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. I ~'- INTHODU C!l'ION 

Heilt is conducted through a:hatex'ial a.cc~rding to Fourier's 
. . 

ecmatior: .;;".hic!Y. is ... . ~~ 

q ::: 
)< 

,l.:"ht:'!re a is heat conducted per unitar'da pe,r. unit time:in the x tii.r&ction,· 
')< 

x direction. 

In nature there. exist materials for Hhich the value 
'. - . 

of ,thermal 

co:ldu,dti~itY.,kt ,l'angcs, ficm about 2700 'Btu~i:ll/hr~f't2 ... oF fo::" a material 

such:!lsco~~per.to a,s lo\:ras.1·8ntu-in/hr-n2 ... D F" for c~rbonblacl·:. 
, ' 

, :' , 

Also dlffet·:;,ni riIa.te'rials ShOll differ6nt variations in the value of k 

'ur:.ct~r various conditions~' '!'or ,eixa~1ipl~at temperatures abo~e 200 ,oR, k 

'ValU:~ ·foral.u.nii.num, i~ 'almost'constant i-lhereastor' c0!1471oninsulatois k 
: . . . . 

. value gener~al1y'inc~ea.sesrathersharoly1~1. th te~uper:;ftu:re;, The reaSons " 
, ,. ';.,.f. 

",for'thesedl:fferencesca~ beundarstoodby "~, study o,f'_l'licroanci mac~o 

~t.ruc::ture oi".the' mat.el~ia1s~ The understar:cn.ngof thd lbdorlyil1grea~ons· 

provlde·sv9.1u~ble insigh~f'or€N~luatiJ1g the. k vaiueof'anymatel'iaL 
. ' 

In therGffiainingpart' of this section' Yariou'sfactors influencing 
. , . '. . 

. kare' brierl::)',~UI1L'Ytariz.ed. Discussionis then oxtBndf:JQ to 9G\fsr tho k 

value's ofiriGulating materials, ,the uhderstanding 01' Hhichare essential 

for .triis thes].S. FinallY. the th(10:r.)~of'thc gl.la,l~edhot :Ylate is given, 
,- ' .. ' . .- " ': .' . '. "".'-

,.hiel). pr-o '!ide s the theoretical background fo~the apparatus used. 
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A.: The ~'!echanisrn of H9r~t, Co~ductii)nnna.Th~rmal CondtictivitY,'inSo11ds '. 

Conduction insolids,oticur in i;,1';o b~si6:nocies • electron conduc..;. 

tion, in which heat is C<l.:r'i;~'.:)d .bY freeelect.rons ,and latticecondu.cticmj 

in which heat is carried 'by tnetl'ans,nisstbn:of vibr;ationsOf ·the ~arli~ . 
, " '" - '- :': ,. . '. .. ~..' ,", " ',' ,..... / 

:. cie's O:~ thE)'materia.l.' ',Ele6trb~conductiO'riis Tlluchmo,reefff;lttive' than" 

lattice conduction. t he:t:'E!fore "';6 sf, met~ls int{hich tfee :~lectr6ris:are': ' 
. . . ~-. , . ' ;'. ' " '.' ", ,- .. 

abundant-are generaily morec~cinductive,thanh6n ,neta,ls il~ whichcond~c-: 
. ~ , . , . , " ., , . . 

tion is:na,irily I?Y latticevibr~tions. H~ .... i6'ier,/,this is toobro2:d a garie:" " 
" 

i~alization and factors: such as: thelntel"action,'oflatticeand electron' . . . , - . , .'" , . 

. c6nd~ction,purity.'h~r.1og(3n~ity and :tile ... ri;itul'~o'fthe crystalstructi.l~e' 

must be avaluatecl. to obtaiil A,lJetter'id~a abo,uttht}~valueofthe 'k' 

Gen~r~:ily 6peakin'g. th~:mor~ unif6r~.' the'plL."'e;l1n?-"themor~h~niogeneous 
i- . ' . "." 

a'substance .-the, hig,her, its, theri:la.lcdnductiv'ity'. Also, the~\e,ssco:npiex: 

tl?e:u{ole6ular .9.n~l:thec'rjst~l~tructurot'hehtgh~~wiil be the ,lattice ' 
.. , 

conduction,. 1-Thiell corresporlds£o high k iral'ue ,iil non metals • 

.. The~ature of bondin6' o'£,' asubstanco'is avery good indi~ation 
'.' 0: :; 

to its kvalue~ ,In metals 'ito,ms 3.l'e ,a. lTiE,ss of sp9cks'ina.n~ei'ectron 

cloud. 7~eelectrons are goodc~rriers 0'1' erl~rgy,a1'ldthey are also'verY 

"efficient carriers of heat'.';kit ailt~e,metal~.-are g06dc~nductors.' 

hO,,-TeVer. Thedeg'ree of. the lUobilitjof tneei~ctrons arer!isponsible for.­

, this fact. If there are plenty of energif:ls~.r'els!lvailable,for, the,' ' 

valence' ele,.ctrons'"accord:l..ng to the f:reaslectron, theorYofme:Ulll)tthey 

cana1:is or hgreatamounts' of h~at.easily ,by.ch.an$in6the1;r anelogy ·levels,~ 

., Ifh~w~ve'r their 'motio~S, are ra~tl:'ict€dbec!lusethe).-:eare'sC!anty'energy 
levels attainable their 'eff~cti~Emes's: isreduced.li'orexa~le'fo;"co~per 

thareare twice as ,many energy lavels 'as there ,are free,elec'trons.and,' : 

..... 

" . 
, '. 

,'; 

~:.' 

., 
" 

"'- , 

'I 

" 

, 
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.~ .. ~: ~. )~:.:.:. ;. ':~'~:' __ ,,~,' :.: ;'," , :.: •... : ,",:':':'." . <; .~< ::.,~ ~.':'~;". ,,:.~::, .':,''- ,:.' ~<.~ «.~ ..... _~,' . ::'~: _, ::' ''':' -.,:';~:_.:,. . , .;."', . ...,' '.f:::::.,~· ";':.~'~ , ,:~': '::,' " .-
-__ ,_.kc~=.?70(),Bt u~~fn/hr"ftZ~'~F~.': ~Fqr:f!luminwn;' . with:3n-;v:alenCf3"f)t~c-tt~nSt,"~ L~n '. '.:' 

' .. ··,i~~r~;,~fvh~.;.~\~"t~;i~~:4~/Wt~~,~i~tir.ofi?~.::~~W'~~.~?'~i/· .. · .. 
_electro~s,"anl_ 2nanergyl~ve l,s •. k=64{r:Btu~lnfhr~ft-:.. ~~-Iri-theri(~~:m-9t<!ils 

,lattice conduct:i~~m9.ybf3~~~'-an lmportarit _ pa'rt ~ , 
, --

-All other bonding i;.ypes are less efi-'ec~ive because there is, an 
- . -

ab~ence of· r-reeelect.rons and bonding cOntributes ~o lat.ti'~e conduction 

only. ~Iith ionic b'ondingthe-positi'!e ionssul"round the~selves with.' -

negati~~ -~9ns arid~/i:c~ \rersa~ -This distributestneatt.radive fin'cas 

in:all'directions-',~hl.chrnakes bopdingver-y ',reak. Thisweakb~ndis very 

iX?-efficient:i,n-. transmittin'j vibrations. For exa!nple, ~~aCl' ~as k =48· 

. : BtU_in/h:r~ft2_oF;In: ~e~amic' ~te;iil1s,' Hhich ~:re compos8d~f rr.eta 1110 

:and non-lnetaliic- comP~uhds with-illostbr ionic. bonding we: have likewise 
~. " ., - .". -.... , - . - ~ '. : . . 

b~nding, .. ~hich:is:verystrong~,:we~til1get a low value for 'k" because,· 

-, ",_ .bondingexj:sts onl--Y'in the'-;r1Oi.e-c~lesthem~elves~~d- mlecu1esal:'8 very _ 

_ ;~eakli a-ttra~ted-tb, ea~h other (by y.d~\{aals tOl'C8S) • Since 'vibration 

,tf~ri:smittEn:is are molecules. not -the ~to:ns in this case.: \l'a have & va!':, 

. low kvalue~ Tiu.,siswhyorga;nlci compounds are,go~d inS-ulatol·s.(Silk· 
.,' - ". '. '. . . 

