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© - I. "INTRODUCTION:

- Heat is conducted through a waterial according to Fourier's .

wauation, which is .

: k is»the
gtj‘.»Jx dlrectLon.'t_;s,‘Q:f_:. 3 ip-;»”:f;"~ e ‘;1133:.f“ o

1 nature there exlct MdberlaLS for wqgch tn aiue of thermal

‘; covdugiivxn Lk rahgé irvm abouu 2?00 %tuuwn/hr st2aop ’o* a material |

ff sucb qs oomper' %o as ‘ow as ?Q Rtu»in/hr-& a°Fﬁ$or carbon blacl

“1ftAlso dill 3 materiais »how dlffersnt vawlat ons,in‘ihe~v 1Le ef k

: -der varlouu conultlons. Vor axample at t moeraturCC abcv« ~OO °?, k,;

‘f? for alumlnum 13 almost conStant whereas fo commonfinSulatorS~k

"~y

11v‘1ncrea es~ ather shoruly’w1*h tenuarauu*e xnejreasons-f-ig‘*.v

valﬂéfgengra

‘for tlase dlfferences can be understood by a sthay 9&,&1 ro ard macrn

T,strLc+ure c;;fna naterlals._mne understarian o; tne underlyiné'reasons?

”gprov;des valuable 1n51ght *or @vaiua»mnv thc valua of aPJ matsrlal

In tHa rema nln? pa"t of thla seﬂtlon Jar10u= Lac»ors 1nflhena¢ng‘

fiifk ara b& E Ly merl ed DiSLUSSIOH 1° then attenden to cavor tne k

f

- v¢7urs of lnuulati g_material$, t‘e understardlnc or vhrch ara essent 1a1

ffor_th“s t}a;iT;>v1nally, the thacry of the gnprﬁa “10' olata’is 51ven,ff

PPN

by

which . DT 0"1”85 uﬁe theoretlcaT backﬁreurd fo“ tne anpar tu“ uSed

[




"’f this fact If there are plenty o; energv ls' vallable for the'fij~f7ﬁﬁL "ﬁ

 ¥cles o* the,naterlal Plcctron uonductlon_luimuch more effectmve than :
f‘."lattice conJuPtion, therefore
afabundant ‘are generally move conductlve Qhan non netals 1n whlch conauc-:

 :tion 1s malnly by 1att1ce vibrations. dowrver, thls 1s too broad a vene-, fz"

ﬁiihust oa evaluated to obt311 8 bett er 1dea about_,
"f:Generally sneaklnv the more-unlférm, uhC nurérfaﬂd{tbe moaw
‘fﬂ};afsubstance,uthe.higher‘it \bhermal conductivzty. Also. the less’compley ?il;
Jﬁf}the molecular an1 the crvgﬁ structure the hlgher will ba the 1attice L

~7 wfconductlon, whlch correspondss

"7'>to 1ts * vala ‘.In metals ztoms ure a mass of snacxs in an electvon

"rvcloud -'rae electrons are good carrlers o #nur:y and they are alao very
T however. The decree of tha m05111tj oL thn elnot“ons are respons*ble xor

w,~valence eluctrons. accordlﬁv tc %hv f“ae alactron theory of metals, they o

'»'there are twiue as many energy 1av375 as +nere ar» rue electrons. and

A, .The Mechznism of Heat Conduction and Thérmal Conductivity in Solids:6 @ -

WAy

EEn ,Oﬂductlon in’ qol;ds occur 1n LUO ba51c ﬂodes. electron uonduc-y_ L

11tibﬁ; *n whlch heat 13 c Plud by frea a’autrons. and lattlce conductlon,‘]“

” in wblch heat is carrlea tv the transnlssion_of V1bratlons of the nartl-;;fvf*7

oot metals in whlch‘frae electrons are

‘t-rallzdtlon and xactors such as uhe intera tzon'of 1attice and electron

'ﬁchonduﬂtlon, nurlty. homogenelty and the nature of the crystal stwucture

:ne value of the k

’homogeneous 5

fhlah k value in non metals.h

o

The nature of bondan of a substance ;u’a verj good _ndlcation

-?eef 101ent carrlers of heat.*”ou a 1 the metala are good conductors., o Aj,}“j«g

can absorb great amounus nf hsat easilJ by vnwn~1n6 their energy leVals

’fIf however their motlons are restrlnted_because thare arP scantj energy

..flevels attalnable thelr erfectlveness 15 reduced ‘ or exanple for c0pper  }f;i}




