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I. INTRC DLC

Rapid teconoloﬁwoal development has resulted in an ever

Fa)

for a varie bj of working

,“)
cr
o

increasing demand for oroverty dai

fluids, 1DCl1 ling polymeric fluids, Heat exchange pnlays

én important .part in ume‘auaiysis of any process and the
interpretation of researph datag The knowledge of thermal
conductivity isvhelnful in-interbfetiné nhysic 1 and chemical

nhenomena governing mol@culwr transfor in llouid . As a

result, durlpw Ln pa“t two decades, many 1nvestigations

(@]

have been uﬂdertﬁmen to fxrtner tqe uadnrstamgirg of th

!

phenome pa as wel1,as the correct prediCtion of thermal cond-

Lds,

(o]
[N

+

uctivit? of licu
Iuch 1 formatlon has ;been ccumbla ed uovafd underst-
anding thermal conductlvltf phenomena in simple llquwds and
liquid ﬁixtu res. Recénp-étudies havevbroadened this infor-
mation to include pdlymer,solutlons and homogeneous pélymers
at temoeratures below their neltlng p01nu.’ Very little‘
investigation haS been made, ﬂOWPV@r, in dbtormlnln” the
thermal conductivity of noljmnr melts, which is valuable
in understanding and controlling polymer processing.
The purpose of this investi Mtlon was to select an
appropriate method for measuring the thermal conductivity

o

of polymer melts, design and construct a Suitable apnaratus,

obtain thermal conductivity data for selected melts, and



/

attempt to relate the results to published results taken

at temperatures below the melting points of the polymers.



The following 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 with
limitations and advéhtages of the methods. This is followed
byva brief discussion of previous results and postulated
theories connected with thermai conductivity of polymeric

materials.

Zxverimental Methods for Determining

Thermal Conductivity of Liquids

A system unaffeéted by a temperature gradient will be
in thermal equilibrium énd, thus, there will be no heat flux.
However, if a system is perturbed from ﬁhermal equilibrium |
by a temperaturé gradient, ?”7;x , 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,)q-ié then defined

by Fourier's law
Q== 2" | (1)

as the proportionality constant between the heat flux and



) :;;[:,L‘.

-the temperature gradient. The law is assumed to be linear

(2k) states that it is likely to hold for systems

and MMcLaughlin
not far from thermal equilibrium, i.e., low thermal gradients.
To determine the thermal conductivity of fluids, conditions

nmust be such that heat is transferred by conduction only.

Bulk motion or convection of the fluid must be absent or
accurately accounted for. Under conditions of heat transfer
by conduction only, with a small temperature difference,

(3,5)

)s can be considered a constant

The energy equation, with the fundamental law of héat
conduction (1), can be used to solve for the thermal cond-
uctivity of liquids. The general form of the differential
equation for heat condﬁction without heat sources and sinks

is given by
Mhe = g5 VT (2)

where:

T = temperature
© = time »
A = thermal conductivity

C_ = heat capacity
P = density

Y72 = Laplacian operator.



- Steady-state operation. Forfsteady-state operation, the

-~ temperature at.any'pointlof"a fluid sYstem isqindependeﬁt* '

" -of time and‘(Z)'reduces to the Laplace‘differenﬁial équation

Vi =0, | 3)

. Solutions to this'equation exiét<for the threefcoordinatej
‘systems in cases of OQe—diménsioﬁaI heat:conduction.

'Zieblandfs(3?) PfeséntétionVof theséfSOlutiqnsvare;

1. Caftesién Coordinates:-gheatffloﬁ:normalfto’the

surfaces of twofparal1eI,‘infiﬁitély large plates

W

Whefe: Q;ff: 7iY’4 o
| Q= normal hest flux
" Lf?.Péfpénaiéﬁlar“diStahéé‘Beﬁwéénvplates'
e b i st e
Ti'=~upstfeamfplate wall témperature

:TZ =fd6Wnstréam Pléte‘walljtémperature,‘}

2. Cylindrical Coordinates -‘heat flow radially between

coaxial cylinders




b

where:
r2 = puter cylinder radius

r1 = inner cylinder radius
I = inner cylinder length
T, = inner cylinder wall temperatﬁre

T2 = outer cylinder wall temperature.

3. Spherical Coordinates - heat flow radially between

concentric spheres

N _ Q (r2-r1)
A= LT §1 izz (T,=T,]) (6)

where:
r2‘=;outer sphere radiﬁs
r1'= inner sphere‘radius
Ti = inner sphere wall temperature

T =‘outer sphere wall temperature.

An averagé\value of A can be obtained‘from'thesevequationsa
Should the assumption of linear dependence between T and X be

inadmissible, the average thermal conductivity ean be deter-

(31)

mined from



where:
N\ (T) = thermal conductivity at a particular temp-
erature in-the range T1 to TQ.
: (1,26) N
.11 three arranmements, flat plates , concentric
cylin ( ), concentric S“nPTOS( ), have been used with

SUcCCess.,

Unsteadyustate‘methéds.: All steady-state methods require
careful experiméntation to_abcount for or eliminate heat
losses, convéciive eﬁrors and geometfié errors. In addition,:
should the apparatus havé‘coﬁsiderablé maés;'considerable
time may be éonsumed inveétablishilg stéady¥state,' Aéfé
'résult, many invéstigatdfs have,attempteduto design and use
a ﬁransientastate device.. In practice, these devicesvhavév
been restricted to hot wire cells“iniWhich a Change‘of temp-
erature is obser#ed in-an eiéctriéally héated;wire-thét is
immersed axially in a fluid. The hot wire is contawn@d in
a cylindrical celi which is in thermal eau111br1um. Sultable

(2) (12)’

forms of‘thiS'dévié' have been vsed oy Ball and Falcao

Two basic means of measurement have been used in the
uhsteady—state, hot wire method for determining thermal cond-
uctivity. = Both Ball(z) and Falcao(qz) generated a time-
dependent temperature field in a lérge.volume of test fluid
by continuously generating heat inside a éolid body. vThé‘

temperature gradient through the test specimen was measured

continuously as a function of time. A different approach,



és discussed by Zieblan , consists of generating heat
for a short period of time in\a}large solid body. Heating

is discontinued afﬁer 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 tehperature grad-
ient bétween 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, unsteadyfstate methods give faster
experimental results than steady-state methods.. Ziebland(BT)
points out that their chief disadvantage is that they are
less accurate than Steady—stéte methods. This is probably
one of the maiﬁ reasons why most of thevexperimental infor-
mation accumulated on thermal conductivity 6f liqpids has

\

been obtained with steady-state methods.

Uncertainties in Thermal

Conductivity Measurements

Without propérvprecautions in design and operapion of app-
aratus, heat losses can lead to considerable error in results.
Sugiyami(28)5 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'measuremehts‘

in fluids, but not necessarily in solids. Zlimination



of these sources of error is extremely difficult. However,
measures can be taken to reduce these and an experimental
determinatioﬁ of their magnitude can be made. One additional
error, gedmetric'eccentricities, is'present in the coaxial
cylinder and concentric sphere methods. This type of érror
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.

Radiatioﬁm Since this means of heat transfer depends
on the molecular properties of thé test fluid and the con-
fining sqlid surfaces; it will always bé present to some
degree in thermal conductivity measurements. Measurement
of thermal conductivity depends upon two surfaces being at
different temperatures. Thus, radiation will occur between

(8)

these surfaces. ZHckert is one of the investigators into
this problem. 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
Q= Aeort (8)

where:

Qr = rate of heat emission

& = surface area



e = em1381v1ty coefflclent of the body
a = Stephan-Boltzmann constant

T, = absolute temperature of ‘the body.

The rate of absorption of this energy by a receiving

:bodyvor the surrOundings.is'
Q5 =vA;e&‘T~4 R - "(9)4'

',Where: | - '
IQ27='rate ef“energy'ébsefﬁtidndk}v
'absorpt1v1ty of the body
T2 -absolute temberature of the body.
The net rate of heat exchange between the wo. bodles;i

is then

Qpactentant o (10)

~wheres

Qrz = net rategéf%heat,eXChenge' _

For most materlals, aﬁand e are <:1 and are aoprox1mately _
'eoual By maklng ﬂ<*e=1 the max1mum radlant heat transfer
- would be obtained. bor a small temperature dlfference betweenv

“emlttlng and absorblnv bodles, (T1A-T2h) may be approx1mated



by 4 T ° OAT. Rearranging ecuation 10 yields
. . 3
a =) Lg T."AT : (11)

where:

» M m
Lqmls

m =
AT =TTy A8 Ty Ty

Squation 5, that for radial heat conduction bebween co-

axial cylinders, can be rearranged to read

R |
N

The ratio of héét transfer by radiatiocn to heat transfer

by conduction is then given byf '

3 |
caet My

fZ/QT4YH5 __»k

vhere the area in eguation 11 is given by the surface area

he inner cylinder in equation 12. Using equation 13,

o

ci

of

‘4

a measure of the significance of heat transfer by radiation .
can be optalned.

The above dlscuSQJOP concerning

radiation et ects upon
heat conduction is valid only with a trtnsparent, "non~partf

icipating™ fluid. The effective emissivity of this type of

fluid is 1.0, which means that it transmits all and absorbs



Rem

none of the radiant enefgy which it receives. Some materials,
however, 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 wévelength and temperat-

| re(32). It has also been shown(BZ), that an upper limit

of radiation effects can be found by assuming an emissivity

of 1.0 1f the actual em1381V1ty cannot be Qetermlnede



i

e

Convecticn, Convective heat exchange

s a hydrodynamic
ohenomenon and is caused by the bulk movement of portions

of the fluid in or around the VODHMCLJVJnj cell through

s.J

excessive density gradients. In thermal conductivit3 meé

Nal

ursments, only free convection, which results from gravity

-

forces acting on a heated fluid of variable density, nead

be considered,

17 o

Hsu( 7) has studjhd Lne problem of Convectlve transier
' 20) . .

of heat from a fla t wa]l thJe Arwussold(’ ) studied the

nroblem of convcculva qent transfer thfough ligquids between
coaxial cylinders. In th eir re Shltu, tnej‘showed that dyn-
amic similarity considérations applied.to’the motion and

energy equatidﬁs Yield‘tWQ indépeﬁdent, dimensionless group-

ings of pertirent variables. These are the CGrashof number

v = &BP AT ’ :

A

C
Ty, =ué4EJl.‘ o  (15)

where:
Na = Grashof number

=

= local gravitational acceleration

)
|

B = bulk coefficient of volume expansion
(evaluated at some reference tvmpmrature).

P = fluid density



b=

AT = temperature gradient(driviﬁg force)
d = characteristic linear dimension
A = coefficient of viscosity
N,.. = Prandtl number ~
C._ = constant pressure heat capacity
k = thermal conductivity.
Kraussold(go) aiSo pointed out that the Grashof number
can be thought of asva,relative measure of‘buoyancy to viscous
forces, while’the Prandtl number is a measure of the ratio
Qf momentum tQ energy diffusi#iny( The ratio of apparent
conductivity to the true-molecular cdnduétivity was found
to be a function of the prédﬁct of the Grashof and Prandti
numbers; commonly célled.ﬁhérRayleigh humber‘

Npa = Ngp Nppo

(16)
where: o
NRa = Rayleigh numberf

It was stated(zo) that for coaxial cylinders, a value

of
N. << 1000

Ra

insures that convection is either negligibly small or comp-



<9 5

letely absent. Determinations made under these conditions
yield true molecular conductivity. Tsederberg(zg) feels
that a more conservative estimate, such as

No, < 700

Ra
insures determination of true molecular conductivity.
Crosser(7) found that for the guarded hot plate method,
true molecular conductivity could be obtained when

N < 1700.

