@ 1 A A -} v o ” @
mInsuseiosvsunslsdmiviaanuudininnudou
FURTHER DEVELOPMENT OF DEVICE FOR MEASURING THERMAL
CONDUCTANCE

SN

weySuns  ainmmayd
winAnd  fousan

o
WNANEAUT BounaITIIY

¢el
2I050NUTNI

81915819 Tafouaanss

W B, 3 o

4

Wyginufidudumihveamsinmundngailiyginmnssumanniuda
mudmanssmaena
AuzdmInsTumand
aonfuma TuTagnssosundudgammsaianszh

UmsAnm 2538



Hnsfinm 2538
« ] 4 A - v o« -
mswmummuowmmmuadmsmnn‘nut{lumﬂmami'au

werund NN
wendnad  Fousa

P
UNAMIANTT 1BOUNaITHIY

¢d |4
219150NYI N

................................................

/a -
(871071303 Tﬂﬂ%llﬂlﬂﬂi)



UNAAED

Abstract

. I

aaRnssudszma

4 .

ynin 1 unin

un 2 ngugnislumsesnuuy
2.1 ngumstemanuieu
2.2 ngugnminamdu

uni 3 M3senlUUNAZAAAI Cold Box
3.1 Cold Box

3.2 MIVBANVLINIIATUAVNTNIMAIU Cold Box

3.3 Msad19gA Cold Box

L%

uni 4 nTesienl¥lumsingungil

L]

-

4.1 nanmaiaguvgl

4.2 Thermocouple
4.3 11U UY93 Thermocouple
- a d v
unfi 5 MInareazMTIATIEYINAN A
5.1 Useansnmiasn13iNIves Cold Box
52 msasvasuMIMINiuG e unieile dagunqil
5.3 HONINANDBY

5.4 JIRTIHANIINANGY

P, ¥
unil 6 Yeagluazveiauonuy

MANUIN N. NATGIU C 236-89, C177-85, C518-85 4031 ASTM

MasINn ¥, pligauuuiezvnaveANATLY
MARUIN A, MINEBUTAIYANATDY

MANYIN 8. Suneumsdslszumiam
msunemsuaasgilnsel

v A Y a
HiNaenied

12
23
23
29
37
39
39
40

58
58
59
67
82

83



nﬁﬁ’wmdmﬁaaﬂaam?mﬁaﬁm%’n’a’ﬂmmﬁluﬁaﬁmnu%’au

FURTHER DEVELOPMENT OF DEVICE FOR MEASURING THERMAL CONDUCTANCE
P ia -
3]0]5ﬂ‘ﬂﬂgﬂ1ﬂ 81913913 Iﬁf\mlﬂmﬂ‘i

L] - 4 [ a o
vinfan L weyuni  Ainsingied
2 wondEmd Fomaed

3. UNATIANST (BoNRAITN

o 1
UNAALD

°lui]awummsmmmiaummmﬂwuwﬂ‘mum'lﬂ in1duna1819899nAN
dszma demmmsihmwieudinaranlyd swildRanfianaald esnndaiiunid
ersiimnisimadoulinssiuaigieds msuuamamﬂummunumnuﬁ oy umsnamﬁq
wiialui 9 Mutmmnne qn*mqmam“luuuagammsmmmsaué’nm Tﬂsmuummﬁn-
ﬂs:mﬂmaeﬂmmuua:wmmmsaaumaﬂ1mmLﬂummmm%’awaqnmmﬂqma‘lﬁ'"lﬂmmim

v [ 4 v
arudeusievesiaaisnin o nduTagmanildun avausuaadeuilfluems dudu

Smunsanymazesnuuasesieiamshaamiey Tdihmsesnnuuananasgu
AMERICAN SOCIETY FOR TESTING AND MATERIALS (ASTM) Taoldngquimnihanuisu
awmden uazasuRfdaandewe nndszgndl¥lumsesesnmuy Fulszneudae GUARD
BOX, METERING BOX liaz COLD BOX Taolud2uyes GUARD BOX WASMETERING BOX uu

1&insatael3uds amniseennuuluTassnuvesiuiinmm

FritmenquifianTasanidimsfinuesnmny nazafgunssludauves COLD
BOX ey IintesilewSeauysal  wazldinTene ﬁ'mmxéaﬁa‘lﬁ’m THERMOCOUPLE
Taomsvimsdiuuaanl3sumou (CALIBRATION) amngmqﬁnaﬂauuumwam mamqﬂnsmu
Winagsufviag tashroiidhnFsufousummaimmieusig iegaumuzaulunts

> N
igunsalii i i$ausisdely



Abstract

At present the themal conductance of the materials which is generally used, has been based on
the data from abroad. When using this vatue it may give some discrepancies actual thermal conductance
of the materials miglit ot be the same as the reference value obtained, owing to their non-homogeneity,
and also many new materials have been produced without any data about their thermal conductances .
The objective of this project is to design and develop the device for measuring thermal conductance
(Guarded Hot Box method) in order to get the actual thermal conductance value of the material in question.
One of the examples of this material is thermal insulators in buildings, etc.

In studying and designing this device for measuring thermal conductance the standard of
American Society for Testing and Materials (ASTM) has been followed. In addition the theories of heat
conduction, heat convection and heat radiation have also been applied for the design. The whole device
consists of Guard Box, Metering Box'and Cold Box. The Guard Box and the Metering Box have been
already constructed.

This project includes the design of the Cold Box to furnish the whole device with the complete
set and the reliability analysis of the thermocouple has been done by calibrating temperature on material
surface at several test points. The measurement of thermal conductance for some materials was carried out
and the results have been compared with some referenced values to check the precision of the constructed

device.



fafnssutszma

4y a dy e
vovouan st Tafwmanes AlddnSnudmaia  s1nsdlsed shop
A ' o ¢ y o A
manssanayamu Aduneanuazmnlumyhguasdl , dwihiigsmimamisanann
' P A 4 e : a
i Adnsanuazmnaluaudiugims | ieu q mmiassina nidanusomasluau

' o ] o ‘ A y 1
M4 9 uasdAiidminedeanvi Al Tasanuiiduisganludwd



uni 1

YN

fgmﬂuﬁﬁé’mmsmmm?awmd”aqﬁmm?hﬁqgau'nﬁﬂumsW Auansniom
audeudaili$ise Townilunudmdn 9 1wy msesnnuussuniivene uazssuy
'r'lmﬂmﬁuﬁ’qmaé’mmsmvmunzqamﬂnisu AssBnILLsTUITIAIWSBY  Asiden
TaqdmiuTlaswadan q Mdu  Sudidunlssinimsiaudeu (Thermal
Conductivity) veiagyiiadn q annsamtldnnmisdegiiedets  uddeyadandniil
w'm’sui1ﬁﬂ1ﬁﬂiﬂﬂﬂqu5ﬁqﬁmuﬁﬁﬁegismﬁ’a‘Tﬁqmﬁﬂhﬂ 9 ﬁﬁmmﬁﬂfumjmua A
Y ﬁaﬁmmﬁnﬂuﬁxswzﬁeeﬁqﬂﬂsnfmﬁaummﬁuﬂszﬁﬂ'ﬁlnﬁmmwi’auuaﬁﬁaﬁﬁ
aamgndes el 1dndedeyadmiuinlulsilsz Tomiludwan q Faildnd i
9194y

AdudszAninsinamden (Thermal Conductiviy)  Saduihunuauiiatszion
Transport Property  Walimsiznasdinsiiomysmasmluvesiva  wazluveands
dmiuisuazveanm msmemmasnusaiusmnenmsinieudivesTuana Tuvazii
asmemndanluvewdndurmnendionaseudass  uazmsduazifieuveslase

adnTuagaidludiny

« ' W (o) ‘! o _/
ms¥amdnlsrinsmsihnnudeuvesian

t a - -‘ ° - did o .
mmnh:ammsmmm%’au(Thennal Conductivity) fion 19 nauns  Fourier

equation AT

dT
q = -kA‘—i; (1-1)

iie g e SasINIRIBMAIILIBY, Bk nie W

.4 v
)

a4 ' 2 2
A fs Hunnmwdouluariy, & S8 m

dT - v . - 4' ’
. 9 A1 Temperature gradient 1ufiananinudeuaiom,
X

‘F/ft 138 "C/m
' a - A‘ .
k fis mdudsz@nimsinimieu (Thermal Conductivity),
Buwh- ft-F #38 W/m-"C
1



4 K a o (3 [ o o o
Tunisnageuiemmdudsz@nimahanieuvesiaq 5ezldanuduiug

4 L] o 4 o
snanlumssnnumdulsz@nimnihnnudouvesiagivimimaaey

éq

=% 1.1 nMamaasuAdNLstBEn AR taneE e

fnsanmsnaceummdulszdnimnihnnuiouveuriuiagiuaadagi 1-1
dusmswmsanmssiemanudourunriuiag Anumuves i uazguuplinuand s
4 4
fussninivesTagnsaesdu mdulsednimshmimdsuvesiagaunsodnonld

NTUNIT
k\ Tp — === (1-2)

Tumsnagoudina  anudauii Muamisdunilsvewumuagernldnn Heater
P v [} @ a Y & Yy A . -1
Fazgnmumosn ligmitdndunilalaglnaseninabu
° < o q ¥ a a °
mshanuiy vuets maildgungiluuSnusey q Maslasganimioulu
- - .’f Pl a ay ° va Y o 9 4
vinaluySnatiunsonndesidsamsimition  udniwmnusoulinwesnluunas
QUUYIAFIND
o L) [} 1 .
Tumames T lawniadinszuiumsd W q wawnszumms nannsoi
gumpiianmadld Al
a a A d
1. MamugunyNvesm s
° 4 ° yvd v @ id ' a o o
Tasmsunenaisiassmsmdidumnduiaduasiouni asnisduaniun
a o a ¢ o ES H
anudsunanvIndindsinisanguugil Sead sty USuaanudeuiinisanu

g o o 4 Y o
wuu']ﬂaﬂulﬂzlﬂuvlﬂﬂ']ll ﬂ'i:‘lnumi1Maﬁullauaﬁﬂ?1uﬁuﬂ4ﬂ



P
2. piiaoundasaniue
P d - <t o
mndeuiasanutudesmafionfoundasaan: nnvewduiluveamaa
veunandiule wiesmusawdudule SauirewssTemisamsuifsuaaiusllgdmiy
5By
asnlasuaauznnveamaniiule Sondvasamediuler arueuniasaiu
v 1 d 1 4
du 1R lunsnBoumlasil Soni awdeurhvemunmaitiule msuaunsiiléiu
[ Aan & ° - - W
stanvnann masilunssuumsitonlFlunientmmdusiiasale  msalugu

o> o @ o -
mmawmmsmmmu‘lums ﬂmmﬂu% %:ai'lummnunqmugmmns:mu 1180}

3. MIVBI0AIVBIVAAUNA)
nsvoodvesseamad hunailigampliveanniasny suugiszaanuinies
Siszuinmsvoenegluaanzveamad uatnszuiumsenediegluranzszninle

uazveamauda sxaagmugiiagldun

@ 4 o (-4
4. ms'umamxmz”lﬂaammmmua'\mmmﬂuusa}' (Steady - flow expansion of a
perfect gas)

-

a [ ' ° 4 °
Tunszuunsnsenswvesmaauysaies hiduralummiouiguugiia uazas

Yuasdnminauelunsvoodile Iamuds Wunahlfgamgiiaandldun

o @ A4 Y a
5. M3YI0AIVBINININDT
a o P Y o o [ P 3 -~ - - 1
Wemafuteswwaodl meumalizadi udgungliszidtoul Tagerweziiuiu
- - ad
wisnans nieasinla
lummiiliganginaninnln® (Ambient air temperature)  aMNDIQUNYITH
1 [ ] : \d o : L3 d 1)
Foanrsualiidindn -130°c Wy ewlfszunimmuisuldwatouuy U Vapour
Compression System, Air Cycle Refrigeration System, Absorption Refrigeration System QY
v o ad o -~
Steam ejector System. Wludu daulu Fesguugiifidnnn q fe gumgiidnunteewngus
auyanl (Absolute Zero) (:273°C) 198211119 1nN 135 zIMEVBIRIHIMA) (Liquid gas) 3P
magnetic cooling
o A ° * J 4 & o
Tumnineuntenihmmdunuduglnsaidiuuiisvedlnsamsii  eldidluda
ssinenamdeusenainuruag mifitanamandnesgamgiissniniaqgéiu Hot Box
[y [ ° ' W ~ o - [
1 Cold Boxd 1§ lunssnnamamdulssininmhmimisuvesing

3



a & W Y ' 3 ] .
TulSgainusativil wndantmquian q  wesdumstwmanudon  mah

: o b
ANUITUNIASEIY LATMTOBNULLANATIIM ASTM (The American Society for Testing
and Material)MImuiaan 9 Isasadnglnscinagoy aums uazdimsfinnumm

& " s 4 ‘
Futszanimaihnudeuvesiag sumiamsmareunnuiedeldveglnisitie



uni 2

ngqulumssenuuu

- ' v
2.1 NPEIMINUNANNIOU

1. M3 uSeY (Conduction)
- Y é {J } 4 o d.
mahawdeu  Wusduuunilwesnssemanudey  udnhvazvesmsuanndeu
ndnunnyinunligungige dwsnuiliqgungis Taondounuviay (kinetic motion)
-] o ] ﬁ a o a 4’ P - ' -
nemswuiulagassvelumnagulludnsusinavuluvednaniugaiia drulunsdives
: ad ° o 4 = @ e aa o
Tansfusaiilumsvavesnszuadidnasou  dmdvveadefidudniwihsia  sefisuou
o o a - A v ) 9 . & [ Y
slanaseudasznneinaeu Iniegnolulasiainvedlmana (Latice)  Baornam’la
Jagidudniinihing ssdudnimnudounamuiidaes sndaerusu newas Su min
;) Y] °o - { [ 9 -1 a 1 qv
Hudu sulumannmaimSedoneandsnumdeulassidnasoudassmaii

I'd

nganduiusvasmninnuieulastomnasinsdunaainnsnaass  duliasind lev

. [ o a 4 a s o A 4 b 9 a dy

(Biot) uareunindnd-ndiamaniviidiuna ¥8 T Wsius (Joseph Fourier) thndnnsi

Shay d =) 9/ 4” 3 t (Y ° gy L] o

nifienemilunquiianuiou  ngiindnit  SasimsInavesnisianudenlufiemsdi
y v ¥

smuailiudaduduiug dmindufisnams inavesnudeu uazinsiReuvegunniilu

14
Ny dmiums inavesnnudonludiama x agueadsiosdmuaiiu

dT
q, = - kAE w (2.1a)
- dT
Mo gr = ko W/m' 2.1b)

. y ]
Taefi  q, fie Sasimmhnnudeudiuiiui A Tufismaeuan x

o o Y a
Wanaranuoulunamauin x

3n b
[+

8 fhﬂn‘nwnﬁmﬂim%'awaﬁaq (thermal conductivity of material)

wazituduan



¥
‘ wnaums 2.1) tganpiasaslufirmauinues x uds d/ix duay dniug; m3e
Lat 1 a A ) a A a [ H 4 a [l
q  fimdumn  dlewmnaumsiinisminsaviineg  mazasiuniesmnoavislaly
A 4 1 Ead A L] -
aumsuaziteinilen g7 (3o q ) dhilfmennn  demsTravesmwdeusgluiam
nves x lumendufuionedmnilovesaumsifiuay uaashmslnavesnnuiousglu
NANNAUVO x
¢ o a 'd ° 9/ d A a a
wlszasauan lumslinnzimahanuiouniielitem aumguugl (temperature
o A & ﬂ A & [Y [y o o A [y
field) ludnarminguthunannitoulviidoandosfuveuivaveuin  HuAB ABINTILNT
* i 4 . .
n52910¥09quMYl (temperature distribution)  iemswaiifazamnsanmdndnnuieunya
1 4 1 4
1a q ludnmaiu nnnguesy§iod (Fourier 's Law) msmimiihlasmsldnguoamdsan
.3 = a . =) é U [V
(energy conservation) ﬂuﬂimmﬂmﬂuﬂﬂmmsumuumszqnszu’Jumimamwamu wazld
aumssasmmuzay wadn i idsnduaumsdiosuBoudsinevveaiuey lmsnsz oy
4
gamnpiitudinanamiedagiiu
L) 1
AauiAN19ANNTOULDIALS
1 d

3 a o S 9 a Yt e o v
ﬂﬁhﬂg%MﬂUimnflummmnmmgmmﬂummimmmiau ﬂmﬁummzﬁ‘lu

sy
-]

msﬂéﬁaé’mwﬁc‘?mé’mugndwmhawaunm’*}qnizma SATINSMUNNANUHIUBYY
TnssafrumaNdndvesans ezaouuaz Tuana SuRatuanzeesds mmahanudeu
Tuaumsan q Ananuntmiediy Wmk vie JmsK it 2.1 naadiifiudaentaves
AMUUANANYDIAIMITINANYTDUYDIEITA q TuNNIFINGTY

Tugresznhafanaz Tanshnudougusy - neamniodu M k szusifdou
Taossznoutlszana 10° daitu Tugit 2.1.1 Mgegavesmnihanudou folansuiqnd
nwdoug uazﬂ'w'hqm‘fuﬁm%’uﬁwuaz"ladn q Fehiswszuumsiluauiulasms
e ﬂaau%qmﬂa'ian:uaz-ummmﬂ:ﬁfimﬁmmm%’aumjiéniwmsmdn‘f sy
wanvaslanzidond q Fenimmaihnnudougaunn 9 iy #dnnowas fif1 8000 W/mK
wieganhiidhulal 18

mmshanudeudumlsiousugumglisuiu dmivamsuedaimausioudy
gunaiidesauenten M k aeit14 u;i’d":u‘lnqjué'mﬁaunnnsﬁmsnnﬁmﬂstﬂéuuﬁu

3
a e

- 1 A a 1 ' g o o @ *
gavgii lnsmwizesadefiguugiidnnn q k snfdounlasednsiasinugungl enABeN
WU k voameauas egiiounieliuaziinmn 50 fa 100 whvesrh k vealu Tigamgiives
Undgtt 212 uasmddiiduhdimahanufeuvesmsmaimassnnedanlsndouiy

gumnylioinls



Jon:=¥ il
r Tarzidng H
afa £ofithe:
l daan ' j|
[y i 1
SRR R u~uts apniné
)
vorcioaiavs ]
RS Trhues
] T LU
VA ¥ g
1]
‘ BEAYET i
CO‘ II‘
Mo
1 1 ] } | '
o 0.1 1.0 19 100 +L00

A SRR & (Wm K

Uil 2.1.1 Fnmmmhamdeuvesmsa q

1006 I ]x ]r
| Silver (99.9%)] '{'. Copper (pure)

Aluminum (puref,-

i00 \— Magnesium (pute)
N (S el
O 3
©
s 10 \.Mcrc_u_g_y_-_ x@'f"minunl,«o.\:ide
=3 - Vo, (dense)
2 ) Magnesi
2 Catbon (amorpNous) ¢ gnesite
a! . . A
= Fircclay brick (burned 1330°C)
g ' Water
© B
£ en O .
E Arogth_ 2.1
3
$
= Asbestos s\.\cﬂ )
o a0 Jaminatiehs’ T
e
0.01 -
Sotids
Liquids
Gases f
0.00t (‘at aum. prcst.l)
103 0 100 00 300 400 500 600 700 800 “09 1G£0

71fi 2.1.2 naasBnnavesgungiisemmsihnnuiouvesas

Temperature (°C)



y :: . } E:

A ' o A o ) ] ' - .
oveslnalnasniagiduvoudmielnadumolusemumiiva - Tasiigungu

o 1

= o . [ T Y

voavsd InanasRIve B TAMANANY mseomanudsusenined nauaziivesved
o - 4’ ) A de @ du a d s [Y) d’
LS wiatudoves Inanasufiduintfufveveats  nalnvsimstomanuseunuuil
- ] %’ ” vy & = \1 = d’ ° J y" A @
Gonn “msmanuion’  MIMIAADUNUDIVDY natnadu lasmsmaues lasldiluvsenaau
ﬂ v e Y a o 9y Il lll ' .gy a J 14 ;d ' 13
Fugmiifausansoildveslva lvasuuuiufy msmamanusouwiuudizenn  NIw

o W 4 Y = o é
anuoununtisf” (forced convection) S1MsIRABUNIVEIYEY InaIiANINITIABYA) Fadina
yInaNIAngven IIinfiianna mmandvesgamgineluvetiva mstom

»
amudounuuiiGeni mswawdounuudasy  w3emIMmAMMSOUNLLTITUIA (free or

. . v ow o ' 2 d 4 A I

natural convection) %Y ﬂaammmmq%’ounmag“luumm“mummﬂmuvmqmn FUVDA

L] ar

[] » » .
mmfmﬂﬂnuﬁumuaumumqnxnmimﬁauwstwmsmuuqmnQu"lummmi‘luwaﬁﬂﬁ'

3 } 4 [l
a & =2

NSIROUVBIN UM U MUUIANYY Fasiilemafanisedoun  Tasmsindeunivesvesiva
fimansgnudsaugungingiuvesiva AMIFIIUNINITATE IIUDIUNANLATMITAIN
a wa & A o o ¥ a A Y o
fmu%'auuuumswﬂunnﬂgmmdjusiamaawwaumn“lumnmnsin melinisfisum
1 [ H v a oo a I~ - ] a A
MsthomanudeudiwiuseniniifizouT,)  uasgamgiivesvesvadui lvaruuuii

el (T,) awineaalugli 213 mdutlszanimmanudou () gadmuaiiu
qg" = hT,-Tp) (2.2a)

i 'Y P o @ = a 2
Tavih g* Hudndanudoufiomainntifeulifedlnafiou @miaotu Wm)

L] ox $ r L4 d 1
Hinmseomanudouiannvesinafifen Tudwnuiu s2lén
q" = Nh(T-T,) (2.2b)

- o & e P - o
Taoh q" dunsnganudoufidomnnvestnaiieulifwmiudy aums (2.2a) du
P o o o o H a v
aunsi Idunnngmsidudivesiidu(Newton s law of Cooling) Taufigumgitimizeiiu
L) J o - Al -3 1] ) 2
waidua wiemadu uazmdulszdnimswnnuiou h imiwidu wim 0
t W a & ¥
Adudseansminindniod h (Convective heat transfer  coefficient or film
convective coefficient) ofifuisidonlumusiliavemsina @y milind nis medy
d ar d’ - a . arr o o a «
) gUnseveaiag WuiifivedInalvariu guauianuiidndveavetina  gungiinde
) ] 1 3y L @ y‘l z o \d 2
HATAMUIAN 9 AMURLAYBIIAY uonmntigesufunalnvesmssomaniouiuiuns

wnnyeunuutiy  msndsunivedsd Inaimannily uieaaw) wialumimnnuiou



HUUSITURA (miméau‘7;'um-uaﬁnmi‘iamnmaaauﬁq) mves h szulsnldenua
dimis @ muitiiiag nfulumeimnsauds denrwazanes 19mdulssdnims
mmm%'aum%ameﬂﬁfuﬁa (h ) UM h T;ﬁ'mnﬁufu q  lumsinsanmsnmnudeu
AQBATIMUAY AUAS (2.22) UAZ(2.2b) F1 h Segaunudioi b sufusr ¢ Sududidng

auisumfoaaaUSUANIITH

v 1 4
517 2.1.3 s wanFuseeuvalumswinnuiou

'l

. s =y ﬂ’ . - o 1 o A
arduilse@ns mswinnudeuamniadinnzd Weninmsivisanms nadwdagdaiipy

nsusnAEAe 9 Wy tiudoy viems vamoluriensanszuen  dmiums lwaduiagii
of o J A A 4 A <4 1 1
sinsaadusdudou M h awsan ldnniinuminaass i Idvziivvemnuuanan
funnnmuuaazjluuy
. 3 14 a y ,B liati } E :
ter A Y = Y s‘ 1] é ld. as o ] -< 3
asunsaaanudou AendnungndsesnlyTasasdsegigungiinamiueu D
v te a o g o 1 o = a o4
usnadumariidnneivesiaguisiam  mydweenvesiiderufaiuldnnveanaiuas
o v o 1o 4 A , o A ﬂ - v 4 v
e sl Taglimiitagduoneesns  msdwesnvesiidiyeiutiumnidoumsvaisew
- o é [ ‘o : .
yeidianasouvasnnlssnouezaounio e waIMYBIEHINMSUATIEIuITgMIIBEN
& 1 d P 4 . ' o .
Winendunindnitih (iedundnetiaihivaey) luvaziismstemudinulasmnimie
aswdeamsiagiinan  uamsudsidlidesms  luanuilusTimsdwmlasmsunidiia
4 . a a H
Yustnilsedntmmanniigalugyome

" o o } Ry [] -4 - & o
mﬂancnmmiauqaqﬂ‘nmmmma?(gnmaan‘lﬂ‘lﬁ'mnﬁumnummuﬂTﬂunmamﬁ

wluTuaeﬁmu (Stefan-Boltzmann Law)



g = of, 23)

Tash T, fin mgamgiiduysel (K) vesda
' : -8 2 4
s Ao snanvesarmu-Tuaduuy, 5.67x100 Wim K
r v’ < ) [ o A a 4 o . a o y é U
wazAmiuazidondt  duwsidgaunanieiagd  (black-body) Wandnmieudagndsonlag

A293991T0en 18BN NINA NI ITQAUAR (ideal radiator) fruaiiu
q" = ¢€oT, 24

d' e o =4 L <4 L2 ar = ﬂl to &t
Taoh e Wuguantamsuiiidvedn Sond dudsz@nimauiied  (Emissivity)

Y o

unaayay yd 2 a o - 1 A ) o

saantatisidirudalss@ninmvedautiuednls wanSouiounuiag
auns 2.4) Wmsanmsdimdsnuesnueddy MsmuIaMIBaNMEFINMIUHITgn

t 1 A @ J 9/ 0 1 od = o a & o 4: t
sanfdouszniaia Taoma lureudngionnn  ednlsiawdinsdifaudufiatuissnnlu

o wa a 9 o = a ' g o d a 4 TR 2 'y
malfiansidesfiumsuannlfeugnissuheiuiugn q  wazdiiingninnaseyasusoy
a «d ' o ! a a - [ & 1o = @ 1o
Aamanniniues  RuRaazfunadenfignuoaniniulasfada hilidnswafivafumsunsad
: o - 4 o A o ﬂ' L4 ' A . 4 d'
T Sangmivesnisuanasusidaadeustuininazdunadeuvewiugeninmieiui

voshimuaiiy

q" = ec(T:- T,,,:) (2.5)

=

y z 4 o 2
Juunsii A dufuiinn waz o Sududsz@nimsdeosn  Tuvari T, 1y
gamgiivesduniadon
a o A4 4
fimsvsegadaumsiilugiduiieldasan Ao
9rad = hr A (Ts' Tsur) (26)
& " @ a o ra )
Fawinaums (2.5) Mdulseanimsudig m) fo

h = so(T+T,) T, +T,) @7

/o o ' dyﬁ' b A [ I ] ’ d” [ KY)
wlszasniiusuiime Mligduuumiioumsmianuieou  dunain M b, Yusyny

. ¥
ganpiithuidiy Tuvasdl b veamsmvusdivgumngiaulng

10



. I 4

aninanteduiy i ldueaRnsanmstemenudenluuuy mnh s

tw o o ga " Y 4? - J -
pazmaun$ed  lumalfianstwmanuiounnaniuil 9 nitTasuineniia ldnaiouuy
1] - ) tw ot o ‘; & L]
Wy Rannmsmanudeulaveima wazifansuriidtudanadon Fuaaaldidtundun
- ] o n; P [ 1 oY Y a o o T
fuiuTanzvnadniiiuil A uasfinmsdienn ¢ lgamgiaant T, uasdalimauniadany

v 1 4 [ v
YousuAunadevgamgil T, dufu anudeuiiqydellae ualinsuann/foundanuni

o = A A Y W .Y a' 8 o A To
Youlasmsmiuveslnagungll T,, Falimdwlsz@nimemanuion n, uasdalimauied
b ” - Y - @ : - <t 1 P . a’ o ] .