3;3180urons arv 2n'energy levels,f
%Aflattlce conduﬂtlon may become ‘an. 1mportan? part
All other bordlna tyneo are less e;xectlve because fh°re is qn

2 abaence of free electrons and bondlng contrloutes to 1attlce condqulor; -

f“~on1y. Wlth 1on1n bondlna the 9051t1ve 10ﬂs surround t emsaLVes w1tnw's

'”3'negaulve 1ons and vlce versa.:¢hls dlstrlbutes tne attrautlve forces‘

H["?ln alT dlreﬂtlons whlch makes bondlng very weax. ths wsak bond is’ vawy'

S nefflclent 1n transmittln vlaratlons.;~or exarple, ﬂaCl has k : ’8i7

ﬂ“ !?Btu_1n/hr-ft2-°F In ceramic materlalb, vhlch are composed ofrmstallﬁc

;and non-u,talllc comoundQ wlth nost*v 1on1u bondlng we have 1iKGWlSC

-vaerJ 1ow k ; whlch maxes ceramlcs suitable fcr 1nsu14tlon.:WIth covaleqff

fbondlng,bwhich 1s very stron v, we st111 aet a low value for k beuause
bondlng estts oniy 1n the molecules thevnse"vec ana nolevules aﬂa ery

wea&ly attracted to each otner (by v. d Waals forces) Slnce v1urat10

transm.tters are molecules, not the atoms 1n thls case, wa have vsvv

‘;jﬁlow P value.,Thls 1s whv organlc comoounds arﬁ vood 1nsulauors (axl&

:Zu Btu-1n/hr-ft27°F, cotton k %'.48 3tu-1n/hr-zt2-ljf$V* 

In 1dttlc° conduntlon the arrapzamsnt of atouw alSO‘h;VQ ;nviin
fflmpor+aﬁt e?Iect §n tne value of k. If the brysta1_¢truct4re is 51nnlu,l
":v1brat10n transmlssién is. ea51e£..If the‘xaterarl haa an anﬁwohoaa

fa«structure 1nsteac OL revular oatterns oi crysta R v1orations arg .ove"

:flnbiolted For exawple vlassns uhlch hava a *ont1nuou< neteork of,bdnﬁs5
‘have 1ower k values than crystals of the same Lomp it At ?2°V quartu 

S flaso has k 1 3.~ t;tu-m/hr-f °F‘ cuartz crystal has k 72 and ‘32




b
Eo

Htu-in/hw_f*z °F. When we: have a molecular como051t10n rather thah a T*eV

i natoﬂlc solld, k value reduces"harplYH The reascn is that some. of thef‘ v

‘heat vonducted 1s snent'ln 1nternal v1brat10ﬂs of mo‘ecules, whlch do ;

7notucontr1bute to k ;_Whereas Ain; a monatomlc (noq-netal) qolld all the';f;gifu:

heat»beln: transmltted 1s used for th= atamic v1bratlon and takes part

N’ onductlon.fm«"

"5 prurltleS‘andf rreaularltles 1n a materlal Droduce addltlonal

e51stance to heat f10u‘ In'metals the effeﬂt cf 1mour1tles is very
1arge. For example, only 2 5 % Zn 1n “u causes the k value to drop by

;about'ZO*». ATloys usua11y have thelr k values lower tban both parent

“metals. Wlth ]attlce conductlon 1rreau1ar1t1es are the~ ore 1mporuant. o

fDlslocatlons vacancies. and 1nterst1tlalt1es d*srupt the normal trans«',[ie

'alloy'asxan exanple. 7@ Cu, 93 Al alloy has whenx.ﬁ

“:We can 01te an Al-

‘avﬁgcast.:non-trsated k 1002 BtJ-iﬁ/hr—ftZ—; i‘vhcn ann aled at 450 C

1 mu %u-in/hr-ftz °r

Tne atomic picture explainlng the va 1at10n of k w1tn temperature o
“;ffls rather c0mnlicated and beyond uhe scone of thls 1ntroduct10n.* Only