TRa
These criterioﬁ can give an estimate of convection effects
only if there are no additiohal effects, such as eccentricity
or multidimensional heat flow; No authaé whose work was
reviewed in this investigatidn has'proved that his system
is free of convective effects or that his system was one of
pure conduction. It was suggested(11) that to demohstrate
that pure conduction exists, thé heat flux should be plotted
as a function of the temperature difference. For pufe cond-
uction, a straight line which passes through thé.origin
should result.

Zecentricity. Vhen 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
( v

the axes not coincide, Ziebland 31) reports that experimen-

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



=16«

coaxial cylinder method, Should eccentricity be present,

the equation for the coaxial cylinder method

5 - Q 1n 1*2/r1
2L (T1-;T2)

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

equation

V12 (1271 14] 20,2 1 fer2[(02/ gy 4] 20,2
V1202 1) 14] 202 eq? [(r2/ 1) 4] 202
2 TL (T,-T,)

A (17)
where:

b —-m1sa11gnment factor(normal distance between the -
two axes). 3

This correction applies to.translation of the cylindrical
axes only. No proposal is'given for deviatiqn of one or both
axes from the vertical.

Comparison of steadysstéte methods in terms of experimental

(31

31) presents a critique of the most

uncertainties, Ziebland

widely used methods of thermal conductivity measurements.

In any method, some smalI 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 of methods. Another factor which must

be considered is range of operating conditions.



- In evalua ﬁ,g the thvoe steady- &uate methods as to exp-

actad error, the guarded hot plate method has smallest ecc-

-

ntricity error but heat losses are much sreater than for the

(7)

other two methods « Concentric sphere and coaxial cylinder

a9

methods are comparable in terms of heat losses bub geometric

6]

~eccentricities in the concentric sphere method are greater,
In summary, ie‘lmnd proposes that the coaxial cylinder

‘method offers a vantages of varsatility to operating cond-

itions and nature of fluids tested. He further states that

this method is superior to the hot ﬂlru, ‘"teadynstate method,

because of higher rrecision.s - ‘ .

mheory of vlormal Conau0t1v1ty

of Polvymers

-3

her

[}

e exist two basic ca teﬁorles into wthh known theories

of thermal conductivity of condensed matter can be divided.
One ca ory( 3),001Sists of theories of quénﬁized lattice
vibratibns; whereby‘the reSisﬁance to thermal énergy transpoft
is analyzed in terms of photon scattering. .Alternativély,
there are the liquid-state theories, as proposed by Horrocks (
ond ivCLc.LWhlln“C). These allal;rses are based on a modelv of

licuid structure in which each molecule vibrates about a

mean equilibrium_position,'Colliding and exchanging energy

ith nearest nelonbor molecules.,



=18-

Hanson and Ho( 3) point out that although these tneorles
are well suited to 31mple low molecular welght compounds,

- they are inadequate for larger‘molecules. In the case 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 thermel conductivity fOr'lineer polymerso It

~ considers the fact that a segment ofvan'amorphous linear
oolymer mass has two kinds'of nearest neishbors. it has

two neighbors on the same molecule to whlch it is chemlcally
bonded. In add;tlon, thls,se&ment is surrounded by other
segments on other'moleculeS§';It is bonded to these segments
only by secondaryvforoeSs Each segment ihteracts or collides
with.its nearest‘neighborS'but-the frequency with which it
collides with cheﬁioally bonded.neighBOPs differs'from that
‘ w1th secondary bonded nelghbors.

It is assumed that the energy transferred in each inter-
action is proportlonalvto the energy difference between the
interacting segments. |

For a reasonably small energy flux range,vthe energy
transferred can be linearly related»to temperatures. Assuming
a llnear temperature gradient, these fluxes can be a simple

functlon of temperature gradlent and o051t10n.



ith these assumptlons, the thermal conduct1v1ty of the

polymer can be found by

A

]

1=

(CVq By /2 (v2/3,)‘-N’) 2 .Qi', (18)

where: ‘
| - C. = heat capacity per segment

\/H = frequency of 1nteractlon between nelwhborlng
segments on the same molecule

?_ é?proportlonallty factor

1
Vﬁzvvolume occupled by a segment :
N = number of segments

1 4

: Qi 1= energy flux through segment i,

leflcultles lle flrst in the fact that all molecules
‘1n a polymer: are. not equlvalent, S0 1t is. requlred to average

over many molecules.~ Secondly,,\/1P is not known and Hanson
(13) |

and Ho present no'method for calculatlng-them. 4

Thermal conduct1v1tv of polymers below meltlng,pOlnto ,

| Many studles have been made of thermal conduct1v1ty of thln |
fllm, solid state, oolymer structures as a function’'of temp-

(18) report that the thermal

'erature, Anderson( ) and Kllne
1conduetivity of an amorphous substance below the_glass trans-
ition"temperature should remain the'same or increase as}the |
temperature increases. In his study, made‘OVer a'temoerature
| range of 25°C to 85° C Anderson reports the followlng results;

-for~tenvamorphous polymersj



’}féb?fﬁgf?3fﬁ'

25°C: A =0.12 to 0,18  keal/m hr °C
1 85°%C: A

i

0414 to'O,élr, kcal/m-hrj°0;

In most cases, A 1ncreased linearly with increased temnerature.
It was proposed( 3,30) , that the increase was due to 1ncreased
segmental mobility,in the polymer chains. Auother factor_

- which could offSet or reverse this.trend is therchain-to-chain

'~ density reductlon whlch eccurs w1th 1ncrea51ng temperatureo

In the temoerature range studled the thermal condu01v1ty
~of crystalllne Dolymers was hlgher than for amorphous polymers{
aPowever, a decrease 1n thermal conduct1v1ty with' 1ncrea31ng |

temoerature was 1ndlcated for crystalllne polymers. Hanson .

T'u‘;and Ho(13) proposed that thls decrease w1th 1ncrease in

temperature was due to breakup of the crystalllne portlons

of the Dolymer.‘ Slnce the present study 1s concerned with
oolymer melts wﬁlch would be amorphous in structure, no

- further dlscu831on of'crystalllne polymer thermal conduct1v1ty
will be ‘made.

Other 1nvest1gators(9 14 19 27) have found a dlscontlnulty'f"

feln the thermal conduct1v1ty of polymeps at the glass tran51tlon?r*ﬁafﬁ

'"“temoerature. Hattor1(14) prooosed that this dlscontlnulty .

‘could be attrlbuted to the 1ncrease of 1nner mobility of

Vuoolymervmolecules fromvmlcro-Brownlan motlon., Through thls

”mlcro-Brownlan motlon, the thermal conduct1v1ty 1s lowered

thus offsettlng the weak 1ncrease with temperature.



Through experimental results, various authors have post-
ulated effects of structure on the thermal conductivity of

. (15)

polymer films. Hattori reports that, for like structures,
the higher the density, the higher the thefmal conductivity.
His results weré obtained with low pressure and high pressure
volyethylene.

Increasing the size of any substituent connected to a
hydrocarbon chain, or backbone; intrdduces increasing disorder
and decreasing thermal conductiviﬁy.j folyethylene, which
contains only a hydrogen as‘a substituent, has a higher thermal
conductivity than either polyvinyl~chloride or polystyrene.
Tﬁis'was verified by Hattori(1h?,'Whoée results at approx-

imately 50°C were:

_poiyéthylene: ‘A = 8.0 X 1’_0'[P cal/cm sec °C
polyvinyl chle.:A = 3.5 xl10'4 cal/cm seq’°C
polystyrene: A = 2.7 x 10;4‘ca1/cmAsec'°C@”

He further determined that coﬁductivityialoﬁg the main polymer
chain is higher than that Between chains, thus higher molecular
weight means higher thermal}cbnductivity. Using two‘samples’
of polyvinyl chloridé, he found that a sample whose molecular

weight was 1300 had a value of

A =3.5x 10~k cal/cm sec °C



whereas one with a molecular weight of 1000 had a value of
A = 3.1 }(-10’1P cal/cm‘sec °c.

- These values were determined at 50°C, The trends as a function -
of temperature for these two samples were alike.

(30)

Ueberreiter reported the same results using polysty-

rene. He postulated that; in a substance with shorter chains,

a larger-number‘of energy“transactionsymust take place between

- molecules and the_thermalloonductivity-must be lower.,
Theseiresults were obtained for‘polymers below’their

meltino'points;l There is‘a 1aok of experimental data for

thermal conduct1v1ty of polymer melts. Lohe(2 ) 1nvest1g-

ated the effect of temperature on the thermal conduct1v1ty

of polystyrene and Nylon 6 above the glass tran31t10n.temp-'

- erature. His results showed a sllght decrease in thermal

’conduct1v1ty of polystyrene with 1ncrea51ng temperature.

He found the thermal conduct1v1ty of a Nylon 6 melt to be

1ndeoendent of temperature. In connectlon w1th these results,

(10)

Eiremann and Hellwege point out that good thermal contact
vatathe‘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.



III. EXPERIIL NTAL

The following section contains the purpose. of this inve'
estigation, the planlof experimentation, and the results

obtained,

Purpose of Investigation

The purpose:of.thisiinvestlgatlonawas to develop an
apparatus tO'meaSUre'the'thermal conduotivitv of oolymer
| melts. Follow1ng de51en and constructlon, the aoparatus
was to be used to measure the thermal conduct1v1ty of sel-
, ected polymer melts as a functlon of temperature and attempt

'jto relate the results to those for 51m11ar ‘polymers at temp-

eratures below thelr meltlng oolnt.,xff; fi"'

s of owteanien

The plan of exoerlmentatlon for thls prOJect con31sts
vfof selectlon of experlmental method de31gn and fabrlcatlon :

of aobaratus, collectlon of data and evaluatlon of exper- |

','imental results.

Selection of'experimeﬁtaIVmethod; The various/knOWn

‘ methods for measuring thermal conduct1v1ty of llqulds were
fvstudled and the steady-state, absolute, concentrlc or co-'
'.axlal cyllnder:method was chosen. The cholce Was~made with

consideration of the following:



1;"Steady-state methods yield more accurate and reprod- -

j ucible results than unsteady-state methods.

2. The flat plate'steady-stateAmethod 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 requlres
no guard. heaters; However, constructlon is more
difficult as eccentrlcltles are harder to ellmlnate'
or predlct. | |

Descrlptlon of apparatus.' A brief description of the

:apparatus used to measure the‘thermal conductivity of polymerb
melts is aiveh here. A more deteilededescription of the
apparatus is given 1ﬁ Appendlx A. page 6L |

| The apparatus used to measure the thermal conduct1v1ty
| of Dolymer melts 1s shown schematlcally in Figure 1 , Page
ﬂ25. The equipment consisted of an externally heated melt
' eylinder,‘a concentrlc cyllnder thermal conductivity cell,
temperature and heat input measuring equipment(not eﬁown
in Figure 1 ),’nedessary}piping, and a‘vacuum pump.