anudoufudunadongaungl T, Al anfeudigydo Tudeniamizoiunivouviulany

Taona'lnmswauvsamsmuazmausiad sxgnimualag
" 4 4
q" = h(T, Ty +ec(T,-T,) (2.8)
8 (T,-T,) << T, udr meuiweseziuudu awld

q, = h (T, T, +h(T,-T,) (2.9a)

=
=
i

Tay 4o, (2.9b)

11



2.2 nquimananuiu

1zwﬁlﬂ‘nwﬁu‘lﬁﬂﬁ'ﬂ'laadnQ'w(Simple Vapour Compression Refrigeration System)
* < a o o 4 o LY Af
 smummianubusiadaleldiumseenuuy  uazadniulaverfondnmaiugis
a ¢ o d"
mamed Wlmnliad dall
L 'um‘lnaqﬁmm%’au’lwm:ﬁtﬂﬁouffm'wmmnmma'flﬂﬁlu"la uwazosulinny.
$ou wlasundasnnanngloiduveunar
1 d‘ = d' = ﬂ' 1 o d’ A
5 luszwinfiranmsulanulawesanzgamglivzadii uagumgll HsznfRounlas
o v o [ P <& a d, P ada o @ Jdo
funnufuRnnusundiitanis amamodulewifiadu w  qeigumgiinlianudunusay
1 z Al o H 'l o é ¥ ’ o [.] o
winiu  snlsimugangivesmsnaiivleiaududunihdouiananfudmiveanad
nAnny :

3. aawdeuss inannunasgumaiigalfumdsgungiis

v

1,
=

- ~q ¥ o &4 ’ Y = ° 4

4. msdenlangiilduasesmumivszdeaiiulanznlimnimnuiougs
o 3 [ & a ° o 1 4 P
5. whmanudounasndiuglty 4 sunsofieshndumiddszlend Taungi

¢ a f
asaveames Ly launiiad

[} o LY ] -3 (] .

awgl 221 myuzingasnilinuiuyuey awuzdnaeglumyusing uisgues
] o 1 ¥
wa1 R-12 uaziidawillagusseimanousn a@sanumguinegd R-12 sgawlAnnunaduves
2 ad o aa
YssIMA (101.325 KPa 1138 1.03 kg/em ) tazgaMBuFIveIIAIMIBUMA) R-12 il
[ 4 E 4 [ v
Ay TauinAstne 298 °C Auiuveaman R-12 noeiiulefiguingiiin
4 . 4 -
nazaudeuirwesmsomaiiulowgnganaannzinadon Fuaaigl 22.0 figung
5oc anudoundesmsnmuiiuloves R-12 HAumidy 174 Ki/kg (133.57KCalkg) IW31®
‘hqmnqﬁvawaqmmmmmzniwﬂszmumiﬂmmﬂu"la msinmBussauiives 1ou
3 i 3
nsedweananawihilonya avusingaBlugd 221 Fweanaldnawitile uaz
-3 3 A . =t ] &

anudeuldgnaam B Taonsuzidanniufifidesmeildioy BontdunlTmsimed Fuilu

* ¢ W a P ] ° o o W
ﬁ'luﬁ'!ﬂﬂﬁ)u"'NQﬂﬂ#i%ﬂﬂﬂ'lﬂ')'mwu‘lmﬂﬂﬁ.lﬂ

12



W R12
A WNE AL T6IUI ILINN
ustifien figrngil ~26 8°C

&°C space

: R 2 .
31l 22.1 msaadu R-12 marnmaiileluanunaduyssussoima aanuiouIn

UShuTou q A1a3de 5 °C HATERANNIIZUY

msmugugungiveamanmmiiyle

qnmgﬁvaqmsnmmflu”la'uawmman:f;umjﬁ'umwﬁu stwznm‘fuqmnqﬁmm
nsnmui levesvoamanzfatuinomdulannudunis awgl 222 aowduluuo
Twisiediviafy 308.56 Kpa Taomsnuguan Feszveuliloruesnluiglusas vty
ansumehisind Tmsmeinai 6'ﬁlﬂ§umuf1n ATz ﬁufuqmnqﬁéuﬁwm

o 1w a 31 []
voanm lumuzidnszmiugamgiivesiinalumyuzlng Ao 5°C

Yeres RI2
wiiaeeu
YOIUTILANIN

s6anA R-12
tﬁcvﬂqmw‘\'i 0°C

R A A AR T A

3 a - < a
31 222 guugiimsideavesasinudumarhidunmsined Tasmsniugu

ANUTUIMITOUBANAIAI8 Throtling valve ATANBOAN

13



ﬂ ] jy (Y
¥ -3 @ @ ' '
awgd 223 Toves R-12 exgnilugannmsuzianuazsadineussyassgqussoims
- oo P vei o v
gungiiveslenSesn 12 (R-12)  fiflugamunsofiszaauguiegiinnudulaniudunii

a0 8 4 qyo ﬂ o 3 o '
adnwssnmea e lisanmseaniiulemuzaufuanssousvesilulumsdaleuasasy
guisunet

auesyed i
RINIILI IUIMA

T W B2
Laaa'?'.qr.mqﬁ -40°C

R RIS RN AR ai

2 o o [4 o 3 ar
i 223 mwduvesmsanutuludunl Twsmesanasdinhnnuduussoms

Taol9iiuga

LY < =t ¥ a

- » 4 a * ] (1T o
tunsdinldnarnnudrimsanuduiinaroilu leuazddesgaiouen  ualulimsidvans
4 a d .4 4
anuiduasllime lmsithi leifiadinedederio
3 4 4 o o o <
gt 224 WuTBnilshinundszduvesmsanudumaindilasmsldgnasy
v o W o Y o 4
wazndudy  Anfushanms lnavssmsnnudumanzmsusasvesmsanubuinaaiiu
o
o d = o [y
o wazilueenllmouen  Swssymsanuduiinnudugeesaumsnuiuvad Ty
-t 4 1 ¢ o
B Twisined  Tagrnumanauy
swlTmsmefiuaaatugl 224 swuzludamunsofszfouiiuvievasgnolu
amsuzlngdagd 225 msnauiiulevesmsanudussfanolurieuaziznawiulonua
. d ¥ a g o ¥ 3
asalmionie uazlevesasanuibusvsznanoiiuledousiats msanusunidunluvieniy

.’ A hd - A L3 4
qulavdumuny il Themostat Wummugugamglivesansanududvhmhiinaugums
¥
Tailavesdunrugu

14



nhu’m‘nuiuga

e -
TN

Low pressure
bqud refrgenant

: [ <
1l 224 mssmpnuszAuvensaMuBuma ludil Tnswesdundignase

o < o { v o
(Float valve) mmﬂuvaamsmwwuaﬂawmzﬁwm’n’cﬁwu (Needle valve)

hqua

fumuny \
s et R

1 av3enuiu imarsla) Aridudn

21]7! 22.5 vaneoul Tmsineindoudas Thermostatic expansion valve i

d
fIIUANANUIBU

15



o d o v o 4 v . .
MINUTIIAVTUNAINNDAAILINIATONDA (Salvaging the refrigerant)
o ’ a e < aa v e Y
Suhidumstsendameti leveamsanudunilugasenuuazyasena luiuussens

: P < g e . [ shl o : < o [ g

NYUBN M 9 n‘la‘ummimmwums%zmusnmutwmﬂawﬂ*}s ﬁﬁ)‘ﬂ muuwwfluﬂmmu
G a o . H y A - o & o 3 & ]
"lmmqmsmwwunaaﬂmvmﬂu TﬂUﬂ'liN'lul'ﬂ'l‘hHUlﬂilelEﬁﬂJﬂHUQISUﬂT] INTOIAIULUUU

J é , Y [ o o
mmsmmuuuuﬁv:nﬂﬁ"‘lauENzmﬂmxwunawtﬂwmmmua:nauu’fﬂﬂ“luﬁmﬂimsmas’

Tagrmndusuguangy 2.2.6

Yevoemrinsnndu
ﬁqmum‘:uﬁ:ﬂm&.éw Low-pressure.
v fow lempeaiure
hqusdvano’ mixture
Refnjerant conirui Hig-pressure
s hughdempenaiure
hqute

-

 Vapor compresssr 193030 30U

- h\ ! L

¥ 5
REESELLRITEINY -Tsm— } |
o iy |
fem Suuszquinglgy Foarest {nsiui
vouve: R12

N

finuduuszgrungi

-

1Un 226 mslf“muazmsmuuu'u'lamsmmﬁuné’mnﬂﬂmm%'au“lu‘émﬂ'[wxsmas’
3 4

4 .
uazmumw%’auaanhmimmnuuu

' [Ny = 4 2 a s
naumiaﬂmqmnQumsmmwua:nmmﬂu'laﬁqmnQuua:ﬂ'nuﬂwm?)mﬂ'[wwmas’

ad ) ; l o g o -! 4 A r o o o
@i luszinmssadnuduvedlemsanuduzimuiutge  Fuduiusiugungil

).

o o 3 - LY v o a Y 4 [ o
:.m1ﬁqammmnqwmmnmwaawu‘lunmmmnmmnaﬁ“h’x’"lumsaﬁ‘lwmmimmwu

L

<18

Ve o 4 o d 44 4 " @ a o
1'” mmﬁquu Wa~1Q'lufntﬂu‘l0418ﬂ17ﬂ11ﬂwu“lwu¥u931ﬂ1ﬂUQiu'HQu‘llﬂi‘laﬁ'ﬁﬂ'nllwu
& &

INUYU

k.

16



-y

o v @ S Aa ar 4 ]
mondimisadilevesmsnnubuitinausuuazgungiigaesd ly lunsewmuiniu

v

¥ Yo o - | = A e d
mmmm:mﬂaaﬂ'lnﬂumﬂmmaamu Tﬁuﬂﬂmzlﬂummﬁmam 131184?“5?111!11014%3

[
< =

mutiuvsunarfieanaisummoldnusulussowmunin - msanuduissuuiy

. v

) ]

N ﬁ 1 Il 91 o o o A ) A'
dhiveunazezrnuniosmuiy  uazvadh llusupumsaiuiu e lnasmuauniugu
- 4
w1l lusu Twisiaes
o vlsv- d 4 ﬁ‘j ul o ﬂ o ¥ A 2. d
weulaasanususuduved invannuszithimamanuisunanunmManuey
& ¢ ° Y] A Ho. d a P -
4y8gniouen 'um'lnaﬂmm:@ﬂmmseumﬂwuﬂmmmwuiumnﬂTwnmaiua:m"lﬂma
@ e [ -1 4 ] :
Trudnarsnasdulunsosniuiiy
a o Py =3
HAUNANAY-EUMATIYBIMIANUIDY
P . 1 a  w A or A [ : o =3
wSenhanubuiinda lovzseneudoinisdn I9T8IAULLUY NTENMAUNMN N30
U4 -1 “ 4 o
Nndmgums lnavesasanuon - wazsdunTwisines ms lnavesansanubuestiums
° [ 0 ay v vad s o <
Trauvuainaueriuglnseinaril uﬁ'ﬂqﬂnmfﬂ:ﬁ]uqummmmﬂmﬂmmimmm‘lums
alfsuanuen  wavieumal 1wy mIManua@inaue eI ANNITUH AT BRI
o) 4 a N = 4 da . o A& o
wastu Imsmed mswdouudateumatlvesansanuiduife anudounaioimesn wsoda
asaesiniiiiums manvuasiiausdiouasszninmssaduuuie laowudn amhldua
A o da Py = d a ' A W a
wIpesanfe  msudountavsumativesaisanuigui narduniTeddn  ASTUIUNMINTONSA
o [ =t A @ 3 Y Y
ﬁ’lummuaumi‘lnaﬂmmsmmwuLfiunizmuﬂmoumaﬂﬂm muusmuqmzsi‘lum
fmuanmsnlasuntaseumaillasase @azamususzninnssuumsssiiumsanilunsd

¢ '3 a d 4 ° -1 a o
mnznmamaﬂu"lﬂumﬂ'd*ummsaqmmmwwuﬁaﬂ‘la)

<
n

QUUN

+
muqm“

Ing
.

Absolute pressure (ar)

s

> - -
LEUAIILRRAIMN

L AWauUNI8

ucunuw

r

.._____;_L-——

Speuihe enthalpy (K/W)

- a [ £
31U 227 Uuwuginnudu-eumativesmsanuibu

17



o o ¢ 4 . d 2
awgd 227 duanmzmaneiTylawniind veammanubihamnubuiigala
- - a A o - s - o
ansofivsunugaiivuunugll P AuivusuglzgnuniTasduveanadsud uazdule
F A v a 42 -
udy  Auiimedudellovouduveunadduds Sondt Sub-cooled liquid Tuiufiligamail
: ] o A' o A 4 <4 [ d{ a'ﬂ' o
yevsaMazAInguugiveanardud  Fllawduderdy  Aufiuasimsduenie
a o a v y a o 4’ 4'4’ 3 = a o LA [ 4
voa'lodud Sondr lefoumats gamgliluiufifiiegeniigunaileaudilunuduifoifu
: - ] 9 a o a o = L A P .
Mufisennaduveanadduda uazleduds Gonh ledlen Fulludiunauvesleuazvounad
] * . » ]
fyalmoveududuiauazlodudmuiu  Sunh yadngn uasyativesnaBudezaauiiy
tedoumataiud  anudeundwemsnaeiiuleliduiluguinazquanidsu 9 @nuuds
Phnastumz eumal  Wudu) vesmsanuduiemldlavassnnurugl P Amn 9
Muurugd Ph Arnianilonisuavesmsnimiby
[y ° o a e
Spensveamsihnnuibusindale
At 228 Wilaswnsumainudusiadale aansiuiiogludiannaned
A 1 s o o o o d’
wazAteamuniy  aunimauniginamanes Tulmuniindg  levesmsanubuiioennn
st Twsmediiiuledudaneunsuth i lwasesda dwansdoga 1 31 2.2.8 uwuqdl T-s uay
4 y L - o v o
P-h g1 229 uay 22.10 figafinawdn P, wazgamgll T, levesmsanuiuszgndanauuy
& [ 4 = & ' A'
YowuInsiinouanuguidiu P, uazqamgli T, Taosunudasya 2 Fogluamazledousiats
8 A . &2 o .’ o v g [y o
wazh I lwnSesmuniu  gathinludmnarmaebussgannuiounnlasimanuibuu
v , v *
gunpliaaasfguingil ledudafianudu P, wazaudoutinimelimnimdaBusunsei
[] ] »
temsanuiduiiiuveanar uaawdaogadi 3 figalinnuduvsuralvesmsauBuIzIAY
1 4 * ' - ]
p, azveamaiiinneziguingimniveanardudrld uatilduaas3lugd mwanuibui
i 4 i d b d
hveanariisz Inarmauniugy Soad nsemiiundr amsueeiInNNAUIzana
o A d' lﬁ‘ 4’ A I~ 1 LI A
fu P, Guidaadiogai 4 fannzll Aueumallszninanis 3 uay da1z 4 sTIMNU e
] ny d Pl & [ °
manuurimaunguudifaiiledond Tty TmsinesFagueglu brine wiadouh
o A < . [ .Y A o o
suBuiiegaimnnudousenllsudiannz 1 umahawasuiginsveunseainnuiby

¥iiada 1o

18



brine

solutionE:Z,

Prassure (bar)

-1 <
f— 8L TIADT

NIEMRE IR

fouNImTOS
P

>
J— umscidueon
P .
— e— RIS IRILIY

G-
C‘;Da———- PRUES RIS

@

@~

Wit 2.2.8 UipSnsmshmmiburiiadale

[
3 §:
in a‘mﬁ}ﬁun’méaa
213°K A1\ davdon (W)
°©
3elA0, N PN
E = lg L’//IIII/III///I’
© I a
g i’ :
& i | wevesmani
P auiu (N)
L b
.
1 Y
: A
ocK A ‘III/IIIII//L[J ——y
8 6 Entropy
P -
3% 2.2.9 uwugil T-s nsM
3
¢ Constant Pz
Pressure Line/13
Constant (4 P,

Pressure Line

Enthalpy (KJ/ka)

511 2.2.10 uwugl P-h ns M

037010

19



- fo W . o o v

* A o 4 o d - H a A
@) n3esda iuinTesgauazdalemsanuioy fims lwaminaueuue lasmuani

Jounduld wielowulnsfin Anlovesmsamubu 1 kg auidsalFlumsdaledsnnu

o o 4’
10U 1 kg M 1ARal

W, = (h,-h) (2.10)
de W, = awilduninieada (Kikg)
a R 9 A o oa
h, = pumativesnsanuButeuiivndr I lunseedaimiziu
(KJ/kg)
= d A A o v
h, = punTatlvssnsanuduiivennniniadaiimionilu (KIkg)

yu P-h lapwnsu 1 b, waz b, annseewldlasase gl 2.3

5 o (- | o [y -
(2) lﬂ?ﬁ@ﬂjﬂ!ﬁh«! l'ﬂuﬂizﬂ'JUﬂWivl"al‘UUﬂU]lﬂua NITHADBUNTENTNANVAUAIN

»
Yo a

Yy = Yo A ]
ﬂ'n!J50““ﬂ101ﬂﬂ1ﬂﬂ5ﬂ\iﬂ']'l]lluuﬂ'lulﬂﬂ\iu

4 = (bl cHDILTET T - (h, - hy) 2.1D
& g P o Yo o . (- A
e 4, = anudouiilovessanuidumoiudnaandeiiulunies
AILUUY (KJ/kg)
h, = pumMativssmsmubuiioeninnIoanINIY (KI/kg)

b 4 [} ]
#1 h, uaz h, M11ATAgAsa0IN P-h Taswnsy wazufl 2-3-8-7-2 wnumsifosuinlag

vououmad wiailuanudouiinisenaniniugald
v 0 3 b d
(3) NIBMAUNAL AsTuIuMseIERuLa ueirunsemiungd Wunszuou

] 1 4
mspumaiindliiou  viemsdwmanuiou aszuumsiiunudiogn 34 UU Ph laon

A 4 ' 4 4 4 o
unsy hadulunuaae iouaaaliifiui by = b, vu T Taewnsy #iufi 3.5-08 = wuil 4-

2 A 4
5-0-6 = UM 3-5-9 + WUN 4-9-8-6
@) Bunffwsined  anwdoufimsanuidu 1 kg anon P luvazit lnarmidund Tws

1AD3 A 4-1

@ = 4, = (h-h) (2.12)

20



. | 4 d ¢
we 4q, = ﬂ’J‘lIJgﬂuﬁﬂ'l‘iﬂ?1"lﬂﬂ@ﬂl8‘l1ﬂ“§ll')ﬂ1ﬂﬁlﬂ05 (KJ/kg)

d - P
h, = wumativedlemsanududeudivei T s Twsnef
(KJkg)
<t 3 a 3 '
h, = wumatvesasanuitunesnsndul Twsines (Kikg)

3 b4 ]
mwedh, wazh, cuseiersmldnn Phlaowasy  uaziui 4-176-4 UM T-s
Taownsuunumanidouitassumall @, - by
o Ia’ " Yo P o d:; o d’ ]
umsinsedsi  hildRannugadoanudunasioumatifiaiunnms lnaluse
o H o o ° < ' e 4 o
gufurlszAnsamesantsinnuiu Cop) mdy mmndeuiimsanuibugaliluvasIna

[ - e a A s 9/
sty Insweiaenuiinioeonaly

coprP = -h—‘—h4 (2.13)

h =k
System Capacity
anuasaveamsanudula q e Sanmwmnislumisganindeunnuinu

sou q Taoi q Mleedmuaduilagansdui ki) nie (kw)
wFunmihaasevsimendy Ao Sannumemvdan Faimua

Tumisyeamaanu

2.

° -4 [y & 4
ﬂ'nua'w170110\1531]'Uﬂ'liYnﬂ'nillUuﬂTiﬂﬂlﬂuﬂﬂiTquZUUﬂﬂﬂ'J'lll%,ﬂuﬁ'lﬂﬁu'ﬂ 9
y . o : dydv o LY -
ﬁﬂiﬂ'liﬂ'lﬂ']'mlﬂuﬂﬁuﬂluﬂl]ﬂ'lﬂ'J'Zﬂﬂ'U 280 A
. o 1 o ’ [
1. %m’lumaummimmwuﬁ"lnmul’wumnmmm

. ° o ' -4 3 ot
2. MMSIMNNUVGUABYIAYDIM m’nuwuﬁ'lnmunuu

M Q = m()
° < '
Q = anumwsemshnmby lumie Kiis nie KW
m = oanmivalaswa lumioe kgs
q, = mmaiaodu lumiio Kike

3 & r - ' - - ° d
1]')"“]3‘\1“157\'”“10“‘”\11“a')uﬁﬂuﬂﬂ']u‘lﬁﬁﬂﬂTﬁ'JﬂﬁﬂﬂQﬂ'J‘lufﬁu‘ﬁﬂfniﬂ’lﬂ')’ulwu

dmiumanhauiianzla q mldlasnmsmsdeimsianubuasiTaniy

21



Y < d .
 fanmilualamifinasveslemannniiu (Volume Flow Rate of Refrigerant Vapour)
A - o = a o - ‘: [y d
demsnuiu 1 kg naoiule  USinasleduiinldeziusumsldmsnimubuias
- @ g w o & < 3 o -
gumngiinsnamodiule  dwiumaanubudulasunii Ysuasvealevuduguungliveans

o y A' H ¢=. o o 1
amodiulowiniu  uazezintuvaziigungivesmsaamniiule mazanudu) anas e}
- 3 < g ] ry
gumgiimanmeitiulevesmsanuiu Ysmasvedlomsanuburemitonia  suas
. . a o 9/ g Py o
fuwiy)  mwsossdanuldlasasininmsnledud f3Tnassumzyeslemsanuiu

- 4 d o a a 7t '
Ysuastianuaves lemsamtuimgudsulusind Twsineiasnuisnm mansamidlae

@ [y a . o
raguyessanns iwalasatulSinasiumevesloasnuiby

V = muw
4 o ey : d a 4 (] - 4
do V= swmulSuasimusves lemsanuibuiivgudousg luduanlTwsines
v 3
fviedy ms
° o - Py ’
m = gasimsvalasnavedlemsanuidn Imizuiu ks

o ° o a v 3
v = iSmnasiumizvesleansanudy Iy m g

A2 1N1I0UDUATOBA (Compressor Capacity)
4 o [ 4 A

Tuszumaseainnudumenala q anvannsaveansedRIzRBIdINT0gA lod1s

o ot o @ =t o d aa 4’ aca -
anumbunnsy Tmsmeflusasidnidui lavesdsanubuiinasunnljnsovesmsinen

[ 1 o o i a 4 3

vaminnuEumar  dsanmsnmaiulevesmanuduiifiatnaninnuansoves

A o o o 9 °
inseedanigaoen 1 Yemsnmiuszandaazazauegluuil Tmsimesuanluwarh i
v q a ¢a 3 A a  eaqy a A o 4 4
anusuludind Tnsmedmuiudseiinai IMgungilumsidoavosasnnuumainu vy
v @ ] 4 @ [] o o
unundufudanuamnsolunisgalemsanubuveuniosdaiiulesniunn - awdu
° - < ]
B Tmsineszanauazinam Weamgiilumsidsavesmsanubumalanas 9100w

L [ 4 ] []
vagestiszi gamaiivesdunl Tnsined hinsinaz lithuluawdidmua

22



unin 3
n1sesnuuUazAnna Cold Box

3.1 Cold Box
nNNASEU ASTM  (1966) Bammmgliuunazdnuazia e Tasaad
Guarded Box 19113 Tumissenuuudiuyeinass Cold Box Fisnrdefivisanfife ane
d v A Y e 9 d ' H d s 2
Tupsin s uvsanasadedsani mimiduumdrnuisuimuaicomneniuam
NATEl AT HABUNIBAILLYEINTBA Cold Box dnlszasuliids
1. niseanuuyIasead19usanaes Cold Box
2 pusmamnszlumsiinmubdunie Load ypaszuuhnmduly
N8 Cold Box
3. ms;ﬁanqﬂnsafﬁmnmﬁu'?'msaﬂﬁmﬁ'nfhmmmmsiw‘i1m1m?m’v';
dmaldly 96 2 18ud S Tmsimed AeuiAnFes Asumsmyes 1a221I0aARIINAY
Tumsesnuuunasd Cold Box #118uA msfmuavuiavesndes mufeniaquay
swausummdsudimividinaes 31edeseniuunavesndes i vinatiaeandes
fiuvUIAYBLNABY Guarded Box A3 1LNE8e Cold Box exdeemuuammaneuliaaniu
U Guarded Box tawe dmiugtliaassioazidoanazvinavedlduaasiiluniamuan v Tag
Suqfufienl$irdindes Cold Box sudenldusumaauamuazifenld IndgSmudunuou
funramiou
TumssnaamszTunsiaInuduyedndes Cold Box svAssfmummlsnu

i\ 3 d r : J . v
anudeuninumden A udeunAngss Cold Box Manuadsemisouanslugalainis 1449

} 4
-

U

Total Load = Load 910 Hot Box + Load emsmﬁu

- Load 810 Hot Box
Load 910 Hot Box =2,800 W (910 Heater YA 700W §147U 4 22)
=9,553.96 Buwhr
Load 9103083

piediiianieonn . dszinalfiiiugud
Fafunszaainamuulundes Cold Box Hanun Ao
Total Load =9,553.96 Btwhr
~ 10,000 Btwhr
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Buvhr
RT = pafinssssudmitemiumizeaTu ()
Falunamnimaaeuudazaislfnarszine 8 aTue iielissuudidannza

¥
g = PuzAEIAIMIBUYIMUA 1120 kW 138 Buhr

. 24
JANaIms0ued Cold Box 1umsmmmt§u —8— x 10,000

30,000 Bw/hr
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HAALNTS IMaouYea1sA1EY R-12

o A . g yory Yy
ﬂ‘l‘iﬂﬂuﬁ'ﬁﬂ')‘]uwuﬁ'llaﬂﬂlluu Direct Expansion NI llma‘ifniTHH

A ad 4y - Y e v d & 2 q ¥a 4 4
ANUFUINAYU FINUSUABAUDY  Flooded 'U“]ﬂE)Qtl‘lfu'lﬂaﬂwu”"‘391%7]11""7@?]111]‘15““

t 4
Tidpamsidiniluaaes 18 wennniiuuy Direct Expansion 8eiinimgnnitiag

Superheated Liquid completely
vapor"* vaporized
-— ~
Suction to D))
compressor C ~
= »)
(‘LA Luqmg;gpor mixiure
- )
(- -
i >
in Liquid-vapor

mixture

B Twsiaesliuy dry expansion
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3.2 A1IBBNIVIIIIAIVANNITINNUTIU-Cold Box

({i839112995AILANMIMNAUYBEIU Cold Box Apiile NN MIThauYeadu
Metering Box 33@0ana1inagunsalludiu Metering Box

%ARILANMITNNIUYBI Metering Box wimhiinugugangivesemanielundes
Metering Box Taun1sniuaumsiaiuves Heaer Wamdoumelundes gunseliildlums
ATUANYBINABY Metering Box 9z15znaulude

- Temperature Controller UM 1 2

- Magnetic Switch $1U7U 1 @2

- Thermocouple UM 1 @0

& ° Y < a Y ¢ "o 3wy
7 Temperature Controller nzmnummuquqmnqwmmm?ﬂnummum‘nnmuﬂh

1 d
=

dmiusaz®uanieq ¥83@2 Temperature Controller HAAY 1AM

Input Standard scale ranges
pt-100 () , 99 to + 99 °C
CAK) 010399 °C
i Ot 599 °C
| - 010799 °C
f 010999 °C
‘ 001199 °C
PR (R) 600 to 1599°C

TumsM19IY8Id2 Temperature Controller $uiuvzAnahauAIUgiUfy  Magnetic

3 o o o
Switch HIUIITMINHIUAIU

Thermocouple
[ Temperature
Controllep
neat » 1 8
2
14—
4
2" Z_F_ _Es
Magnetjid
Switc
) * *—q¢
228 1t
* o——
Fuse
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SAIRLLY
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- ¢ é -

(519219 Thermostat  lumsnIuguRaInglivesemeanwlundsd Cold Box Fgaingi

’ ' e ¥ ° Vet v Yt o 9/ g A e

aolunass Cold Box NimualiazgnimualdiimlndBesduanizaslranuvessunuing

o 44 i 4 v
wmamey rsiie b ldnamsnadeuntianugndeanniigatuantizldim  Thermostar 92
° - o 1
AILRUMIIIYBIszYUIATNBUMETUNGe Cold Box
I li @ o o 1 ' o -
Tumseenuuuglnsaidmiuiasumasmmguugilisn1difenls Temperature Indicator
dmsuorwmgangiinialden Thermocouple NdMMIIARY Taul% Temperature Switch Tun13

@ondumisidssntmaumgungll  swaziduavesgilnssiudasduaziaesuaansiiay
»
uaasladail

Setting Digital setting type _1
Display unit Deviatlon meter
Accuracy +1.0X of full scale
Resolution 1°C for setting
Control action Two types of controllers asre avoilable PID
ond ON—-OFF

PID control actlon PB (proportiona! band) odlistoble between

0.2—-10% fav

{ (reset) 4 min. fixed
D (rote) 1 min. fixed

Cycle time 20 secs. fixed
Input Impedance 2100 KQ for TC
Maximum extemnal

No need adjustment up to 200Q (thermocouple type)
No need adjustment up to 100 /wire (R.T.D. type)

Mdain control Relay contact SA.220V (resistive load)
Sub control Relay contact 1A.220V (resistive load)

Ambient temperature | 0~50°C

resistance

Output

Bum out Standard up scale.

