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I. IIJTRODUCTIOI': 

·Rapid technological development has resulted in an ever 

increasinz demand for property data for a variety of working 

f'l·l1 ]'r1s l0 "1cl11r1ina T'f)ly·r11a·,~i·e fl·L1J'ds 1_,-~Ac':_it 8YC1'-'},'1Yll-;'"7_8· p]:-:_.1-;r9 ...._ ___ , ___ ,_ .... , J. , __ , __ , ____ '-' ~.) - ,,.1. J --~- ... ·' ~ -- • -~ -···- ---

an important.part fn the bnalysis of any process and the 

interpretation of research data. The kno\l'rledge of thermal 

conductivity is helpful in interpreting physical and chemical 

phenomena governing molecular transfE:)r in liquids. As a 

result, durine the past two decades, many investigations 

have bef n undertaken to further the under~tanding of the 

nhenomena as well as the correct prediction of thermal cond-... . I 

uctivity of liquids. 

J:'.uch information has been acctunulated to:vard underst-

anding thermal conducti'li ty phenomena in simple liquids and 

liquid mixtures. Recent studies have broadened this infor-

mation to include polymer solutions and homogeneous polymer& 

at temperatures below their melting point. Very little 

investigation has been made, however, in determining the 

thermal conductivity of polymer melts, which is valuable 

in 1mderstanding and controlling polymer processing. 

r~he }:1J.rpose of this investigation was to select an 

a~propriate method for measuring the thermal conductivity 

of -nol vmer melts, desil?n and conE".truct a suitable a .. ·cnara tus, 
... W I • l....J .J. 

obtain thermal conductivity data for selected melts, and 



.· ... ;:z_ 

attempt to relate the results to published results taken 

. at temperatures below the melting points of the polymers •. 



II. LITERATURE REVIEW 

The follo~~ng section contains a synopsis of published 

literature pertinent in the measurement of thermal conductivity 

of polymers. The most widely used methods for measuring 

thermal conductivity of materials are discussed along 1rv-i th 
'·-

limitations and advantages of the methods. This is followed 

by a brief discussion of previous results and postulated 

theories connected with thermal conductivity of polymeric 

materials. 

Experimental Methods for Determining 

Thermal Conductivity of Liquids 

A system unaffected by a temperature gradient will be 

in thermal equilibrium and, thus, there will be no heat flux. 

However, if a system is perturbed from thermal equilibrium 

by a temperature gradient, ~ 1/~~ , the pertubation will be 

accompanied by a heat flux, Q, opposite to the gradient. 

This gives rise to the phenomenon of thermal conduction. 

The coefficient of thermal conductivity, )... , is then defined 

by Fourier's law 

( 1 ) 

as the proportionality constant between the heat flux and 



the temperature gradient. The law is assumed to be linear 

and T,IcLaughlin ( 24) states that it is likely to hold for systems 

not far from thermal equilibrium, i.e., low thermal gradients. 

To determine the thermal conductivity of fluids, conditions 

must be such that heat is transferred by conduction only. 

Bulk motion or conve9tion of the fluid must be absent or 

accurately accounted for. Under conditions of heat transfer 

by conduction only, with a small temperature difference, 

~ can be considered a constant(3,5)_ 

The energy equation, with the fundamental law of heat 

conduction (1), can be used to solve for the thermal cond-

uctivity of liquids. The general form of the differential 

equation for heat conduction without heat sources and sinks 

is given by 

where:: 

T = temperature 
e = time 
.X = thermal conductivity 

cP = heat capacity 

p = density 
\]2 = Laplacian opera tore 

( 2) 



,L 

Steady-state·operatiori. For steady-state operation,· the 
.. -··. -

· temperature at any point .. of·· a fluid system is .. independent .. ·. 

of time and (2) reduces to the Laplace• differential equation 

2 . . 
'fl T = 0 • ( .3} 

. SolutJons to this equation exist for the three .coordinate· 

. systerris in cases. :of orl:~-dimensionaI heat conduction. 

Ziebland tsC3 1· J. :.p~esentatioh of these solti.tions are; 

. ~ 

' .. ,A'·" 

1. Cartesi<3.n Coordinate:s. -··heat rio~J normal~ to the 
. ..,-

surfaces of. two. paralle·~,. infinitely large· plates 
•"'<:- ' .• 

: /: 

· .. \ .·····g t •····.· ..•... · ~ ····· · ""<. == i · ( T·1 ..;T21 . . ·, ·.- . ,. : .. · .. ·.· ··'. 

-.·: '•; ·:· 

:.v ·-

where:: · ·. ··· · 
•:··~ ... " .. :. 

_(4} .. · 

. ~·, 

t·.=. p'erpendi·ciula:r·distance betweem plates 

.·; ·~·· = surface area -of piate. 

T1 =·upstream plate wall temperature' 

. T2 ·· ··downstream. plate wall temperature ., 

. . . . ' . . ' . 

2... .Cylindrical. Coordinates -Lheat flow radially between 

·. coaxia:t cylinder.~ . 

A. ; Q l;n r2/r1·. . 
-,. 2'.Jr L ·tT 1..:T2J . (5) 
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where: 
r2 r.=: outer cylinder radius 

r1 = inner cylinder radius 

L = inner cylinder length 

T1 = inner cylinder wall temperature 

T2 = outer cylinder wall temperature. 

3. Spherical Coordinates - heat flow radially between 

concentric spheres 

(6) 

where: 

rZ =outer S'phere radius 

r1 = inner sphere radius· 

T1 =inner sphere ·wall temperature 

T2 - outer sphere wall temperature. 

An average value of A can be obtained from these equations & 

Should the assumption of linear dependence between ,T and >. be 

inadmissible, the average thermal conductivity can be deter-

mined from(3 1 ) 

T2 s A(T)dT 
T' 1 

(7) 



A (T) = thermal conductivity at a .r)e.rticular temp-
erature in the range T1 to T2 e 

All t·hree arran[;ements, flat plates ( 1 ' 26 ), concentri.c 

cylinders ( 29 '3 1 ) , concentric s~!heres ( 6 ), have been used with 

stlCC ess. 

Unsteady-state _rr~ethods. All stea<;iy-state methods require 

careful experimentation to account for or eliminate heat 

losses, convective errors e.nd geometric error so In addition, 

should the apparatus have considerable mass, considerable 

time may be consumed in establishing steady-state, As a 

result, many investigators have attempted to design and use 

a transient-state deviceo In practice, these devices have 

been restricted to hot wire cells in which a change of temp-

erature is observed in an electrically heated ·wire that is 

immersed axially in a fluid. The hot wire is contained in 

a cylindrical cell ·which is in thermal equilibrium. Suitable 

forms of this device have been used by Ball( 2 ) and Falcao( 12 ) .. 

T1--vo basic means of measurement have been used in the 

unsteady-state, hot wire method for determining thermal cond-

uctivity. Both Ball( 2 ) and Falcao< 12 J generated a time-

dependent tem.perature field in a large volume of test fluid 

by continuously generatinr.; heat inside a solid body. The 

temperature gradient through the test specimen was measured 

continuously as a function of time. A different approach, 



as discussed by Ziebland(31 ), consists of generating heat 

for a short period of time in a large solid body. Heating 

is discontinued after the temperature of this body is raised 

a few degrees above the temperature of the heat receiving 

body, which is assumed to be constant. The temperature grad-

ient between these two bodies is then measured as a function 

of time, giving the gradient over the test specimen .. 

Comparison of steady-state versus transient methods. 

As' previously mentioned, unsteady-state methods .give faster 

experimental results than steady-state methods.. Ziebland {Jt) 

points out that their chief disadvantage is that they are 

l"ess accurate than steady-state methods. This is probably 

one of the main reasons why most of the experimental infor-

mation accumulated on thermal conductivity of liquids has 

been obtained with steady-state methods. 

Uricerta:J_nties in Thermal 

Conductivity Measurements 

Without proper precautions in design and operation of app-

aratus, heat losses· can lead to considerable error in results. 

Sugiyami("ZB), for example, working with the guarded hot plate 

method, found that he could not obtain accurate temperature meas-

urements due to heat losses. However, by careful placement of 

guard heaters on the apparatus, the heat flux can be made uni-

directional. Two sources of error, radiation and convection, are 

invariably associated with all thermal conductivity measurements 

in fluids~ but not necessarily in solids. Elimination 
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of these sources of error is extremely difficult.. However, 

measures can be taken to reduce these and an experimental 

determination of their magnitude can be made. One additional 

error, geometric eccentricities, is present in the coaxial 

cylinder and concentric sphere methods. This type of error 

could also be present in the guarded hot plate method should 

the plates not be parallel. Proper design can reduce this 

error or allow the determination of its magnitude. These 

three sources~ of error are discussed below .. 

Radiation.. Since this means of heat transfer depends 

on the molecular properties of the test fluid and the con~ 

fining solid surfaces, it will always be pres:ent to sonie 

degree in thermal cond~ctivity measurements. Measurement 

of thermal conductivity depends upon two surfaces being at 

different temperatures. Thus, radiatfon will. occur between 
(8) . . . 

these surfaces:. Eckert . is. one of the investigators into 

this pro·blem. His analysis of the problem in the simplest 

case is given below. 

For a non-black body, the rate of radiant heat or energy 

emission is 

~ - A e o- T1 4. (8) 

where: 

~ = rate of heat emission 

A = sur.face area 
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e =· emis·siy;ity coefficient of· the body 

fr'== Stephan-Boltzmann. constant 

T1. =· absolute tempera,ture of the body. 

The rf1:te of absorption of this energy by a receiving 

body or the surroundings is 

(9) 

where: ·-. ·';.. , ·'-.· 

. . ~. 

Q2. ··.·.rate ()f energy absorp:tio:p. 

d:. · ahsorptivity.·or ·the· body=::·: ;··.· 
- . . . . . . -.·: __ . ·:--:·.; ·,, 

. . T2 =absolute tempe~ature of· ·the .. body. 
: ~-.. 

·-., - ... 
·.· . ·. _-,., ·'.,: .;. .. : . . . . ·. - ' .. --~- ' . ... · ... :._ . . . 

The net _rate of heat exchan~e betwee·ii the.· two bodies · 
·. ··'. 

is then. 

. . (1'0) 

where:· 

~2 ;=net· rate of~heat exchange 

Fo.r· most materials; .·~and e. are < 1 and are approximately. 

equal. By making•• ~=e=1:, · .. th_e maximum radiant heat transf~r · 
. . . . . , . -

would be. obtained •. · ror ~ small temperature difference between 
~ ' . ' . 

.. emitting and absorhing bod~e.s; (T1 4-T24) nia:y be approximated 



•Hhere: 

11 
m 

AT 

n.earranginc 

-·11-

eouation 10 yields 

( 'J1 ) 

that for radial heat conduction between co-

;:i __ xi· ~-1 cyl..: n\.-:!e-r•s 
-· •4 J..L,l ,. '· ' can be rearranged to read 

I 
(12) 

The ratio of heat transfer by radiaticn to heat transfer 

by conduction is then given by 

(') 2/ '"r · .. · Q 
·~. 

= (13) 

11rhere the area in equation 11 is given by the surface area 

of the inner cylinder in equation 12. Using equation 13, 

a measure of the sisnificance of heat transfer by radiation 

ca.n be obtained. 

The above discbssion concerning radiation effects upon 

heat conduction is valid only 1:Jith a transparent, 11non-part-

icil;atin3; 11' fluid.. The effective emissivity of this type of 

fluid is 1 • 0, i::vhich means that it transmits all and absorbr~ 
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none of the radiant energy '.'1fhich it receives. Some materials, 

hovrever, are semi-absorbent.. Radiation calculations with 

a semi-absorbent material are more complex than with a trans-

parent material. The emissivity and absorptivity depend on 

thickness of the sample, spectral wavelength and temperat-

. ure (32). It has.also been shown('3ZJ, that an upper limit 

of radiation effects can be found by assuming an emissivity 

of 1.0 if the actual emissivity cannot be determined .. 



Convection. Convective heat exchange is a hydrodynamic 

Tihenomenon and is caused by the bulk movement of portions 

of the fluid in or around the conductivity cell throu.e;h 

excessive density eradientso In thermal conductivity meas~ 

urements, only free convection, vrh:i.ch result:::; from gravity 

forces actin~ on a heated fluid of variable density, need 

be considered~ 
( 1 '7) Hsu ' has studied the problem of convective transfer 

L' , • .!'.' L'l . J·1 l ']. ~~ . ld( 20) .. d" d .._, O..L neat. 1 ro:n a 1 a:t wa _ 1v.:n .e .t'!..rausso s-cu. J..e 0ne 

problem of convective heat transfer th~ough liquids between 

coaxial cylinders$ In their results~ they showed that dyn-

• • •j 't 'd. t• . 1· d. '] .._. d amic s1m1~ar1 y consi era ions app ie ~o ~~e mo(,ion an 

energy equations yi2ld t·wo independent, dimensionless group-

ings of pertirtent variables o These are the Grashof number 

i\T -
~'Gr 

(1:4) 

and the Prandtl number 

<.··There: 

( 1 5) 

TIJ = Grashof number r'Gr 

g - local gravitational acceleration 

B = bulk coefficient of volwne expansion 
(evaluated at some reference temperature) 

? - fluid density 



AT =temperature gradient(driving force) 

d = cha.racteristic linear dimension 

.A.I= coefficient of viscosity 

NPr = Prandtl number 

Gp -- constant pressure heat capacity 

k = thermal conductivity •. 