° the basmc trends of k ?or varlous materlals as a f'unc:t].on oP temperature-' =

e U SR S ‘ : S Ll
v';Q Metals and non—metals have a: very hl”h peak at 10“ temperatures, R

'fieﬁdffqr norna1 and hlgh temoeratures they ere oractlcally ﬂonstant

- % Por an extensive treatment see Ref, 1
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T;_igri;a‘l‘L_conai;ctiﬁ{y:pf','J:ﬁf"sﬁ_l'a't‘ing.;M'ate'x‘_{";aisi S

Today there a’e so many 1nsaLat1ng mater*als in use that it

;ﬁ}would be 1mD0551ble to study all of them 1n this work.  Belov a cla551alt*
‘:&iificatlon is attempted only according to their nacroscoplc structure whlchv
-tﬁ;is in. turn couoled to the mschanlsm of- heat transm1551on. Also. since we'.
'Ta:e dealinv Vlth csnductlon 1n this work refleculve insu‘atton has been

) hom_ttea."'7‘"

o Prom the precealnd sectlon, it can ba se n:t“ﬁ‘ the‘mbfefcbh;-
'pllcatnd the inner strUﬂtu“e the lower 1s the K. - Lhis prov1des a flr,t

"g'ru1e for lnsulators. w1th few exbept ons they az‘ have lmnurltles, >

v'i“bbleaches in crystal structure, several dlffe“ent te turbs SJch as flbers,f

”&grains. etc.f A seﬂond rule xo~ 1n°ulatovs lS Lhe ‘reqvgﬁt 1nclu31on of

'6ir: ‘ the texturu oP the materlaT At 3?°F alr has k “,.17
“>“ﬂf.Btuoinfhr-ft2 °F thuu if propar’y used alr can be verj e’fectzve.; 

"if;Thlrd weneral fact about 1nsu1ators ls that an ‘vonullcated texture

‘l mater137 can b° an 1nsulator, examples beinv ceraml s,' Zlasses, organic .. -
l'ma*erl“ls and rocxs."

Vow we w171 look at the basxc Lypes.

fl.v‘Po§ou;‘Insulat§ra and/Flne Povdersh
. Thesa are. materlals that have air. flll°d pores Ln”thelf structure.
L7}%uxaﬁples are waods, cork porous brlcks, and péwae“ d oharcoal.
" ‘ ”wo dezlnltlans are . u@eful in tal&lnr.fnouf tnese lnSdlétorSri"
TtThséa,are apoarcnt densltJ';Y.' WhICﬁ is equa1 to Wflg“t of thn bOdy

ffd1V1d¢ oy iﬂe volume of thp body, and vor081uy. p, whdch *s
. R \ . fa- e
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‘”j-"hersja is the density of tke caﬁtlﬁgen ,ﬁéﬁérial{f

" of heat transmissibnlsaméwhat}
‘f~erig1jheaz’nransm43010n is by co nuccﬂow owl

‘fiare wy cond ction c:nvectlon (lf tb@ noras

”Fl 4 Tnﬁrmai conau~t1v1tv Vs, or05¢tv ;or a?uziga-é

.arisé'inftheﬁihsuiator;"‘

”_1

U Phe ax istence o? air 1n Dores in *né‘ extﬁf‘ udanwes the plcture

Viéround tﬁs pore;:*r t"ﬁ contln;ent matn

1

u:"ﬂé‘uss rhe noras thev

1

oth) and radiatlon.