Supply voltage 110V/220V AC 50/60 Hz
- Voltoge variations $£10%

Supply consumption Approx 2W

Dimensions See the drowings
Welght Approx 640g. for DG—-8 , 648¢g for DG—-8S
Housing Aluminum case
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[ 4
s ° Yo A .
&agunsal Temperture Indicator xiidoryuamsldasdi

Display

Although compact indicator, eosy—-to-reod LED digitol
display, for lorge excellent occuracy & sensitivity.
Zero suppression system (blonks) display of leading
zeros, thug making it extremely easy to read.

Input

Thermocouple CA(K) IC(J) PR(R)
R.T.D Pt-100Q (3wire)

Setting Accuracy

'20.5% of F.S +1 digit

Accuracy maintained
temperature

Ambient temperature 25°C +5°%C

Resolution

1 digit

Response time

Approx 1.5 sec (for step input)

Power Supply

AC 100/200V or 110/220V or 120,/240V
Whichever specified, 50/60Hz.

Supply voriation

tess, thon £10% of roted voitoge

External resistonce

No need odjustment up to 100Q (Thermocouple type)

No need adjustment up to 50 (R.T.0. type)

Ambient temperature

0~50°c

Ambient humidity 45 to 85%
Power consumption Lessthan 3VA
Net weight Approx 620g.
Dimensions See the drawings.
Housing Aluminum cose
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: input Stondord scale ranges
“ Pt-100 0 -100.0 t0199.9°C
| 0 to 500°C
i Ic J) 0 to 400°C
| 0 to 800°C
5 CA (K) 0 to 400°C
0 to 800°C
0 to 1200°C
PR (R) 600 to 1600°C

winamg 1511910 CA(K) type Grugamgil 0-400 °C

4
Q)

o ° n’: : 3 o Y o P ]
dmFupluaasmsiamniamuandouisglnsciouq uaaslddaginidaly ssesiing

waan dyeiauaaimanhauveglnsalaig
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e linsdemamdsussnilnase Metering Box HAZAA0S Guarded Box liAnies
figa Armuand wvesgunginiolundes Metering Box 11a2Nd8Y Guarded Box wdeaiinniasi
qa WAI§U  ASTM ﬁeﬁmua"lﬁi’mﬁmnaanqmﬂQﬁvmmmﬁﬁgqﬂaaé’mmmnﬁeﬂﬁm
Metering Box ¥a s dmsudmmisiing Sagungiifiasduluvesiindewmy Iiie
ﬂmn"umsnJ‘T%uuuﬂawmqmﬂQﬁvadmmﬁﬁﬁms!ﬂ'ﬁiﬂuuﬂmﬁﬂuﬁnmn uadmiumsia
gun(iiveie1nNAnely  Guarded Box dumisfisihnis TanasTauinufinavesssoryitg
senanTavsendeia 2 5 #1u AafudmmisideaiinisSagain Qiﬁeﬁﬁmuﬂ 10 Awnia
dmudumisinns iagumpiludiuues Hot Box slimanua 16 dwmis nazlu
21999 Cold Box st iianua 4 dumia fuaaanoazdoaldail
- fifd i uveriandss Metering Box 30 5 10 $ImU 5 A
- 1uuBNYBINGBIMetering Box 14 s uriteTagmngiivesennlundoes
Guarded Box $1174 5 dMuq
_ fRavedsuanmaney  Funasgu ASTM C236:89 "lﬁ'ﬁmuﬁalﬁmmﬁﬂqmngﬁﬁ
fwes  Susnmaneuluusnafud Metering Area 88191188 1 @1 1IABNNG fui2 A
Ha sufusnnuvesiumisidesiims faminsadnou 14d
dumisigeniniia = AUl Metering Arca 2 @151
= (26678) 12
=3.556 = 4 ANUY

[ ¥ » ]

| AR 4
- fimvesunumaaeuluduvesiui Guarded Area S12u 26N TalMI 1
» y » v
wmAsg ASTM  dmualihinisiaguugliifavesuaumadenludiuvesituil Guarded
* 4 b d
Area 8811180 2 Ay 1BAsIsABLMINITIWVBIRUUPTILLTY  HIveIFUUNATEY
. k4

- fifvessusunaasuludiu Cold Box @ Antmisasanudunudwmisiniiniiia

1 4 4
gangiivesiuaumaneuludiu Metering Box 114 4 dmmia
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3.3 M3a313%A Cold Box

deynuninuiAsgIu ASTM (1966) ua:msﬁmmm”mulawulsznauﬁu'{fwﬂmgﬂmmu
Taosznaudau Cold Box

Cold Box tluginsaffiimiilunsiuaimeusin Guarded Box 1 Metering Box
ansANMITINTIMATeY Felvutaniiiy 148 x 134 x 75 9u. Tasezitien1sadae Cold Box 1
2 dwu Ae adulasadn uazdnlszasumalu 19uREITU Metering Box 112 Guarded Box
Tassade

gnsalfildludiuTaseadeves Cold Box tizneudas

1. mAnn1nvua

2. AuAUIRMIUBS 20

3. Tndigimu

daulsensuniolu

auilsznaumalu Cold Box szneudie
1. Thermostat
- 2. uBiABINAAN

3. AOUIALIYDT

4, AOUMSAITRT

5. 8l Tiisines

6. 1MAANNUAY

Tun1sadie Cold Box Bumnnsadnalasaa?is Cold Box Raominnindeu MIsYHTI
Amluveandes udaydioIndgmu mmfuunﬁ'ﬁmuaﬂ Faazdpadadrudumitaer e sy
A2M38U9IN Guard Box 1A Metering Box

m'a”q111n'lﬁ'Tﬂﬂﬁ%mé'amnwﬁﬁgaqﬂnm‘fﬁmﬂmﬁu damesuninlesmed e
nomeia 13 Tuves Cold Box dauneumsmyed wazaevmueiszanada 1 idniven
184 Cold Box 1091 Thermostat Fufudauniuquaaimgii Ande13&muenvea Cold Box 810
iifeRngUnsain1eq Souseosinz’d Cold Box

ileavaniiierin Cold Box 1 t3znUALAIM Guard Box Safisealinamideuszusesny,
quIsemaReRBalinIsimHNszAY (Gasket) NUATUIENIN Cold Box a2 Guard Box 1118y

Tdumnimnudeuiifine:
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unii 4
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& Aa o v
v el Flums Ingaumni

D

4.1 ManMIIAYUNYN

¥
o

d' o late) o d' - \J Ly e ﬂ' ey
wseviagangiiivaiswia  laviaieslieudassineidondnmsdounlanuaua

a

- Yy a = de ny A ad - =
muzyeIms fe szdedimsildsumlasiiiala weguupiniandounlay wazmsulaou

wlasiiialdezdvinsiinivenuaziignila

nanmsinguvgll lavefsguauianausing

- ' 4 >~ > - da v 1 ~
mesTuilines ninmisia eLEL ¥nsia

» - - -
Tsvounarussqlu a quunll — [mofTuliaad ~ amvedr | Usen - 130 §1 315C
4 . . f
¢piunuNal | uoanogoa | [- 200 Dy eooF ] ¢

»
HasauNIUA (thermo-

meter)

P - - ¢ > - .
wasumsvorwiuiu P W mosTulimes tuu| - &4 Anudy | Usen ~ 185 B¢ 540C
nuAY Filled Thermal ~a Uhwnias  {usanosod | [~ 300 f9 1000 F)"
(Filled Thermal)
nuunoulanzg A gungil - | #2134 Bimetal ~ & 3UINN [ INVAR-Ni+ | 60 4 425C

Fe + Cr. [-30 BasooF ],

pum——

wanmsingamgiilagedsmsifounlasguantiania i

moslufiined n&nn13¥a Srqily Yumsia
maiTudtida & gungdl > | mosTudthlla | A wsandou | -type B | 600 ~+ 1,700 C
ivh . S 0 ~n+ 1,600C
- R 0 ~+ 1,600C
. K |-200 ~ + 1,200C
. E [-200 ~+ 800C
. J |[-200 ~+ 800C
T [-200 ~+ 350C
oA a gowgll . | RTD ~ A AnuAuMY | WarAu Pt [-258 ~ 900 C
Hifa ~180 ~ 300 C
N0AIAI, -200 ~120 C
moesNaaed A Quupill -| moffimasd |- A anwdumiu | medfimaed (- 30 ~300 C
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4.2 mﬂﬁuﬁ'ﬂma (Thermocouples)

nInomansawesiu Thomas Seebeck vy doth Tanzasaduiindas lanz
anviatunidoudomeieaoatidaoiu  dnlaogarenaedgungdneiu szifanszud
Tt nalursendumanoassiinmgl 42.1 ﬂ?mmms‘lmwaenszzuﬁ‘lﬂﬁ1f‘:ﬂ:;ﬂﬁ'uuuﬂaq
'lﬂmuwmhwmqmugﬁﬁﬂawqwiaffmm wazdudlatawsaredumiiesn sz ldifause

4 3 4 4 IS
ndou I uivawdwuda usandeu ihiiGonn “GitaTiame”

aums 4.2.1 ens = OAT

4 " e a o 1 :
e O e mduilsz@nsves Fifin (Seebeck Coefficient) 1TUMAIN ; volyK
AT fin wasnvoIgUHNYL]

e, 710 sundou Iiiiia’la

Tow: A

*o
Tonz A e
‘e @ i %
% Tanz B
Touz B

eap = Wiinlaninn

717 4.2.1 ugarneIMsnaasIvesdiiia JUN 422
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asumu o unseua I ud W husssdnuaz@oriudidaadatu  eoiiifa

aa o‘: 1 J o v 2 y dv s 9y )
emnnunﬂawmaawaqqmaumﬂmmu Tﬁudawmmuuqnzsauwuazﬂmaanmmumz
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d [V

[EUANITMINARBAAAIAIUN 4.2.3

Ty

Tonz A _—
T LE A
~——B 4 [,— lmB
R

UM INIBNIT HAVINA WRON

3 4.23

=y

4 ' ' .
elinszuaninunasninmeusntva i ldluzsesesiiflawdanligungiige
4 Yy 9 a ad v o A = a < o q ¥
Yunazaedndolgungiivuas  lumanduduilon/deuienms Inavesnszuaiosinin
1 E 4
gangiinlawyadeiagesnduiudy
vinmsanauaiufenume luflidaldduiivae ) swidluinfeslioiaguunglifils

ssnninvielugaamnssu uluileediu

ngveanadausundesliluilesarnnamieu (Thermoelectric Laws)

ﬂ.ﬂQﬂBQ?QﬁiTaﬁzﬂfﬁﬂLﬁU’J (Law of the Homogeneous Circuitﬂ't«l')»lﬁiﬁﬂizﬂﬂuﬁuﬁ"w
Tanzwidadortu w2 bifanszua i ivalssiiefaauandwwegangll o Yawya
aoitaaes nszuafhezAntulunsdfiarniaeaduTansimarindu usandonlnihifady
iiztfluﬁmhuﬁ"uwa¢hwmqmwgﬁﬁﬂmuqaﬁarfqﬁm

v. nQueaslanzunsn (Law of Intermediate Metals) Tuaavames luaidla driiTanzunsa
ogludunilidmlavesses mnqwdawﬂmvian:umnﬁg«ﬁaﬂaﬁqmwgﬁnﬁﬁmtﬁ"z Tave
imsnilez Wifinaseus aundesde I iiAady Tumalfiiatiegiaus 1 doAs (connectors) 130
mvwmumﬁ"lp’s’dmi’:ﬁﬁmai’

F==C ==

1 Ts !

-_—— e o= )

T,

emf = E

31U 4.2.4 uaaalanzunsn
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n. AQUBIQUMQTINIA ( Law of Intermediate Temperaturc) wsunasuhifwifatula

o (9 aa ad [ o o [ < a A
meflumlTagalaq filigunpungpasannu peiinumAurauINMMURYAUA yousundou v

o @ 4: P A a (-
Hwounesusuidlaymiu  awglne nasmvodusuaaon IfhazlinuninunaIuyes

L d
moi ufuillaniaeya

emf = Ey ¢ Eg oo .
A T, A
P —0—
emf T, «——E o E, ? T
3
o . s
B
T B

31U 425 HAAINGUBIRUNNNUNTA

'd o a a
1. 151nM3al (Phenomena) vounos luadilanalinin

o @ ta [ -t A as v .’1 ’ .‘1
L lumeiludillagifennu  guuQuNIRang guupiifdaiogareivdounIiy

- 1 (2} * d! d‘ -~ :
QUUAILULAAN ey hifnadeus unaou ey

| |
| - r‘_}'—\ I
[}
| A T, .
| t .l | !
! |
| emf = E I
| |
' 1
T : N PR ' Te
T‘ > TZ | Rp—] l

1% 426 qamQﬁﬂhqnmqmﬂﬂ:"ln'fma&iamslﬁﬂusqmﬁau"lvlﬁw

(Temperature gradients do not gernerate emf > s in a homogenous conductor)
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Ui 427 LaAemsHHaARYeguniiiiga T, uas T,

( Temperature differences are measured using thermocouples with reversed polarities)

3. sdevuumed ludllladhdaeiu waftldaoguuimay

|
| A+ i

emf = E - Eg

—0

T, >T, :

JUfi 428 uammwummas"iuﬁﬂﬂmflumw1qamQﬁmi‘i

(Parallel thermocouples are used to measure temperature averages)

a o o a ] 1 3 A o a J
4 msdiumed luatillan T, wid T, awgUey hiflnadous unaounnayy

D

zml = Eup

B~
b3

A

o1y

!
!
I
!
!
1
I
]
I
]
1
|

* ] ) ' 14
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(Additional themocouples at T, or T, do not affect the overall emf.)
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45“’ Deslgnation: C 236 - 89

Standard Test Method for

Steady-State Thermal Performance of Building Assemblies by
Means of a Guarded Hot Box"

This standard is issued under the fixed desigastion € 236: the numbcr immedisicly following the
revision. the yca¢ of last sevition. A numbes in parenthescs indicatcs the yeat of ast reappronal. A

editorial chaage since the Bst revision of seapproval.

orignal adoption or. in the case of
supercript epsilon (¢} indicates an

LR TNV S S pap—"

dusignation indicates the year of

This standard has heen oppriwed for use by apencies of the Dopartmens of Dotina. Consutlt the DoD Index of. Spevifivotims ond
Siwakurds fiw the spevitiv svar of issne whick kas hon adopecd by the Departmvnt of Difense.

1. Scope

1.1 This test method, known as the guarded hot box
method, covers the measurement of the steady-state thermal
transfcr properties of panels. In distinction to Test Method
C §77. which is primarily applicable to homogeneous sam-
ples. the guarded hot box method provides for the evaluation
of thermal performance of building assemblies. This test
method is suitabe for building construction assemblies.
building panels. and other applications of monohomo-
gencous specimens at similar temperature ranges. It may also
be used for homogeneous speciméns.

1,2 This test method may be applied to any building
construction for which it is possible to build a reasonably
representative specimen of size appropriate for the appa-
ratus.

Nutr 1—A clitvated hot hox, Test Methad € 976, may ko he used
e the duscribed mesurements and may prove more satisfactory foe
testing avcmblics under dynamic conditions (nonsicady-statel and so
evaluate the effxts of water migration and air infiltration. The choice
hetween the calibeated or the guarded hut ban should he made enly afler
cancful consideration of the contemplated use. ]

1.3 In applying this test mcthod, the genesal principles
outlined must be followed: however. the details of the
apparatus and procedurcs may be varicd as necded.

1.3.1 The intcnt of this test mcthod is 16 give the essential
principles and the general arrangement of the apparatus. Any
test using this apparatus must follow those principles. The
details of the apparatus and the suggested procedures that
follow are given not as mandatory requirements bhut as
cxamplcs of this test method and precautions that have been
found useful to satisfy the essential principles.

1.3.2 Persons applying this test method shall be traincd in
the mcthods of temperature micasurement, shall possess 2
knowledge of the theory of heat flow. and shall understand
the general requircments of testing practice.

1.3.3 This standard docs not purport to address all of the
safety prablems associated with its use. It is the responsibility
of the usct of this standard to cstablish appropriate safcty and
hedlth practices and determine the applicability of regulatory
limitations prior to use..

Nite 2—Whik various units may b found for thermal properties.
the Intcenationat System of units is ssed eaclusively in this test methad.

—en
1 This test method s nder the Juridiction of ASTM Committee C-16 o
Thermal Insulation and @ the ditect nspongibility of Subcommitice C16.5U on

Thermal Mcawrcments.
Current cdition 3pproved Scpt. 29, 1969, Published June 1990. Originalty

published as € 236 $0. Laut previous cdition € 236 - .

nl

fpt conversion factors to inch-pound 3ad kilogram-calorie systems. see
Table 1.

2. Referenced Documcents ’

2.1 ASTA Standards: .

C 168 Definitions of Terms Relating to Thermal Insu’
lating Materials®

C 177 Test Method for Steady-State Heat Flux Measure-
ments and Thermal Transmission Properties by Means
of the Guarded Hot Plate Apparatus®

C 518 Test Method for Stcady-State Heat Flux Measure-
ments and Thermal Transmission Properties by Means
of the Heat Flow Meter Apparatus®

C 578 Specification for Preformed Cellular Polystyrene
Thermal Insulation®

C 976 Test Method for Thermal Performance of Building
 Assemblies by Means of a Calibrated Hot Box?

C 1045 Practice for Calculating Thermal Transmission-
Properties from Steady-State Heat Flux Measurements?®

E.178 Practice for Dealing With Outlying Obscrvations®

E 230 Temperaturc-Electromotive Force (EMF) Tables,
for Standardized Thermocouples®

E 691 Practice for Conducting an Interlaboratory Test
Study to Determine the Precision of Test Methods®

-~
fana ¥
e PO

3. Tesminology . )
3.1 Definitions— For definitions of terms used in this test;
method. refer to Definitions C 168. .
3.2 Symbols: .
3.2.1 The $ymbols uscd in this test method have the
following significance:
A = thermal conductivity, Wm-K),
C = thermal conductance, Wfim®-K),
h = sutface conductance. W/im®:K),
U = thermal transmittance, W/im?-K),
¢ = heat flux (time rate of heat flow through Arca A),
W/m?,
Q = time rate of heat flow, total input to the metering box,;
]

4
{
]
.
t

*
A = metering arca normal 1o heat flow, m?,

2 gnnual Bk of ASTAL Stondurds, Vol 04.08,
3 4nnual Bk of ASTAS Siandards, Vol 1402,
4 gnnual Baok of ASTM Stondards, Vol 14.03.

e e A et e . ——— - .
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TABLE 1 Conversion Factors for Therma! Conductivity”
I
[ Biy-In -
wim-K)® Wiom-K) calfs-em-K) 9,:",(’,"’ Bruh-n-*F) n,.r’,"‘
CTiwem K - 1.000 1.000 x 10°? 2 388 x 1077 0.8598 c.5778 6.933
| tweem K= 1000 1.000 0.2388 85.98 57.78 6933
teah s~ tram™ 'K » 4197 4187 1 000 360.0 2419 2903.00
1 hgcal-h"'n=" K"t . 1163 1.163 x 10°? 2.778 % 1073 1.000 0.6720 8.064
tBw-N - 13 1.731 % 10°? 4.134 x 107 1.488 1.000 12.00
t Bwein bR F Y e 0.1442 1.442 x 1072 3.445 x 107 0.3240 - 8.333 x 10°? 1.000
) Thermal Contuctance”
Wy -K)® Wicm?-K) calfis-om*-K) kg-calfh-m?-K) Btum-ft?-°F)
1wmik'e 1.000 1.000 x 10-* 2388 x 107 0.8598 0.1761
IWem K" » 1,000 x 104 1.000 0.2388 8598 1761
teal-g~tem It m 4187 x 10° .87 1.000 3600 x 10* 7373
1 hg<sl-htm 8K = 1163 1.163 x 10~ 27718 x 10°? 1.000 0.2048
1Bty -A T F = 5678 8678 % 10°¢ 1.356 x 10°* 4882 1.000
2 Units are given in terms of () the absolute joule pes second or watt. (2) the calorie (Irternations! Table) = 4.1868 J. or the British thermal unit (Intemnational Tabie) =
105506 J. -

' This is the ST unit,

= length of path of heat flow (thickness of specimen), m.
= minimum number of thermocouples (sce Eq 1.
6.5.1.1).
surface resistance, K-m*/W,
thermal resistance, K -m*/W.,
overall thermal resistance. K-m*/W.
average temperature of air 75 mm or more from the
hot surface. K.
¢ = arca weighted average temperature of hot surface, K.
t; = arca weighted average temperature of cold surface. K.
and
! ¢ = average lemperature of air 7S mm or more from cold

surface. K.

zr

mm.
»
LI I

4. Summary of Test Method

4.1 To determine the conductance, C, the thermal trans-
minance. U, and the thermal resistance, R. of any specimen,
i s necessary 10 know the area. 4. the heat flux. ¢. and the
wmperature differences. all of which must be determincd

1 umler such conditions that the flow of heat is steady. The hat
.l is an apparatus designed to determinc thermal perform-
"ance for representative test panels and is an-arrangement for
«\ablishing and maintaining 3 desired steady tempcerature
Jdllerence across a test panel for the period of time necessary
t ensure constant heat flux and steady temperature, and for
| n additional period adequate to measure these quantitics 10
i the Jesired accuracy. The area and the temperatures can be
wasured directly. The heat flux. ¢. however, cannot be
! Mugetly measured. and it is to obtain a measurc of g that the
het hox has been given its characteristic design. In order to
;determine ¢ a five-sided mctering box is placed with its open
we against the warm face of the test pancl. I the average
femiperature across the walls of the metering box is main-
E tamed the same, then the net interchange between the
! meicring box and the surrounding space is zero, and the heat
'mput 10 the metering box is a measure of the heat flux

' through a known area of the panel. The portion of the pancl”

wutside the meter area, 1aved by the air of the surrounding
* puard space, constitutes a guard asea to minimize fateral heat
Mlow in the test panel near the metering area. Moisture
' migration, condensation, and freezing within the specimen
, viin cause variations in beat flow: to avoid this, the dew point
Wwmperature on the warm side must be kept below the

N2

temperature of the cold side when the warm surface is
susceptible to ingress of moisture vapor. It is expected that.
in general, tests in the guarded hot box apparatus will be
conducted on subsiantially dry sest panels, with no effort
made to impose or account for the effect of the vapor flow
through or into the panel during the test.

4.2 Since the basic principle of the test method is to
maintain a zero temperature differerice across the metering
box walls. adequate controls and temperature-monitoring
capabilitics are essential. It is recognized that small temper-
ature gradients could occur due to the limitations of control-
lers. Since the total wall area of the metering box is often
more than twice the metering area of the panel. small
temperature gradients through the walls may cause heat
flows totaling a significant fraction of the heat input to the
metering box. For this reason. the metering box walls may
also be cquipped 1o scrve as @ heat flow meter so that heat
flow through them can be estimated and minimized by
adjusting conditions during tests.’and so that a heat’ flow
correction can be applicd in calculating test results.

§. Significance and Use

5.1 When the guarded hot. box is comstructed 1o test
assemblics in the vertical oricatation, it is suitcd for cvalu-
ating walls and other vertical structures. When constructed
1o test assemblies in the horizontal orientation, it is suited for
evaluating roof. cciling. floor, and other horizontal struc-
{ures. Other orientations arc allowable. The same apparatus
may be uscd for both vertical and horizontal testing il it can
be rotated or reassembled in either orientation.

Nene 3—Horizontal structures that incorporate attic spaces between
3 ceiling and a slaping roof are highly complca constsuctions, and testing
in the puatded hot hox would be extremely diflicult. Proper considers
ation must be given 10 specimen size, natural ale movement, sentilation
eflccts, radiative cffect. baMes at the guard-meter demarcation, ctc. All
of these special conditions must be inchuded in the report (10.1.1)
Consideration should be given to the use of the calibrated hot box for
such large. complex constructions.

5.2 For vertical specimens with air spaces that signifi-
cantly affect thermal performance, the metering box height
should idcally match the construction height. I this is not
possible, horizontal convection barriers must be installed to
prevent air exchange between meter and guard areas, unless
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it can be shown that the omission of such barricrs does not
significantly afTect results.

$.3 For all spcamens it is necessary 1o maintain a near
zero lateral heat flow between the guard area and the meter
arca of the specimen. This can bé 1chieved by maintaining a
near zero t¢mperature difference on the specimen surface
between the metered and guard areas. In specimens incorpo-
rating an element of high lateral conductance {such as a
metal sheet). it may be necessary 10 scparate the metered and
the guard areas of the highly conductive element by a narrow
£ap such as a saw qiit.

5.4 Since this test method determines the total flow of
heat through the test area demarcated by the metering box. it
is possible to determine the heat flow through a building
element smaller than the test area, such as a window or
representative area of a panel unit. if the parallel heat flow
through the remaining surrounding area or mask is deter-
mincd (see Annex Al).

8. Apparatus

6.1 _{rrangemem—Fig. | (a) shows a schematic arrange-
rent of the test panel and of various major elements of the
apparatus: Fig. 1(}) and (¢) show alternative armangements.
Still other arrangements. accomplishing the same purpose,
may be preferred for reasons of convenicnce or ease of
installing pancls. In gencral. the size of the mctering box
determines the minimum sizc of the other clements.