.. . :'~sk'-=, ~24_. Bt~;"ih/hr-ft2~;OFt cot.t~n·~ ',= .48stu-in/hr_ft2 ~? ) 

In. lAttice conduct-ioir the arran,-?;ementof atoms also have an . 

important effect on th~- value of k .,Il~ the crystal structu:re is si:npla.­

.. vibration transmission is: easier. If the .:naterl.al-has an_a;norpho'i.W. 

structure i~st~aAof regular patterns of c'rystals. vibrations' aren~n'e 

inhibited. Forexamp).e glasses Hhich hav,e a· continuous n~t~>1ork of borids 

have iower k,Yalues thancrystais of the Sarna compositi:m.At32°p quartz 

glass has k: = 13~2 Etu';;in!hr-ft2:-Dr, quartz crystal has Ie :,72 aild 132 

I 



t .' 

Bt~~ihlh~";ft2~or<'.'Hhen '~l~"h~~~ ialllolecu1.ar' c6!Uposit:lon rather thana 

OLOn~tbTnic ,solid~ k '~alue ·red~ces·· ~h·a:rpi:t. The ~·.eason is that som~ of 'th~ 
.. , 

,:'heat'conducted is .. ~p~ritil1 i~teri;'al vibrationsof:nolecul~~ ~ 'which do,' 
,~ ; 

-.', .-

,:"., ... Impurities,arid"ir~gularit'ie5,in,a ~teriaLp~oduce, additio~al:' 

,'te,sistari~etohea t. rlcn.r .,Tn 'metal~'the'effect', oft:itpurltiesis' vsry , 

iar.ge' •. F~~ e~mplet'6~~i 2.5,~·ZniriCu . causes the k.value~o,dr~p by 

'ab?ut:1.0'~. 'Al~()ys. usually have theirk. values' lower ,thah bothpare~t '. 

in~tals ',:1'1i th lattt,ce,,~ondticti'on irreguiaritie~. are the ,i1or{ i~p6rtant •. 
~ , ,~: -', 

:'DisJ-ocations ,<vacanCies t': and inte rstitialties disi"uptt he .normal.:tra ns-
,'. ,,-,,' ... ; . . ' ...... ',., ' 

[ . ;c'mi~sion:of'~ibratioris. FOi" this :reason'heat treated steelhas,ainuch. 

gr~in~.of a ~e.tal·i· the :b011rid~~i~s.ofwhich:are resistive .to heat flow • 
. ,-,' ".~ '" .' ., . . . ' . 

• ;.< ," 

·.~"ieca~ \cite an.Al2:GU ~l~OY '~s: ~'n exa:nple': 7~Cu.93%'Ala·lloyhas when 
, .':. .. ... ; ..... ,. ." ,." .... " .. '; .. ' .. " ','- .: 'Z· 

>cast~non-treat'ed ·.k ,= .1002. Bt'.l";iri/hr..;rt _ Of ~'lhenaime~ledat:'450 DC 
.' ". . -'.. • '. .'. i' .' , : ',,: ..,' . _. " 

•. '.'T 

; The. ~tomicpict)'ll"e, explaining :the va~iation of k tvith tempe;-atura 

r· 
... is' rather cotnplicatedarid'beyond.the;scope oft,hj,s introductioi1.."'· Only 

,- .' <,.' . , . . " , 
, 

the ,basic. trend,s: of' k fo~various materials as a. function of: temperature· 

. . 

,arid<for.noi·raa.l and h:i.ghtemperitur~s they are practica llyco'nstant, 

'" For an extensive treatment seeRef.1.~ 

.. 1 
:.j 
. ~ '. 
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i 
t, 

5 

increasing or decraasclng liileHl.r.ly>at a. "s;':).al'l rate (B'ig., 1) •. 
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re;sls:tivityo£' glass'. isl:lU9o~tti~t\ where~l"at'h~~q, t9mp~ra.tures ,i-esis-
," 

llli~ed byt he,P!3rcantage ,o~ ,eadl,ph,~se. 
'.';:' ' 

. ' . 

. ~' .. ' 
~ :' 

.... .:' 

Fig.2~~ Tharulal conductiv,ityvs; 'te~e:rat:u:re f"n~,P91Yar.fsta:lline'.:x!laximuof 
',,', "', density: MgO!~) >, ":;,',' >: ,,'> 

~' . 

" .... " 

'. ~.' 

;, 
','. 

:,-100 o 2.00 

T °c ',j, " 

;'ig.J;Ther,ilq 1 conduct1vity vs.t.e:n'pa-;-ature: o:fquilrfzglass (~). 



""B .. Therzr.alConductivity,of' Insulating' Materials 
'., . . ,~. , . 

'Todaytheraare so many insulating materials, in use that it 
, , 

woq.ld' be.iinoossible, to study all of' the~in thiswork~B91o~1 a classi;" ... ,. ",". .... . 

fici3.t~on' isatt911lpted6nlraccordil)g tothelrmac-r<)s;opic structure which 

is~ntul'~' c,oupls(lto' the:, mechanism of- heat transmission. ,Also. since we 

are:df:la:l~ng'·iithc~:m.duction in, this work reflective insUiation has been 

'; ,omit t ed • " 

Fronitheprececiing'section; ,it can be sei~,n, thfltthe, more 00.11-

plic~ted the inner structu~, thei,ol-l~risthe k. ,Thisp~ovide$ a first 
, .-

rule for irisubltors.. With few exceptions theyaHhave'impul"ities" 
, , 

breachl~G; in cr.rsta.1 structure, several.,different textures such as fibers. 
" ' 

gr1iins, etc., A,secondruie for-insulators is, the :r"re;Cp.FlJltinclusion of 

afr'inthe texture of the m.!1teria',. At 32°F ai~ bask:: .17 

, Btu .. in!h~'-.ft2- "F; 'thus ii-properly used air can be very effective. 
" ". .' ' . ' 

Th:l.!-ci general fact about ins'.llatorsis that, a~y cO:l1plicated texture 

..•.• !nAt-arb.1.' can' be aninsulat~r.exampies. being caramics, ;;lasses, orsanic 

'ma t. e ria:ls ,and roc ks. , 

N01:r ".<19 will look atth(' basic tyPes. 

'1. "Porous Insulators' and Fine POl-roers 

',f'heseare nk'1terials that hW8 air filled pores in their struc;ture • 

. . '~mples 'are tf')ods, 'cork,por6us bricks, . and po\,zd,erad charcoal • 

. ,". 

