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I. INTRODUCTION 

The study of the thermal conductivity of liquids and solutions is 

important in that the results can be used to test theoretical models 

and thus help to elucidate the nature of molecular mechanisms involved 

in transport phenomena. Such studies also have significant technological 

applications in the design of thermal exchange processes. 

Theories of liquid thermal conductivities can be categorized in 

the following general classes: extensions of the Kinetic Theory of 

gases, theories based on cell or free volume models of the liquid state, 

and rigorous Statistical Mechanical formulations. The limited success 

of these theories and the difficulties encountered in their use is 

discussed in the Literature Review. There are empirical relations for 

the conductivity of liquids and solutions, but they are, in general, of 

limited range and applicability. 

The viscosity of polymer solutions has received a great deal of 

attention and the literature abounds with both phenomenological and 

molecular theories. In marked contrast, the diffusivities of polymer 

solutions have been studied very little and their thermal conductivities 

are virtually uninvestigated. 

It was the object of this study to investigate the concentration 

and molecular weight dependence of the thermal conductivity of solutions 
0 of polystyrene in benzene at 25 C and atmospheric pressure. The con-

centrations ranged from 0.1 to 15.0 weight percent polystyrene and three 

molecular weights were studied: 21,000, 264,ooo, and 660,000 grams per 
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mole (number average molecular weights). The conductivity measure-

ments were made in a concentric cylinder apparatus with guard heaters 

to minimize end losses. · 
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II • LITERATURE REVIEW 

This section contains a brief review of the literature pertinent 

to this investigation. The first three sections (Theories of Thermal 

Conduction in Liquids, Experimental Methods for Determining Liquid 

Thermal Conductivities and Errors in Thermal Conductivity Determinations) 

treat liquid thermai. conductivity and its measurement. The next three 

sections define the various types of molecular weight averages and 

discuss the two experimental techniques (intrinsic viscosity, and 

osmotic pressure) used to characterize the polymers of this 

investigation. 

Theories of Thermal Conduction in Liquids 

Predictive equations of the thermal conductivity of liquids 

fall into two categories: theoretical and empirical correlations. 

The empirical equations have, in general, met with greater success than 

the theoretical expressions. The limited success of the theoretical 

attempts is due, in part, to the lack of an adequate equation of state 

for liquids • 

Conduction in liquids.- The mechanism of heat conduction in 

liquids is not clear. There are two possible modes by which excess 

energy can be transported down a temperature gradient: (a) by a 

vibrational mechanism and (b) by a "convective mechanism." Horrocks 

and McLaughlin (11) have made calculations which indicate that the 

"convective mechanism" (may be visualized as molecular "hopping") is 

the same as that operative in self-diff'usion and is of negligible 
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magnitude compared to the vibratory mode. Frenkel (10), on the other 

hand, in his "Kinetic Theory of Liquids," concluded that the convective 

mode is the only mechanism operative in liquids. The vibratory theory 

seems to conform to the data better; for example, in an isomeric series 

of £, ~,.and 12. - terphenyls, the structure dependence of the viscosity 

was found to be marked. In contrast, the thennal conductivity varied 

little with structures (14). The difference in the dependencies can be 

explained in terms of the mechanisms. To transport energy by thermal 

conduction, a molecule need only oscillate in its cell without breaking 

the intermolecular forces with its neighbors. For momentum transfer, 

continual disruption of the intermolecular forces between layers moving 

with different hydrodynamic velocities is essential for the process to 

occur and leads to sensitivity to structure. The vibratory mechanism 

also predicts the correct temperature dependencies for thermal 

conductivity (12). 

Theoretical equations.- A full interpretation of the thermal con-

ductivity can, in principle, be obtained from a statistical-mechanical 

treatment. The application of the theories to the calculation of the 

thermal conductivity is, as always, complicated because of a lack of 

knowledge of the force fields which operate in liquids. If a simple 

potential is chosen, usable but inaccurate equations are obtained. A 

more rigid approach leads to equations which are unwieldy and cannot 

be tested experimentally (37). The rigorous theories have, so far, 

appeared as complicated integro-differential equations, giving the 

thermal conductivity as a function of the disturbances of the radial 
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distribution function (6). The results of Kirkwood are typical of 

these theories (18). 

Theories of thermal conductivity based on the Free Volume theory 

of the liquid state yield somewhat more tractable results (see Horrocks 

and McLaughlin (11)). The thermal conductivities predicted by this 

theory show the best agreement with experimental data (23). An 

excellent review of the theories of thermal conductivity in liquids 

has been recently published by McLaughlin (18). 

Empirical equations.- As mentioned in the opening paragraph of 

this section, empirical equations have been more successful in 

predicting the thermal conductivities of liquids than the best 

theoretical equations yet proposed. These empirical equations have 

been critically reviewed and their predictions compared with experi-

mentally observed thermal conductivities (19). 

Bridgema.n's equation (35), while it has some theoretical basis, is 

considered here as being basically empirical. Bridgeman's empiricism 

lies in his somewhat arbitrary assumption that thermal energy is 

transmitted within the liquid at the velocity of sound and the fact 

that a numerical constant has to be adjusted to give good agreement 

with experimental data. Bridgeman's equation is of the form: 
cRU s K = ~ (1) 

d 
where: c numerical constant 

R universal gas constant 

Us =velocity of sound in the liquid 

d intermolecular spacing 

K thermal conductivity 
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Assuming (on the average) a cubical arrangement of the molecules, d can 

be calculated from 

where: p = density 

M = molecular weight 

Bridgeman predicted a value of two for the numerical constant, but a 

slightly adjusted value gives predictions in better agreement with 

experimental data. 

The first equation to relate the thermal conductivity to other 

properties of the liquid was that of Weber (35) 

where: Cp = heat capacity at constant pressure 

(2) 

(3) 

Other properties which have been used successfully in correlations of the 

thermal conductivity for certain classes of liquids include the heat of 

vaporization ( 23), viscosity and ASTM viscosity-temperature slope ( 19), 

molecular weight (19) (23), chain length of hydrocarbons (19), and 

functional group contributions (23) (19). These correlations and others 

have been reviewed by Tsederberg (36) who also gives recommendations as 

to their applicability. 

Tsederberg (36) recommends the following empirical equation for 

binary liquid solutions 

K = K2g2 + ~ (1 - g2) - 0.72 (K2 - K1 ) g1 (1 - g2) (4) 

where: g1 and ~ = weight fraction of components 1 and 2 

1S_ and K2 = thermal conductivity of components 1 and 2 
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Experimental Methods for Determining 

Liquid ThermaJ. Conductivities 

If conditions for the measurements are such that convection is 

absent, the energy equation reduces to: 

where: p = fluid density 

C = heat capacity p 

T = temperature 

t = time 

~ = Laplacian operator 

If further, the determination is made at steady-state, the equation 

becomes 

(5) 

(6) 

Experimental methods for determining liquid thermaJ. conductivities 

have been classified according to whether they are steady or nonsteady 

state and also by the geometry of the apparatus. The following 

classification was proposed by Sakiadis and Coates (28). 

I • STEADY STATE METHODS 

1. Thin Film Methods 

a. Parallel plates 

b. Concentric cylinders 

c. Concentric spheres 

d. Hot wire methods 
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2. Thick Film Methods 

a. Parallel plates 

II. UNSTEADY STATE METHODS 

1. Thin Film Methods 

a. Hot wire 

2. Thick Film Methods 

a. Parallel plates 

A detailed description or comparison of these methods will not be 

attempted here. Some brief comments are given below and the reader is 

referred to specific literature references for detailed accounts. 

Of the steady-state methods, the concentric sphere eliminates end 

effects and most nearly conforms to unidimensional heat conduction. 

Construction and centering problems are, however, more formidable than 

for any other method. For a recent account of the development of a 

concentric sphere apparatus, see Couper (2). 

The concentric cylinder apparatus is less difficult to construct 

than the spherical apparatus, but because of the geometry, end effects 

become appreciable and must be compensated. This is usually done with 

guard heaters at both ends of the apparatus. The apparatus of 

Tsederberg (34) is typical. An interesting variation of the concentric 

cylinder design involving hemispherical ends has been designed by 

Leidenfrost (17). 

The parallel plate apparatus presents the least difficulty in 

construction and is simple to employ. In this geometry, guard rings 
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around the liquid specimen must be used to avoid edge losses. Apparatus 

with both two (Sa.kiadis and Coates (29) and three (Orr (29)), parallel 

plates have been used. 

Excellent reviews of the techniques which have been employed in 

measuring the thermal conductivity of liquids have been published (28), 

(29), (34), (15), and (31). 

Errors in Thermal Conductivity Determinations 

Radiation.- Because of the temperature gradient in an experimental 

apparatus, some heat is transferred by radiation. The precise evalua-

tion of this loss is a complex problem (see Bird et al. (5)), but it 

is possible to estimate its limiting magnitude (18). 

The radiant energy ~· emitted from the surface of a nonblack 

body of emissivity e, at a temperature T2 into a surrounding 

enclosure is given by · 

I 4 
~ =A e oT2 (7) 

( 6 -12 -1 -2 0 -4) where a 5. 7 x 10 joule sec. cm K is the Stefan-Bel tzman 

constant and A is the effective emitting area. The rate of energy 

absorption by the surface of absorptivity, a, from the surroundings at a 

temperature T1 is given by 

4 a"-AaaT T - 1 (8) 

assuming that the energy reaching the surface is black-body radiation 

corresponding to temperature T1 • The net rate of loss is, therefore, 

( 9) 

. ·--
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For reaJ. materiaJ.s a and e are < 1 and approximately equal. Thus, 

by making the assumption a = e = 1, the maximum loss is obtained. For 

the small temperature difference employed in thermaJ. conductivity 

measurements, (T24 - T14) may be approximated as Tm3 LYr. Thus, 

quation.(9) can be written 
~ = 4A a Tm3 b.T 

where: 

(10) 

The heat transfer by conduction in a concentric cylinder apparatus 

is given by 

K 2nL (T2 - T1 ) 
q = ----------------=- (11) 

in G~) 
where: L = the length of the cylinders 

r 2 and r 1 = the radii of the outer and inner cylinders, 
respectively. 

It follows that the ratio of the heat loss due to radiation to that 

due to conduction is 

-= q 

Convection.- If a temperature gradient is applied to a fluid 

initiaJ.ly at rest, the resulting density gradient produces a bouyancy 

force which, although opposed by viscous forces in the state of 

mechanicaJ. equilibrium, eventually causes instability. This instability 

manifests itself in bulk convective flow, free convection. 

From thermodynamics, the change in density due to temperature at 

constant pressure is 
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dp = l3dT where (12) 

Consider a fluid contained between two parallel plates (a good 

approximation for concentric cylinders with sm.aJ.l annular gaps) at 

y = b a~d y = -b, with the temperature to be constant at T1 at -b 

and T2 at b. The equation of motion for an incompressible fluid of 

constant viscosity is 

p ~ = - 'Vp + µef y + pg (13) 
~ where: v = velocity vector 
~ g = gravitational acceleration 

t = time 

p = pressure 

Assuming the temperature gradient is linear, the energy equation at 

steady-state reduces to 

(14) 

This assumes that the viscous dissipation term is small compared to the 

convective transport of thermal energy which is a good approximation 

for nonviscous liquids. These differential equations have been solved, 

using the stated boundary conditions (s~~ ~~~~ ~'~)) to give the 

velocity dist~ib~tion in terms of the dimensionless variable n = y/b 

Vz = p j3 gb2 6.T (n~2~ n) (15) 

where: p = density evaluated at mean fluid temperature 

i3 = thermal expansivity evaluated at mean fluid temperature 

Vz = component of the velocity in the z-direction 
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Equation (14) may be rewritten in terms of a dimensionless velocity 

b Vz p 
~ = µ 

(16) 

where N is a dimensionless group known as the Grashof number, Gr 
2 

N = P i3 gb3 l:::.T 
Gr 

µ 
(17) 

When the equations of state, motion, continuity, and energy are applied 

to specific convection problems, two independent dimensionless groups 

are seen to arise. They are the Grashof number and the Prandtl number 

NPr. The Prandtl number is a measure of the ratio of the molecular 

diff'usivity of momentum to the molecular diff'usivity of energy. 

µCp 
NPr =7 (18) 

The product of NPr and NGr is defined as the R~leigh number NRa' 

(19) 

The onset of convection has been found experimentally to occur at a 

critical value of NRa" 

Kraussold (34) studied the conditions at which convective heat 

transfer arose in various liquids in concentric cylinders. His results 

indicate that convection is negligible for NRa < 1000. Because of the 

errors in the quantities entering the Rayleigh number, Tsederberg (34) 

has recommended that NRa not exceed 700. 
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It is important to note that the use of this criterion assumes 

that there are no "end effects"; that is, that the temperature field 

contains no distortions or irregularities at the ends of the apparatus 

(14). Such distortions of the symmetry of the steady-state temperature 

field ca.FJ. induce convection. It is desirable to have some independent 

experimental check for the onset of convection. 

"Ellington has contended that no previous author has offered 

definite proof that the system used was one of pure conduction." (30). 

While most investigators have considered the problem of convection in 

the design of,equipment and operating conditions, they fail to demon-

strate experimentally that the equipment is free of convection. To 

demonstrate for each apparatus that pure conduction exists, Ellington 

proposed that the h~at f'lux. be plotted as a function of the temperature 

difference. Then, for pure conduction, a straight line should result 

which passes through the origin. 

Eccentricity.- In the concentric cylinder method, the axis of 

the external cylinder should coincide with the axis of the internal 

cylinder. If the axes do not coincide and an eccentricity o exists 

between them, the correct equation for K will be (.)4) 

Q in 
52 + 1~22 -K = 2Ln M (20) 

2 v~22 -- 0 -

where: S2 = rl + r2 

~2 = rl - r2 



This correction applies only to translation of the cylindrical axes. 

No correction has been proposed for the deviation of one or both axes 

from the vertical. The effect of an eccentricity of this sort is best 

estimated by testing the apparatus with a fluid of known thermal 

conductivity. 

Polymer Molecular Weight Averages 

In any finite sample of polymer, there exists a distribution of 

molecular weights. This is a natural consequence of the nature of 

polymerization processes in general. Because of this distribution, any 

experimental determination of molecular weight can give only an average 

value. The average depends on the nature of the averaging process and 
/ this, in turn, depends on the property which is being experimentally 

measured. The magnitude of the average will increase with increasing 

sensitivity of the measured effect to the weight of a molecule. 

In the determination of molecular weights from measurements of the 

thermodynamic properties of dilute polymer solutions, each module, 

regard.less of size, makes the same contribution to the measured effect. 

Such determinations are, therefore, said to yield the number average 

molecular weight Mn· If 

1M2 N(M)dM 
M1 

is the fraction of molecules with molecular weights in the range 

M1 ~ M ~ ~ where M is the molecular weight of a given molecule 

(treated here as a continuous, rather than discrete variable for large 

distributions (20)); then 
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_ ~00 M N(M)dM 
~=-----i00 N(M)dM 

(21) 

The mathematical operations indicated in Equation (21) are equivalent to 

swmning the fraction of molecules with molecular weight M over all 

values of M and dividing the result by the sum of the fractions 

(~m N(M)dM). Since the sum of the fractions is by definition unity, 

Equation (21) may be written _ f 00 M N(M)dM 
~ = 0 1 

Techniques which might yield ~ include: boiling point elevation, 

freezing point depression, vapor pressure lowering, and osmometry. 

(22) 

The scattering of light by the solute molecules in solution is a 

phenomenon useful for polymer molecular weight determinations. The 

intensity of the light scattered by the solute is proportional to the 

square of the particle mass (3). The effect obtained with a poly-

disperse solute (i.e., a solute with a distribution of molecular weights) 

depends on its weight average molecular weight Mw defined by 

Mw = f 00 M W(M)dM (23) 
0 

where W(M) is defined such that 

is the weight fraction of material with molecular weights in the range 

~ ~ M ~ ~· W(M) is related to N(M) by 
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W(M)dM = M N(M)dM loo M N(M)dM 

thus, ~ can be expressed as 

Joo M2 N(M)dM . 
- 0 Mw=------

J00 M N(M)dM 
0 

(24) 

(25) 

It can be seen from Equation ( 25) that Mw weights the larger molecules 

more heavily than Mn, and for polydisperse systems Mw is always 

greater than Mn. The ratio M'w/Mn and (Mn/Mn) - 1 are both used 

as measures of the polydispersity of the system (20). 