6.2 Macring Bax: .

6.2.1 Size—The size of the metcring box is largely gov-
crned by the metering arca required to obtain a represcnta-
tive icst area of panel. For example. for pancls incorporating
air spaces or stud spaces. the mctering arca. prefcrably,
should exactly span an intcgral number of spaccs. The height

I s - InSulchion '(' 1
—— —g—1 Cold Bos”’
Guord Bem— - Guowd Areo
: r '
Doer l*"'"" Meterng Areo
1]
1 N | Door.,
Attlitedeber,
. Guard Areo
- .Y.L’.;"’:'_:{ Insulotion
{a}
Guord Boa insulohon
L4 CoM Bos 11
Guord Sor’ Cold Bos
Meteimg Meterng Boa”™  ['{ Teq) Ponel
Bos A
2
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— — ]
v
t;P
[ e e— E,:
Insulobon

» . {c)

FIG. 1 Genersl Arrangements of Test Box, Guard Box,
Test Panel, and Cold Box

3

adiiee

of the metering box should be not less than the width and is
subject to the limitations as described in 5.2. The depth of
the metering box should be not greater than that required to
accommodate its necessary equipment.

6.2.2 Thermal Resistance—The metering box walls shall
have a thermal resistance of not Jess than 0.83 m* K/W. In
order that the resistance of the box wall shall be uniform over
the entire box area, a construction without internal ribs shall
be used. for example, a glued baksa wood or 2 sandwich
construction with aged urethane foam core. The edge in.
contact with the panel shall, if necessary, be narrowed on the.
outside only. 10 hold a gasket not more than 13 mm wide. If
necessary. a wood nosepiece can be used 1o carry the gasket,
The metering area of the panel shall be taken as the area
included between the center lincs of the gaskets. All sutfaces
that can exchange radiation with the specimen must have a
total hemispherical emittance greater than 0.8,

6.2.3 Hear Supply and Air Circulation—Fig. 2 shows a
possible arrangement of cquipment in the metering box to.
assure an even. gentle movement of air over the metering
area of the panel. The clectric heaters are mounted in 2
housing with walls of resistance not fess than 0.83 m* K/W,
and with a low emittance outside surfacing to minimize
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radiation heat transfer to the metering box walls. In this
arrangement air is continuously circulated by a small fan
upward through the cylindrical housing and downward
petween the baffle and the panel in accordance with the
motion that would result from ndtural convection forces. A
Jat-type baflle is placed some distance above the outlet of
the cylindrical housing to prevent impingement of a jet of
peated air 2gainst the top inner surface of the metering box.
{ or large meter boxes the cylindrical housing may cause
concentrations of air flow. To direct the air properly across
- the specimen, other [an arrangements may be preferable. A
unvcd vane is mounted at the top of the bafTle to smooth the
cuirance of air into the baMe space. In a hot box apparatus
used for testing panels in a vertical position only, the
snaderate circulation of air resulting from natural convection
may be sufficient without the ude of a fan. The change in
=mperature of the air as it moves along the surface of the
‘ranel will, in general. be greater with natural circulation than
with 2 fan. If a fan is used, its motor should be within the
melering box. its electrical input should be as small as
scasible. and the input should be carefully measured. If it is
mvessary 10 locate the motor outside the metering box. the
mat cquivalent of the shaft power must be accurately

measured, and air leakage into or out of the metering box

sound the shalt must be zero.

.24 Temperature Control—To obtain reliable test re-
wilis. accurate temperature control equipment must be
unlized. Temperature controllers must be capable of control-
hng temperature within 0.25 K during the test period. The
heaters should be the open-wire type ‘of minimal heat
wapacity and lag.

“6.2.8 Gaskers—The contact edges of the mctering box
Jould cnsure. by a gasket or other means. a tight air scal
ayainst the surface of the test panel. For some panels sperial
provisions may be necessary. The metering box should be
pr~sed tightly against the panel by suitable means. Some
+ ket materials age with time and service. Periodic inspec-
non of gaskets is recommended in order to confirm their
alahty to provide a tight scal under test conditions.

6.2.6 leat Flux Transducer—To equip the metering box”

walls 10 scrve as a heat Nux transducer. a means of detecting
“the temperature difference across the metering box walls or

. the heat flux through the metering ‘box walls shall be

- mnided. One method found satisfactory for this purpose is
s apply a number of differential thermacouples connected
{11 2 serics to the inside and outside surfaces of the mctering
fu walls to form a thermopile. Precautions must be taken
«hen determining the number of dilferential thermocouples.
used on a survey of guarded hot box operators, the number
¢ of Jilferential thermocouple pairs located on metering box
,walle shall be five pairs per square metre of specimen
I metered area located on the metering box sides. At no time
{ shall there be less than 1 pair of differential thermocouples
? vn cach of the five sides of the metering box (1).* Precautions
must also be taken when determining locations of the
. tlerential thermocouples, as temperature gradients on the
i inude and outside of the metering box walls are likely to exist

* Ihe boldface numbers in gareathescs refer 10 the list of references at the end
*2 this test method. :

and have been found to be a function of metering and guard
box air velocities and temperature. The junctions and the
thermocouple wires for at Jeast a 100-mm distance from the
junctions shall be lush with, and in thermal contact with,
the surface of the wall. The output of the thermocouple pairs
shall be averaged. .

6.2.7 Thermapile emf and Heat Flow Relationship—The
relationship between thermopile emf and heat flow through
the metering box walls shall be determined. This relationship
shall be determined for each set of metering box conditions
(temperature and air velocity). A suggested method of .
accomplishing this objective is outlined in Appendix Xt.

6.3 Guard Box:

6.3.1 Size—Itis recommended that the guard box be large
enough so that there is a clear distance between its inner wall

. and the nearest surface of the metering box of not less than

the thickness of the thickest panel to be tested. but in no case
fess than 150 mm.

6.3.2 Thermal Conductanee—To assure that there shall be
a temperature difference of no more than a few degrees
between the guard box air and its inner surfaces, the walls
shall have a thermal conductance not greater than 0.6
W/{m?-K). A low conductance is also desirable for operating '
feasons, to assure that the heat flow into or out of the guard !
box from outside will be only a small fraction of the heat |
flow through the guard arca of the test panel.

6.3.3 Heat Supply and Air Circulation—One or more '

reflective-surfaced cvlindrical heater units with a fan may be ;
used to supply heat to the guard box air and also to circulate -

the air to avoid stratification. The fan air intake of at least '

one such heater unit should be located at the lowest point in

the guard box, to prevent pooling of cool air at the bottom. |

The air discharged from the heater cyfinder shall not im pinge
directly against either the metering box or the test panel.

6.3.4 Tcemperature Control—The guard box air tempera-
ture and heat input can be controlled by a differential
thermopilc such as that used on the metering box for a heat
flow meler. or by a sensitive bridge circuit with opposed
tcmperature-sensitive arms located in the guard and me-
tering boxes. To avoid hunting due t0 the small periodic
tempcrature variations of -the metering box air, as its
thermostat functions. it is desirable to put the tempcrature-
sensitive element of the differcntial control in the metering
box in good thermal contact with the inside Surfaces of the
metcring box. The tempcerature-sensitive element in the
guard box should be placed 10 avoid being dircctly in the air
stream of the hcater units and should be of minimum
therma! lag. The control equipment used 1o maintain guard
box temperatures must be capable of controlling to within
0.25 K.

6.4 Cold Box:
6.4.1 Size—The size of the cold box is governed by the

size of the test panel or by the arrangement of boxes used. as
illustrated in Fig. 1.

6.4.2 Insulation—The cold box should be heavily insu-
fated 10 reduce the required capacity of the refrigerating
cquipment, and the exterior of the cold box should be
provided with a good vapor barvier to prevent ingress of
vapor and heavy frost accumulations on the cooling coils.

6.4.3 Temperature Control—The cold box may be cooled
in any manner that is capable of the close control of air

.



femperature necessary during 2 test. An arrangement of
| equipment similar to that in the metering box may be used

S

refrigerating coils and upward through the space between a

baflle and the test panel as indicated in Fig. 2. It has been
| found satisfactory with an arrangement of this sort to operate
" a unit refrigeration systzm continuously, with the evapora-
| tion temperature of the coil held constant by an automatic
back-pressure regvlating valve. and refngerant supplied to
the coil through an automatic expansion valve. An alterna-
tive method is to vse an exterior located relrigeration system
| and insulated ducts to supply chilled air to the cold box.

Liquid nitrogen in connection with a solenoid valve regu-

lating its flow may also be used. For fine control of the cold
" box, installation of open wire electrical heaters in the blower
duct or other fast moving part of the air circulation system
and controlling these heaters by a sensor located in the
discharge of the air circulation system is recommended. The
use of desiccants to remove excessive moisture in the
recirculating cold 2ir may be useful. Temperature controllers
for stcady-state tests must be capable of controlling temper-
atures within £0.25 K.

6.4.4 Air Circulation—High air selocities are pcrmissible
when their effect upon heat flow is to be dctermined. This
may be accomplished by directing the airflow either parallel
or perpendicular to the specimen cold surface. One method
of obtaining paralk! uniform velocity is to force air through
a space between the specimen and 3 parallel baffle whose
spacing may be adjustable to aid in changing the air curtain
velocity. Parallel velocities. as provided in this test method.
2id in obtaining uniform specinjen surface temperatures and
simulate the efTect of cross winds. Velocities commonly used
1o simulate cross wind conditions are 3.35 m/s for summer
vonditions and 6.70 m/s for wintcr conditions. Perpendicular
velocitics, simulating dircct wind impingment  require
moving larper amounts of air than most parallcl situations.
with corresponding larger power sequircmcents. Also. the
bafMe should he pheed further from the specimen surface
and should have a porous scction (a screen or honcycomb
" flow straightcner) that directs the wind at the specimen

surface (sce Fig. 3 and 4). Velocities commonly used to
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i with a fan to force air downward through the enclosed -
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simulate wind coaditions are 3.35 m/s for summer condi.
tions and 6.70 mfs for winter conditions. Air leakage through
the specimen should be eliminated by sealing all cracks and
joints with tape, canlk, or foam sxnps. =3

6.4.4.1 ARer oomstruction of the air circulation system a;
velocity scan across the air curtain is required to verify that
uniform air cuntain is formed. The apparatus should provide
a means for determining air velocity past the specimen
surface. One method is to locate velocity sensors directly in
the air curtain.

6.5 Temperature-Measuring Equipment:

6.5.1 Surface Temperatures—Thermocouples of wire not
larger in size than 8.25 mm (No. 30 AWG gage). and which
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ot or are calibrated 1o the spccial limits of error specified
in Standard E 230. are recommended for measuring surface
jcmperatures in the apparatus (larger thermocouples can be
uscd if it €an be shown that there is no difTerence in biasy, for
his purpose the thermocouple junction and the adjoining
lad wires for a distance of at least 100 mm should be taped,
or preferably cemented. tightly to the surface. The emittance
of the surfacing material tape or cement should be close to
the cmittance of the surface.
0.5.1.1 If the specimen (and therefore its thermal resist-
;;uu't‘) is uniform, or nearly so, over the area and thus the
anliice temperatures vary only slightly at lower air velocities.
+ minimum number of thermocouples spaced uniformly and
wmmetrically over the surface is suflicient. This minimum
wumber depends on the specimen size. Experience has
hown that the required minimum number of thermocou-
phes. X, can be determined from the relation that: .

N = 4/10.07 + 0.08 <7D m

where 4 is the metering area in m°. If the number of
thermovouples used is within 10 % of the number deter-
mincd by this relation. then the requirements of this section
are judged to be met.

t.8.1.2 If the specimen is of nonuniform construction. the
awmber of thermocouples specified in 6.5.1.4 may still be
wilicicnt. In this cxse the thermocouples shall be judiciously
ted to represent cach of the construction elements. Such
sepesentation shall be distributed approximately uniformly
amd symmetrically over the specimen surface.

n.5.1.3 If the susface temperaturcs are expecied to be
preatly nonuniform. additional thermocouples must be used
1+ uimple adegquatdy the different temperature arcas so that
wlizble weighted mean temperatures may he obtained.

1.5.1.4 With some nonhomogencous walls. such as con-
vtele. it may be advisable to use copper shim stock under the
inrmocouples to average the temperature. Large aggregates
w the concrete can ercate hiased temperature readings.

n 5.1.8 Al lcast two surface thermocouples shall be placed
wn the guard arca of the specimen at svitable locations to
mdiéinte the effectiveness of the guard area.

t.5.1.6 Surface temperatures on the cold side of the test
janl shall be measured by surface thermocouples placed
Jneutly opposite those on the warm side.

6.8 Air tempemtures may be measured by thermocou-
phes. femperature sensitive resistance wires. of other sensors.
An thermocouples shall be made of wire not larger than 0.51
m:m {No. 24 AWG) :

.5.2.1 If thermocouples or other point sensors arc used.
they shall be located in the metering box arca in the same
yuantity and spacing as that specificd for surfacc thermocou-
ph in 6.5.1.1. The thermocouple shall be located midway
hetween the face of the panel and the baflle. if one is used,
hut in no case Jess than 75 mm from the face of the pancl.
I junctions of the thermocouples shall have bright me-
tallic surfaces and shall be as small as possible to minimize
radiation effects. Another method is to shield the thcrmo-
vwuple junction. The thermocouples may be placed directly
spposite the surface thermocouples; in any case they should
I lucated aguniformly as possible over the metening area.

6.5.2.2 Thermocouples shall also be placed in the guard

\pace at gqilablc focations, to indicate the degree pf unifor-

me
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mity of guard space air temperatures; preferably, one should
be placed opposite each guard area surface thenmocouple,
but not less than 75 mm from the panel.

6.5.2.3 Air temperaturés on the cold side of the panel shall

be measured by one thermocouple placed directly opposite
each of the warm sidc air temperature thermocouples and
jocat~d in a plane parallel to the specimens surface and
spaccd far enough away that they are unaffected by temper-
ature gradients in the boundary layer. The thermocouples
shall be located midway between the face of the panel and
the baflle, if one is used. For low velocities, a minimum
spacing of 7S mm from the specimen surface is required. At

higher velocitics the required minimum spacing is less but in .

no case less than 20 mm. No therniocouples need be placed
in the cold space opposite guard space thermocouples remote
from the panel surface.

6.5.2.4 Ifair temperatures are to be measured by means of
resistance wire grids. the wire shall be distributed uniformly
10 indicate approximately the average temperature of the air
on both sidcs of the panel at a plane midway between the
bafflc and the panel but in no case less than 75 mm from the

pancl.
6.5.2.5 tis recommended that the xrface temperature of

1

.

the baMes on the hot and cold sides be measured by placing -

thermocouples on all surfaces the specimen can see.

Nute 4—This is not a requirement of this test method but is highly
recommended. There are several reasons for the recommendation: (1)
this indicatcs any dilference between the baflle surface and air temper-

atores: () @t will allow currections to be made to the ndiation‘

component of the surface conductances’ due to differences in these

temperatures: and () it is necessary to do this for specimens such as.

glass which have a high-thcrmal conductance.

6.6 Instrumcents:

6.6.1 Al thermocouplcs or other temperature sensors for
observing surface and air tcmperatures shall have their leads
brought out individually to suitable mcasuring instruments
capable of indicating 1cmperatures 10 within £0.05 K.

6.6.2 Total average power (or intcgrated cncrgy over a
specificd time period) for all energy to the meter box shall be’
accurate 1o within 0.5 % of reading under-conditions of
use. Power measuring instruments must be compatible wjth
the power supplicd whether ac. de. on-off proportianing. etc.
Voltage stabilized power supplics are strongly recommended.

6.6.3 Vclocities of air over both surfaces of the panel
should be measured with suitable instruments or be calcu-
fated from a heat balance between the rate of loss or gain of
heat as it moves through the bafMle space. as indicated by its
tcmperature change, and the rate of heat flow through the
test pancl, average values of which can be dctermined from

the test data. It should be recognized that radiant iransfer

between the baflie and the spccimcn_ can affect the calcula-
tion if the radiation is significant. For this reason direct
velocity measurement is desirable,

Note $—h is rccommended that a central- control Jocation be

cstablished. 1hat automatic scanning and recording cquipment for
unatiended opesation he used, and that data be computer processed.

6.7 Verification—When a new or modified apparatus is
constructed, verification tests shall be conducted on pancls
made from materials of known conductance that does not
exceed 1.5 W/{m®-K) as determined in Test Methods C 177
or Test Mcthod C 518. Any differences in sesults should be
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carcfully analyzed and corrective measures taken. Further
periodic checks are recommended.

7. Sampling and Test Specimens

7.1 Specimens shall be representative of the construction
1o be investigated but may be modified if necessary for test
purposes as mentioned in 5.2 and 5.3. It must be recognized
that modifications to the construction may result in condi-
tions that do not represent true field conditions. In many
cases conduction and comvection paths have considerable
¢ffect on the performance of the specimen and must be left
intact. Onher considerations are:

2.1.1 Sensors—Install temperature sensors as directed in
6.5. \Vhen desired, temperature and other sensors may be
installed throughout the interior of the specimen for special
investigations.

7.1.2 Conditioning—The usual pre-test conditioning is in
ambient air long enough to come to practical equilibrium.
Asscmblies that may have significant moisture content,
which can influence test results, must be aflowed to reach
steady-state moisture conditions. Since the specimen size will
probably preclude oven dsying. concrete wall specimens mayv
require 6 to 8 weeks of om temperature aging.

7.1.3 Edge Insulation—When a test panel is installed. its
edges shall. if necessary, be insulated to prevent edge effect
from overtaxing the guarding effect of the guard area of the
panel. For this purpose. the edges of the panel may be
protected against heat loss or gain by a thickness of insula-
tion with an R of 1 or .35 K-m%/W. It may be necessary to
vapor-proof the insulation to prevent condensation of mois-
‘ure in the edges of the panel. if 2 test arrangement similar to
that shown in Fig..1(c) is used. The edge of the specimen
should be well sealed 10 prevent air infiltration between the
guard and the cold box.

8. Procedurcs

8.1 Test conditions of temperature and oricntation should
be chosen to correspond as closely as possible to the
circumstances of use of the construction to be tested. This
test method is primarily designed for the temperatures
cncountered in normal building use, however, it is recog-
nized that the method may find application in lesting
conditions that are outside this normal range. It is recom-
mended that 2 minimum temperature differential of approx-
imatcly 25 K be maintained for accurate measurement.

8.2 The required swbilization and test periods are. as
follows:

8.2.1 Impose stcady-state conditions for at lcast 4 h prios
1o final data collection. This condition is satisfied when, over
this 4-h period, the average surface temperature did not vary
by more than £0.06°C (20.1°F) and the average power in the
meter arca did not vary by more than 21 % and the data did
not change unidirectionally. During this period, data shall be
collected at intervals of 1 h or Jess. =

8.2.2 Afier the conditions in 8.2.1 have been satisfied,
continue the test period at least 8 h, but do not terminate the
test until two or more soecessive 4-h periods produce results
that do not differ by mose than 1 %. During this period take

_data at intervals of § h o less. The average of the data for the
two or more successive &-h periods that agree within 1 % are
used in calculating the final results. In testing pancls that are

n7
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heavily insulated, very massive, or both, it may be necessary
to extend the duration of the test beyond the minimum i
period of two consecutive 4-h periods in order to be assured :
that conditions are steady, as it has been observed that |
continuing but small incremental changes can give a prema-
ture appearance of stability.

8.2.3 The calculation of a time constant, generated from
apparatus measurements (Note 6) combined with 2n esti-
mate of the thermal properties of the specimen, will help in '
estimating the time required for the test set-up to reach!
equilibrium. (2) It is also suggested that C and U values be;
calcutated for the test specimen, utilizing known propcniesi
of the components. This will serve as general check of the
measared results and avoid serious errors in measurement. |

NuTe 6—The thermal mass of the apparatus may be the major factor !
contritating to the time constant of the system. i
4

8.3 Data to be determined include:
.8.3.1 The total net energy or average power through the
specimen during 3 measurement interval. This includes all
meter box heating and power 10 fans or blowers, and any:
comections for maier hex wall heat flow - :
£.3.2 All air and surtace temperatures spevined in 0.5.3
and 6.5.2 (Note 7).
§.3.3 The effective dimensions of the metered area.

Nore 1—Ia 6.5 the Jocations of thermocouples or lemperature.
measuring elements 31 various points are stipulated. for example, in the
guard space and on the guard arca of the test panel. The temperatures
indiconed by such thermocouples are of great value in evaluating the
uniformity of temperatures prevailing in the guard space and on the teg
ranel surfaces, but it is not feasible to stipulate gencrally the limits
within which certain of these mcasured temperatures must agree. B
musi. therefore, be the responsibility of the test engincer to obscrve and
weigh the significance of these tcmperatures to ascertain their effea!
upon the validity of a particular {est measurcment.

9. Calculation . .

9.1 Calculate the fina! fest results by .mcans of the
following equations using the average data obtairied iff 8.2.7
for the two 4-h periods that agree within 1 %:

U = Q/Alt,—1,)

C = QIAlty = 1)

R =( ~0)4/0

R- = ('b-’r)"',Q‘ 'r+ R+’h

o= U—1)4/Q

o = (,3 - 'a)"‘/Q

hy = Q[A(1,=1)

h‘, = Q/I‘ (lz - l..)

A =Q0L/A(L-1) ’

9.1.1 For a relatively uniform but nonhomogeneous spec:
imen such as normal walls, floors, ccilings. elc., the proper-
tics that may be calculated are transmittance U, conductanct
C. resistance R, overall resistance R,,, surface resistances and
surface conductances, A, .

9.1.2 For uniform and homogeneous specimens all of the
propertics listed in 9.1.1 may be calculated plus therma)
conductivity A, o

9.1.3 For clements smaller than the metering area, the
properties that apply to the element, according to tht
distinctions of 9.1.1 and 9.1.2 may be calculated if tests have
been sun that allow the element heat flow to be determined,




Annex Al DICII;B considerations for these calculations.

10. Report

10.1 Report the following information:

10.1.1 Name, and any other identification or description
of the test construction, including if necessary a blueprint
<howing important deuils. dimensions, and all modifications
made to the comstruction, if any, and specimen orientation.
1\eseription of the test construction and a complete and
Jetdiled description of all materials. This includes the generic
name of the material and its density. (For hygroscopic
matcrials. such as some concrete materials and wood. the
moisture contest sheuld also be given). If the thermal
cunductivities of these materials. at the test conditions. have
heen measured ia a hot box facility (Test Method C 236 or
fest Method C976). a guarded hot plate (Test Mcthod
(" 177) or a heat flow meter (Test Method C 518), these
\alues should also be included.

Ning 8—By gomeric description. the name of the material -in
akhtion 10 the brasd name shoutd be given (for example. preformed.
“cliutw polystyrene Type VI with a density of 22 kg/m* spruce-
pine-fir with a moistare content of 12 % and 3 dry density of 486
1pm')

10.1.2 Pertinest information in regard 10 preconditioning
ol the test panel.

10.1.3 Size and dimensions of the metering and guard
arcas of the test panel.

10.1.4° Average values during the test period of the tem-
jeratures and velocities of the air on both sides of the
metering area of the panel, and of the temperature of the
wirfaces on both sdes. {If significant, give the average values
ol the temperature of specific areas of the surface of the
pancl.) .

10.1.S Average rate of net heat input 1o the metering box.

10.1.6 Any thesmal transmission properties calculated in
% 1 and the knows precision of the equipment. Precision of
the equipment should be checked using the propagation of
cnors-theory.

Ny 9—Discussions of this method can be found in many text-
In~oks on engineering experimentation and statistical analysis (3).

10.1.7 Test duration and date.

10,2 All values shall be reporied in both S! and inch-
pound units unless specified otherwise by the client.

10.3 Where this test method is specifically referenced in
published tesi reports and published data claims, and where
Jeviations from the specifics of the test method existed in the
ety used 10 obtain said data, the following statement shall
I required 10 accompany such published information: “This
1t did not fully comply with the following provisions of
Test Method { C2367 (followed by a listing of specific
deviations from this test method and any special test

Emnditions that wrre applicd).
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11. Precision and Bias

11.1 Background—A 1ound robin for guarded and cali-

brated hot boxes was conducted in accordance with Practice
E 691. This round robin involved 21 different laboratories of
which 16 had guarded hot boaes (4). Data were reported for
100-mm (4-in.) thick homogeneous specimens of expanded |
polystyrene board (Specification C 578). Each laboratory |
received material from a special manufacturer's lot that was
controlled to maintain 2 uniform density. Data reduction
and analysis using Practice E 178 identified one of the 16 ,
laboratories as a statistical outlier. Results from the other 15 :
laboratories showed that at a mean temperature (1) of 24°C
(75°F). the average R value was determined to be 278 K
m>/W (15.77 F fi* h/Btu). The regression equation for the
data set was: .
R=3.146 00167 (Rin K-m?*/W and tin °C) (2a)
R =17.867=0028 7 (R in F fi’h/Btu and ¢ in °F) (2b)
over the mean temperature range from 4°C 10 43°C (40°F to
110°F). The mean specimen density ranged from 20.2 to
23.9 kg/m? (1.26 to 1.49 Ibs/ft*).

11.2 Precision—At a specimen thermal resistance of R =
2,78 K-mYW (15.76 ¥ Ah/Blu} and on the bads of test
error alone, the difference in absolute value of two test results
obtained in different laboratories on the same specimen
materials will be expecied to exceed the reproducibility
interval only $% of the time according to Table 2. For -
example, measurements from two different laboratories on
the same specimen could differ by up to +7.8 % at a mean
temperature of 24°C (75°F) 95 % of the time.

11.3 Bias—Based on guarded hot plate data (Test Method
C 177) from the Nationa! Institute of Standards and Tech- .
nology—Center for Building Technology and supported by
mcasurements from other laboratories. the true value for the .
round-robin specimen is a thermal resistance of 2.81 K- m?/
W (15.94 F fi*h/Bw). The mean value measured by the
guarded hot box difTered by ~1.07 %.

Note 10—Another test scrics was conducted on homogencous
common lof specimens in three guarded hot boacs at diffcrent laborato-
fics. (S, 6) R-values of the specimens ranged from approzimately 0.5 to
2.1 K-m¥ /W (3 10 11.8 F fi*h/Bru) at mcan tempcratures of 4. 24, and
43°C (40, 75. 20d 110°F). This scries indicated that results with precision
of £8 % may be achicved.

Note 11—Bath round robins vsed 3 homogencous specimen, an
idcal wall section. Actual wall sections will be nonhomogeneous. The
precision and bias has not yet been determined for nonhomogencous
specimens. The above statements provide 2 bound.®

TABLE 2 Precision for Test Method € 238

MMean Tem Thermal Reprodud- nAa
perak Resistance, bity Intervel, ) -
R Km?WFnthBN) Y K- fIF R BI)
40 29516 75) 273 20.22 (21.23)
24 (7%) 278 (18.77) 278 2022 (£1.29)
43 (110) 2.60(14.79) 256 +0.22 (=1.27)
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ANNEX

(“Mandatory Information)

Al. USING THE GUAR

Al.1 General Considesations
_ ALLL Inthisuse. the building cement area (4,) is located
centrally in the mctering area (4,) demarcated by the hot

" box. and is surrounded by a masking partition which extends

homogeneously beyond the area 4, into the guard arca. The
arca of the mask (4.)) within the metering arca equals (4, —
A,). The toud heat flow rate O, determined by the hot box

measurcment consists of two heat flow rates in parallcl. in

accordance with the equation

On= 0, + 0., (ALD)
where Q, is the toual through the building clement arca Aa
and Q,, is that through the mask area A,,..