. ' Tt.;o definitions are usefuLin talrins a Dout these insuhtors. 
" .,,' .' . . . -. 

T;heS3 are' apparent density, J,,- ,which. is equal to Height oItha body 

divided'b?;'xhev~lumf) ~f the body; and porosit;y.p, wh4.ch.is . 

p= 1 
J'a.: .. -

'J> 
" 

" . 

.~ :. 

J 
J, 



., 

, ' 

- > ' 

8 

, " , - ,:' " ~ -:" . ., '. ' 

wh~~8 1'5 is the density of. the. contingent[!!ated~L 

. 'rho t:l:dstenceofair i-;'pores. in the text'ure ·c.in.nges the picture 
, ., . 

of ,heat transmission sO,i1la'tlhat.' Al'ou~d the 'pot'>3.5,.in ti:S contingentinat ... 

eri1l.1he.;>'~t.ransm:Lssion isbY:,c~~au!=iiononly. ,', Bitt ill!,'OSS the pores . they , 
, ' 

are by ccpduction, c·:mvection(ifthe ?Ol':;!s, fire. cdS ,:.:(;ough) ·an..-i radiation.' 

These facts, plus the existen-::'eofair filledpoi'as,nake k dependent on,' 

many ii~')re .f2ctors ,than '5i!npl~/ temp~~·,~tura ~rld density, 
, , 

It is clear th3.ttheva1.~~: of kdepends .onp~)l:,05ity (.b"ig~4)~' 
"', 

r-'--...,.......--,-~--r----'-'---r-'--'-.,.--... I -~--.---,.-'--'..;....; 

o ,t:;1-lJMINA 

h.. ",~, Sll../cA l:JRICK, 
o 

, POROSITY) ',% 

Fig. 4. Thermal condu:::tivity 'IS. ?orosity for aln.:Li noS. :r t 1600 Of ahd 
Silica' Brick at 14·00°.F'. t,,,ro exanloles 01' r'3ft'actories(5J. 

, ~ .. '. . 

. .' -, 

"If, the pores are ,big 8.rdconhected ~c.6n'.'eetion currents :ll'.aY' 

arise in the insulator. 

ture' f ar-:.:lthusseriously increase ',thevahts 'of' k (fif:::o 5). 

'; 

.. , 
J . . ~ , 

'-. i 
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F I.B sri. f> OldtDS 

• COP.I<.l'>/lAA.P:· 

.25~~~~~ __ L-~~L-~ __ L-~~L-~~ 
.0. . ·:z.o .2.4-

. ~()15riJRF.. Q"fVo~utM"- ·.ro' .. 
. . . 

·Fig.·5. Therm,:ilc,Qllductivlty 'vs.·percenta~e ofm:)ist·urP· byVo1u."l1e, 
.' . ": . Fi.berboaros.(SJ ...,:: . . ..... ' ....• 

-. . . . -

. tIe ha'/e: 'm~ntion~d'that ac~ss the .pores s,jme he.;,t is transmitted 
. ',' .:, . 

:byradia~ii)ti~ .. 'thank·also,deperldson thel9zU~sivity. of the pore surface • 
.. ' 

·rirlseffectof radiation.increasss. irs the teIllperature 1$ in.creased •. It 
.. '. ., 

~,sbgen ;obser.,red . t hat'.l{apocarid' asbe stosd~sted'vlith 9.lu.'1linum: powuer 

gave 1.5:_5. ~rid,'18~o ,:per'~en~ red~cfioliink.va1ue. respectively. (5) 

Some insulators on the other; hand are al!ri~st completelyf:,rans- .... 

'pa'rent toradi~tion. ·e.~.' s~lica aerogel. . 'therefore in 'l1leasu~ing k. 

high entis's1 vity' pla.tes must' be: used. Since :.air in t hGporS$ .?-reconduc­

,tive,liG . sho~ldexpact .airprassure to alter. the'value ofk and there-

. . ' 

by the tr~ns;nissiori of the~ollision5 of the part.ic1.esof the gas . and 

. wnen c pressllre is in~reased't;hemean free path 'otthe gila h9comes .small.;r 
,'." , j . . . ... ' 

. but since atoms also increasei.n number by the Sfl.;;:8 factor kdoes not 

.. 'change. There iso~e'exception to this rule, and, that is, tbat if the 

, di~ensions of the pores become loss t.han the mean tree p,'1th of thegns 

" 

. , 
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~ ... 
molecules at that pressure and temo~:rature~ t.h9nk ,of air is directly' 

'. pr6.po'rti6naLtopressure ~ and. be,co~s'\e;o' at'ze:~ pressure. ' : Ina. ~t~~ . 
• '" ~ < • ~ i '. .' '. .' :' . -;. ".". .,";: ':,'; . c'", .: " .:" ~.":.' •• •• ..' _." '.. '," 

, ',' rla.l which. ha,sfine ·.pores, such as . silica. 'aerogel the' pores ':canbe made 

:,./';s~ll~r·than~he'~:an £re~ path'o£~r:at ~~inary.tempe;atu~ and . : 
'., ," T' .'. '. . , • , . 

, ..PreS8ure~ .;Thus·'porous insu1ator~with'~values less, tha.n that of' air 

·has.beenp()s~ibleto .0btain.Fine po'Wders':are another e?tample of' thl.s 
, .' , ", .' 

· type· (Figi; 7)~ .. 
:" ' . " . ' 

,With' porous insulators· pore size affect~ the .. ·k vs. temperat~ 

curve •. " .Since'.there fs mo~e' radiB:tion: across the p~res if.the.pores are 
; 

· big the ,k'Vs., te'mperature curve' will be· more. steep. , 
... ', . " ",' '," . 

Th~se;arG'materiais' made by tilii.ng ~ some. space loosely. by~ some . 

':low * substance'. .:,Themain' f~ctio~ofihis substanc13 is . not t.he retar; 
.' .' .. ~.' ,', .'. '" " " " ,.,' .: .' .' , ~. ..~. ,', . :.' . . '. 

· '~~entlwo6Is~glass'wooi~cott'on 'andthe'like an~gramdar insUlators~ 
., ..... 

·.w~t~ t}:iesematerj.ll:ls . a.lso,· 'heat transfer is by corrluction:~~'Ugh, 
, '. . . ••.• . • . ' I 

.' .'~' 

···:tlie'airand>t:h~; fiU1ng;bY .. radJa.ti.on throughthe,:a.ir,'.and bY,co~ec:tion 
. . . 

,.' .... . , -

it·conditioris.arefavo:rable. 
4' ..•• 

'Sirice:the"air~in,,'tbese-lDateriais has';easypa~sage in and out. as 
... < " ... " ", " ... ~.' 

·'weilas·.'~h~ough, tbetextu~,it.sel£t cO~'9ctiQn currents. may easily set up .' 
· , .. ;,' • ' .... ~' . ' i ' ,~ .~; t: .' .. ," .' . .. ,. .' 

:and<i.hcrease ,theivaJ.tte·Of"k •.. The: deg~e~ pf co~veciiol\ depends on t.lle··' 
• " ; , ~ '> '''. .'. • ' ~ '. 

· -' ,.thic~ness : atd\~he;: height'pt-the··SP~Ci~n·,~nri·thetemperature 'di~terence 
.., , '. . .- . ~ 

· '. ,c,' '.' ..... ' ;: :,.:--,. . .. ,. _ .'. ..,'- " . " ... ,..., . '. 