“Tn se L&Cbs olus tha eylstenne of alr flLJei Qres maxe k cepanuent on

3

N manv are P*ctors than aimuly temnerature ara'dé it ,Wf

e Ax_umm«

. %lLch amcx R

S PORO.S!TY /o PSRRI

1600°F and

h¥
f51 tica- Brzck at TAOO°”" 0 examolen oT *ef ; oriee 37,

_If.yuexpores}are<b1g ana'céhhécted;kcén%ection currentsfmay“:*

‘ﬂearly 311 3owous 1nau1auer ~anﬁab59?b{z sat zmounts of moise

'¢_ture ‘atd'khﬁs;seriously-increas',,ne vAl erol k {Fig, 5).
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»Thermal conduc»xv*ty vs._ ercentave oz malsburﬁ by voluma. BENE
' . ”iber%oardsﬂ5 L s

oareo soma haat is transmltted
emssivny 01 une pore surface. R

fThiS effect‘of radiation 1ncreassa‘as the temper&tdrc zw anreased It

'fhas been obcerved that kapoc and asnestos dusted wlth aluminum powdar 'i},

:‘lfgave‘IS 5 ana 18 0 per uent reduction 1n valuﬁ. reSDeCtl"91Y-(5)

'<ffparent to radlatlon. .g.‘sillca aerogel‘» Tnarefore in. measurlng k"‘:

~ 5f€{‘h1gh emiss¢v1ty p3ates must be used Sinne alr in the nores are conduc~  w

'5~j,txve. we should exoect air’ prassura to alter the valua az k and there- '
ff;fore k of he. insulaﬁor to‘hhanve. QOwever, co aaction'in'gases o~curs,1v-
””!by tha transn1551on of the co1lvslons of the partchGS o? tha gas and

*'uhen Drvssth is ncreased tha-mean frae path of thm gas.becpmes_smaller :

.Vx

‘*l]but alnce atoms also 1ncrease in numbar bv tne sams ¥ acior»k”ddes not'

‘ijchanve.ﬁ Thave 15 one exceut Lon to thls rule, *nd th* is .? t if the

'1d1men51ons of ths nores bacom= less than uhe m@an iraa path of *he gas

:;fSome insulators on the other hand are almob* "omnletely trans-c 3?"y’
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.;'  ?ig 7 Anvareﬁt thermal conauctlv*tj of DDderH (1)'*

'f{~Quaruz sand graln% .co i’ B
. Zinedust, grains .028 ma. [ zrenular powders

*TZlnc dust ‘grains 006g ey o e D e
;Diatomacaous garth = ... o

. lamp soot = }

“spongy powders
’Z’Air = TR




v; B

,:,'i_f-fmolecules at that pressure and temoerature then k of air is directly

» '.«H ":

"flgiprOportional to oressure and becomes zero at zero pressure. In a. mate-p~v7f

smaller than the mean free path of air at ordinary temperature and p

ressure. Thus porous 1nsulators with k values less than that of air .

o has been poss:.ble to obtain.: rine powders are another example of this |
;,f}type (F‘ig. 7) |

hﬁth porous 1nsu1ators*pore 51ze affects the k vs. temperature

lecurve, Since there is more radiation across the pores 1f the pores are

"‘f7;b1g the k vs. temperature curve w111 be more steep.i,,i

‘f;Loose Fill Insulators

These are materials made by filling some space loosely by some

if,rial whlch has fine pores such as Silica aerogel the pores can be made Qf B

‘:’lglouwk snbstance. {The main function of this substance is not the retar-v~'“ﬂ

'?'fldatioziof the heaghflow as such but rather to hold air. in. between and f"f s

{prevent convectionncurrents. Examples of these type of materials are

apmlneral wools, glass wool. cotton and the like and granular 1nsulators..

the air and t’

?73%1f<conditions are’ favorable.‘"' S

.(‘

With these materials also. heat transfer is by conduction thrdugh _1}p;?

filling, by radiation through the air, and by convection ‘f - ,f

Since the air 1n these materials has easy passage in and out aS’cj'.i'-

well~as through the texture itself, convection currents may eaSily set up f:jf:'
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‘ CORK&OAKDv
HBER&OARD

CBTULIN/HRFTY
e

}ﬂCKNESS, : CHES
¢hermak‘conduut1v1ty v \ thlcknese;f,?b
durl g tast is ve;ulcal

;ﬁion.of they

:("5‘ :

} flbraus 1oose flLl 1ﬁsu7ator 7d:A*

ifden@ y.is ir reased \Fl - )

hensiﬁy hav an adverea exfect on“cohvéptiéh;w II a ]oose flbrou~fﬁ

1n t"n e*aturs

":[finsulaiox 48 very dansn convect*oﬂ alll stcn

:dlf ranbe bntween the two sides of t%s 1nsulatar':§d t a fertaln 1nsn- B

‘;1at10n helght.