The molecular weight of linear poly1Ilers bas been empirically corre-

lated with the intrinsic viscosity [ rU of polymer solutions. Both [Tl] 
and the nature of the correlation are discussed in the next section. 

The general form of the correlations is (32) 

[11] = K' M./ (26) 

where: Mv = viscosity average molecular weight 

K',v =empirical constants 

K' and v are functions of the solvent and depend on such factors as 

the method and temperature of' polymerization among others. 

Figure 1 depicts the distribution of' molecular weights in a 

typical poly1Iler and shows the relative positions of' the various 

averages. 
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Mn NUMBER AVERAGE MoLEcuLAR wT 

M VISCOSITY AVERAGE MOLEC-v ULAR WT 
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MOLECULAR WT 

MOLECULAR WEIGHT OR CHAIN LENGTH 

FIGURE 1.- MOLECULAR WEIGHT DISTRIBUTION IN TYPICAL POLYMER. 
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Other molecular weight averages have been defined, but these are 

not pertinent to this investigation. For detailed accounts of the 

experimental techniques of molecular weight determination see Allen ( 1) . 

Intrinsic Viscosity and its Relation 

to Molecular Weight 

Before any discussion of the viscosity of polymer solutions is 

possible, it is necessary to define some terms. Some confusion exists 

in the literature because there are two sets of nomenclature in common 

use. These are given in Table I, page 19, along with the units that will 

be used herein. The "common" nomenclature will be used here because it 

is more prevalent in the literature. The reader should experience no 

difficulty in converting from one system to the other with this table. 

Solutions of polymers are, in general, non-Newtonian fluids and 

their viscosities are, thus, functions of shear rate (see Appendix D, 

page 103). For the dilute solutions used in intrinsic viscosity deter-

minations, however, the deviation from Newtonian behavior is not great 

and shear rate corrections are negligible. Intrinsic viscosity measure-

ments are made in capillary viscometers. If the efflux time of the 

solvent is greater than 100 seconds, then the kinetic energy correction 

(see Appendix D, page 103) is negligible. Since all the viscosity 

measurements are made relative to the· solvent, the efflux times may be 

compared directly and the viscometer need not be calibrated. 

In order to calculate the intrinsic viscosity c~J for a polymer 

solution, it would be necessary to calculate the flow of solvent around 

the dissolved molecule and obtain from the flow pattern the increase in 
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TABLE I. - NOMENCLATURE OF SOLUTION VISCOSITY 

Common name (3) 

Relative viscosity 

Specific viscosity 

Reduced viscosity 

Inherent viscosity 

Intrinsic viscosity 

Recommended 
name (11) 

Viscosity ratio 

Viscosity number 

Logarithmic vis-
cosi ty number 

Limiting viscosity 
number 

(a) Where 11 = viscosity 

t = efflux time 

C = concentration 

Subscript zero denotes solvent 

Symbol and defining 
equation (a) 

11r = TJ/TJo :::::: t/to 

T'Jsp = T'Jr - 1 = (TJ - TJo)/TJo 

:::::: (t to)/to 

11red = 1lsp/C 

1linh = (Zn 11r/C) 

[ 11] (11sp/C~ =O 

[11] = CTZn 11r) /~c=o 

Billmeyer, F. w.: Textbook of Po~er Science. John Wiley and Sons, Inc. 
New York, N. Y., 1962, p. Bo. 
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the viscosity due to the presence of the disturbance. As in the case of 

thermal conductivity, the exact solution of the hydrodynamic equations 

is hampered by lack of an adequate model of the liquid state. For only 

one case has an exact calculation been made. The intrinsic viscosity 

for a suspension of spherical particles was derived by Einstein (33). 

[,,] -- 2.5 11 = 2.5 p2 and 
sp P2 

where: 11sp = specific viscosity 

p2 = solute density 

(27) 

There are some rather restrictive assumptions involved in obtaining 

the result (see Tampa ( 33)), but there is evidence that Stoke's law 

on which the derivation of Equations (27) are based is applicable far 

beyond the l:iJnitations of the assumptions. By assuming various simple 

models for polymer solutions and making some approximations, it is 

possible to relate the intrinsic viscosity to the para.meters of the 

system. 

A convenient model to assume for the polymer molecule is the 

"Pearl-Necklace Model" (33). It depicts the polymer as a statistical 

chain of beads joined by rigid lengths. 

The most probable configuration for such a chain is a spherically 

shaped random coil with a segment density which is given approximately 

by the Gaussian distribution. 

The flow of solvent through the molecule has been described by 

two extreme cases. 
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The free-draining coil concept assumes that the liquid is undis-

turbed by the presence of the polymer molecule except in the immediate 

neighborhood of each bead. This theory results in a relationship between 

[11] and the molecular weight of the form (33) 

(28) 

where M is the molecular weight and v is a constant > 1. Such a 

dependence for [11] on M is contrary to all the experimental evidence, 

and the free-draining coil has been generally abandoned as a model for 

polymer solutions in viscous flow. 

At the other extreme is the impermeable-coil model. This model 

assumes that the molecule is tightly coiled and that the liquid within 

the coil is completely immobilized. Thus, the flow outside the coil does 

not penetrate it, and the coil and enclosed liquid can be treated as a 

single hydrodynamic entity. Such spherical coils roughly fit the condi-

tions of Equation (27), page 20, and the intrinsic viscosity can be 

expressed (33) 

(29) 

where: N = Avogadro's number 

Re = hydrodynamic radius of spherical coil 

This result is, however, not useful unless Re can be related to di.men-

sions of the molecular coil. If it is assumed that Re is proportional 

to the root-mean-square end-to-end distance of the polymer 

chain, then it can be shown (Flory (9)) that Re is also proportional 
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to M1/ 2 . From Flory's relationship between M and Re and Equa-

tion (29), it can be seen that the intrinsic viscosity is proportional 

to Ml/2 • Flory's result is 

(30) 

As indicated above, this equation predicts a simple proportionality 

between [Tl] and M1/ 2 , but this dependence has not been experimentally 

observed. Flory attributed this discrepancy to a volume effect which 

had not been considered. 

The concept of the polymer molecule as a statistical chain fails 

to recognize the finite volume of a segment of the chain. The relation 

where: A = length of a segment 

z = number of segments in a polymer chain 

is a result of random flight calculation. These calculations consider 

those spatial requirements that affect the flexibility of the chain 

(rotations about single bonds, etc.) but do not attribute any volume to 

the chain segments and allow them to approach each other with arbitrary 

closeness. The consideration of a finite volume for the segments reduces 

the number of possible configurations from random flight considerations 

considerably. The volume occupied by one segment is obviously excluded 

to all other segments; this principle has been called the "excluded 

volume effect." This consideration tends, generally, to expand the 

molecular coil. In Flory's theory (33), all linear dimensions of the 

coil are uniformly expanded by an expansion factor ~. Thus, 
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(J!!-)1/2 =a (ro2)1/2 (32) 

where the subscript zero indicates the coil dimensions "unperturbed" by 

molecular interactions. Interactions occur within the excluded volume 

and tend to contract the coil due to intra.molecular, nearest neighbor, 

attractions. Thus, a is the function of two effects: the expansion 

of the coil due to the excluded volume and its contraction due to intra-

molecular interactions. 

Flory has defined a characteristic temperature, the theta tempera-

ture a, which represents the lowest temperature for complete miscibility 

of a polymer of infinite molecular weight in a given solvent. At this 

temperature, there is no net interaction between polymer and solvent, 

and the solution is considered to be ideal. At this temperature, which 

varies from soi vent to solvent, the chain dimensions will be unperturbed 

and a will equal l. 

Flory bas also shown (25) that 

(33) 

where CT depends on properties of both the polymer and solvent as well 

as the temperature, but is independent of M. Thus, 

where, with increasing ~' E increases from 0 to 0.20, it follows 

then that E is related to v 
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V = (1 + 3E) 
2 

(35) 

and increases from 0.50 to 0.80 which is in agreement with experiment 

( 2.S). 

The preceding section has been an attempt to acquaint the reader 

with the· theoretical significance of the constants in the relation 

(36) 

Throughout the development of Equation (36) it has been assumed that the 

polymer was monodisperse. Thus, the symbol M represents the actual 

polymer molecular weight as opposed to an average. To use this empirical 

relation, it is necessary to have two well-fractionated samples of poly-

mer of known molecular weight. With the intrinsic viscosity and molecu-

lar weight data, the constants K' and v can be determined from a 

log-log plot of [1i) against M. 

When this method is applied to polymers with a distribution of 

molecular weights, Equation (36) must be modified as follows: 

[ri] lim (TJsp) = K' 
c --? 0 c 

\' M·v 
/_, l Ci 

i (37) 

where: C· =weight fraction of polymer with molecular weight Mi· l 



- 25 -

The intrinsic viscosity of the heterogeneous sample is interpreted in 

terms of Equation (36) by defining a viscosity average molecular weight 

My· Thus, 

[11] = K' M,/ (26) 

and from Equation (37) on page 24 

My= (38) 

Osmotic Pressure of Po].ymer Solutions 

Figure 2 represents schematically an apparatus in conunon use for 

osmotic pressure measurements. The membrane is permeable to solvent but 

not to high molecular weight solutes. The chemical potential of the 

solvent in the solution is less than that of the pure solvent and, 

consequently, if the system is to be at equilibrium, the chemical paten-

tial of the solvent µ1 on either side of the membrane must be ma.de 

equal. This may be done by applying excess pressure to the solution. 

The excess pressure required is called the osmotic pressure, rr, and is 

related to the change in the chemical potential by (1) 

(39) 

where v1 is the molar volume of the solvent (assumed independent of 

pressure for the small changes involved). 
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As the solutions become more dilute, the activity, a, of the 

solvent approaches its mole fraction, x. At infinite dilution, the 

solution is ideal and a = x. It follows that the depression of the 

activity of the solvent by a solute is equai to the mole fraction of 

the solute (3). Thus, for dilute solutions where ~ approaches zero, 

Equation (38) becomes 

(40) 

where x denotes mole fraction and subscripts 1 and 2 denote solvent 

and solute, respectively. At low concentrations, the approximation 

may be made that 

where ~ and c2 are the molecular weight and concentration of 

solute. Therefore, in the limit of infinite dilution 

(41) 

(42) 

For finite concentrations of polymer in thermodynamically good solvent, 

(i.e., one in which polymer-solvent contacts are favored over polymer-

polymer contacts) a plot of rr/c2 versus c2 results in a line of 

positive slope, becoming convex to the c2 - axis with increasing c2 • 

This behavior can be described by expressing the reduced osmotic 

pressure, rr/c2 with a power series in c2 • 

+ ••• ( 43) 
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Usually, no more than two terms are required. The virial coefficients 

B and C are strongly dependent on polymer-solvent interactions. The 

intercept RT/M2 has been found (as predicted by the thermodynamics) 

to be independent of the solvent. 
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III • EXPERIMENTAL 

This section contains the purpose of the investigation, the 

plan of experimentation, and the results. 

Purpose of Irrvestigation 

The purpose of this investigation was the development of an 

apparatus for measuring the thermal conductivity of polymer solutions 

at atmospheric pressure, the calibration of the apparatus with fluids 

of known thermal conductivity and the measurements of the thermal 

conductivities of solutions of polystrene in benzene as a f'unction of 
0 concentration and molecular weight at 25 C. 

Plan of E?Cperimentation 

The experimental work for this investigation consisted of the 

following phases: selection of method, design and construction of the 

apparatus, calibration of the apparatus, characterization of polymer: 

and polymer solutions, thermal conductivity determinations of the 

polymer solutions. 

Selection of the experimental method.- The steady-state, concentric 

cylinder method was chosen for this investigation. Some of the factors 

influencing this selection are given below: 

(a) Steady-state methods yield the thermal conductivity directly 

and do not necessitate the accurate determination of heat capacity and 

density (as in most unsteady-state methods). Steady-state methods give 

more reliable and accurate results than nonsteady-state methods (18). 
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(b) In the concentric cylinder apparatus end effects can be 

minimized with guard heaters. This can be done with more ease than in 

the parallel plate method. 

(c) The concentric sphere apparatus completely eliminates end 

effects.but it requires special equipment and knowledge to construct. 

This specialized capability was not available. 

Design and description of apparatus.- Only a brief description is 

given here. The interested reader is referred to Appendix c, p. 91, 

which contains detailed drawings and a full description of the construc-

tion of the thermal conductivity cell. 

The cell consisted of three concentric cylinders. The inner-most 

cylinder is composed of the measuring cylinder with guard heaters at 

both ends (see Figure 3). These cylinders were made of copper and 

contained resistance heating elements. The guard heaters minimized 

the axial heat loss from the measuring cylinder. This was accomplished 

by keeping the temperature difference between the ends of the measuring 

cylinder and the guard heaters small. 

Concentric with measuring cylinder is a brass outer cylinder (see 

Figure 3). The annular gap (0.052 inch) between the brass cylinder and 

the Gopper cylinders (measuring cylinder and guard heaters) contained 

the test fluid. The concentric cylinder system was contained in a 

3-inch I.D. copper tube. 

Calibrated differential thermocouples were embedded in the 

measuring cylinder and the brass cylinder (a total of six pairs). The 
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temperature difference across the annular gap was calculated from the 

emf of the differential thermocouples. 

The heat input to the measuring cylinder was calculated from the 

current and the resistance of the heater. The current in the measuring 

cylinder circuit was obtained by measuring the potential drop across a 

standard resistor with the potentiometer (see Figure 4). This resistor 

was maintained at a constant temperature and its resistance at that 

temperature was accurately known (see Appendix A, p. 76). The average 

temperature of the measuring cylinder was calculated from readings of 

the emfs generated by the thermocouples on the measuring cylinders 
0 paired with a thermocouple at 0 C. The resistance of the heater 

corresponding to this temperature could then be read from the 

calibration curve (Figure 18, p. 85). 

The step by step procedure followed in making thermal conductivity 

measurements is given in Appendix E, p. 110). 

Calibration of the apparatus.- In order to obtain an indication of 

the actual experimental error, the conductivity cell was calibrated 

with three fluids of known conductivity. These liquids were chosen 

with physical properties such that convection would be negligible. 

The fluids were; water, ethylene glycol, and cyclohexanol. The 

procedure followed in obtaining these measurements was the same as 

that followed in the polymer solution tests. The procedure is outlined 

in detail in Appendix E, p. 110. 

Polymer characterization.- The intrinsic viscosities of the polymer 

samples were determined in benzene at 25° C. Samples for these 
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determinations were obtained by a coning and quartering process which 

resulted in an approximately 100 gram sample of the 10-pound original 

sample. This procedure was performed twice on each polymer sample to 

obtain two representative samples of each original polymer sample. 

This was done to get an indication of the homogeneity of the respective 

samples. The procedure used in determining the intrinsic viscosity is 

outlined in Appendix B, page 86. 

Osmotic pressure measurements of the polymer samples in toluene 
0 solution were made at 37 C. The results of these determinations were 

estimates of the number average molecular weights. These measurements 

were made in a high speed membrane osmometer with reconstituted 

cellulose membranes. The procedure followed was that recommended by 

the manufacturer in the instruction manual. 

Results 

This section contains the results of the polymer characterizations, 

cell calibration and polymer solution conductivity measurements. 

Po].ymer characterization.- The results of the intrinsic viscosity 

determinations are shown on Figures 6 and 7. The data are tabulated 

in Tables XII and XIII on pages 88 and 89. The points for a given 

molecular weight represent different samples of a given molecular weight 

and different solutions ma.de from those samples. In the case of the 

middle molecular weight, the points are also from different investi-

gators. Despite all these various sources of variation, the results 

are within 1 percent. This indicated that the technique was reproducible 

.and the polymer samples were homogeneous (this is not to say that the 
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samples were monodisperse). The data for each molecular weight are 

plotted in two ways: the specific viscosity and the inherent viscosity 

(see Table I, page 19). Both extrapolate to the intrinsic viscosity at 

infinite dilution. Therefore, plotting both these quantities provides 

a check on the extrapolation. The extrapolated values are given in 

Table :0:, page 40. 

