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ABSTRACT

This thesis proposes the technique to measure the band emissivity of sweet
basil seed, job’s-tears, flour, water, tomato sauce, aluminium plate, rough and
smooth stainless steel plates, copper plate, and acrylic plate using the infrared
thermography with a band pass filter from 7.5 ym to 13 pm. The experimental setup
consists of an infrared camera, K-type contact thermocouples, a tripod, a water bath,
aluminium plate as a heat conduction material to the tested sample, a reference
material, and the environmental control chamber with two types of lining materials,

i.e. aluminium foil as a high reflective material and black paper as a low reflective

material. Results were found that € values measured from infrared thermography
and calculated from theory of radiation were in agreement of the findings from other
literatures. The group of low reflective materials could be tested in the
environmental control chamber with any types of materials lining in the internal
surface. Whereas, the group of high reflective materials should be tested in the
environmental control chamber with having a higher reflectivity value than the

tested sample. The calculation of emissivity with the theory of radiation was more

suitable method for the € estimation of high reflective materials
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(Thermal  radiation) @sflAnuenandy (1) daud 10 - 100 um Useneusie g1uded
Junsusn (R)  Beflememedudaud  075-100  pm sukasdsdiannuenadu
faud 03 -0.75 um  wazdusadganiilileuan (UV) visdru deflenmenadudoug 0.1 -

0.3 pm [1, 13] aUARTUYaeEUNITUHTIAANUTOULAAIAITUN 2.1



Thermal Radiation
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-
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|
10° 16"

JUN 2.1 awlansuvedgunsukSsdauseu [15]

¥
3 1

USunaunsunssdanuioutuegivenngiivesing draauempauwdmianiuinfu

a

20NINIAG harfiAN1NITUHIIEANNToU TngUSinunisussidausauaenaningiiniu

Tuynfienauuuiidansenausasluisasiamadivsinambivindiudaandugd 2.2 o r fe

o o

ANAUINNITUIAIUTUNYDINTTHESIFAIINSTOU 0 AD YUNNIAMBUAULLIAT (LAY Z) K30

3

[

138071 Polar angle W@z @ A9 LU IﬂEJﬂ’mﬂU‘Ll‘W‘lﬁ’]UU‘Ll%’]‘L!‘S”IﬂU‘U’eNﬂiniﬁﬂazu

9

(Azimuth angle) W3oUNTzUW XY anguaziiulsdimneimgm 0 ssmduiufsiuTnm

AsfunsuRSsdanusousniign nsaiftingiuinamswissdanufeusonuuintun

NAn193endT “Diffuse emitter”
Tnsarudunesisdfiuieaninagfiansanandnsmsuiiadioonaniiufides dA, s

asuuiiuiges dA, ludnumuzvesusuzunsay (Solid angle) Usunaanananisadeuly

aa A < [

JUTBIANITUNTUHT AT IaUnasu (Spectral intensity ho) §aiflen Ao Wundsay

a

A¥eu (dg) Tignuanvdeseenuiiiaiimeianau A Tufianie 6, ® devndaneiudiiag

oy

uwngad Auitemafidsannfiunsunsad) s sU#1 2.3 (A) Alovae solid angle (miheiduame

=

LSLAEY 1 ST) AZABTINANNENIAAY dA AU LVBINSWHSIETN T WLIARURIAINITHES I

¥
= aa = o w Ty a =l a lw a1

(Emissive power) Faililenums Aaen1sunsedvasiiuimToUsununsuHTddemitenun
1agdn3In1suNSIdannilaniasiiuiiialugisanueiadunilinasanniianiasendn

.. E 2 o v X A \
Spectral emissive power (£2: W/m™.um) LLaza@mmﬁLLmaamﬂwummunﬁuaaiunﬂﬂawu

a

{ a ! . . 2 2 ¥
gIndukazYNTIAIE3and1 Total emissive power (E: W/m".um) sningiifiuRadunuy

[
a i

Diffuse emitter 3a8nInN1suwaTidnuTouTuegiunuIAfuLar g iudliuegiv

Y

[

fiemgagladn B2 () = L (D) FeagUliimdsnumnudeuiiuieanunainiiuiaing fe

ANILVUNNT RS IFANUS DUTULD



> ‘ nA
=0
2 (r.8,¢) |
e r '
Directional LV | 2 /// 4
distnbution / 2 W '
/ s s
% PSP dA1 cose
/ -y A7 277
—— —r ’_ - ’
P _— P /L —— —
v dA1

(n) () (A)
JUN 2.2 (N) MIURIENNNURILUSHUALTANS kag (1) USinanisusSadanuseuly

AEVwng o) (A) nmaneiuRaianiian (dA) Tuiirmsnsunsidanuseu [13]

2.2.2 nsueiseERusauuDIIngnIaaNAR

(Y]

mongaauaf - (blackbody) tUuingvndaanamaiunIsLrsdaudouilddmiu

wa o

WRsuieuSinansunSsdneenannituiaeile 9 Sandased

1) ﬁmmmmia@m%’u%’a?{mm%@uﬁmmﬂﬂizmuuuﬁmqﬁgwmnﬂmmmm?iuuaz
AN

2) S maansauididnnufeuldgaaideouiutagla 9 & AN NAAULeE

QUNRATLALINY

9 Y

3) Wu “Diffuse emitter”

¥
Y1 Ao <

winagilfufauesiaanunsaussanalainiidnwasidy - blackbody watuauduy

seuarliifiiuialanddnuaegidu blackbody sgreusiase dnidndynawesdu Mr.Planck 16

a = a

93 UNBANNIINIAILIUNEINUNSULESIEANSauTRsTngeauaf Fuduiliiduresgaumgd

Y

[

= o 2 a ¢ o a A o
wazaNeMRauwiwEnt e T fe aumgliduysal (K) vesingeauafilosnininggau

ARy diffuse emitter AzlaANudURUSAIEALNIT 2.1

c1

/15[exp(§—72,)—1] 21

Enpy(LT)=TCL,, (A.T)=

Tnefienaedl € = 27 hez = 3.762x10° Wum' /m° wae C2= hok =1.439x10° pmK

s

2 a 2 = ' v 8
T fio saumgfiduysal (K) uay c Ao Anusivesndunndnlni-lugyeae 3 x100 m/s

] i)

€

k Ae duusgdnsnisiianueuvesian (W/mK) uag h Ao A1AsTIveawnasAtiAviniY



oo

=

-34 ' v a s = vee Lo
6.63x10" Js uwazsou Stafan-Boltzmann tnIngnmansyieednis AAnYINIWLHSTE
ANUSOUVRIINRANARNADANNANNEIIAAUIAAIARINTITUNTIEANTOULUULREAIYN
ANNEIAAULAEINTIANIS (Total emissive power, Ej) f9aun1s# 2.2 138031 Stefan-

Boltzmann Law

Eb = O'T4 (22)

1 [

et o ferasfivesawrhuluarifavingy 5.67x10° w/m’ K’

2.2.3 FulszAnsnswiiadanudou

duuszansnsuidsdnuieu Emissvity: £ Fadunuauifidinnieuvesing
Renfumsurdidnudey Tneddew de sasduveridenisuididanudeuaniuin

Togla 9 siefiden1suiTadauiouainiiuily - blackbody v aaungiluazaue1IAGY

v 6

Wty 29en & vesdngaeduiusiviamatayauenaquignudesnin [1, 4 - 6, 12-14]
lngA1 € YoIngaINITaRUIUsEANANUAIINENIAAULAZTIANILA 6 Useinn Aall
1) Spectral directional emissivity (gg) 138 £ 95, 6,8, T) TudndauosALLTY

luprsunsdaniuiiasinidoamgil T lurisanueindunis ludianie 6 wag @ siendu

[
= a U ¥

wWilun1sukadann blackbody NaaumiinazAINe1IAFUALINY kaEWURITIN1TUNSIFME
ANUNALLANDT B < 15°

2) Total directional emissivity (eg) %38 ¢ 4(8, 9, T) {udndruvesnuidulunIsus

a

FednniuRaasandaamall T saeannatenaay wagluianie 8 wase seauduluns

Y
'
a =

i39I  blackbody figaumgiuazanuendudeaiu nseenanailainduaiaiees

Y

£ HADAAIINYIINAY

3) Spectral hemispherical emissivity (,(A, T)) Ao dUUTZANTNTUHTIAANUTOUN

v
A a

A5 lAgladg UUNURY Fensarewindunasavsiuiiaanadle ¢ WeRasaanAu

9 Y

=] a

Wunsunssdanuseuiinuennaulaauenaaunis A duiu Jalue € veaingasendl
gamall T finnuenindunilinaeanniieniuwazdmanisuisadanusewdu £,0,1) 39
WBUAUAIAINITUNTIEANTOUTES blackbody (Ej ,(A,T)) 31NAIIAAAIUAINEIIAINITE