Al.1.2 Inconducting a test to ascentain Q, fora particular
building clcment. O, is determined by the hot box measurc-
ment, and @, is infered from the results of calibration
measurcments. The calibration is made by means of hot box
tests of the masking pantition cither before the aperture for
the building element i cut out or with a blank of known
thermal conductance instalied in place of the building
clement. The eror in Q. is evidently equal to the difference
of the algebeaic errors in @, and @, The fractional ertor is
given by
01O, = (30, = 30, W10 — Q)

= [(3Q/ Q) - (3Q../ Q0 - O/CD
where (AQ,}is the alpebraic crror in O etc. An cstimatc of
the fractional ersor {AQ..)/Q, is dependent upon the method
which is used 1o calibrate the mask. If the calibration is made
ticfore the aperture for the building element is cut out then

“QRJ.(’. = "\0 ‘h/(’h) X ""nn/"'h) .’(AL})

where (AQ"W) &8 the aror in heat flow mcasured during the
calibration test. If 2 blank of known thermal conductance is
used 1o calibrate the mask then .

3.0 = (30 — QWY O

where (A0, ) is the algebraic error in determination of heat
flow through the blank. Little can be said in general about
the magnitedes of the algebraic fractional errors (A0,Y0,
and (AQ.. X0, since these depend on the quality and
management of the particular hot box apparatus and upon
the accuracy of determination of; heat flow through the
blank. but i i evident that the systematic portion of the
crror (AQ.VQ, s reduced as Q,/Q, is made small. Also. as
Q., is. made small. the term (AQ.JQ») is presumably also
made Jess sgnificant. Thus, the fractional systcmatic crror
possiblc in the determination of (, is reduced by increasing
cither the asea of the building element (if feasible). or the
total thernz! sesistance of the mask, :

Al.).3 The need to infer the mask heat flow @, accu-
ratcly requires that the mask be designed 10 act as a heat flow
meter with an emf output and temperature difference of 4,

{ALY)

(Ald)

e
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DED HOT BOX TO DETERMINE IIEAT TRANSFER THROUGH A BUILDING
ELEMENT SMALLER THAN THE METERING AREA

proportional to the total heat flow through it. This consider.
ation is the basis for the specific recommendations which
follow.

Note Al.l—Additional crror may arise due to the possible infl-
ences of the building clement in causing two of three dimensional heat

- flow at the houndans with the mask and thus affecting the mask hex-

flow in repions adjucent to the cloment. Thus mask heat flow,
determined under 3 giten set of conditions with 2 cpfibration standard in
place. may change when the building clement is installed. even though
the test conditions remain unchanged. The uscr of this procedurce should
e aware of such possible crrors and shoold attempt to cvaluate thei
magnitode in rclation 1o the desired accuracy of the test.

A1.2 Recommendations

A121 I is recommended that the mask be made of a
suitable uniform thickncss of a homogeneous and stable
material of low thermal conductivity having adequate
strength to support the weight of the building elements to be
1ested. Suitable matcrials arc faced high-density glass fiber ot
polystyrene boards laminatced together as necessary. Stronger
masks can be fabricated by sandwiching layers of insulation
between layers of rigid materials such as plywood. Such
masks. though nonhomogcneocus. are uniform in the direc-
tion perpendicular (o the direction of hcat flow and are

" calibrated in the same manncr as homogeneous masks. It

may be necessary in some cascs to incorporate framing in the
mask to support heavy building clements such as heavy-duty
metal frame windows or masonry scetions. Such nonuniform
masks are necessarily calibrated wusing blanks .of known
thermat conductance. Framing members must be kept away
from the juncture with the building element and with: the -
boundary of the metering arca so as not to contribute
excessively to lateral heat transfer at these points. It is
important that the mask be Jow in hygroscopicity 1o mini-
mize changes in its thermal resistance with ambient hu-
midity conditions. and that it be substantially impervious 10
air flow through it. .

A1.2.2 Thermocouples for measuring the temperaturt
diflerence across the mask should be permanently installed
uniformly Mush with or just under its surfaces. These may be
connccted in serics-differential for determination of the
mask temperature diffcrence. or as individua! thermocouples
for exploring the lempcrature disiributions on the faces
the mask. It is recommended that there be at least eight
thermocouple junctions on each face of uniform masks: fouf
at positions bisecting the four lines from the corners of the
building element apcrture to the corresponding corners
the metering area, and four at positions bisccting the sides
the rectangle having the first four thermocouples at its *
corners. A suitable thermocouple arrangement would have
to be chosen for nonuniform masks that would provide
representative average surface temperatures. This is particy-
larly important when natural coavection is used and aif|

- .
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-tewperatures and film cocflicicnts vary over the metering

face. i framing members are used, an afea-weighted
; sarage of temperatures measured over the members and
av from them is necessary. The mask. as a heat flow

" imeter. should be calibrated and used in terms of the average

temperatuie (or thermocouple emf) difference across it
indicated by the permanently installed thermocouples.

* . AL23 To protect the surfaces of the mask and the

e

permanently installed thermocouples. and if necessary to
r-ndor the surfaces impenvious to air, a permanent coating or
thin facing on each face of the mask is desirable. However,
ihe coating or facing must be of low conductance laterally so
that it does not contribute excessively to lateral heat transfer
at the juncture with the building element or at the boundary
of the metering area. The emittance of the mask surfaces
<hould be uniform, and unchanged after calibration of the
mask: in cases where the transmittance (rather than the
vonductance) of the building element is of particular interest,
it is preferable that the emittance of the mask surfaces be
larze.

A1.2.4 In view of the desirability of high thermal resist-
anee of the mask relative to that of the building element, the
uniform thickness of the mask should in general not be less
than that of the building elements to be tested. and may be
preater than that of the thinner elements. Mask thickness
peatly exceeding that of the building element is to be
avoided if possible because of lateral heat flow in the mask
Jure 10 its exposure at uncovered areas of its aperture. (In
-wvial instances, for example, a window designed 10 be set a
few inches outward from the plane of the inner surface of a
w.ll. a special calibration of the mask as a heat flow meter
m.ay be necessary using a blank of known thermal conduc-
tance in the precise position of the window at the juncture
with the mask aperture.)

AL2S The mask aperture in which the building element
i installed for test should fit the element specimen snugly;
tracks between them should be minimal in width, and
shauld be filled completely with' a good fibrous insulation
aml caulked or otherwise scaled at the mask surfaces to
pwevent air leakage. It is desirable that the insulation used to
fill cracks have approximately the same conductivity as the
misk material; it would then be possible. if the cracks
Lueregate an area significant in refation 1o the mask area, to

10

compensate roughly for the increased virtual mask area by
increasing the mask beat flow indicated by its temperature
drop in proportion to the increase of area.

A1.2.6 It is probable that many building elements to be
tested are inhomogeneous or nonuniform in construction for
structural reasons, and in consequence that the local thermal

conductances differ considerably at different frontal areas of
the element. The variations are inherent, and the result of '

the test is an average conductance or transmittance value for

the total construction. provided that the conductance vania- -

tions at edges do not serously impair the validity of using the
mask as an adequate heat flow meter. This is a matter which

varies with the case, and therefore miust rest on the judgment .

and discretion of those conducting the test measurement. A
useful guiding principle is that nothing should be incorpo-
rated in, or omitted from, a building element specimen being
tested that would make it not representative of the assembly

that ‘'would be found in actual installation in service. For

example. if a metal window ordinarily is installed with inset
wood framing. the test specimen should include just so much
of the wood framing as is properly chargeable to it.

Al1.3 Calibration of the Mask as a Heat Flow Meter

Al1.3.1 The calibration of the mask is ' made by means of
hot box tests either before the aperture for the building
clements is cut out or with a blank of known thermal
conductance installed in place of the building element. The
mask must be fully prepared with the permanent difTerential
thermocouples installed and any final facings or coatings
applicd. Several tests are made. adequately covering the
range of mask mean temperatures (and perhaps mask
temperature drops and box air velocities) at which the mask
will be operated in tests of building elements. In each test,
under steady-state conditions, the metering box heat flow @,
and the corresponding mask temperature drop 4,, indicated
by its permanently installed thermocouples, are determined.
The net mask heat flow @, corresponding to Ar is calcu-
lated as Q' \(4,,/.4,) when the calibration is made before the

aperture js cut, where .4,, and A4, are as defined earlier, and as .

{@’, — O4) for the calibrated-blank method where @,, is the
calculated heat low through the blank. In the latter method
of calibration, a suitable blank must first be prepared and

calibrated.
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APPENDIX

(Nonmandatory Information)

AL THERMOPILE EMF AND HEAT FLOW RELATIONSHIP (7, 8)

X1.1 The procedure given in this Appendix outlines the
steps suggested to obtaia the relationship between heat flow
and thermopile output. This method addresses the techrique
that will yvield the heat flow relationship as a function of the
thermopile output and a thermopile offsct. if present.

X1.1.1 It is essential that the number of fans and power
input in the metering, guard, and environmental boxes be
held constant along with all temperatures throughout the
calibration (and mcasurement) phasc. By holding the fan
number and input along with the surface temperatures
constant. the operator assures a constant heat transfer film
coefTicient to the specimen throughout testing. The E,, value
associated with negligible net heat flow across the mcter box
‘walls is then obtained from the relationship between @,,, and
. The equation that describes the total heat flow drawn
schematically in Fig. 4 i

. O+ Cur Q=0 =51 (X1
where:
() = hcat flow duc to fan. W,
(), = heat flow due to heater, W,
0., = hcat flow through the mctering box walls, W,

heut flow through specimen. W,
+hermal resistarice of specimen, m*-K/W,
heat flow metered arca. m?, )
temperature difference across specimen. K,
thermopile emf when nct heat flow through metering
box walls is negbgible, and
E = thermopile emf.

41

h

The goal is to make Q,, equal to 2¢er0. Q,,, can be described
by:

Q.=fE)y=mE+b (X1.3)
X1.1.2 To quantify m, at least two test runs must be
performed with differing levels of £. E must be held constant |
within each test. The specimen surface to surface tempera-
ture difTcrence for all tests must be constant and of the same
value. Q, can be approximated by assuming the design R. It
is not necessary to know the R of the specimen. Plot Q,
calculated from Eq X 1.1 versus E. The slope of the line is m.
The next step is to quantify b in Eq 2. Set the temperature
difference across the specimen surface equal to zcro (Q, = 0).
Substituting Eq X1.2 into Eq X1.! and setting Q, = 0
reduces Eq X1.1 to:
Qp+Qy=-(mE+D) (X1.3)

X1.1.3 Set E to a value such that the fan wattage is at
operational conditions and the heater wattage is at the
minimum value that maintains temperature control. This
will assure that no heat is flowing anywhere except through
the meicr box walls. During this test, lateral heat flow must-
still be negligible. Using n1 that was determined, Eq X1.3 will
vicld b. The thermopile emf value that pertains to ncgligible.

‘net hicat flow through the meter box walls E, can then be

cakulated using Eq X1.2:

E,=~(h/m) (N1.4)
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Standard Test Method for
Steady-State Heat Flux Measurements and Thermal
Transmission Properties by Means of the Heat Flow

Meter Apparatus’

This standard is issued under the fixed designation C §18: the number immediately following the designation indicates the year of
original adoption or. in the case of revision. the vear of last revision. A number in parentheses indicates the yvear of fast reapproval. A
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense. Consult the DoD Index of Specttications and
Standards for the specific year of issue that has beer adopted by the Department of Defense.

INTRODUCTION

This test method presents a comprehensive assemblage of information and requirements on the
complex problem of the measurement of the thermal transmission properties of insulations using
a heat flow meter apparatus. For convenience. it is organized in four major parts:

General Considerations (Sections | through 6)
Apparatus and Calibration (Sections 7 through 9)
Test Procedures and Report (Sections 10 through 14)
Annexes (Al through A4)

This test method shall be used in conjunction with Practice C 10453,

Many advances have been made in thermal insulation technology, both in measurement
techniques and in improved understanding of the principles of heat flow through such materials.
These advances have prompted revisions in the conceptual approaches to the measurement of the
thermal transmission propertics, see References (1). (2). (3), and (4).2 All users of this test method

should be aware of these concepts.

1. Scope

I.I This test method covers the measurement of steady
state thermal transmission through flat slab specimens using
1 heat flow meter apparatus.

I.2 This is a comparative (or secondary) method of
measurement since specimens of known thermal transmis-
sion properties must be used to calibrate the apparatus.
Properties of the calibration specimens must be traceable to
in absolute measurement method, and should be obtained
Lirom or traceable to a recognized national standards labora-
wory,

+ 1.3 The test method is applicable to the measurement of
thermal transmission through a wide range of specimen
"Properties and environmental conditions. The method has
Peen used at ambient conditions of 10 to 40°C with
| thicknesses up to approximately 250 mm, and with plate
imperatures from —195°C to 540°C at 25 mm thickness
‘Refs, (5. 6)).
} .4 To meet the requirements of this test method the
thermal resistance of the sample must be greater than 0.10
K-m /W in all directions.

—

" This test method is under the jurisdiction of ASTM Committee C-16 on
ermal Insulation and is the direct responsibility of Subcommitiee C16.30 on
Thermal Measurement.
Current edition approved Oct. 22, 1985. Published December 1985, Originally
Published as C $18 - 63T. Last previous edition C 518 ~ 762,
* The boldface numbers in parentheses refer to the list of references at the cnd
OF this test method.

nl2

1.5 It is not practical in a method of this type to try to
establish details of construction and procedures to cover all
contingencies that might offer difficulties to a person without
pertinent technical knowledge. Thus users of this test
method shall have sufficient knowledge to satisfactorily fulfill

.their needs. For example, knowledge of heat transfer princi-

ples, low level electrical measurements, and general test
procedures is required.

1.6 Standardization of this test method is not intended to
restrict in any way the future development of improved or
new methods or procedures by research workers.

1.7 Since the design of a heat meter apparatus is not a
simple matter, a procedure for qualitving an apparatus is
given in 7.8.

1.8 This standard mmay involve hazardous materials, oper-
ations, and equipment. This standard does not purport to
address all of the safety problems associated with its use. It is
the responsibility of whoever uses this standard to consult and
establish appropriate safety and health practices and deter-
mine the applicability of regulatory limirations prior to use.

2. Referenced Documents
2.1 ASTM Standards:

C 167 Test Methods for Thickness and Density of Blanket

or Batt Thermal Insulations®
C 168 Terminology Relating to Thermal Insulating

Materials®

3 Annual Book of ASTM Standards, Vol 04.06.
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C 177 Test Method for Steady-State Heat Flux Measure-
ments and Thermal Transmission Propemes By Means
of the Guarded Hot Plate Apparatus®

C 519 Test Method for Density of Fibrous Loose-Fill
Building Insulations®

C 1045 Practice for Calculating Thermal Transmission
Properties from Steady-State Heat Flux Measurements>

E 230 Temperature-Electromotive Force (EMF) Tables
for Standardized Thermocouples®

E 691 Practice for Conducting an Interlaboratory Test
Program to Determine the Precision of Test Methods®

3. Terminology

3.1 Definitions—The terms and symbols are as defined in
Definitions C 168 with exceptions included as appropriate.

3.2 Svmbols and Units—The symbols used in this test
method have the following significance:

thermal conductivity, W/m-K,

thermal conductance, W/m2-K,

thermal resistance, K-m¥/W,

heat flux density. W/m2,

heat flux. W,

area measured on a selected isothermal surface. m-.
thickness of specimen measured along a path normal to isothermal sur-
faces. m.

mean temperature, K.,

temperature ditference, K,

density of the material as tested, kg/m?,

sensitivity of heat flow transducer (W/m?)/V.

heat flow transducer output, V,

temperature of hot plate surface, K, and
temperature of cold plate surface, K.

3
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4. Summary of Method

4.1 The heat flow meter apparatus establishes steady state
unidirectional heat flux through a test specimen between two
parallel plates at constant but different temperatures. By

appropriate calibration of the heat flux transducer(s) with -

calibration standards and by measurement of the plate
temperatures and plate separation, Fourier’s law of heat
conduction is used to calculate thermal conductivity,
thermal resistance. or resistivity.

4.2 The accurate use of the method is limited by the
capability of the apparatus to reproduce unidirectional
constant heat flux density in the specimens. or by the
precision in the measurement of temperature. thickness,
EMF produced by heat flux transducer, etc.

5. Significance and Use

3.1 This method provides a rapid means of determining
thermal properties with high precision and as such is useful
in research and quality control work.

3.2 The thermal transmission properties of specimens of a
given materal or product may: (/) vary due to vanability of
the composition of the material; (2) be affected by moisture
or other conditions: (3) change with time: (4) change with
mean temperature and temperature difference. and (5)
depend upon the prior thermal history. It must be recog-
nized. therefore. that the selection of tvpical values of
thermal transmission properties representative of a material

Al
* Annual Book of ASTM Standards, Vol 14.03.
* Annual Book of ASTM Standards, Vol 14.02.
¢

fhcsis . e

in a particular application should be based on a consx
ation of these factors and will not necessarily apply withgy
modification to all service conditions. As an example, m!
method pmvides that the thermal propecties shall be o
tained on spec:mens that do not contain any free moxst %
although in service such conditions may not be reahzgg
Even more basic is the dependence of the thermal propertig

on variables such as mean temperature and temperatup
difference. These dependencies should be measured or the
test made at conditions tyvpical of use.

5.3 Special care must be taken in the measuremen
procedure for specimens exhibiting appreciable inhome
geneities, amisotropies, rigiditv, or especially high or low
resistance to heat flow (see Practice C 1045). Special consi¢
erations are necessary when the measurements are con
ducted at either high or low temperatures, in a vacuum ori
hazardous gases.

5.4 The determination of the accuracy of the method fa
any given test is a function of the apparatus design, of the
related instrumentation and of the type of specimens unde
test (see Section 9), but this method is capable of determining
thermal tramsmission properties within +2 % of those déter
mined by Test Method C 177 when the ambient temperatur
is near the mean temperature of the test (T (ambient) =
(mean) +1°C}, and in the range of 10 to 40°C.

5.4.1 Where certification of measurement by this teg
method is required, the apparatus shall have the capabilities
required in 7.8 and one of the following procedures must-be
followed:

5.4.1.1 The testing laboratory apparatus shall be calk
brated within 24 h before or after the certification test usine
calibration standards that have been issued or whose value
have been established by a recognized National Standard
Laboratory not more than five vears prior to the certificatioz
date. The average of two calibrations shall be used as th
calibration factor and the specimen(s) certified with thi
average value. When the change in calibration factor i
greater than one percent. the standard specimen shall &
retested and a new average calculated. If the change i
calibration factor is still greater than | % the apparatus mus
be calibrated using the procedure in Section 8.

5.4.1.2 Where both the short and long term stabilities of
the apparatus have been proven to be better than 1 % of th
reading, see 8.4, the apparatus may be calibrated at les
frequent intervals, not exceeding 30 days. The specimens &
tested cannot be certified until after the calibration followm{
the test and then only if the change in calibration factor fron
the previous calibration test is less than 1 %. When thfl
change in calibration is greater than one percent, test resulﬁ
from this interval shall be considered void and the test!
repeated in accordance with 3.4.1.1.

5.4.2 The precision (repeatability) of measurements ma&
by the heat flow meter apparatus calibrated as in 5.4.1 aft:
normally much better than *1 % of the mean value. Th¥
precision is required to identify changes in calibration and ¥
desirable in quality control applications. -

6. Limitations to Test Method

6.1 Limitations Due to Apparatus:
6.1.1 The apparatus shall not be used at temperatu
thicknesses, or resistances, other than those within the ra

ﬂ*’-\a a-\ ATy A



of the calibration, unless it can be shown that there is no
difference in accuracy.

6.1.2 The apparatus must be capable of mamtzumng at
kast a 10°C temperature difference across the specimen for

of a particular test.
6.2 Limitations Due to the Specimens:

6.2.1 The specimens under test may also limit the use of
the test method and these limitations are outlined in Practice

C 1045

1. Apparatus

7.1 The construction details given in this section should
»e understood by the user of this test method. While it is
mandatory that these details be carefully followed when
constructing an apparatus, it behooves the user to verify that
:he equipment was built as specified. Serious errors of
! measurement may result from this oversight.
| 7.2 General:

7.2.1 The general features of a heat flow meter apparatus
| with the specimen or the specimens installed are discussed in
Annex Al. A heat flow meter apparatus consists of two
sothermal plate assemblies, one or more heat flux trans-
Jucers. equipment to measure and control temperature,
thickness. and the output of the heat flux transducers and
aquipment to control the environmental conditions when
aeeded. Each configuration will yield equivalent results if
used within the limitations stated in this test method. There
are distinct advantages for each method in practice and these
e discussed in Annex Al.

7.2.2 The working surfaces of the plates and the heat flux
ransducer (that is. the surfaces making contact with the
tpecimens) shall be painted or otherwise treated to have a
:otal hemispherical emittance of greater than 0.84 at oper-
2ting temperatures (Note 1).

Note 1—Hard anodizing of aluminum produces a surface with a
-otal hemispherical emittance of approximately 0.85. Several paints are
mailable which when applied as directed, produce a total hemispherical
| emittance of approximately 0.86.

1.3 Plate Assemblies, Hot and Cold-—The two plate
usemblies provide isothermal surfaces in contact with either
side of the test specimen. The assemblies consist of heat
source or heat sink, a high conductivity surface, means to

! neasure surface temperature, and means of support. A heat
| ux transducer may be attached to one, both or neither plate
{ ssembly, depending upon the design. In all cases the area
defined by the dimensions of the heat flux transducer is
called the metering area and the remainder of the plate is the
suard area.

7.3.1 The portion of each plate assembly in contact with
the heat flux transducer, or if a heat flux transducer is not
dMounted on the plate assembly, the portion in contact with
the sample, shall consist of a high conductivity material,
Usually metal, known as the isothermal plate. The isothermal
Plate shall be supported so as to minimize temperature
fradients across its surface. For a 2 % total uncertainty,
deviations from isothermal conditions over the plate surface
9 no more than +0.5 K shall be allowed.

7.3.2 A means shall be provided to maintain the temper-
Aure of the isothermal plates at the desired level. Examples

r
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the duration of the test, unless a smaller AT is a requirement

are fluid baths, electrical heaters and combinations of these
(see Refs (7, 8, 9)).

7.3.3 If a heat flux transducer is mounted at the mxdplane
of the specimen then means shall be provided to determine
the average temperature of the transducer in order to apply
temperature corrections to the calibration, except when, test
temperatures are equal to those used in calibration, in which
case no correction is required.

7.3.4 Means shall be provided to measure the temperature
of the surfaces of the heat flux transducer or plates in contact
with the specimen.

7.3.5 The surface plates shall be sufficiently rigid to
maintain flatness and parallelism to within one-tenth the
accuracy required of the final result. For measurements on
non-rigid materials and an allowable total uncertainty of
+2 %, a flatness and parallelism of 0.2 % of the maximum
linear dimension of the heating unit is thus required (Note
2). One recommended way to check this is to generate a
L-map over the metering area. This is discussed fully in Ref
(10).

NoTeE 2—The planeness of the surface can be checked with a
straightedge, of a length greater than the width or diameter of the unit,
held against the surface and viewed with a light behind the straightedge.
Departures as small as 25 um are readily visible, and larger departures
can be measured using shimstock or thin paper.

7.3.5.1 The parallelism of the plates must be maintained
for several reasons. In most cases it is the plate separation
which is measured in order to determine specimen thickness.
Furthermore the plate parallelism is important in main-
taining consistent surface contact with specimens in repeat
testing (such as calibration), and is required to maintain a
uniform temperature difference across the specimen(s).

7.3.6 The rigidity, flatness, and parallelism of the plates
may impede the testing of rigid specimens where it is not
possible to obtain good surface contact. In such cases the use
of a thin sheet of suitable homogeneous material may be
interposed between the specimen and the plate surfaces. This
thin sheet should have a low thermal resistance relative to
the specimen. The resistance of the thin sheet should be
determined using a Test Method C 177 apparatus. The
resistance of the composite sandwich (sheet-rigid specimen-
sheet) is then determined and the value of the sheet
resistance (determined in a separate test) subtracted from the
total resistance measured.

7.4 Temperature Measuring and Control Systems:

7.4.1 Any proven device possessing adequate accuracy
may be used for measurement and control of the tempera-
tures in the apparatus.

7.4.2 Surface temperatures are often measured by perma-
nently mounting temperature sensors. such as thermocou-
ples, RTD’s or thermistors, in grooves or flush with the
working surfaces on both plates.

7.4.3 Many existing systems utilize 2 minimum of two
temperature sensors to determine the average temperature of
each isothermal surface. However. to determine the actual
surface temperature variations under typical operating con-
ditions, the temperature must be sampled at considerably
more than two points. This is especially true when the
specimen surface temperature itself must be measured or
when the specimen is highly inhomogeneous. Therefore, no
strict specification is given as to the number of temperature
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sensors that must be used for each surface. However, the user
must report the uncertainty of the temperature measure-
ment. including the component, due to temperature
nonuniformity across the surface. This determination is
probably best done with a multijunction thermocouple in
ad-hoc experiments and not part of every measurement. (See
Ref (10).) In some cases where temperature mapping of the
plate surfaces has indicated high uniformity under all condi-
tions of use. one thermal sensor per surface has been
satisfactorily used.

7.4.3.1 Special precautions should be taken to ensure that
the temnperature sensors are thermally anchored to the
surface to be measured and that the temperature gradients
along the wires leading to the sensors are minimized. If
sensors on opposing surfaces are connected differentially,
they must be electrically insulated from the plates with a
resistance of 1M or greater (11, 12).

7.4.3.2 Thermocouples mounted in the surfaces of the
plates should normally be made of wire not larger than 0.51
mm in diameter (No. 24 B & S gage). Thermocouples placed.
against or set into the surfaces of the specimens should be
made of wire not larger than 0.25 mm in diameter (No. 30 B
& S gage). For information concerning sensitivity and
accuracy of thermocouples in the cryogenic temperature
range. and installation, see Refs (6) and (13).

~.4.5.3 Temperature sensors should be calibrated to an
accuracy equivalent to that for thermocouples conforming to
Tables E 230. The temperature measuring system shall have
an equivalent accuracy. The precision of the temperature
measuring svstem may need to be better than this to detect
the effect of drift on the results as discussed in 7.9. Tables

230 lists both "standard” and “special” limits on the
accuracy of thermocouples. The accuracy required by a heat
flow meter apparatus can best be determined by carrving out
an error analysis (see Section 9), and then calibrating the
temperature sensors to the degree required.

3 Heat Flux Transducer—The heat flux transducer is a
device including both the metering and guard areas which
measures heat flux by sensing the temperature ditference
across a core of appropriate thermal resistance and thermal
stability. The metering area usually consists of a2 number of
differentially connected temperature sensors placed on each
face of the core and surface sheets to protect the assembly.
The guard area is usually constructed of the same material as
the core. A properly designed transducer will have a sensi-
tivity that is essentially independent of the specimens’
thermal properties (14, 15).

".5.1 Types of Heat Flux Transducers—The type of heat
flux transducer described in this test method is called a
gradient tyvpe. This type consists of a slab of material. the
“core.” across which the temperature gradient is measured,
normally with a thermopile.

7.5.2 Temperature Difference Detector—The temperature
difference across the core material shall be measured with a
sensitive stable temperature detector. The main transducer
surfaces are assumed to be isothermal, so that heat flow will
be normal to them. Precautions must be taken to limit the
effect of heat flow through the leads on the output of the
temperature difference detector. Often the heat flux trans-
ducer is also instrumented to measure one of the surface
temperatures of the specimen(s).

[ s

. of the heat flux transducer shall be smoothly finished }

7.5.3 Surface Sheets—To prevent damage to the temss
ature difference detector that will affect its calibration,
surfaces shall be covered with a layer of material as thm aﬁ
compatible with protection from thermal shunting of %,
temperature ditference detector wires. The working surfag
conform to the desired geometric shape to within the h. ’
of 7.3.
1.6 Plate Separation, Specimen Thickness—A meq
shall be provided to determine the average separauq
between the heating and cooling plate surfaces du
operation. Rigid specimens generally act as the spaca,
themselves and plate separation is determined by the
thickness at operating temperature. In this case a sma
constant force is generally applied to hold the plates againg
the specimen. It is unlikely that a pressure greater than 23
kPa (approximately 50 Ibf/ft”) will be required. For eash
compressible specimens, small stops interposed between th
corners of the hot and cold plates. or some other positis
means shall be used to limit the compression of th
specimens, (Note 3). Provision must be made for checkiy
the linearity of any thickness measuring system.