Kraussold(20) also pointed out that the Grashof number 

can be thought of as a relative measure of buoyancy to viscous 

forc:es, while the Prandtl number is a measure -of the ratio 

of momentum to energy diffusivity. The ratio of apparent 

conductivity to the _true molecular cond'ucti vi ty was found 

to be a function of the product of the Grashof and Prandtl 

numbers, commonly called the Rayleigh number · 

(1:6) 

where: 

NRa = Rayleigh number. 

It was stated ( 20) that for coaxial cylinders, a valu_e 

of 

·N <. 1000 Ra 

insures that convection is either negligibly small or comp-
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letely absent. Determinations made under these conditions 

yield true molecular conductivity. Tsederberg( 29) feels 

that a more conservative estimate, such as 

insures determination of true molecular conductivity. 

Crosser(?) found that for the guarded hot plate method, 

true molecular conductivity could be obtained when 

NR <-1700 • 
.i. a 

These criterion can give an estimate of convection effects 

only if there are no additional effects, such as eccentricity 

or multidimensional heat flow. No author whose work was 

reviewed in this investigation has proved that his system 

is free of convective effects or that his system was one of 
{ 11) . . pure conduction. It was suggested that to demonstrate 

that pure conduc.:tion exists, the heat flux should be plotted 

as a function of the temperature difference. For pure cond-

uction, a straight line which passes through the origin 

should result. 

Eccentricity. ~.'Jhen using the coaxial cylinder or con-

centric sphere methods, the axis, or center, of the inner 

body should coincide with that of the outer body. Should 

the axes not coincide, Ziebland(3 1 ) reports that experimen- · 

tally determined values of .A or k will be high when using the 



coaxial cylinder method. Should eccentricity be present, 

the equation for the coaxial cylinder method 

would be incorrect. In this case, Ziebland presents a modified 

equation 

where: 

Q lnjr12 [{r2/ r1 )+1] 2_b2 ~12 [(r2/ r1 }-1J 2_b2 

= ____ /,_r_1_2 ._J(_r2_1_r_,,1 )..__+_1 ]_2_-b_2 __ J_r_1 2_[_c r_· 2_;_r1 ..... · )_-1_]_2_-b_2 
2 1T L (T1-T2 ) 

b = misalignment factor(normal distance between the · 
two axes). 

This correction applies to translation of the cylindrical 

axes only.. No proposal is given for deviation of one or both 

axes from the vertical~ 

(17) 

ComDarison of steady~state methods in terms of experimental 

uncertainties. Ziebland(3 1 ) presents a critique of the most 

·widely used methods of thermal conductivity measurements. 

In any method, some small portion of the total heat gener-

ated will not flow along the prescribed path. The precision· 

to ·which this heat loss can be controlled or calculated is 

one means for choice o.f methods. Another factor which must 

be considered is range of operating conditions. 



In evaluating the three steady-state methods as to exp-

ac-'-,::.rl ""r'-"O,.' .J..f-.e C'1'~1~doc·1' ,-~ I....· .:..\.J. L... ..L J.. ) l.J.t.i. c_S ...... .c:-:_..... . \,,.... hot ple.te rnethod has smallest ecc-

entricity error but heat losses are much ereater than for the 

other t~o methods(?). Concentric sphere and coaxial cylinder 

methods are cornparabl~~ in terms of heat losses but 13eornetric 

eccentricities in the concentric Bphere method are greater. 

In s1JJ11ma:ry, Ziebland proposes that the coaxial cylinder 

method offers adva:ntages of versatility to operating cond-

itions and nature of fluids tested. He further states that 

this method is superior to the hot wire, unsteady-state method, 

because of higher precision~ 

.T.b.2_ory of Th_ermal Conductivity 

of Polymers· 

There exist two basic categories into v1hich kno~,m theories 

of thermal conductivity of condensed matter can be divided. 

One category( 13} con3ists of theories of quantized lattice 

vibrations, ~iliereby the resistance to thermal energy transport 

is analyzed in terms of rhoton scattering~ Alternatively, 

there are the liquid-state theories, a.s proposed by Horrocks 

l • ." ~ . ' 1 • ( 1 6 ) mi 1 . , d 1 l f anc ~cLaugn in • 1nese ana_yses are case on a moce o 

liouid structure in ·which each molecule vibrates about a 

mean equilibrium position, colliding and exchanging e111:;rgy 

with nearest neighbor molecules. 
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Hanson and Ho( 1J) point out that although these theories 

are well suited to simple low molecular weight compounds, 

they are inadequate for larger molecules. In the c:ase of 

polymer molecules, the existing theories do not include feat-

ures which consider the effect of molecular weight and mole-

cular orientation. 

Proposed theory of thermal conductivity for linear 

amorphous high polymers. Hanson and Ho( 13) have proposed 

a theory of thermal conductivity for linear polymers.. It 

considers the fa.ct that a segment of an amorphous linea·r 

polymer mass has two kinds of_ neax•est neighbors. It has 

two neighbors on the same molecule to which :it is chemically. 

bonded. In addition, this segment is surrounded by other 

segments· on other molecules~ It is bonded to these segments 

only by secondary forces. Each segment interacts; or collides 

vtl th its nearest neighbors but the frequency ·with which it 

collides 1vi th chemically bonded neighbors differs from that 

·with secondary bonded neighbors. 

It is assumed that the energy transferred in each inter-

action is proportional to the energy difference betv!een the 

interacting segments., 

For a reasonably small energy flux range, the energy 

transferred can be linearly related to temperatures. Assuming 

a linear temperature gradient, these fluxes can be a simple 

function of temperature gradient and position. 



~·Tith these assumptions, the thermal conductivity of the 

polymer can be f ourtd by 

where: 

N 
l: (18) 

i=1 

Cs = heat capacity per segment 

y 1 = frequency of interaction between neighboring 
segments on the same molecule 

P 1 :.; proportionality factor 

V = volume occupied by a segment 

N =number of segments 
. r 
~ = energy flux through segment :li. 

Difficulties lie first in the fact that all molecules 

in a polymer are not equivalent, so it is required to average 

over many molecules. Secondly<, V1~1 is: not known and Hanson 

and Hof 1J) present no method for calculating them .. 

Therm.al.conductivity· of J?()lYJUers below melting point. 

Many studies have been made of thermal conductivity or thin 

film, sol.id ;state, polymer structures as a function' of temp-

erature. And·erson(tJ. and Kline( 1$) report that the thermal 

conductivity of an amorphous substance below the.glass trans-

ition temperature should remain the s~_me or increase as the 

temperature increases. In his study, made ·over a temperature 

range o:f 25°C to B5°C, Anderson reports the follo1ving results 

for· ten amorphous polymers: 



25°c: >. ..... 0:.12 to o.1g kcal/m hr 'QC ,..... 

85°C: A ...,.. 0~14 to 0!'·21 kcal/m hr oc-~ 

!h most· cases,. A increased linea;rly with increased temperature .• 

· It was proposed C1.3,JO) that the increa~e was due to increased 

segmental mobility in the polymer cha:tns. Another factor. 

1-thich could offs~t or reverse this trend is the chain-to-chain 
. . ' '· . 

density reductio·n V.~.i.ch o;c:c.urs. With :increasi.ng .temperature. 
. . ·' ··-. . . 

In th_e ternperatur:e ~ange· st'll.f3.ied,, .the thermal ccm<;luciv:i.ty 

. of crystallirie pqlymers was h;tgher: than :for:atnbrphous pplymers~·· 

Hm'Tever, a decre!ase in .therinal ·conduc·t:i,vity ·with·. increasing 

temperature was indic'a'..t~l .for·-crystalline.polymers. Hanson 

and Ho{ 13) propm~·ed tha·t: thi~ dee~ease with ·increase in 
.. . ';/· .. ··. 

of the polymer. Since the present stud:y i;s concerned·· with. 
,,;· .~ ·. : 

polymer m.elts which. woulq>'pe~orphous.'in strµcture, no 
.. ,; 

further discussi·on of crystalline polymer thermal condu'¢tivity 

Will ·be made. 

Ot~eir :t~V"estigators(9,l4i, 1 '?:·1Z7J have tou'lld· a disc.ontinui.ty ' · 

· ih the. thermal conductivity of polymeP.s at th·e glas:s' tra;b.$l.tii¢;n ., 

temperature. H~ttorilt4J .. · proposed that thi:s dis.c.o:ntinuity 

. could be attributed to the inc·rease· :of .inner mobility of 

· polymer. molecules from· micr.o ... Brqwnian zn:otion.. Th:rough this· 

micro ... Brownian motion, the the~al conduct:tvi ty is lowered~ 

thus. offsetting the we~k increase with temperature •. 

. "'. 

• i 
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Through experimental results, various authors have post-

ulated effects·of structure on the thermal conductivity of 

polymer films. Hattori( 15) reports that, for like structures, 

the higher the density, the higher the thermal conductivity. 

His results were obtained with low pressure and high pressure 

polyet~ylene. 

Increasing the siz.e of any substituent connected to a 

hydrocarbon chain, or backbone, introduces increasing disorder 

and decreasing thermal conductivity. P.olyethylene, which 

contains only a· hydrogen as a substituent, has a higher thermal 

conductivity than either polyvinyl chloride or polystyrene. 

This was verified by Hattori( 14?, whose results at.approx-
' 0 imately 50 C were:: 

polyethylene: A = s .. o x 10-4 cal/cm sec OQ, 

polyvinyl. chl.: h' = 3. 5 x 10-4 cal/cm sec oC 
' 

polystyrene: A -- 2.7 x 10-4 cal/cm sec .oc .. .... 

He further determined that conduct·ivity along the main polymer 

chain is higher than that b.etween chains, thus higher molecular 

weight means higher thermal conductivity. Using two samples 

of polyvinyl chloride, he found_ that a sample whose molecular 

weight was 1300 had a value of 

. A ~. 3.5 x 10-4 cal/cm sec ° C 

_ .... 
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·whereas one with a molecular weight of 1000 had a value qf 

A :;::: 3.1 x 10-4 cal/cm sec QC. 

0 These values ·were determined at 50 C •. The trends as a function 

of temperature for these two samples were alike. 

Ueberreiter(30) reported the same results using polysty-

rene. He postulated that, ina substance with shorter chains, 

a larger number of energy transactions must take place between 

molecules. e.nd the thermal conductivity must be lower. 

Theseresults were obtained for polymers below their 

melting points:. There is a lack of experimental data for 

thermal conductivity of polymer melts. Lohe( 22) investig-

ated the effect of temperature on .. the thermal conductivity 

of polystyrene and Nylon 6 above the glass transition temp ... 

erature. His results shqwed a<slight decrease in thermal· 
. ' . . . l 

conductivity of polystyrene with increasing temperature .• 

He found the thermal conductivity of a Nylon 6 melt to be 

independe:nt of temperature. In connection with these results, 

Eiremann and Hellwege( 10) point out that good thermal contact 

at the surface of the sample. is decisive to accurate results. 

None of the articles reviewed contained information as 

to the differentation between entangled and oriented polymer 

chains. Therefore, the published results cannot be categ-

orized according to this property. 
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lII.. EXPERIIVI~N'rA.L 

The follo·wing. section contains the· purpose. of this inv-

estigatio.n, the plan of experimentation, and the results 

obtained. 

Pµrp~se of !nvestigat.ion: 

The purpose· of this· investigation- .was t.o develop an 
. . 

apparatus to measure -t~e· thermal co~du¢tivity o.f' polymer 
- ' ~ . ' .. . . 

melts'. Following design a:nd cfo·rt:str-uctionf the. appar~tus 

was to be used to mea~ure.' tl;le the~~il conductivity of sel- . 

ected polymer· melts as a . .rilncti6n of temperature and attempt ·· · 

·.~to relate the results to those for sim5..lar polymers at temp-. 

eratures below, their. ineltin~ ~_Pe>iht .• , 
. ~···:; ·. '! 

- -. -~~ . ·_<. -'. 

PTan-. or. ~p-e;rimentat:t.~n 

The plan of eJ{perintentation .for· tl;t~s p_roject consist.s:· 
. !'" •· -· • - •..• ;, _.· : •.' • • ~-..... - ••• 

of s ~lecti.~n .• oi' eXJ?erime!ital method' design. ~hd fabrication .. 

. • of: appal:-at~s' collection of data and evaluation of exper.-.. 

imental :results. 

Selectic:m of ~~Eerime.ntal m~thod• Th.e various known 
·.,· .. 

methods for measuring·. thermal: c,onducti Vj,. ty of liqUids were 

· · studied and the steady~state, absolute, cpn,eentric or co-

axial cylinder met:Q.:od was chocsem. 'The choic¢ was ma.de wj_tb 

.cqnsicieration. of the .fo;llowing::. 



-24 .... 

1. Steady-state methods yield more accurate and reprod-. 

ucible results than unsteady-state methods. 

2. The flat plate steady-state method was eliminated 

because of heat losses from end effects. A large 

. portion of these can be eliminated by use of guard 

heaters. However, guard heaters can be used more 

effectively in .. the coaxial cylinder method. 

3. The steady-state, concentric sphere method requires 

no guard heaters. However, construction is· more 

difficult as eccentricities are harder t.o eliminate 

or predict. 

Description of apparatus. A brief description of the 

apparatus used to measure the thermal conductivity of polymer 

melts· is given here. A more detailed description of the 

apparatus is given in Appendix Jt, .page 64 • 

The apparatus used to measure the thermal conductivity 

of polymer melts is shown schematicaclly in Figure 1: , page 

~ 25. The equipment consisted of ap externally heated melt 

cylinder, a concentric cylinder·thermal conductivity cell, 

temperature and heat input measuring equipment(not shown 

in Figure 1 ) , nec.essary piping, and a vacuwn pump .. 