Weuwnulaaigsaunis 2.3



g1(AT) = Eae(AT) (2.3)
El,b(ArT)

4) Total hemispherical emissivity (€(T)) Hupadeves Emissivity aaaanniidnig

WAZNANNYIARY FeANUNTN 2.4

(T)= E(M) (2.4)
Ep(T)

(@nsaldrnin Total emissivity wnu Total hemispherical emissivity 1#)

U aa !

wenIINUUGHteuvase emissivity 8 Nusstuyuueanisidanulugiuninuen

v

AAUAI97 (Band)  wazliguvesen emissivity lussaeesiunsldiougesniiadused

dunsuse laun Band emissiviy Wy Effective emissivity

a

5) Band emissivity & (1,22, T) [ Juddsyansnsusssdanuseufiniansanlaenis
WRAYAINEIUTLUASIEAILARIINE1IAFUALINTIAIINEIAAUAEAY LY IAIINE

' ¥
a

ARULY 9 NEAMYRNUHILASYNAINEIIATUREITY N15FNUTEENSNTUNTIEAUTUY

3

shlilneBufiinsanaonauetafuusn A Searuenadugerine Alutasiu 9 wagnisus
SedanuseuianniiAn

6) Effective emissivity e (g, Ay, T, ) iuduuszdnsnisuwSsdnanusouiiningld
muma%mm%’u@uﬂawLi@iugﬂé’zgzyﬁmwwiﬂ/\lﬁwﬁmauaumé’mmwEmﬂ?{u S, dadu

ANLRAURADATINAIINLIIABULIU )

' v

a a

dmsumsiwiumamnssudnlugdnldniademunianidagaeauyAgauiTnug,

v '

vosingLlunuy diffuse emitter wiRITIAINURINWVasazliBunuy diffuse emitter

(% o o

Tnefinsdsuutasmes gg a1 0 dusuiisianidudnitliihuay lidusilnih dedae
danllnaiinilii &g Ussnaldindurnsiidmiueiu 0 < 40° ndwnduasiidiinty
dlo 0 mnTuuarlufignizanasauiugud dutaniliduimilnih gg Ussanalldinei
Tugae 8 < 70° wazndientiuazanaseresdundu Tno “hemispherical emissivity” th

agliunnengaInA“Total normal emissivity”

v
= 1

waNINAI € Yuagivvlauazrdnuuzussiiuiuaiiduegivan1ien1saass 3

Y

lown Aueady uargumgll Asaniieg1dlunisnd 2.1



M13199 2.1 Ardudszavionsunssdauseuvesianuiingig o

10

1EANARDY AINEIIAAY B3N ¢ &€ 21499
(um) nAavs (K)

Aluminum; Oxidized - 273-373 0.11 [16]
Aluminum; Oxidized 550 0.63 [19]
Aluminum; Polished 273-373 0.05 [16]
Aluminum; Polished Total 323-375 0.04-0.06 [18]
Aluminum; Polished 3-5 263-328 0.022 (5]
Aluminum; Polished 1.5 725-1025 0.03-0.63 (4]
Aluminum; Rough 273-373 0.06- 0.07 [16]
Aluminum; Plate 8-14 323-473 0.39-0.51 [11]
Acrylic 300 0.90 [13]
Black PVC tape 3-5 263-328 0.902 (5]
Brass; Oxidized 9.3 0.61 [20]
Brass; Oxidized 300 0.60 [22]
Brass; Polished 54-93 0.10 [20]
Brass; Polished 300-500 0.10 [22]
Brass 303-473 0.40-0.65 [10]
Copper; Oxidized 273-373 0.60-0.70 [16]
Copper; Polished 300-1600 0.04-0.17 [22]
Copper B-Z 523-1173 0.012-0.040 [24]
Copper 8-14 303-473 0.81-0.88 [10]
Copper 8-14 323-473 0.20-0.25 [11]
Steel 304 Oxidized =5 850-1100 0.60-0.78 [4]
Stainless Steel 8-14 303-473 0.34-0.52 [10]
Stainless Steel 8-14 323-473 0.40-0.52 [11]
Teflon 523-1173 0.85-0.92 [13]
Bread 10 > 0.80 [23]
Beef fat 294-308 0.77-0.78 [25]
Beef Lean 1-1000 0.74 [17]
Beef: freeze-dried 294-308 0.75-0.77 [25]
Chocolate 10 0.85 [23]
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M19197 2.1 (si9) AduUseansnswsidnusouvesTanilnig

VANARDY AINEIIAAY B3N ¢ & 814989
(um) nAaas (K)

Coke 8-13 0.95 [23]
Canola seeds 0.75-3 313-363 0.93-0.99 (9]
Dough 1-1000 0.85 [17]
Powder 3-5 0.75-0.80 [17]
Ice 273 0.95-0.98 [13]
Leaves 7.3-13 233-393 0.98 (7]
Vegetation 300 0.92-0.96 [13]
Water 300 0.96 [13]
Water 98 0.96 [20]
Black paper Total 0.90 (18]
Black paper 3% 263-328 0.901 (5]
Black paper 8-9 263-328 0.910 (5]
White paper 3-5 263-328 0.719 (5]
White paper 8-9 263-328 0.908 (5]

Tnelunsnszaneeesssdninuieuniuainueaiu (Spectral - distribution) Vo4
Yidaudoufiuroonaniiuiaaisiuuansnanin Planck  distribution Bekandfiaisdnaa
Youfiusioonan blackbody wazidleinmauissdnniuiiasduogifufirmediae dafu e
fiausneaukazfien1wng 9 Seenedirsisiuesntd [13]

NNYUBY  Stefan-Boltzmann  E, (T) = oT* (W/m?) WWunsmeansnsinig
uiadenudeuresinnaauaiviaty dufumatngduingaidlag aunsafunsngnisu

SYEANUTBUNIALNNT 2.5
E(T) = eoT* (2.5)

B9 & WuandBniswiSidrnuseuvesing lnedahiudnsdiuvesidiuneanain

[V

9939 used@nuneanan blackbody tu gauniiiiiediu laedid1faud  0fa 1 &g

blackbody agiiAn e windu 1 Laue LiesanSsdanusouiukieanunain  blackbody 1du
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AUTOUNAAIINNURIFIT UL IUARAZIALLTUYIAUNN AN NN WATRYITIe

5%

USuaunsuesadanusoulaifa 100% F9lviAn e ana1 1 [1, 13] waganaun1syn 2.5

v
a o

NUIIMINRUNINRTINggeiuvinlvian e anaq
2.2.4 FednusiaananuiiaIng
o a o a X a o L. 2 Y w Y
Sedanufounudeananiiuiaingla 9 (Radiosity: J) (W/m’) Usznaumesedninuseu

a o v o v a a v o L. 2
NUNYBIIROLDILAS ITIFAIMUIBDUNUNIMNEULINGBUNINTENUIAE (Irradiation,  G) (W/m")

[ (Y

1a Irradiation Mxannsgnuinguitdiuazgninganduld (Absorption:  A) unedIuaL

azvieuoeananing (Reflection: R) waruduaznzarIudagly (Transmission: 1) oy

v
(%

USunaunsnadused n1saevionsed warnseeulvissd@naniuing Iusgivaiuaiunsaly

v v A

nsgagussdanueu (a) anuaansalunisaeyisussdauiou (p) uagAuaansaluns
darinuSedinuieu (7) mudany

3t ingasaduinquuuiuiinm (gray surface) Avuanusalunisaadussdvesing

[

(@) zifiuanuasalun1suk g (e) wie a = e wasmninguluingiiu (Opaque) Tngax

[ 19 o @ =

Lifiauaudfnisdmwiu (z = 0) wlannuauiinisagvieussdiawiniv 1-e  dmunsdl

[
a

Wuilale 9 Sedadufeuviuaiiuiesnaniui0) zUsenaumesdiukaInIngLe (E)
LAy S9EMNTEUNRNINIINFIWIndaNkATAiBUERNaINTAY (R ) AskanIAuduiusly
AN 2.6

J=E+R (2.6)

2.3 MIwANUABUSIAAIINTDUTERININUR
mMsuaniUaeussdnnudeuseninafiufin(Radiation Exchange between Surfaces)

v

YUY AUTUNTINUTVIRUAYINURIING auTRAIUAITUNTIEAINTOU WAL UM THNURY

¥

VB339 Imaammaﬁﬁuﬂﬁmqu,*aﬂaafmﬂﬁuLLathﬂaNlajﬁmaeiaﬂmLaﬂLﬂ?iau%’aﬁmm%fau
Tneshudsdfyuasnisuanidsusidnnudou fe dadiuitufinisueadusnsinisudses
ANTOU