The results of the osmotic pressure measurements are shown on 

Figure 8, page 39. The data are extrapolated to infinite dilution and 

the number average molecular weight is calculated from the intercept 

(see Appendix D, page 98). The molecular weights calculated in this way 

are tabulated in Table :O:, page 4o. It was not possible to make osmotic 

determinations on the low molecular weight polymer because diff'usion of 

polymer through the membrane interfered with the equilibration. 

Table :0: page 40 is a summary of all the characterization data 

resulting from the study for each polymer sample. Also included in 

the table a.re all the data provided by the manufacturer. 

Calibration factor.- The thermal conductivity cell was calibrated 

with three fluids. The results revealed that it was necessary to apply 

. a calibration factor to the results to compare them with the literature 

values. Three liquids (water, ethylene glycol, and cyclohexanol) whose 

thermal conductivities encompassed the range measured for polymer solu-

tions were tested. The :factor was found to be constant within the limits 

of experimental. error (± 3.0 percent). It was thus assumed safe to 

apply the f'actor to the results. It was not possible to measure the 

conductivity of the solvent (benzene) because its physical. properties 

indicate that convection would almost certainly have been present. 
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TABLE II 

RESULTS OF POLYMER CHARAm1ERIZATION 

Sample Method Type of average Average molecular weight 
gm-mole-1 

Low GPC(a) Number 21,000 

GPC(a) Weight 61,000 

Middle Sedimentation(c) Weight 245,000 

Osmometry( b) Number 264,ooo 

Unfractionated Osmometry( b) Number 389,4oo 

High Osmometry( b) Number 660,000 

Intrinsic viscosity 
in C6li6 at 25° C 

dl -1 - gm 
0.265 

0.830 

1.06 

1.20 

(a) Gel Permeation Chromatography. Haynes, W. s., Pvt. Communication, Midland, Mich., April 1967. 
(b) Membrane Osmometry (see Results, page ). 
( c) Ultracentrifugation. Parker, J. A., Pvt. Conununication, Blacksburg, Va., October 1966. 

+ o· 



The results of the thermal conductivity measurements for the 

calibration fluids (water, ethylene glycol, and cyclohexanol) are given 

in Table V page 44. The values of K in this table are corrected with 

the calibration factor (1.095) and are designated K • c The uncorrected 

values are given in Appendix E with the experimental data. 

The experimental data are plotted in Figure 9, page 45, with 

recormnended values from the literature. The literature values are taken 

from literature surveys by various authors who have graded them according 

to the estimated experimental error. The data for -water also include 

recommended values from McLaughlin (18). 

Thermal conductivity of po1ymer solutions.- The results of the 

thermal conductivity measurements (corrected to reflect the calibration 

factor) are presented in Tables VI, VII, and VIII. The conductivities 

of solutions of the three molecular weights are plotted against concen-

tration in Figures 10, 11, and 12. The curves drawn through the points 

in these figures are based on the results of a regression analysis of 

the data (see page 65). The dependence of the thermal conductivity on 

the number average molecular weight at 1 and 10 weight percent is shown 

in Figures 13 and 14. The lines through the points are curves of best 

fit in the least-square sense. 
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TABLE III 

LITERATURE VAWES OF THE THERMAL 

CONDUCTIVrrY OF CALIBRATION 

FWIDS, CYCLOHEXANOL AND ETHYLENE GLYCOL 

T K 
Investigator(b) Liquid OF Btu 

0 hr-ft- F 

Cycle-
Riedel ( 15) hexanol 68 0.0791 

86 0.0796 Filippov( 15) 

Ethylene 
Riedel( 28 ) Glycol 68 0.1471 

86 0.1478 
68 0.1510 

104 0.1525 
122 0.1531 

68 0.1503 Slawecki( 29) 

78 0.1505 
88 0.1507 
74.7 0.1460 Schmidt( 29) 
86 0.1465 
68 0.1466 Grassma.nn( 29 ) 
86 0.1478 

(a) A grade of A or B indicates that the probable experimental error 
$ ± 2 percent or $ ± 5 percent, respectively. Grades assigned by 
authors cited. 

(b) Literature references are found in Bibliography, p. 71. 

Grade(a) 

B 
B 

A 

A 

B 

B 

B 
B 

B 

B 

A 

A 

B 

B 
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TABLE TV 

LrrERATURE VALUES OF THE THERMAL 

CONDUCTTVITY OF CALIBRATION 

FLUJDS, WATER 

T K (b) Grade(a) OF Btu Investigator 
hr-ft-° F 

Liquid 

Water 68 0.3467 Powell (15) A 
86 0.3551 A 

104 0.3631 .A 

68 0.3460 McLaughlin (18) 
86 0.3557 

104 0.3641 
68 0.3460 Riedel U5) B 

104 0.3630 B 
64.4 0.3425 Smith~8 ) B 

104 o.366o B 
6o.8 0.338 Van Der Held (28) B 

103 0.360 B 
68 0.3470 Riedel (28) B 
68 0.3460 B 
68 o.344o B 
68 0.3594 Slawecki (28) B 
78 0.3633 B 
88 0.3661 B 

(a) A grade of A or B indicates that the probable experimental error 
~ ± 2 percent or ~ ± 5 percent, respectively. Grades assigned by authors 
cited. 

(b) Literature references are found in Bibliography, p. 71. 
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TABLE V 

THERMAL CONDUCTIVITY OF CALIBRATION FWms 

Thermal conductivity 
Temperature 

Kc OF 
( 0 )-1 Btu- hr-ft- F 

Water 

0.353 76.8 

0.356 78.3 

0.354 76.1 

0.354 78.1 

0.354 77.9 

Ethylene Glycol 

0.151 81.7 

0.150 79.9 

0.150 77.7 

Cyclohexanol 

0.0815 79.0 

o.08o9 78.6 

0.0821 79.7 
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TABLE VI 

THERMAL CONDUCTIVITY OF SOLUTIONS OF 

LOW MOLECULAR WEIGHT POLYSTYRENE· 

IN BENZENE 

Concentration Therm.a], conductivity 
K wt percent . c 0 

Btu/hr .::ft - F 

1.0 0.0989 

1.0 0.1010 

10.0 0.0941 

10.0 0.0942 

15.0 0.0929 

15.0 0.0936 

15.0 0.0946 
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TABLE VII 

THERMAL CONDUCTIVrI'Y OF SOLUTIONS OF 

INTERMEDIATE MOLECULAR WEIGHT POLYSTYRENE 

Concentration 
wt percent 

1.0 

1.0 

1.0 

1.0 

10.0 

10.0 

15.0 

15.0 

15.0 

JN BENZENE 

Thermal conductivity 
KC 

Btu/hr-ft-°F 

0.0987 

0.0981 

0.0988 

0.100 

0.0962 

0.0962 

0.0975 

0.0931 

0.0929 

0.0923 

0.0923 

0.0906 
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TABLE VIII 

THERMAL CONDUCTIVITY OF SOLUTIONS OF 

HIGH MOLECULAR WEIGHT POL'YSTYRENE 

IN BENZENE 

The:r'ma.l· -condhct·iv.i ty 
Concentration Ki'.: .. 

wt percent Btu/hr-fti2-OF 

= 

0.10 0.101 --· 
0.10 0.0996 

'· -
- 0.10 0.0985 -

1.0 0.0954 

1.0 0.0954 

1.0 0.0959 

5.0 0.0897 

5.0 0.0901 

5.0 o.09u 

10.0 0.0883 

10.0 o.0888 

10.0 0.0890 
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IV. DISCUSSION 

This section contains a discussion of the experimental results, 

the limitations, and recommendations for future work. 

Error Analysis 

The sources of error in the experimental procedure are discussed 

and an estimate of the contribution of each source is given in the 

following paragraphs. 

Temperature measurement.- The temperature difference across the 

armulus was measured with differential copper constantan thermocouples. 

The thermocouple emf was measured on a. Rubicon potentiometer (see page 167). 

Appendix H). The limit of the accuracy of this device due to internal 

thermal emfs is 1 microvolt. The thermocouple calibration (see page 76, 

Appendix A) and subsequent statistical analysis of the results showed 

that the average error in estimating the temperature difference from 
0 the emfs at 99 percent confidence was<± 0.01 C. The error in 

temperature measurement was assumed to be± 0.01° c. 
Heat input measurement.- The heat input was calculated by multi-

plying the square of current in the heater circuit I, by the resistance 

of the heater, R. The heater resistance was known as a f'unction of 

temperature (see Appendix A). I was calculated as the quotient of the 

potential drop E across a standard resistor and its resistance, r. 

The standard resistor was maintained at o° C in a Dewar filled with a 

crushed ice-water slurry. Its resistance at this temperature was 

measured with a calibrated Rubicon Kelvin bridge {see Appendix A). The 
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resolution and limits of error of the Kelvin bridge in this range 

allow measurements to be made to ± 0.00005 ohm. The potential drop 

across the standard resistor E was measured on the potentiometer. 

The potentiometer was capable of measuring E to ± 0.00001 volt, but 

fluctuations in power source caused variations of as much as 

± o.oooo4 volt in some cases. Values of E ranged from 0.01 to 0.03 

volts. The resistance of the heater R depended on the temperature 

of the particular test and varied from 42.610 to 42.620 ohms. R could 

be considered known to± 0.001 ohm. 

Geometric constant.- The diameters of the copper measuring cylinder 

n1 and the outer brass cylinder n2 were measured with micrometers 

at numerous points to within± 0.0001 inch. The average value of n1 

was found to be 1.241 inches with standard deviation of 0.0005 inch 

and the average value of D2 was found to be 1.345 inches with 

standard deviation of 0.0005 inch. The length of the measuring 

cylinder L was measured to the nearest 0.01 inch and found to be 

4.78 ± 0.01 inch. 

Radiation losses.- The measuring cylinder was nickel-coated and 

highly polished with jeweler's rouge on a polishing wheel. The inner 

surface of the brass cylinder was also polished. These measures 

should tend to minimize radiative heat transfer. The maximum radiation 

correction can be calculated for the case of perfect black bodies 

radiating in a transparent medium. The equations for this estimate 

were developed in the Literature Review (see page 9). The ratio of 
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the radiative heat transfer to the conductive heat transfer was 

0.002 percent. This is small compared to errors from other sources 

and was neglected. 

Convection.- The theory underlying Kraussold 1s convection criterion 

was developed in the Literature Review. The reservations held by various 

investigators in the field were also indicated. The criteria for the 

onset of convection of both Kraussold and Ellington (see Literature 

Review, page 12) were applied to the data of this investigation. The 

quantities entering the Rayleigh number were, insofar as possible, 

detennined from measurements of the test solutions. The thermal expan-

sivity, density, and viscosity data for selected polystyrene solutions 

are given in Appendix D. The heat capacities of the solutions were 

calculated on a weight average basis. The heat cape.city of benzene was 

taken as o.419 cal-gm-1 - oe-1 (35) and that of polystyrene as 

0.288 cal-cm-1 - oe-l (33). The values of solution heat capacities 

calculated in this way are only approximate, but they should be good 

estimates. 

By correlating the value of the Rayleigh number at which the Q 

versus !:Jr plots began to deviate from linearity for several solutions, 

it was possible to estimate a critical value of NRa. A typical Q 

versus !:Jr plot is given in Figure 14. The critical value of NRa 

estimated in this way was approximately 200. This is appreciably lower 

than the value of 700 recommended by Tsederberg. The discrepancy can 

be attributed to one principal cause. The existence of a small vertical 

gradient in the temperature of the brass cylinder was doubtlessly a 
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major factor in producing convective flow. It was thought that the 

gradient was produced by convective flow in the large outer annulus. 

In an effort to break up any flow pattern in this outer space, it was 

filled with 6-mm-dia.meter glass balls. This was found to have no effect 

on the gradient. An analysis of the effect of the gradient on the 

results was carried out. The actual temperature distribution in the 

annulus was calculated by a numerical relaxation technique for a.typical 

measurement. The actual gradient was then calculated via graphical 

differentiation of the data. The average temperature difference calcu-

lated in this way was within 0.3 percent of that calculated as the 

average of the thermocouple readings in the normal manner. 

Conduction heat losses.- All tests were run at approximately 25° C 

which was always within 1° or 2° of room temperature. Thus, conduction 

losses through thermocouples and heater leads were negligible. Axial 

heat conduction in the measuring cylinder was minimized by the guard 

heaters. For a net temperature difference across the ends of the 

measuring cylinder, that is, the algebraic sum (considering the direc-

tions of the differences) of the temperature difference between the 

measuring cylinder and the guard heaters of 0.5° c, the axial heat 

transfer was calculated to be less than 1 percent. During actual meas-
o urements, the net temperature difference was kept to less than -v 0.06 c, 

so that this correction was negligible. 

Differential error anal.ysis.- The equation for calculating the 

thermal conductivity in concentric cylinders is 

K = Q 2n~~) 
21f L 6T 

(1) 



- 58 -

where: K = thermal conductivity 

Q = heat input 

D2,D1 = diameters of outer and inner cylinders, respective~ 

L = length of cylinders 

6.T = temperature difference across annular gap 

Differentiating Equation (l) and dividing the result by K gives the 

relative error dK/K 
d(D2\ 

dlC = ~ + \nlJDi + ~ + d(6.T) 
K Q l (~D L AT nD 2 

However, Q was measured as 

E 2 
Q = r2 R = - R r 

dQ = dR + 2dE + ~ 
Q R E r 

where: R = resistance of heater 

r = resistance of standard resistance 

E = voltage drop across standard resistance 

I = current flowing in heater 

(2) 

(3) 

(4) 

The term involving the diameters D1 and n2 in Equation (2) must also 

be further broken down 

(5) 

(6) 
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Substituting Equations (4) and (6) into Equation (2) results in 

d(D2) d(D1) 
D2 + DlO 

d.K ~ + ~ + ~ + + ~ + d(AT) (T) 
y= R E r (D0) L AT 

7.n Di 
It will be noted that negative signs which would ordinarily result from 

the differentiation have been replaced with positive signs so that the 

estimate of the ma.xi.mum experimental. error will result. Substituting 

the numerical values given in the preceding paragraphs for the differen-

tials in Equation (7), the measured values of r, D2 , D1 , and L, and 

typical values of E and R gives 

d.K 0.01 y = o.oo425 + 0.00963 + 0.00209 + 7:F'"" 

d.K = 0.01595 + Q.:..QJ:. K AT 

(8) 

It can be seen from Equation ( 8) that the estimate of experimental. error 

is quite sensitive to the value of tir. The tir's used in this investi-
o · 

gation range from a low of "'o.4 C to a high of> 2.0° c, depending on 

the physical characteristics of the test fiuids. The average AT was 

o.8° C; using this to estimate the average experimental error gives 

dK . . 8 1C = 0.01595 + 0.0125 = 2. 5 percent (9) 

The above calculations have not considered any contribution of eccen-

tricity. Such contributions would not be random (as errors considered 

above are assUmed to be) but consistent. Since the apparatus was 

of necessity al.ways assembled in the same way, any eccentricity would 

be expected to appear as a constant factor in the results. The estimate 

of error which would result from an eccentricity of 0.002 inch due to 
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simple translation of the axis is < 0.1 percent (calculated with the 

formula given in the Literature Review). As was mentioned in the 

Literature Review, there is no analytical expression for arry other 

deviation from the concentric configuration. 

Pol.ymer Characterization 

The results of the intrinsic viscosity and molecula.r weight deter-

minations are presented as a plot of log [Tl] versus log ~ in 

Figure 16. The data are remarkably consistent, considering that these 

are industrial samples and were probably prepared under widely differing 

conditions (temperature, method of polymerization, etc.). 

The data were fitted to the Mark-Houwink. relation 

[ 11] = K' M" 

and values of K' = 8.4 x lo-3 and v = 0.38 were obtained. The value 

of v lies well outside the theoretical limits ( 0 • .50 S v S o.8o). It 

must be remembered, however, that the constants in the Mark-Houwink 

relation should be evaluated for a series of fractions of the same 

polymer and that these constants were obtained from measurements on 

pol:ydisperse samples of different polymers. 

Calibration Factor 

A calibration factor of 1.095 was applied to the results of the 

thermal conductivity measurements of water, ethylene glycol, and 

cyclohexanol. The resulting values of thermal conductivity Kc 
were within ± 3 percent of the ''best" literature values for these 
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liquids. The estimated experimental error in this investigation is 

± 3 percent so the factor could be considered constant in the range of 

interest to within experimental error. 