The cylindrical portion of the melt cylinder was con-

structed from ferrous pipe while the piston was ~ade from 

aluminum. The seal between the piston and .cylinder was made 

with 0--rings which were positioned on the piston as shown 

in Figure 2 , page 26 .. Heat input· to the .melt cylinder 
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was provided by resistance wire which was coiled around the 

melt cylinder. The heat input was controlled by a variac 

voltage regulator. As shovm in Figure 1', movement of the 

piston was provided by a threaded rod which was connected 

to the piston. The threads, throue;h v.rhich the rod was threaded, 

were located on a flange at one end of the melt cylinder. 

The thermal conductivity cell consisted of three con-

centric cylinders with insulation as the outermost;cylinder. 

The innermost cylinder vJas made from Type 316 stainless steel 

and consisted of three.portions which were stacked vertically .. 

Cylindrical cartridge heaters were centered axially in each 

of these portions, and served as the source bf heat for the 

conductivity cell and guard heaters. The critical, or meas-

uring portion, of the innermost cylinder was the middle portion •. 

The upper and lower portions served as guard cylinders whose 

purpose was to preveht axial heat loss. 

Concentric with the inner cylinder was an outer cylinder. 

made from Type 316 stainless steel pipe. The annular gap 

between these two cylinders{0 .• 075 inches} contained the polymer 

melt during experimentation. The outermost cylinder; insul-

ation, was ·wrapped tightly around the stainless steel pipe 

to provide radial insulation and reduce the radial temper-

ature gradient. This insulation was made from a magnesia-

asbestos mixture, glass wool and asbestos tape~ 

Temperature measurements were made with calibrated, 

differential, iron-constantan thermocouples. A total of 



seventeen thermocouples were used. These w.ere used for 

thermal gradient determination, axial heat loss minimiza-

tion, and melt cylinder wall temperature determination, if 

needed. Thermocouple positions in the conductivity cell are 

indicated in Figure 3 , page 29 • 

The temperature measurement portion of the apparatus 

is shov-m in Figure l+ , page 30 • A multiple position svd tch 

comprised a portion of this equipment. Using this switch, 

a common cold junction could be used for all thermocouples. 

Further description of the temper&ture measuring equipment, 

including calibration procedures,. are given in Appendix E, 

page 93, • 

Heat input to the measuring cylinder was read directly 
c 

from a wattmeter which comprised a portion of the electrical-

system a.s shown in Figure 5 , page Jt. Input alternating 

current and voltage to the guard heaters was measured and 

used as a rough means of minimizing axial heat Toss. . The 

input power to each heater was controlled by variac voltage 

controllers as shown in Figure. 5. 
Experimental procedure.. Only a brief description of the 

experimental procedure is given here. A more detailed des-

cription of the experimental procedure is given in Appendix 

B, page 78 • 

The basic approach to obtaining thermal conductivity 

information was to determine a radial temperature gradient 

through the concentric stainless steel cylinders,, and thus, 
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the temperature gradient through the medium in the gap between 

them. Then, kncrvJing the heat input, the thermal conductivity 

could be determined. To obtain the thermal eradient, temp-
I 

eratures along a radial,line from the vertical axis of the 

coaxial cylinders were measured. 

For each test material, thermal conductivity information 

·was to be obtained at four or five temperature levels. The 

temperature level inside the measuring apparatus could be 

raised or lowered by increasing or decreasing cartridge heater 

wattage. The initial· objective \•1as to determine thermal 

conductivity of melts ·within a 50 degree Centigrade range 

just above the melt temperature.· This objective was not 

follov.red through exactly during experimentation. 

Results' 

Using the radial temperature profile data and a least 

squaresf4) method of fitting·a straight line'-'to a series of 

points, the thermal gradient through the inner stainless 

steel cylinder was obtained. The temperature on the puter 

wall. of this cylinder tv2,s obtained by extrapolation of the 

thermal gradient to the outer wall~ The least squares method 

was not required to determine the temperature profile through 

the outer stainless steel cylinder. The temperature at only 

two radial points was measured in this cylinder, and the 

temperature profile was simply a line through these two 



. .-".)3 --:>··· -

points.. The temperature on the inner wall of this outer 

cylinder l;JRS' obtained from extrapolation of the temperature 

profile. 

~Jith these wall temperatures knmm, the temperature drop 

across the annular gap separating the two cylinders could be 

determined. With this information, the hec;t input, cylinder 

geometry information anci equation 5, the thermal conductivity 

of the test material could be calculated. Information as 

to thermal conductivity dependence upon temperature was to be 

gathered. For this purpose, the test material temperature was 

taken as the arithmetic mean of the inside wall temperature and 

the outside wall temperature. 

Experimentally determined thermal conductivity values are 

presented in the units of BTU/ft. hra °F.. These are the units; 

most commonly .encounter.ad. However, the thermal conductivities 

of materials found in reference$· for this investig?-tion are 

given in the units cal./cm. sec. 0 c. The conversion between 

these is 

241.9 BTU/ft.hr.°F = t cal./cm.sec. 0 c. 
This conversion can be used to standardiz.e uni ts· such' that 

experimental values may be related quantitatively vrl th ref-

erence values. 

Preliminary testing. The apparatus was first checked for 

accuracy using glycerine as ~ test fluid. The thermal cond-

uctivity of glycerine(100 percent) \vas given as a constant at 

0.164 BTU/ft.hr.°F. from room temperature to approximately 
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~,.,ooc(<3) 
I~) " The results obtained from these tests are given in 

thermal conductivity of ~lycorine is considered to be constant. 

The Rayleis;h nunber for clycorine in this tern~)erc:1 ture rc-:n:;e 

is about 30, ·,·.rhich is 1ilell below the limit for convection 

to be significants 

Thermal conducti Y~i t;:;/ of _v.in~rl rnel ts. The thermal conduc-

tivity of four vinyl melts was determined at different melt 

temperatures.. The four rnelts testeJ were Dupont Alathon(lo·w 

density polyethylene), Phillips Narlex 6002(high density poly~ 

ethylene), Do·w Styro:n(:golystyrene) and gnjay J:scon(polyprop-

ylene)~ The results from these tests are presented in Tables 

II and III, pages J6 and 37, respectively. The thermal cond-

11ctivity of each of these vinyl melts is plotted as a function 

of average melt temperature in Figure 6, page JS. A straight 

line 2,s determined by a le2.st squares techniqpe ':;as fit to the 

data points for each polymer melt tested. 

The:cm2l conducti vi ·se, of nyJ._Ql.! .. Elts" The th.:c-::cnml cond-

ucti vity of Do'\'v-Badische (l<ylon 6) and Dupont Zytel (Nylon 

6-10) \·;ere determined at different melt temperatures. The 

results from these tests are presented in Table IV, pase 39& 

The .thermal conducti v.i ty of these n:ylon melts is ~:lotted as 

a function of average melt temper&ture in Figure 7, ~aee 40. 
I.s vdth the vinyl melts, the straight lines throuc;h the data 

points ·was determined by a least squares technique. 



TABLE I 

Results· from Preliminary Thermal Conductivity Experiments 

with Glycerine ~ Test Fluid 

(ln r2/r1 = 0.0497, L = 6 in.) 

Test No. 

t 

2 

Ti .T 
0 

llT 
oc oc. oo 

83.81 /82.40 1.41 8.3 

103.50 100.ao· 2.70 102 

3 127.58 124.80 2 .. 78.126 

a. to nearest )° C 

Q ~ 
watts watts 

9.0 0 •. 10 

13.;0 0.,24 

.. 17.0 O.J1 

QC k 
watts·• BTU/ft hr°F 

8.90 0.1892 

12.76 o.141s 

16.69 0.1801 
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TABLE 'rI 

Results from Thermal Conductivity Experiments with 

Low DensitY: Poliethilene and High DensitY: Poliethylene 

· (ln r2/r1 = 0.0497, L = 6 in.) 

'Material Test No. T. 
1 To AT a 

Tav Q ~ QC 
oc .oc ,oc oc watts' watts watts 

Dupont 1 H~5.03 179.10. 5.93 182 24.8 1; •. 13 23.67 
Alathon 
(low dens.} 2 238.83 l232.80 6.03 235 33.8 1 •. 77 32.03 
P.E. 

3 270.74 263.30 7.44 267 40 .. 5 2 •. 80 37.70 

4 309.06 302.00 7 .. 06 306 47.0 3. 51 43.49 

"' 
Phillips t 167.19 162.10 5.09 165 23.0 ' 0 •. 81 22.19 
Marl ex. 
(high dens .. } 2 186.74 180.70 6.04 184 26.0 t., 16 24. 8~. 
P.E. 

3 201:.92 196e60 5 .32 200 28.5 1 • 11 27.39 

4 .. 220 .. 13 214.80 5.33 218 31 .. 0 1.37 29.63 

5 238.29 232io90 5.,39 236 3J.O 1 .. 60 31.40 

a to nearest OG 

k 
BTUL ft hr°F 

0.1197 
I' . 0.1594 VJ. 

·CT' 

0 •. 1520 • 
0.1848 

·• 

0.1308 

0.1235 

0.1544 
0 .. 1669 

0.1748 



Material 

Dow 
Styron 
Poly~ 
styrene 

En jay 
Es con 
Polypr-
opylene 

TABLE III 

Results from Thel"'.mal Conductivity Experiments with 

Polystyre.ne and Pol;ypropylene 
(ln r2/r1 . = 0.0497, L == 6 ino) 

Test No. T. To 6'1' Tav 
a Q. -q QC :J. r oc ~c· oc oc watts watts watts 

1i 197.86 191 .90 5,.96 194 20.0 1 .14 18.86 

2 224.84 217 •. 10 7.74 2211 27.5 2.04 25.,46 

3 256.12 246.60 9.52 252 Jli-.8 3.16 31.64 

4 288 ~8l1- 278.60 10.24 284 41,.0 4.30 36.70 

1i t61.28 158.00 3.28 160 13.5 0.51 12 .. 99 
2 197. 2l,. 193.00 4.24 195 18 ... 0 0.82 17 .18 

3 ·219.86 214~00 5.86 217 25.0 1 .. 50 23.50 

4 .. 246 .. 11 239 .oo 7 .11 243 31.0 2. 23 28.77 

a to nearest cc 

k 
BTU/ ft hr°F 

0.0949 
0.0986 

0.0997 
0.1075 

0.1188 

0 •. 1216 

0.1203 
0 •. 1214 
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Material 

Dow-
Badishe 
Nylon 6 

Dupont . Zytel 
Nylon 6-10 

TABLE IV 

Re.sults f:rom Th.e:rrnal Conductivity Experiments with 

Nylon £ and Nylon 6.,.10 
: {ln r2/r1 = · 0.0497, L = 6 in.} 

Test No. T. To AT Tav 
a Q ~ QC 1 

"oc_ e.c oc oc :Watts watts: watts 

1 222:.07 214.10 7.97 218 21".;0 2.04 18.96 
2 235.25 226.30 8.95 23l 23.0 2.55 20.45 

3 248.92 240.20 8.72 245 25.5 2 •. 77 22 .• 73 

4 262.36 253.50 8.86 258 29.0 3 .11i 25.89 
.5 282.,$0 272.40 10.40 278 32.0 4.23 27.77 

1" 196~97 189.30 7.67 193 16.0 1 .. 45 14. 55 
2 215" 29 207 .. 50 7.79 211 19.0 r .. 89 17 .1 t 
3 226.91 218.40 s. 51 223 21.5 2 .. :27 19.23 
4 241.53 232.50 9.03 237 24.5 2.71 21.79 

5 255094 244.90 11.04 251 28.0 3.68 24.32 
a, to nearest e>c 

k 
BTUL ft hr°F 

0.0713 
0.0685 
0.0782 
0.0$65 
0.0801 

0.0596 
0.0659 
0.0678 
0.0724 
0.0661 
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for further study, end limitations in the results obtained 

in this investisat±on. 

This section contains a discussion of the literature 

revim·rnd in thi.s investigationo :;:;;xperimental methods of 

mea curin~ li"hll~O' 
l c u ...:.. -G -: . '-.:. .. J.. J.. thermal conductivities .and uncertainties· 

encountered in their use is discussed. This is followed 

by a discussion on the theories· of therm.al conductivity 

of polymers·. 

Exnerimental methods of determining liouid thermal. 

conductivity.. The basic equation for heat flux, Fourier's 

law, is used consistently in the theoretical development 

of steo.dy-state means for ·measuring liquid thermal cond-
' J) . (''1') ucti vity. m.rd t ' and Ziebland ;; ' 1 for example, c;i ve 

identical development from Fdurier 1 ~ law to the final working 

equation \.vj_th which the thermal conduct,i vi ty is evaluated,, 

In these developments, it ~Bs assumed that a linear depend-

temperature and thermal conductivity existso 

presents a method and equation t? use should 

,_ h i c ]_ • I ' Y' i +- ~ '" 1 -'- • ~ ·"' · • } l, 1-'-- i , -j c• " · i-v~ - t • a ] •· -L•J.J..·.•-· - J.Lea __ ,_,y --S0Uill.p1_,J_OI1 J.8J. -> ul.l.J __ G -·-" J.m1,J.aC J_C , __ J..n 

application. To use his method, a fluid temperature profile 



'di th intermediate points as well as end points must be 

determined. If the temperature gradient across the fluid 

were so large that linearity of the gradient could not be 

assumed, steps should be taken to reduce the length over 

which the gradient is.measured. 

Literature pertaining to unsteady-state methods of 

measuring liquid thermal conductivity is not as complete 

as that for steady-state methods. ·Investigators who have 

worked with unsteady-state methods{ 2, 12 ) mention that the 

accuracy of time measurement is a large factor in the det-

ermination of the accuracy of their results:. 