< .~,a~ro~s:J,t.:::ln,~g. 8't h~.; re.sul~s 6ftests made by: changing t he material , 
.. ,': '-.', '.,' ',' :.: . ".'; .-.. , .... '.. " .;' ,- ,... .' - , ". ,,' 

?,:thicknes,~"k~ep:tngm~ar1temPe~ature:~nd4~l1sity c(>n~tantare ~ho~. '. The' 

... :' 'ek~~~n~er5 :have: attribute~ the, v~r~at~~ns:'partlYto ~o~tactrssistance,,' 
• , . '"~,'. • ";. ~ \,' , , :' • t . ' , •.• __ .- . ' , . ' i"~ • 

-; ':: - . '. :.~~:<'.':" ; , --, _ .;' ,," , . r 
:' ,,' 

, ,; ,. ,", 
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Z . X.,~O!ZK.P.:>6A~O 

, :.' , 

oFII3iR.f>OAp,:? 

, .. ' , 

',":' ' 

2,0 . 3.0 4-,0 . 

THICK'l'JESS~ .' 'lN~ttE5" 
., .' 

Fi~.~· 8~ '.' ThGrrr.,al: conducti'!it.y vs.· thick;!~~S. Position' of tl1e insul~tor··· 
. . " . during ,test i~ vertical. (5). '. ." .. 

.. 

:·glass. 't~ool ,k: vaiuecan:·.b~, ,reduced. by: asm.ttcnits ~ 2.0 ps ~co::ntfor-one ' . 

. "pound per 'cubic foot density'> :Fo~· 3.1b/ri'3.· th:i.S:~1;;:i· 9 percent,· .and f.ot" . 
". . ~. . . . '. 

,61b/f'tJ .H\'aS .7 per c~nt.(.S) 
. . ."' . , '. .' 

-.; .. 
, '-"' 

:":anyfibr,:ms loose rill, insula.tors 11~~ve, aj;'dniLflUni~'lhen,the:tr 

de~sity·'is i,ncreased. (Fi3.9). 

Der)sityhasan adverse offect on convection. If a. loose fib~'6US" 

. insulator is:vex'Y den~e convection ''o-1ill stop ;t·.nc~1~tai:nt6mper.ature'. '.; 
," .,.\" .... '. ' .. "' . . . ' .. 

. , , 

d i..ffe reo nee between' :thet~!fo.sid~:s of th~' insulator and at [1c:ertain irisu~ 
• I ".0 : . . ' 

.la-tion. height. ' . . '. 
.' . 

, " Acc'oroing . to \{ilkes,.(5) scme insillators like. ~~ck >;Tool ~ndglass .... 
~, ,'W09:f>ar~ nofa ~prec.~~ bly.affect.edby·£he·rela:ti ve,humic1ity'o'ftl~: ,air i( 
. . .~. ;, . .. . . .....". . 

,'. the fempe:r·atu:re .throughout· the' insulat.ionis·!sbovl3:the ,.det·i point' of the', 
• ," " '0, " 

I 

\ • ,> 
, ~'. 

{, . 

,"- . 

i:" 



" "sui-roundihg air. 
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Ther~lcoriductivitY'Y,~'.; densit~Y"6{,lo~se,fibrous:,ins~latQrs. (5) 

:;.( 

: .. -:~. . 

", 
" .' -, -.- .' .... " ,- ". - ..... , ;::" 

.. ' . ;,'J 
"" - ..• -"J 

"The, GuiH'dedRot Plate, '.' . 

. , " 
" .: , . ~. ; 

,' .. ' . ' . . 
, " 

The ~wn~edhot!·Pl8.t.~ ,'is the's:t.~n'ld,ir:Ct,apparat.us, f6'r nleas~ringthe " 
" 

,- , ", 

,thermal, conductiVity of, ~ns~lating l!J.~teri'hsin ,the for11i of flat slabs." ',' , 

Theraarett1,?, types of ,the, guarded h~t;pbtd~' :metal 'stil·face::f. in which 
~ -. . 

heater plates are metal" and refractory s~n'fac~d • ,in loJhich,r.e~tar plates 
,'" 

'are of refractory inater'iaLTh~'n~tal' surfacec,:guarded ',hot plate is' 1.\s~d ' 

for l~wteti!peratrire~p:plic~tiohs'(h?t:piate~p' fo 500 0P} wher.aastt!e ' 
, , 

,,:;' ra;"'ractorJi, sttrfaca:d guarded'h~tp:tit~iS ,used for hi'gh temp~tature:;;'riges 

* Seafo!' exaffipl&:AST11"st~r.dards,' c17Z ... 6};: TUrk 'Stanct~l1id:L~n" 
TS J88 ;1966~' '" , .. '" ' , 

, .. ': .. 

. .:~ 

, , 
, , 

, </ 
"",'" 



. . 
hot plata oebraen 200o and-l:300oF. Guardad. hot plates .can be square or 

~6~nd t dapend;.ngon the cnQl.ee of·the designer, 
... 

:. " 

. For practical purposes, ,.the oPerattrig range' .of the guarded hot 

plate has bean li:nited for the deterlTl.inationof. the~lIlal' conductances not. 
. ...' '? " '" '. .'. .... " .. :..... .' 

. in excess of, 10 Btu/hr .. J't7~OF by the American Society, for Testing: and . . .~,.-

J~~t~rials.· (Col1ductance is kdivided by' insulator thickness. ) ~ 

". 'tM guarded hot·' plateb.a:sioallyconsists of e.n:alectrioal'heating 

eiement in themiddl~ • ,on the "two sides. of u'h:t.chal:'e t.-10 pieces of the 

l?pel;limeri to b~) tested •. andtwocool:ing plates , .. hleh silnci'h'ichthe. agseIllbly~: 

Fig •. IO. Gross Section of a Typical Guarded Hot. Plate. Netto scalEi' • 
. The symbols of the figure denote, a- Coclitl!:;p1atus~·,b ... Sampl(;i, 

c;.. lw.in heater plates. d ... l·rain heater,£<;" "~iu"n"d hfJa.terplates • 
. ,. r' .. Guard heater~ . 

POI-fer i5'ap?liadto thaheater. and Ii temperature dif.fi3ren~'3 is 

".' "~~i!'lh.ined a.ti;r-;)SS the sa'mple under steady state' conditions.' USing the 

Fourier hea.t conduction, equation for one di!IHmsional heat flow 

q ::: kA 1lT/b.X 

'aridusingtha Ineasure-d values of the po,"10:rinput t q. t.he cbml::d.l1ed 
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thicknesses of the tllo sairrples,ll.X, the combined terip",rv.t:l..u."c difference .. 
. . 

'. across.th;: . two samp~es, ·D,.T. a.nd the heated area' of the 'speciffi9n. At the 

value of kcanbe calculated~ 

In order to justify this procedure there lTlustpe one-dimensional . i 

· heat flo~lthrough the samples. To realize this. theelectricl1l heatel" . . " \ 

", , 

· corisistsof two. sections, ,thslll8.inheater and the' guard heater ,which 
. . 

. s'urrounus the main heater'(seo F'ig~lO) • The guard heater is heated 
. . 

·separately. t.o lI1aint.ainnagligible t.€Plperature differenCe bet\Jsen the 

. facing edg~sof the. heate~ plates. This SeCUl"8.S U11idiroctional flow. 

at the hot side of the samples • The fUnction df. heater plates is 'to 
. . . . 