The factor is almost certainly a geometric one since it showed no 

consistent variation with heating rate, thermal conductivity or 

temperature difference. Its source could well lie in the uncertainty 

described in Detailed Description of Apparatus, Appendix C, p.93. It was 

not possible to be sure that the counterbores on either end of the 

brass outer cylinder were concentric. The result of such an 

eccentricity would be that the measuring cylinder would be inclined 

from the vertical. The Delrin spacers should tend to minimize this 

effect but could not preclude it. 

Thermal Conductivity of Polym.er Solutions 

Solutions of polystyrene of all three molecular weights exhibited a 

parabolic dependence of Kon concentration. The conductivity decreased 

with increasing concentration. This is similar to the parabolic 

dependence found by Filippov (8) and others for mixtures of organic 

liquids. 

The results obtained for the dilute solutions are the least 

reliable. This is a result of the fact that temperature differences 

had to be kept low in order to prevent convection in these low viscosity 

solutions. Operating at low temperature differences increases the 

experimental error. Convection is also more likely to occur in dilute 

solutions because of their high Rayleigh numbers. 



The conductivity of the polymer solutions was higher than that of 

the solvent. An average of the best literature values (15) .for 

benzene at 77° Fis O.o833 Btu/hr-ft-°F ± 5 percent. This value is 

from 6 to 10 percent below the lowest conductivity measured for any 

solution. This anomaly has not been previously reported, and certainly 

should receive further study. Several avenues of attack sUggest them-

selves. The limit of low molecular weight should be investigated. 

This could be conveniently done by testing mixtures of solvent and 

styrene monomer. The behavior of this simple system should be 

understood before any attempt is made to explain the complexities 

of the polymer system. 

There appear to be two mechanisms operative in the concentration 

dependence of K for these solutions. The conductivity is apparently 

enhanced in dilute solutions. This enhancement is increasingly 

surpressed with increasing concentration a.nd the conductivity seems 

to approach a lower limit. The model for a dilute polymer solution is 

an approximately spherical distribution of the segments of a single 

molecule surrounded by an "infinite sea" of solvent. For concentrated 

solutions the segment density (to which many molecules may contribute) 

is nearly uniform throughout the solution. Flo:cy has estimated that 

this uniform density ma:y- exist for concentrations of a few percent for 

molecular weights ~ 105 ( 38 ). The conductivity behavior should be inter-

preted in terms of these physical models. Such interpretation would 

require that conductivities be measured over the 1"ull range of 
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concentrations from very dilute solutions to the most concentrated 

solution obtainable with a given molecular weight. 

The data of Nychas (22) for aqueous polyethylene glycol solutions 

are insufficient to lend any but qualitative support to the results of 

this study. Nychas's data do show a decrease in K with increasing 

concentration and.molecular weight. The data of Parker (24) provide 

quantitative support for the observed concentration dependence and 

the anomalous behavior noted above. Parker' s data show this anomaly 

for the middle molecular weight polystyrene in carbon tetrachloride 

and styrene monomer. 

The data for K versus ~ were found by regression analysis to 

fit the following equation 

K = a + b (~ x 10-5) 

The intercept a and the coefficient b were obtained via least 

squares estimation. Their values are given in Table IX for one and 

10 wt percent concentrations. The regression analysis revealed that a 

quadratic equation did not give a significantly better fit of the data. 

Multiple regression analysis showed that the data for the 

concentration (C) dependence of K were best fit by a relation of 

the form 

The values of the coefficients are given in Table IX for ~ = 21,000; 

.264,ooo; 66o,ooo. 



TABLE IX.- RESULTS OF REGRESSION ANALYSIS OF POLYMER SOLUTION THERMAL 

CONDUCTIVITY DATA(a) 

Equation 

_, 
K=a+b~ 

2 K = a + bl C + B2 C 

2 K = a + b2 C + bl C 
- I - 12 

+ b3 ~ + b4 ~ 

(a) ~' = ~ x 10-5 

Conditions 

c = 1.0 wt % 
c = 10.0 wt % 

I 

~ = 0.21 
I 

~ = 2.64 
I 

~ = 6.60 

a 

0.1005 

.0947 

.1010 

.0996 

.0991 

.1009 

bl 

-1.3 x 10 -4 

-8 -4 .9 x 10 

-0.1090 

- .1o49 

- .2612 

- .1311 

Parameters 
b2 b3 

o.4000 

.3536 

i.5836 

.5763 -4.2 x 10-3 

b4 

-6.4o x 10 -5 

0\ 
\Jl 
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The regression analysis for the dependence of K on the signifi-

cant variables showed that the be$t fit was obtained with the following 

equation 

The least squares estimates of these coeff'icients are given in Table 

IX. The conductivities calculated from these equations are within 

± 2 percent of the experimental values. 

Recommendations 

1. The thermal conductivities of various concentrations of 

styrene and solvent should be measured to investigate the limit of low 

molecular weight. The molecular weight range should be increased in 
6 the other direction to molecular weights > 10 • 

2. An apparatus should be designed so that solvents and dilute 

solutions can be studied. This can be accomplished on the existing 

equipment by machining another brass.outer cylinder such that the 

dimension of the annular gap is decreased to o.o40 inches. Computer 

analysis of the variables has shown that the Rayleigh Number will be 

less than 200 for Toluene at 25° C with a temperature difference of 

o.8° C. Under these conditions the estimated experimental error would 

be 3.1 percent and the uncertainty due to possible eccentricity would 

be on the order of 0.1 percent. 

3. A more sensitive potentiometer should be used to measure the 

temperature differences as this is the largest single source of error 

in the present work. 
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4. The apparatus should be designed so that the geometric 

constant can be measured independently of the mechanical measurements 

(e.g., capacitance of the evacuated annulus) as a check on these 

measurements. 

Limitations 

1. The average experimental error was estimated at approximately 

3 percent. The calibration factor was found to be constant over the 

range of experimental values within the limits of experimental error. 

2. The measurements were made at an average temperature of 25° C. 

3. The thermal conductivities of the dilute solutions (< 1.0 wt 

percent) of the lov and intermediate molecular weight polymers could 

not be investigated because of convection. The same limitation 

precluded any measurements on the solvent. 
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V. CONCLUSIONS 

The following conclusions can be drawn from the experimental 

results: 

1. The apparatus, as designed, is suitable for measuring the 

thermal conductivities of viscous liquids and solutions with Rayleigh 

numbers less than approximately 200. 

2. The thermal conductivity of solutions of polystyrene in 

benzene decreases linearly with molecular weight and parabolically 

with increasing concentration in the range of concentration 1 to 10 

weight percent and number average molecular weight 21,000 to 66o,ooo 

grams per mole. 

3. The following equations were obtained from regression analysis 

of the results. The;y predict the measured thermal conductivities within 

t 2 percent in the range of variables: wt fractions of 0.01 to 0.15 and 

molecular weights from 21,000 and 66o,ooo • 

. 4 I 

K = 0.1005 - 7.3 x 10- M for C = 0.01 n· 

nl1 8 -4 - I 1C = O.O;r-7 - .9 x 10 M n for C = 0.10 

2 _, 
K = 0.1010 - 0.109 c + o.4oo c for ~ = 0.21 

. 2 
K = 0.0996 - O.lo49 C + 0.3536 C 

K = 0.0991-·o.2612C+1.5836 c2 

_, 
for M = 2.64 n 

_, 
for M = 6.60 n 



6 2 4 -3 - I • -5 - ,I 2 K = 0.1009 - 0.1311 C + 0.57 3 C - .2 x 10 CM - 6.40 x 10 M . n n 

where: K = the~ conductivity, Bt~/hr-ft-°F 

Mn 1 = number average molecular weigh~·X 10-5 

~ = p9lymer·concentration, weight :fraction 



VI. SUMMARY 

The thermal conductivities of polystyrene in benzene solutions 
. 0 at concentrations of 0.1 to 15 weight percent were measured at 25 C 

and atmospheric pressure. Osmotic pressure measurements and information 

supplied by the manuf'acturer indicated number average molecular weights 

~ of 21,000, 264,ooo, and 66o,ooo for the three polystyrene 

polymers studied. The following equation was obtained by regression 

analysis of the r.esults and predicts the measured thermal conductivity 

within± 2 percent in the range of variables studied. 

K = O.lo88 - 0.1311 C + 0.57629 c2 - 6.40 x 10-5 

where: K =thermal conductivity of solution, Btu/hr-ft-°F 

C = weight :fraction polymer 

~ = number average molecular weight 

The conductivities were measured in a steady-state concentric cylinder 

apparatus developed for measuring the thermal conductivity of viscous 

liquids. The annular gap was 0.052 inch and guard heaters were 

employed to minimize end losses and distortion of the steady-state 

temperature distribution at the ends. The apparatus was calibrated 

with three liquids of known thermal conductivity, water, cyclohexanol. 

and ethylene glycol. The calibration factor was found to be constant 

to within experimental error (± 3 percent) over the range of 

measurements. 
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APPENDIX A 

CALIBRATION PROCEDURES 
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DEI'AILED OUTLINE OF PROCEDURE 

THERMOCOUPLE CALIBRATION 

Copper-Constantan thermocouples were made by arc welding junctions 

in air. The junctions were approximately spherical and less than 

0.05 inch in diameter. The wire used was Honeywell No. 9Bl88 (see 

Materials, page 163) which was then covered with heat-shrinking irradi-

ated poly-olefin insulation to increase its resistance to organic solvents. 

The thermocouples were paired and connected to the Rubicon Poten-

tiometer (see Apparatus, page 167) through a Lewis Engineering thermo-

couple selector switch (see Apparatus, page 168). The connections were 

screw connections on a terminal board such that the Constantan leads 

were joined together and the copper leads were connected to the switch 

with copper wire. This switch was, in turn, connected to the potentiom-

eter with copper wire. 

One junction from each pair was attached via a rubber band to the 

bulb of a Beckman thermometer. The thermometer with attached junctions 

(radially dispersed about the.bulb) Wa.s placed in an oil-filled test 

tube which was, in turn, placed in an oil-filled 500 ml graduated cylin-

der. The cylinder et al. was then placed in the bath water. The same 

procedure was followed for the remaining junction of each pair. The 

temperature in the Cannon constant temperature baths (see Apparatus, 

page 166) was constant to ± 0.01° c. The Beckman thermometers were . 

graduated in 0.01° C graduations, and the temperature difference was 

estimated to ± 0.0025° c. 
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The temperatures of the two baths were set so that the difference 

was approximately 2.0, 1.5, 1.0, and so forth, and the exact t1r was 

inferred from the readings of the Beckmans. The bath temperatures 

drif'ted slightly with time(< 0.01° c), but this drif't was easily 

monitored by reading the thermometers af'ter each thermocouple reading 

was taken. At each t1r, several readings were taken on each thermo-

couple pair. Af'ter a set of readings had been taken at a given t1r, 

the Beckman thermometers were placed in the same bath and readings were 

taken so that the two were calibrated with respect to each other. Then, 

by assuming linearity between the two thermometers over the range of 1° 

or 2°, the t1r 's could be calculated for each thermocouple reading. 

The calibration data for several t1r 's indicated that as long as the 

amount of mercury in the column remained constant, the thermometers 

were linear to within± 0.001° C {estimated). 

The calibration data were analyzed by regressions of potentiometer 

reading (emf in millivolts) against t1r in °c. The data were fit 

with both linear and quadratic equations and statistical analysis showed 

that the quadratic fit was not significantly better than the linear. 

This was true for all thermocouples. 

The linear regression coefficients were then used to determine the 

maximum residual which could be expected at 99 percent confidence. The 

results for a typical thermocouple (number 4) are shown in Table XI on 

page 80. The linear regression coefficients for all thermocouples are 

shown in Table X, page 79. 



Thermocouple 
pair 

number 

6 

5 

4 

3 

2 

1 

20 

19 

18 

17 
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TABLE X 
RESULTS OF REGRESSION ANALYSIS OF THERMOCOUPLE 

CALIBRATION DATA 

Intercept 
oc 

-0.004190 

-0.00023 

0.00023 

-0.004250 

0.00128 

-0.ooo86 

-0.00179 

-0.00149 

0.00128 

-0.00663 

Slope 
oc 

Volts x 104 

2.44910 

2.64268 

2.44184 

2.4591 

2.45711 

2.44120 

2.45380 

2.44513 

2.44473 

2.46105 
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0.100 

0.300 

0.500 

0.700 

0.900 
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TABLE XI 
RESJ])UAL ERROR AT 99 PERCENT, CONFJ])ENCE 

FOR THERMOCOUPLE NO. 4 

EMF x 10 
Volts 

0.041 

0.123 

o.~05 

0.287. •'' 

0.369 

o.450 

0.533. 

0.618 

0.696 

0.778 

0.819 

,... ' 

Error at 99% Confidence 
oc 

0.0051 

,, 0.0045 

o.oo4o 

0.0035 

0.0032 

b.0031 

0.0032 

0.0034 

0.0038. 

0.0043 

0.0045 

11111. 11 I I II I I I I I II I ·1 
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CALIBRATION OF STANDARD 

RESISTOR 

The standard resistor was made by winding approximately 1 foot of 

30-gauge copper wire on a ceramic core. The potential taps are of 

10-gauge copper wire so that the potential drop through these leads 

was negligible. 0 The standard resistor was maintained at 0 C in a 

Dewar flask filled with crushed ice water mixture. 

The resistance of the standard resistor was measured on a 

Rubicon Kelvin Bridge (see Apparatus p.168). The Kelvin Bridge was 

checked with a Leeds and Northrup 0 .l.Q Shunt (see Apparatus p. 168) 

and found to be accurate in this range. Figure 1 7 is a schematic of 

the circuit used in this measurement. The standard resistor is also 

a four-lead resistor and the circuit diagram for its calibration is 

identical with the exception that the potential taps were joined to 

the matched leads of the Kelvin Bridge (P1 and P2) via screw 

connections on a terminal block. 
. 0 The resistance of the standard resistor at 0 C was found to be 

0.9538 ± 0.00005 ohms. A check on this determination was obtained 

by placing the standard resistor in series with the L and N shunt and 

comparing the potential drops across them with the Poteniometer. The 

resistance calculated in this way was 0.95377 ohm. 
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10-Gauge Copper Leads Potential Taps 

Ceramic Core 

FIGURE 16. SKETCH OF WIRE WOUND STANDARD RESISTOR 
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f'IGURE 17. PICTORAL CIRCUIT FOR CALIBRATION OF KELVIN BRIDGE 
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CALIBRATION OF RESISTANCE OF MAIN HFATER 

AS A FUNCTION OF TEMPERATURE 

The main heater was made by winding 30-gauge Constantan wire on 

a threaded brass cylinder. The resistivity of Constantan is a slightly 

decreasing function of temperature. 

The resistance heater was allowed to equilibrate in the constant 

temperature bath at three different temperatures. The resistance was 

measured at each temperature with a Rubicon Wheatstone Bridge. The 

results are presented on Figure 18, page 85. The average temperature 

coefficient of resistance ( 1 dR i:== __!_ M~ was found to be . R dT Ra.vg Mj 
3.1 x lo-5 °c-1. 
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APPENDIX B 

POLYMER CHARACTERIZATION 
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DETERMINATION OF INTRINSIC VISCOSITIES 

The solutions for these determinations were made by weighing 

0.5000 grams of polymer on the analytical balance. This known weight 

was transferred to a 100 milliliter volumetric flask which was then 

filled to the mark with solvent. Solutions were allowed to stand 

overnight before using. 

Successive dilutions were accomplished by pipetting 10 mililiter 

aliquots of the stock solution (0.50 grams per deciliter) into flasks 

and diluting with 10, 20, and 30 milliliters of solvent. The same 

10 milliliter pipette was used throughout, so that any error in its 

volume should have cancelled. 