The cylindrical portion of the melt cylinder was con-

| structed from ferrous pipe while the piston was made from
réluminUm. The'seal,between the pistan and cylinder was made
withro-rihgs which were positioned on ﬁhe-pistdn 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 shown in Figure T, movement of the
piston was provided by a threaded rod which was connected

to the piston. The threads, through which 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 was made from Type 316 stainless steel
and consisted of three'portions which wére'stacked vertically.
Cylindrical cartridge heaters Wefe‘céntefed axially in each
of these portions, and'séfved és the source bfﬂheat for the
conductivity cell and guard heaters. The critical, or meas-
uring pbrtion, of the innermost cylindér’was the middle portion.
The upper and lower portions;served as guard cylinders whose
purpose was to prevent axial heat loss. -

Concentric with thé inner cylinder was an outer cylinder .
made from Type 316 Stainless steel pipe. The annular gap
between these two cylinderé(0.0?S inches) contained the polymer
mélt during experimentation. The’ouﬁermost cylinder; insul-
ation, was wrapped tightly around thevstaihless 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 were uséd for
thermal gradient determination, axial heat loss minimiza-
tion, and melt cylinder wall temperature determination, if
needed. Thermocouple positions in the conductivity céll are
indicated in Figure 3 , bage 29 .

The temperature measurement portion of the apparatus
is shown in Figure 4 , page 30j. A multiple position switch
cémprised a portion of this eQuipment. Using this switch,

a common cold junction could be u$ed for all thermocbuples;
Further description of the temperature measuring equipment,
including calibrafion proéedurés, are given_in Appendix E,

page 93 e

Heat input.to ‘the meééﬁring cylinder>was read directly

from a wattmeter Wthh comprlsed a portlon of the electrical
system as shown in- Flgure 5 3 page 31. Input alternating
current and voltage to the guard heatefs was measured and
used as a rough means of mlnlm;zlng axial heat loss,. The
input power to eachvhéatervwas controlled by variac voltage.

controllers as shown in Figure f5.

Experimental pquédure. Only a brief description of the
experimental procedure is given here. A more detailed des-
cription of the experimental procedure is giveh in Appendix
B, page 78 .

The basic approach to obtaining thermal conductivity
'informatioﬁ was to determine a radial temperatufe gradient

through the concentric stainless steel chindersa*and»thus,
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the temperature gradient through the medium in thé gap between
them. Then, knowing the heat input, the thermai conductivity
cculd be determined. To obtain the thermal gradient, temp-
eratures along a radial line from the vertical axis of the
coaxial cylinders were measured. |

For each test material, thermeal conductivity,information
was to be obtained at four or five temperature levels. The
temperature level inside thehmeasuring apparatus could be
raised or~1owered’by:increasing\or decreasing cartridge heater
wattage. The initial objective.was to determine thermal - A
conductivity of;melts withiﬁ‘a.SO degree.Centigrade range
just above the meit te@pefature:‘ This obje¢tive was not

followed through exactly during experimentation,

Results:.

Using the radial température'ﬁrofilébdata'and a least
squares(h) method of fittingja straight line-to a series of
points, the thermal grédient’through the inner stainless
steel cylinder wés obtained. The temperature on the outer
wall of this cylinder was 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 6uter stainless steel cylinder. The temperature at only
‘tﬁo radial points was measured in this cylindér'and the

témperature profile was simply a line through these two



points, The temperature on the inner wall of this outer
cyliﬁder was> obtained from extrapolation of the temperature

"~ profile, |

| With these wall temperatures known, the temperature drop
across the annﬁlar gap separating the two cylinders could be
determined. %ith this information, the heet input, cylinder
geometry information and equation 5, the thermal conductivity
of‘the:test material could be calculated. Information as

to thermal conductivity dependence upon temperature was to be
gaﬁhered, For this purpose, the test material temperature was
taken asvthe arithmeﬁic mean of the inside wall temperature and
the outside well‘temperature.v | “

Experlmentally determlned thermal conductivity values are
presented in’ the units of BTU/ft hr, °F. These are the unlts
most commonly encountered.' However, the thermal conductivities
of materials foundvin referenceebfor this.investigetion are |
given in the units cal./cm. sec. Qc, hThe eonversion between
these is ) L

o ?241.9rBTU/ft.hr.°F =1 eal./cm;sec.oc.
This conversion can be used to standardize units such’ that
experimental values mey be related quantitati#ely with ref-
erence values.

Preliminary testing. The_epparatus-was first checked for

accuracy using glycerine as a test fluid. The thermal cond-
~uctivity of glycer1ne(100 percent) was given as a constant at

O. 164 BTU/ft.hr. °F. from room temperature to approximately



13000(23)° The results obtained from these tests ére ziven in
Table I, nage 35, As showﬁ in Table I, the temper atures
considered were within the temperature range over which the
thermal conductivity of glycerine is considered to be constant..
n number for glycerine in this temperature range

is about 30,'which is well below the limit for convection

t
Thermal conductivity of vinvl melts. The thermal conduc-

tivity of four vinyl ﬁelts was determined at different melt
temperatures. 5he four melts tested were‘Dupbnt Alathon(low‘
density polyeth ylene) Philli ips ﬂﬁrlexﬂéoQZ(high density poly-
ethylene), Dow Styfon(ﬁoljstyron ) and Enjay Zscon(polyprop-

v 2)e The v@~u1 S ffom these Lesto are presented in Tables
IT and IIT, vages 36 a 6-37, reSpectively,‘ The thermal cond-
uctivity of each»of these vinyi‘méltS-is nlotted as a function

iy

of avarage me]t tem erature in uigure 6, page 38. A straight

s
o
3
)]

as determined by a least squares technicue was fit to the

o
8]
r\;

points for each polymer melt tested,

Thermal conductivity of nylon melts. The thermal cond-

uétivity of Dow-Badische(Fylon 6) and Dupont Zytel(liylon
6-10} were determined at different melt temperatures. The
results from these tests are presented in Table IV, page 39,
The‘ihermal conductivity of these nylon melts is »lotted as
a Function of average melt temperature in Figure 7,
Ls with the vinyl melts, the straight lines through the data

2

cints was determined by a least scuares technique,

Y3



TABLE I

Results from Preliminéry Thermal Conductivity Experiments

with Glycerine as Test Fluid

~ (1n r2/r1 = 0.0497, L = 6 in.)

Test No. T. T AT T %

1 0 ' av

R Qr-.

Q k

c

) _°c ° °c °c
1 83.81 182,40 1.41 83
2 103.50 100.80 2,70 102

3 127.58 124.80 2.78 126

watts watts

9.0 0.10
13,0 0.24
17.0 © 0.31

watts  BTU/ft hr®F
8.90 0.1892
12,76 0.1418
16,69  0.1801

& to nearest’°C

~G€=



TABLE IT

Results from Thermal Conductivity Zxperiments with

Low Densiﬁy'Polyethylehé and

High Density Polyethylene

©(1n r2/r1 = 0,0497, L = 6 in.)

.

238,29 232.90 5.39

236

- 33.0

1.60

31.40

' A!Matefial Test ﬁo. : Ti“ T, : ‘AT‘  av .Qr QC' ko
. °c_°C . °C °C  wabts watbs watts BIU/ ft hr°F
" Dupont 1 185.03 179.10 5,93 182  24.8  1.13  23.67 0.1197
Alathon v R o o
élpw dens.,) 2 238.83 232,80 6.03 235 33.8 1.77 32,03 - 0.1594
oEo o o : S N Lo ) ) .
3 R70.7h 263.30 7.4k 267  40.5 2.80 37.70 0.1520
L 309.06 302,00 7.06 306  47.0  3.51  43.49 0.1848
| ;hiilips T 167.19 162.10 5.09 165 = 23.0 ' 0.81 22,19 0.1308
viariex . . . E ‘
(high dens.) 2 186.74 180,70 6,04 184 26,0 ~ 1,16 24,84 0.1235
o 3 201.92 196.60 5.32 200  28.5.  1.11  27.39 041544
L 220,13 214.80 5.33 218 31,0 = 1.37  29.63 0.1669
5 0.1748

# to nearest °C

-9g-



TABLE ITII

Results from Thermal Conductivity Experiments with

Polystyrene and Polypropylene

(1n r2/r1 = 0.0497, L = 6 in.)

‘T, T AT T

" 246,11 239.00 7.11 243

28.77

‘Material Test No. 'y o aVé | Q»" Q. Qe k
_ % °Cc _ °C °C  watts _watts watts _BTU/ ft hr°F
Dow T 197.86 191.90 5.96 194 ~ 20,0 1.1,  18.86 0.0949
Styron ' ' ,
Poly- 2 224,84 217.10 7.74 22%  27.5 2.04 25.46 0.0986
styrene _ Lo o » :
3 256,12 2@6.60 9.52 252 '34,8 3.16° 31.64 0.0997
I 288.84 278560“ﬂl24'284 41;0 4,30 36.70 0.1075
| Enjay 1 161,28 158,00 3.28;160. 13.5  0.51 12.99 0.1188
Escon _
Polypr- 2 197.24 193.00 L.24 195 18.0 0.82 17.18 0.1216
- opylene : :
3 '219.86721h000 5.86 217 25.0 . 1.50 23 .50 0.1203
L 31.0 2.23 0.121L4

% to nearest °C

—dEs
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Results from

TABLE IV

Thermal Conductivity Experiments with

Nylon 6 and Nylon 6-10

"(1n r2/r1 = 0.0497, L = 6 in.)

,T‘.

AT

T

—a

V'Q_

k

255.94

_QLL .90

11,04

251

28.0

RL.32

raveriel Tost Jo PEQ 38,'  °C 93? © watts wafzs Wafgs BTU/ ft hr°F
Dow- 1 ‘222’07,21h'1° 7.97 218..V21fo "Hg.04 18,96 0.0713
Nylom 6 2 235,25 226,30 8,95 231 23.0 2,55 = 20.45 0.0685
| 3 248.92 240,20 8.72 245 25.5 2,77 22.73 0.0782
L 262,36 253.50 8.86 258  20.0  3.11  25.89 0.0865
5 282,80 272.40 1040 278  32.0  4.23  27.77  0.0801
Q;Eggt 1 196;97 189.30 7.67 193 16,0 ‘1.45 14.55 0.0596
Nylon 6-10 2 215,29 207.50 7.79 211 19.0 1.89 17.11 0.0659
3 226,91 218,40 8.51 223 21.5  2.27  19.23 0.0678
L 241.53 232.50 9.03 237  24.5  2.71  21.79 0.0724
5 3.68 \

0.0661

a: -
to nearest

670’

=6¢~
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This section centains discussions of the litarature,
srocedures, analysis of errors, hluu, recommendations
for further study, and limitations in the results obtained

this investi

Discussion of Iiterature

on contains a discussion of the litersture

[

This sect

@]

e
-

reviewed in this investigation. Jxﬂerlm ental methods of -

fd

measuring

oo

Adouid thermal conuuctlv1t1es and uvncertainties
encountered in their use is discussed. This is followed
by a discussion on the theories of thermal conductivity

of polymers.

Zxperimental mvuqods of de er ining licuid thermal

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

law, is used consistently in the theoretical development
of stéady~state means‘for’measuriﬁg.liquid”thermal.condm
uctivity. DBRir "3 and Ziebland(BT), for example, zive
identical development from Fourier's law to the
équation with which the ngwmul Coﬁducpivity is evaluated.
In these dévelonmﬂnt83 it was assumed that a linear despend-
ence betwesn temperaturs and uhermaW conductivity exists.
resents a method and equation to use should

thies linearity assumption fail, but it is impractical in

application. To use his method, a fluid temperature profile



with intermediate points as well as end points must be
determined. If the temperature gradient across thé fluid
were So large that linearity of the‘gfadient 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-statebmethods; 'Invéstigators who have

worked with unsteady-state methods(2’1?)