23.1 dadauiuiinsuesfiusnsnisuididaiudou

firrsangy 2.3 View factor e dadruiiuiinsneafiudnsinisusidarusoudus

90NNURT | WA lUANUUAURY j (q;n; Tvibendu W) WisuduuSunausedanuiounvun
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MuWeon iUl i (Radiosity : JA Ivhedu W) W@euunusedyanval F; wioviueg
Weatunnede dndiuvessidanuiouniuoanannivuiy j waluanuuiiuiy i (q;.; Inile
Juw) iisududadanudowisnuniiuieanainiiuiia j (Radiosity : JA Suthedu W) &

(%

= 1 ) e = YR 2N =
EUYULLNUATYALYANWEUAD Fﬂ GUQLGUEJUﬂ'JF]NaQJWNaM@QSLUEUSU@QalIﬂ']TV] 2.7

n,%; -
6, ’/
. |
/ ]'J "_J
i
n, >
Mo, 7
A ' ’/\/
AT

JUT 2.3 N1sTi9NsaiieIiv View factor wazmsuanivdeussdanufoussnineiiuiaibn

dA wag dA [13]

DIfEEag L = y& 1L
Fy; T e B i} (2.7)
a ¥ e a [ 4 o . aa o oA 1% 2
Tng A waz A fie Wudifiwosing i wazdng j AlnisunSsdaudousenun (M)

AiFy; = AF, 1 View  factor iusuusfituiusunssiagnstumesituiaing nsdi
Nufwandsusidniuouduiiuindaunnitaesituin Sdmnudeuiiudooninanus
avfiufineziinisuanasusednnudouy Feanunsadouauduiudseninedn View
factor vesudaruiy Seusznousae N iuis Weemuduius YV Fy wanANEY N

v ' ¥
A a N

seainsuuaiuiiale q Wunuiiges 9 dieRia1sann1sman View factor (Fy;) 19910013

¥ '
A aa

19 NIHUY wazvwInuniINuandsusedainuseu dauneanudtiuiiy ) gn

@ A da & & a a " & A N =
wUdunuiimiges o Wu n AulaleeiIuaInAIsUIEeaInWun k 150910 k=1 84 n lag
WINABINITMIA View  factor azfosefuaun1saudusius Fi ) = Y Fy uay
AjFjyi = Ye=1AkFri
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2.3.2 dnsnsuaniasuiedaauiougns

v v
[ A a

o ad a i = a a v o o o Y a
LHBICUUHUNUNT qu’]ﬂﬂ’)qﬂu@‘wum'ﬂLLaSlIﬂ’]iLLaﬂLUaﬂu3ﬂaﬂ3’1lﬁaUﬂu FONARNBRA I

nskanasuidanuieuansudasiuiatuies dmsunisuanasusidanuiousening

¥ %

Wuiale 9 aunsafndnsNskandsusadnnueuansnnui i () lWanaunisi 2.8

9 =Ui—G)A; =qinn + qiz + qiz+... +qin (2.8)

g7 J; A9 S9FANUSDUNIVUATILNDBNUNNAURL | G, AB S9FAUSDUNLHBDNAIN

IM02UVIAWINARULALTBULNANTINURY | ke N Ao Fnuiunurisruaninisuaniudeuy

1%

FadaauTauny Lara1uisaamIuINenIIN1skanURgusEnuTougnsniuiile 9 1ile

%% v
a v A a

flansangnanisuaniUaeuisdauiouansniua i fuiuia j (g) ladsaunisi 2.9

Qij = Gi»j — Gji (2.9)

¥ v
(%

Tnadfiiuid i Ta 9 Wu blackbody agléinnuduius J; = £, uwasvndiiuiyinglag

wanwasuidnnussunudannaes Wuinildudandenasdsaunfgiilindu blackbody

2.4 NABHILAINANNSIU
2.4.1 ‘Viﬁﬂfniﬁ'N'lu‘lli]ﬂﬂﬁ'i)ﬁihﬂﬂ']‘l/\lﬂqqu%ﬂu

ndvdanenIMANIa (Thermal image camera: Tl - camera) Wugunsaifildlunis

A3 ingauniinRaveing sldmalianisnsnaeunseiiasianmniiinlaglidnisdula
1

Y

waryinangdng laundesdreninai1usoudryininsIndnsnsuksidnuTeulug1usd

[

durlsnsaninguassdeanuruaudludingadu mnuudaanselindiwuiges 9gvinis

wlastayafsunnandingiadu uazuananauuaanIn lnge1vdsuaninaoenuiluiiay

wansgaunndl 1ed wensi Jeimgifouninezuansdainwazingidunitazuansdianii

q

(K%

Failindewlasieddunsusanialdidusamgiosnulneodengvienguin1sunssd
AuSoUTes  Stefan-Boltzmann anwmznisuszendlindesaienmanudounvady 2

Uszian loun nisldndesananmanudoudnmnin (Quanlitative Thermography) Fadu
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NTHATIFANINE18ANNTEULAENITRINTAUIAULANANIVBININAEANUTOU 11y
MATHAUNIATIVAOUTING N15ATIAARULTINTN UaznisUssanaranmateauiouly
Funousioly uaznslindesdreamenufouda3una (Quantitative Thermography)
Bunishinseinmdiganufoulnenisingaumadivudiiuau w ediaulafieninds
Aoy damnefunuideiiintu meiusgumgiudasiumis msmautfisai
Soun199 Wy duussAndnmsuassdanusou duusyansnisiianuiou 1Hudu uagnism
nsuauouareglusUuuuresiidaruieuimandiuisanainiiuiningla o

2.4.2 UaduniinarianugniaveIn1singamnlinendasinenInAusau

i {

JadeniinasanugnaedeIn15inaanginiendedn enimausou lawa fn

Emissivity A1n15agviausedvesiiiing szgenisseniteingiundesdigninainusou

a

YDUANISUBLTAUNTD FOV (Field Of View) LLazsumm;mi’@qmmm (Measurement Field

U

of View, MFOV)

1) 1 Emissivity (€) Msudasnavednsinsukssddunsusa () Wiluaraamgingnsies

ndudeninisimua € vasiningimanzaudmiuingtiug

[ [

2) FINsAEYRuTIEYRIRITNY (Reflection: R) $addunsLInuNaananiTInglulladivies

q

o o N v o aa

FaEMANNAIINGWINTI WAGITSENRNAINNITAENOUTIANUNNIINUIEBUAIY T4

ndos Tl 985U Radiosity flanavavaaly ey iislissdanuieudinass TI lesuidu

U a o £ [

$adAna1nIngads Fsdeedimsimungungiivesduindenvde Ingauiusd s
nsenuivingliiundes T - she Jsndesaztihgavgiidinanlulilumseaweing
agyiou shligamgifienildanndeadugnmgiiiuiaiwesing

3) sgerinszmIeingiundesdtanineniudou mngaiavesingivuadnuin 9 wie

\@nnIiunveansin (Measurement Field of View , MFOV) azvilitingamaiignsios

= 1 =

@ d' & o o v A N v Y]
AZNINTIFANNITYSVIWITNNLAIDINDIANIN € ﬁ]gquWWUV]ﬂFﬁUWWINLﬂEJ'JGU@QﬂUﬁ!ﬂ

q

a

Aosmsingamnil Whluluiuiivesnsinme Bulnadensingaumgd

Y

4) YPUANISUBATAUYSE FOV (Field Of View) fio AyuNaveInaastanInaIuiou 49

' (%

wasludainguagarenmanuiouieoTngungil Bailsverrinasenitandes Tl Auing

i livueyuneiinunTugadinasdonnuaziden  (Resolution) e FOV finasie

¥
[%

fuinsueaiuinguendes Jalinalaensstunissuaeaungiivesingiie lnsvun

q

YuNored FOV azfiniralumbeesavsosifen anelu FOV  dd1 IFOV
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(Instantaneous  Field of  View) {umiiugaswas FOV  ilnaseninuazidun
Wit FOV @wwin 1 doswes IFOV wWisuaiioumniuazdenvainingianiny
Soufiflauazideon 1 finwa tneraudfanizivesndss Tl azuane FOV way IFOV
Flunuadadonin Vertical waydalunuiueudendn Horizontal  sveswiasewing
ndos Tl Auingezudsiunsafuruinguseandes FOV 3o IFOV e IFOV 819

J I wa 1% 1 1% 1% . . 1 [
eI luauiRveInaesaIunImANTaUAIU Thermal image resolution L