NOTE 3—Because of the changes of specimen thickness possible as;
result of temperature or compression by the plates, it is recommendz
that specimen thickness be measured in the apparatus, at the existiy
test temperature and compression conditions whenever possible.

7.7 Edge Inswlation—Heat loss from the outer edges ¢
the heat flow meter apparatus and specimens shall ¥
restricted by edge insulation or by governing the surroundir;
air temperature or by both methods. The three differer
configurations differ in their sensitivity to edge heat losses s
is discussed in Annex Al (2. 4, 16).

7.7.1 For all three configurations, the sensitivity to eds
heat losses is strongly related to the sensitivity of tk
transducer to temperature ditferences along its main surfacs
and therefore onlv experimental checks while changis
environmental conditions can confirm, for each operatiz
condition, the magnitude of the effect of edge heat losses o
measured heat flux. This error should be smaller than 0.5%
An approximate guideline is to maintain power lost throug
the edges below 3 % of the power flowing through tk
specimen.

1.8 Measuring Svstem Requirements for Certification-
When the apparatus is used for certification testing, t
measuring system shall have the following capabilities:

7.8.1 The accuracy of the measurement of the temper
ture difference across the specimens shall be within 0.5 %
The accuracy of the measurement of the output from t
heat flux transducer shall be within +0.6 %.

7.8.2 A voltage sensitivity of better than 0.2 % of ¢
minimum output (tfrom the transducer) to be measured.

7.8.3 Sufficient linearity so that it contributes less th
0.2 % error at all outputs.

7.8.4 Sufficient input impedance so that it contributes I¢
than 0.1 % error tor all readings. One megohm has bcd
found adequate for many apparatuses. =

7.8.5 Sufficient stability so that it contributes less th¥
0.2 % error during the period between calibrations, or
days, whichever is greater.

7.8.6 Adequate noise immunity so that less than 0
rms noise occurs in the readings.

N‘
e

tbnn e iy,



A

;{1.8.7 Where direct teadout equipment is used, adequate
l vision shall be made for calibration of the electronic
F greuitry, independent of the remainder of the apparatus, and
3 all contribute no more than 0.2 % error, for each variable.
;. 1.9 Proven Performance—Any heat flow meter apparatus
'hat is new or has beem modified must be tested for the
fllowing characteristics and corrections shall be made where
lr'.'.:hange of greater than one percent occurs in the transducer
| output due to the effects of 7.9.1 to 7.9 over the range of
operation and are recommended for changes of 0.3 % over
the range of operation.

7.9.1 Zero Offser—If there is any output from the trans-
Jucer for zero heat flux. this may be due to:

7.9.1.1 Electrical contact resistance on a transducer with
jow output: improve connections to eliminate the problem
15 this tvpe of output may be temperature dependent.
| 1.9.1.2 Also check grounding circuits because such a
sgnal may be due to AC pickup in the leads from the
mansducer. If after checking 7.9.1.1 and 7.9.1.2 there is still a
rero off-set. it may be possible to correct for this by assuring
that the calibration curve of output versus heat flux is linear
over the range of operating conditions.

7.9.2 Sensitivity 1o warm or cold plate temperature non-
' yniformity. Check for temperature non-uniformity under all
roperating conditions.

7.9.3 Drift in the transducer due to material aging or
Jelamination. This can be used to determine the required
calibration frequency.

7.9.4 Temperature coefficient of the transducer. sensi-
“tvity. as this depends on the type of temperature detectors
used in the temperature difference detector (thermocouple
materials used in the thermopile) and the type of material
used for the transducer core. If it is found that the sensitivity
is temperature dependent, a curve of sensitivity versus
:emperature shall be developed and used to correct measure-
ment data.

7.9.5 Heat flow down the leads. One possible way to

check for this is to move one’s hand across the surface of the

transducer between the metering area to the point where the
‘eads exit the plate assembly, while observing the transducer
output. In a well designed plate or transducer assembly there
§hould be no observable output from the transducer except
n the metering area.

7.9.6 Effect of the thermal conductivity of the specimen
on the sensitivity of the transducer. A “thermal shorting™

affect between elements caused by low thermal resistance -

tetween the sensors of the thermopile or a funneling of heat
through the sensors can change the sensitivity of the meter.
This can best be tested by running specimens with known
widely different thermal conductivities.
1.9.7 Effect of loading pressure on the transducer sensi-
uvity, if the transducer core is flexible.

7.9.83 The test results obtained by this method can only be
assured if the limitations of the apparatus are known. To
establish the limitations, one must prove the performance by
comparing the results with matedals of similar thermal

Properties previously tested on a guarded hot plate apparatus

a5 those to be evaluated.

7.9.8.1 A single point of reference may lead to serious
ervors. It is best to select a range of transfer standards having
known thermal transmission properties which cover the
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range of values to be tested, in both resistance and thickness.

7.9.8.2- If the apparatus is to be used at thicknesses greater
than that of the available reference materals, a series of
calibration measurements must be performed to insure that
the equipment does not introduce additional errors which
may be due to lateral heat losses or gains brought about by
insufficient guarding (4, 17).

7.10 Environmental Control—In many applications, it is
desirable to control the environment surrounding the test:
specimen to reduce edge heat losses and it is especially
important if the mean test temperature must be below the
ambient temperature, in order to avoid condensation on the
cold plate.

7.10.1 A cabinet or enclosure surrounding the heat flow
meter assembly to maintain the ambient temperature at the
mean temperature of the specimen may also be used as a
means to maintain the dew point temperature at least 5 K
lower than the temperature of the cold plates, that will
prevent condensation and moisture pickup by the specimen.
This is required when conducting tests at mean temperatures
substantially lower than the laboratory air temperature.

7.10.2 Any environmental control system employed in
conjunction with a heat flow meter apparatus shall be
capable of maintaining its set point condition within £1°C in
temperature, and 2 % in humidity. .

8. Calibration

8.1 The calibration of a heat flow meter apparatus is a
very critical operation. Since lateral heat losses or gains of
heat are not automatically controlled or eliminated, but only
lessened by increasing the size of the guard area and edge
insulation, there is no guarantee that the heat losses or gains
are negligible under all testing conditions. To ensure that the
equipment is performing properly with specimens of dif-
ferent thermal resistances, the apparatus must be calibrated
with materials having similar characteristics as the materials
to be evaluated. These reference materials must bé evaluated
through an absolute test method such as the guarded hot
plate, Test Method C 177. .

8.1.1 In order to determine the calibration factor, and aid
in the determination of the apparatus precision and bias, a
series of repeat measurements should be run on one calibra-
tion standard with known properties. The average of these
tests shall be used to determine the calibration factor of the
heat flow transducer.

8.1.2  To determine the possible effects of test-materials on
the calibration factor a series of tests should be run on
varying calibration standards with known properties such as
a range of densities, thicknesses, or thermal resistance. Such

. a series of tests will help define the uncertainty of the test

results for the apparatus.

8.2 Calibration Curve—Most heat flux transducers are,

temperature sensitive and the sensitivity will change with the
mean temperature; therefore, measurements must be re-
peated at different mean temperatures to cover the expected
temperature range of the heat flow meter apparatus. A
calibration curve or equation shall be prepared (sensitivity
versus mean temperature of the transducer assembly). The
calibration should be done using at least two specimens of
widely differing thermal resistance if the apparatus is to be
used for certification purposes.
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8.3 Calibration Drifi—Check the heat flow meter appa-
ratus for calibration at least once every month; maintain a
running record of calibration results. If the checks indicate a

-difference in the measurement of the thermal resistance of

the standard specimens of more than 1 %, then prepare a
new calibration curve or equation. It is unlikely that the
shape of the curve will change. The curve can be shifted to

i the new position.

8.4 Maintenance of Calibration—The use of secondary
reference standards is recommended for continuous moni-
toring of calibration. Each secondary reference specimen
should be tested a minimum of five times in order to
establish control limits, within which any one test of the
reference specimen should fall (these limits should also
encompass operating varability if applicable). If a calibra-
tion check is made using one secondary reference specimen
and the results fall outside the previously established control
limits a second reference specimen should be tested before
any calibration changes are considered. If such tests confirm
a shift in calibration and the cause is not obvious (plate
temperature shifts, AL readout shift, etc.), new calibration
coeflicients shall be developed based on the primary refer-
ence star.dards.

*9. Error Analysis

9.1 A complete error analysis is complex. However, it is
mandated for compliance with this test method. The per-
formance of this analysis involves consideration of:

9.1.1 Estimates of errors in each individual measurement
procedure and propagation of these errors to the final result.

9.1.2 Measurements to determine apparatus sensitivity to
intentional deviations from normal operations. and

9.1.3 Measurements on reference materials and participa-
tion in round-robin programs.

9.1.4 For a more complete discussion of this error analysis
the reader is directed to Test Method C 177, and Ref (10).

9.2 To illustrate a procedure of error analysis estimation,. '

consider the operational definition of thermal conductivity:
\N=Q-L/A-AT

The uncenainties in Q. 4, L, and AT (8Q, 64, 5L, and §AT)

can be used to form the uncertainty SA by the usual error

propagation formula where the total uncertainty is calculated

from the square root of the sums of the squares of the

individual standard deviations.

TABLE 1 Estimates of Random and Systematic Errors at Room Temperature
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? = (3Q/Q) + GA/AV + (L/LY + (6AT/A1)1 2
This equation assumes that the errors in Q, A etq
random and independent of each other since the covari
terms are omitted. This is valid here if different instrum L

9.2.1 An alternative approach, which generally leads ¢ m
larger calculated uncertainty, is to sum the upper limitsj
the individual uncertainties (10). 4

9.2.2 Care must be taken to properly evaluate all of
uncertainties in the variables Q. 4, etc. For example, tid
obvious sources of error in Q are those causing extraneog
transverse heat flow along leads and deviations from oy
dimensional heat flow. However, an often neglected by,
important quasi-heat leak is that caused by a temperatup
drift of the transducer itself, or in the heater, or both.

9.2.2.1 This can readily be estimated from the heg
capacity of the transducer assembly and the drift detectin
limit of the measurement system. The error in AT, AT, caf
be caused by calibration errors and measurement errors b
also by incorrect placement, incorrect thermal anchoring,
and disturbances introduced by the thermocouple itself,

9.3 Numerous experiments can be performed to dete
mine the sensitivity of the measurement results to deviationy
from normal operating condittons. This sensitivity combing
with the probable deviation under normal operating cond;
tions can be used to estimate the error from this source. k}-
one example, the effect of imperfect guard balance contro
can be determined by purposelv offsetting the guard (if thxsal
possible) by a sufficient AT tn both directions and measuny;
the differences in the measured output.

9.3.1 Care should be taken t0 not use such large offss
that nonlinear effects occur in the specimens. These result
combined with the probable value of the offset dunnh
normal operation vield the error due to imperfect guara
balance. '

9.4 Finally, méasurements should be performed on a
cepted reference materials, if available, to qualify the appe
ratus. Care should be taken here to ensure that the referenc,
materials have characteristics similar to the specimens tok‘,
measured, and that the uncertainties of the standards them:
selves are known.

9.5 The total estimated imprecision can be listed in a tab
of errors such as shown in Table 1. This table is shown as 3
example only and does not represent any one particular hes

Absolute Variations Percent Variations ]
Variable . i
Random Systematic Random Systematic
Mean Temperature, T 0.02 K 02K 0.007 0.07
AT 0.01 K 02K 004 0.40
AL 0 0.1 mm 0 0.40
Transducer area 0 50 mm? 0 0.10 .
Heat flux e
drift 1mw 1mw 02 0.2 %
lateral 1 mw 2mwW 02 0.4 s
calibration 0 2mw 0 0.2 3
Temperature -
drift 0.05 K 0.05K 00t 0.01 *
calibeation 0 0.1K 0 0.4 3
A . : 0.2 mW/m-K 0.3 mW/m-K 04 0.6 X
!
f
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;c 10. Test Procedures
i 10.1 Foreword on Testing Procedures—The simplicity of
i this test procedure may lead one to overlook very important
@actors which may affect the results. To ensure accurate
measurement, the operator must be fully instructed in the
| operation of the equipment. Furthermore, the equipment
must be properly calibrated with reference materials having
gmilar heat transfer characteristics. It is also necessary that
the specimen be properly prepared for the evaluation.
: 10.2 Sampling and Preparation of Specimens:

10.2.1 Test Specimens—One or two-piece specimens may
e used. depending on the configuration selected for the test.
where two pieces are used, they shall be selected from the
ame sample to be essentially identical in construction,
thickness. and density. For loose fill materials, the method
specified in the material specification shall be “used to
producs a specimen or specimens of the desired density.

10.2.2 Selection of Specimens—The specimen or speci-
mens shall be of such size as to cover the heat flux
ransducer. cold plate and warm plate surfaces and shall
cither be of the actual thickness to be applied, or of sufficient
thickness to give a true average representation of the material
1o be tested.

10.3 Specimen Conditioning—Details of the specimen
selection and conditioning are preferably specified in the
material specification. Where such specifications are not
zven. the specimen preparation shall be conducted in
accordance with the requirement that materials shall not be
-exposed to temperatures that will change the specimens in an
ureversible manner,

; 10.4 Measurements on Specimens:

| 10.4.1 Blanket and Bart Type Materials—When specified.
*the test thickness of blankets and batt type materials shall be
|-determined before testing in accordance-with Test Methods
, C 167, provided that good contact is maintained between the
specimen and-the isothermal plates.

10.5 Limitations on Specimen Thickness:

10.5.1 General—The combined thickness of the specimen
or specimens. the heat flux transducer and any damping
material. which in total equals the distance between the cold
and hot plates. must be restricted in order to limit the effect
of edge losses on the measurement of heat flux. The edge
losses are affected by the edge insulation and the ambient
lemperature, so the requirements on both the these parame-
iers must be met as well. ’

10.5.2 Maximum Spacing Between Hot and Cold
Plates—The maximum allowable distance between the hot
and cold plates during the test, is related to the dimensions of
the heat flux transducer, the heat metering area, the width of
the non-metering plate, the construction of the heat meter
Ipparatus. and the properties of the specimen. No suitable
theoretical analysis is available to predict the maximum
dlowable thickness of specimens. It is possible to use the
Tesults of an analysis for a similarly sized guarded hot plate as
a guide (8, 18).

11, Procedure of Measurement
V.1 Temperature Difference and Gradient—For any test,

| s
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make the tcmpemtufe’differcncc across the specimen not less,

than 10 K. For specimens that are expected to have a large
thermal resistance, a larger temperature difference in the
specimen is recommended. The actual temperature differ-
ence or gradient is best specified in the material specifica-
tions or by agreement of the parties concerned.

11.2 Edge Insulation—Wrap the edges of the specimens
with the required thermal insulation to reduce edge heat
losses to an acceptable level (see 7.7).

11.3 Settling Time and Measurement Interval—Check for
thermal equilibrium by observing and if possible recording,
the mean temperature and the emf output of the heat flux
transducer, the mean temperature of the specimens, and the
temperature drop across the specimen. Make observations at
time intervals of at least 10 minutes unless experience has
shown that a shorter time interval may be used until five

successive observations yield values of thermal conductance -

which fall with one-half percent of their mean value. If the
five readings show a unidirectionally increasing or decreasing
trend the data is suspect and additional sets of readings shall
be taken. For high density specimens (p>40 Kg/m?) or for
low conductance specimens (C <0.05 W/K-m?) the time
between readings may have to be increased to 30 minutes or
longer (19).

12. Calculation

12.1 Density and Change in Mass—When required, cal-
culate the density of the dry specimen as tested, p, the loss of
mass due to conditioning of the material, and the mass
regain of the specimen during test.

12.1.1 Density of Bant and Blanker Specimens—It has
been found that in characterizing the thermal performance
of low density materials it is important to measure the mass
of the specimens in contact with the heat flux transducer
metering area. For these materials. the area of the specimen
directly measured must be cut out and its mass determined
after testing. This procedure is desirable for all specimens.

12.2 Thermal Properties for One Specimen—When only
one specimen is used, calculate the thermal conductance of
the specimens as follows:

C=S-E/AT
and where applicable, calculate the thermal conductivity, as
follows:
A= S-E-(L/AT)

12.3 Thermal Properties for Two Specimens—When two
specimens are used, calculate the total thermal conductance,
C, as follows:

C=S-E/(AT, + T2)
The X factor, that is, the average thermal conductivity of
the specimen is calculated as follows:
_SE L +L,
e T T3 AT, + AT,
where the subscripts refer to the two specimens.

12.4 Other derived thermal transmission properties may

be calculated but only under the provisions given in Practice

C 1045.
12.5 Thermal Properties for Two Transducers—All perti-

A

. nent specifications of 12.2 apply on this configuration, -

-
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provided S-E will be replaced by (§°-E" + §’/-E’")/2, where
the superscripts / and ’’ refer to the first and second heat flux
transducer, respectively.

13. Precision and Bias

13.1 The-precision and bias of this test method cannot be
stated .quantitatively for all apparatus varations and test
conditions. However, it is mandated that for compliance
with this test method, any result must be accompanied with
its uncertainty. Further details on doing this are given in
Section 9.

13.2 While no definitive statement of precision or bias
can be made at this time, results of a round robin test
involving both high and low density mineral wool specimens
are currently being analyzed. In addition inter-lab testing
carried out between nine laboratories involve in the National
Voluntary Laboratory Accreditation Program is currently
showing a range of laboratory test results of 4.3 % between
the laboratory values of thermal conductivity obtained on
similar but not identical specimens. The standard deviation
about the mean value for three different tests was found to be
1.06 .

13.3 It should be noted that the only statistically valid
procedure 10 determine uncertainty is to force all sources of
systematic bias to be exhibited as random errors and then
uncertainty can be directly estimated from imprecision.
However. this is impractical since it involves variation of all
measurement variables (Global set) and cost constraints
make this impossible. For example, this implies the repeti-
tion of an experiment with differently calibrated thermocou-
ples. different size and configuration of the apparatus,
different operators. different environment, differently cali-
brated instrumentation, etc. For any one given apparatus a
careful error analysis as outlined in Section 9 will. in most
cases. show up any major difficulties, which may need
correcting in order to improve the measurement accuracy of
the heart flow meter apparatus.

14. Report

14.1 The report of the results of each test shall include the
following information with all data to be reported in both SI
and inch-pound units unless specified otherwise:

14.1.1 Name and any other pertinent identification of the
material including a physical description.

14.1.2 Description of the specimen and its relationship to
the sample.
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14.1.3 Thickness of the specxmen as received and
tested. In a two plCCC specimen configuration this is: [1:1
thickness of one piece only.

14.1.4 Method and temperature of the conditioning, KQ
°C.

14.1.5 Density of the conditioned specimen as teste(
kg/m?,

14.1.6 Mass loss of the specimen during conditioning a &tx
testing, in percentage of conditioned mass.

14.1.7 Mass regain of the specimen during test, in pe.
centage of conditioned mass.

14.1.8 Average temperature gradient in the specimg
during test as computed from the temperatures of the by
and cold surfaces, K/m.

14.1.9 Mean temperature of the test, K or °C.

14.1.10 Heat flux per unit area through the specimey
W/m?. |

14.1.11 Thermal conductance. W/m?-K. ;

14.1.12 Orientation and position of the heat meter app
ratus during test (vertical, horizontal, etc.) and whether th:
meter was against the hot or cold surface of the specimen an::
whether the edges of the specimen(s) were sealed or open t;
the ambient.

14.1.13 Duration of the measurement portion of the teg.
minorh. .

14.1.14 For loose-fill materials report the sample prepar,
tion followed.

14.1.15 Date of the test, the date of the last heat mete
calibration, and the type or types of materials used.

14.1.16 For certification testing only. the specimens use
in calibration must be identified as to the type, therm:.
resistance, date of specimen certification. source of certificc
tion, expiration date of calibration and the certification s
number.

14.1.17 Statement of Compliance or, ‘where circun:
stances or requirements preclude complete compliance wit;
the procedures of the test, agreed exceptions. A suggcsttz
wording is: “This test conformed with all requirements c‘
ASTM C518 - with the exception of (a complete hstc:
exceptions follows).” i

14.1.18 For direct reading apparatus. the results of ti
calibration of electronic circuitrv and equipment, of 4
statement of compliance including date. and a statement o
compliance on linearity requirements.

14.1.19 Estimated or calculated uncertainty in reporth
values.
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TABLE At.1

aciors as wire size, temperature, time of exposure, and environment.

: . .. f{Mcss

ANNEXES
(IMandatory Information)

Limits of Error for Thermocouples

Note 1—Limits of error in this table apply to new thermocouple wire, normally in the size range 0.25 to 3 mm in diameter (No. 30 to No. 8 Awg) and used to

grperatures not exceeding the recommended limits of Table 2. If used at higher temperatures these limits of error may not apply.
Nore 2—Limits of error apply to new wire as delivered to the user and do not afflow for calibration drift during use. The magnitude of such changes depends on such

note 2—Nots 3—Where limits of error aré given in percent, the percentage applies to the temperature being measured when expressed in degrees Celsius. To
setenrine the lima of error in degrees Fahrenheit multiply the limit of error in degrees Celsius by 9/5.

- Temperature Range Limits of Error-Reference Junction 0°C (32°F)
T;et:;;’ Standard Special
Type ‘c “F .c OF .c BF
(whichever is greater) (whichever is greater
T 01to 350 32 to0 700 +1or2075% Note 3 *050r04% Note 3
J 0to 750 32 to 1400 +220r £075% *110r04%
= . 0 to 900 32 to 1600 *170r+05% *1or+04%
K 0 to 1250 32 to 2300 *220r £0.75% +tlorx04%
Rer S 0 to 1450 32 to 2700 *1.50r £0.25% +060r 201 %
8 870 to 1700 1600 to 3100 *05% -
T -200t0 0 —328 to 32 *tors1.5% 8
E* -200t0 0 ~328 to 32 +Torx1% g
K* -20010 0 -328 to 32 +220r £2% 3

~ust 50 state. Se.action of materials usually will be required.

T rermocoupies:
T,08 E =200 0 0°C £1°C or =0.5 % (whichever is greater)
T,pe T —200 to 0°C 20.5°C or =0.8 % (whichever is greater)

A3 Response of Heat Flux Transducers

A3.1 Configurarions—The general features of a heat flow
" meter apparatus with the specimen .or the specimens in-
stalled are shown in Fig. A2.1. A heat flow meter apparatus
consists of two isothermal plate assemblies, one or more heat
flux transducers, equipment to méasure and control temper-
ature, thickness and the output of the heat flux transducers
and equipment 1o control the environmental conditions
when needed. Configuration a is called single transducer. one
face; the hear flux transducer may be placed against either
;_\late. The Configuration b is called two transducer, both
faces. The Configuration ¢ is called single transducer, mid-
Mane: in this case. the specimens should be halves of the
ame specimen (20). Each configuration will yield equivalent
results if used within the limitations stated in this method.
For a particular heat flux transducer, the test configuration
that has the fastest response, that is shortest settling time, is
best determined by experiment. Four specimens of different
materials. such as urethane, ceramic fiber board, a rubber.
and a high conductivity, low-thermal capacity material, each
of which is conditioned to the mean test-temperature, should
b_é tested in each configuration. A study of these will allow
tither the selection of the proper configuration for each type
of material, or the selection of a reasonable configuration for
all types.
A3.1.1 In order to predict settling times for all types of
Specimens. each of the above specimens must be retested

n20

“esa wmits are givan only as a guide for discussion between purchaser and supgpher.
D2 to she characteristics of the materials, sub-zero limits of error for Type J thermocouples and special sub-zero limits for Type K thermocouples are not listed.

4 Thermocougtes and thermocouple materials are normally supplied to meet the imits of emor specified in the table for temperatures above 0°C. The same materials,
~cwever, may not {al within the sub-zero limits of error given in the second section of the table. If materials are required to meet the sub-zero limits, the purchase order

3 nie information is available to justify establishing special fimits of error for sub-zero temperatures. Limited experience suggests the fofowing fimits for Types E and

after being conditioned to temperatures both below and
above the mean temperature of the test.

A3.2 Time Responses of Heat Flux Transducers:

A3.2.1 High Thermal Resistance Transducer—A trans-
ducer with a high thermal resistance is generally used in
Configuration a. When the specimens are preconditioned to
the mean temperature of the test and when the plates are
capable of both heating and cooling the specimen. the time
response of a high resistance transducer will be more rapid
than a comparable guarded hot plate apparatus. However, if
the heat flux transducer has appreciable mass the response
will not be rapid.

A3.2.1.1 The temperature drop across a high thermal
resistance transducer may be greater than desirable, that is,
one percent of the total, when used in Configuration ¢, and
thus its use in this configuration is not recommended.

A3.2.1.2 Configuration b can be used to obtain very rapid
response times if both plates are capable of heating and
cooling and if the outputs of both transducers are summed,
(15). Configuration b is always faster than Configuration a
with the same transducers and specimens and can be
comparable to Configu-ation c if a low thermal resistance
transducer is employed.

A3.2.2 Low Thermal Resistance Transducers—The low-
thermal resistance, gradient-type heat flux transducer is
better suited to the Configuration c. The temperature drop
across the low-resistance transducer is small enough so that
the two specimens can be considered as halves of a single
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TABLE A1.2a Conversion Factors (Thermochemical)
Note—Conversion factors for thermal reslstivity and thenmal conductance can be found by using these tables in the reversa direction.

Thermal Conductivity*
w-m—'. kgcal.
“ua W-em='. K™ cal-s™t-cm™*-K™* h'em=t- Btu-h~'-ft=t.oF"
K™% K
TWm K = 1.000 1.000 x 102 2.390 x 1073 0.8604 0.5782
tW.-em=.K-' = 100.0 1.000 0.2390 88.04 57.82
tcal-s='-cm™'-K ' m 4184 4.184 1.000 360.0 2419
t kgcal-h—'m~t.K™' = 1.162 1.162 x 10~2 2778 % 1073 1.000 0.6720
1Btu-h='-ft~1.*F' w 1.730 1.730 x 102 4.134 x 1073 1.488 1.000
1 Btuin.-h~'-ft-2.°F-' = 0.1441 1.441 x 1073 3.445x 10 0.1240 8.333 x 1072
Thermal Resistance”*
K-m2.w-(8) K-cm2-w-! K-cm?.s-cal™! K-m?-kg-cal™! °F-ft2-h-Btu~*
1K-m2-W = 1.000 1.000 x 10* 4.184 x 10* 1.162 5.674
1K-cm?W-' = 1.000 x 10~* 1.000 4.184 1.162 x 10~ 5.674 x 107
1K-em?-s-ca' = 2.390 x 10~3 0.2390 1.000 2.778 x 103 1.356 x 10™*
1 K-m2-h-kg-cal™ = 0.8604 8.604 x 10° 3.600 x 10* 1.000 4.882
1°F-ft2-h-Blu~' = 0.1762 1.762 x 10° 7.373 x 10° 0.2048 1.000

4 Units are given in terms of (7) the absclute joule per second or watt, (2) the calorie (thermochemical) = 4.184 J, or the British thermal unit (then;uochemical) = 10548

& This is the Sl (Intemational System of Units) unit.

TABLE A1.2b Conversion Factors (Intemational Table)

Nore—Conversion factors for thermal resistivity and thermal conductance can be found by using these tables in the reverse direction.