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 tovefror]in liquid
thermal conductivity meaéuréﬁénﬁs;Lgiveh‘in‘the 1itérature,
is quite complete. All‘ihvésﬁigatbrs'whb¥qsed the hot plate
or coaxial cylinder, sfeédy—stéfe méthodé, employed guard
heaters to eliminate or at least greatly reduce multidim-
ensional-heat’flgx,,which isf;he.onélfactqr contributing
to error whose magnitude Qr'significance cannot be deter-
mined. | o

The theoretical development for‘radiatiOn losses was
simple for cases in which the fluid was transparent(e = 1).
One investigator£11} who made radiétion 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.



Ll3-

(32)

Cnly one reference of value 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 whether or not convective

effects in liquid thermal conductivity measurements are

[

ignificant has been clearly vpresented. Upper limit values
of the Rayleigh nuﬁber for conrection-free heat transfer
have been determlned for the coaxial cyllnder, steudy -state
method(zo), however' 1nformat10n Dertaln;nv to the conseq—
uence should this ubper 11m1t be exceeded, was not available.

d(2 ) mentloned that corrective steDs in terms of

Kraussol
temperature gradient or cell geometry could be made to
reduce the maﬂnltude of the Rayleigh number to the "convection-
free revlon" of operatlon.

' The means for determlnatlon of eccentrlclty errors,
as presented by alebland,’although‘31mple in theory, is
,difficultvin application‘ fThepmisalignment'factor'is diffei
icult to measure. Iost ihvestigators have taken special
care in designing their apparatus, to remove any random
eccentricitytof axes. Epps(11) made a determination of
eccentricity 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 assembled the same way for each test, eccentricity errors

would be systematic errors rather than random errors..
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Theory of thermal conductivity of polymers. Hanson and

10(13) presented a theoretical proposal for the thermal cond-

s

uctivity of linear polymers, but evaluation of the parametérs
involved in their proposal is difficult and no other invest-
igator whose work was reviewed has aiﬁempted to'uée it.
However, 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
invéstigatibn, aimost all thé:litéréture_pertains to the
‘thermal conductiVity'of polymeré»bélowz;héir melting poiﬁte,
Hanson and Hq(13) and Lohe(ZZ):dokpresent some information
on the thermal cénductivity‘of“pblymer‘melté but it is
limited. ‘Howéver, the results and discussions reviewed
are complete endugh to relate tQ the results of this invest-

igation.

Discussion of Procedures

This section contains a discussion of experimental

procedures used in this investigation.

ThérmoéQuple calibration. As described in Appendix E,
all thermocéﬁples were calibrated over the operating temp-
erature"range.' The hot thermocquple junction was inside a
thin glass pube 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

(21), at each

average emf, as given by Leedsvand Northrup
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 thermocouple.
Since the deviationvwas rather consistent, and it was the
thermal gradient rather than abSoluﬁe temperatures which

was of importance, no error was caﬁsed by the thermoéouple‘

emf deviations.

Polymer melting process. The melt cylinder was filled

with pellets of solid pdlymer befiore the melt cylinder was
heated. Although the melt cylinder wallitemperature 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 whiéh would
affect experimental results. The polymer was metered to -
the measuring apparatus as soon after the melting process
was completed as was possible. No leymen dégradation was
noticeable in any polymer which was removed from the meas-
uring appératus, although some indication of polymer
degradation was noticeable from melt cylinder waste. It

appears that polymer melt degradation was not a.problem.
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Removal of air pockets. As was mentioned in the Ixper-

imental section, a vacuun pump was used to draw air form the
melt system prior to pumping the melt to the measuring app-
aratus. The pﬁmp 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-ehtrépmént of air bubbles. Thus
all air appears to have been removed and the polymer melt
contact withfthe metal walls was considefed'perfect; Any
volume change in polymer melt Which coﬁld;cause imperfect
contact with the metalvwalls;vwas compénsated for by forcing
polymer melt'continuousiy, if péSsible, into the measuring

apparatus..

Températuré_meaSu;eant._’Six}différéntiai thermocouples
were used to detefminé thérrédiéi thefméivgradient in the
inner cylinder. Howévér, on1y~£wo thermocouples were used
for thi§ §urste'inuthe-outer.leinder, The emf's and corr-
esponding témperatures of theseTOuter’CYlinder>thermocouples
were periodically monitored to establish the level of steady-
state. It was noticed during expérimentation that the use of
inner cylinder thermocouples for this purpose would lead |
'ﬁo:inaccﬁracies; the steady-state thermél gradient through
the inner cylinder wasvestablished prior to that in the

outer cylinder.
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Discussion of FErrors

The following section contains a discussion of the
errors involved in experimentation and uncertainties in the

results of this investigation.

Radiation losses. Since operating températures were in
the region 160-300 degrees Centigrade, radiétion heat transfer
was significant. Correct emissiVity and absorptivity values .
for the matefials‘involVed wereIVital to the calculatién
of correct radiation heat transfer; ZMCAdams(ZB) presented
data on the emissivity of Type3316 stainleés steel. For
2 smooth emitting surfacé, after repeétéd heéting,and cooling,
the emissivitj was 0,26—0;31@ﬁ~For calcﬁlatiOns in this
investigation, e = 0.30 was uSedLi No iﬁformation was located
on the transparency of polymers or polymer melts. The polymer
melté appeared to be‘néérly, if noé tdtélly, transparent.

For calculation purpoSes,.tﬁtal tfénsparency was assumed

and thus a maximum in radiation loss was'calculated; The
heat transferred by'radiati¢n;“éé célculatéd,‘was subtracted
from the heat input iﬁdiéated by the wattmeter and the diff-
erence was used as ﬁhe heat transferred by conductioniin
thermal conduétivity calculations. The calculated heat
transfer by radiation is listed for each test in Tables

I, II, III and iV. »The percentage of heat transferred by
radiation rangéd from about 1 percent to about 13 percent.

- A sample radiation heat transfer calculation is given in

Appendix F, page 98 .
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Convection. The magnitﬁde of the calculated Rayleigh
number was used as an indication of sigﬁificance-of convedtion.
The properties of the matefials used to caiculate the Rayleigh
number were located in the kodern Plastics uncyclODedla( 5)
From the nature of the polymer melts, it appeared that con-
vective heat transfer would not be a problem. The calculated
Réyleigh number verified this as its magnitude was 0.012,
compared to a conservatiygfeStiméte bf 700(29) necessary

for convection té be of Significance; The Rayleigh'number
calculation is given in Anpendlx F';. |

gccentricity. 7‘:Leblandfa-1(3 z equatlon for heat conduc-

tlon, through coax1al cyllnders whose axes do not coincide, was
used to determlne eccentrlclty error. Actually .steps were
"taken in de31gn1ng the apparatus such that eccentr1c1ty

would be ellmlnated or be con51dered a systematic error..A
measure of the effect of eccentrlclty was made assumlng

that the axes were misaligned by»Q.OOS inch. This assumed
error in,alignmeht,causes~about ak peréent errof in the
calculated ﬁhérmal:conductivity, for the test used in the
calculation. This calculation is pfesenﬁéd in Appenﬂix F.

- Heat losses.  Upper and lower guard heaters were empl-

oyed to minimize heat losses due to multidimensional heat
flow. Axial thermocouple measurements wgre»used to regulate
the heat input to these guard heaters. With this arrange-
ment, the axial heat transfer was’minimiéed such that the
resulting error would be much smaller than other experimental

errorse.



Tempsrature measurement. The thermocouples’used for
radial temperature profile measﬁrementS'in tﬁe inner cylinder
were fitted into axially drilled holes. The diameter of
these holes was 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'inwﬁhe thermocouple holes, no
thermai gradient in»theseAair spaées due to convection was
possible, ‘:

Only two thermocouples were used~toedetefmine,the.thermal
~gradient in the Outerlcylinder; These:wefe placed in holes
drilled radielly throuohfthe euter}cyliﬁder; The leads from
these thermocouple beads were arranged radlally, i.e.,
varallel to the-»hermal gradlent.» Once'out31de the stainless -
steel outer cyllnder, the leads were arranved ax1ally, i.e.,
perpendicular to the thermal vradlent alonv the outside
wall of the outer cyllnder. The distance over whlch the
leads were arranged radlally was. apbroxlmately 0.10 inch.

The thermal gradlent across thlS dlstance was approx1mately
0.5 degrees Centigrade. Since the magnitude of this temp-~
erature drop is small and the thermocouples were 1nsulated
it appears that errors resulting from thermal gradients
along thefmocouple wires, while not eliminated, were minim-

ized as much as possible. -

Differeﬁtial error analysis. The equation for calculating
thermal conductivity of a material, using the concentric

cylinder method, iss:
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In r2/ -
k = 3= | (1)
T L (T1-T2)

where:
k = thermal conductivity
Q = heat input
r1 = inner wall radius
r2 = outef wali radius:
T, = inner cyllnder wall temperature

T2 = outer cyllnder wall temperature

Differentiation of equétibn 1:and'diviSion of the result by

k gives the fractional‘erfdr;vdk/k:

dk _ g d(r2/r1)r1 S Ldn . dlAT) oy
k& * ln(r2/r1) r2 + I t AT (2)

The terms involving f1'and‘r2ﬁin‘this equation must be

further reduced to:

d(r2/r1) = ;f + r%iﬁgél (35.

’ ri
and thus: <
| o d(r2) | d(rt)
d(r2/r1) r1 - r2 ri .
ln(r2/r1 ) T2 In r2/ri ' . (}-P)
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* Substitution of equation 4 into equation 2 gives the differ-

ential equation:

d(r2) . alr1) B
dk _dQ , _r2 0 ¥l ,dL . &AT) (5
B Q In r2/rl L AT .

It can be seen thét all sign‘s in equatibn 5 have been made
positive, to give ébsolute iralues, alﬁhough they had possibly
been negative according to corr-ebf‘ differentiation. Subst-
itution of measured values of.rT, r2 and L into equation 5

gives:

dk _ do_ . o s 0 oot o A(AT)
% =9+ 0.0z + ooy < S qe)

Q

Substitution of the e‘rr’or»s'i in »h‘eat" inpui:- and ‘temperature

measurement, ~where} d(AT) =2 dT,'. .gi#eSt:~ :

4k = 0.01488 + O-éf .+'2'(A°i,°5z (7

With typical heat input and temperature drop values, an

estimate of the average experimental error is:

i}g = 0.01488 + 0.004 + 0.0125

QIEC_ = 0,0314 = 3.14 percent.



The contributicns to experimental srror due to the degree

- o 3. ’ i PR T R NI DR,
of accuracy of measurcemants used in the pathering of data

crs thes only ones oonsil< red in these calculations.
Discussion of Tesults
The following section contains a discussion of the

results obtained during this investigation.