24 3]

\_—VﬁJ
2
2 a A A o« a < 1%
WHT8E: ANI8ET 1 A9 FOV  %U8a% 2 ABWUNUIBUILIUNITUDILAUAIINNADY TI

PNLEY 3 A9 IFOV

U 2.4 FOV uaz IFOV uasudnanisuaniuainndes Tl [1]
InglassasniglundesiteninaanudourinminfdNnve uIunUo UL IN1TUOT
158791 Field stop (Drs) WazAunswa9tude - Uataudargnmaiuiou (Tanes) wse
ISuNdNoE19nileIN TamesueissuIulnia (Focal plane: d) way f Assezlniavesaud 99

29AUTENOUNNEIMNEINSOLEARINISAIWIRL IFOV wag FOV laannaunis 2.10 uag 2.11

_ -1,4
IFOV = 2tan™ (- = (2.10)
FoV = 2tan‘1(D2L)f') (2.11)

PIBDIVAUIY FOV Tugﬂmeawmmﬁuﬁmwmemam%fauﬁmmLﬁumﬂﬂé’aﬁdwmw
AuFeu Inensrvantiane laun vwinyuuesninluiuiusu (Horizontal Field of View,

HFOV) wagvuinyutasinluluing (Vertical Field of View, VFOV) uagszegnaaIning



17

AUNADINNEAINAMUSDUY TAYAIUIUVUIAAIUNINE ANUE1IVIVIUAINEIEALSDULA

AINDATIAIUNTLNULIR

a

5) Yw1nningaumnnd (Measurement Field of View, MFOV) fia gafifluuiaian o &

Y

a &

aguuntevaINaIignmANUTew i milugalanaiLdanfeIn1singumnlves

9 q

P Favunves MFOV Jusgiuaudfianiziiveindesaignmainusoundagsu diu
Tngjuinves MFOV faUssanm 2-3 winaeswwin IFOV Ingauinres MFOV faadnniifi
FuunFsINMTingumgidsaunsaingamgiilaniglugeafiaulaned

2.4.3 AANYMZHATAIYRINARIAIBATWAINTU

19

ANwraingvasndastsnmAIuTeu Ae audiianizuindesinenmanuion

wingsuidldnudomsiuiion1singunginsainsiernmateainuiou audidangn

loud arullunsnevanesdenisingangll anugndewmsonuwiugl AUNEINTY

a

AuazBen wavaudRnenulniamennsou laun g1ugamll uazseduvaguuall

Y

a

1) anuhlunisaeuaussdemsingaumgil (Thermal sentivity) visnefis dnsnduves

u

a

n1siUAg UL UaIA1 M TIBUAUNSIUREULUAINENIUAINTOUIINAITUNFIAIN TN
naesdEnImAIINTaUlATY

v o YU = A4 A o

2)  AnugNABY/ANUKILET (Accuracy) WuAIvsUBNdenEnINsaveLATediledn

TumsamAmssuanslaiinlngmase Famanugniemseanuuiugiazainluzuves

Soway (%Accuracy) PRauMsit 2.12 waglaanniogarvesninuaainiaaeu (%Error) MAnTu

FITIANUIUIINANNITN 2.13
Xmeas—Xi
%ETTOr = |T| x 100 (2.12)
1A
%Accuracy = 100 — %Error (2.13)
PINENNT Xmegs AD ATIBULAINIATOIHBTA (Measure  Value)  way X; Av A1939
(True Value)

3) ANAINLLERS (Precision) AB ANTNLARINIANUAINNTOVDLATBINDIALUNITBIUAN

ANANUTBINTS dasavlaaInaunish 2.14 wareravnlugvesiosazasaunisn 2.15
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Precision = |Xme;—s—Xm (2.14)
%Precision = |Xme)";—s_xm| x 100 (2.15)

NAUNT X, Fi0 ANRAEEvAdaiildannn1sin (Mean value) Wag X,eqs AB AN
ns¥aluusiazass (Measure value)

4) arwandun (Resolution) {uansifivtuvesdunafitiosiianiiviliaodined
nswasunlas wieisendnegianiain Anuansnsalumsmevaussionisivasuuyas
Uinadunavesedosilen dmsuandivesndesdienmanuiouluFesnnuaziden ldun
sz daiufinmdneaudou FOV uiie IFOV HudenuagiBeniiionda Thermal image
resolution UayTemperature resolution AeAuagldgaluMTingUn)ludaze1un15In
Ty FOV \Jusumasndosiiuadldsing Ssihsverlunmsiaunniisfuagdssasonisiuiiud
Aofhazzessminandesiuinguntutiosasanniniuneazdoaesiiuiiviauiiomns
soudiumesinglfuaunitszesviann SuilidmaionnuasiBanvesniw IFOV Fuduiiud
fidnflanues  FOV  uaz MFOV Ae suinvasgaingumgivesiusiuuuniiinevendos
frenmeudeu lngsunues MFOV disadnnimstusuiideinstngumgiieanninia
gamaiilalndlAeeR IS

a

5) autfneafuliianieanuieu annsaesuiglamediugumgll (Span) uagseau

Y

a

vosgaungll (Leve) Tnagugungll Aonisuiuardrsquugiigsgaviesign feily
Audnuaiz AUl Aamansdeusesn e uieu mnuninwesgiugamniiosus
fumuUinavenandiuansdunwiieanuiou mviulendlieglusiseumgifiaulari
Tiueufiun1snszatveangiuaasyauunInaeaNSousd13tniau dususzauaes
gaungdl 1unisusussduresguugll Tnenindousugnmgiluiagn dluyunesves

Ama1eANSoUd oI UNTUTUANLETIURININTULDS
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[

2.5 UIeNNYIVo9

aaat ad o

BsmduUszansnisunTidauiouiivae sgaundisingamngliazyiouniansan

s I 1 =

99918 WU Schurer [2] NAapIIndUUTEANSNITWHSIFDUNITNIALUYIAINUYIAAUADIE Y

a

wazAnNsasviouguuginiilegldiaseudmnnsuaamainguiting Datcu et al. [3] 19

9 Y Y

o = 5%

wiuegilillounianisagiousedge q ieiarsunadunuiudidanuiauainduindey

c L =

NIVNAYAUANYINAVDY

Y]

lngsauiiialin1singamgiignasuduginndu wenaini &

U a 1

UUSTANSNISHESIAAINUSDY U Wen  and  Mudawar

) {

ANNYTVTEVRS LRI TR NilNAse
[26] LauauuUI1a09dMIUTMUIEdUUTEANSN1TWHSIEAINTBUIINAIUYTVTEVDINURT
wud Aulszansmsuriidrnusoureteglitivudanssniarauuiuseiinsuusiulagnse

v
=

Heguniigeliu FevaulwnnisAnwivesindoudasiuiinnuuanseiu siutdvenuas

—

[

YINNAR1INUAQE
Shi et al. [4] le@EnemduUseansn1suiSidanusauannisinatuvesunannants

o
o

atluinsa ASTM 304 lunszuaunisivianuieu lagvnismaasauazinnsgunsaldsguin 2.5

TipuSaumenistdnszuaniionihvaalinudindnvatssauauiinnseiaiu (eddy current)

Ansamesluduiliawuy PR type R ilusiufisuaamaliniivesununannalagiouuy

Y

AULINTNIADITN9 AINTIVTUSIRIUNTWIAUTELAY INGaAs  NAUEIIAFUDUN SR 1.5

um flaulunuseuueniieanHansagausdningularAuInaew wagilvesinsdmsu

N1995399U93 vinsnaassnieliseuualuALLUU PID-Control 2INN1MARBY WUI1 A1 €

WinTumusungiuazszeriialiauou WeensresnaunuIudzdmayin g

v
=

ANNVTUTELINT UL UTINATLAATY wasrasaInn1siiauTow ilviduatiuvu

v

Ju finsnseaemalanayilidulseansn1swaEssdnuSe uAauY19nen

heat insulator

thermocouple
L~

et

detector

N

thermocouple

eddy current heater
e Ny ey WS

gﬂ‘ﬁ 2.5 YANAaBIYON Shi et al. [4]
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=

Marinetti and Cearatto [5] auayngUnIainAdouNAUUTEANENITUNSIE
AuTou AagURl 2.6 FaUsEnaumy NdesduNs1LIA FLIR SC6000 Suadluriiniueniniu