Ten milliliters of each of these solutions were pipetted into 

Cannon-Fenske Routine, size 50, viscometers in which.the efflux time 

of the solvent had been previously determined. Each solution was then 

run until at'least three efflux times within 0.3 percent of each other 

were obtained. An average of these times were used to determine the 

viscosity number at that concentration. The results are shown on 

Figures 6 and 7, pages 36 and 37. The data are tabulated in Tables XII 

and XIII on the following pages. 
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TABLE XII 

mrRJNSIC VISCOSITY OF HIGH, UNFRACTIONATED, AND 

Molecular 
weight 

.High(a) 

Unfractionated(b) 

Low(c) 

LOW MOLECULAR WEIGin'S POLYSTYRENE JN 

BENZENE P!f 25° C 

Concentration 
gm-di-1 

0 • .500 
0.316 
0.316 
0.250 
0.158 
0.125 

0.503 
0.501 
0.252 
0.168 
0.0875 

0.500 
0.500 
0.250 
0.250 
0.167 

0.167 
0.125 

!a) Number average molecular weight = 66o,ooo gm-mole-1. 
b) Number average molecular weight = 389,4oo gm-mole-1. 
c) Number average molecular weight = 21,000 gm-mole-1. 

Reduced viscosity 
d7.-gin-ln 

1.394 
1.323 
1.333 
1.305 
1.262 
1.255 

1.189 
1.202 
1.ll9 
1.101 
1.090 

0.277 
0.279 
0.274 
0.270 
0.272 

0.267 
0.261 
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TABLE XIII 

INTRINSIC VISCOSITY OF INTERMEDIATE(a) 

MOLECUIAR WEIGHT POLYSTYRENE IN 

BENZENE AT 25° C 

Concentration 
gm-d7.-l 

0.501 
0.500 
0.500 
0.500 
0.300 

0.300 
0.250 
0.250 
0.167 
0.125 

0.125 
0.100 
0.100 
0.100 

Reduced viscosity 
d'l.-gm-1 

0.926 
0.934 
0.927 
0.934 
o.88o 

0.894 
0.871 
0.882 
0.865 
0.858 

0.854 
0.831 
o.845 
0.854 

(a) Number average molecular weight = 264,ooo gm-mole-1. 
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OSMOTIC PRESSURE MEASUREMENTS 

The solutions for these determinations were prepared by successive 

dilutions of a stock solution in the same manner as intrinsic viscosity 

solutions. 

The determinations were made in a dynamic membrane osmometer. The 

membrane used was of reconstituted cellulose. This membrane was not 

suitable for measurements of the low molecular weights. This was 

evidenced by diffusion of the polymer through the membrane. The 

results of the measurements on the other molecular weights are shown 

in Figure 8 p. 39. The determinations were made in toluene at 37° C. 

The osmotic pressure was measured in centimeters of solvent h. 

This height was then converted to pressure units via the ratio of 

solvent density ps to the density of Hg, pHg. 

The molecular weight was calculated from the following formula: 

RT 

0 [~1 p: 
Where T is temperature and R is the universal gas 

constant in appropriate units. 
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APPENDIX C 

DETAILED DESCRIPTION OF APPARATUS 
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D.N.rAILED DESCRIPrION OF .APPARATUS 

The heaters in the guard heaters and measuring cylinder were made 

by winding 30-gauge Constantan wire on brass cylinders which ~ere 

grooved to accommodate the wire. The brass heater cylinder was machined 

to within± 0.001 inch and was a force fit with the hole bored in the 

copper (tolerance± 0.001 inch). The temperature drop through a 
0 possible gap of ± 0.002 inch was estimated to be 0.0002 F. Thus, the 

brass was assumed to be in good thermal. contact with the copper. 

The guard heaters were threaded and screwed into a "Delrin" (a 

polyoxymethylene polymer ma.de by DuPont) cylinder. The Delrin 

cylinder was screwed onto a brass cylinder which was bolted onto the 

copper flange which forms the top of cell. The flange was chucked in 

the lathe and the outside diameters (O.D.) were ma.chined in sequence. 

Integral machining of this· assembly assured that all cylinders would 

be concentric. 

The counter-bores at either end of the brass cylinder were machined 

to fit over the Delrin cylinders. The machining of the brass cylinder 

was accomplished as follows: 1. The O.D. was machined, the 1.345-inch-

diameter hole bored and the counter-bore at one end bored, 2. the 

cylinder was removed from the lathe and the counter-bore at the other 

end bored. It was thus impossible to be absolutely sure that the 

last counter-bore was on the same center as the other counter-bore and 

the 1.345-inch bore. Every effort was made, ·however, to assure that 

the bores were concentric. 
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A hole was bored through the centers of the brass heater cylinders 

of the guard heaters and measuring cylinder. This hole accommodated 

a teflon centering rod. To assure that the holes for the rod were 

centered with respect to the guard heaters, a brass insert was 

machined (see Detail A, Figure 20). The heater cylinders of the guard 

heaters were drilled to accommodate the insert which was then driven 

into place. The hole for the centering rod was redrilled and at the 

same time all O.D.'s on the guard heater assembly were remachined. 

Thus, when the cell was assembled, the guard heaters were centered 

with respect to the outer brass cylinder via the fit of the Delrin with 

the counter-bore. The measuring cylinder was centered with respect to 

the guard heaters (and consequently concentric with the outer brass 

cylinder) by virtue of the centering rod. As a further check on the 

centering, Delrin spacers _were machined to the dimensions of the 

annular gap. They were inserted.at the top and bottom of the measuring 

cylinder (see Detail B of Figure 20 ) • 

The annular-gap was origi~y designed to be o.o47 inch. 

Because of gross variation in the dimensions of t_he original apparatus, 

remachining was required~ · The final dimension was 0.052 inch as shown 

on the drawings. 

The outside of the cell is formed by a section of copper pipe to 

which flanges were attached. These flanges bolted to the flanges which 

form the bottom of the guard heaters and were grooved for an 0-Ring, 

thus sealing the celi. 



TtERMOCOUPLE WELL TYP. 
0.0625°' BORE WITH 0.025" 

DEE p o.og10' 'cou NTERBORE 

THERMOCOUPLE WELL TYP.' 
0.091'BoRE 0.25''oEEP 

NOTE: WELLS ON MAIN CYLINDER TO 
BE 120• A~RT ON 1.1d.icf CIRCLE TO 
DEPTHS OF o.so·;1.0dAND 1.751AS 
SHOWN. 

- 94 -

1. 2 4111 

1. 34511 

1.938"---l 

-(X) 
C\I 
l""l 

n 
0.150 11 

FIGURE19. DETAILS OF THE THERMAL CONDUCTIVITY 
CELL 



95 -

0.2350" BORE 

1•D 
2 

I 
I 

I I I 
I I 

:;._IN 

..__L-+ __ J_.. _l_ 

DETAIL A 
BRASS INSERT 

0.053" ~ 

I 

I 
I 
I 
I 
> 

1" 

DETAIL B 
DELRIN SPACER 

FIGU R E20. DETAILS OF THERMAL CONDUCTIVITY CELL 



- 96 -

1.9381 

THERMOCOUPLE HOLE---r... 
o.oe10 00 D 

}"DEEP 

FIGURE21. DETAILS OF GUARD HEATER 



" . 

- 97 

The copper guard heaters and the measuring cylinder were 

electroplated with nickel to a thickness of< 0.002 inch. This was 

necessary in order to prevent the contamination of the test fluids 

with the products of copper corrosion. The polished nickel surface 

minimized the radiation error and prevented the possibility of inter-

action of the large organic molecules with an active copper surface • 
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DENSITY AND THERMAL EXPANSIVITY 

OF POLYMER SOLUTIONS 

The densities of selected polymer solutions were determined as a 

function of temperature in a pycnometer. The pycnometer contained a 

thermometer which allowed density measurements at various temperatures 

on the same samples. 

The thermal expansivity P is defined as 

(1) 

where p is density and T is temperature. This can be approximated 

by 
1 b,p p ~ - --p M 

where p is an average density in the interval of the ~·s. 

The density data obtained for solutions of the low molecular 

(2) 

weight Polystyrene are typical and are given in Table l:DT and pl~tted 

in Figure 22. Density was found to be a strong function of concentra-

tion and a slight function of molecular weight. 

A summary of density and expansivity data for the solutions on 

which these determinations were made is given in Table XV, on page 102. 
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TABLE XIV 

DENSITY OF SOLUTIONS OF MIDDLE MOLECULAR WEIGHT 

Concentration 
weight percent 

0.1 

1.0 

10.0 

POLYSTYRENE AS A :FUNCTION OF TEMPERATURE 

Temperature 
oC 

Density 
gm/ml 

-
21.2 0.8795 
21.9 .8783 
22.4 .8772 
24.2 .8750 
25.2 .8736 
26.2 .8728 
26.9 .8714 
27.9 .8710 
28.8 .8701 --
21 .8794 
22 .8784 
23 .8771 
24 .8763 
25 .8752 
26.3 .8739 
27 .8731 

-
22 .8950 
23 .8942 
23.6 .8931 
24.2 .8929 
25.0 .8924 
25.2 .8921 
26.0 .8909 
29.2 .8884 
29.4 .8879 
30.3 .88ffi 



- 101 -

B.950 

8.920~------+----_µ,-~------<I--------+-~ 

[!] 10.0 wt 0 1. 

a.900-------------+------+---'-----_.__ _ __. 

0.1 wt •/o 
8.710~------4-----+-----+--~----.+-----l 

8.700 21 23 25 27 2Q 

TEMPERATURE, °C 
~'I'.JlP'.~ 22. DENSIT:'" vs. T~:l'.:::'.1-'..T'TP·:, ;,cy; ~~. 1 TI~ B?:fTZT~JF 



Molecular 
weight 

Low 
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TABLE XV 

DENSITY AND THERMAL EXPANSIVITY 

OF POLYMER SOLUTIONS 

Concentp-atlon 
weight 
percent 

1.0 
15.0 

0.1 
1.6 

10.0 

10.0 

Density at 
25° c 
gm/ml 

0.8752 
.9014 

.8743 

.8752 

.8924 

.8929 

Thermal expansivity 
x io+3 
oc-1 

1.14 
1.20 

1.26 
i;14 
1.06 

1.18 
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VISCOSITIES.OF POLYMER SOLUTIONS 

The viscosities of selected polymer solutions were measured in 

capillary viscometers. The equation which describes fluid flow in 

capillaries is (7) 

JCr4 hgt mV 
µ = BVL - 8LtJC 

where: µ = kinematic viscosity 

h = mean hydrostatic head 

t = eff'lux time 

V = ef':f"J.uz volume 

L = length of' capillary 

m = kinetic energy correction coef'f'icient 

The above equation ms::/' be rewritten as 

B 
µ =Ct - t 

(1) 

(2) 

C is a constant f'or a particular viscometer and is usually obtained by 

calibration with a :f'luid known viscosity. The term B/t is a kinetic 

energy correction and is negligible for eff'lux times greater than 

200 seconds. This minimum effiux time is greater than the minimum 

recommended for intrinsic viscosity determinations (see page 18) for 

the following reasons. In calculating the reduced viscosity, the 

solution viscosity is ratioed with the solvent viscosity measured in 

the same viscometer. Since the solutions are dilute the solution 

viscosity does .not differ greatly :from the solvent viscosity. Thus 

the kinetic energy corrections (which are a :f'unction of Reynold's 

number (7)) tend to cancel. 
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The viscometers used in this investigation were calibrated in 

accordance with ASTM specifications with National Bureau of Standards 

Viscosity Oils (7). 

The polymer solutions of this study are non-Newtonian fluids, with 

increasing shear rate r, the viscosity decreases and approaches a lower 

limiting value, \o· As the shear rate is decreased, the viscosity 

approaches an upper limiting value, the zero-shear viscosity 1'10 (see 

Figure 23). In these two limiting regions, the fluids are Newtonain 

(i.e., their viscosities are constant). 

Equation (2) is valid only for Newtonian fluids. Thus, for the 

polymer solutions, it can give meaningf'ul results only in the 1'10 

regime. The shear rate, r is inversely proportional to efflux time, t. 

Therefore, the efflux time of the solutions were measured in capillary 

viscometers of decreasing capillary diameters and an estimate of TI was ·•o 

obtained by extrapolation to l/t = 0 {corresponding to r = o) (7). 

The apparent viscosities of the dilute solutions did not change 

significantly with shear rate and TI was taken as an average of the ''o 

viscosities measured at various shear rates. For the more concentrated 

solutions, 11 was only a slight f'unction of shear rate (change in 1'1 

of < 1.0 percent for a change in l/t of lol) so that 110 could be 

approximated as 1'1 at the highest efflux time. 

The data are given in Tables XVI, XVII, and XVIII. Figure 24 is 

a plot of estimated TI versus concentration for the three molecular ·•o 
weights. The plot is made on logarithmic paper f'or convenience. 
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TABLE XVI 

APPARENT VISCOSITY OF LOW MOLECULAR WEIGHT POLYSTYRENE 

JN BENZENE SOLurIONS NJ! 25° c(a) 

Concentration weight 
percent 

0.55 
1.00 
1.00 
2.05 
2.30 

4.07 
5.21 
9.62 

15.00 
15.00 

22.5 

Efflux t iroe, 
seconds 

272.2 
ll6.2 
244.2 
292.9 
304.9 

526.5 
652.9 
193.6 
226.4 
548.5 

1067.9 

Apparent viscosity 
centipoise 

0.72 
0.764 
0.760 
0.95 
o.49 

l.4o 
1.74 
3.47 
7.60 
7.63 

20.8 

(a) Viscosities measured in Cannon-Fenske routine viscometers of 
various sizes. 
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TABLE XVII 

APPARENT VISCOSITY OF INTERMEDIATE MOLECUIAR WEIGHT POLYSTYRENE 

IN BENZENE SOLUTIONS AT 25° c(a) 

Concentration weight Efflux ti.me, Apparent viscosity 
percent seconds centipoise 

0.10 208.5 o.649 
0.10 99.45 0.653 
1.00 174.8 1.15 
1.00 369.7 1.15 
2.03 600.8 1.92 

2.49 906.8 2.40 
4.91 684.o 6.o4 

10.00 3707.5 24.88 
10.00 782.6 25.05 
10.00 118.5 25.0 

10.00 1892.8 26.1 
22.5 4384.5 39.3 

(a) Viscosities measured in CaIUlon-Fenske routine viscometers of 
various sizes. 
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TABLE XVIII 

APPARENT VISCOSITY OF HIGH MOLECUIAR WEIGHT POLYSTYRENE 

JN BENZENE SOLUTIONS AT 25° c(a) 

Concentration weight Efflux time, Apparent viscosity 
percent seconds centipoise 

0.10 217.4 0.677 
0.10 103.1 0.678 
0.10 216.4 0.673 
1.01 460.7 1.50 
1.99 1_54.7 2.72 

1.99 io39.4 2.74 
4.93 619.7 11.0 

10.00 2198.6 73.1 
10.00 334.1 73.2 
10.00 84.9 70.1 

(a) Viscosities were measured in Cannon-Fenske routine viscometers of 
various sizes. 
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APPENDIX E 

OPERATION OF EXPERIMENTAL EQUIPMENT 
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OPERATION OF EXPERIMENTAL EQUIPMENT 

The apparatus was filled through a nipple at the bottom. The 

solutions were transferred to the apparatus directly from the container 

in which they were prepared. Filling from the bottom decreased the 

probability that air would be trapped in the annular gap. 

After the conductivity cell was filled, it was transferred to 

a constant temperature bath. It was suspended in the bath from an 

angle-iron frame on which was mounted the thermocouple selector switch 

and terminal blocks for thermocouple and heater connections. The 

electrical connections were made and the approximate heating rates set 

on the control board. After a period of 20-30 minutes, the temperature 

difference between the guard heaters and the measuring cylinder was 

checked and suitable adjustments made in the current to the guard 

heaters. It was often necessary to repeat this process two and three 

times in order to make the temperature differences negligible. 

After the end temperatures had been adjusted, it was necessary to 

achieve steady-state. This was done by taking thermocouple readings 

at 30-minute intervals (after an initial waiting period of 1 hour, 

following the adjustment of the end temperatures) until the readings 

repeated. This usually happened within 3 to 4 hours. After all the 

necessary readings had been taken, a new heating rate was set and the 

whole procedure repeated. A plot of heat flux Q versus average 

temperature difference 6T was made. When the results of two or 

three of the above determinations were found to lie on a straight line 
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through the origin (indicating the absence of convection), the 

determination of the thermal conductivity of that solution was con-

sidered complete. Thus, the determination of a single data point 

re~uired no less than 4 hours and as long as 10 hours for some points, 

with an average time per point of about 8 hours. 