. di~;tri.but.e heat' gel1srated . in the h~s;te';sequally ()ve):' the surface.. The 
. . 

.. \1ho+6 appal"il,-GUS is surrounded by [~ood insulat'ion 

" .. to,.l:n-sverlt· significant heat losses' in or out of the. ;;;rjecinIen. 

::2.:-Co:nponentsof the Gu:t:rded Hot Plate and' Requirements for Good . 
· ',,' Performancs*' 

;-. 

heattd 

10) 

supply 

:t;:c" . 

ti:HJIpe~atl'l:i<:B unba1.nncein the plano of,the heater', j\;:)'i'[{ st:mdards require, 

thE!t.thodi~;t:ltlGe bet.'Waen haertel' Hindingsbeat ;rl(;~,t Jr .. ~ J,,~. ,: 'rthas baen 

ioundth:d~ .for l.rindings3!16i2i;aparl,:1/1b_in. thick coppel·hot plates 

~dt'\cov?,z·i~t:!"omi i.t~ temperature' on the, nampl& .S:\.dii oftrl~iCOppel' plntes' 

'. it? less tbiin .• ipel'Cent.- ~,'hi1e1/8 in. 'thickcopptlr plat~s ~QUC9 theso 

variationsto·less.tha~~i)i per'cenC·en As 'Hill. oosho~'m in the theory 

.' .' 

-, 

. I 



wiridingspa.cingshould:be"srr.all $0 that thinner plates l1U1ybe used.' 

,b. ' The,?a,p. 'Using two h9atet:s t one forpp~~~~inputt t.he~th~ri~r (}ont;rol 
, ~ .. 

; t~ollld ,necessitate a gap bet~ieen, the~. ' A gap is usually also uS,ed in the" 

'~oPPfJ~ platBs ,and ,$ome 16w~Cqhducting 'substanpe is placed in between in 

ozrler~o m-i~nill1ize arlY·h,terai~heC'.t..flq\-r.,.,' 

'.,' AS'I'Hsbnciard.s for the guarded hot plate :recomnl~md that .the gap 
~. , 

, . date.iiedtheol·etical analYsis.lur.s l'e"f:al~d' thEi.tfo-r SfH!hsize there is 

: ,an optililUin g~p distancefor,ni~1miZing?rio:rs~(7F'" .. ,;', ' 

",c.,: '1-fstal· Hot' Plates. .0,0 eacnslde of tl'.ie' rnain and io .. alu., .'haa,tershighl)l" 
..,........-- lrilF-..r:IiO - =:': 

'. conductivameta 1 'plates a reo placed inor(Hn~ to :equ.ilizethaheat ,'flow '. " _.,..:... .. 

overthair surfaces~r.opperol~ alll.'1ttnurn,l1!2Y be ch6~ert forthis,OU1'POSSf 

ho~ver 'it has:baen Shownth~.i·,,~luminulTtPlej~eG a~~iay~\.nc~asee~rors.(7) 
, '. ,. • •• 1. • 

AS'rH standaros reqtfrre'that Ina..·'dil.lu.~ depar~ure~ftom planeness ,," 
.. - . '. .' .' - '", ~ . . 

'\ on the surfacaorthe raeta1piatasshoUld; not'ex,ceed.90j' iri.<~er: :ft~ ,,' 
• .: • • • ~. - , ." • ", '. ' • • ,." , '.. • > • < ~, • :' ;. : • - .; • ;'. • • 

A~though 'this :reqUirement is "justified J:'or rigid i!lsulators inordsrto: 
, .. 

'prevent'~il'pocket5 fforoth~r'tyP-j ofiri'~~l8.tprs'it, nlight ~hot be::; 

, neces,sary .. ' 

. " 

, '"as plane as: possible, to: p~ventair ~po,ckat.s." Also'~ accurate dotex'mination " 

of ,the terst thickness is necessa.l'y.,.S~bCf,;thlS thicknf.lss is usually small. 
• . -I • 

arl'orsj;n'measurerne'l1t my give largeporc9I~t.a.gs,e:rro~s .. 

In 'order to prOVidegoo~ .co'ntact and t.hns r-eciuce, contact ,'. re~istsnc~ 
the st.p.ndards stipUlate t hn,t • Urilass \ ea si1j:coinpl'9ssiblespeci:r.ens are' 

used a • r~producibls ' con:-;tant 'pressure of about.50 psf, beus!~d 'overtha 

'specim~ns 9 ' 

•• , t 
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, '." <, ', ...... . 

,'" . 

'. :·The American'standarus;l"Ccominencl Wt tests arar~ on, a bona-dr.r 
, ,." 

,., 'Th:e.specimeh· .. sho~ld.bewaigh~.hefdra.and .•.. ~r .. <eac.h·.t9st· .. todeterm:in~··any. 
':. ,"," ". I 

·mc)ist'.i~.~~bS~rbtion:dUring:th9·.:tesi.··:.trhenecessitY,o,{'air ·in.sUlat~onalS~ .. 

··'le.ads:t~,'.cdrifinirig 'the.~~ole."apparabis in ~ moistUre proof comp~rtmen:t(l 

.. 

. e. ,':CoicfPh.tas.: :The.~quirements:i'o;codi:i.rig.plat.es·are t~t, t'he' ~ame 
, .'."' < , ." '.". .' :',:' .'" ,." • 

,';, .,". 

':,pi~m~B~ss as .iIi.the case oithe :hotplat,esshould' beobtafned,:, and. that 
, , 

~'·uri:t~ciri,i;'dist.ribution 'of temperature b~re~lized··ovel"t.he'su~t:~l'C9" • 
, "',:' " • - • '< ' , .', " :.- .', , 

1\,: Surro~!\din~ 1;ns~ation~' Thestaqdaros r-aquirs .that.ths·niiniw,llU 
" ~ .' -

t.narl1i~l ·resistance of tho'insulation "hQ 

.. x -thickries;;f of each soeci,l1en ih inches'. ," .. 

, " 

',S = lenght of" the side (or d:j,8.171eter-) of .thsguard section 
.. iniriches, 

·k :::thernk~l cor.ductivity. tiEtne spa cil71en in ·ili.,u!hr-ft 2_ of, 

- ~ -.-

Ta.= tempei-ature oftne air surl"'olli1rlii'lg the aooal'atus in 
d·ag. F,~tid' ..... . ~ " 

LSt=: tf.>l11peratllre differenceacr.oss the specimens ill deg.F. 

Hcwev~r. :it has beenroun~ that t.he opti:illt::t thickn.::ssoi' tho 

insulation is equal' ,to ·the ,thicknessQ,f onf.:lsample,. :~nd that for accul'acy 
'F 

'consider~tion$ 'k of the inSUlation should bsequ.al to thek of the 

·.'sp~cimen.·· 

temperatura of thesam?le in;Ol"!:Jal'to' keapthe errors' due to .the 

.. ·leakage t'hrQugh tb.:;: in~iilati{m lo,,,~ 

,i 
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fin .etfec~. The starJdards l.~..aqu:i.re NO.,.25 ,and 20 .', B &S l!.·n. gatM'i'lTlocQuo.lea 
,"~.. ' ,Q .. 

to 00 .. usee"., 
.... 

