measurement. However, this can be
achieved, if the transmission percentage of the window is
known. The accuracy of temperature measurement can be
obtained by adjustment of the transmission correction in the
IR camera or in the software.
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B. Effect of reflection on emissivity measurement

This experiment was carried out to understand how the
reflection had an influence to the emissivity measurement.
Figure 5 shows the picture of thermal image of tested sample
under the different control surrounding conditions, i.e.
material reflectivity and temperature. At the target
temperature and surrounding temperature or reflection
temperature or background temperature being the same (T, =
T.), the pictures of thermal image obtained from the sample
having low and high emissivity with the reflection from
internal chamber surface having low and high emissivity
present the same (pictures not shown). This can be explained
from the discussion of previous topic and the theory of
radiosity [6]. For this situation, it is impossible to measure
the emissivity because the temperature of sample was
constant even the emissivity changed. In case of black
painted sheet, the measured emissivity had no effect from all
surrounding conditions as presented in Table 1. However,
Fig. 5 (b) shows the image being colder than others in Fig.5
(a, ¢, and d) since the sample emission was lower than the
reflection. All thermal images of galvanized steel sheet in
Fig. 5 shows the non uniform energy radiated to IR detector.
Image in Fig. 5 (e and g) represents the low energy radiated

(a) (b)
(e) ®

to IR window because the emissivity of tested samples is low
and the emission from chamber surface is also not much.
Considering images among Fig. 5 (e, f, g, and h), image in
Fig. 5 (f and h) has the brightness higher than other images
or looks warmer than others since the galvanized steel sheet
is a low emissivity object and can reflect a lot of IR energy
radiated from the high temperature of chamber. Comparing
at the same temperature of chamber, it can be seen that the
material of chamber surface having a high emissivity Fig.5
(g and h) can affect to the accurate emissivity measurement.
This cause to almost IR energy radiated to the IR detector is
the reflection from the chamber surface instead of emission
from sample surface. In case of galvanized steel sheet having
a high reflectance, the measured emissivity was affected
from the surrounding conditions, although the infrared
energy radiated to IR detector was compensated by setting
the condition e.g. surrounding temperature, in the TI camera.
Therefore, it can be concluded that the surrounding
conditions can affect to the accurate emissivity measurement
with the high reflectance object, whereas the high emissivity
object has no effect from the surround. The emissivity of
tested sample using TI camera at different surrounding
conditions is shown in Table 1.

(©) (d)
(€] (h)

Fig. 5. Typical thermal images of black painted sheet (a, b) at T~ T, and (¢, d) Ts < T. ; and galvanized steel sheet (e, f) at T~ T, , and
(g h) Ts<Te .

TABLET
EMISSIVITY OF TARGET SAMPLE AT VARIOUS SURROUNDING CONDITIONS

Types of Chamber surface
materials High reflectance Low reflectance
Temperature 30°C 50°C 30°C 50°C
30°C
Black - 0.96 (b) - 0.96 (d)
painted sheet 50°C 0.96 (a) _ 0.96 (c) _
Galvanized 30°C . 0.27 (9 N 0.26 (h)
steel sheet
50°C 0.24 () : 021 (2) ;

Remark
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alphabet (a, b, ¢, d, e, f, g, and h) presented in table referred to pictures in Fig. 5
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V.CONCLUSION

As thermography or thermal image (TI) camera, the non-
contact temperature instrument, can be used as an effective
tool to inspect the electrical distribution equipment before
their failures actually occur in order to maintain the
reliability of the system. An accurate temperature
measurement of the electrical equipment, based on the
emissivity of each object, is an important decision variable

for this applications. This paper reports the effect of

surrounding conditions, e.g. IR radiation through IR window

and the reflectivity and temperature of internal surface of

chamber on the temperature and emissivity measurement.
The results show that the transmission percentage of IR
window is about 50 for all IR temperatures. The accurate

temperature measurement can be achieved by adjustment of

the transmission correction in the IR camera or in the
software. Considering the effect of materials surface and
temperature of chamber, it can be concluded that the
surrounding conditions can affect to the accurate
measurement of the high reflectance object, whereas the high
emissivity object has no effect from the surround.
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