After at least two "convection free" points had been taken, the 

apparatus was drained. The cell was flushed several times with 

solvent (technical grade Benzene), using air agitation, and then filled 

with fresh solvent and allowed to stand several hours. The cell was 

then drained and the top removed for visual inspection. Following 

this, the cell was rinsed with acetone and dried by blowing filtered 

compressed air through it. 
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APPENDIX F 

SAMPLE CALCULATIONS 
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SAMPLE CALCULATIONS 

The table on the following page is a thermal conductivity data 

sheet typical of those found in Appendix G. On it are recorded only 

those numbers which represent experimental observations. 

Under the· column headed "Thermocouple Pair" the numbers 6-6 1 , 

5-5', 4-4', and so forth, designate the differential thermocouple 

(DT) pairs. The readings of these thermocouples are given in the 

column headed "emf" and correspond to the temperature drop (.6.T) across 

the test fluid in the annulus or in the case of 6-6 1 and 18-18 1 , the 

.6.T across the space between the measuring cylinder and the guard 

heaters. The .6.Ts were calculated from the following equation 

where: .6.Ti = .6.T indicated by the ith I1I' 

bi' ai = slope and intercept respectively from the linear 

regression equation of the ith I1I' 

The coefficients for all the DT' s are given in Table X, page 79. 

In order to calculate the .6.T indicated by I1I' 4-4', the 

following procedure would be followed. The coefficients obtained from 

Table X are 

The emf for I1I' 4-4' as obtained from the data sheet is 

2 -5 em:f'4 = 0.59mv=5.29x10 v 



Date Thermo-
11-8-6'( Ethylene glycol couple emf ~T's, oc Heat Input to Measuring Cylinder 

-1 Pair mv 
ThermocouEle Location 6 - 6 I Avg. Copper Temp, Tc oc 

0.007 = 

6' - ice i.1348 R . =R = n 
.---....... 6 - ice 1.1340 main heater m 

~ .529 emf = v = 28 .51 mv -- 4 - 4' std resistor sr 

.6t \ 4 - ice 1.1357 r = r = 0. 9538 n 
5 - 5' .620 std resistor 

6 (' 5 - ice Current 

. 41, (, 4' 
3 - 3' o.685 I= V sr = ma 
3 - ice 1.1351 --r 

5 , .. , . 5' .. Power 
.3 (; 

,..., 3' Q = 12 '-·" Rm = watt 
2 -2' .677 
2 -ice Avg.6,T = "lI'f = oc 

1 -1' ,775 Thermal Conductivity 
2 ~ :j 2' 1 -ice K =QA /6,T 
1 c 0 1 I 20 -20 ,786 A = 10. 549 x 10- 4 cm -1 
20c ,., 20' 20 -ice 1.1290 
18 0 

18 -18 I .003 K 
watt 

18 1.1145 = 
-ice cm-°C 

18' -ice 1.1143 I lB'o 20' -ice 1.0506 
-- ~-~ 

T bath oc T std ceu°C 

23.5 20± 1 T = oC 
reference 
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Thus 6T4 is given by 

6T4 = 0.00023 + (5.29 x 10-5) (2.44184) (10) 
. . 0 

6T4 = 1.44 C 

This procedure is followed for all the IJI' readings. The 6T's 

which correspond to temperature drops across annulus are averaged 

arit:tlm=tically and the average value is entered opposite "Avg. 

6T = 6T." 

In addition to the IYI"s, the Thermocouple Pair column contains 

designations such as 6-ice, 6 1 -ice, 4-ice, and so forth. The readings 

opposite these designations correspond to estimates of the absolute 

temperature in a given location. The readings are obtained by pairing 

one thermocouple of a IJI' pair with a copper-Constantan thermocouple 
0 maintained at 0 C in an ice-water slurry. The emf reading thus 

obtained is converted to an estimate of the absolute temperature via 

standard emf-temperature tables for copper-Constantan thermocouples 

(e.g., Leeds and Northrup Standard Number 31031, p. 35). These 
0 estimated temperatures were considered to be within± 0.1 C of the 

actual temperature. The "Avg. Copper Temp., T " is calculated from c 
temperatures measured in this wa:;r at various points on the measuring 

cylinder. 

The potential drop across the standard resistors measured by the 

potentiometer is entered opposite "V ." This resistor is maintained sr 
0 at 0 C and its resistance, r is constant at 0.9538 ohm. The only 
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other experimental observation is the temperature of the constant 

temperature bath as read from a calibrated mercury in glass 

thermometer. 

The resistance of the main heater (the resistance heater in the 

·measuring cylinder) was a f'unction of temperature. It was considered 

to be at the same temperature as the measuring cylinder (Tc). Its 

resistance was read from the calibration curve of Figure 18, page 85 

at temperature equal to Tc. The calculation of the thermal con-

ductivity from these quantities is a straight forward procedure and 

is clearly outlined on the data sheets. This value of the thermal 

conductivity must then be multiplied by the calibration factor of 

1.095. The reference temperature is simply the average temperature 

in the annulus. It is calculated by subtracting half of the average 

M from the temperature of the measuring cylinder, T • c 
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THERMAL CONDUCTIVITY DATA SHEETS 

This section contains the data and partial calculations for all 

the thermal conductivity measurements reported herein. The calculations 

and nomenclature used in these tabulations are explained in Appendix F, 

page ll6. The conductivity values in these tables have not been 

corrected with the calibration factor (1.095). 



I -r-----
: ;6 I·, ( 

6 c. 

. 40 C: 4 1 

5 c 5' 

3 (. '.:: 3' 

2 ., ) 2' 
1 0 '..J l' . 
200 0 20' 
18 (') 
: 
, 18,, 

~ '--

T 0 c bath 
T o std cell C 

20± l 

6 '- ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 :-ice 
18 -18' 
18 -ice 
18' -ice 

0.321 xlO- .. · 

q.330 xlO' ;i, 
i --

. 
o. 367 x1cr· 

o.41g xlO~ 

0430 x1o·i. 
. 

0.012 XJJr-

l.CE9 

o.Sl.9 

0.864 

0.903 

1.021 

1.053 

0.031 

25.97 

Current 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.6T = nT = 
Thermal Conductivity 
K =QA I 6T 

335~ ma 

4.~ watt 

A= 10. 549 x 10-4 cm-1 

K = 5.576 X 10~ wat_t 
cm-°C 

T = 
reference 

I 
I-' 
I\) 
0 



. ~- . --- ----· ·----- - · 1,j~·~~~:;--~-:-·· -·- --- ------ ----·- --i---- --· ------ -- -- -. ---:-·-· . ·.----· 
7 Wlter couple e1nf ,6.T's, oc Heat Input to !vlc;i~urrng Cyl1ndvr 

Pll Pair mv 
--1 --- -------- ..... ------ ----------- ·------ . --------------~--------·-·-· ... ___ _ 

I h'"·1nnrn11n],, 1,nr:::i1ion I 0 AL.n A C 'l' 1' 25 flll. OC / • 0.(1Zf xlO •V?' vg. oppcr cn1p, c = . ,o 6 - 0. 

.61_. I IC -
6:·· 

. 4 C: I L·:l4• . 
5 (' 11 ·· 15 I 
3 (: .·• 3' 

2 ~ 11 :"~ 12 I 

.1 c 0 l' . 
20c) I I o 12 o • 
18 ('; 

0 

T o bath C 
T o std cell C 

24.0 20± 1 

6' - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
l -ice 

20 -.20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

1.0231 25.84 H . l = Rm = 42.617)2 l.<l?l3 25•80 ma111 lcater _ . 
emf = V - 26.~mv 0.0223 0.545 std resistor sr 
r a· . = r ::: 0. 9538 Q 

0.0223 0.552 

o.0246 0.599 

o.<l?54 0.625 

o.<l?87 0.102: 

0.0296 0.724 

o.oou 0.0135 

1.0180 25.70 

st resistor 

Current 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.t::/r = ~T = 

Thermal Conductivity 
K =QA I /::iT 

21s.3 ma 

3.301watt I 
0.625 °c 

o-4 -1 A = 10. 549 x 1 cm 

5.571 x 10-3 watt 
K = cm-°C 

T = 
reference 25-47 oc 

~ 



___ ., ___ ·- ·- ·-----..-·--·--- ..... ___ -- -------· ·---------·-.... ·-· ------ ___ ,.._, ______________ , _____ --····· ·-- -·· ......... . 

Heat Input to M""'""·h>g C:yliudn I D<•.tc 
r;-&-67 

Thermo-
couple 
Pair 

emf I 6. T's, 0 c 
mv u I •t• 

-··1 · t'1<?rrnOC:OlipfcL'OC:-iiTiOi1_,_ -
6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 

I 

~·OlD " I 0.0!0 

--

b -
~-

. 4 c-. I L 14· . 
15 c 1115' 

3 ( :"': 3' . 
I 2. ··. ... } 2. I 

,1 0 (l l' . 
2.0o :.d2.0' 
18 0 
J-. ro 

-
~ 

T o bath C T std ceu°C 

23.5 2.0 ± 1 

4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
~ - ice 
31-10_8. 

2. -2. I 

2. -ice 
1 -1' 
1 -ice 

2.0 -2. 0 
2.0 -ice 
18 -18' 
18 -ice 
18' -ice 
4•-ice 
2t-1ce 

I .ooofi·· · 25.2'-
10.0995 25.23 

o.'H/" ~ 25.21 o.i93 z 10 C>-479 
o.9'J')ClllY 25.21 
o.ao x l! o.511-
o.w85 I 24.70 

o.218 xlJ 0.536 
o.mr- 25.21 
o.250x10-1 o.61 
0.9996 25.23 
o.256x:1.o-l o.6'Zf 
0.9972 25.18 

o.Ol.6EJo-l o •• 
o.~5'" 25.10 . 
o.~ 24.75 
0.9761 24.65 

201-ice 0.9'716 24.55 

-----~ - ----- .... -.. ~--····--· .. 
Avg. Copper Temp, Tc :::25.20°C 
H. = R = , . ..., 61 main hc.ater m '+'• . 7 
emf = V = ..:>J. d~v 

std resistor sr ~·~-· 

r td . t = r = 0. 9 5 3 8 s res1s or 

Current 
I = V sr = 260.95 ma 

r 

Power 
Q = 12 H = m 
Avg.~/r = ~T = 
Thermal Conductivity 
K =QA / ~r 

2.9()2 watt 

0.552 °C 

A = 10 549 x io-4 -1 • cm 

K= 5·545JC 1c' ~~ cm-oC 

.. 

T = 
reference 24.92 oc 

I-' 
I\) 
I\) 



Date Thermo- Heat Input to Measuring Cylinder 6-&-67 couple emf 6.T's, oc 
il Wit• Pair mv 

ThermocouEle Location 6 - 6 1 o.003x].o-1 0.032 Avg. Copper Temp, Tc = 25.95oc 

6 1 - ice i.0309 26.03 Rt'nai'n' heater = Rm = 42.616D, 
- 6 - ice i.0293 25.9'! ....... ............__ = v = 24.818nv 

o.215uo-J 0.525 emf d . - 4 - 4' st .resistor sr 

.-6b 0 4 - ice r std resistor = r = o. 9538 n . 5 - 5' 0.163xl~~ 0407 
60 5 - ice 

o.226xlo-:i 
Current 

3 - 3' 0.5499 I= V sr = 260.2 
. 4o 0 4' ma . 3 - ice r 

15 c 
..... 5' Power 

3 ( C.i 3' 0.22~0-1 0.562 Q = 12 R = 2.885 watt • 
2 -2' m I-' . Avg./:::.T = /:::. T = 0.543 oc I\) 

2 -ice \.)j 

1 -1' o.245%10-1 0.599 Thermal Conductivity 
2 0 0 2' 1 -ice K =QA I 6,.T 

.1 0 (J l' 20 -20' o.252xlo-1 0.617 
= 10. 549 x 10-4 cm -1 . 

20 
A 

200 0 20' -ice 
o.008tlo-1 18 -18' 0.<21. 5.~ x io-3 waff. 

lts·o 18 1.0265 25.92 
K= 

cm-~·0c -ice . 18' -ice 1.(247 25.87 
1180 

- . 
I'-~- . 

Tbath oc T std cen°C 

20± 1 T = 25.68 oc 
reference 



Date 
~1 

111 
1 hermocouplc Location 

- -- r---...... 

.6b c 

60 
. 4o C: 4' . 
5 (' ' 5' 
3 ( 3' 

2 0 ~ ,, 2' 

,.I 0 G I' . 
200 _, 20' 

180 

Tbath oc T std cell°C 

20± ·1 

Thermo-
couple 
Pair 

emf 
mv 

6 - 6' o.009x10-1 
6 1 -ice o.~ 
6 - ice 
4 - 4' 0.253XLO-l 
4 - ice 
5 - 5 I 0 .275xl.0-1, 
5 - ice 
3 - 3 I o.3(2Elo-1 
3 - ice 

2 -2 I o.2a7x10-1 
2 -ice 

-1' 0. 342xJ_a.-l 1 
1 

20 
-ice 
-20 o.34&J,.o-1 

20 -ice 
18 -18' o.ol.4xl.o-1 
18 -ice 
18' -ice 0.9817 

~T's, 0 c 

o.6ia 

0.683 

o.1Yl 

0.707 

0.035 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =24.~°C 

R ... ·ht =Rm m a·1n: ea. er 
= ia.616 n 

emf = V = 2g.t!6nnv 
std resistor sr 

r std resistor = r = 0 · 9538 n 
Current 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.6,T = 6,T = 

Thermal Conductivity 
K =QA I ~T . 

A = 10. 549 x 10-4 cm-1 

K = 

T ref er enc e = 

302.6 ma 

0 24.52 c 



Date 
ll~7 Ethylene Gl.7001-

l hermocoupTe Location 

--

---~ -------
.6b c 

60 
• 4o 0 4' . 

0 3' 
1
5 0 

.3 0 

0 5' 

2 0 0 2' 
.·l 0 0 l' . 
200 0 20' 

180 

Tbath oc T std cen°C 

20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
l -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 
20'-ice 

emf 
mv 

O.OCI/ 
1.J.34a 
1.134.0 
0-1529 
1.1357 of° 
o~ 
lf351 

I 

0.677 

0.775 

0.7~ 
1.1290 
0.003 
1.ctis. 
l.n.43 
1.0506 

/;:;.T's, 0 c 

0.02 
28.63 
28.6o 
1.44 

28.65 
1.54 
1.675 

28.63 

1.665 

1.93 
2g.J+7 
0.01 

28.11 
2g.10 
26.51 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =2g.46°C 

Rm.ain' heater - Rm = ~.6l3 D, 
emf . = V = 28.51 mv 

std resistor sr 
r d . = r = o. 9 538 n. st resistor 

Current 

I= V sr = 
r 

Power 
Q = 12 R = m 
Avg.6,T = 6,T = 

3.so1 
1.69 

Thermal Conductivity 
K =QA I 6,T 

A = 10 549 x 10-4 -1 • cm 

K = 23e76x 104 

ma 

watt 

oc 

waff. 
cm·;..°C 

T = 'Zl .61 °c 
reference 



-·-- -Date Thermo-
ll-8-6i Btlq1me <1.7col.-2 couple emf ~T's, oc Heat Input to Measuring Cylinder 

All ·Pair mv 
Thermocouple Location 

6 - 6 1 o.008 0.015 Avg. Copper Temp, Tc = 27 .2:f C 

6 1 - ice 1.0832 z,.35 Rin.a'i'n' hcatet· = Rm = 42.615 n 
- 6 1.0825 ....... - ice 27 .-,2 

4 - 4' 0.405 0.990 emf std . = V • '23.~· mv 
~-

resistor sr 

:ob 0 4 - ice 1.0822 . 27.'°· r •t =r=0.9538 n .. std 
5 - 5' OJ.2; 1.055 res1s or · .. 