Th~; ,sensitivity l'equireniei1:t: ori tlF)·potH:::~t.,l..O:il,:,t·:fr out)?ut'. is 

If-V orb~her' ••. · 
, , 

h •. T~)lll'),",;:'atu~ 
~-! ~- --""-

Control· Irlol'dsJ:< to 1l£nre~nos.id0 1;J~;;3 tro:n·the main 
.4 .. 

hotph,t'3S, a: temfleraturefulancebatt-reen {:hf,,'luiin plate ahd' guard;pia~9, 

is 'il$C6$~S,!,Y. Anyt~!Up~ratura:' differMice Elxistirlg bE:t~i:~en' i.ti1lin,: a.'1.d gu~:rd 

. p't~t,~ma:Ndotected by' suit~blypla.qe.d therU10Cotll)les. 'Hhich. pref~rably 
. . . - . . 

_ ai.ltOL'iitically control a d~sil~~~;:tf:~lpeiatuN difference. 'by fe;;ldb.'lck 

,con:t!·al..,rt has, been; found"t.haitN.s;t6mp0~atu-ro 'control ;!11.~st'ba in' 
" ", -', 

str-;l.',~t,.lir.utsino:rvjei· t.o .have~;Usfact~~Y-fJe:rf'orr.i.fmc<i..ThiS .. will 
>.' < •• • ~ • ; ,', ~ -

. ",.'. :. '.' 

furth~r "trea'ted in the • nEi~t~ctidri.' 

,":. , 

st.udies ~u1su!llptions are' madewlllch are .harq to.evaluateaccur~telY,; 

i10rfJOVer,:each investigator deals 1>:ithH.!$j:nglesourceof' ~rror:ltt!l' . 
, ':: 

, t"lTItJ.!~· "thus ~h~~ relevancy- of 'oths-l" par"ank$te-rs ~r!d .theil' Qver"a.ll "€t.if0cts' 
" 

tll'enot ,Clei8.1·~ The most ~onlplBtem"themati'9alanalYsis. 't~kingD.l1,th9, . 

:. -: ," 

, .. 
i' 

. I 

',. 
.. / 

I. 

: >' • 

.j 

. .~ 
, 
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, . 
'p'arametsrs • of, the ap'?, aratu,G, into' accoun' t \",-','5 'b''''9'n ,"""de ,'" "(8) 

ll.i:1. .. ".,.,.by Donaldson e , ' 

'l-lbat' 'foll, O,1'1Si5 a S~'il&ry· 'of h, 'l.' 5' : k" , , wo.r •• 

O°F 

r-~~--~~~----------~~-~---.~x 

t ~I' , tq~· • kil1\, 11 
METAL PLA'E ' 

k'-'--" _1,--6 'a.~b~ d '~ 

Fig. I:!,. ;rhe ma.therll'itica.l~~odel us'ed 'in Donaldson'S Hork. 

Donaldson used 'it unified' hea.ter pl<>.tein h:is: e.naiysj.s 'and' 
, ' , 

justifie~this by nssu.ming that therois no un'.)alancu bebreen the actual 

hot' plate s. , 
, ' 

He also assu.'1led a:l~.r.ifori11 con;r,ection coefficient in plac~of t.he' 
, - ". 

,', ;sur~oullding insuiation. : Then he solvecltha Laplace equation for the hio 

'layers'in Fig. IT ,:nth the heat input p~!' tlnita~'BA 8.5 shown. The 
. . - . 

',ambient tr;'mp9ratu!'~ i<1a5 taken <3.5 .reference. and a uni;'.'cirm constant 
. .. '. , . 

, " 

': temperat\j,l",&~'!I' was M(;:UJned over the cold surface ot tho s·tieci!l'~ri. 
, 0 

Tlt{) s'Jlution ·of the L3.placa equation is co"t'J:"0.:(;t on1y if \-19. have 

complE!t€lb,'11.ancein 'Hhieh case, as f~r as the unbi"~1r>"n(;;s errors aro 
. .' . - .. 

concarned,it does riot rnatter if "re' have a 'gap or 'ne>t. Tharafore ths 

:; 'foundfrom, ~tliis·solution!>., Similarly,' theei'fact,s of the variations. in air' 

:temper.ature :.ca.n .be, est.imat~d by ~ifa.ry:LngTo~' In' the·theor'.( ambient 

. ;tampei"~~1.1re. is at zero deg. F. but varjingToand KO:H}ping boT constant 



~ .... '. 

'., ,.', 

is aff(~ctively the llama as varying"the sU;:r'ounding t.;,empera:tllre.~ 

Inoroer to find theeff~ctoririsi.':l~t.io;, \,re, .hil\re· to, . estimate .. . - '. .. - . " 

'. . 

. the' coiwec.:tioncoefficlent, h~ . Onethirig" to bl3 noted. is that the heat· 
. . .. 

20 

co~duction 'in the surroun:iing. insulati()ni'~ .lvic dimensional and now . the . 

" - . .' \ . . . . 
Lnohce eauation m.ust be solved f'(Jl~ th~insu.l::?tion~ . Donaldson found - ". ... . , -' . 

. that. . pr0videdinsulation thic~..nessp isgr(.:!~.tl~r than. the thickrislSs . of 

Dln1,:"~ldso~ 's resUlts also·enableus. to esti(;;.=:.t.ethe th~X'ordue to 

tho .existel;:::e of the gap. Ti1i<:> 'l1!'rol' arises b£'C~lll:1e h~a,t is not suppli~~d· 

':lr,Lh;~ V".nH}-a~."Thereas the' he.a.t.irlput is::,ci.uill1y sp'r~£ldC)~ler the gap 
. ." '. 

T.hu:s .. t~ N is uncerta:i.nly.~s .tol.ih.itarea 

t OllS?1n:the calculations..:Nomally· ant;lef~~9ctiveU.'. test ~rea;ls 

used, which ,is;t;~aken as: thea~'.%~f' t~1€I,' squa.~ 1-lith cent;aI: g:apli.hes 

" as' sides.' Itispossib.le •. ·.by·.v. arv.' 'in~'.'the chstance' (' .;'" .the·· 't'h' .. c· . '":" _. - ....... eory. 

~ndbyrisirig the :eff~ctivetes(.·~rea, to estiro-lte thiserrol~. /'. 
,.'0, h.'l'\T0' dealt. so "'far wj.t.h.e~G:ry· s.ourcp.··."ferl'or .. in .the,appal'at1.ts· 

oS;.;cop·t 'the terilperatura ul1b!.l.lllncabet·woe,nthac~l{ter' d91at9a-ndthe. 
. ' 

gl..l:U\:l'. i!..:·.to·, ,FOrSolne of. the!H'l~l'S CRllSHd. by tllft unbala.nce th'3a.bove 
.' . r; .. ~ . . ' " . 

thooz-y st.ill cartbsused ,·butfO);>othsrerroli 3 it 'is/flcn-e, c011vep.ient. to 

~;nv;m thcn."oisa 'temperaturedif£~)...ai1.:;e ~1.'CJ:;(I!~:;~ thE). ~.!en.tra.l plate 
, ' . . . 

" .:. . ~, 

aride'h ~~~L'olute:~ theroishaat· i'lol1. f'i'ofu pl1!ti;!' toi1b·te· tlcross the' gap. 

and;;;' he::--e is 1115 0 heat ~'low ':from' ple' te ·.to~~lla t'~,tl;i.!;(Hlgh ·th~speciinen. 
. . . - , 

, 'to 6it:L~:,;,t~Jthe: el"~~6r. of acros~s';+"h0-gap-.nOI:;::l.!e .<L,:)f.\:~1;~j a i:\.:r~otheti~a.l . 