Thermal Conductivity®
. kg-cal- Btu-in.-
— W-em—'.K-! cal-s™'-om™'- K- htem='. Bty-h='-ft=1.°F~1 h=t.m-2.
K (') K—l QF—I
1TWm K= 1.000 1.000 x 102 2.388 x 1073 0.8598 0.5778 6.933
1W.em . K™ = 100.0 1.000 0.2388 85.98 5§7.78 693.3
tcals~'-em™ 'K ' = 418.7 4.187 1.000 360.0 2419 2903.
1 kg<ca-h~'-m=?.K-' = 1.163 1.163 x 1072 2778 x 1073 1.000 0.6720 8.064
1B8tu-n~' RV = 1.731 1.731 x 10~2 4134 %1073 1.488 1.000 12.00
1 Btu-in.-h~1.#~2.0F~1 0.1442 1.442 x 10-3 3.445 x 104 0.1240 8.333 x 102 1.000
Thermal Resistance®
K-maW=(®)  K.om®-w-' K-cm?-s-ca™ K-m2-h-kgcal-'  °F-f3-h-Bru—"
TKm-W'e 1.000 1.000 x 10* 4,187 x 10* 1.163 5.678
1K-cm?-W=' = 1.000 x 1074 1.000 4.187 1.163 x 10~* 5.678 x 10~
1K-em?-s.cal™! = 2.388 x 1073 0.2388 1.000 2.778 x 10-% 1.356 x 104
1 K-m2:h-kg-ca~' = 0.8598 8.598 x 103 3.600 x 10* 1.000 4.882
19F - 12-n-Btu~" = 0.1761 1.761 x 10° 7.373 x 10° 0.2048 1.000

“ Units are Given in terms of (1) the absolute joule per second or watt, (2) the calorie (Intemational Table) = 4.1868 J, or the British thermal unit (Intemational Tabie) =

1055.06 J. These tables are meant for use in Canada and Great Britain.
@ This is the SI (International System of Units) unit.

specimen. When the specimens are first conditioned to the
mean temperature of the test and when the specimens are
identical, the response is sufficiently rapid to be used for
quality control work. )

A3.2.2.1 Where half thicknesses of the normal specimen
can be used, it can be more rapid than Configuration a,
especially when each of the specimens is first conditioned to
the mean temperature at which it will operate in the test. The
use of the low-resistance transducer in Configuration a is
ideal if Plate | can provide both heating and cooling, but
unless the temperature of Plate 1 is extremely well con-
trolled, a damping layer will be required between the
transducer and the plate. The advantage of the fast response
time is then partially lost, but the response time is likely
rapid enough in any event. The transducer can be mounted
permanently in this configuration.

A3.3 Sensitivity of Configurations to Edgé Losses:

n21
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A3.3.1 The Configuration a is similar to the guarded hat
plate apparatus regarding edge heat losses through th
specimen. The edge heat losses in the transducer may b
much more significant than those in the guarded hot plate
apparatus because they may produce errors due to th
temperature non-uniformity on the side in contact with the
specimen.

A3.3.2 The Configuration b is the most insensitive to edgt
conditions if the average of the readings of the two meters &
assumed to be the measured heat flux per unit area through
the specimen. If the plates were perfectly uniform in temper-
ature, if the two transducers were exactly equal in the layout
of the thermopile junctions, and if the specimen had therma
conductivity independent of temperature, this configuratios
would be insensitive to edge conditions. However, evep
under these ideal conditions the use of Configuration b dos
not eliminate edge losses but only reduces the apparatl{?

i
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CONFIGURATION A:

Plate 1 Plate 1 Plate 1
Plate 2 Plgte 2 Plate 2

CONFIGURATION B:

CONFIGURATION C:

SINGLE TWO TRANSDUCERS, SINGLE
TRANSDUCER, BOTH FACES. TRANSDUCER,
ONE FACE. MID—PLANE.
FIG. A2.1 Typical Heat Flow Meter Apparatus Configurations
— 5-

B

Y

(a)

(b) (c)

FIG. A2.2 Some Layouts of the Liquid Paths in Heating or Cooling Plates

sensitivity to variations in the boundary temperatures. Also.
the settling time is short if the average of the two readings is
used.

A3.3.3 Configuration ¢ is very sensitive to edge heat losses
on the heat flux transducer as the power that flows through
the edges is supplied. not by a heavy nearly isothermal metal
plate. but by the specimens, so that their surface tempera-
ures may not be uniform. If the transducer is sensitive to
emperature differences along its main surfaces. edge heat
losses may now create serious errors. Edge heat losses within
the specimens are similar to those in the guarded hot plate
‘xlhen the surrounding temperature is that of the hot or cold
plate,

Ad. Calibration of a Heat Flow Meter Apparatus

Al Procedure—This is a representative procedure for
the calibration of a tvpical heat flow meter apparatus with
the transducer(s) mounted on one of the plates. For other
calibration techniques. see Refs (15 and 16).

Ad.1.1 In order to calibrate an apparatus primary refer-
ence materials must be available. These calibration transfer
Standards must have been tested in an absolute apparatus
Such as a Test Method C 177 guarded hot plate. The critical
Parameters which must be known are the thermal resistance,
l!'le test thickness, the mean temperature, and the uncertain-
Ues of the measured values. In most cases the mean
temperature of both the heat flow meter apparatus and the

22

guarded hot plate will be 73°F (23°C).

A4.1.2 The calibration transfer standard is then tested in
the heat flow meter apparatus at the same test thickness and
a calibration coefficient is determined from the equation as

follows: -
S=(T, - TIE-R)

where:

S = calibration coefficient at the given thickness and
mean temperature of the transducer,

T, = hot plate temperature.

T, = cold plate temperature,

E = output of the heat flux transducer, mV, and

R = thermal resistance measured in the guarded hot plate.

A4.1.2.1 While this seems simple and straight forward, in
the real world it is seldom possible 1o achieve. The coefficient
derived from a single calibration standard must be used with
caution, if the apparatus is used for samples with widely
different thermal resistances, or at different thicknesses.

A4.1.2.2 The critical apparatus variables effecting the
calibration are the heat flux (determined by the specimens’
R-value), the thickness, and the temperatures. There may be
systematic errors in the measurement of all three of these
and while these errors are to some extent caricelled at the
calibration point they may well change away from that test
condition. Furthermore, the underlying assumption has been
made that the flux transducer output voltage is linear with
heat flux.

A4.1.2.3 Itis therefore highly desirable to calibrate at heat

- e - -
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(c)

FIG. A2.3 Schematic Designs of Transducers

flow meter apparatus at more than one point. One common
method is to calibrate at various thicknesses of a material.’

One can then prepare a calibration curve for the instrumen
of the calibration coefficient versus thickness. .
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QH”’ Designation: C 177 - 85

Standard Test Method for

Steady-State Heat Flux Measurements and Thermal .
Transmission Properties by Means of the Guarded-Hot-Plate

Apparatus’

This standard is issued under the fixed designation C 177

™ the number immediately following the designation indicates the year of

original adoption or. in the case of revision, the vear of last revision. A number in parentheses indicates the vear of last reapproval. A
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

This :est method has been approved for use by agencies o' the Departinent of Defense and for listing inake DoD Inidex of Specifications

and Siandurds.

1. Scope

1.1 This test method covers the achievement and mea-
surement of steady-state heat flux through flat-slab speci-
mens using a guarded-hot-plate apparatus. The method
encompasses both tHe single-sided and the double-sided
mode’ of measurement. Both distributed. and line source
guarded heating plate designs are included, in principle. in
this test method. The reader should consult the standard
practices on the single-sided mode of operation and on the
line source apparatus for further details on these variations of
the method.

1.2 The calculations of thermal transmission properties
based upon measurements using this method shall be per-
formed in conformance with Practice C 1045.

1.3 This is an absolute (or primary) method of measure-
ment since no heat flux reference standards are required
except to confirm accuracy statements and to establish
traceability to recognized standards. This absolute method is
contrasted with a comparative (or secondary) method. such
as Test Method C 518. in which the results are directly

i dependent on heat flux reference standards.

1.4 This test method is applicable to the measurement of
a wide variery of specimens, ranging from opaque solids to
porous or transparent materals, and a wide range of
eavironmental conditions. Special precautions in the mea-
surement process are described for the following:

1.4.1 Specimens exhibiting appreciable inhomogencities,
anisotropies. rigidity. or extremes of thermal flux density.

1.4.2 Measurements conducted at extremes of tempera-

" ture (either high or low) or under vacuum conditions.

1.5 This test method is intended to allow a wide variety of
apparatus designs and design accuracies to satisfy the re-
quiréments of specific measurement problems. Compliance
with this test method requires a statement of the uncertainty
of each reported variable in the report. Therefore, in the
following sections. the significant error factors will be dis-
cussed.

1.6 This standard may involve hazardous materials. oper-
ations. and equipment. This standard does not purport to
address all of the safety problems associated with its use. It is

! This test method is under the jurisdiction of ASTM Commitice C-16 on
Thermal Insulation and is the direct responsibility of Subcommittee C16.30 on

Thermal Mceasurement.
Current edition approved Oct. 22, 1985. Published Dcccmbcr 1985, Origimally

published as C 137 - 42 T. Last previous cdition C 177 - 76.2
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the responsibility of wheever uses this standard to consult and
establish appropriate safery and health practices prior to use.

2. Referenced Documents

2.1 ASTM Standards:

C 167 Test Methods for Thickness and Density of Blanket
or Batt Thermal Insulations®

C 168 Terminology Relating to Thermal Insulating
Materials®

C 518 Test Method for Steady-State Heat Flux ‘Measure-
ments and Thermal Transmission Properties by Means
of the Heat Flow Meter Apparatus”

C 687 Practice for Determination of the Thermal Resist-
ance of Loose-Fill Building Insulation?

C 1045 Practice for Calculating Thermal Transmxssxon
Properties from Steadv-State Heat Flux Measurements>

E 230 Temperature-Electromotive Force (EMF) Tables
for Standardized Thermocouples*

2.2 Adjunct:

Descriptions of Three Guarded-Hot-Plate Desxgns (C177)°

3. Terminology

3.1 Definitions—For definitions of terms and symbols
used in this test method, refer 1o Detinitions C 168.

3.2 Description of Term Specific to this Standard:

3.2.1 heat flux—the term heat flux is not defined in
Definitions C 168; it is used here as synonymous with heat
flow.

4. Significance and Use

4.1 This test method covers the measurement of heat flux
and associated test conditions for flat-slab specimens. Since
heat flux and its uncertainty may be dependent upon
environmental and apparatus test conditions, as well as
intrinsic characteristics of the specimen, the report for this
test method must include a thorough description of the
specimen and of the test conditions. Also, since this test
method is applicable to a wide range of specimen character-
istics, test conditions, and apparatus design, it is impractical
to give an all-inclusive statement of precision and bias for the

2 Annual Book of ASTM Stardards, Vol 04.06.

N Annual Book of ASTM Standards, Vol 14.01.

4 Annual Book of ASTM Stardurds, Vol 14.03.

3 Available at a2 nominal cost from ASTM Headquarters, 1916 Race St.:
Philadetphia, PA 19103, Request PCN No. 12-301770-00.
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FIG. 1 Schematic of the Guarded-Hot-Plate Apparatus

test method. For this reason, conformance with the test
method includes the requirement that the user must estimate
and report the uncertainty of the results under the reported
test conditions. Based on the heat flux measurements con-
ducted with this method, thermal transmission properties
shall be calculated in conformance with Practice C 1045.

5. Principle of the Experimental Method

3.1 This section discusses both the idealized principle of
the method and the deviations from this that are encoun-
tered in practice. Figure 1 illustrates the core components of
the idealized system: two isothermal cold surface units and a
guarded isothermal hot-surface unit. The guarded iso-
thermal hot-surface unit is composed of the metered area
unif and a concentric guard unit. Sandwiched between these
three units (as illustrated in Fig. 1) is the material to be
measured. that is. the specimen. In the double-sided mode of
measurement. the specimen is actually composed of two
pieces. The measurement in this case produces a result that is
the average of the two pieces and therefore it is important
that the two pieces be as identical as possible. In the
one-sided mode of measurement only one of the pieces is
measured and therefore they do not have to be identical.
However. the backflow specimen is needed and it should
have thermal properties similar to the specimen. In further
discussion, specimen will be used to denote either one piece
or two pieces unless further clarification is needed. The
metered area unit is the portion of the assembly that provides
the power (heat flow per unit time) for the measurement and
defines the actual test volume, that is, that portion of the
specimen that is actually being measured.

5.1.1 The function of the guard portion of the isothermal
hot surface unit is to provide the additional power necessary
to create the proper thermal conditions within the test
volume. In the idealized case, the guard portion can be
thought of as infinite in width. The proper (idealized)
conditions are illustrated in Fig. | by the configuration of the
isothermal surfaces and lines of constant heat flux density
within the specimen. The isothermal surfaces are planes that

'ﬂ26.

are parallel to each other and to the three core components.
In addition, the lines of constant heat flux density are
perpendicular to these planes and are uniformly distributed
throughout the metered area. The establishment of the above
idealized conditions simply means that there are no radial
components of heat flow within or immediately adjacent to
the test volume.

5.1.2 Deviations from the idealized configuration are
caused by: (a) specimen inhomogeneities, (b) temperature
differences between the metered unit and the guard unit (gap
unbalance), and (¢) temperature differences between the
outer edge of the assembly and the surrounding environment
(edge unbalance). These experimental realities lead to distor-
tions of the isothermal surfaces and lines of constant heat
flux density within the test volume. Consequently, the power
supplied to the metered area unit is not exactly equal to that
which flows through the test volume. The measured power
can be either too small or too large depending on the
direction of the above-mentioned unbalances. The resulting
actual heat flows are qualitatively indicated in Fig. 2.

5.2 The three heating/cooling units are designed to create
isothermal surfaces on the faces of the specimens within the

[ COLD PLATE | ]
Q ? Qo
QQ Qg
| PRIMARY][  METERED AREA |[ GUARD |
Qg q
Qe & Qe
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FIG. 3 General Arrangement of the Guarded-Hot-Plata Apparatus

metered region. The wwo surfaces designated as the cold
isothermal surfaces are adjusted to the same temperature for
the double-sided mode of operation (that is, two specimens
are measured). In the single-sided mode of operation (that is,
only one specimen is measured) the temperature of one of
the surfaces designated as the cold isothermal surface is
adjusted to be equal to the temperature of the central plate.
Because the plates and specimens are of finite dimensions
and because the external environment is at a temperature
distribution different from the edge of the metered region,
some radial heat flow occurs in practice. The guard for the
metered region limits the magnitude of the radial heat flux in
the metered region. The effectiveness of the guard is deter-
mined. in part, by the ratio of its radial dimension to that of
the metered region and to the specimen thickness.

3.3 Compliance with this test method requires: (a) the
establishment of steady-state conditions, and (b) the mea-
surement of the unidirectional heat flux in the metered
region. the metered area. the temperatures of the hot ‘and
cold surfaces, the thickness of the specimens. and other
parameters which may affect the unidirectional heat flux
through the metered region of the specimen.

6. Apparatus

6.1 Guarded-Hot-Plate Apparatus—The term “guarded-
hot-plate apparatus.” applies to the entire plate-specimen
system and associated control and measuring components.
The general arrangement of the mechanical components of
such a system are illustrated in Fig. 3. This system consists of
a guarded heating unit. two auxnhary heating plates. two
cooling units, secondary guarding in the form of edge
insulation, and a temperature-controlled secondary guard.
The system illustrated in Fig. 3 coptains components fre-
quently omitted in systems designed for ambient condition
measurements. The environmental! chamber may not be
necessary if atmospheric air is_used for-the fill gas. The
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auxiliary heater plates and offset insulation are generally not
used for tests conducted with the cold surfaces near room
temperature. The secondary guard is not essential if both hot
and cold surfaces are near room temperature.,

6.1.1 Two essentially identical specimens are placed on
either side of the guarded heating unit. (In the single-sided
mode of operation the specimens need not be identical.) The
opposite faces of the specimens are in contact with the
auxiliary heating units. The purpose of these three iso-
thermal units is to create an accurately measurable steady-
state heat flux unidirectionally through the two specimens
(one specimen in the single-sided mode). The purpose of the
secondary guard and edge insulation is to further reduce
radial heat flow. The cooling units are isothermal heat sinks
to remove the energy generated by the heating units. In the
double-sided mode of operation the auxiliary heating units
are adjusted so they are at the same temperature. In the case
of single-sided operation, the temperature of one of these
units is adjusted to equal the temperature of the guarded
heating unit, thus resulting in heat flow in only one
direction. Although this has been done successfully see Refs.
(1), (2), and (3),° the preponderance of experience is with the
double-sided mode of operation. It is also noted that the
apparatus can be operated with either vertical heat flow or
horizontal heat flow. The results of the two orientations can
be different due to differences in convective heat flow. For
further details on the construction of a guarded-hot-plate
apparatus see Refs. (1), (2), (3), and (4).

6.2 Guarded Heating Unit:

6.2.1 Surface Plates and Core Heater—The guarded
heating unit consists of two concentric, thermally-isolated,
heater-surface plate sections. Both round and square units

¢ The boldface numbers in parentheses refer to the list of references at the end
of this standard.
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have been used successfully. The inner heater-surface plate
section is the metered region, while the outer heater-surface
plate section is the primary guard region. The width of the
guard region is typically equal to about one-half of the linear
dimension of the metered region to reduce edge heat loss to
an acceptable level. This primary guard section, in some
cases. is further divided into two concentric sections (double
guard) with a gap separator to improve the guard effective-
ness. The surface plates of this unit shall be sufficiently rigid
to maintain the reported flatness and parallelism, measured
as a percentage of the maximum linear dimension of the
metered region. The surface plates should have a high
thermal conductivity, compared to the specimen thermal
conductivity. to ensure that the plates are sufficiently iso-
thermal. For ambient and low temperature measurements,
high-thermal conductivity metal plates are generally recom-
mended. This is especially important when measuring
inhomogeneous specimens. The core heater of this heating
unit should be installed to produce a uniform distribution of
heat flux density over the entire assembly. It should be
svmmetrically centered in the axial direction to maintain
equal temperatures on the opposing faces of the heating unit.
Deviations from this condition can lead to difficulties in
proper adjustment of the primary guard temperature, and
may cause unsuspected radial heat flow from the metered
region to the guard region. Thermal resistances in.the axial

direction within the heating unit should be minimized. This -

is especiallv significant when operating in the single-sided
mode because of the axial asymmetry of heat flux.

6.2.1.1 When the heat flux through the specimen for a
given AT is dependent on plate emittance, that is. the
specimen is not totally opaque, the plate emittances shall be
reported. For insulation measurements, the plates are gener-
ally coated to maintain an emittance of 0.8 t0 0.9 to
approximate common end-use conditions. The plate
emittance requirement should be specified in the appropriate
material specification. The importance of this emittance
specification increases with decreasing specimen density,
decreasing thickness, and increasing temperature because
radiant heat transfer generally increases under these condi-
tions.

6.2.1.2 Construction materials shall be chosen to ensure
adequate capacity and compatibility under extreme oper-
ating conditions. At extremes of temperature, one should be
cautious of warpage. At high temperatures, normally good
electrical insulations may allow stray power exchanges
within the heating unit. Under high vacuum conditions
surtace-to-surface thermal contact resistances may become
unacceptably high and non-uniform.

6.2.2 Gap—The gap between the concentric meter/guard
heaters shall be uniform, and its width should be optimized
to minimize gap heat flow while simultaneously minimizing
temperature distortion effects within the specimen near the
gap. In the past. it was recommended that the total gap area
be as small as possible. Recent studies (1), (5), (6), (7), and
(8) have shown that the optimum value is dependent on
apparatus design. operaung range, and specimen characteris-
tics. Most past experience is based on gap areas that are
about 5 % of the metered area. To reduce the heat flow
across the gap, any connections between the metering section
and the primary guard should have a high thermal resistance,
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that is, they should be as small in thermal cross-section and

as long as possible. Traversing the gap at an oblique angle is

recommended. The gap region shall be instrumented with

temperature unbalance sensors to monitor and control the

average temperature unbalance across the gap. Fine-gage’
thermocouples connected as thermopiles are often used for

this purpose, although other temperature control sensors,

such as thermistors have been used. Highly alloyed thermo-

couple wires, rather than pure metals, should be used to

maximize the thermal resistance across the gap. Because of
nonuniform heat flux within the plates, temperature imbal-

ance is not always constant along the whole gap. [t has been

found that with proper design the thermal conductance of
the wires crossing the gap can be made relatively small and,

therefore, a large number of elements can be used to increase

the gap unbalance sensitivity. It is not uncommon to use ten

or more sensing elements. When using only 2 minimum

number of sensing elemeats along the gap. the most repre-

sentative positions to detect the average balance for a square

plate are those at a distance from the corners equal to

one-fourth of the side of the metering section (5). The

corners and the axes should be avoided. For a round plate,

the sensors should be spaced equally around the gap. The gap

unbalance sensors should be placed on both surface plates of
the guarded heating unit to average the unbalance on both

faces of the heating unit. It is also desirable to provide for gap

unbalance readout from each surface separately (3). Any,
leads crossing the gap should be thermally anchored to the'!
primary guard to provide a heat sink for external thermal

variations. In some instances it may be desirable to provide a

heat sink for these leads outside the primary guard to further

minimize radial heat flow (8).

6.3 Cooling/Auxiliary Heating Unirs—It is recommended
that the surface dimensions of the cooling and auxiliary
heating units (when used) be the same as or larger than those
of the guarded heating unit. These units shall have the same
flatness, parallelism, conductivity. emittance,-and heat distn-
bution requirements as the guarded heating unit. Generally,
the temperature of the cooling units is controlled with a
circulating constant-temperature fluid. The auxiliary heating
units are electrically controlled. and are constructed similar
to the guarded heating unit, but uvsuallvy without a gap.

6.4 Secondary Guarding—When the test conditions are
significantly different from room conditions, secondary
guarding of the specimen-plate assembly may be necessary.
For example, if either the hot or cold plate test temperatures
are more than 25 K different from room temperature, edge
insulation is likely to be necessarv. Edge insulation or an
environmental chamber will also help eliminate spurious
effects of roomt drafts. If the test temperatures differ more
significantly from room temperatures, a secondary con-.
trolled-guard will likely be necessary. This usually takes the
form of an electrically-controlled concentric heater sur-
rounding the region from cold plate to cold plate. ‘The
concentric gap between it and the specimen-plate stack
should be uniform and optimized to achieve a high gap
thermal resistance and a small “window” to outside condi-
tions. A gap width of approximately 2 cm has been found to,
be adequate for a 20-cm diameter plate. Further, if condi--
tions must be maintained within the specimen-plate stack,|
that are different from the room conditions, an environ-|

|
- - - !



;’E&"mal chamber must be added. This is necessary for: (a)
Sijow temperature measurements to prevent condepsatxon: (b)
. 1fill gases other than air, and (c) measurements with vacuum
::¢1) and (3). .
"<z 6.5 Temperature Measuring and Control Sensors—Any
_temperature sensor-readout system possessing an accuracy
consistent with the required error analysis may be used for
measurement and control of the temperatures within the
svstem. Plate surface temperatures are often measured by
embedding sensors, such as thermocouples, in grooves in the
working surface. In some instances, such as with rigid
specimens and high heat flux, it will be necessary to mount
the sensors on thé surface of the specimen. For heat flux
densities above about 20 W-m-—2 alternate temperature
sensing should be considered. Many existing systems utilize a
minimum of two temperature sensors to determine the
average temperature of each isothermal surface. However, to
determine the_actual surface temperature variations under
typical operating conditions, the temperature must be sam-
pled at considerably more than two points. This is especially
true when the specimen surface temperature itself must be
measured or when the specimen is highly inhomogeneous.
Therefore. no strict specification is given as to the number of
temperature sensors that must be used for each surface.
However. the user must report the uncertainty of the
temperature measurement, including the component. due to
temperature nonuniformity across the surface. This determi-
nation is probably best done with a multijunction thermo-
couple in ad-hoc experiments and not part of every measure-
ment. Precautions should be taken to assure that heaters and
temperature sensors are thermally anchored to the surface
involved. Temperature gradients along the leads leading to
temperature sensors should be minimized. The subject of
thermal anchoring is discussed in Ref (9).

6.5.1 Normal precautions should be used to minimize
spurious voltages in temperature control and measuring
circuits. Spurious voltages, due to wire inhomogeneities,
generally increase as the temperature gradients within the
measuring leads increase. Therefore, spurious voltages will
be’ larger for measurements at temperatures appreciably
ditferent from room temperature. For the same reason,
junctions between dissimilar metal leads should not be made
in the regions of appreciable temperature gradients. High
quality, low thermal switches should be used in the temper-
ature measurement circuits. The sensitivity of metallic tem-
perature sensors generally decreases with decreasing temper-
ature, and therefore, the above procedures become more
Important at low temperatures. Since the temperature differ-
¢nce between the two specimen surfaces enters directly into
the determination of derived thermal properties. it is fre-
quently better to connect the temperature sensors in a
differential manner rather than subtracting the results of two
lemperature measurements. Care must be taken to avoid
more than one electrical ground, especially when using the
differential arrangement.

6.5.2 Temperature, sensors must be calibrated to within
the uncertainty allowed by the apparatus design accuracy.
For information concerning sensitivity and accuracy of
thermocouples see Table 1 of Tables E 230. For a compre-
hensive discussion on the use of thermocouples, see Ref (10).
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For low temperature thermocouple reference tables, see Ref
(11). '

6.6 Thickness Measurement—A means shall be provided
for the measurement of the specimen thickness under test
conditions. If the specimen is rigid. its room temperature
thickness (along with thermal expansion corrections if neces-
sary) can be used for the actual thickness. If the specimen is
compressible under operating plate pressure, a means must
be provided to maintain a known plate spacing. This is often
done with three or more low-conductance rigid spacers
placed at the outer periphery between the guarded heating
unit and the cooling units (auxiliary heating unit, if used).
The thickness is taken as the average length of the spacers
corrected for thermal expansion. Other methods of plate
positioning and thickness determination are common, espe-
cially when the plates are positioned for horizontal heat flow.
It is also helpful for uncertainty analvsis to determine the
variation of thickness within the metered area under oper-
ating conditions.

6.7 Power to Metered Region—The power to the metered
region is determined with a wattmeter or from voltage and
current measurements across the heater in the metered
region. The user should note that ac power determinations
are more prone to error than dc measurements. Therefore,
dc power is recommended for the metered region heater. The
voltage taps for this measurement should be placed to
measure the voltage to the mid-point of the guarded heating
unit gap. The current is normally determined from the
voltage drop across a precision resistor placed in series with
the metered region heater.

6.7.1 Care should again be taken to minimize the thermal
gradients in the voltage and current wires leading to the
metered heater, and the current leads should be adequately
sized to prevent significant self-heating under maximum
power conditions. Within this limitation both sets of leads
should be as fine as possible to limit radial heat losses.

7. Test Procedure

7.1 The testing procedure includes the following steps:

7.1.1 Specimen selection.

7.1.2 Specimen preparation and installation,

7.1.3 Establishing thermal steadv-state, and

7.1.4 Data acquisition.

7.2 Specimen Selection—Only those specimen selection
factors important to the performance of the apparatus are
considered here. Those factors dictated by the objectives
related to obtaining derived thermal properties are described

"in Practice C 1045 and material specifications. For the

two-sided mode of operation, the two specimens should be
selected to be as similar in thickness and thermal character-
istics as possible.

7.2.1 Size—The maximum specimen thickness that can
be mcasured to a given accuracy is dependent on several
parameters, including the size of the apparatus, thermal
resistance of the specimen, and the accuracy desired. To
maintain edge heat losses to below about 0.5 %, for a guard
width that is about one-half the lincar dimension of the
metered region, the recommended maximum thickness of
the specimen is one-third the maximum linear dimension of
the metered region. For more specific quantitative informa-
tion on this limitation see Refs (1), (5). (7), and (8).



i c 577

7.2.1.1 The specimen shall be sized to cover the entire
metered region. In most instances it is desirable to cover the
gap between the metgred region and the guard as well. The
guard portion of the volume between the heating and cooling
plates should be filled with material having characteristics
similar to the specimen.