BUNTIIA 3-5 um FINTI9TUTIATEN Insb sensor ALAZLEA 640x512 pixel gunTalin

q
'
a ady

gamaginAwuududald RTD  Pr100 Wusaeuiieugamgdiinliassuuiiuindudiedi

u

WEULAAINLSDULATUAIDE NN INAFDU WaLNaDIATBUHLIIAIILSBULALTUFIDE9NAADU
(Hood) nelundeswndaiieniuaunisunisdanduindeulinsiwaglilinansazviousd

toudign firvnen1sanendasyiiygu 307 Aukudsu Jusiegrsiildvageu Teun nszaiue

a

n3zA1wY Wil PVC @ waziiueglidonvunidn Winnufouiviusmedisaulionmgl

Y

v

497U 20°C Angangiiviessisnalnnisiiniufouainunulyiniuiau (Hot plate) 3113

Y

nAaeY WU A1 € AlddinuaaiamdeunAdedtlunuideduileniniieungiuaz

AugInauaie wazilletnaiilalulddwiunisineumgindsdinuuumelueiaisuas

Meuenems nuli Argauniiiafinlauiinniguene1n dANuARIALAGTEULIANTIINTT

[

Traunginiglueiais iWeenninanisinssdasouaindaindoulagianizSadninusou

31nAeIAgUINNIIANelueIA1T FeprsdinanisazviougMngilanAnslgIileni €

ANYUBDNBIATT

IR Camera

Sample

Hotplate

gﬂﬁ 2.6 ¥AVNaRIYDY Marinetti and Cearatto [5]

Nunak et al. [6] Anwmavasys (Polar angle, B) WAZVBULUANITUDILAUVBININAEY
AMUSOU (FOV waz IFOV) lagldndasananinainusauiyinauiainueinaudunsse
7.5-13 pm. nveassilddiedns Ao uiulangmidan wazuii galvanized Tanusauun

Aeg19een1sIeiaeg1dlagld Thermoelectric peltear audiageilonmaiiuseana 50°C
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19}

NTUUTBIURUNYIHT WU ArdudszansnsusSdauTeulAAiloyuLBevINdad

nuuIReliliiu 45° (0 < 45°) lawan € WayuiladeAlnalAesiudmsunsiulanemas

I | [

= P N ' &, I s o s = ' ) P =
LUBYIINUAT E éﬂ\? ﬂ'ﬁmgnaﬁﬂqLU‘ULLNULV]aﬂﬂaa'ﬂu"ﬁﬁ]$uﬂqﬂaum’]ﬂLLmﬂm'Nﬂu LUDNIINUAN

€ 91 Nufiimsagviougs Wedsuyuuetonvdwasian € Miald ndinisldiaudssezlng

o o

HadnsNlannsingaumgiiuaznisman € anldsnsiunnegdiduddn Wesinlunis

NAABINYILIAYEIRA RN TivaINGet (MFOV) SlvunadnniTingudue

Nunak et al [8] @nwiiginunaueddnNe@awInanulngsauNasuanan1snia €

L% % [

wazn1singumgiingaiendesaieniwanuieu nsnaaslifinwnavein1singungiing

anuAR (Blackbody model 9132, HART Scientific, USA) Failan € Wiy 0.95 Frumtheng

(% v aa

duns e InelgnandnnenInmIuseu (Fluke) @95UAIUE1IARUSIEDUNS SR 7.5 - 13

[ £y 1

pm - wagldmesluduila Type K iiednamungiindivesiandiatne gaumginiising

Y

dunsuIn uazgaungimgluiuiigaiuauan1IzaINaUInaeulagsay 31ANI1TNAA B 3
WU SIEANSDUTLANI UNTEN 9B UNT RNV NS UNEwIEIn 5993 UBUNT I AaRAY
laptinddenguil wuin Ardesazn1sdsmusdruntiiBunsuIaNnaaauilan Wity 50

AINUUTIINITNAADWNDANYINAVBIANIZWINABUNTABAT € VBIAIBY19NAGDU IAn1T LA

v
Y

AnuSeuiuLHulavznIdiuazusumanialugie Thermoelectric peltiar uazAndsian

Mg 19eg N8 lUAMIUANAN1IZWINGBN YUNNTIEINABWIA 45° fuRiTanmegne aely

i [

S a v Aa wa v ° d' ~ = a Y} o
Wum'ﬂ(ﬂ qﬂ']ﬁ] aﬂ%mﬂqﬁmUmﬂqiag‘VVQUQQLLaggn WBLUSHULNEUNTISNARBUNYINUNAYDIIIA

(% a

dvyiau AINNINAARY W1 TanNian

(%

uUsrAnINTUNSERNTawIN (WHunalud) g
losunansenuannsukssdnuseuvesdanindeulagseu wininJandduyseananisun

Sedanudouas Sdasviouniinanmsunssdauseunnduwiadeulnesouayliiinavsed

a

HatiauuNAaNT1TInAT € uaznisingungiignass IAEYINABINITAAKANIENUIINENY

a a0

windeuliiseign arseenuuulvgaiuauaniziindeulioamgiivazidl € RN

Y

AIDYNAFBU
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IR window Fluke
100-CLXT

ermal inage
Thermal Image c.umu
Camera

R Wirdom
(Ruke 100.CLKT)
Thermal image Camera
Calibrator (Black Body)

Fluke 9132
Surlocn
Tharmao o.phe
T
Twidonl] Teladead)
I I

N A

Surtace

Cortact Dyital

L

A/ Samnll TEC module
[Heat sonrce)

Heat Sink

Contact Digital Contact Digita
thermometer thermometer

gih'?i 2.7 Yavna03983 Nunak et al.[8]

Muniz et al. [28] AnWBNSNAVILNLDILAZTOULIANISUBATUNNENBAIINFDY

v

(FOV) fiumsingaumgiidagamenaesiigninadnuseusindunsise lngnisvaassilaing

3

wuudtaesdeguuiuguveinisidlasiiielssamiiisuuaznisadvaunisonnesiiafine

¥
=

A1AINARIALATR LI UNTINEMMIIINNISELIINYUYDINADIEIBAINAIU TR UAUNUR Y
0819 (Polar angle , 0) FIUA 0° - 75° YNNG IGLATYINNVIIVOINITHULUAND (-75°-759)

laenisvduyitag 5° augean 75° 1ivelvieglurisaaumginaydudsednsnsunsedanusou

' v
a =

fi¥nldasi 99nn1sMeaee Ut Aeueanndeulunisnamgiitidninduile FOV 1
oy

%u Luaqmﬂwwmiummumwmamﬂmaumu‘lmm o13ldlyanffesnsingsa

Suesut et al. [10, 11] ﬁmsnmsmé’miz%mémiLLN%’qﬁﬂ’mﬁaumaﬁammﬂﬂﬂnu,az
Fudrulugunsalluidaendosshanmanuiou (Fluke) fitsaueiadu 8-14 umini
wavosanImgilagieunfintsansssualiiidaiszritanmmaaes  Tdnslvauieu
uAshogslaedeuansou wazdouvhmihilumsaugundsnuazvieuse Tnedansinetng
Tannsndudiaauiouldonshianslugevanion unsinsandasdioamaruouiiatn

PN

gumgiifaguil 2.8 uaringumgiiinvinsswesinglagldinesluduia Type K fog1eiani

q

[

Tdnaaou laun uiwwin wiumdnndnlSaldy Tngreavides wiuneauns wazwuegiidey
sudsliinismageuivgunsalluszuudminglnihleedugunsaliigldnunisldauues
Qﬂﬂiﬁﬁmﬁi’fﬂﬁuLLﬁ’Jﬂisuﬂm?) U 1oun cable lug, P.G. connector, some part of fuse

holder U@ disconnecting switch  Inglvianuiouaingeuausounusgumiiviesau

Megrlgaunglivszuia 200°C Fanlagovanseuvarnmanndnlaiu dunounism €

[

5UINNIMRUNYTNUNAT (background temperature) mgisn1sngamgilindelagdeu
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AduUsEAvENIIUNSERuTa YNl i undeinen wAuTouRaws 0.1 - 0.95 uazyil

N3 € vawiegalnsdaurigungiiiundenlalatundesdignmanuiou waiusuan

duusgansnisunfedanuieulundeditigaumaivindugamgiinemlannmesiuduida s

mpenﬂ ure controller

1aAn € vaafags

Thetmometor

(Thermocouple Type K)

™ Object

Thermal Image

Camera

gﬂﬁ 2.8 YANAABIVBY Suesut et al. [10]

1NNISNAABT WU 39171511 € FUUSLANTNITHNSIAANUSaUMeITAIsAIna N lTle

v

Ulanimnssuuaztudauvesgunaadlnihly Tnenansuaaasiildaenadasiuauisedun
wazuh gunsaifiniunslfauanud SnvasiufadliSeuiidmuesosvgetu dwar
TiandulsyAnsnsud¥idanufeunastansogigatudas