" c. 

,., .... 

" j 

l 
1 

·01 
j 

.J 

. ( 



" 

,." ", .' " 

. . -, . 
F, ",'(::1-:; '01"1:'0;(' that :i,;:;' b):"0·',,,,J11· .;boutb'; l .. dJ'JrillhG,~a., t flo, ,'14 ,t, hroUfl,h 

" • • ...... ~~ ... ,- ,"" f,;,;;I 

thel sa!!!p),!;> itself Donal;.:ispnf,s' :t'e's"It is impractical for c::..lcUlations • .... ,. 

, H01:~!~'tF t;!r.~(;;dsj.d$ (9) hasd~ve lo~ed an '~quat.,ioll tlti~ "~·0;s'..;i::~L; of' which 
" , 

,. , . 

It is inioresti1?g 'to, riot€! that \,ith ttl\:; procB0.::.ing . theorY tlot', -, 

,ori1::r kn-i,jrs' of eo particular d.~sign car. be fouxid "bnt-. >4,.;tu?,11Y "ill design 
: . . 

pant:a<ite:q;;, nlay be, vax~ied t:, "choo.s!?·('h:);:;pt.il!mf.ddim~n~'d.ons~:il(l;()pel"a~ing,· 
" ; 

cor:ditiOl'i!:l,for,' z. perfect, sq~'re:gu[{rdedhot~ plate~''f.hiSli2s'bea!idono~?}' 
" . 

'a:nciii'.';':RS found that, the~pti.;rrUlnpl13.t~,,~tel~l.al'iscc:ppei~ ,.?nd 

'opt:bnum sJ.zeof't.he p~rfe~t' sqt¥tta. guarcl~'hot plate 15' 

lOiJ.O sq. 5.n. 

Wi tit scimpl(~ thickness ohosrin .as one, inch, . t.he ,~>ur:r-mmr~ing tetnperature' 

,The, ilctU:,.1 6);'1'01' 'f!ould'be .the t.h-borsttca.l. c1'i'014 J;li':;;:'.hc ,otlerating ertol's. 

'D,;naldson(1 0) JlaS~ll.9.~~"i?,lcnlat):ons fox:th'~"6ptimum"Sl'1uar~platec: 

".:,. 

,. 



,,' 

, , 

provide'the backgl;ound, f~r a learned' gu~~s.f91· thoer-ror's 
:', - . _. ~ " ' . 

'. . . 
1"or/ on~ ir:chthicl~ speci~en 

~," ", 

'fl:nd ti~ch g;ap.A1.07 per- cent lor ciopp~l"'.l)lates~ +hiserl~pr does'noi 
',', . .' 

va:t'y'~rith' the, other design ,p~ralll:Ster8aricl ,isi'lxed for,the 'cles~gned 
" 

b. AddltionalF.!l'l'ors dU$ to ecil,;enG<.1.t J.cZ8(;,s~'Thcs~~ el'rOl"S are 
~_~"'I '7.~ _,; __ .... _ .... ·tf' ".. __ ~ 

,approx.1.lIlataly proport:ional ':toki!lts'and 'v'cr;ypracticullylinearly, 

.;.d.th~J(;I:rr;)lB: thickn~SS(Fig. 12); c.t:dtb:y .ira not. effected by other . . -. -, 

~ 2..,0 

,2 1/1. ill 

AUfT) h /1 

C/rU//JL-Af£D )JOINT 

!=OR, {()I.'x10 i; TEST 

/t/l..EA) ~§'; fl-ArES 

cV,!-J-£ 
'0.,;;', 'f" 1/" 10 fI 
I '..J~"- : ,v. ' ... ': 

r£5T I+l.ffA , 

%/~ PLATE-5 

",5 1.01, '5, 2,0 

:so ,/NOtES: 
,'" " 

Errors ofinmerfed side. il1suLlti;:.i:-i. " .i\:ll'" t,omoel'uture .st th,) 
meii-I tempcq-ab1.TB·' of tb8,5F;~ciMi_::;..(10) ~' , 

: : ," . 

---.,..,... ... ·'·*~ .. ·"i~heS'eresults apply also to tha ~d1d/"" d<2.,siiined i'Ol'this .thesis 
with'slight rnodi.flct,.t-ioris. ' 

t' 

" Ii -

, ,j 
,j 

j 

, ,~ 

i 

I 

j 
j 

'1 ! 

I 
I 
I 

:J 
, , .~ 

1 

i 

, I 



.' , 

In the' designc:id.~htitpl~te. :tbe~co'pper phtes are JI16:,iri •. thick' . 

a~~pposed to i / a,.l.r't th,iclmess ,~b«,;"~~ ,. H01-l~V~l~,'caic~i~t;iQns(lOr'haV.~ ' .. 
, . " ... , 

.revealed that ·the'chang~: in error vrOulcfoo'-less than J~:5' .per ~ent 
. - ,; ~: 

ri.l1d thei'efore :negligiblef,,·.:.!tcorr6ciU.oni$·needetf for' tfv,,"di:ff~~n~~," 
. .' . '.' ,,'. .. .. ". .': " .-. 

in~est8,rea.>ho~1Sver.'::There'sillt:i~ ,.showri'in.Fig(·l~. 
". .,. ' • ", • < ',.. ,. > '-:.','.' •• " c,, " 

:, . ,.' 

.... Hholl: ldr tel!1p~.:·-:;ture' :is .di:ri'e~nttrolll theililean:t,empera.t~,re of 

; 1. r--:-:-~--+~"""":""-:-~--"--r-:~--.'---'---T--,---:---,--", 
" ...... ' .. 

. -J 

~:." 

.: . 

pI-An;s' 

o 

Fi'~' .,. '1:'4 . "'The J::dd' i't:\ o'n'~ i~ ... :'o'" ~ • .; -:'j ;\,.:'~·h=.n • "5~' t~;. ~mA~..,t urOa.":i"'·f'e·,"~ "" b~ -",. . ..,.. ~ .. ':"- -"" . .i..1.. "" .A.-4.00~,"",,,-;:.1 j ....... 4 •• t:"t.. "~~~.""".~"_ •. ,,,,. ~_ .... ' ... ..... _ '_ ' .. ' 

' .. 'fl~om the aV<9:rar,e t,ertl';)r:ltm-a ot th$ .sll~lpl.r: ~ , 'Here ~ff0cti'hJ, 
........... t "-,[""'0 '1" PtiX>=lI~ """''''''e 1.' '" 1" v}','\ C" t, ~,-;..oo;~ a ~'"'":.. ...,) ~ .. _~ .t _""t~ .:. ... ~" ~ ". ~. :,,, ~ ~ •. ,.~, . : 

·· .. ,k.~=.24: Bt;u~~~,~1~lh;:" ... .fi,.;: •• :-ii<\,,';r,,:"t'11 pl!l.tesF.ll"t; I/FY.I tbid~,' 
.~ . b.'1'·~"!JQF~(1O) ... ' ' 

. . . . . 