60 5 - ice l.08ZT 27.34 Current 

.4o 4' 
3 - 3' O.li10 1.lla8 I= V sr = 247.9 0 3 1.0822 27.30 

ma . - ice r 

\ 

15 c 0 5' Power 
.3 0 0 3' 0.!&66 Q = 12 R = 2.619 watt . z -Z' 1.145 m . z 1.0794 27.24 Avg.AT = AT = oc 

lz o 

-ice 1.17 
1 -1' 0.545 1.330 Thermal Conductivity 

0 2' 1 -ice 1.0808 27.27 K =QA I ~T 
,-1 0 0 1' zo -zo 1 0.551 1.350 = 10 549 x 10-4 -1 . A 
ZOo 0 ZO' zo -ice l.07t2 27.20 • cm 

180 
18 -18' 0.005 0.015(-) K= 23" .. 62xl.CT'4 waff. 
18 1.0695 27.0 -ice cm-°C . 1.0697 .. 18' -ice 2"/ .0 . ,Iffo 

-

~~-
Tbath oc T std ceu°C . 
23~5 ZO± 1 T = 26.64 oc 

reference 



\ 

------------------------. Date Ther~m=-=o~--r-----,--------.---------------~• 

ll-&-6' ZthJ'lane Glycol-3 couple 
AM Pair 

emf 
mv 

6. T's, 0 c Heat Input to Measuring Cylinder 

Thern1ocouple ocaGon--i-----r-----t---------l~-------------------
6 - 6' 0.000 0.000 Avg. Copper Temp, Tc = 25.78C 

........................... ----.----

.6b 0 

60 
.40 . 
1

5 0 

.3 0 

!: : . 
200 

180 

0 4' 

0 5' 
0 3' 

0 2' 
0 l' 

0 20' 

. 1180 
- ~~-

Tbath oc Tstd cen°C 

20± l 

6 1 - ice R R 42 n ina'in' heater = m = .617 ~" 
6 - ice l.<200 25. 75 
4 - 4 ' O 265 0.650 emf d . = V = 19.344.mv • st resistor sr 
4 - ice r = r = o. 9 538 n 
5 - 5' o.280 0.695 std resistor 

5 - ice 1.0208 25.n 
3 - 3' 0.318 0.775 
3 - ice 1.0211 25.80 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

0.315 
1.01.92 
0.370 

0.374 
i.01.71 
o.ooo 
1.0108 

0.775 
25.73 
0.900 

0.915 
25.70 
o.ooo 

25.55 

Current 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.6,T = 6,T = 

2<Y.!.S 

1.753 
o.7s5 

Thermal Conductivity 
K =QA I ~T 
A = 10. 549 x 10-4 -1 cm 

ma 

watt 
oc 

K = 23.55xlo-4 waff. 
crri-°C 

T = reference 

0 
25.37 c 



~!8-6' Cycloheunol ~T's, 0 c Heat Input to Measuring Cylinder -Thermo-
couple 
Pair 

emf 
rnv PM 

r-~1rh,;:'he~r~m~o~c~·o~u~p~l~e~r::Lo~c~a~t~1o~n=-+---.~~~+-~~~~-l-~-.-~~~~~!I--~~·-·~~~~~~~~~~~~-~ 6 - 6' 0.00 Avg. Copper Temp, Tc =26.49°C 

-~ ... -
.6b c 

6n 
I 

. 40 c 4' 

5 c r:: 5' 
3 (. 0 3' 

l •' () 2' 

.1 0 0 l' . 
200 0 20' 

180 

1rs0 

·---··--~~-

T °C bath T std ce11°C 

22.5 20 ± I 

6·, - ice 1.05~ 26.72 R. . . h t = Rm - 1.~.616 n ma1n- ea er · '°"' ~L 
6 - ice 
4 _ 41 · 0.0xcL 0 g7 emf d = V = 16.75&nv J7U • st resistor sr 
4 - ice 1.0507 26.52 r d . = r = o. 9538 n 
5 - 51 .. · st resistor 

5 - ice 
3 - 3' 0.032 
3 · - ice 

4• - ice 1.0151 

2 -2' 
2 -ice 
l -1' 
l -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

20' -ice 

0.0518 

o.~82 
l.~76 
0.0001 

1.18 
26.45 

o.oo 

26.27 
25.25 

Current 
I = V ~r = 

r 

Power 
Q = 12 R = m 
Avg.6T = ll,T = 

Thermal Conductivity 
K= QA I 6T 

175·7 ma. 

1.3}.6 watt 

i.090 °c 

A = 10 549 x 10-4 -1 • cm 

K = 12. 74xl0-4 watt ---
cm-0C 

T = 
reference 

I-' 
I\) co 



.... _Oate, 7 ~r lohexanol Thermo"'." 
24-&-0 "'Jc couple 

Pll Pair 
~'fi'Crmoc oup e oc atlon 

-
~ 

.6b I IC: 
'--· . 

60 
.40 

5 c 
3 r 

2 .~ 

l c 
200 

18 0 

014' 

c. tS' 
Cl3 1 

0 2' 
0 l' 

":· 20' 

6 - 6 1 

6 1 - ice 
6 - ice. 
4 - 4' 
4 - ice 
5. - 5' 
5 - ice 
3 - 3' 
3 - ice 
41 -ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -:-20 
20 -ice 
18 -.18 I 
18 -fc e 
18' -ice 

emf 
mv 

0.0013 
l.C1342 

0.0236 
l.~9'2 

0.0292 

i.0256 

0.0293 

0.0351 

0.0323 
l.~74 
o.ooo 
1.0425 

1180 
~ 

20•-ice I i.oll.i2 
..... 

T bath oc T o std cell C 

23.5 20± l 

6.T's, 0 c 
o.()2g 

26 .61 

o.57g 
2.649 

0.712 

25.90 

0.721: 

o.g5S 

0.790 
26.45 

26.31 

25.60 

Heat Input to Measuring Cylinder 

Avg. Copper Teinp, Tc =26.47°c 
R . . h = R = l.'l 6,6 " maul. eater m .4'• ·.1. ::at. 
emf = V ·= i3.7g5mv 

std resistor sr 
r . - r - 0 9538 " std resistor - - · ::.' 

Current 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.6,T ~ 6, T = 

144.5 

o.g90 
0.732 

Thermal Conductivity 
K =QA I ~T 
A = 10. 549 x 10-4 cm -1 

ma 

watt 

oc 

K = 12.g3x].o-4 watt 
cm-°C 

oC = 26.11 T rcfc rcnc e 

I-' 
I\) 
\0 



Date 
24-a-67 Cyclohexanol 

Pll 
---i.'liCrmocouple Location 

.6b c 

60 
,40 . 
1: : 
2 ' 

, 1 c . 
200 

18 () 

T °C bath 

22.4a 

() 4' 
_, 5' 

Ci 3' 

0 2' 
0 1' 

C: 20' 

T o std cell C 

20 ± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 

emf 
mv 

0.0009 
1.()902 

o.0441 
1.0799 

3 - ice 4• -ice 1.0354 

2 -2 I 0.0540-
2 -ice 
1 -1 • o.o634 
1 -ice 

20 -20 0.0595 
20 -ice 1.0726 
18 -18' o.ooo 
18 -ice 
18' -ice 1.0632 
20•-ice 1.0163 

6. T's, 0 c 

o.01g 
27.50 

1.07g 
27.25 

1.,, 
26.13 

1.32g 

1.54g 

1.45e 
27.os, 
o.oo: 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = 27.1fc 
R = R = ~.615 Q mairi. he<iter m 
emf = V = ig.715mv 

std resistor sr 
r =r=0.9538.Cl 

std resistor 

Current 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.6,T = 6,T = 
Thermal Conductivity 
K =QA I 6T 

ma 

1.640 watt 

1.342 °c 

A = 10. 549 x 10-4 cm -1 

K = 12 .89Xl0-4 watt 
cm-°C 

T reference = 
26.49 °C 

I-' 
\>I 
0 



Date 
17-&-67 

1M 

1. o,i t•lystyreae 
~in Benzene 

'i hermocouple Location 

60 
.4o c4' 
5 c ;~ 5' 
3 ,- c 3' 

2 ' :} 2' 

.1 0 0 l' . 
20c G 20' 
18 () 

-- ! 180 

~---
T °C bath 

T o std cell C 

20 ± 1 

Thermo-
couple emf 
Pair mv 

6 - 6' o.005xio-1 
6' - ice 
6 - ice o.9g50 
4 o.150x10-1 - 4' 
4 - ice 0.9S47 
5 - 5' o.16Sxlo-1. 
5 - ice 0.9845 
3 - 3' 0.19Qxl.O-l 
3 - ice 

2 -2' 0.205x10-l 
2 -ice 0.9842 
1 -1' o.240x10-1 
1 -ice 0.9~ 

20 -20 o.217xJ.o-1 
20 -ice 0.9$23 
18 -18' o.oo5xlo-1 

18 -ice 
18' -ice 

~T's, oc Heat Input to Measuring Cylinder 

0.0075 Avg. Copper Temp, Tc = 21+ .s5°c 

R ... h t = Rm = , 42.61S n 
24.g7 main ca er 

o.36S emf = v = 12.29lmv 
std resistor sr 

24.g7 r = r = O. 9 5 38 n 
o.41S std resistor 

24.g5 Current 
0.460 I = V sr 12S.9 = ma --r 

Power 
Q -: i2 O. 70S3 watt 

I-' 

0.505 Rm = VJ 
I-' 

24.g5 Avg.6T::: 6T = o.47g oc 

0.5$5 Thermal Conductivity 
24.g5 K =QA /6T 

0.53 
= 10. 549 x 10- 4 cm-1 24.s1 A 

0.10 15.63x10-4_wa1:!__ K = cm-°C 

T -reference 
0 

24.61 c 



- -........ r---......_ 

.6b 

6c 
.40 

5 c 
3 ( 

2 ' 

1 C' . 
20,..., ,, 

18 0 . 

T °C bath 

~ 

c 

c 4' 

(.: 5' 
''· 3' '-·' 

() 2' 

0 l' 

c 20' 

T o std cell C 

20 ± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6' - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
2 0 -ice 
18 -18' 
18 -ice 
18' -ice 

emf 
mv 

0.9Tf0 
o.115xio-1 

0.132xJ.0-~ 

o.150x10-1 

o.163xio-1 
0.9765 
0.195xl0-1 
0.9765 _, 
o.166xlo-.1. 
0.9751 
o.oo5xJ.~1 

~T's, 0 c 

o.oog 

24.67 
o.2S 

o.40S 
24.65 
0.475 

24.65 
0.405 

24.61 
0.015 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc :::24.65°C 

R . . . = R ::: .42.6lg D, 
main heater m 

emf . ::: V = ll.035mv 
std resistor sr 

r = r ::: o. 9538 n 
std resistor 

Current 
I = V sr ::: 

r 

Power 
Q = 12 R = m 
Avg.b,,T ::: b,,T = 

Thermal Conductivity 
K::: QA I 6T 
A = 10. 549 x 10-4 cm-1 

ma 

0.57<J7watt 

0.377 °c 

K = 15.97xl0-4 watt 
cm-°C 

oc 
::: 24.46 T reference 

I-' 
\..N 
f\) 



Da~. 10% Polystyrene Thermo-
lg couple 
il MWi_ in Benzene Pair 
·1 he rmoc ouEle Loe all on 

6 - 6 1 

6' - ice 
- 6 - ice ......... 

,..._ 4 - 4' 
.6b c 4 - ice 

5 - 5' 

60 5 - ice 
3 - 3' .40 c 4' 3 - ice . 

5 c c 5' 
3 (' 0 3.' 

2 -2' . 
2 -ice 
1 -1' 

2 ~ 0 2' 1 -ice 
l c 0 l' 20 -20 . 
200 0 2.0 1 20 -ice 

18 0 
18 -18' 

~ 
18 -ice 

: 18 I -ice 1180 
-..... 

~ -
T bath oc T std ceu°C 

23.5 20 ± 1 

emf ~T's, oc 
mv 

o.ollxlo-1 0.<2 
o.9g35 24.84 
0.9855 24-S7 
o.130X10-1 0.32 
0.9850 24-~ o.J.45x].o-l o. 

o.163xJ.o-1 0.395 

o.170x10-1 o.42 
0.9852 24.S7 
0.19&1.o-1 . 0.4S3 
o.9s50 
o.1g3Xlo-1 

24.87 
o.44$ 

o.9ti40 24.g5 
0.001 0.003 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =24.e'i6°C 
R . . = R = 42.6lg [), 

ma1ri heater m 
emf . = V = ll.025mv 

std resistor sr 
r =r=0.9538.Q 

std resistor 

Current 
I = V sr = 115.6 

r 
Power 
Q :: 12 Rm = 0.56~ 

Avg.6T = 6T = o.4o4 
Thermal Conductivity 
K =QA I 6T 

A = 10. 549 x 10-4 cm-1 

ma 

watt 

oc 

K = 14.87xl0-4 wa~t 
cm- C 

oC T -
reference 24.66 

f--' 
VJ 
VJ 



iR~%1 l°" Polystyrene Thermo-
emf ~T's, OC Heat Input to Measuring Cylinder couple 

A.M llw.i_ in Benzene Pair mv 
ThcrmocouEle Location 6 - 6' · o.ooaxio-1 0.015 Avg. Copper Temp, Tc =25.71°C 

6 I - ice 1.0198 25.75 R . . = R = l,i2.617 fl 
- 6 1.0208 25.77 main heater m 

......... - ice 
emf std = v =J.4.948. mv ............_ o.242.xlo-1 0.59 resistor sr -- 4 - 4' 

.6b c 4 - ice l.Ol.84 25.70 r = r = 0. 9538 n 
0.273x:l.0-1. 0.678 std resistor 

5 - 5' 
5· - ice Current 6 ('· 

- 3' 0.297xl.O-l 0.725. I= V sr 156.7 3 
.4o (. 4' = ma 
. 3 - ice r 

15 c 
~ 5' ,, Power 

3 ( ,-. 3' . 0. 313xl.0-1 0.770 Q = 12. R = l.~6 watt '. 
2. -2. I 

m 

2. -ice l.Ol.84 25.70 Avg.6,T = 6,'f = 0.741 oc 

l -l' o.359X].o-1 o.g7g Thermal Conductivity 
2. ., 0 2. I l -ice l.Ol.84 25.70 K =QA /6T 

.1 c () l' 20 -2.0 0.1329xl0-l o.gos 
= 10. 549 x 10-4 cm -1 . 1.0161 25.65 A 

z.o ..... 2.0' 20 -ice ,~. 

0.005%10-1 0.01 '· J.4.S9X].o-4 watt 
18 0 

18 -18' K = ---
18 -ice cm-°C 

. 18 I -ice 1180 
-

~~-
T bath oc Tstd ccl1°C 

0 

23.5 20 ·!:: l T = 25.~ c 
reference 



Date 15% PolyBtyrane Thermo-
~in Benzene couple emf 6T's, oc Heat Input to Measuring Cylinder 

Pair mv 
Thermocouple Location 

6 - 6 1 o.003xlo-1 0.005 Avg. Copper Temp, Tc = 25.;f'C 

- 6 I - ice Rtha'i'n' heater = Rm = 42.617 n 
- 25.42 --...... ............._ 6 - ice 1.0070 

o.3iaxio-1 • 775 emf d . =V = 16.640mv -- 4 - 4' st resistor sr 

.:6 b 0 4 - ice l.~5 25.35 r d . =r=0.9538 n 
5 - 5' o.35QXJ.o-; o.m st resistor 

60 5 - ice Current 

. 40 0 4' 
3 - 3' o.370x10-1 0.903 I = V sr = 174·5 
3 - ice 

ma . --r 

15 0 rs· 0 Power 
.3 0 0 3' Q = 12 R = l.2'T/7 watt 

I 

2 -2' o.3g5xl.o-1 o.94a m I-' . Avg.~T = zs;T" = \.>J 

lz 
2 -ice o.92g oc Vl 

1 -1' 0J,.3axio-1 1.068 Thermal Conductivity 
0 0 2' 1 -ice 1.0047 25.37 K =QA I ().T 

\ .-1 0 0 l' 20 -zo 0 J,.10x10-l 1.005 = to 549 x lo- 4 -1 . 1.0030 25.32 A 
200 0 20' zo -ice • cm 

180 
18 -18' o.ooo o.ooo K= 14.75xl.o-4 wad'. 
18 -ice cm·;...·OC . 18J -ice 

-

I lffo 

~~-
. 