Uncertainties in thermal conductivity measurements. 

The listing of factors.contributing to error in liquid 

thermal conductivity measurements, given in the literature, 

is quite complete. .All investigators who used the hot plate 
.. 

or coaxial cylinder, steady-state methods, employed guard 

heaters to eliminate or at least greatly reduce multidim-

ensional heat"flux, which is the one factor contributing 

to error whose magnitude or significance cannot, be deter-

mined. 

The theoretical development for radiation losses was: 

simple for cases in which the fluid ·was transparent(e = 1). 

One investigator(1l) who made radiation loss calculations, 

assumed this to be true in his calculations. As mentioned 

in the Literature Review, the radiation heat transfer cal-

culations are more complex as the fluid becomes opaque. 



Only one reference of value(3 2} was located concerning 

semi-transparency of the fluid. .No semi-transparency data 

for materials used in this investigation could be located 

in the literature. 

A method for determining vcl1ether or not convective 

effects in liquid thermal conductivity measurements are 

significant has been clearly presented. Upper limit values· 

of the Rayleigh number for convection-free heat transfer 

have been determined for the coaxial cyl,inder, steady-state. 
( 20) method ; how·ever; information pertain;i.pg to the conseq-

.uence should this upper limit be exceeded~ was not available. 

Kraussoldf20) mentioned.that corrective steps in terms of 

temperature gradient or cell geometry could be made to 

reduce the magnitude of the Rayleigh number to the "convection--

free region" of operation •. 

The means for determination of eccentricity errors, 

as presented by Ziebland, although simple in theory, is 

. difficult in applicatio.n •. ·The .. misal.ignment factor is diff\ ... · 

icult to measure •. I'1ost investigators have taken special 

care in designing their apparatus, to remove any random 

t · ··t r· -.. c11 ) · d d t · ·· t·· f. eccen rici yo· axes • .15pps ma.ea ·e.ermina ion o 

eccentrici.ty error in his apparatus using what he .felt to 

be a maximum value for the misalignment error. It was further 

stated that, with proper design such that the apparatus would 

be ass~mbled the same way for each test, . e.ccentric.ity errors 

·would be' systematic errors rather than random errors. 



Theory of thermal conductivity of polymers. Hanson and 

Ho( 13) presented a theoretical proposal for the thermal cond-

uctivity of linear polymers, but evaluation of the parameters 

involved in their proposal is difficult and no other invest-

igator whose work was reviewed has attempted to use it. 

Ho1·rnver, most authors have attempted to explain the trends 

in results in terms of molecular structure. The thermal 

conductivities of solid polymers were often presented as 

a function of temperature. Unfortunately, in terms of this 

investigation; almost all the literature pertains to the 

t_hermal conductivity of polymers below their melting pointo 

Hanson and Ho ( 13) and Lohe { 2-2) do present some information 

on the thermal conductivity of polymer melts but it is 

limited. However, the results and discussions reviewed 

are complete enough to relate to the results of this invest-

igation. 

Discussion of Procedures 

This section contains a discussion of experimental 

procedures used in this investigation. 

Thermocouple calibration. As described in Appendix E, 
all thermocouples were calibrated over the operating temp-

erature range. The hot thermocouple junction was inside a 

thin glass tube during all thermocouple calibration meas-

urements and, thus, did not actually come into contact with 



the boiling water or melting metal. The fact that the 

experimentally determined emf 's were all lower than the 

average emf, as given by Leeds and Northrup( 21 l, at each 

calibration data point, could have been a result of calib-

ration procedures. The difference between experimental 

and standard values was approximately 1-2 degrees Centigrade 

and ·was rather consistent from thermocouple to thermocoupleo 

Since the deviation was rather consistent, and it was the 

thermal gradient rather than absolute temperatures which 

was of importance, no error was caused by the thermocouple 

emf deviations. 

Poly·rner melting process. The melt cylinder was filled 

with pellets of solid polymer be.£ore the melt cylinder was 

heated.. Although the melt cylinder wall temperature could 

be measured and visual observation of the melting process 

could be made, it was difficult to recognize the point at 

which all the polymer had melted. Continued heating after 

melting could lead to degradation of the melt which would 

affect experimental results. The polymer was metered to 

the measuring apparatus as soon after the melting process 

vms completed as was possible. No polymer degradation was 

noticeable in any polymer which was removed from the meas-

uring apparatus, although some indication of polymer 

degradation was noticeable from melt cylinder waste. It 

appears that polymer melt degradation was not a.problemo 



Removal of air nockets. As was. mentioned in the Zxper-

imental section, a vacuum pump was used to draw air form the 

melt system prior to pumping the melt to the measuring app-

aratus. ·The pump was.used for approximately five minutes 

but no mechanical means was used to verify the fact that all 

air had been removed from the system. However, observation 

of the polymer melt during disassembling and cleaning of 

the apparatus revealed no entrapment of air bubbles. Thus 

all air appears to have been removed and the polymer melt 

contact vd th the metal walls irJas considered perfect. Any 

volume change in pol:Ymermelt which could cause imperfect 

contact vJi th the metal walls 1 was compensated for by forcing 

polymer melt continuously, if possible, into the measuring 

apparatus. 

Temnerature measurement. S.ix differential thermocouples 

were used to determine the radial thermal gradient in the 

inner cylinder. However, only two thermocoupl·es were used 

for this purpose in the outer cylinder. The.emf's and corr-

esponding temperatures of these outer cylinder thermocouples 

were periodically monitored to establish the level of steady-

state. It was noticed during experimentation that the use of 

inner cylinder thermocouples for this purpose would lead 

to inaccuracies; the steady-state thermal gradient through 

the inner cylinder was establish€)d prior to that in the 

outer cylinder. 
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Discussion of Errors 

The following section contains a discussion of the 

errors involved in experimentation and uncertainties in the 

results of this investigation. 

Radiation losses. Since operating temperatures were in 

the region 160-300 degrees Centigrade, radiation heat transfer 

1-ras significant. Correct emissivity and absorptivity values 

for the materials involved were vital to the calculation 

of correct radiation heat transfer. McAdams( 23) presented 

data on the emissivity of Type 316 stainless steel.. For 

a smooth emitting surface, after repeated heating and cooling, 

the emissivity was 0.26-0.31. ·For calculations in this 
I 

investigation, e = 0.30 was used. No information was located 

on the transparency of polymers o~ polymer melts. The polJrmer 

melts appeared to be nearly, if not totally, transparent. 

For calculation purposes, total transparency was assumed 

and thus a maximum in radiation loss was calculated. The 

heat transferred by radiation, as calculated, was subtracted 

from the heat input indicated by the wattmeter and the diff-

erence was used as the heat transferred by conduction in 

theni1al conductivity calculations.. The calculated heat 

transfer by radiation is listed for each test in Tables 

I, II, III and IV. The percentage of heat transferJ"ed by 

radiation ranged from about 1 percent to about 13 percent. 

A sample radiation heat transfer calculation is given in 

Appendix F, page 98'. • 



Convection. The magnitude of the calculated Rayleieh 
-

number Nas used as an indication of significance of convection. 

The properties of the materials used to calculate the Rayleigh 

number were located in the Kodern Plastics Encyclopedia( 25}. 
From the nature of the polymer melts, it appeared that con-

vective heat transfer would not be a problem. The calculated 

Rayleigh number verified this as its magnitude was 0.012, 

compared to a conservative estimate of 700(29) necessary 

for convection to he of significance. The Rayleigh number 

calculation is given in Appendix F .. 

:2:ccentricity. Ziebland's(J 1 l equation for heat conduc-

tion, through coaxial cylinders whose axes do not coincide, was 

used to determine eccentricity error. Actually, _steps were 

· taken in designing the apparatus such that eccentricity 

would be eliminated or be considered a systematic error. A. 

measure of the effect of eccentricity was made assuming 

that the axes were misaligned by 0.005 inch. This assrnned 

error in alignment causeS' about a·4 percent error in the 

calculated thermal conductivity, for the test used in the 

calculation. This calculation is presented in Appendix F. 

Hea.t losses. Upper and lower guard heaters were empl-

oyed to minimize heat losses due to multidimensional heat 

flows Axial thermocouple measurements were used to regulate 
( 

the heat input to these guard heaters. With this arrange-

ment, the axial heat transfer was minimized such that the 

resulting error would be much smaller than other experimental 

errors. 
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Temperature meq.surP-ment. The thermocouples used for 

radial temperature profile measur.ements in the inner cylinder 

·were fitted into axially drilled holes. The diameter of 

these holes v·Tas 1 /16 inch, ·which was larger than the diameter 

of the thermocouple beads. Thus an air space existed between 

the metal wall and the thermocouple. However, since there 

could be no convective currents in the thermocouple holes, no 

thermal gradient in these air spaces due to convection was 

possible. 

Only two thermocouples were used to determine the thermal 

gradient in the outer cylinder. These were placed in holes 

drilled radially through the outer cylinder .. The leads from 

these thermocouple beads were arranged radially, i.e., 

parallel to the thermal gradient. Once outside the stainless 

steel outer cylinder, the leads were arranged axially, i.e., 

perpendicular to the thermal gradie!lt, along the outside 

wall of.the outer cylinder. The distance over which the 

leads were arranged radially was approximately0.10 inch. 

The thermal gradient across this distance was approximately 

0.5 degrees Centigradeo Since the magnitude of this temp-

erature drop is small and the thermocouples were insulated, 

it a~Jpears that errors resulting from thermal gradients 

along thermocouple ·wires, while not eliminated, were minim-

ized as much as possible. 

Di.ff erential error analysis. The equation for calculating · 

thermal conductivity of a material, using the concentric 

cylinder method, is: 
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k - 2 1t L (T1-T2) (1) 

\•Jhere: 

k = thermal conductivity 

Q = heat input 

r1' = inner wall radius 

r2 = outer ·wa.11. radius 

T1 -- inner cylinder wall temperature 

Tz -· outer cylinder ·wall temperature 

Differentiation of equation 1 and division of the result by 

k gives the fractional error, dk/k: 

d~. = .£Q._ + dfr2/r1J r1 
Q, ·.. ln(r2/rt 1. r2 + 

The terms involving r1 and r2 in this equation must be 

further. reduced to:: 

d{r2/r1] = d(r2) + r2d(r1) rt 1.2 r. 
C3} 

and thus: 
d(r2) + d{r1) 

d r2 rJ) rt _ r2 . r1 
n r 2 r1 r2 -:--l~n-. -r .... 2"""'/_r_1--. (4) 

( 

( 2) 
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Substitution of equation 4 into equation 2 gives the differ-

entia.l equation: 

~= dQ + 
K Q. 

d{r2) + d{r1) 
r2 r1 +dL +d(~·'tl 
ln r2/r1 L A T • (5) 

It can be seen that all signs in equation 5 have been made 

positive, to give absolute values, although they had possibly 

been negative according to correct differentiation. Subst-

itution o:f measured values of rl, r2 and L into equation 5 

gives: 

' 

Substitution of· the errors in heat input and temperature 

measurement, where df~ T) = 2: dT, giveff: 

~ith typical heat input and temperature drop values, an 

estimate of the averacse experimental error is: 

~ = 0.01488 + 0.004 + 0.0125 

~. = 0,0314 = 3.14 percent. 



of accuracy of measuromcnts u~0d in the cath3rin: of data 

Discussion of 1esults -· 
The follo~in3 section contains a discussion of the 

results obtained durins this investigation. 

1')rPlJ0 n1i "11PI"V l _, ~-· ___ :.::.t. ~·~ The results from the three" 

inary tests using glycerine, given in Table I, sho~i a ~reater 

ter:rp,~rature rant;e over iiJhich the tests were made, the pub-
( ?...., ' lished -~' thermal conductivity of glycerine is constant 

~~ n 4~1 nml~'~~ , - o? 
.::.:i.. ....., \..) • 1 1,J '+ _::..; .!.. I / .L v • rl r . :...' °" The experimental results vary by 

as mn.ch as 1 5 percent from this value. Hovvever, the exp er-

imental re~ults bracket the published value and apparently 

no cc·~occ' '°""''I"Or 1°"' l. n·1·ol·ved -- -~-)l ~..J~) -._,.1 - ,_.) - j ' nlthough the difference is 

greater than the estimated exn.3rimental error for the -;->ro-· . . ~ . ~ 

cedure used. The average value for thermal conductivity of 

~;lyccrine ~·ra.:.=: 0.170 ETU/fte1ir.°F, ',.vhich is only about L,. percent 

~recter than the ?ciJlished value. Since the averaee is quite 

close to the published value, and since the polymer data 

ap~ears to be more precise, no correction factor ';as calcul-

ated Rnd a~plied. 

_T_h_e_.r_r_:1:-_,'~_l_c_c_1 r_1d_L._1r:_, ... _i_,_i_v_i_t_i_P._,.P_,_o_f_t __ r_12 ___ .L._t,_e_~.,_t_e_c_1. _~ ..... c_o_l_,,_ym2r :''.cl~· 

As indico.ted in Figure 6, I'hillips l.:<:Lrlex 6002 melt h,'.'1.d the 

highest thermal conductivity of those melts tested, ran~ing 



from 0.130 BTU/ft.hr.°F at 160°C to 0.175 BTU/ft.hr.°F at 

235°c. Dupont Alathon melt had the second highest thermal 

conductivity, rangins; from Oe120 BTU/ft.hr.°F at 180°C to 

0.185 ETU/ft.hr.°F at 305°c. It can be seen from Figure 6 

that the temperature ranges over 'vhich melt thermal conduc-

tivity was determined, is not consistent from melt to melt. 