'Extr~pol&tion fo·t ths deE~_gn8d 
.... , 

plt.\t·i; is riot l"leCess3,X""j . since 

Unbalanc<rr F,l'rors,uuetolhat Flm?:tn the Safi':nl, .. ~ ..• ~or\a; one ;_-"'_""'." ....... ~ __ "_. __ "'~~ __ "'_..K<-

;:·t h1ck.speCime!1 t' the e;rl"Or. is <. 4'1pe1" c&ht. fci/'cr19 d~)gl:'eo , tem'pera61:1'~~,' 

:dtfferohce' across the gap.. Thi'sl'lg'lrB .is ~?little!!ma:rl.~rt;.ha'n' 
.. 



~. ; 

':3. cj. ual amount ,because' vloodside IS, .equa tion,wa'$ . used w ~hich'ign~~~ s h.' 'But 

:sp~ciman has, hoeffe~t'on this. unba.lanc~,: error. "., . 
. , .. -

Varia tionofthls' error with. '. sampla tcbickness ,1snot negligible 

:,., . 

. ' 

'" ,'. ",',. 

. ". ~ . '. 

" ; 

.... ' .. 
" . , 

Fig.' l4:~",UribalanbG errorsvs.' 5aIilpl~thicknessfor' a,811::c8~test.: , 
,,'are.a t d=t",plliti9:for bne deg.',Fi \l.l'lbalsmceandestilli4tad.· 
valu~ toi1·a.lou:kiO'! pJ,.atewltl'r *,a',.:gap.';::(]?lbttodvdi'h" " 

'. ".val~es: of Donaldson \ ) '.:' 
;.,' " ;", " ';', ," .'. . ," 

" 

'".- .'. 
,,' -l ..... 

.... ', . 

:d.' Unb~lance Errors Dua;t6. theH9a:t Flo~J Acl~5s:~sGa...E~::~'l'heG~ ·.,·r~o:rG 
.. :,' a~'e dil-ectly' pf~;oti¥lait.():5~"s~~heth~rr.llllci~nd~~·ti~tYi'orthega~, 

'" '.. '.-." 

::~;ld" 'the"Utip!ai~'ll~~~>,They:,~r~:inv~r~¢iy'!;,p,~~potional ;~}to: tll~,'t,h~rlr.a~ :,:", 

~onductivitY" qftha s~~leal1~- to: the ga~, ~1.dthi and~re,-il1~ependent 
,',"; .... , , :, .. 

,; 
' .. 

! 

'1 

;j. 

'. j 

'"", . 
,', . 
',.; . 

,".,-. 





" .... .... :.; 
.,\., .;:' 
':r~:,,> .. ' 
'.~ ,...... ·". 
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.: .' 

cQ;{side~d:m~I:.i~g~h~~:vn'lu~. h~g~~l:~,Th~,cqn.dU~tj:vttY;ofthe, 'air ( 

;~~'i~g"ar;~nd.2:Bt4-in/·~~~ft?_6F!:a t '.?lz6F,i j:t," ,,~6~d hotb~>tOQ;' ",,' 
.. : .... , .. ' ', ... 
FOl" extrarn9 

"';.,',".,', 

" ' 

,." 





-,".: , 

·.·,!.r _ .. 

".,1 '., ',. 

,-.- •...... , 

··.A~,Ganer8.1Dasoription:: 
, ....... , .• ," ... ;-,;_, c"; • _ •.• '0 

,-' , 
',,' . 

,,: ,", 

'," -,":". 
" 

.;;, 

:'-, . 

.". , 

: . T~ '~~~'rd6d ~ot' plat~ equipment '. con~~sts .' of' f9ur . main' parts: 
> - • ~ • . . 

28 

tlitl,·g~a',ro.ed 'hot pla.te ,i tseif t thi' ~oolingsystenit ~he;,cont~l"sjrt)tem:" 
. ,," " .', ',. 

~. ~ .. ' ,1~ " •• 

tliB ;Enectric~i. circUit •. ) 
',', :" 

"" . .A~'''ho",;1~ ·Ffg.'~~"l'~~'~l>~~atu;'.W"ii1"co~",~O!"m8.izl 
'.'<:\;; ',.~~~t~,::.atti':a .. ~~r~r;heat~*.~:,c~h~;r~l·:>h~t,.:~i~tf),G. ·4!#:'~ua~:::~~~.~~li¥~~·.,'.' . 
,j"i:' ·':·';;;~:~.~sf~.~.' ~he's,f~~'h()~~·1l~:·th~·~.diff~~ri~i~~i,:th~r¥~9~;~~·i; :t?~'s~fuPles,.;·and: . 

. : .. ;1 , ~ ... 

. :tb9;:cooling:pJ.ate:fl~·':! 
",'"' ... :. ',.". '.:. I ~.~' ' " " . . 

" ~ 

: -:"'-'.'-'.i. o .. <,;~:.··;. -'., "', .... ~ .~-"". ~-._. ;'--. ~ ':' ...... : .... ,.. .. :~. ,'.' ,·,--.. ';,' .. t,.·., ";'~.<' "' .. , 

;, ~gi~ l~~. :The·'apparatus: •.. :;Tne:s~bolsd.~note; 'a-:C901~rig,: #lata St' .' 

.,' ",. :~. ·:::b, .... $p~ciTile~s.; c~ 4's~ ~to~ sb:~~tS:i A- :C;t?-ard .ho~ I>latss, " 
.' ';e~Central:,hot<1)la:teJ £-:,Mainand guard· hoaters. ,'> 

. ',' 
"', .:',:: .,. ,;.. e 

'wive. :o~l?#e~tions" for' Write X'" circUl.~ ~i:(>il1.3'S: shoWn in, 
• ", ~, ' " ,~ • • • ;, ': .= ", 

t,he:·fp~o't.a'g~apho~;page;J6:~nd .:jFigur8i'Y9~ oll; pag~29' ~,'., 
, .... :.," '. . ~ , " :': . ," '. 

....:.:. The'~iectr1.~i·c6~e ctibrist~t.he,: li9at~r;.·: irui '~ha·.the ~m~ooupie.Wiring· ' 
, ",0; ~'"~' ,~. ,< ' ... ':~ '. ' ; >.. ';~::~' .• ,; .. }' ',. \' .<: .... , ~. :,: _ . < .,--:..,.,:. '"," ; <. ,':_, J:.' . . ~ ~, ' .. ',' ::.' ... ~'~'_'.~, '.',: :.(:., __ ~ :.::, ' ... ,~>: ... _.:. '~~'_'.' ""~',,::" .. :~. :'._'~' '. . 

, '., .'. ,a.re. not: ph~~:;ih't~esefig~~$;~' ,'J;b~y: ~are~exp~~~d,~~n~~:;~ate·:r."s,ec~ion. 
~, ": ': '. ' " ': " '". '.. .' '.' " ~ . 

.- ..-' 
, '. . ~ , . ~"\ ' 

<f .' 

;, , ~" . 

, , 

-·1 



. . . . . ," . " . . I:: ~ ., :'" . 

fnJ~ th!)',~'d.n r..oS,itar' '.1n::;1£'Ol- t.iK~ guard :h~at(}r: 
, ~'. " .. , '" , ::; 

.' , '. '.' . ': ~', , : 

'.: 

..... 

" 
<::;<'(7 '8)" ..... ' ,. . .' 

0f'Donaldson ."': havsbeen' very. useful ins:stabli'zh':' 
" ) ~", 

'-'.., <-

iflg "th~'"dasign~.~ tel'ia., Although 1~SrH :standqrds(C~117..;63) WS):'(3 . 
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