Lo’pez et al. [7] Anwwn € vastuld 9 win loun Tunz@owme Tuwsnlnden Tuua
Tudou Tuundla Tudaden Tudauas luwnanm uazazidesag n1meassildndosdnenin
AnufouNivaanueNAdY 8-14  pm  dAnaueataiadeulunsingamnfiegluag

0.1-03°C  wavldmesludulaingaumgiwuvdudaniuiivesluld uhsou wazusuy

saillisamsess limnufounnlulilasardenisihanuseuniniiseulusaiunuaumall

e

a

Tuld geluldnnsaesaguuniinui Judusgiillounssainseguuiinuniiolingungl

U

dawnseudmsuldauliindestiunmaiuiouniy Yaveaouandfiaguil 2.9 NN1TMARES

wui1 A1 € vadlulidng 9 vladiAdnlng 0.98 LaziIfUUUBAZAIUAINAIAINLAATNARDY

1Ay 0.003 a813lsARIUNITIALUSEANS N1TUHESIFAINSDUMIEASHINaTTI RN TU
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fegrerenduveindsiiaasuuiivetnaild Fsnnnuvuiwiuiudiegswesdosnitniu
MILUNYDITDUNANAND wazdiagdaslilinisgaduveamaily wazisnisdenanlyl
winzaumnJansegndanusiiuveanan nsgvearatensazateUuiuindou vl

AU AUUTEANTNNTNSIEAINNS DUV IUBINAIDE IS0

——-+ Camera ThermoVisionTM A40 M

= The: ix® BM
F: T and HR sensor e

A.lumilnlwn foil .f/ \ | J e

gﬂ‘ﬁ 2.9 YANPAIT83 Lo’pez et al. [7]

Yu et al. [9] FnwIsn1sunal € vasudnailuan (Canola seed) lnglniusounie

nalnnisiinusenanuiulirnuSouriuuRumannaivios e uiuegileunsosddusu

'
[ Y AW W h

wURduladuiafegslnsuiunUiian € whdu 097 vinmslianudeuauganin
PN ilvio uarfndandoadnenmaruieudussuuneLimesdmiuuanINavaInnde
arufoudegull 210 Tasnmeaesildndesttuniwainuiou (FLIR Thermo Vision A20)
$US AP U NIATITIIANEIAA LTI AR UM NN 0.75 — 3 um  LAeTRISaNaVes
guvnfiagiiouanduanden tneldfuiveuriusglifisunsesdiviourundnnduas i
a1 € Tundosaranmanufoulndawiiiu 1 ann1smaass wuli A1 € vesudnailual

AnananNgunginatunnsiinuieu Jernduuseansnisunssdainuiouveudn

Canola #l#fieegd 0.93 - 0.99
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N7

& PN ¥ o [y v A = O 1 Y o o ¢ v 1%
nasihuenansianuliduiunisidanuienisdnyivingu lesygislmhlulduselosiaunisd

lidnsdllag visdu Bnnanuilvsaudadiien wagdesoneddinivesonarsynasaniinisuiluly
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35N15NNa9Y

Tuuniinanfatunauns@nv3Teineliun1snsuianmaass N159NLUUYANARDY
dmiunsinduuszansnisusfedainuieu (€) IBn1smeassinen € ArenNaeInIEnINAIY

Fou FBnsingamaiiiierwin € wasnisAmaae € lnglinguiniswisidninuiou

3.1 EANAADY

3.1.1 7EAQAINTIH

o a el' I - el"scu d’l’ a L% a a =§ ]
Taniennssuildlunimessadunquiagnidnyaes nuruImMwaeliduUseansn1sur
Seanuseus [2-6, 8, 10-13, 26-27] lon ununeas uwiusgiiillen  UHuesAIAN uay
wrnmannanlsadunsn ASTM 304 uusdunuuBeufidanuvgess 0.4 pm  Laskuy

VEIUNLAIAIINYIVIE 3.2 pm fa3UN 3.1 lngdindregranaaeullusudmvasuiuin

UIN 92 x 77 NaalUnT

![T_ﬁﬁi

.

r ™

f S
Nl

1@

()

[

JUN 3.1 Jagimnssu WA (n) WHumesuas (v) ukwegilides () wiuozasan (1) Uy

WANNASAULLUUNEIU WAz () WHUENNAN L SAULLUUNETURUUS8Y

o

3.1.2 FaQYn N
TanTanwdldlunisvnaaewdunquiagiduuszdnsnisunsedaiiuiouas
[7, 9, 12-13, 20, 25] wualu 2 ngu Ao nquueswds laun gnifies Wawusdn wasudelu

waznguvadvan ki dnUduasgeausidewe laglunisnaaedddisussianeimsldann

Lz = 2 o [ ¥ P =2 " 1 ¥ o v L% ¥
nansiiluenansianulidmsumsldanuienisdinwivintgu leygnlmhluldusslesimunism

Y v v v v

Lidnsdilag Ny Bnnainudilidawdadiion wazdesdnedadsinvedenalsynasendnisiluly
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A a A &

a a v 2 & A Py ~ & v Ao
QQNLUEJNIVW]NWUWQ']WWQW ﬂ\‘]LLﬁ@Q&LUEU‘W 3.2 IfﬂEJﬂ'WTV]‘USquLﬂuanEUﬁL%aHNNUNWWN

' 1% v
aa v 1 a

YU 92 x 77 x 5 Tadng wazlunsaiidegredivualugvinlilinuninaiaduazldisns

¥
a

WWNAaUUAIlUYBII9AINEND kaZNBLALNUNRIE NS U8WmAILS U

U 3.2 Taqynsdhnan leua (n) goauzidewme () Wauusdn (a) gnitios (1) ullalu (1)

3.2 N13BNUUVUYANNABDY

YAnARRIEMTUMANUIFAVENTUNSIEAINTaU Usenaume diuusenaunan 3 du

1Y

Ao yalinnuseuriuTannaass gunsaliaty uazgunsniingamgil  feguil 3.3 uazuans

Y

SIUALLDEALUNITIN 3.1

[
Thermal camera I

Chamber 6. I
g :
Aluminum h
plate & et I
/ 4=y - I
Sample I ‘ I

3.
N —TT Reference - TPCI;IEWC
Material | wee

& Water bath z

(n)

3UN 3.3 N1508NKUUYANAREY (1) AW drawing (U) ANYANARBITIY
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U7 3.3 (d8) MIDRALUUYANAADY (N) MW drawing (1) MNYANAABIATS

Y

A1319M 3.1 Tanuazgunsniiliussneuyaneaedmiun1smduyseansnsussdniusou

NUELaY FaawseaunIal
1 19tAuRLgUUgS (fu, spec)
2 WU IERD19B4
3 qumaﬂuﬁ’mﬁa Type K nioyangingaumgil
4 TANAADI
5 wHuogiiey
6 naImvANAN1IELInGeY (Chamber)
7 n&asthanmanuounieuds

3.2.1 Yalvinusou
YalriaiusouiuTagmaass Usenaume 819useumIuAuaumnil (8ve Schutzart
DIN 400500 1105314 IP 20) slanansluguil 3.4 uazusuegiiiilonvunn 137x100 Jadwns

(5U% 3.5) dwmsunsiannaaes lngusuegiiiienazarawmaiuiouainiiseulugeauay
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Y] v

gamnglundeiagneasmenalnnisiianuiouliesninuivegiienduianlanend

9

dulszdvnsnisihanuiousa [13]

UM 3.4 819mUANgmYil

3UN 3.5 wiuegililey

[ = o [

dmsunslimudouiuiagmesssiiluandaim Suduseseaniuuainsessuian

9 9

=

AIFUN 3.6 wagnns i 3.2 ielianudeuiuiannaaasenalnnsdianufouaininiou

lugneprunuaumgiiIufinas Ao wHuegiiiey wazdeinuauiouseludeiuiamudng

vosn1negiliilunussyianvaaes lnglunsaliannaassiivunadeudislngeraivesineeinie

¥ '
A aa

AnTUsENINTaamMARed WU gnifey msiuiuiisd niunsigmanuioulnedanange

loLfgunasbsalunTUE A
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U 3.6 nasessuTantinmiduwin n uazveavan

IS

A13197l 3.2 p1nsesiutdgnaaesiiidnvasilurewilwwabnuarveuman

Y =) L3
UBLaY dnvisegunsal
1 wiiuagiliflyy
2 ayusldianmaass (negiitlen) vu1n 92x77x5 Hadkuns
3 TAnTIAW

3.2.2 gUnsalieiu

o ada o

gunsaliaSunldlun1snnaeausenaume wulanendwmseanniaduuse dnsn1sun
Fedanuougs (Indldes 1) Teglunisnaassilifenldusuegiiilonsunn 60x92 Tadiuns