Preliminary testine. The results from the three prelim-

inery tests using glycerine, given in Table I, show a sreater

svread then those for any of the ‘melts tested., iithin the

cemparature range over which the tests were made, the pub-
. (23) .. S o . . R

lished'™ ¢ thermal conductivity of glycerine is constant

at 0.16L ETU/ft.h °7, The ex@e“imeﬁtél_résults vary by

as much as 15 percent from'this value. However, the exper-
imental results bracket thg pﬁblished'value and awb“961 tly

no gross srror is involved, although the»difference is

greater than the estimated eﬁperimental error for the pro-
cedure used. The-average'valué.for thermal ébnduotivity of
ivcerine was 0,170 ZTT/”talr. F, which is only about L percent
reater than ths published value., Since the average is quite

close to the published value, and since the polymer data

apnears to be more precise, no correction factor was calcul-
ated and avnnlied,

Thermal conductivities of the tested oolymar melts,

lex 6002 melt had the

)

{f those melts tested, ranging

i
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from 0.130 BIU/ft.hr.°F at 160°C to 0.175 BTU/ft.hr.CF at
23500.‘ Dupont Alathon melt had the second highest thermal
coﬁductivity, ranﬁinﬁ from 0.120 BTU/ft.hr;OF at 180°C to
0.185 BTU/ft.hr.OF at 305°C. It can be seen from Figure 6
that the temperature ranges over which melt thermal‘conduc-
tivity was determined, is not consistent from melt to melt.
.”he thermal conductivities of unJay Iscon and Dow Styron
melts. were 1ess aflected by temperature. The thermal cond-
uctivity of Enjay Escon melt was constant at 0.120 BTU/ft.hr.°F
“in the temperaturefrange'160-2#000.' Dow Styron melt exhibited
a slight thermai COnductivity increaseiﬁith temperatﬁre,
 ranging from 0. 095 BTU/ft hr.OF at 195 C to 0.107 BTU/ft hr.°F
at 285° Co - _ » 7 i »

As seen in’Figure 7;.thejthermal eonduCtivities of the
two nylon meitsrtested were éimilar.u The:thermal,conductitity.
of the_Dow—Badisehe_Nyloﬁ16=melt,ranged from O.O7OvBTU/ft.hr.0F
at 220°C to 0.080 BTU/ft hr.°F at 280°C. The thermal cond-
uctivity of Dupont Zytel(Nylon 6 10. ) melt ranged from
0.060 BTU/ft.hr.OF at 195°C to 0,067 BIU/ft.hr.OF at 250°¢C.

Effect of temperature on thermal cenductivity.‘ As seen

in Figures 6 and 7, all the melts except EnJay Zscon, whose
thermal conductivity is temperature 1ndependent, show an
increase in thermal conduct1v1ty with increased temperature.
Yith respect to the amount of data coliected, the increase

in the others is linear with temperature. The thermal

‘conductivities of the two polyethylenes are affected greatest



by tamperature., The lines determinad by linear regression
. Y A . 2 - 2 i e -
for these two malts are similar in slone(7 to 5 ratio).

-
L)~

aoval(b to 5 ratio). The dotted line indicates the ra-det-

1

in thermal cogpucujfltj vith ter pefltufe is caused

v

mental mobility in the ﬁolymer chains. The results ind-

vy
icete that this effect is stronger than a possible thermal

o
*k.)

conductivity reduction with increased temperature caused by

decreased chai;—to~éhein density. The seqmental mobility

1=t
fro
+
O
=
[

ase is most nfOﬁonnPed in DOlVchV] ene, which had the

sreatest thermal conductivity'increase with increased temp-

results for thermal conductivity of poly-

Lohea's
styrene melts showed a slight decrease with temperature.
The results in this investization showed a %ll‘lt increase

~with temperature. However, the thermal conductivity scal

©]

in Jigure-é is somewhat expanded., Should it be comiressed,
“ths effect of temperabure on thermal conductivity would
ible., Lohe reported only trends, but no
values of thermal conductivity. "Athin the

1
experimental errors invelved, Lohe's results and those from

investigation could be cguite similar. In dddition, no

e Cwo TMo. Lvew 7lenes Aare more ne&ir.(_

o
W
v

by increased
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mention of the type of polystyrene used by Lohe was located.
The thermal conductivities of two polystyrene melt samples,
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. A4t 150°C
and 160°C, their value for the thermal conductivity is about
6.2 x 1Of4 cal./cm.sec.oc and the thermal conductivity increases
slightly with increasing temverature. . This value, as given
by Hanson and Ho,'correSDonds to a value of 0.149 BTU/ft.hr.°F.
- This is higher than an ex perlmentally determlned value of
~ 0.131 BTU/ft. hr.°F at 165°C determined for phllllps Marlex
6002, The dlflerence between these two values is 13 percent
without con31derat10n of experlmental error. In addition,
the difference could lie in the fact that these are different
grades of nolyethylene.;; »

Effect of structure on thermal conduct1v1ty. The

relative magnitudeS'of the thermal conductivities of the
polymeremelts teSted.show that increasing the size of sub-
stituents eonneeﬁed to:a'hydrecarbon chain lowers thermal
conductivity. Hattori(1h) found this to be true for solid
polymers and results from this investigation indicate the
same is true for polymer melts. The thermal conductivity
of polyethylene melt, with a hydrogen as substituent, was
higher than the thermal conductivity of the more complex
polypropylene, which in turn was higher than that for the

even more complex polystyrene. The thermal conductivities
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of the nylon melts tested were lower than those for any of
the vinyl melts tested. This would seam to be in agreement
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,
vhich Hattori(15) had found to be true also for these struc-
tures below the melting point. This agrees with the sugg-
estion that lower ehain?to—chain»density results in lower

thermal conductivity.

Recommendatioﬁs

Further 1nvest1gat10n in thls area is strongly advised
and the follow1nCr recommendatlons are made°

1. Only one melt of any type was 1nvest1vated Diffé
erent melts of the same type,_butFWIth different molecular
weights, should be ﬁsed t0 determine the effect of molecular
~ weight on thermal conduct1v1ty. In-additiOn, the effect
of branching on the polymer chaln, 1n 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 thérmally. An adhesive
such as this should be used to seal the three portions of the
inner stainless steel cylinder.

4o The temperature difference between 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 with‘any one material should be increasedo

5. ‘hen investigaping the‘ﬁhermal conductivity of
polymer melts, data should be gathered at the melting point
and in the transition zone between solid polymer énd melt,
such that a more exact comparison between melt thermal cond-
uctivity and éolid thermél'conductivity can be made, -

6. A more precise'mean§ bf detgrﬁiﬁing the point at
which melting in the melt cyliﬁder’has'been completed needs
to be used. This could eliminéte>unnecesséry thermal degrad-
ation of the polymer‘melts.' o

7. The transparency of the test material should~be‘
determihéd,' Thisvinfofmatioﬁ'Wpu;d increase the reliability
or accuracy of radiation heat trénsfer calculations and

thus heat transferred by conduction..

Limitations

The results obtained in this investigation are subject

to the following limitations:
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1. The data points were forced to fit a linear regr-
to the Jlimited number of points, It was not

s a fact that thermal conductivity was an

t
axact linear function of temnerature,

]'_h

he results nresented in the form of thermal cond-
vetivity asba function of melt temverature are valid only
within thev,@xperetura rang th@d which wasAfrom just
above melt temperature to about 100~150°C above bhe melting
noint,

3. The average experimental s sasureme nt error for each

test was estimated at sllﬂntly over 3 pbrcert, Meaningful

O
@]
=]

fidence limits cannot be calculated bacause of limited
number of data points.

L., The results presented are valid only for the melts

o
Fy

nmaterials with properties alike or similar to those usnd

e

+
-

this investigation.



V. CONCLUSIONS

The following section contains conclusions drawn from

-

this investigation. The steay-state, coaxial cylinder method
was used to determine the thermal conductivity of polymer
melts. Thermoc ounleb were used to measure thermal gradients
and heat input was provided by cartridge heaters. 4 temp-
erature range of 50~TOO dégrées Centigrade above the melt
temperature was studied for melts of several molding compounds.

The conclusions drawn upon this investigation are as
followsg

1,2 The apparatus, as designed, is suitable for meésuring
thermalvconductivity,of polymer melts within an experimental
measurement error of 3 perceptwb

2. The thefmal cdnductivity of'the polyethylene, poly-
styrene and nylon samples tesﬁéd incfeaaéd‘with increase

H

1 temperature, whereas the thermal conductivity of the

e
+

volypropylene sample wa.s Lompnrature 1ndeoendent.

3. Melt thermal conduct1v1ty decreases as the size
of substituent connected to the hydrocarbon chain increasek

Lo The apparatus, when used with polymer melts, op-
erates in the convection-free re gion of heat transfer,

5. The measured thermal conduct1thles rapred from

0.0596 BTU/ft.hr.°F for Nylon 6-10 at 193°C to 0.18L8

-~ O

u:‘/ft,hr. I' for Dupont Llathon volyethylene at 30600°

!

i
i
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YI. -SUMMARY

The purpose of this investigation was to deVelop ah
apraratus to measure the thermal conductivity of polymer
melts, and to use the apparatus to measure the thermai
conductivity .of selected melts as a function of melt temp-
erature.

vThe steady-state, coaxial cylinder method with guard
heaters was used and the annular gap waé'0.075 inch, The)
polymer was melted;iﬁ‘a cylindfical melt'chamber, then
metered to the thermal Qonductivity measuring apparatus.
Cartridge heaters provided heai input and temperature

Il

measursments were made with calibrated, dif erential, iron-
constantan thermbéouples;v

The thermal-CondﬁCtivity'of'fi#e of~the six melts tested
increased with increéééd;températufe{, Complexity of mole-~
cular structure lowered melt thermal conductivity.

Radiation losses were accounted for and convection
was determined to be aosent. The results were shown to
be within a 3 percent experimental mcﬁsurament error.

Feaningful confidence limits cannot be calculated because of

the limited number of data points.

Thermal conductivity magnitudes ranged from 0,0596 ETU /ftﬁgo}

for Mylon 6-10 at 193°C to 0.1848 BTU/ft.hr. F for Dunont

=y

Alathon polyethylene at 306°C.,

I
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Detailed Description QQ'AEEaratus

This section contains a detailed description of the
apparatus used. Included are critical dimensions as well
as features critical to successful use of the apparatus.

The melt cylinder is shown as part of the schematic
drawing in Figure 17 , page 25. The cylinder was 30 inches
long and was made from 2 inch,-Schédule L0 pipe. The inner
surface of this pipe was reamed to remove noﬁﬁniformities.
On one end of this pipe was a 2 inch to % inch pipe reducer,
while a flange with 3 in¢h threads cut“through it was attached
ﬁo the other end; A threaded’aluminum.rOd, which was att-
ached to the melt cylindéf'piston, was threaded through
this flange; By manually turning thié rod and‘thus moving
the piston, pressure could Ee applied\to the polymer.melt;
As: pressure was applied to the piston, the polymer melt
flowed from the melt cylinder to the measuring cylinder.

Tweﬁty feet of heating wire with a resistance of 0.635
ohms per foot of length was coiled around the pipe cylinder.
The cylinder was insulated with layers of asbestos tape. |
A powerstat was used to vary the voltage applied to the
heating wire and thus to control heat to the melt cylindef.