The thermal conductivities of :d":njay Es·con and Dow Styron 

meits.were less affected by temperature. The thermal cond-

uctivity of Enjay Escon melt was constant at 0.120 BTU/ft.hr.°F 
·. . .··6 0 in the temperature range 1 0-240 C. Dow Styron melt exhibited 

a slight thermal conductivity increase· i:tlth temperature, 

ranging from 0,.095 BTU/ft.hr. °F at 195°c to 0.107 BTU/ft.hr •. °F 

at 285°c. 

As seen in Figure?, the thermal conductivities of the 

two nylon melts tes·ted were similar. The thermal conductivity 
' 

of the Dow-Badische Nylon 6 melt ranged from 0.070 BTU/ft.hr.°F 

at 220°c to 0.080 BTU/ft .• hr. °F at 2so0 c. The thermal cond-

uctivity of Dupont Zytel (Nylon 6--10 ~) melt ranged from 

0.060 BTU/ft.hre°F at 195°c to 0.067 BTU/ft.hr.°F at 250°c .. 

Effect of .temperature on thermal conductivity.· As seen 

in Figures 6 and ?, all the melts except En.jay Escon, whose 

thermal conductivity is temperature independent, show an 

increase in thermal conductivity with increased temperature .. 

With respect to the amount of data collected, the increase 

in the others· is linear with temperatureo The thermal 

·conductivities of the two polyethylenes are affected greatest 

' . 



by temp2ro.ture. ree;ression 

f'or +-}1e"''-' .... ,,,;o l'.'' 1"'ltc ·0 r 1=> c·i·,-,.,.1·, ~r"' l01Yl c] or1n(7 -·· V-- .. -:> ...... l.J,'. ,........ '>.) (..I. v ~:::> ..i.:._ •. L ...... _ J..l .. ) .•• - ........ to 5 ratio). 

If one~ dnt<:?. point for Fhillir~s lftrlex 6002 melt, '.'Ihich 

a~~ears to be in error, is eliminated and the line redet-

t>lo:'>es for the t·wo ~~olyethylenes are rni)ro neo:rly 

enu2l(6 to 5 ratio). The dotted line indicates the re-det-

ermined , . Llne. 

i~s with pol~mer~ b~low their melting point, the increase 

in thermal conductivity T,,·fith tempere.ture is caused by increased 

segmental mobility· in the ~olymer chains~ The results ind-

ic.s.te that this effect is stronger than a possible thermal 

conductiv1.ty reducti,on with increased terri.p~rature caused by 

decreased chain~to-cha~n densi~y. The. se3mental mobility 

increase is most prono~.Inced in poly,ethYlene, which had the 

greatest thermal conductivity 'increase Vii th increased temp-

erature. 

Lohe's( 22 ) results for thermal conductivity of nolv-- ~ " 

styrene melts showed a slight decrease ·with temi)erature. 

The results in this investi~ation showed a sliglrt increase 

;;ri th tem~erature. Hm,rever, the th2rmal conductivity scale 

in '?igure 6 is sornei1hat expanded. Should it be corn~;ressed, 

the effect of temper&ture on thermal conductivity would 

a~Jpear to be negligible. Lohe reported only trends, but no 

experimental values of th.ermal conductivity. ".·Ti thin thG 

experimental errors involved, Lohers results and those from this 

irnrestic;a ti on could be quite similar o In addition, no 



mention of the type of polystyrene used by Lohe was located. 

The thermal conductivities of two polystyrene melt san:iples, 

whose properties were not alike, could be different. 

Hanson and Ho have presented a couple of thermal cond-

uctivity values for Phillips Marlex 6050 melt. At 150°c 

and 160°c, their value for the thermal conductivity is about 

6.2 x 10-4 cal./cm.sec. 0 c and the thermal conductivity increases 

slightly with increasing temperature •. This value, as given 

by Hanson and Ho, corresponds to a value of 0.149 BTU/ft.hr.°F. 

This is higher than an experimentally determined value of 

0.131 BTU/ft.hr.°F at 165°c determined for Phillips Marlex 

6002. The difference between these two values is 13 percent 

:without consideration of experimental error. In addition, 

the difference could lie in the fact that these are different 

grades of polyethylene. · 

Effect of structure on thermal conductivitt• The 

relative magnitudes of the thermal conductivities of the 

polymer melts tested show that increasing the size of sub-

stituents connected to a hydrocarbon chain lowers thermal 

conductivity. Hattori( 14} found this to be true for solid 

polymers and results from this investigation indicate the 

same is true for polyr.aer melts. The thermal conductivity 

of polyethylene melt, v1ti th a hydrogen as substi tuent, was 

higher than the thermal conductivity of the more complex 

polypropylene, which in turn i:v-as higher than that for the 

even more complex polystyrene. The thermal conductivities; 



of the nylon melts tested w·ere lower than those for any of 

the vinyl melts tested. This 11muld seem to be in agreament 

with the other results in that· a melt with a more complex 

structure has a lower thermal conductivity. 

The results showed that high density polyethylene has 

a higher thermal conductivity than low density polyethylene, 

Nhich Hattori { 15) had found to be. true also for these struc-

tures below the melting point.~ This agrees :with the sugg-
' 

estion that lower chain-to-chain density results in lower 

thermal conduc:ti vity. 

. . 
B.ecommend;i:tions 

Further investigation in this area· is strongly advis.ed 

and the following recommendations are· made~: 

i. Only one melt of any typ·e was invest:f.gat_ed. Diff •· 

erent melts of the same type, but with different molecular 

ir.reights, should be used to determine the effect of molecular 

weight on thermal conduc:ti vity. ·In addition, the effect 

of branching on the polymer chain, in terms· of melt thermal 

conductivity, should be determined. 

2. The apparatus was designed such that it could be 

used to determine the thermal conductivity of any viscous 

fluid. Thus, fluids. such as polymer solutions should be 

used as test fluids~ 



3. An adhesive should be located ·which could withstand 

some amount of tension and not degrade thermally. An adhesive 

such as this should be used to seal the three portions of the 

inner stainless steel cylinder. 

4.. The temperature difference bet·ween tests should be 

reduced such that a more exact determination of temperature 

effect on thermal conductivity can be made. In addition, the 

number of tests made \-\Tith any one material should be increased. 

5. ~·Jhen investigating the thermal conductivity of 

polymer melts, data should be gathered at the melting point 

and in the transition zone between solid polymer and melt, 

such that a more exact comparison between melt thermal cond-

uctivity and solid thermal conductivity can be made .. 

6. A more precise means of det~rrriining the point at 

which melting in the melt cylinder_ ti.as been completed needs 

to be used. This could eliminate unnecessary thermal degrad-

ation of the polymer melts. 

7. The transparency of the.test material should be 

determined. This information would increase the reliability 

or accuracy of radiation heat transfer calculations and 

thus hea:t transferred by conduction., 

Limitations 

The results obtained in this investigation are subject 

to the following limitations: 



1. l'iie data :·ointr_; ~-rc:re forced to fit 2 linear rec;r-

e~::sion, due to tl1e limited number of f'>oints. It was not 

m.ea.nt an 

ex2ct linear function of tem~erature. 

2. The results ?resent~d in the form of thermal cond-

lJCti7ity as a function of melt t13m·perature ere vci.lid only 

with.J_n th,~ temperature ran:~e studied, ':vhich 'das from just 

above melt temperature to about 100-150°c above the melting 

;:;ointo 

J. The averaee experimental measurement error for each 

test was es~imated at sli3htly over 3 pe~cent. Meaningful 

confidence limits cannot be calculated because of limited 

number of data points. 

4. The results presented are valid only for the melts 

of materials vd th properties alike or similar to tho~rn us€:;d 

in this investigation. 



V.. COI'WIUSIONS 

The folloi:;dn~:; section contains conclusions drawn from 

this inv2stii:;a,tion. The steay-state, coaxial cylinder method 

v1a.s used' to determine the thermal conclucti vi ty of polymer 
. 

melts. Therrn:ocouples W(~re used. to measure thermal E;re.dients 

and heat input was provided-by cartridge heaters. A tamp-

erature range of 50-100 degrees Centigrade above the melt 

temperature •rms studied for melts of several molding compounds. 

The conclusions dra·wn upon this investigation a.re as 

follows ,t 

1 8 :. The apparatus, as designed, is suitable for measuring 

thermal conductivity of polymer rnel ts v;ri thin an experimental 

measurement error of 3 percent~ 
' 

2. The thermal conductivity of the polyethylene, poly-

styrene and nylon samples tested increa~ed with increase 
ffi 

in temperature, whereas the thermal conductivity of the 

polypropylene sample ·was temperature independent. 

3 .. · l'·:el t thermal conductivity decreases as the size 

of subs ti tuent connected to the hydrocarbon chain increa~ es~, 

4. Tr1e apparatus, when used with polymer melts, op-

erates in the convection-free region of heat transfer. 

5. The n19asured thermal conductivities ranged from 

0.0596 BTU/ft.hr.°F for Nylon 6-10 at 193°c to 0.1S4S 

DTTJ/ft.hr.°F for Dupont Alathon polyethylene nt 306°c. 



VI • sm1JTARY 

The purpose of this investigation was to develop an 

apparatus to measure the thermal conductivity of polymer 

melts, and to use the apparatus to measure the thermal 

conductivity.of seJ:ected melts as a function of melt temp-

erature. 

The st(9ady-state, coaxial cylinder method with gi1ard 

heaters was used and the annular gap was 0.075 inch. The J 

polynrnr was melted .in a cylindrical melt cliamber, th'en 

metered to tl_ie thermal conductivity measuring apparatus. 

Cartridge heaters provided heat input and temperature 

tneasurements were made vd th calibrated, differential, iron-

constantan therniocoup1~s. 

The thermal conductivity of five of t.he six melts tested 

increased ·with increased .temperature. Complexity of mole-

cular structure lowered melt thermal conductivity. 

Radiation losses were accounted for and convection 

1-rci.s determined to be absent. The results were shOvm to 

be ·within a 3 percent experimental measurement error. 

~~eaningful confidence limits cannot be calculated because of 

the limited nmnber of data points. 

Thermal conductivity magnitudes ranged from 0. 0 596 BTU/ ft.h~oli' 

for Pylon 6-10 at 1"93°C to 0.1Sli-B BTU/ft.hr. °F for Du,ont 

Alathon polyethylene at 306°c~ 
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Detailed Descrintion 
qf Apparatu~ 



Detailed Descriotion of Apparatus 

This section contains a detailed descri~tion of the 

apparatus used. Included are critical dim~nsions as well 

as features critical to successful use of the apparatus. 

The melt cylinder is shov..rn as part of the schematic 

drm'ling in Figure t , page 25. The cylinder was 30 inches 

long and was made from 2 inch, -Schedule 40 pipe. The inner 

surface of this pipe ·was reamed to remove nonuniformities .. 

On one end of this pipe was a 2 inch to ! inch pipe reducer, 

while a flange vd th ~ inch threads cut through it was attached 

to the other end~ A threaded aluminum rod, which was att-

ached to the melt cylinder.piston, was threaded through 

this flange. By manually turning this rod and thus moving 

the piston, pressure could be applied to the polymer melt. 

As0 pressure was applied·to the piston, the polymer melt 

flo1·rnd from the melt cylinder to the measuring cylinder. 

Twenty feet of heating vdre with a resistance of 0.635 

ohms per foot of length was coiled around the pipe cylinder. 

The cylinder was insulated 'ltJi th layers of asbestos tape. 

A povrerstat was used to vary the voltage applied to the 

heating vdre and thus to control heat to the melt cylinder. 

The piston portion of the melt cylinder, as shovm in 

Figure 2 , page 26, 1·1as constructed from aluminum, and was.: 

designed such that 0-rings could be used to form the seal 



between the piston and the cylinder wall. Teflon 0-rings 

served to form this seal. The diameter of the piston was 

2.035 inches while the inside diameter of the pipe was 2.048 

inches. 

The connector piece, as shown in Figure 2. was constructed 

from brass. It served to connect the threaded aluminum rod 

to the piston. It was designed such that the rod could be 

rotated while allowing the piston to move along the pipe 

without turning on its axis. Two brass rings on the connector 

piece formed the actual connection between the piston and 

rod. These rings wereattached to-the rod by screws. No 

permanent connection was made, ho'wever, .between the main · 

portion of the connector and the threaded rod. As indicated 

in Figure Z, the connector was positioned inside the piston, 

then the two were fastened together by an aluminum pin. 

Only a schematic view is given of the apparatus connecting 

the melt cylinder with 'the measuring cylinder. This consisted 

of piping, a vacuum pump and .a manometer and is sho~m in 

Figure 1 • The entire piping equipment was covered with 

heating tapes to heat the pipe so the polymer would not solidify 

during transport. The vacuum pump was.used to remove air 

pockets from the system prior to pumping the polymer melt 

through the apparatus. The manometer was used to indicate 

the level of the polymer melt in the measuring cylinder. 

The two parts of the base plate, through which polymer 

melt entered the measuring cylinder, are shown in more detail 
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in Figures 8, page 68, and 9 , page 69. The means by ·which 

the melt entered through channels cut in the base plate are 

indicated in Figure 9 • Also shown is a means by which polymer 

melt could flow into and out of the base plate.without flowing 

into the measuring apparatus. 

A semi-circular groove was cut in each portion of the 

base plate as shown in Figures 8 and 9. l:fuen the two parts: 

of the base plate were put together, an annular ring was formed. 