7.2.2 Homogeneity—There are two potential problems in
determining the heat flux through highly inhomogeneous
specimens. One is related to the interpretation and applica-
tion of the resulting data; it is discussed in Practice C 1045.
The other is connected with the degradation in performance
of the apparatus. If the spécimen itself is highly
inhomogeneous. that is, the heat flux density varies appre-
ciably over the metered area, several errors can be signifi-
cantlv increased. The plate temperature distribution can
deviate appreciably from isothermal conditions which, in
turn. can cause large uncertainties in the average tempera-
ture difference across the specimen. The increased plate
temperature variations can also lead to increased gap and
edge heat losses. The importance of measuring the plate or
specimen surface temperatures at numerous points is greatly
increased under such conditions.

7.3 Specimen Preparation—Preparation and conditioning
of the specimens shall be in accordance with the appropriate
material specification. The following guidelines are given
when the material specification is incomplete or unavailable.
In general. the surfaces of the specimen should be prepared
to assure uniform thermal contact with the heating and
cooling plates.

7.3.1 Compressible Specimens—For compressible speci-
mens the surfaces of the uncompressed specimens may be
comparatively rough so long as these undulations essentially
vanish under test compression. Under more extreme condi-
tions. it may be necessary to smooth the specimen surfaces to
achieve better plate-to-specimen contact. If the apparent
thermal conductivity of the contact void is greater than that
of the specimen. the measured R value will be smaller than
the R value that would be obtained if the voids were absent.
This may often be the case at higher temperatures where
radiant heat transfer predominates in the void. For the
measurement of compressible specimens, the temperature
sensors are often mounted directly in the plate surfaces. Also,
plate spacers need to be used for the measurement of
compressible specimens (see 6.6).

7.3.2 Rigid and High Conductance Specimens—The mea-
surement of rigid specimens or high conductance specimens
requires more careful surface preparation. First, the surfaces
should be made flat and parallel to the same degree as the
heating plate. If the specimen has a thermal resistance that is
sufficiently high compared to the specimen-to-plate interface
resistance. temperature sensors mounted in the plates may
be adequate. However. if the interface resistance is too high,
other techniques that assure good thermal contact and
accurate temperature measurement will be necessary.

7.3.2.1 In some cases it is necessary to mount the temper-
ature sensors directly on the specimen surfaces. Under
vacuum conditions, the slightest space between plate and
specimen is essentially an infinitc thermal resistance (except
for radiative heat transfer). Under these conditions extreme
heat flux nonuniformities will occur. In any event the user
should always try to minimize the ratio of contact resistance
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to specimen resistance and to strive for a constant ratio over:
the entire surface. i

7.3.2.2 Another potential solution (that must be used with
caution) is to mount a compressible thin sheet (for example,
a soft rubber) between the plates and specimen to improve’
the uniformity of the thermal contact. If the thermal
conductance of the thin sheet is known, temperature correc-.
tions can be applied to the measured plate temperatures to
obtain the specimen surface temperatures. Clearly the
thermal resistance of the thin sheets should be small com-
pared to the specimen thermal resistance, otherwise the
temperature correction uncertainty will cause excessive er-
rors in the specimen surface temperatures.

7.3.3 Anisotropic Specimens—The measurement of
highly anisotropic specimens may result in significantly
larger errors than for isotropic specimens. For example,
layered specimens that have a high lateral to axial conduc-
tance ratio require special attention. For such specimens, it is
recommended that a low conductance gap be created in the
specimen directly in line with the gap in the main plate.
Specimens whose axes of symmetry do not coincide with
flat-slab geometry are not recommended for measurement
by this test method because the results will be ambiguous due
to increased. measurement errors as well as data interpreta-
tion. : :

7.3.4 Loose-Fill Specimens—The determination of
thermal properties for loose-fill specimens requires special
handling, conditioning, and measurement techniques. The
user is directed to Practice C 687 for details on loose-fill,
measurements.

7.4 Test Execution:

7.4.1 Preliminary Preparation—After installation of the
specimen and installation of appropriate secondary guarding
and an environmental chamber (if necessary), the thermal
test procedure begins. If the test is to be conducted with other
than air within the specimen-plate assembly, the environ-
mental chamber should be purged and backfilled with.the
desired gas. Care should be observed to limit the pressure of
the fill-gas to below its condensation point at the lowest
temperature within the chamber. Since the measured heat
flux is dependent on both the species of fill-gas and pressure,
the report should include this information along with other
pertinent specimen characteristics. The various heating and
cooling units are placed into operation to achieve the test
temperature conditions.

7.4.2 Thermal Steady-State—The time required to
achieve thermal steady-state of the system varies consider-
ably with the characteristics of the apparatus design, the
specimen to be measured, and the test conditions. Generally,
however, since this test method is applicable to low conduc-
tance specimens, the settling time is on the order of hours.
Settling times generally increase with thicker specimens,
specimens with low thermal diffusivity, and the mass of the
guarded heater. After achievement of the desired steady-
state, three successive repeat data acquisition runs shall be
completed. These runs shall be conducted at invervals of no
less than 30 min. Longer times may be necessary for
thermally massive systems. It is recommended that the
intervals be no less than the thermal time constant of the
system (see Note 1). This combination of three runs shall be
considered a valid test if each datum obtained for each



" geasured variable differs from the mean by no more than
the uncertainty of that variable as estimated to establish the
\alues given in the report. If the data obtained change
monotonically with time, the test shall be considered suspect
and further repeat runs shall be conducted until this steady
drift is no longer observed. Such a dnft, even at low levels,
may indicate that the specimen characteristics are changing

 capabilities. In either event, serious errors may result. For
further details see Refs (3), (12), and (13).

\ote t—The thermal time constant of the system is the time
required to come to within 1/e (37 %) of the fixed value after a step
thermal disturbance of the system. This time is strongly dependent on
the mode of operation. The two modes of operation generally used are:
1) consiant power to the plates. and (b) constant temperature control of
the plates. The thermal time constant for the latter mode is usually
considerably shorter because it is not dependent on the mass of the
plates. The thermal time constant in the comstant power mode is the
time required to come to within 37 % of the final temperature. The
thermal time constant in the constant temperature mode is the time
required 10 come to within 37 % of the final power. The thermal time
constant of a svstem can be approximated from a knowledge of the
thermal diffusivities of the components of the system, but it is more
readily determined experimentally.

7.4.3 Final Checks—Upon compietion of the thermal
measurements. the specimen should be removed and the
system components. such as temperature sensor mounting.
should be examined for proper placement and operation.
The specimen thickness spacers should be checked to ensure
Jecuracy. If the specimen is a conditioned thermal insula-
tion. its mass should be redetermined to detect changes
Jduring the test procedure. Any changes in the physical
characteristics of the specimen should be noted. If the
specimen is rigid. its thickness should be checked for an
irreversible change during the test.

8. Calculation

8.1 The primary data required .for this test method
include electrical power. surface temperatures. area. and
thickness. Of these. only thickness is generally a directly-
measured quantity. The others are either calculated from
other more fundamental measurements or are converted by
an electrical device. The manner in which these variables can
be obtained is discussed below.

8.2 Hear Flux—The heat flux to be reported is that which
passes through each specimen. For the single-sided mode of

{operation this is équal to the power generated by the metered

iregion heater. For the double-sided mode of operation. only

rone-half the power generated by the heater flows through
- | each specimen. The power. Q, is frequently determined from

lemf, E. and current. /. measurement, and is calculated as
follows:

Q=FE-1 (N

8.3 Mvetered Area—The metered area, 4, is obtained from

the area. .{,,. of the meterad region plate and the gap area.

A. If there is no discontinuity in specimen characteristics in
the gap region, it is calculated as follows:

A=y + .42 )

If there is a discontinuity between the specimen in the
Metered region and the- guard region, this equation is
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or that the system is not at steady-state within its test-

modified slightly to include the effect of heat flux distortion
in the gap region: . H
A=A, +AX /N &)

where: .

A, = thermal conductivity of the materal in the guard
region, and

A = thermal conductivity of the specimen in the metered
region.

8.4 Temperature—Again, the basic measurement here is
voltage (for a thermocouple) or voltage and current for a
resistive temperature sensor. These data are normally con-
verted to temperature through a formula based on a calibra-
tion curve or interpolation of a table. In some instances, the
formula is packaged within an instrument that reads directly
in temperature. In any event, the user should note that the
total error contains components due to the measurement
process and the calibration (including the error caused by the
functional or tabular interpolation of the calibration).

8.5 Density—The specimen density is to be reported. The
equation for density. p is the following:

p=M/I 4)

where:

M = mass of the specimen. kg. and

V = volume that the specimen occupies between the plates
under test conditions.

To minimize the error caused by specimen inhomogeneity it

is best to determine the density of the specimen within the

metered volume. This requires cutting out the metered

position of the specimen for the mass determination. The

volume is determined from the metered area and the in-situ

specimen thickness. In the case of compressible specimens.

the plate spacing is used for specimen thickness.

8.6 Thermal Transmission Properties—The properties in-
cluded are thermal conductance, thermal resistance, thermal
conductivity, and thermal resistivity as defined by Defini-
tions C 168. These quantities shall be reported only in
accordance with the requirements and restrictions of Practice
C 1045. In addition to reporting the systematic and random
uncertainty of these properties. the range of applicable
conditions must be reported. These include mean tempera-
ture or lemperature range. specimen thickness, density, and
plate emittance. Other variables that affect thermal transmis-
sion, such as fill-gas and pressure. shall also be specified
when applicable.

9. Precision and Bias’

9.1 The accuracy or uncertainty of a measured result
indicates the probable or possible difference between the
measured value and the true value. It is obtained by
considering the combined effects of precision (random
errors) and bias (systematic errors). Past experience (recent
unpublished round-robin studies and Refs (3), (4), (14), (15),
(16), and (17)) has provided the following accuracy guide-
lines. It should be noted, however. that the accuracies given
here may be cither too large or too small depending on the
care taken in the construction and operation of each
individual apparatus.

- 7Supporting data are available from ASTM Headgquarters. Request RR:
Cl6 - 1009.
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9.1.1 Case 1, Low Density Compressible Thermal Insula-
tions for Ambient Temperature Applications—An accuracy
of £2 % can be achieved for this category of measurements.
Most of the experience is for specimen thicknesses of
approximately 2 to 8 cm, metered region dimensions of from
10 to 50 cm. heat flux densities in the range of 2 to 20
W.-m™2 at mean temperatures of from —20 to 40°C, temper-
ature differences of about 25°C, and plate emittances near
0.9.

9.1.2 Case 2. High Density Rigid Specimens for Ambient
Temperature Applications—The accuracy of this category of
measurements is somewhat poorer than Case 1, primarnly
because of the difficulty of establishing the specimen surface
temperatures and the higher conductance of such specimens.
An accuracy of about £35 % can be achieved. The conditions
are approximately the same as Case | except that the heat
fluxes are generally 10 to 100 times greater, and the
apparatus dimensions are usually smaller.

: 9.1.3 Case 3. Exwireme Conditions—This category in-
cludes measurements under conditions that significantly
depart from the above conditions. Some examples are given
below:

9.1.3.1 Extremes of Mean Temperature—As the mean
ternperature departs progressively from ambient. the uncer-
tainty becomes greater. .and experience is more limited.
Uncertainties of +3  and greater may be expected at mean
temperatures above 100°C and below —100°C.

9.1.3.2 Extremes of Thickness—At small thicknesses
{below 0.5 ¢cm) systematic errors will increase because of the
difficulty in determining the average thickness. and because
of the relative size of the plate-to-specimen thermal resist-
ancs. The guarded-hot-plate is used frequently for such
measurements. At large thicknesses (above 30 c¢cm) there is
little experience. but errors are expectcd to be above +2 %
especially if the user is not careful in observing the problems
associated with longer thermal time constants and larger
edge heat losses.

9.1.3.3 Extremes o Heat Flux Density—The guarded-
hot-plate is not well suited for such measuremeats. At very
high heat flux densities (above about 1000 W-m™) the
plate-to-specimen contact resistance uncertainty can result in
large temperature measurement errors. Variations in contact
resistance along the surface of the specimen also lead to
excessive heat flux density variations through the specimen.
At very low heat fluxes (below about 0. W-m™?) errors
become excessively large due to the effect of radial losses,
inaccurate power determination, and inaccuracies due to
temperature drift of the heater plate. Errors as large as 50 %
can occur under combinations of extreme conditions.

9.2 The precision and bias statement required by this test
method is based upon consideration of the random and
systematic components of the following measurement uncer-
tainties:

9.2.1 Uncertainty in heat flow, 6Q,

9.2.2 Uncentainty in temperature difference. 6AT =
(TH - Tc).
£ 9.2.3 Uncertainty in metered area, 44, and
" 9.2.3 Uncenainty in specimen thickness, L.

9.2.5 Other specimen characterization and test condition

data may need to be reported. The precision and bias of these—-

data are to be reported to the extent they have a direct

- . ave
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bearing on the accuracy of the results. Prescribed precisior
and bias of the primary data are not mandated by this test
method. However, it is required that the user assess and
report the precision and bias of the data. The discussion
below provides guidelines to assist the user in performing this
uncertainty assessment. A variety of helpful performancé
checks are included in this discussion. In the following
discussion both random and systematic errors are consid<
ered. The subscript  is used to denote systematic, and the
subscript , is used for the random components.

9.2.5.1 Systematic error, 5. is any component of error

- that remains fixed during the runs that constitute a suc-
- cessful test. To simplify the discussion, this does not include

any components of error that are known both in magnitude
and sign. Under such circumstances. the user should make
appropriate corrections and supply the justification for them,
The task of estimating the remaining systemnatic errors is
based on judgment and experience, including an awareness
of the results of interlaboratory comparisons. The implica-
tions of such estimates is often that they are the maximum
possible systematic errors. In this event the total maximum
systematic error is the sum of the errors. It is, however, more
likely that these estimates are probablistic in nature and do_
not, in fact, represent the worst possible case. The total
probable systematic errors are summed in the same manner,
as random errors, that is, the square root of the sum of
squares. In the following discussion the latter approach is
taken. However, the user must decide if the bias estimatey
are worst cases or probabilistic in nature, and sum them
accordingly. f

9.2.5.2 Random Error. §,. is that component of error that
varies both in sign and magnitude during the runs that
constitute a successful test. For simplicity, it is assumed that
the vanations are normally distributed and conventional
statistical techniques are applicable. An estimate of random
error components can be obtained by repeat measurements
of each variable.

9.2.5.3 It is important to distinguish between random and -
systematic errors for the following reason. The results
reported in the test method are mean values derived from
more than a single run. The uncertainties reported generally
apply to these mean values. The uncertainty of a mean value
due to the random error component decreases approximately
as 1/vn where 1 is the number of repeat runs. In contrast to
this, the uncertainty of the mean value due to the systematic
error component does not decrease with repeat runs. Thus, it
is recommended that the error components be treated
separately. The total uncertainty is expressed by reporting
both components separately.

9.3 In the following sections. the error components of
each reported variable are discussed. The total random of
systematic uncertainty tor each variable is taken to be the
square root of the sum of squares.

9.4 Heat Flow, Q—The objective of the test method is t0|
establish and measure uniaxial heat flow through the me:
tered region of the specimen. Any deviation from thid
objective represents error in the reported heat flow. Th
following sources of error should be considered: ?

9.4.1 Edge Heat Loss, 5,Q., is a systematic error insofar a¢
the conditions surrounding the plate-specimen stack remais
constant throughout the test procedure. Although tests havt
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been reported that shed some light on the magnitude of this
error. the results generally are not proven to the point where
corrections based on these results are universally accepted
(see Refs (1), (4), (6), (7), (18), (19), (20), (21), and (22)).
However. the results are considered sufficiently valid for the
basis of defining the maximum specimen thickness. The
optimum environmental temperature to minimize this error
is a small fraction of AT above the mean test temperature.
To determine the sensitivity of this error to test conditions.
the user should determine the heat flux as a function of
secondary guard temperature. This dependence may change
appreciably with specimen and apparatus characteristics and,
therefore. should be done under typical test conditions.

9.4.2 Gap Heat Loss, considered to be composed of both
systematic. 6,Q,. and random, 6.Q,, components. The sys-
tematic component is, in part, due to the fact that there are a
finite number of locations along the gap at which the
unbalance is measured. Improper position of the sensors will
lead to systematic error. Spurious emfs within the circuitry
will result in a systematic unbalance. The random compo-
nent is due to short-term control fluctuations. After esti-
mating the probable unbalance across the gap in terms of
temperature (or sensor voltage) one needs to determine the
effect of this unbalance on the measured heat flow through
the metered area. This can be done by measuring the
dependence of metered arca power on intentionally intro-
duced gap unbalance. The unbalance introduced should be
large enough to yield an easily measured change in Q. but
small enough to remain in the region where the dependence
of Q upon unbalance is approximately linear.

9.4.2.1 It has been found that (see Refs (3), (15), and (16))
the gap heat loss, 60, is linearly dependent on temperature
unbalance. AT,. that is. 8Q, = BAT,. The proportionality
constant. B. is dependent on the wires crossing the gap
(number. size. and type), the gap fill material (gas. insula-
tior). the emittance of the gap surfaces and the material in
the vicinity of the gap between the hot and cold plates. A
rzasonable approximation of this heat flow can be calculated
from this information. it is reccommended that this be done
for confirmation of the value measured by the procedure
dsscribed in the previous paragraph.

9.4.3 Effect of Drift of the Guarded Heater—A quasi-heat
loss exists due to the changing heat content of the guarded
heater as its temperature changes. Typical plates have a
relatively high heat capacity and even for small drift rates can
produce significant errors in measured heat flow. If the drift
s monotonic. the error is systematic, 5.Q,; if not, the error is
exhibited as random error, §,Q0,. Normally, the experiment is
“onducted so that there is no observable drift. Under this
ircumstance. the possible drift is determined by the
letectability or control limit, d7/dt, of the system. One can
-ompute the magnitude of this error, §Q, in watts, from a
Knowledge of the maximum possible d7/d¢ and the specific
1ats and masses of the various components of the metered
ection of the plate as follows:

3Q, = dT/dt = CM,
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where:

G = the specilic heat of the ith component of the plate,
J/kg K,

M, = the mass of the ith component, kg, and

dT/dt = potential or actual drift rate of the plate, K/s.

The specimen heat capacity also contributes to the drift
error, but for low-density insulations the heat capacity of the
specimen is small compared to the plate. This ervor also can
be determined by measuring the dependence of drift rate on
measured heater power. Comparison of the calculated and
measured results is advised to increase confidence in the
reported result. .

9.4.4 Power Determination Error. composed of both sys-
tematic, 6,0, and random. §,Q,. components. With high
quality instrumentation these errors can be reduced to an
insignificant level. The manufacturers’ specifications on bias
and precision will normally suffice to define these errors.

9.5 Temperature and Temperature Difference:

9.5.1 Temperature error is composed of systematic, 6,7,
and random, 6.7, components. In addition, these errors are
further subdivided according to the source of the error;

9.5.1.1 Calibration Error. 5.T.. is entirely systematic as
long as the same calibration is used. It is. however, not
necessarily the same for each temperature sensor. In the case
of thermocouples, calibration is frequently performed for
each spool of wire, not for each piece of wire from that spool.
Therefore, systematic differences can occur as one progresses
through the spool. The calibration is frequently represented
by an equation which approximates the experimental cali-
bration data taken at selected temperatures. If a digital
read-out device is used that vields temperature directly, the
calibration formulation is built into the device and the same
basis for error exists.

9.5.1.2 Instrumentation Measurement Error, 6T, occurs
when the sensor output is measured. This érror contains both
systematic and random components. Each component
should be estimated from equipment manufacturer’s specifi-
cations and from estimated spurious circuit effects. In
addition, temperature errors are introduced by long- and
short-term control fluctuations. A helpful procedure to assess
the magnitude of these errors is as follows. Place the guarded
heating unit in thermal contact with the adjacent cold plates
(insert high conductance plates in place of the specimens if
the plates cannot be placed physically together). Adjust the
cold plates to the desired temperature: control this tempera-
ture until steady-state is reached. The metered area heater
should be off. Periodically read the isothermal surface
temperatures to detect systematic differences and random
variations over an extended time.

9.5.1.3 Sensor Positioning. a potentially significant source
of error in temperature measurement is caused by improper
positioning of the sensor or the disturbance caused by the
temperature sensor itself. It is intended that the average
temperature of each specimen surface be measured. If the
sensor is mounted in the plate surface, thermal contact
resistance between the plate and specimen is a source of
error. If the sensor is mounted in the specimen surface,
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sensor separation (specimen thickness) is a source of error. If
the specimen is inhomogencous across the metered area,
surface temperature variations exist and the indicated tem-
perature will depend on its location' on the surface. If
heatflows along the sensor leads from the external environ-
ment. the measured temperature will be in error because of
the presence of the sensor. For a single test on a given
specimen, this source of error, §,T,,, is systematic. A perform-
ance check that is helpful to determine the potential temper-
ature error due to temperature nonuniformity is as follows:
Assemble 2 multijunction thermocouple and place it be-
tween the specimen and plate in question. Establish steady-
state at the desired test condition. Determine the variation in
temperature across the plate from the multijunction thermo-
couple outputs.

9.5.1.4 A helpful technique to estimate interface temper-
ature errors is to mount sensors both within the plate and
within the specimen surface. Then perform a test and
calculate the difference between the two sets of data.

9.5.2 Temperature difference error is also composed of
systematic. 6,7, and random components, §,A7. Care must
be exercised in estimating these components compared to
the error components for temperature itself. The results can
depend strongly on whether a differential measurement or
two absolute measurements are performed. Because AT is
frequently small. large percentage errors can occur if care is
not observed. For example, a 1-K error at 300 K in the
surface temperature measurement results in a error of 1 K in
the mean temperature. which corresponds to about 0.2 %
error in thermal conductance for typical insulations. How-
ever. this same error in AT = 25 K corresponds 10 2 4 %
error in AT and in thermal conductance. The ad hoc
experiment described in 9.5.1.3 is recommended to help
form estimates of these error components.

9.6 Specimen Thickness Error, §.L, and meter area error,
d.4. are both systematic errors. The specimen thickness error
is determined by the ability to measure the plate spacing
(including variations of this thickness over the metered
region) or. in the case of rigid specimens, the specimen
thickness and the changes due to thermal expansion. The
effect of bowing or warping at operating temperatures should
be given attention. At relatively large thicknesses (above S
cm) this error can be maintained below 0.5 $¢. At small
thicknesses (below 0.5 cm) this error may become a domi-
nating factor in the overall accuracy. The meter area error is
usually small except for the assumption about what propor-
tion of the gap area to include. This error is difficult to
estimate for very thin specimens or when a discontinuity in
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the specimen occurs at the gap. The specimen thickness errors
will contain a random component. §,L, due to assembly andf
disassembly. ]

9.7 Thermal Conductance or Thermal Res:stance—The
relative uncertainty in thermal conductance, C, caused by
either random or systematic errors may be calculated t‘rci'mj
the following error propagation formula:

(3CICY = (8Q/Q)* + (8AT/ATY
where 6Q/Q and AT/ AT are the total relative uncertainties
of heat flux and temperature difference, respectively. The
same equation applies to thermal resistance. Included in the-
total relative uncertainties are those due to the measurement
as well as those discussed in Practice C 10435.

9.8 Thermal Conductivity or Thermal Resistivity—The
relative uncertainty in thermal conductivity, A, caused by
either random or systematic errors may be calculated from
the following error propagation formula:

(OM/AY = (8Q/Q) + (SAT/ATY + (84/4)* + (BL/LY

where 04/4 and SL/L are the total relative uncertainties of
area and thickness, respectivelv. Again, the above total
relative uncertainties include not only the measurement
uncertainty, but also the effect of material variability and
deviations from the definitions as discussed in Practice
C 1045. In addition, it should be noted that the temperature
to which each measured property is assigned also contains a
measurement error that effects the uncertainty of the final
result. The effect of this error increases as the temperature
dependence of the measured property increases.

9.9 It is recommended that a confirmation of these
calculated uncertainties be conducted periodically by mea-
suring specimens from established standard reference mate-
rials or calibrated transfer specimens. For further informa-
tion on this see Refs (23), (24). (25). (26), (27), (28), and
(29).

10. Report

10.1 The report of the results of each test shall include
identification of the specimen. the environmental test condi-
tion, salient features of the apparatus. and measured results
along with their estimated svstematic and random uncertain-
ties. The measured results shall be the average values as
obtained from the test. If unusual circumstances exist that
prevent compliance with the method. they shall be described
The results shall be reported in a form similar to that shows
in Fig. 4. Narrative details requiring further space may b
attached on a separate sheet of the report. When possible, ¢
description of the physical characteristics of the specimen art
helpful to the data analyst. Test results shall be reported it
both conventional British thermal units and SI units.
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, Test Number: .
‘P:. Se o Duration of Test
e Gentfication: Product name, manufacturers description
o Characteristics: Unique characteristics such as degree of homogeneity or anisotropy, density foptimal)
P 0N Conditoning: Temperature, time, humidity
W Dimensions and Mass: Before and after conditioning and after measurement
Wmﬁm: Size, shape, and orientation of plates
“ Single or double-sided operation, description of secondary guarding, unique procedures
¢wm Resuits
;_———f Uncertainty
g Variable Measured Value Systematic Random
— ow
. TH.K
- TC.K
T.K
AT. K
A.m?
L.m

Fli gas pressure, P,
Otrer

: Dervec inermal transmission properties including applicable range of conditions shall be determined in conformance to Practice C 1045,

FIG. 4 Example Report Form
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RING BO

INSIDE
Switch: 1 - Left Side
Switch: 2 - Top Side

Leftfj & Right Switch: 3 - Right Side

Switch: 4 - Bottom Side

Bottom Switch: 5 - Back Side
Top OUTSIDE
Switch: 6 - Left Side
) Switch: ? - Top Side
Left Right o
Switch: 8 - Right Side
Switch: 9 - Bottom Side

Bottom Switch: 18 - Back Side
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Cold Side

Test Panel

HOT SIDE

Switch:
Switch:
Switch:
Switch:

Switch:

Switch:

11
12
13
14

15
16

[

Point
Point
Point
Point

Point

Point

15

11
12
i3
14

15
16

—— Guarded Aréa

— Metering firea

Hot Side

COLD SIDE

Switch: 17 - Opposite 11
Switch: 18 - Opposite 12
Switch: 19
Switch: 208

|

Opposite 13

Opposite 14

7



T

1. 22U Metering_Box
97U
1) Heater uuu Fn wum 700 W 2 M
2) Wimagiidley wwmdushuguina 8 ih uuugm 1 W
3) usmefiiinssuaady 024 A 250V 1 87
4 Thermocouple ngrungilussanmeiln K Rodamelu 1 M
5) Thermocouple JmgrungliusipnaAaiin K Roviannenien 5 M
6) atinnuauseu
2. 42U Guarded Box
MU
1) Heater uuu Fn auim 700 W 2 M
2) uimegiilens mnmduchugudnena 8 ih wnh 2 W
3) usimedIWANTIuARdy 024 A 250V 2
4) Thermostat 2 M

5) auinmauieu
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{UU

3 o
1) Compressor Uugngu wum E hp 1 0
2) wavenaauauestunimamednnsdusihugudnge 80 mm.
-l o
3) e uktutULediva va 2 neautiu

4) 'QM Guide Vane

5) Thermocouple mgumgiivesennie. aiin K

¢) anelnuminuseu
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