The piston portion of the melt cylinder, as shown in
Figure 2 , page 26, was constructed from aluminum, and was

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



between the piston and the cylinder wall. Teflon O-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:te 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 werevatﬁachedlt06the rod by screws. No
permanent COunection wae made;'hOWever, between the main
portion of the connector and the threaded rod. As indicated
in Figure 2. the connector was. p051t10ned 1n31de the piston,
then the two were fastened_together byran aluminum pin,

Onlj a schematic uiew is given of the apparatus connecting
the melt cylinder with the measuring cylinder. This consisted
of plplng, a. vacuum pump and a manometer and is shown in
Flgure 1. The entlre plplng equlpment 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



in Figures &, page 63, 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 & and 9. When the two parts
of the base plate_were‘put togéther, an annular ring was formed.
To prevent leakage between base p1ate portions, O-ring seals
were positioned as indicated ih Figuré 9 « As polymer melt
entered the base plate, it flowed inside this annular ring
and then into the annular gap between the inner and outer
stainless steel cyllnders. |

A 3/8 inch deep groove was cut, in the top portlon of
the base plate, Wthh served as foundatlon for the outer
stainless steel cyl;nder;” 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 fit 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 toAcomplete 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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in the top portion of the base platé;‘ These are indicated
in Figure 8. |

The inner stain;ess 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 base plate. Finally, the hole in
the center of the base plate served as a conduit for thermo-
couple and heater lead wires from the measuring apparétuse

The base plate and bottom portion of the inner cylinder
~were sealed together by Cément. Three difféfent cements were
used at one time or ahothér.' These were aluminum cement,
epoxy cement and,Saureisen cemént. All were successful to.
a certain degree with a limitétion being.thermal degradafioh
of the epoxy cement, which occurs aﬁ approximately 260°C.
The other two cements would hot degrade at operating temp-
eratures but would fail should tension be placed on the
bond. |

| Cartridge héaterstére'iocated 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 17, |

The three portioné of the inner cylinder weré positioned
and aligned by stainless steel pins and then sealed together.

The bottom portion of this assembly was ﬁelded to the center
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Figure 10  Schematic View of Measuring
© Cylinder Indicating Means
"of Aligning Apparatus
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portion. The seal or bdnd 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 71 and 13, page 75.

Features of the top portion of the measuring cylinder.
ere shown in Figure 14, page 76. The positioning of a teflon
ring with a metal ring backingused to‘fofm the upper seal
for the annulér gap is shbwn, ‘Figure 14 also shows the vertical
extension rods which were ﬁelded to thé’metal backing ring.
These extension rods were the means through which the level
of the teflon and metal rings and thus the level to whlch
the polymer melt rose, were controlled;' L crossbar connecting
these extensions'andvheld as shown in'Figure 14 assured proper
and consistent-ring positighi£g¢,

Two machine 5crewsvwere used to éxert downward pressure
on the inner cylinder and thus remove the possibility of tension
being placed Cn a_cemént'bond.: These weré‘threaded through |
a crossbar which was attached to the outer étainless’steel
cylinder.

The function of the altérnating current circuit was to
regulate the’electrib power to the cartridge heaters. Actuai
power conﬁrol or regulation was made with the use of power-
stats. Figure 5, page 31, shows the alternating current

circuit.
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\ groove for
thermocouple
" leads

pin holes for —
cylinder alignment

thermocouple.
holes, 1/32 in. ~
diameter, 1/4 in. deep .

_hole for upper
guard heater,
 diameter = 1/2 in.

Figure 13 Upper Portion of Inner Concentric Cylinder



e

rod connecting

iron ring leads

held in place
by .crossbar

”anyi ~~ iron rings
1 with leads
L teflon

L . rings

Figure 14 Upper Portion of Measuring Cylinder
’ Indicating Placement of Annular Gap:
-~ Seal Rings '

o



The potentiometer circuit was used in conjunction with the
thermocouples for temperature measurement. This circuit is

shovn in Figure L , page 30 .
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Ixperimental Procedure

This section contains a description of the expefimental
- procedure used. A brief discussion of equipment assembly
is given first, followed by the procedure used when gathering
data. |

“hen assembling the measuring apparatus, the teflon
and metal rings were pbsitioned inside the stainless steel
pipe(outer cylinder) at the propef position(see Figure 14,
page 76), as the initial stepi A thin layer of silicon
rubber(caulk) was spreadkover the lower outside surface of
the outer cylinder. This layer of caulk generally extended
to about % inch fromvthe:bottem of the~oﬁter cylinder. The
outer cyllnder was uhen placed over the 1nner cylinder, fitted
into position and bolted t0 the base plate. ‘Finally, the
crossbars were- fastened in olace and -the machine screws as
shown in Figure 14 were tightened against the inner cylinder.

Heating tapes were closely wound but not overlapped around
the pipe'eonnecting'thevmélting cylinder wiﬁhvfhe measuring
cylinder as well as the measuring cylinder base plate.

Prior to pumping the melt into the measuring cylinder
or even meltlng the polymer, the potentlometer circuit was
standardized and the electric circuit was checked for
flaws. _ ‘

The meit.cylinder was thenvfilled with pellets.or granules:

of solid polymer3'the/form-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
teﬁperature could be made, if necessary; with a differential
iron-constantan‘thermocouple. \

One part of the connecting piping was a pipe union,
This was left unaesembled during the melting of the polymer
such that the insidevof,the ﬁelt:cylinder could be seen and
visual insoectioﬁ of the'melting process could be made.

Slmultaneously w1th commencement of meltlng was the
appllcatlon of heat to the measurlng cyllnder heaters and
‘to the heatlng tapes. Thls was mainly e time sav1ng proc-
edure as the»melt coﬁl&fhocjbejoumped past any ?art of the
apparatus whose teﬁpérature ﬁés:belowlthe melting‘point of
‘the polymer. o o:}L:M:Y R | |

After the polymer»hadfbeen'meited‘ehd'the temperatufe‘ofn
all parts of the apoafatus'was above the melting point of -
the oolymer, the pipe unlon was connected and a vacuum was
drawn on che flow system. ThlS was used in an attempt to
remove air pockets from the system. These air pockets, if
not removed, could cause imperfect contact betw;en‘the polymer .
_}melt and the stainless steel ecylinders. |
| The vacuum pump was then shut off end the‘polymer.melt
was metered from the melt cylinder to the measuring cylinder.v
- As indicated in'Figure T , page 25, the level to which the

polymer-melt rose inside the measuring cylinder could be



determined from the manometer tube. Thie means of indication
proved to be unnecessary. “'hen the melt had risen to the
level of the teflon ring, no more melt could be metered to
the measuring cylipder. The re31stance to turning the
aluninum rod which pushed the melt cylinder piston was not-
iceably greater. In addition, the viscosity of the melts

was such that a leng settling out period was necessery before
the melt levels‘in‘the manometer-end measuring cylinder were
the same. The 1evel“irside the'manomeﬁer was higher than that
inside the measurlrg cyllnder untll the melt levels had com-
pletely balanced tnemselves..

After filling the apparatus with melt to the de31gnated
level, Drellmlnary temperature measurements were made to adgust
‘ the guard heaters end thus ellmlnate.ax1al heat losses,
Successive time-separated~tempereture measurements of the
euter cylinder'temperatures Were used to determine steady-
state conditions. The uime‘separation between two measure-
‘ments was about one-half hour. If the'temperature was the
same for two‘conseeutive’readings; steady?state conditions
were assumed. The time required for reaching steadyestate
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 determinedrfor 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 polymer. Howevef, it
was héat input and not steady-state temperature which could
be closely controlled. Thus, the desired steady-state tem?«
erature could not always be exactly attainéd.-

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 baléncing powe£étét and émpere meter readings
with that of the measurihg heater circuit, a rough idea of
ihe correct heat inpﬁt to the:guard heaters could be detérmined.
For the top puard heater, a power 1n0ut of T.1 times the meas-
uring heater wattage would roughly ellmlnate upward axial
thermal gradlents. A.rough est;matevof'correct lower guard
heater power input w53‘0,6 timés1the measuriﬁg heater wattage.
Thermocouple readinggvdetermiﬁed final necessary heat input
to the guard heaters.f / |

As mentioned éérliér;‘four'or-fivé'tésts with one polymer:
melt constituted a run. Cleaning the apparatus to remove
the polymer was,simpiified by disassembling the apparatus
before the meltvcould‘harden.b This inéludéd 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.
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‘,Generally,,most of the solidified polymer had to be 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 ahd the nature of the solvents was such that

they could be handled only with extreme care.
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~ Materials

The following section contains the materials used in
this investigation.

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

from Woodhill Chemical Corporation, Cleveland, Chio. Used
as liquid seal between base plate and inner cylinder.

Asbestos tape.‘ ASbéStOS’Strip no. JM=-MX h095. Obtained

from JohnséNanv1lle Products, Phlladelphla Pa.‘ Used as
insulating materle}vfor melt~eyllnder,andimeasuring cylindert_

Caulk, ‘Silieen rubber, white. Obtaihed;from Dow Corning
‘ Corperatlon,vhldland Michlgan. 'Ueed‘fe‘cbmplete seal between
‘outer stainless steel cyllnder and base plate of thermal
conductivity cell.v,"'fﬁf'w“f 3‘v |

Decalln.' Also named decahydronaphthalene, lot no. 780148@'
Obtained from Flsher Sc1ent1f1c Company, Falr Lawn, N.J.
Used as solvent. for polyethylene. |

EPOXY .« Hysol upoxy-Patch kit, productlon no. V0515,
thalned from Dexter Corooratlon, Olean, N-Y.‘ Used to seal

portions of inner stainless steel cylinder tbgether;'

Glass wool. Fine-waved-domestic, cat. no. 11-391,
Obtained from Fisher Sciemtific Co., Pittsburgh, Fa. Used
as insulating material for measurlng cylinder,

. lecerlne. Whlte, F.W. 92 097, cat. no. G-32. lot. no.
750592, Obtained from Fisher Sc1ent1flc Co., Falr Lawn,
N.Jo Used as:prellmlnary*testlngffluld in thermal conduc-

tivity cell,



High density polyethylene. Phillips Marlex,‘6002, lot

no. 0152046, Obtained from Phillips Petroleum Co., Bartles-
ville, Okla. Used as‘test material with thermél coﬁductivity
cell. | |

Ice. Obtained from Chemical ZEngineering Dept. of Virginia
Polytechnic Institute and State University. Used as reference
medlum for thermocouple neasurements,

Lead. Granular, ‘impurities O. 035ﬁ, lot no. 530771,
Obtalned from Fisher 801ent1flc Co., Plttsburgh Pa, Used
in calibration of thermocouples. |

Low den51tv Dolyethylene. Dupon;vlléthOn I, lot no.

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

Wilmington,ﬁﬂel;i Used aé{teé£ materia1 with thermal conductivity

cell. | i4 S i; : f _. ,.: = |
Cresolémeta.~ Purified:95;9é%;'lqtfn§, 753564; Obtained

from Fisher Scientific Co., Fair;Iaﬁn,mN@J; Used as solvent
for Nylon 6-10 and Nylon 6., | . | |

Nylon 6. Dow Badishe Caprolactan, cat. no, B-300, lot
no. 2971. Obtalned from Dow Badlshe Co., Freeport Texas,
Used as test material with thermal conduct1v1ty cell.

Nylon 6-10. Dupont Zytel, 0.13% water. Obtained from

- Z.I. du Pont de Nemours & Co., Wilmington, Del. Usédvas test
material with thermal conductivity cell.

O-rings.(2) Parker O-rings, teflon, size’2-327. Obt-
~ained from Louié‘H; Hein Co., Richmond, Va. Used to form

seal between piston and melt cylinder wassI -
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O-rings. Parker O-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. Zscon grade 103, lot no. 566. Obtained
from ZEnjay Chemical Co., Plainfield, N.J. Used as test material

with thermal conductivity cell.

Polystyrene. Dow Sﬁyron, lot no. PT61009. Obtained
from Dow Chemical'Co;, lidland, Mich. Used as test material
with thermal conduct1v1ty cell |

Sauere;sen.cement. Low expan81on, no. 29, binder and

filler separate. Obtained from Sauerelsen Cements.Co.,
ifittsburgh Pa. Used to form seal between portlons of inner
stalnless steel cyllnder.