WuaUsEAR A (Matt Black Spray) (B%e Leyland, F-14 Flat Black) Suludnusou tngll

i sdsundaspuanvagiuinigldannenisneasddunuided wazlinges
AIUANENNIZLIARBY (chamber) #1313W1A 300 x 300 x 263 Hafwns Aauanslugun 3.7

wioldriuauFidrusauiiun i danduindeulng 5o UingMade UL LB UOBNIINURY

¥
] a Y

Tuuidedl senuuulindssaiunuaniizguindeulnuiinulusieiu 2 wuu e
melundesymeiagniaudfinisasviougs dufe nsiauiuegiiillouvlovdnasnuiiie

dinAuaInsaluNMsasieusidnnuiou waznaesmuauan Iz Indeuniuinelundes

o v o @ o« o =
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Wiy 0.05 K ﬁqquﬁ 30°C audRAEIRUAANNaLISEATBINIMANNSBUF U UILA
ymaaﬁ,ﬁumw (field of view , FOV) @® 24 © (43511, °H) x 17° (LLmaq, °V) LagAIAINY
aziduanmanuieuliefnisaniinuazdenrosninanueuvuin 1 Ainwa (spatial
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g1 = U1 — GAL =q12 + 13 (3.1)

g1 = ((Ey + Ry) — (U2 + 3))A1 = (@152 — G21) + (G153 — G351)  (3.2)
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WUHIN 2 WA INAUNATIU R, 1A J; wanednSedadnusouiluieananniiuilai 1 gn
ALVRUNTUNLAINIURIN 2
Aatuagledn

q1 = Q153 T G152 (3.3)

g1 = J1A1Fi3 + [141F; (3.4)
MnauuAgIuifmunliassedaguaunisladu

q1 = (Fiz + Fi2)(Ey + Ry) (3.5)
1087 Ry = p1Gy 33 Gy = Jo + J5 uas Js = 0334670 Gy = Jo, nefi - E, =0 3além
Gi.=R, 1nefi R, = p,G, Fary Ry = py(p,G,) ilesarne p Judulszans

Msazvousd@rnuseuaedaluts 1 vilimeuvess Ry fA1deeuin 39Ussanuin Ry = 0

aglpauniseail

g1 = (F13 + Fi2)(Eq) (3.6)

wazlile Fy; = 0 9zlddn Fi3 + Fp =1

Y
(%

Aty aun1snlaiannnsfngnsinsuandeussdanuseuansniuiiiannaass A

q, = E; (3.7)

q, = &0T¢ (3.8)
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qz = (J2 — G2)A2 = q21 + qa23 (3.9)

qz = ((E2 + Ry) — (J1 + J3))Az = (4251 — G152) + (G253 — 4352) (3.10)
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M q,_; = 0 ilesnbififsdanudounnndssdigawmnuioudundindesnivauaniie
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Emissivity Measurements of Reflective
Materials using Infrared Thermography

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

Abstract— This paper proposes the technique to measure the
band emissivity using the infrared detector with a band pass
filter of 7.5 to 14 pm. The experimental setup consists of an
infrared camera, K-type contact thermocouples, a tripod, a
water bath, aluminium plate, a black tape, and an
environmental control chamber. Three types of reflective
engineering materials including aluminium, stainless steel, and
copper are tested using this technique. Results are in good
agreement with the findings from other literatures. Therefore,
the proposed technique, which is easy to operate, can be an
alternative method for measuring the emissivity of reflective
materials. However, care must be taken in selecting the
location the infrared camera, the material for lining internal
surface of an environmental control chamber, and the
temperature of chamber surface.

Index Terms—Emissivity measurement, Reflective materials,
Infrared thermography

1. INTRODUCTION

THE diagnosis of mechanical and electrical systems in an
industrial scale may be performed by measuring the
temperature of surfaces, contact spots, or joints. The result
could be used for decision making on system maintenance
for the sake of safety of processing machine and operators.
The temperature measurement may be carried out using a
thermal image camera (TIC). The TIC can provide
temperature reading values without being in contact with the
object. The accuracy of the measurement depends on two
input parameters: the emissivity (&) of the object and the
surrounding temperature (7,,). Emissivity is a thermal
property of an object that represents the ability to radiate
heat. The measurement of emissivity need to consider
material type, surface temperature, surface roughness, angle
and direction of emission, wavelength or spectral of infrared
radiation and the reflection of surface from surround (R),

ete. [1}-[5], [7], [9]-[11].
Researchers have employed a number of techniques to
measure the & value of materials. Among these, the
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technique that takes the reflected temperature from
surrounding into consideration has been the most accurate
one, though the experimental setup is rather complicated
[2]-[5], [7], [10]. Another study reported a considerable
error in measuring & of exterior wall when the reflected
temperature from surrounding was excluded from the
measurement [4]. The significance of surrounding on the
accuracy in measuring & value depends on the reflectivity
(p) of the target object [7]. To measure ¢, the temperature of
the surface has to be higher than that of its surrounding.
Accordingly, a sample specimen is commonly heated prior
to the measurement. Different heating techniques have been
reported in previous studies, e.g., converting electrical
energy to heat [3], direct contact heat conduction between
heat source and samples [2]-[6]. The later heating technique
is subjected to certain limitation in that the sample has to be
thin enough so the conduction mainly occurs in one
direction. Also, this technique is not suitable for some
biological materials, for example, leaves which could be
burnt easily. Lopez et al. [6] have proposed a technique to
heat biological materials using hot water as a heat source.
Moist heat does not cause burning. In the studies by Suesut
et al. [9] and Nunak et al [10], heat was applied to the
samples through convection mechanism. It was found that
the locations of samples and the design of the environmental
control chamber affected the accuracy of measurements.
The lining material for the chamber has to be properly
selected particularly for glossy sample which would be
highly reflective and exhibits a rather low emissivity
coefficient. In the experiment where the test temperature is
much higher than surrounding temperature, the infrared (IR)
window is necessary to maintain the temperature of the
environmental control chamber.

The majority of tested samples in prior studies were of a
rather low reflective category [6], [11], except in the study
by Shi et al. [3] where a reflective material like stainless
steel 304 was tested using an electrical heating technique.
Therefore, this study was aimed at presenting the technique
to measure the band emissivity of three different reflective
engineering materials including aluminium, stainless steel,
and copper using the infrared detector with a band pass filter
from 7.5 pm to 14 pm.

II. THEORETICAL BACKGROUND

A. Emissivity

Emissivity (&) is a surface radiative property, which
relates to the amount of radiation or emission from an
object. It can be defined as the ratio of energy emitted from
a real object (£) and that of a blackbody (E;) at the same
temperature as expressed in (1) [4]-[6], [8], [10], [11], [13].
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Emissivity of each object depends on material type,
surface characteristic, angle and direction of emission,
wavelength or spectral of infrared, and surface temperature
[5], [11], [12]. There are 6 types of emissivity depends on
wavelength and direction of the radiation, i.e., (1) spectral
directional emissivity, (2) spectral hemispherical emissivity,
(3) total directional emissivity, (4) total hemispherical
emissivity, (5) band emissivity, and (6) effective emissivity
[12]. The typical values of emissivity are presented in Table
1.

TABLE I
EMISSIVITY OF TYPICAL REFLECTIVE MATERIALS

- Wavelength ~ Temperature Emissivity Ref.
Material type
(pum) X)
3-5 263-328 0.022 [4]
total 323-375 0.04-0.06  [13]
Aluminum
1.5 725-1025 0.03-0.63  [3]
8-14 323-473 0.39-0.51  [10]
g 489 0.44-0.60  [14]
Stainless steel 8-14 303-473 034052 [9]
8-14 323-473 0.40-0.52  [10]
1.5 300-1600 0.04-0.17 ~ [11]
Copper 3-21 523-1173 0.012-0.040  [15]
8-14 323-473 0.20-0.25  [10]
B. Radiosity

Radiosity (J) represents the rate at which all the radiant
energy leaving a unit surface area. It is the amount of energy
leaving from the target surface. This energy could be
detected by IR detectors mounted on a thermal imaging
device and consequently converted into a real surface
temperature reading value. For gray surface and opaque
materials, this radiation includes the reflected portion of the
irradiation or reflection (R) which depends on its reflectivity
(p) and surrounding temperature (7,,), and the direct
emission from the object surface (£) which depends on its
emissivity (&) and surface temperature (7). Radiosity can be
calculated using (2),

] = ESUTS4 + pSESuTTO'TS“'uT'T (2)

where ¢ is Stefan-Boltzmann constant (5.67x10° W/m*-K*),
and the terms &,0T¢ and pg &gy, r-0Ta,, are emission and
reflection from target surface, respectively [8], [9], [10],

[1].