¢

MAcuordlng to W1]keq.(i) écméT n uTatO‘q llke rock wool and glabo{??’

wool qrm not appraclably affe by*the’r 1ut1ve aumidlty‘of theitlr 11}* |

the Gomperature throvghout ths insulation 1




"o surrounding air. | i
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Ths auard d QOt Pl;te

'*f"f.héf‘rfziini Festures

o dpparatus for meauurénw thaj"

Tbe guarded hot plate 15 tne tdﬂu_

"?f;uhermal conduct1v1fy o? 1nsu1atﬁnf unfe*xa s in the form 01 flat slabs.*

- ijere are’ t‘c tynes of the guarded hau plate meual aurfacei. 1n whlch

;ineater‘plates ara metal and refrnctory surfaued in whlch heater plates s

“iars of re?ractory materia Th neta* surfaceﬂ guarded hot nlate 1s usedfijf

ffor ]ow temnerature apn‘lcatlons_(hot plate up to 5uO°F) whereaw the

Airazractorv urfaced guarded hot plate‘lg usad fcr h;gh temperature ranges?i“

i See for example AST St%#&éE&é{;@fﬁ?—éB:{T&rk;éﬁgédéfdléii;a




:‘hot nlate netumen °00° and 1300°F.w auarded hot plata¢ can ba square or o

' *fround denﬂnding on the ch01ca of tne deszgner.v 

‘ljk Fo“ nractlcal purposes,»the operating range of the guarded hot
”JT_plate has beer llﬁited for the deternination of thermpl conducuances not
‘ﬂjin ﬁxcess of 10 Btu/h"ufﬁ“ °? by the American Society lor Testmng and

:V;Haterzalg. (Conductance is k dlvided by 1nsu1ator thlckness )\"'v

an guardea not plann;oa51eally ﬂonslats of an: elechrlcal heatlnc

DR

lelement ln tna m1ddle on the two Sldﬁo cf zhloh ara two oieceo of the

Coohng Tubes
e e T
5a = B2
z 1
c;o-h—n; T Tubes-

,V’vTOvS Sectlon of a Typlcal Guarded db Ptan«. ﬁa‘ ﬁu scale‘
oo The sym%ols of ‘the figure dsnote, a- Cooling plates, be Sample,
e« Hain. heater nlates de= Main heater, =« uard nuatsr n;ates.

EE : P-‘ruard heater, .

B

'J_?dﬁér,is~@cpliadfto thé~héé£er‘and”a,tempsratura differenca‘is'

ﬁéd 26X0S5 t;e sample under steaay st t e rdlt ons,c Using the
1‘7Fourler heaﬁ cunductlon equatlon for 6ne d ’nsioaal heat flow :

u\ AT/Ax

A’“>’and us:n: Lha x ast red vnlueo OP Lhe powar 1nput. n, rna onnHwned

vspgglmen‘no b tested and two coollng plates whic sandwich the assemblyr“jf”



L”.jiﬁﬁééghaéﬁes § tbe two sampTe;;zxx, the combired “ewn;r;f"“u differenca
Af?écfd§$ £hé~tvo 'anpﬁeo, AT ard tbe heated ared cf thn snec:msn, A, tbé :
%ﬁivalue of k can b~a ualculated« | -
: In order to gustlfy this procedure there must bf one-dimsnsional
'3¥wheat flow throu n,the*samnles To reallze this,.nnc electr1011 heate;

5,fconsz°ts o* two sectxons the maln henter nd *hﬂ gu ra heater Whlch

'f;surraunds tne mdln heater (ses rig. 10} The &uard heater is heated‘,i

f_fsenaraualy uO malntaln negllg:x.olc tﬁvmmruture diLt S Tencs hecfsen the"fz
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