To prevent leakage between base plate portions, 0-ring seals 

were positioned as indicated in Figure 9 .. As polymer melt 

entered the base plate, it flowed inside this annular ring 

and then into the annulargap between the inner and outer 

stainless steel cylinders. 

A 3/8 inch deep groove was cut, in the top portion of 

the base plate, which served as foundation for the outer 

stainless steel cylinder.. The inner and outer diameters of' 

this groove, 1.55 inches and 1.75 inches, respectively, were 

the same as that of the outer .cylinder., A. pin on the outer 

stainless steel cylinder which fi.t into a hole in the base 

plate assured that the positioning of the outer stainless 

steel cylinder and the base plate were the same for every 

test. The outer cylinder was held in place by a threaded 

rod which was screwed into the base plate.. Caulk( silicone 

rubber) was used to complete this seal .. 

Polymer melt entered the annular gap between the con-

centric cylinders· through the 12, 3/32 inch diameter, holes 
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Figure 8 Top P.or,tioa .Of Base Plate 
For Concentric Cylinder Apparatus 
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E : 4 holes, D=l/8'" 
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Figure 9 
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Bottom Portion of Base Plate 
For Concentric Cylinder Apparatus 

melt 
bypass 



in the t.op portion of the base plate. These are indicated 

in Figure 8. 
The inner stainless steel cylinder was attached to the 

base plate by four Allen screws. As indicated in Figure 10 ,. 

page 71 , these slipped through the base plate and threaded· 

into the inner concentric cylinder, fitting flush against 

the bottom surface of the bas~ plate. Finally, the hole iri 

the center of the base plate served a.s a conduit for thermo-

couple and heaterlead wires from the measuring apparatus. 

The base plate and bottom portion of the inner cylinder 

.were sealed together by cement. Three different cements were 

used at one time or another.· these were aluminum cement, 

epoxy cement and Saureisen cement. All were successful to. 

a certain degree with a limitation being thermal degradation 

of the epoxy cement, which occurs at approximately 260°0 .. 

The other two cements would not degrade at operating t.emp-

eratures but would £ail should. tension be placed on the· 

bond. 

Cartridge heaters were-located in the holes along the 

bottom portion axis and also along the axis of the center 

and upper portions of the inner cylinder assembly. Additional · 

features of the bottom portion of the inner cylinder are 

shown in Figure 1'1" • 

The three portions of the inner cylinder were positioned 

and a~igned by stainless steel pins and then sealed together. 

The bottom portion of this assembly was welded to the· center 
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thermo coup.le 
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diameter = 1/2 in. 

Fi:gure 11 Lower Pertionef Inner Concentric Cylinder 
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portion~ The seal or bond between the center portion and 

upper portion was made by epoxy cement or Saureisen cement. 

Limitations of use for both were mentioned earlier in this 

section. Additional details of the three portions of the 

inner cylinder assembly are given in Figures. 11, page 72, 

12 , page 74 and 1..3, page 75. 
Features of the top portion of the measuring cylinder. 

a.re shown in Figure 14, page 76. The positioning of a teflon 

ring ·with a metal ring backingused to form the upper seal 

for the annular gap is shown. Figure 14 also shows the vertical 

extension rods which l·vere welded to the metal backing ring •. 

These extension rods were the means through which the level 

of the teflon and metarrings and thus the level to which 

the polymer melt rose, were controlled •. A crossbar connecting 

these extensions ·and held as. shown in Figure 14 assured proper 

and consistent ring pbsitiq.ning.~ . 

Two machine screws were used to ex_ert dc:nmward pressure 

on the inner cylinder and thus remove the possibility of tension 

being placed on a cement bond.. These were threaded through 

a crossbar which was attached to the outer stainless steel 

cylinder •. 

The function of the alternating current circuit was to 

regulate the' electric power to the cartridge heaters.. Actual 

power control or regulation was made with the use of power-

stats. Figure 5 , page 31 , shows the alternating current 

circuit. 

I 
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The potentiometer circuit was used in conjunction with the 

thermocouples for temperature measurement. This circuit is 

shm·m in Figure 4 , page .30 • 
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This section contains a description of the experimental 

. procedure used.. A brief discussion of equipment assembly 

is given first, followed by the procedure used when gathering 

data. 

When assembling the measuring apparatus, the teflon 

and metal rings were positioned inside the stainless steel 

pfpefouter cylinder) at the proper position{s·ee Figure 14, 

page 76 l,. as the initial step. A thin layer of" silicon 

rubber{ caulk:) was· spread over the lower outside surface of 

the outer cylind.er. This layer o:f caulk f$enerally extended 

to about 1 inch from the 'bottom of the outer cylinder. The 

outer cylinder was then placed over the·inner cylinder, fitted 

into· position and bolted to the base plate., F.inally, ·the 
. .· 

crossbars were-fastened, in place and ·.the. machine s·crews as 

shown in Figure 14 we:[-e tightened against the inner cylinder •. 

Heating tapes w-ere_closely wound but not overlapped around 

the pipe connecting the melting ·eylind~z- With the measuring 

cylind:er as we11 · as the measuring cylinder base· plate. 

Prior to pumping the melt into the measuring cylinder 

or even m~lting the polymer, the potentiometer circuit was 

standardized and the electric circuit was checked for 

flaws,. 

The melt eylind·er was then filled with pellets or granules' 

of solid polymer, the· f-orrn varying from· polymer to polymer<• 



' ·~ . 

The melt. cylinder was filled to. approximately two-thirds of 

its cylindrical volume. Heat was then applied to the melt 

cylinder to melt the polymer. A check of melt cylinder wall 

temperature could be made, if necessary, with a differential 

iron-constantan thermocouple. 

One part of the connecting piping was a pipe union. 

This was left unassembled during the melting of the polymer. · 

such that the inside of the melt cylinder could be seen and 
. -

visual inspection of the melting proces,g could be made. 

Simultaneously witl1 _commencement of melting was the 

application -of heat to t:tie measurip.g cylinder-heaters and 

to the heating tapes. This was mainly a time saving proc-

edure as the melt couid.' riot be pumped past any part of the . ~ . . . 

apparatus whose temperature was below the melting point or 
the polymer •. ,. "\,).;, ·'··. 

·: .. 

A.fter the polymer had· be-en me~ted and. the temperature of. 

all parts· of the apparatus-was above the·melting point of 

the polymer, the pi,pe unio.n was c.o.nnecte.d. and a vacuum was. 

drawn on the flow system. This was used in an attempt to 

r-emove air pockets .from the system• These air pocket.s, if 
\ 

not removed, could cause imperfect contact between the polymer . 

melt and the sta.inless steel cylinders. 

The vacuum pump was then shut off and the polymer melt 

was metered frolt), the melt cylinder to the measuring cylinder. 

As indicated in Figure t , page 25, the level to if.rhich the 

polymer melt rose inside the measuring cylinder eould be 



determined from the manometer tube. This means of indication 

proved to be unnecessary. '7hen the melt had risen to the 

level of the teflon ring, no more melt could be metered to 

the measuring cylinder. The resistance to turning the 

aluminum rod ·which pushed the melt cylinder piston was not-

iceably greater. In addition, the viscosity of the melts 

v.ms such that a long settling out period vras necessary before 

the melt levels in the manometer and measuring cylinder were 

the same. The level inside the manometer was higher than that 

inside the measuring cylinder until the melt levels had com-

pletely balanced themselves. 

After filling the apparatus with melt to the designated· 

level, preliminary t~mperature measurements were made to adjust 

the guard heaters and thus eliminate axial heat losses •. 

Successive time-separated temperature measurements of the 

outer cylinder temperatures were used to determine steady-

state conditions. Th:e time separation between two measure-

ments was about one-half hour.. If the temperature was the 

same for two consec11tive readings, steady-state conditions 

were assumed. The time required for reaching steady-state 

varied. To reach an initial steady-state after the input 

of heat was begun, four to six hours was necessary. Two to 

three hours was necessary to reach each additional steady-

state. 

It was proposed that thermal gradients, heat inputs and 

thus thermal conductivity should be determined for each test 

material at four or five different temperatures. The lowest 



thermal steady-state and test temperature was the initial 

.·one reached. Ideally, this temperature should have been 

just above the melting point of the polymerG However, it 

was heat input and not steady-state temperature which could 

be closely controlled. Thus, the desired steady-state temp-

erature could not always be exactly attained. 

After attaining a condition of steady-state, all thermo-

couple readings were-taken and recorded. 

Next, the heat input from the cartridge heaters was 

increased. By balancing powerstat and ampere meter readings 

with that of the measuring heater circuit, a rough idea of 

the correct heat input to the guard heaters could be determined. 

For the top guard heater, a power input of 1; .1 times the meas-

uring heater wattage would roughly eliminate upward axial 

thermal gradients. A rough estimate of correct lower guard 

heater power input was o.6 times the measuring heater wattage. 

Thermocouple readings determined final nec.essary heat input 

to the guard heaters. 

As mentioned earlier, four or· five t.ests with one polymer· 

melt constituted a run. Cleaning the apparatus to remove 

the polymer was.simplified by disassembling the apparatus 

before the melt could harden. This included separating the 

inner stainless steel cylinder from the outer one, cleaning 

the entrance and·exit channels of the base plate, cleaning 

valves and removing all melt from the melt cylinder. 



Generally, most of the solidified polymer had to he scraped 

or cut from the metal surfaces. If this procedure was not 

completely effective, solvents were used to remove the polymer. 

The solvents were not used exclusively because application 

was difficult and the nature of the solvents was such that 

they could be handled onl_y with extreme care. 

/ 
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Materials 

The following section contains the materials used in 

this investigation. 

Aluminum cement. Plastic alwninum, no. spa-1-. Obtained 

:from Woodhi11 Chemical Corporation, Cleveland, Ohio. Used 

as liquid seal between· base plate and inner cylinder. 

Asbestos tape.. Asbestos .strip no. JM-MX 4095. Obtained 

:from Johns-Manville Products, P'.hilade1phia, Pa. Used as 

insulating material :for melt cylinder and.measuring cylinder. 

Caulk. Silicon rubber, white. Obtained :from Dow Corning· 

Corporation, Midland, Michigan. Used to complete seal between 

outer stainless steel cylinder and base plate.of thermal 

conductivity cell. r 

Deca1in. Also named de.cahydronaphthalene, lot no. 780148 ... 

Obtained :from Fisher Scienti:fic Company, Fair Lawn, N.J. 

Used as solvent :for polyethylene. 

@oxy. Hysol Epoxy-Patch kit, production no. V0515. 

Obtained from Dexter Corporation, Olean, N~Y. Used to seal 

portions o:f inner stainless steel cylinder together .. 

Glass wool. Fine-waved-domestic,. cat. no .. 11-391. 

Obtained :from Fisher S-cientific Co., Pittsburgh, Pa. Used 

as insulating material :for measuring cylinder~ 

Glycerine. White, F.W. 92.097, cat. no. G;..32., lot .• no. 

750592. Obtained from Fisher Scientific Co., Fair Lawn, 

N.J. Used as preliminary testing fluid in thermal conduc-

tivity cell. 



., .. ~6·· 
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High density polyethylene. Phillips Marlex 6002, lot 

no. 0152046. Obtained from Phillips Petroleum Co., Bartles-

ville, Okla. Used as test material with thermal conductivity 

cell. 

Ice.. Obtained from Chemical Engineering Dept. of Virginia 

Polytechnic Institute and State University. Used.as reference 

medium for thermocouple measi.irements. 

Lead. Granular., impurities 0.035%, lotono. 530771. 

Obtained from Fisher Scientific Co ... , Pittsburgh, Pa.. Used 

in calibration of thermocouples •. 

Low.density. Polyethylene.. Dupont Alathon I, lot no. 

500613. Obtained from E.I. du Pont de Nemours&, Co., 

Wilmington, Del. Used as test material with thermal conductivity 

cell. 

Cresol-meta. Purified 95-98%, lot no. 753564. Obtained 

from Fisher Scientific Co., Fair Lavrn., N.J. Used as solvent 

for Nylon 6-10 and Nylon 69 

Nylon 6. Dow Badishe Caprolactan, cat. no. B ... JOO, lot 

no. 2971. Obtained from Dow Badishe Co .. , Freeport, Texas. 

Used as test material with thermal conductivity cell .. 

Nylon 6-109 Dupont Zytel, 0.13% water. Obtained from 

E.I. du Pont de Nemours & Co., 'Jilmington, Del. Used as test 

material with thermal conductivity cell ... 

0-rings· .. (2) Parker 0-rings, teflon, size 2-327. Obt ... 

ained from Louis H. Hein Co., Richmond, Va., Used to .form 

seal between piston and melt cylinder wassl. 



0--rin~s·. Parker 0-rings, teflon., sizes 2-116 and 2-154. 

Obtained from Louis H. Hein Co., Richmond; Va. Used to form 

·seals between two parts of measuring cylinder base plate. 

Polypropylene .. Escon grade 103, lot no. 566. Obtained 

from Znjay Chemical Co., Plainfield, N.J. Used as test material. 

with thermal conductivity cell. 

Polystyrene_. Dow Styron, lot no. PT61009.. Obtained 

from Dow Che.ilical Co .. ., Midland, Mich •. ·Used as test material 

with thermal conductivity -Gell. 
' ' Sauereisen cement. Low expansio·n, no~ 29', binder; and 

fill.er separate.' Obtained from Sai.tereisen Cements: Co., 

·P:tttsburgh,_ Pa. Used to form seal between portions of inner 

stainless steel cylinder•·:·. 
., 

Tin. ·Granulated, 20 mesh·, impurities 0.03%~ lot no •.. · 

8576. Obtained from Y.tallinckr:odt Chemi.cal Works, St. Louis, 

Mo.. Used in calibration 6£ thermocouples .. 