Tin. Granulated 20 mesh, 1mpur1t1es 0. 037, lot no.--
8576, Obtained from Malllnckrodt Chemlcal Works, Sta Louls,
Mo. Used in callbratlon of thermocouoles°

Zylene. Non-volatlle matter 0,001%, lot no. 771849,

- Obtained ¢rom Flsher 301ent1f10 Co., Fair Lawn, N.J. Used

as solvent for poljstyrene.
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The following equipment was used in this study.

Ampere Meter. Alternating current, range O.-1. amperes.

Obtained from Weston Electric Instr. Corp., Newark, N.dJ.
Used to indicate current to bottom guard heater.

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

Obtained from Weston Electric Instr. Corp., Newark, No.dJ.

Used to indicate current to top guard heater. -

Cartfidge;Heater. Chromalox type C, cat. no. C-301, 75
watts, 120 or 240 volts. Obtained frd@pEdwin L. Wiegand Co.,

fPittsburgh,vPa.} Uéed as*bottomiguard;heater.

CartridgeﬂHeater.v(Z)‘;Ghromaloxltype'c, cat. no. C-304,
150 watts, 120 or Zho‘felts; Obtaiﬁed from Edwin L. Wiegand

Co., Plttsburgh Pa._ One used for measurlng heater and the

other for top guard heater.

Dewar Flask. Obtalned from Chem1ca1 Engineering Dept. of

Vlrglnla Polytechnlc Instltute and State Unlver31ty. Used as
contalner for ice bath.,  ‘ _ : ' |

Dry Cell. (2) Wizard, 1.5 volts, serial no. 7D7905.
Obtained from Western Auto Supply Co., Blacksburg, Va.
Used as portion of pbtentiometer circuit.

Electric Support Equipment. Various wires, fuses, fuse

receptacles, lights,’sWitches and connecters. Obtained from
Chemical Eﬁgineering Dept. of Virginia Polytechnic Institute
and State University. Used in indication of power input to

cartridge heaters.
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Galvanometer. Spotlight, series 3400, dc, serial no. 117034,

sen51t1v1ty 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, A80°F maximum, det.

0.05-4. Obtained»from Glas-Col Apparatus Co., Used to heat
pipe which connected melt cylinder w1th measurlng cylinder and
to heat base plate.e

Melt Cyllnder. Designed and constructed at Virﬁinia

Polytechnlc Institute and State Unlver31ty for thls experlmento
Detalled descrlptlon is glven elsewhere 1n the text.

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

three dials, serial no. 52218;1,Obtained from-Rubicon Division
of MinneapolieeHeneywell RegulatOr.Co.; ‘P"hiladeli)hia,'Pae
Used in conjunction*with’thermogouples:for temperature measure-
-ment. | oo ,. 7 ’v

Powerstat. Type 116, primary voltage 120 volts, output
voltage O- 140 volts, max. amps 7 5.> Ob;éihed from Superiorv
Electric Co., Bristol, Conn. Used to regulate heat input to
‘melt cylindef..vk

.Powerstat. Type 116, primary'voitage 120 volts, output
voltage 0-140 volts,vmax. amps 7.5. Obtained from Superibr |
 Electric Co., Bristol, Conn. Used to regulate heat input to
heating tapes.‘ . B

Powerstat. Type 116; primary voltage 120:volts,'output

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



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

’ Pdwerstat. Type 116, primary voltage 120 volta, output
voltage 0-140 VOlts, max. amps 7.5. Obtained from Superior
Blectric Co., Bristol, Conn. Used to regulate heat input to
top guard heater, ' o

dewérstat.} Type 116, primary volatge 120 volts, output
~voltage 0-140 volts, max. amns 7,5 Obtalned from Superior ’
HElectric Co., Brlstol Conn. Used to‘regulate heat input to
bottom guard ‘heater. ‘v‘_ | ,‘ ) | | |

Sgarger. ASTM 25-50w, por c. ' Obtained from Ace Glass
. inc., Vineland N J. Used to saturaté iéé bath with air.

Standard Gell. Callbrated to 1. 0180h volts, 'EPLAB student's

cell. Obtalned from Research DlVlSlon of Randolph Hall,
Virginia Polytechnlc Instltute and State ‘Un:.vers:Lty° Used to
standardize potentlometer 01rcu1t. ;a”ﬁfh |

Thermal Conduct1v1ty Cell.. De51gned and constructed“at

Vlrglnla Polytechnlc Instltute and State Unlver31ty for this
experlment. Detalled descrlptlon is glven elsewhere in the
text.

Thermocouples. Made from 30 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,



Thermocouple Selector Switch. Lewis Engineering Co., low
emf, 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 Scientific Co.,

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

Vacuum Pump. Obtained from Chemical Engineering Dept.
of Virginia Polytechnic Institute and State University. Used
to draw vacuum on thérmal conductivityvcell.

Voltage Stabilizer. Serial no. w6308, input 90-150 volts,

60 cycle, single phasegroutput 120 VBlts, L.17 amps. Made
by Raytheon Manufactﬁrihg Co., Waltham, Mass. Used to |
stabilize 1nput voltage to electlcal system., |

Wattmeter. Alternatlnw current, double range 0—75 watts
and 0-150 watts, 1.5 amps max. , serial np: 294, Obtained
from Weston Electric.inst:.,dorp;, Newafk, 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 determinatien. 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'positionlewitch, whieh allowed a common cold junction
to be used, »wasnemployed. In addition to showing the use of
- the multlple p051t10n sw1tch Flgure L also indicates use of
‘the potentiometer and galvanometer in temperature measurement.,

Temperatures up to approx1mately 300°C were to be measured
with the. thermocouples._ Thus, the thermocouples had to be
'callbrated at p01nts in thlS temperature range or sllghtly
higher to avoid extrapolat;on of thermecouple calibration
— | pp e s e e ,

During,calibration proceduree, the‘cold thermocouple

junction was kept in an ice bath in a Dewar flask. The

normal freezing point of water is defined as the freezing

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

periodically bubbled into the ice_beth. Mechanical agitation

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

the bath but was discontinued prior to calibration meaeurements.
The initial calibration point was obtained with the hot

thermocouple junction in the ice bath along side the cold
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junction. This data was used to determine a null or zero
point for the thermocouple potentials.

A second calibration point was obtained with the hot
thermocouple junction inside a thin glass tube which was
immersed in a flask of boiling water. This data yielded a
calibration voint at approximately 100°C, subject to local
barometric conditions.

A third calibration point was obtained at the melting
point of pure tin. This yielded a calibration.pointvat
232°C which is the melting point of pure'ﬁin,

The final éalibration'point was obtained at the melting
voint of pure lead;vahis yielded a calibration point at
32700, the melting péint of pﬁre 1eéd.

Data obtained during thermOcoupié calibration tests is
given in Table v, pége 97. An average emf, as given by
Leeds and Northrup(21)‘for ifon-éonstantan thermocouples, Qés
used in preparapion of the calibration charts. At the temp-
eratﬁre.concerngd(meiﬁing 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 with temperature as the abs¢issa.

The procedure for using the calibration charts is

1. Read the indicated emf from the potentiometer.

2. Using Leeds and Northrup(21)
corresponding temperature.

manual, determine
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With the calibration charts, determine the
deviation from average value (ordinate) for
the thermocouple concerned.

Correct potentiometer emf value by amount indicated
from calibration curve.

Determine corrected temperature from Leed and
Northrup manual.



TABLE V

Preparative Data for Calibration Curves

for Iron-Constantan Thermocouples

Thermocouple | | . ENF Potential (millivolts)
Number A B Ctv D
1 0.000 5.030 12.333  17.555
2 10.000 5,030 12.311 17.553
3 0.000 5.055 12.354  17.522
L 0.000 5.047  12.359 17.575
5 0.000 5.046  12.375 17.560
6 0.000 5,063 12,279  17.520
7 0.000 5,065 12,251 17.525
8 ~ 0.000 5.076 12.363 17.577
10 0.000 5,066  12.440 17.536
11 . 0.000 5,026 .- 12.336 17.62L
12 © 0.000 5,028 - 12.342 17.636
13 - 0.000 5,05, 12,450  17.605
11, ~ 0.000 5,071 12,457 17.629
15 0.000 5.050 12,324  17.589
16 0.000 5.050 12.310  17.595
17 | -0,000. : 5,043 12.310 17.560
18 0.000 5,041

12,358 17.581

A - Data obtained with hot junction in ice bath

ey
!

Data obtained with hot junction in boiling water
at barometric pressure= 71.07 cm. Hg.

‘Data obtained at melting point of tin

(=)
i

Data obtained at melting point of lead
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Sample 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
Zscon as the test material. After the thermocouple pot-
entials had been recorded the temperature corresponding to
each botentlal had to be determlned. With> for example,
thermoeouple number o, for whlch the recorded potentlal was
8. 532 mllllvolts, the corresnondlng tennerature as glven B
by Leeds and Northrup(2 ) was- 159 3 °c. T*":f‘om the thermo-
couple callbratlon curve‘for thermocouple number 8, Figure
15, page 100, au thls temperature, ohe experlmentally det-
,ermlned Dotentlal was. O 120 mllllvolts lower than the Standard
or average. The other'the:mocouple callbratlon charts are
in the.leboratory'notebook for this inVestigation. As des-
cribed in Appendlx E, Thermocounle Callbratlons, the thermo-:

ouple botentlal correctlon must be added to the indicated
"potentlal, giving a corrected potentlal of |

. : ) :

e

“8.652 millivolts

+ 3

which corresponds,tove temperature of 161.5°C in Leeds and

NOrthrup(21)-



ExperimentalvvalueFReférénce Vaiue.(mv;}

+0.40

+0.20

04

-0.20 }

" Temperature (°C)

00 200 - 300

340

-0.40 |

Figure:IS A Typical Thermocouple Calibration Curve
: Calibration Curve For Thermocouple No. 8

001
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This procedure was followed for all thermocouplés used
in determining the thermal gradient through the stainless
steel cylinders. A linear regression by a least squafes'
technique(h) was used to determine the inner wall temper-
ature. The thermal gradients and wall.temperatureé for the
test used in this sample calculation are shown in'Figure 16,

page 102, For this test,

161.28°¢

| T, =
' : [oF
T, = 158.00%
end AT = 3. 28, |

The inner and outer'Wallzfadii of the polymer meltA
annulus were 1.475 iﬁéh"and‘1;550‘inqh, respectively. Thus,
in the thermalwconductiVityfeQuétion, théﬁterm:v |

1. 550
 would appears _ o

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:
(:2. , Loe Lo T AT

where:
A = emitting surface area.



.Temperatufe (°C)
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~ Figure 16 A Typical Radial Temperature Profile.
- Temperature Profile For Test 1 Using

EE
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. —2020 QC/in.

T=161.28 °c - | |
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b .6 .8 1.0 1.2 1.4

‘Radialgbistance (in.)

Enjay Escon Melt As Test Fluid

T=158.00°C
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ith the use of cylindrical geometry, the emitting
surface area was:

A =2Wr L

= 2T (1.475 in.) (6 in.)
= 55,8 in.? |

A = 0.387 £t.°

in emissivity value for Type 316 stainless steel of
e = 0.30 was used(?), ‘The inner and outer wall temper-
atures were 158.00°C and 161.28°C, reépectively. Thﬁs,
the mean or average melt'temperaﬁufe, to the nearest degree,
was: : .
T = 160% = 730°R
and T 3 =3.70 x 108 %3,

7ith the Stephan4Bolthann constant:
-8

6~ = 0.1713 x 1078 BTU/Ft.%hr. (ORY),

the radiation heat transfer for this particular test was:

Qr = 1.74 BTU/hr.