III. EXPERIMENTS

A. Experimental Setup

The experimental setup (Fig. 1) consists of an infrared
camera, K-type contact thermocouples, a tripod, a water
bath, aluminium plate, a black tape, and the environmental
control chamber. The infrared camera or the thermal image
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camera (TIC) (Model Ti-400, Fluke Corporation, USA)
having a temperature measurement range of -20°C to
1,200°C, the accuracy of £2°C at 25°C or 2%, whichever is
greater, and the thermal sensitivity of 0.05°C at 30°C, was
used in this study. The TIC was calibrated with a blackbody
(model 9132, HART Scientific, USA) before performing the
experiments. The thermal detector is a focal plane array, 320
X 240 pixels with a 24°(horizontal) x 17 (vertical) field of
view, spatial resolution (JFOV) of 1.31 mRad at the
minimum focus distance of 15 cm. All infrared thermal
images obtained from the experiments were analyzed using
the thermography software (Fluke SmartView® 3.11).

Thermal camera

Chamber l
Aluminum l
plate i

/ Sample

‘Water bath

Thermocouple
typeK

Black Tape

Fig. 1. Schematic diagram of the experimental setup

The temperatures of sample surface, black tape surface,
chamber internal surface, and hot water were measured
using K-type thermocouples. Hot water was maintained-at
85°C. Aluminium foil was used as a lining material for the
internal surface of the chamber and an aluminium plate was
placed over hot water surface to conduct heat to the sample
and the black tape. The reason for choosing aluminium as a
surrounding surface was mainly due to its reflective
characteristic. Since highly reflective materials exhibit low
emissivity, the energy that radiates from surroundings all
aluminiunm surfaces, toward the sample would be less. That
said the second term in (2) will be small and the obtained J
value would mainly represent the emission from the target
surface.

The TIC was attached to a tripod and located outside the
chamber. Due to the fact that infrared is incapable of passing
through a solid object, the square openings on the top and
the side wall of chamber were made to allow the radiant
energy (infrared) to reach the TIC. The locations of the
openings were chosen so that the viewing angles of the TIC
(6) were 0°(normal direction) and 30°. A black tape with a
known emissivity of 0.95 was used as a reference for the
measurements. It was therefore placed on the aluminium
plate next to the sample.

B. Measurement Method
Reflective samples in this study were stainless steel,
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copper and aluminium. Specimens were made as thin slabs
with the dimensions of 30 mm x 40 mm.

During the measurement, the sample and the black tape
were placed on a thin aluminium plate which was heated
with hot water (85°C) in a water bath (Fig.1). Heat
conduction through aluminium plate was allowed to reach
steady state before taking a measurement. The temperatures
of chamber internal surfaces were measured with K-type
thermocouples and were averaged as a surrounding
temperature (7Ty,). The Ty, was found to be 33+2 °C and it
was set in the TIC as a reflection temperature or background
temperature throughout the experiments. After the
temperature of the black tape surface became steady, it was
simultaneously measured with the TIC and K-type contact
thermocouple. The temperature value obtained with the
thermocouple was set as the actual temperature. The &
value, displayed on the TIC, was adjusted until the
temperature measured with the TIC equal to that measured
with the thermocouple and the ¢ value was then recorded.

The emissivity measurement of reflective specimen began
from heating the sample and black tape, until the
temperature of their surfaces became constant. Then, all
infrared radiation (radiosity) leaving from a surface area,
based on the FOV specification, and passing through the air
was captured by the infrared detector. It had to be sure that
the energy emitted from both black tape and targeted sample
was detected by IR detector within the FOV area. The
percentage of radiative transmission through the air was set
at 100%. This means that all energy leaving from the target
surface could directly radiate to the IR detector. All of the
thermal images captured from the experiments (Fig. 2) were
analyzed using the thermography software.

There were two steps in the thermal image analysis. First,
the emissivity of black tape (0.95) was set in TIC and the
temperature of black tape was recorded. Then, the infrared
radiation from the sample surface, covering an approximate
area of 2 cm” and marked with rectangular frames on every
image in Fig. 2, locating close to the black tape, was
analyzed. The emissivity value was obtained by adjusting
the emissivity of sample using thermography software until
the temperature of sample surface measured with TIC
equaled to the temperature obtained from the black tape.

During the entire experiment, temperatures of black tape
and sample surfaces were also monitored with the
thermocouples to assure that temperatures obtained from
TIC were in acceptable range. In this study, two viewing
angles of 0°(normal direction) and 30° were chosen. The
experiment was carried out in triplicate and the average
value was taken from the recorded data. Results obtained
from the proposed experimental setup were then compared
with those in other literatures. Typical thermal images of the
tested samples at two different viewing angles are given in
Fig. 2.

IV. RESULTS AND DISCUSSIONS

Emissivity is an important parameter used in the
measurement of temperature using infrared thermography
technique. The accuracy of the obtained temperature value is
primarily dependent on how accurately the & value is
known. Researchers have proposed a number of techniques
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to estimate the £ value of materials. For reflective materials,
however, the effect of reflection appears to be the main issue
for determining emissivity. According to (2) as previously
explained, it could be seen that the & value of a target sample
will be more accurate, if we could control the temperature
and emissivity of the surroundings. Therefore, the proposed
experimental setup in this study was designed to overcome
such issue by using a special designed environmental
control chamber to cover the target sample during the
measurement. An internal surface of the chamber was lined
with aluminium foil, having high reflectivity value, and the
measurement was carried out under the condition that the
chamber surface temperature was much lower than that of
the target sample. Accordingly, the radiation from
surrounding would be far lower than the emission from the
sample.

(e) ®

Fig. 2. Typical thermal images of aluminium plate at (a) 6 = 0° and (b)
8 = 30°, copper plate at (c) @ = 0° and (d) at 6 = 30°, and stainless steel
plate at (e) 6 = 0°and (f) 6 = 30°

Given in Fig. 2 are typical thermal images of the tested
samples in grayscale at viewing angle of 0° (normal
direction) and 30°. From the image, it could be seen that the
black tape exhibited the highest brightness level as
compared to other areas of the image. This means the black
tape has a higher diffusivity than that of other tested
materials. All thermal images of reflective samples obtained
in normal direction (Fig. 2-a, 2-c, and 2-e) shows a non-
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uniform energy radiation due to the effect of reflections. On
the other hand, there was no observable effect of reflection
on the thermal images at viewing angle of 30°. After
analyzing the images, however, the ¢ values for all of the
reflective samples from both viewing angles were not much
different, as presented in Table 2. The results also are in
good agreement with those reported by Nunak ef al. [11]. Tt
would imply that, according to the method used in this
study, there was no noticeable interference from
surrounding reflection on the captured thermal images. The
results obtained in this study falls within a similar range
reported in some literatures, showing in Table 1 [9], [10],
while the ¢ values found in other literatures [3], [4], [11],
[13]-[15] are considerably different from this study. There
are several factors that could be the reason for such
difference, say, type of IR detector, band of wavelength, and
the operating temperature. Particularly, the operating
temperature was quite different between the setting in this
experiment and in other studies. Nevertheless, the proposed
technique could be an interesting alternative method for
measuring emissivity of reflective materials, primarily due
to its simplicity. The major concerns for this technique seem
to be a temperature setting and a lining material for an
internal surface of the chamber. Nunak et al. discussed the
effects of reflection at different experimental conditions on
the emissivity measurement elsewhere [7].

TABLE I
EMISSIVITY OF SELECTED REFLECTIVE MATERIALS

Emissivity at polar angle (6)

Types of materials

0> 30°
Aluminium plate 0.26 + 0.042 (a) 0.26+ 0.042 (b)
Copper plate 0.27 £ 0.023 (¢) 0.27+ 0.038 (d)

Stainless steel plate 0.39£0.026 (e) 0.42+ 0.060 (f)

Remark: The letters in parentheses are designated according to Fig. 2.

V.CONCLUSION

The technique to measure emissivity of reflective
materials was proposed with a simple experimental setup.
The band emissivity of three different reflective engineering
materials, including aluminium, stainless steel, and copper,
was captured using an infrared detector with a band pass
filter of 7.5 pm to 14 um. The experimental setup consists
of seven parts including an infrared camera, K-type contact
thermocouples, a tripod, a water bath, aluminium plate, a
black tape, and the environmental control chamber. The
results are in good agreement with literature values. Care
need to be taken into consideration when selecting the
location the camera, the lining material for the
environmental control chamber, and the temperature of
chamber surface. The major advantage of this technique is
its simplicity.
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