Xtlene .. Non-volatile matterp0.001%, lot no. 771g49. 

Obtained from Fisher Scientific Co., Fair Lawn,. N. •. J,. Us.ed 

as solvent for polys.tyrene. 



APPENDIX Q 

Apparatus 



The folloii'ing equipment was used in this study. 

Am12ere Meter. Alternating current, range 0.-1. amperes. 

Obtained from W'eston Electric Instr. Corp. , Newark, N. J ., 

Used to indicate current to bottom guard heater. 

Ampere Meter. Alternating current, range 0.-3. amperes. 

Obtained from Weston Electric Instr. Corp., Newark, N.J. 
Used to indicate current to top gl.lard heater. ·. 

Cartridge .Heater. Chromalox type Cj cat. ·no. C-.301, · 75 
. ' 

watts, 120 or 240 volts •. ObtaiQed from EdWin L.Wiegand Co., 
. . 

Pittsburgh, Pa. Used as bottom .guard.heater. 

Ca~tr:tdge Heate:r. (2) Chropialox type C, cat.• no. C-J.04, 
. . 

150 watts, 120 or 240 volts~ Obtain.e4 fr·om .Edwin L .• Wieg~nd 

Co., Pittsburgh, Pa. One used for measuring heater and the 
~ .; 

other for top guard heat:er~, ..... ··.:.,,'.·~ .. ' .. ' 
"·. ... ·:·:,. . 

Dewar. Fla.sk. · . Obtai~n.ed from Chemical En.gine.ering Dept.. of 

Virginia Polytechnic Inst.itute and State· University. Used as' 

contaifier for i(?e .bath.·· 

Dry; Cell. (2). · Wi,zard, 1.5 volts, serial no. 7D7905. 

Obtained from Western Auto Supply C'o., Blacksburg, Va. 

Used as portion of potenti-ometer circuit. · 

Elect:r;lc Support Equipment. Various wires, fuses, f'use 

receptacles, lights, switches and connecters. Obtained from 

Chemical Engineering Dept. of Virginia Polytechnic Institute 

and State University. U.sedin indication of power.input to. 

cartridge heaters. 



Galvanometer •. Spotlight, series 3400, de, serial no. 117034, 

sensitivity 0.001 microamp /per millimeter. Obtained .from 

Rubicon Division of Minneapolis-Honeywell Regulator Co., 

Philadelphia, Pa. Used in conjunction ·with potentiometer as 

null detector. 

Heating Tape. 140 watts, 45 volts, 480°F maximum, det. 

0 .. 05-4. Obtained from Glas-Col Apparatus Co. Used to heat 

pipe which connected melt cylinder with measuring cylinder and 

to heat base plate. 
t 

Melt .Cylinder. Designed and constructed at Virginia 

~olytechnic Institute and State University for this experiment .. 

Detailed description is given elsewhere in the text. 

Potentiometer. Range 0.-1.6 volts ·with three ranges, 

three dials, serial no. 52218. Obtained from-Rubicon Division 

of Minneapolis.,..Honeywell Regulator Co., Philadelphia, Pa. 

Used in conjunction wi.th thermocouples for temperature measure-

ment. 

Powerstat. Type 116, primary voltage 120 volts, output 

voltage 0-140 volts, max. amps 7.5. Obtained from Superior 

Electric Co., Bristol, Conn. Used to regulate heat input to 

melt cylinder • 

. Powerstat. Type 116, primary voltage 120 volts, output 

voltage 0-140 volts, max. amps 7.5. Obtained from Superior 

Electric Co., Bristol, Conn. Used to regulate heat input to 

heating tapes. 

Powerstat. Type 116, primary voltage 120 volts, output 

voltage 0-140 volts, max. amps 7.5. Obtained from Superior 



Zlectric Co., Bristol, Conn. Used to regulate heat input to 

measuring heater. 

Powerstat. Type 116, primary voltage 120 volts, output 

voltage 0-140 volts, max. amps 7.5. Obtained from Superior 

Electric Co., Bristol, Conne Used to regulate heat input to 

top guard heater. 

Po.,>terstat. Type 116, primary volatge 120 volts, output 

voltage 0-140 volts, max. amps 7.5. Obtained from Superior 

Electric Co., Bristol, Conn. Used to regulate heat input to 

bottom guard heater. 

Sparger. ASTM 25-50.AJ, por c. Obtained from Ace Glass 

Inc., Vineland, N.J. Used to saturate ice bath with air. 

Standard Cell. Calibrated to 1.01804 volts, EPLAB student's 

cell. Obtained from Research Division of Randolph Hall, 

Virginia Polytechnic Institute and State University.. Used to 
' •<. .,~ ~-

s tandar di z e potentiometer circuit.· •;' 

Thermal Conductivity Cell. Designed and constructed at 

Virginia Polytechnic Institute and State University for this. 

experiment. Detailed description is given elsewhere in the 

text. 
-

Thermoqouples. Made from JO gauge iron and 30 gauge 

constantan wire, iron wire from spool no. 2035-27, constantan 

wire from spool no. 2042-22. Made by Leeds and Northrup Co., 

Philadelphia, Pa.. Used for temperature measurement in thermal 

conductivity cell. 
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Thermocouple Selector Switch. Lewis Engineering Co., low 

em.f, silver contact thermocouple selector switch, 20 position. 

Used to select thermocouples used with potentiometer. 

Thermometer. Glass, 0-140 degrees F with one degree F 

subdivisions, no. 14-992B. Made by Fisher Scienti.fic Co., 

Pittsburgh, Pa. Used as check .for ice-water bath temperature. 

Vacuum Pump. Obtained from Chemical Engineering Dept. 

o.f Virginia Polytechnic Institute and State University. Used 

to draw vacuum on thermal .conductivity cell. 

Voltage. Sta'bilizer. Serial no. ·w6J08, input 90-150 volts, 

60 cycle, single phase, output. 120 volts, 4.17 amps. Made 

by Raytheon Manufacturing Co., ,.tJaltham, Mass. Used to 

stabilize input voltage to electical system. 

Wattmeter. Alternating current, double range 0-75 watts 

and 0-150 watts, 1.5 amps max., serial no. 2944. Obtained 

from Weston Electric. Instr. Corp., Newark, N .J. Used to 

measure input power to measuring heater •. 
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Calibration of Thermocouples 

Differential thermocouples made from iron and constantan 

wire were used for temperature determination. Detailed 

description of the thermocouple materials is given in the 

Materials section. 

A total of seventeen thermocouples were used during 

experimentation. As shown in Figure 4 , page 30, use of a 

multiple position sWitch, which allowed a common cold junction 

to be used, was employed.. In additi.on to showing the use o.f 

the multiple position switch, Figure 4 also indicates use of 

·the potentiometer and galvanometer in temperature measurementa 

Temperatures up to approximately J00°C were to be measured 

with the.thermocoup+es. Thus, the thermocouples had to be 

calibrated at points in this temperature range or slightly 

higher to avoid extrapolation of thermocouple calibration 

curves. 

During calibration procedures, the cold thermocouple 

junction wa.;$ kept in an ice bath in a Dewar flask. The 

normal freezing point of water is d~fined as the freezing 

· point of water saturated with air. To attain this, air was: 

periodically bubbled into the ice bath. Mechanical agitation 

was applied to the ice bath during the bubbling of air into 

the bath but was discontinued prior to calibration measurements. 

The initial calibration point was obtained with the hot 

thermocouple junc'tion in the ice bath along side the cold 
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junction. This data was us.ed to determine a null or zero 

point for the thermocouple potentials. 

A second calibration point was obtained vJ'ith the hot 

thermocouple junction inside a thin glass tube which was 

irmnersed in a flask of boiling Nater. This data yielded a 

calibration point at approximately 100°c, subject·to local 

barometric conditions. 

A third calibration poirit was obtained at the melting 

point of pure tin. This yielded a.calibration point at 

232°c which is the melting point of pure tin .. 

The final calibration· point was obtained at the melting 

point of pure lead'. This yielded a calibration point at 

327°C, the melting point of pure lea~. 

Data obtained during thermocouple calibration tests is 

given in Table V, page 97. An average emf, as given by 

Leeds and Northrup ( 21 ) for iron-tfonstantan thermocouples, was 

used in preparation of the calibration charts. At the temp;.. 

erature concern~d.(melting point .of tin, etc.),. the average 

value given was subtracted from the experimentally determined 

value. This difference was used as the ordinate of.the cal-

ibration chart wi.th temperature as the abscissae. . 
The procedure for using the calibration charts is 

1. Read the indicated emf from the potentiometer. 

2. Using Leeds and 1-Jorthrup ( 21 ) manual, determine 
corresponding temperature. 
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3. With the calibration charts, determine the 
deviation from average value (ordinate). for 
the thermocouple concerned. 

4. Correct potentiometer emf value by amount indicated 
from calibration curve. 

5. Determfne corrected temperature from Leed and' 
Northrup manual. 
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TABLE V 

Preparative Data for Calibration CUI'ves 

:fo~ Iron-Co;nstantan Thermocouples 

Thermocouple 
Number 

EMF Potential (milli.voltsl 
A B C' D 

1 o.ooo s.030 12 .• 333; 1i7. 555 
2 .· o.ooo 
3 o.ooo 5.039 12.311 17.553 

5.055 12~354 17.52·2 
4 O.QOO 
5 o.ooo 5 .• 047 ·12.359 17.575 

.. 5.046 12.)75 17~560 

6 o •. ooo 
1 · o~.ooo · 
g. 0~000 

10': o.ooo 
11 o.ooo .·· 

5.063 12.279 17.520 
s.065 12. 251 17.525 

'5.076 ·12.363 17. 577 
. 5.066 12.440 17.536 
5.:026 12.336 17 .• 624 

12 o.ooo 
13 o .• 'ooo · · 
14 · o.oocf 
15 o.ooo 
16 o .. ooo 

5.028 12-.342 17.636 
5 .• 054 12.450 17.605 

... 5.071 12.457 1"7.629 
.5.050 12 .. 324 17 .589. 
5.050 12.310 17.595 

17. . o.o.oo.: ·1s o.ooo .5 •. 043 12 .• .).,tO, 17 .• 560 
5 .. 041 1.2 .• J58 17.581 

A - Data obtained with hot .)unction in ice bath 

B - Data obtained with hot junct:Lon in boiling water 
at barometric pressure= 71.07 cm. Hg. 

C - Data obtained at melting point of tin 

D ... Data obtained at melting point of lead 
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Samnle Calculations 

The following section contains a sample of the cal-·· 

culations which were used in preparing the results of this 

investigation. 

Thermal conductivity calculation. The experimental 

test used in these sample calculations is Test 1 with Enjay 

Escon as the test material. After the thermocouple pot-

entials had been recorded, the temperature corresponding to 

each potential had to be determined. With, for exampl~, 

thermocouple number 8, · for· 'which the recorded potential was 

8.532 millivolts, the corresponding temperature as given 

by Leeds and Northrup{Z1 ) was 159.3°c. From the thermo-

couple calibration curve.for thermocouple number 8, Figure 

15, page 100, at this temperature, the·experimentally det-

ermined potential.was 0.120 millivolts lower than the standard 

or average. The other thermocouple calibration charts are 

in the laboratory notebook :for this investigation. As: des"-

cribed in Appendix E, Thermocouple Calibrations, the thermo-

couple potential correction must be added to the inC!.icated 

potential, giving a corrected potential of 

s.532 
+ 0 .• 120 

) 

8.652 millivolts 

. . 0 which corresponds to a temperature of 161.5 C in Leeds and 

Northrup( 21 ). 
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This procedure was followed for all thermocouples used 

in determining the thermal gradient through the stainless 

steel cylinders. .A. linear res.;ression by a .least squares 

technique (4) was used to determine the inner wall temper-

ature. The thermal gradients and wall temperatures for the 

test used in this sample calculation are shov\rn in Figure 16, 

page 102. For this test, 

T1 - 161.28°c 
T2 - 158 .oo0 c. 

and AT - 3.28°c •. 

The inner and outer hall radii of the polymer melt 

annulus were 1.475 inch and 1.550 inch, respectively. Thus, 

in the thermal conductivity equation, the term: 

would appear.,· 

t~ 55o = 0.0497 ln 1.475 

The indicated heat input had to be modified by the 

amount of heat which was transferred through the polymer 

gap by radiation.. The equation used tb- determine radiation 

heat transfer was: 

where: 
A - emitting surface area. 
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Figure 16 A Typical Radial Temp.erature Profile.: 
Temp.er.ature Profile For Test· l Using 
Enjay Escon Melt As Te.st F.luici 

T=158.00°C 
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~!i th the use of cylindrical geometry, the emitting 

surface area '.'1Tas: 

A = 21T' r L 
= 2'1r(1.1+75 in.) (6 in.) 
= 55.8 in. 2 

A = 0. 3 87 ft • 2 

An emissivity value for Type 316 stainless steel of 

e = 0;.30 was used { 23} •. The inner and outer wall temper-

atures were 158.00°c and 161.2s0 c, respectively. Thus, 

the mean or average melt temperature, to the nearest degree, 

was: 

and 

Hith the Stephan-Boltzmann constant: 

the radiation heat transfer for this particular test was: 

~ ·= t .•. 7 4 BTU/hr. 

\,_, 

noting that AT = J. 28°c = 

3.412 BTU/hr. =·'1 watt, 

0 5.90 R. 

~ = 0.51 watts •. 

Using the conversion, 



Thus Qc' .heat transferred by conduction,· is equal to the 

indicated input, 13.5 watts, minus that transferred -by 

radiation; or: 

Q c -· 13. 50 
- 0.51 

12. 99 watts. 