—

noting that AT = 3. 28°c = 5,90°R. Using the conversion,

3.412 ETU/hr. = 1 watt,

Qr = 0;51 wattse.



.;104¥

Thus QC’ heat transferred by conduction, is equal to the
indicated input, 13.5 watts, minus that transferred by

radiation; or:

Q, = 13.50
‘ - 0.51
12.99 watts.

7ith the equation for thermal'cohductivity determination
using the coaxial cylinder method: |

_amr?hy
2TL(T,-T,) ,

k

and inserting proper values for the mentioned test and con-

version factors:"

ST (3 412 BTU/hr watt) (12 in./ft.)
x(1°C/1 SOF) o 1188 BTU/ft hr,°F.

- This was the,experimentélly:determined;thermal conduc-
tivity of Enjay Escon at the mean, or average, melt temp-
erature of 160°C. |

Convection calculation. A measure of the significance

of convection was determined by the magnitude of.the Rayleigh
number, using typlcal values for the polymer melts tested°
The terms used in the determination of the Raylelgh number
were defined in the Literature Review. The values substi-

tuted for application in this instance were:
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= 970 cm./sec.2

(4]
!

d =‘0.075 in, = 0.19 cm.
AT = 10,0°C

R =10 x 107°/°C

P =1 zm/em.?

#=1 1bg s’ec./in.2 = 1,80 gm./cm/sec.
C. = 0.45 cal./°C gnm.

P .
k =0.12 BTU/ft.hr.pF = 0,0005 cal./cm.sec.OC.

Substituting\theSe values, the resulting magnitude of the

Grashof number is:

R 8.
Nor —,g°91 * 19‘.‘;
The value of the Prandtl numbér.is;

o | V75 $”
NPr —44.32 X 1Q .

Thus, the value of the Rayleigh number is:

3., 5
N,. = (2.91 x 1072) (4.32 x 107)
Ra - 1,257 x 10-2

For convection to be significant, the Rayleigh nulnber must

be greater than 700(29).'
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GZceentricity calculation. 'AIthough the apparatus was

assembled so that eccentricity of axes would bevminimized,
a calculation of the effect of eccehtricity for this system
is presented. The working equation is presented in the
Literature Review. The values substituted were:
r1 = 1.475 in., 1% = 2,176 in.?

r2/r1 = 1,051 R

- a0 93 o =6
b = 0.005 in., b” =25 x 10
AT = 5,900F I _
Q = 12.99 watts = 44.30 BTU/hr.

Substituting thésé véiués5gjw33j"

k = 0.1141 BTU/ft.hr.
comparéd to the expesimenﬁally detérmined

k = 0,1188 BTU/ft'hr’oF |

for this particular test. Thus, an eccentricity of 0,005

inch of 0.075 inch(polymer gap) gives an error about percent.
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APPENDIX G

Temperature Prof iler _D_ata




Material Thermo-

Test

G- -2
Glycerine 1 - L.250 - 82.2 5.222 100.6 6.507 124.3
2 4257 82.3  5.228 100.7  6.52, 124.6
3 k395 848 5.449 1047 6.757 129.2
L hih o BL.9 5453 1046 6.713 128.4
5 4399 8.7  5.45L 10h.6 6,737 128.5
6 4.38L  84.8  5.412 104.2  6.707 128.5
7 4341 840 5.405 104.1~ '6.696 128.1
8 4353 83.9  5.412 103.5  6.693 127.7
Thermal Gradient b _
~1.07 -1.23

(iqger_cylinder)
e 8G

-1.18

& corrected according to thermocouple
calibration curves -

=80L-



Material Thermo-

TeSt

(inger cylinder)
~lin, '

23.57

-2.83

couple . 1 _ 2 3 - L
No.p ‘emf T emf T emf T emf 78
' mv. °C mv. _ °C _mv. °c mv. °c___
Dupont 1 9.319 176.3 © 12.344 230.7 13.983 262.2 16.110 301.3
- Alathon L o . L . ,
‘ 2 9.416 178.0 12.390 232.0  14.014 262.8 16.132 301.7
3 10.027 189.4 '12;900»'2u2.4 :14.651' R74.5 16.725 312.6
b 9.980 188.0 12,883 241.2  14.623 273.5 16,736 312.1
5 9.968 187.8 12,862 240.8 14.601 273.3 16.67h 311.2
6 9.890 187.1 12,790 240.6 14.512 272.6 16,579 310.5
7. 9.876 186.8 12.76L 240.0 146484 271.9 16,580 310.2
8 9.871 185.4 12,782 239.3  14.463 271.3 16,609 309.8
ThermalvGradient
=3.17 =3.31

4 corrected according to thermocouple
calibration curves '

=60L-



Material Thermo-

Test.‘

calibration curves

.ﬁg?ple emf 1 T4 emf ? 7% ,emf,3 T emf tha emf{ 2 7
mv. _°C mv. °C. mv. °C mv. _°C nv.e ___°C
Phillips 1  &.534 16‘1»",.:9 9.546 180.5 10.352 19.6.3 11,392 214.6 12,382 232.6
Défgg}'zex 2 8.5,1 162.0 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
L 8.935 168.9 10,025 188.8 10,845 204.1 11.836 222.3 12.866 241.0 s L
5 8.907 168.5 9.997 188.4 10.824 203.7 11.824 222.1 12.855 241.0
6 8.856 168.3 ©9i968 ~188.5 10.762 203.3 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 12.732 239.5
8 8.851 167.3 9.94k 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
in. ‘ -
| & corrected according to thermoéouple'



Mhterial Thermo-~‘

couple

1.

- Test
2 .

3

No. emf T8 emf | T® emf T emf T
| __mv. °C mv.  °C nv. °c mv. °c
Dow 1 104131 191.2 11,498 215.3 13.093 245.7 14.727 277.6
Styron o - . - o «
| 2 10,149 191,6  11.517 215.6 13,112 246.2 14.755 278.1
3 10;534 200.6 12.172 228.6 13.859 260.0 15,657 293.0
I, 10,638 200.2  12.165 227.9 13.836 259.0 15.628 291.8
5 10.582 199.4 12,131 227.2 13.830 258.9 15.591 291.2
6 10,541 199.2 | 12.055 227.0 13.742 258.4 15.536 291.3
7 10.533 199.0  12.007 226.1 13.695 257.4 15.489 290.3
8 10.537 198.1- 12,021 225.3 13.717 256.5 15.504 289.2
‘Thermal Gradient S -
(inger‘cylinder) ~2.38 -3.27 - =3.37

Q'in,

3.4k

8 corrected according to thermocouple

calibration curves

‘ fll}f



Material Thermo-»,

couple

3 a

L

No. emf 72 emf T . enf T* emf 7%
. mv °c mv. °C my. °c mv. °C
Enjay 1 8,201 157.6 10,197 192.4  11.332 213.3  12.687 238.3
fecon 2 8.210 157.8  10.208 192.7 11.353 213.7 12,709 238.7
3 8.628 163.8 10.612 200.2 11817 222.5  13.325 250.2
A 8.631 '163;3‘3556;6o3j 199.5  11.825 222.5 13.312 249.2
5 8.609 162.9 10.581 199.3  11.807 221.8  13.274 248.6
6 8.564 162.8  10.551 199.3 11,748 221.6  13.222 248.7
7 8.542 162.2 - 10.485 198.1 11,726 221.0  13.152 247.3
8 8.532 161.5  10.491 197.5 11.722 220.0 13.172 246.6
Thermal Gradient 2.2 257 _3048 :

(in%er cylinder) .-
“/in.

-2.62

& corrected according to thermocouple

calibration curves

*élyj



Material Thermo-

Test

' in .

-2,69

couple - 1 2 3 Il 5
No. emf T% emf Ta' emf = T2 emf P T enf 7
‘ mve °C  mv. °C mve °GC _mv. °C _mv., °C
- Dow 1 116353 213;9 12,019 225,0 12,768 239.8 13.487 253.0 14.515 272.1
Badische . o '
Nylon 6 2 11.358‘ 214.0 12,032 225.2 12,781 20,0 13.501 253.3 14.527 272.3
3 11,881 223.6 12,674 238.1 '13.429 252.0 14.162 265.5 15.297 286.4
Lo 11.914 223.7 12,703 .238.1 13.470 252.2 1h.154 264.8 15.304 285.9
5 11,892 223.3 12,641 237.1 13.42T 251.5 14,158 264.9 15.292 285.7
6 11.808 2227 12,642 237.1 13.304° 250.3 14.05h 264.1 15,211 285.3
7 11.813 222.6 12,571 23604 13.297  249.9 ’14.053 263.7 15.130 283.8
g 11,851 222.4 12,607 235.5 13.340 249.6 14,027 262.5 15.166 283.2
Thermal Gradient ' ‘ :
(%Qner cylinder) -1.48 -3.00 -2.84 ~3.38

- —
. corrected according to thermocouple
~calibration curves

B



’Métefiél_ Thermd-.

Tést

- calibration curves

B w ' m R m'p a'r mp
Dupont - 1 10,007 189.1 10.984 207.1 11.586.'218.1 12,566 232.1 13.019 244.5
Zysel 2 10,014 189.2 11,002 207.3 11.599 218.3 12,579 232.3 13.030 24h.7
3 10.572 199.5 11.581f 51850'712.27¢h 230.6 ‘13.055 2L5.1 13.859 2600 i
L 10,576 198.9  11.604 217.9 12.253 229.9 13.084 245.1 13.867 259.5 ‘;>
5 10.538 198.5 11.554 217.0 12,226 229.4 13.022 244.,0 13.847 259.2 =
6~ 10.491 198.2 11.468 216.5 12.181 220.5 12,943 243.7 13.722 258.0 !
7 10,492 198.2 11.483 216.4 12,116 228.1 12,914 242.8 13.697 257.4
8 10.466  197.0 11.432"215;7 12,127 227.2 12.919 24,2.0 13.707 256.5
_(§§§;§a§y§§i§i§§t =2.17 ,‘2°45 r3.31 =3.38 | —3.76
ine. : - ‘
| }fa éb?fedﬁéd écébrding td théfmocoﬁﬁlé



The vita has been removed from
the scanned document



D?V?LOPNENT'OF AN APPARATUS TO MIASURZ THI
THZIRMAL COPDUCTIVITY OF POLYXER MILTS
by
Thomas R. Fuller

ABSTRACT

The purpose of this investigation was to develop ah
» apparatus to measure the thermal conduct1v1ty of polymer
melts, and to use the aeoaratus to measure the thermal
conduct1v1ty.of seleeted melts as a function of melt temp-
erature. vv ‘. |

The steadY—etate, coaxial cylinder method with guard
heaters was ueed and the annular gap was‘0.675 inch. The

-polymer was melted in a cylihdrical melt chamber, then

iA metered to the thermal conduct1v1ty measurlnd apparatus.

Cart rldge heaters provided heat 1nput and temperature
measurements ‘were made with callbrated dlfferentlal, iron-
constantan thermocoubles. |
The thermal conductivity of polyethylene,.polystyrene
| and nylon melts tested increased with increased temperature.
The thermal conductivity of the polypropylene sample was
temperature independent. Complexity of molecular structure
lowered melt thermal conductiviﬁy.
Radiation losses were accounted for and convection
was determined to be absent. The results were shown to
be within a 3 percent experimental measurement error.
Meaningful confidence limits cannot be calculated because

of the limited number of data points.
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