~Ji th the equation for thermal~ c~'nductivity determination 

using the coaxia-l cylinder met~od! 

and insertin~ proper yalues for the mentioned test and con-

version factors:: · ,.,. : 
.. " .... : .. 

. '} ·~''. . ' 

. . ' . . '· 

Thi·s was the. experimentally determined' th~rma:I conduc-

tivity of En.jay Escon at the mean, or average, melt .temp• 

erature of 160°c. 
Convection c.;ilculation., A measure of the significance 

'-"' 
of convection was determined by the magnitude of the Rayleigh 

number, using typical values.for the polymer melts tested$ 

The terms used in the determination of the :Rayleigh number . 

were defined in the Literature Review. The values substi-

. tuted for application in this instance were::-



2 g = 970 cm./sec. 

d = 0.075 in. = 0~19 cm. 

AT = 10.0°c 
B = 10x10-5;0 c 
'° = 1 

·3 gm/cm. 

» = 1 lbf sec.fin. 2 = 480 gm./ cm/sec. 
o· cp = 0.45 cal./ c gm. 

k = 0.12 BTU/ft.hr.°F = 0.0005 cal./cm.sec. 0c. 

Substituting these values; the resulting magnitude of the 

Grashof number is: 

N.- =· 2· ·.:91· 10-80· Gr .. : . · .· x ... •·• 

The value· of the Prandtl number. is:. 
·'" . / ... ·· ... 

.-· 
•<;.·'' . - . ..• . 5 

NPr "'7' 4.32 x 10 • 

Thus 1 the value of t:he Rayleigh number is: 

NRa. - (2.91 x 10-8) (4.32 x 105) = 1.257 x 10-2 
NRa =· 0.01257. 

For convection to be significant, the Rayleigh nutnbermust 

be greater than 700(Z9l. 

•. 
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Eccentricity calculation. Although the_ apparatus was 

assembled so that eccentricity of axes would be minimized, 

a calculation of the effect of eccentricity for this system 

is presented. The working equation is presented in the 

Literature Review. The values substituted were: 

r1 = 1.475 in., r1 2 = 2~176 in. 2 

r2/r1 =- 1.051 

b = 0.005 in., ·b3 = 25 x 1 o-... 6 

A T =· . 5 • 90¢F 

Q = 12.99 watts = 44.30 BTU/hr• 

'. 

Substituting these values; .... ~.:··.· 

·. '·.-· 
~·. :;J•. >-: .. "! ••• 

, .. "'· ·:"' .. :~ ·:~; 

compared to the expe:t?imentally determined 

't 

.fnr this particular test. Thus, an eccentricity of 0.005 

inch of 0.075 inch(polyme:i;- gap) gives an error about 4 percent. 

'-
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Teruperature Profile Data 
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. i 



Material Thermo- Test 
couple 1 Ta 2 Ta 3 Ta No. emf emf emf 

mv •. oc mv •. oc mv. oc 
Glycerine 1! 4.250 82.2 5.222: 100.6 6.507 124.3 

2 4.257 82.3 5.228 100 .. 7 6.524 124,.6 

3 4.395 84.8 5.449 104.7 6.757 129.2 

4 4,.414 84.9 5.453 104.6 6.713 128.4 I 
~ 

5 4.,399 ';. 84.7 5.454 104.6 6.737 128 .. 5 0 
OJ. ' . 

6 4.3tl4 . 84.8 5.412 104.2 6.707 128.5 

7 4.341 84.0 5.405 104.1 6 .. 696 128 .1 

8 4.353 . 83.9 5.412 103.5 6.693 127.7 

Thermal Gradient 
(inner cylinder) 

. ~ ...... 0-0/ in.. . 
-r.07 .... 1 .18 -1. 23 

· a corrected according to thermocouple 
calibration curves ~ 



Material Thermo-
couple 
No. 

Dupont 1 
. Alathon 

2 

3 

4 

5 
6 

7. 
8 

Thermal Gradient 
(inner cylinder} oc;. ' in. 

Test 
11 Ta 2 Ta 3 Ta emf emf emf 

. rnv •. oc Il'lV;, '' oc mv. oc 
9.319 176.3 12.344 230.7 13 .983 

9.416 17El.O '1'2.390 232.0 14.014 

10.027 189.4 12.900 242.4 14. 651 

9.9~w 1(!8 .o 12.883 241.2 14.623 

9.968 '187~8 •12.862· 2~0.8 14. 601 . 
9.890 12~7.1 

,. 
12.790 240.6 1 ~~.:512 

9.876 186.8 12.764 240.0 14.484 

9.871 185.4 12. 782 .239~3 J4~463 

.. 3.57 -2~83. -3.17 

a~ ... . .. . . 
corrected according to thermocouple 
calibration curves 

262.2 

262.8 

274.5 

273.5 

273.3 

272.6 

271.9 

271.3 

4 Ta emf 
mv • C) c 
16.110 301.3 

.16.132 301.7 

16.725 312.6 

16. 736 312.1 . f 
~ 

,., 
0 

16.674 311.2 ··.,o -
I 

16. 579 310.5 

16. 580 310.2 

16.609 .309.8 

-3.31 



Material Thermo- Test. 
2-ouple 1 Ta 2 Ta 3 Ta 4 Ta 5 Ta No. emf emf emf emf emf 

mv. oc . mv. oc. mv • <>c mv. oc rnv. oc 
·Phillips 1 s •. 534 161 .. 9 9.546 180.5 10.352 196.3 11.392 214.6 12.382 232.6 
Marl ex 
6002 2 8.541 162.0 9.552 ·180 .. 6 10.362 196.5 11. 400 214.7 12.395 232.8 

3 8.914 168.9 10.032 189.5 10.863 204.8 . 11.822 222.6 12.871 241 .. 7 

4 8.935 168 .. 9 10.025 188.,8 10.845 204.1 11 .836 222.3 12.866 241.0 , I ' 
ol ~' 

-Jo 

5 8.907 168.5 9.,997. 188.4_ 10.824 203.7 1t.824 222.1 12.855 241.0 0 
f 

6 8.856 168.3 ·;9·)96S ·- .1·as. 5 1o.7p2 203.3 11. 753 221.7 12. 749 240.0 

7 8 .. 843 167 .9 - 9.922 187 .5. 10.755 203.1 11.736 221.2 1.2. 732 239.5 
8 8 .. 851 167.3 9.944 187 .1 10 .. 752 202.2 11.731 220.2 12. 749 238.7 

Thermal Gradient 
(inner cylinder) -1.67 -2.31 -2.42 -2.34 -3.04 . o I c . . _ in. 

a· corrected according to thermocouple 
calibration curves 



Material Thermo-· 
couple 
No. 

Dow 1 
Styron 

2 

3 
4 
5 
6 

7 
8 

Thermal.Gradient 
(inner cylinder) 

. . oc;. 
·in •. 

emf 
mv. 

10.131 

10.149 

10a6J4 
10.638 
10.582 
10.541 
10. 533 
10.537 

-2.38 

1 ·a T oc 
191.2 
191.6 

200.6 
200.2 

199.4 
199.,2 
199.0 
198 .1 .. 

Test 
2 

Ta 3 Ta emf emf 
mv. oc mv. cc 

11. 498 215.3 13.093 24.5. 7 
11 .517· 215.6 13 .11 2 246.2 

12 .172 228.6 13 .859 260.0 
12~ 165 227.9 . 13.836 259.0 
12~1.31 227.2 13. 8.30 258.9 
12.055 227.0 13.742 258.4 
12.007 226.1 13.695 257. l:-
12 .021 225.3 13.717 256.5 

-3.27 -3.37 

a corrected according to thermocouple 
calibration curves 

4 Ta emf 
mv. oc 

14.727 277.6 
14.755 278.1 

15.657 293.0 
15.628 291.8 r· 

~;, _.. 
15.591 291.2 . _.. 

I 

15.536 291.3 
15.489 290.3 
15.504 289.2 

-J.44 



Material Thermo- Test 
couple 1 

Ta 2 
Ta 3 Ta No. emf emf emf 

qiv. oc mv. oc mv. oc 
En jay 1 8,.201 157.6 10.197 192.4 . 11 .,JJ2 213.3 
Es con 

2 8.210 157.8 10.208 192. 7 11. 353 213.7 

3 8.628 163. 8 .. 10.61.2 200.2 11.817 222.5 

4 8.631 163~j·, 10.603 199.5 11:.825 222 .. 5 

5 8.609 162.9 10 .. 581 199.3 11.807 221.8 
6 8.564 162.8 10.55l 199.3 11 .748 221.6 

7 8.542 162.2 10.485 198.1 11. 724 221i. 0 
8 8.532 161.5 10. 491 197.5 11.722 220.0 

Thermal Gradient 
(inner cylinder) . · 

oc/. -2.20 -2.62 -2 .. 57 
in. 

a corrected according to thermocouple 
calibration curves 

4 Ta emf 
mv. oc 

12.687 238.3 
12.709 238. 7 

13 .325 250.2 r ' 
-"" '· 

13.312 249.2 -"" . 
l\) 
I 

13.274 248.6 
13 •. 222 248.7 
13.152 2li-7 .3 

13.172 246.6 

-3~48 



Material Thermo-
couple 
No. 

Dow 1 
Badische 
Nylon 6 2 

3 

4 

5 
6 

7 
8 

Thermal Gradient 
{inner cylinder) 

oc/ in.· 

Test 
1 Ta 2 Ta. 3 Ta emf emf emf 

mv •. oc mv. oc mv. oc 
1 t.353 213.9 12.019 225.0 1. 2. 768 239.8 

11.358 214.0 12.032 225.2 12. 781 240.0 

11· .. 881 223.6. 12.674· 238.1 . 13 .429 252.0 

11.914 223.7 12.703 '238.1 13.470 252.2 

11. 892 223.3 12.641 . 237 .• 1 13 .421: 251.5 

11.808 222~.7 ~· 12.642 23'?.t .· 13 .304 250.3 
11. 813 222.6 · 12,571 236 •. 4 . 13.297 249.9 
11 .851 222.4 12.607 235~ 5 13 ,.340 249.6 

-2.69 ... 3 .oo 

a_ corrected according to thermocouple 
calibration curves 

l,, Ta 5 Ta emf emf 
mv. oc mv. oc 

13.487 253.0 14.515 272.1 

13.501 253.3 14.527 272.3 

14.162 265.5 15. 297 286.4 

14. 154 264.8 15.304 285.9 

14 .. 158 264.9 15. 292 285.7 
r .· ...... 
-1. 

'-'J· 
14.054 264.1 15.211 285.3 ' 

. 

14.053 263. 7 15.130 283.8 

14.027 262.5 15 .166 283.2 

-2.84 ... 3 .38 



Material. Thermo-
couple 
No. 

Dupont 1 
Zytel 

2 

3 
4 
5 
6 

7 
8 

· Thermal Gradient 
.(inner cylinder) 

e> C/ .. in., 

Test 
1 

Ta· 
2 Ta 3 Ta emf emf emf 

6 oc oc mv. c mv. mv. 

10.007 1 e9.1 10.984 207 .. 1 11.586 218.1 
10.014 189.2 11.002 207.3 11. 599 . 218.3 

10.572 199.5 11. 581 218.0 12.274 230.6 
10.576 198.9 11.604 217.9 12. 253 229.9 
10.538 198.5 11.554 217•0 12.226 229.4 
10.491 198.2 11.468 216 .. 5 12.181 229.5 
10.492 198.2 11. 483 216.4 12.116 228.1 
10.466 197.0 11.482. 215.7 12 .. 127 . 2,'2..7. 2 

-2.17 -2 .. 45 -3.31 

a corrected according to thermocouple 
calibration curves . 

4 Ta 5 Ta emf emf 
mv. C) c mv. oc 

12. 566 232.1 13.019 244.,5 
12.579 232.3 13 .030 244.7 

13 .055 245.1 13.859 260.0 
13.084 245.1 . 13 .867 259.5 

' -~ 

13.022 244.0 13 .Bli-7 259.2 ~ 

. -t:-

' 12. 943 2li-3. 7 13.722 258.0 
12.914 2li-2 .. 8 13.697 257.4 
12.919 242.0 13.707 ;:z56.5 

-3.38 -3.76 
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D3V~LOPM3.:NT OF AN APPARATUS TO }':~ASUR3 TH3 

TH3F.M.AL cmrnUCTIVITY OF POLYL·Ji:ZR ~.:3LTS 

by 

Thomas R. Fuller 

ABSTRACT 

The purpose of this investigation lWs to develop an 

apparatus to measure the thermal conductivity of polymer 

melts, and to use the apparatus to measure the thermal 

conductivity of selected melts as a function of melt temp-

erature. 

The steady-state, coaxial cylinder method 1'dth guard 

heaters was used and the annular gap was 0.075 inch. The 

polymer was melted in a cylindrical melt chamber, then 

metered to the thermal conductivity measuring apparatus .. 

Cai"!tridge heaters provided heat input and temperature 

measurements were made with calibrated, differential, iron-

constantan thermocouples. 

The thermal conductj_ vi ty of polyethylene, polystyrene 

and nylon melts tested increased vd th increased temperature. 

The thermal conductivity of the polypropylene sample was 

temperature independent. Complexity of molecular structure 

lowered melt thermal conductivity. 

Radiation losses were accounted for and convection 

•,,;ras determined to be absent. The results were sho1'm to 

be i'dthin a 3 percent experimental measurement error. 

Meaningful confidence limits cannot be calculated beca:q.;S.'e 

of the limited number of data points •. 
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