Tbath oc T std ceu°C 

20± 1 
0 

22.g T = 24.91 c 
reference 



\ 

Date 15% Polystyrene 
Kl\ in Bmzene 

Thermocouple Location 

-~ -------

60 
. 4 0 0 4' . 
5 o o LS• 
.3 0 0 3' 

2 0 0 2' 
.-1 0 0 l' . 
200 0 20' 

180 

- 1180 
~--

Tbath oc T std cen°C 

22.6 20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 

emf 
mv 

o.~0-1 

0.9573 
o.150X10-l 
0.9550 
0 .1.67Xl.O-~ 

5 - ice 
3 - 3' o.17<}xl.o-1 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

· o.190x10-1 
0.954! 
0.219.Xlo-1 

o.2Q9xl.o-l 
0.9545 
o.017xio-1 

/:::;,.TI s. 0 c 

0.05 

24.18 
o.36S 

24.12 
0.!'15 

0.435 

0.46S 
24.12 

0.535 

0.510 
24.10 
o.d+ 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =24.13°C 

Rm.a'iW tteater = Rm = 42.619 0, 
emf std resistor= V sr = 11• 7~mv 
r d . = r = o. 953.8 n st resistor 

Current 
I = V sr = 

r 

Power 
,Q = 12 Rm= 

Avg.ll,T = K'f" = 
Thermal Conductivity 
K =QA I 6T 

ma 

o.641.ta watt 

o.455 °c 

A = 10. 549 x io-4 -1 · cm 

k = l4 ·95x10.J~ watt'. 
cm·;...OC 

oc 23.90 T = reference 



Date 
24-g..67 

AM 

15. Qt Polystyrene 
Mlf 1 in Bmzene 

'Ihermocouple Location 

:6b c 

60 
. 4o o 4' 

5 0 0 l5 1 

.3 0 0 3' 

2 0 0 2' 
.-1 0 0 l' . 
200 o 20' 

180 

I lffo 

~-
Tbath oc Tstdceu°C 

22.6 20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6' - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 

emf 
mv 

o.010x1.o-l 

0.9840 
o.233xio.-:-1 
0.9825 
o.253x}.o-f 

3 - 3 I Oe275xl0-1 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20' 
20 -ice 
18 -18 I 
18 -ice 
18' -ice 

o.2g3xio-1 

o.329Xlo-1 
0.9$20 , 
o.305x].o-.1 
o.9s10 
o.01;xio-J 

~T's, 0 c 

0.02 

0.67 

0.003 
24.SO 

0.71.$ 
24.77 

.033 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =24.&.°C 

Rr'n.a"i'n' heater = Rm = 42.61g D, 
emf td . t = V 5 r =J4.266 mv s res1s or 

r std resistor = r = o. 9538 n 
Current 
I = V sr = 

r 
Power 
Q = 12 R = m 
Avg.6T = 'KT"= 

0.95;,g 
o.686 

Thermal Conductivity 
K =QA I 6T 

A = 10 549 x 10-4 -1 • cm 

ma 

watt 
oc 

K = l4 .67xio-4 waff. 
cm·-.Oc 

T = reference 
24.47 °C 



D~ 1.QC Polystyrene Thermo-
~T's, oc Heat Input to Measuring Cylinder 23 1 couple emf 

Pll ~in Benzene Pair mv 
ThermocouEle Location 

6 - 6 1 o.000'2 o.oo Avg. Copper Temp, Tc = 23.aec 

6 1 - ice o.c;4S3 23.95 R -R = 42.619 n 
- 6 - ice 

·t'n.airi' heater - m 
........ .............._ " emf d . t = 'V = 12.2S5mv -- 4 - 4' 0.01.62 0.396 st res1s or sr 

.·6b 0 4 - ice o.9466 23.90 
r std resistor = r = O. 9538 n 

5 - 5' 0.0172 o.~ 

60 5 - ice Current 
3 - 3' 0.0193 0.470 I= V 12s.s ma .40 0 4' sr = 
3 - ice --. r 

15 0 
c ts· 4•- ice o.m1 23.50 

Power 
.3 0 0 3' 0.492 .Q = 12 R = o.1CJT watt 

z -Z' 0.0200 m . Avg./::l.T = z:;:T' = 0.479 oc z -ice 
1 -1' o.022g 0.556 Thermal Conductivity z 0 0 Z' 1 -ice K = QA I l::i T 

. .i 0 0 l' zo -ZO o.021s 0.533 
= 10. 549 x io-4 cm -1 . zo o.9442 23.g5 A 

ZOo ZO' -ice 0 
o.~ .01. i5.6xio-4 18 -18' K= 

watt'.· 
180 18 -ice cm·-·0 c 

.. 18' -ice 0.9390 23.73 I IB'o 20•-ice o.~1g 23.30 

-

"I'- . ..._ 

Tbath oc T std cen°C 

22.5 ZO± 1 T = 23.62 oc 
reference 



Da~ l.°-' Polystyrene Thermo-
23- 7 lf"2 in B EllZ8nB couple emf ~T's, OC Heat Input to Measuring Cylinder 

PM Pair mv 
Thermocouple Location 

6 - 6 1 o.oo o.o Avg. Copper Temp, Tc = 23.(>6>C 

6 I - ice 0.9394 23.72 Rt'n"ain' heater = Rm = 42.620 n 
-

-~ 
6 - ice emf d . =V 
4 - 4' .0.01.35 0.330 st resistor sr = ll.23()mv 

.6b c 4 - ice 0.9386 23.70 r d . = r = 0. 9538 n 
5 - 5' o.Olltl 0.350 st resistor 

60 5 - ice Current 

. 4o 4' 
3 - 3' 0.01'37 0.3SO I= V sr 117.g ma 0 3 - ice 

= . --
15 0 

5' 4•-ice o.~ 23.-,, r 
0 Power 

.3 0 0 3' 0.01.66 o~o 
Q = 12 R = 0.591 watt 

2 -2' m I-' . Avg.~/r = ~ T = 
\.>l 

2 -ice 0.395 oc \0 

1 -1' 0.01.91 0.465 Thermal Conductivity 
2 0 0 2' 1 -ice K =QA /6.T 

\ ,-1 0 0 l' 20 -20' o.017g 0.435 = 10. 549 x 10-4 cm -1 . A 
200 0 20' 20 -ice o.93n 23.65 

J.s o 18 -18' 0.0005 o.01. 
K= i5.Sxlo-4 watl'. 

18 -ice cm';...·OC . 18' -ice 0.9~7 23.56 I uro 20•-ice o.9iu 23.23 
-

~~-
Tbath oc T std cen°C 

22.5 20± 1 T = 23.11> oc 
reference 



~ 1.0% PolystyrEne 
2 7 MVL in BEllzene PM ·-·t! 

Thermocouple Location 

."6b 0 

60 
.40 . 
1
5 0 

.3 0 

2 0 

.-1 0 . 
200 

18 0 

0 4' 

0 5' 
0 3' 

0 2' 
o l' 

0 20' 

118"0 
--~ .. ._ 

Tbath oc T std cen°C 

20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 

emf 
mv 

0.0013 
0.9603 

0.02~ 
0.9568 
0.0226 

3 - 3' o.c:rua 
3 - ice 
4•-ice 0.9360 

2 -2' 0.0251 
2 -ice 
1 -1 1 o.02s9 
l -ice 

20 -20 0.0267 
20 -ice o.954g 
18 -18' 0.0014 
18 -ice 
18' -ice 
20•-ice 

o.~11 
0.9272 

6 T's, 0 c 

o.02g 
24.25 

0.499 
24.16 
0.560 

23.65 
o.61g 

0.705 

o.654 
24.11 

• 036 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc -24.ll oc 

"' . = R .[\r'n.aiW heater m = 42.619 n 
emf · . = V = 13 .771mv std resistor sr 
r = r = O. 9538 .Q. std resistor 

Current 
I= V sr = 

r 

Power 
.a= 12 Rm= 
Avg.6T = 'KT"= 
Thermal Conductivity 
K =QA I /::1T 

A = 10. 549 x 10-4 cm -1 

o.8137 watt 

o.6d+ 0 c 

k = i5.5x].o-4 watl . 
cm·-.Oc 

T = reference 
0 23.SJ. c 



"1ff~1 --·--·-·-1Thermo-1.0% Polystyrens couple 
PM 1ffla- in Bensme Pair 

---··r hc .. i; 1_iioc ou 1)1"<1_,oc a t1 on · 6 _ 6 , 

6 1 - ice 
- 6 - ice --~ 

~- 4 - 4' 
.6b (" 4 - ice . 5 - 5' . 

5 - ice 60 3 - 3' 
. 4o (; 4' 3 - ice . 
5 c c: 5' 

3 (; () 3' 
2 -2' . 
2 -ice 
1 -1' 

2 0 0 2' 1 -ice 
.·l 0 0 l' 20 -20' . 20 -ice 200 0 20' 

18 -18' 
18 0 18 -ice 
: 18' -ice 

-
I 180 

I'--~-
. OC 
Tbath T std ceu°C 

2.3.0 20.± 1 

emf 6.T's, oc 
mv -

o.~5xio-1 0.053 

o.630X10"."1 1.54 

o.666xlo-~ 1.652 
1.0662 26.90 
o.727xicr1 1.78 
1.o672 26.95 

o.735x1.o-1 1.Sl 
1.o654 26.S7 
o.S06xlo-1 1.97 
1.0656 26.S9 
o.196xlo-1 i.95 

o.oo3xlo-1 0.009 

., ---. ··--·--····--·-·-··--·---·····-·. -··· 
.J-~~~~~I n 1~u l-~. Mc~~ s u r i ~ 1.~ ~~ l: :I.~.~- -

26.9o oc· Avg. Copper Temp, Tc ::. 
R = R = 42.6i5 fl main heater rn 
emf . = V '"' 23.737 mv std resistor sr 

r std resistor = r = 0 · 9 :i 38 n 
Cu·rrent 
I = V sr = 

r 

Power 
Q = 12 R = .m 
Avg.6,T = b,.T = 

~.9 ma 

2.640 watt 

1.784 °c 
Thermal Conductivity 
K =QA IT 
A = 10. 549 x io-4 cm~l 

K = 

T reference = 

1.561.xl.0-3 watt 
cm-°C 

0 26.o c 
L-------'--------'------'-------'•----------------------··--· 



Date 2.5'% P~tyrene Thermo-
2~7 ~in Benzene couple 

PM Pair 
·rhe rmoc ouele Loe a ti on 

6 - 6 1 

6 1 -ice 
~ 6 ......... 

................. .....:. 
- ice 

4 - 4' 
."6b 0 4 - ice 

5 - 5' 

60 5 - ice 
3 - 3' . 

. 40 0 4' 3 - ice . 
15 0 

0 ts• 4•-ice 
.3 0 0 3' z -Z' . . z -ice 

lz 1 -1' 
0 0 Z' 1 -ice 

\ .·l 0 0 l' zo -zo . 
ZOo 0 ZO' zo -ice 

~80 
18 -18' 
18 -ice . 18' -ice 

11s·o 20•-ice 
-.... 

~~-
Tbath oc T std cen°C 

23.0 Z0::1:: 1 

emf ~T's, OC 
mv 

O.OO<Yf 0.013 
o.~ 24.75 

0.0123 0.300 
0.9779 24.70 
0.0139 ·• 0.345 

o.ou,g o.~ 

0.9653 24.3S 

0.0151 0.373 

0.0177 0.430 

0.0166 0.405 
o.9m 24.68 
0.0010 o.~ 

0.97~ 24.60 
0.9600 24.25 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =24.68°C 

R1n·a.1w lieater·:: Rm = 42.61S 0 
emf td . t = -V 5 r = l0.656mv s res1s or 
r td . t . = r = o. 9538 n s res1s or 

Current ,. 
I= V sr = 111.8 ma 

r 

Power 
.0 = 12 R = m 0.533 watt 

Avg./).T = "/S:f' = 0.369 oc 

Thermal Conductivity 
K =QA /6,T 

A = 10. 549 x 10-4 cm -1 

K= f5.2xlo-4 watl' .. 
cm·~.Oc 

T = -reference 
0 

24.50 c 

I-' 
~ 
I\) 



1{:~7 2.~ Polystyrene 
AM ~in BE11zene 
Thermocouple Location 

.6b c 

60 
. 4o 

1
5 0 

.3 0 

0 4' 

0 !5' 
0 3' 

2 0 0 2' 
.l 0 0 l' . 
200 0 20' 

18 0 

Tbath oc T std cen°C 

20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 

. 4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 
4•-ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 
20'-ice 

emf 
mv 

0.0015 
1.00"31 

o.CY224 
0.9999 
o.024$ 

0.0264 

o.97s1 
o.CY272 

0.03].2 

0.0292 
0.9991 
o.oo 

o.~5 
o.969$ 

6. T's, 0 c 

0.033 
25.32 

o.54a 
25.25 
0.615 

0.643 

24.70 

0.670 

0.715 
25.22 
o.oo 

25.11 
24.50 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =25.23°c 

Rm.a'i.W neater :: Rm = 42·61g D, 
emf . = V · = J.4.23Qmv std resistor sr 
r d . = r -= o. 9538 n st resistor 

Current 
1 = V sr = 

r 

Power 

ma 

Q = 12 R = . m 
Avg.6,T = zs;:t" = 

0.949 watt 

0.659 °c 

Thermal Conductivity 
K =QA I AT 
A = 10 549 x io-4 -1 · cm 

K= i5.2xJ.o-4 

T = reference 
oc 



\ 

Date 
21-8-67 2.5% Polystyrene 

~in Benzene 
AM 
·1 he rmoc ouple Loe a ti on 

-
.......... ~ -------

60 
.40 . 
1
5 0 

.3 0 

0 4' 

~ 5' 
0 3' 

Z o o Z' 
.·l 0 0 l' . 
ZOo o 20' 

- 180 

- I !Ho 

~~-
Tbath oc T std cen°C 

ZO± l 

Thermo-
couple 
Pair 

6 - 6 1 

6 I - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 
4•-ice 
Z -Z' 
Z -ice 
l -1' 
l -ice 

zo -zo 
ZO -ice 
18 -18' 
18 -ice 
18' -ice 
20•-ice 

emf 
mv 

0.0002 

1.01.87 
o.a293 
1.0156 
0.0321 

0.0332 

o.9sa4 
0.0345 

0.03~ 

0.0370 
1.0132 
0.0015 

1.0051 
o.91t12 

6. T's, 0 c 

o.oo 

25.70 
0.715 

25.63 
o.79g 
o.m.o 

0.960 

o.9w 
25.60 
o.o3S 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =25.sg 0 c 
.R·1'n"ai'n' heater : Rm = 42.617 0, 
emf td . t = V 5 r = 16.ls&nv s res1s or 
r d . = r = o. 9538 n st resistor 

Current 
I= V sr = 

r 

Power 
Q = lz R = - m 

169.7 

Avg./:;/r = /).T = 

l.2'Z( 
o.!40 

Thermal Conductivity 
K =QA I /).T 

A = 10 549 x 10-4 -1 • cm 

K= 15._~o-4 

ma 

watt 
oc 

T = reference 
0 25.16 c 



&~~1 la,C Polystyrene Thermo-
~in Benzene couple emf ~T's, oc Heat Input to Measuring Cylinder 

A.Y Pair mv 
Thermocouple Location 

6 - 6 1 o.od+ 0.005 Avg. Copper Temp, Tc = 25.1(5>c 

6' - ice R. . = R = . 42.618 SJ, 
- 0.9958 25.15 man1· heater m 
-~ 

6 - ice = v = 12.515mv 
~- 4 - 4' o.162xlo-1 0.395 emf std resistor sr 

.61-: c 4 - ice 0.9949 25.12 r =r=0.9538 n 
5 - 5' o.19Q'Xlo-~ 0~70 std resistor 

6 () 5 - ice 0.9960 . 25.15 Current 
3 - 31 0.21.lpao-1 0.52 I= V sr .4o c 4' 3 

= 131.2 ma 
- ice --r 

' 5 c ~~ 5' Power 
3 ( ''· 3' o.220x10-1 Q = 12 0.7336 

I-' 
, .. 0.54 R = watt -F 

2 -2' m \J1 

2 --ice o.~ 25.10 Avg.6,T = 6,T = 0.526 oc 

l -1' o.260X10-1 o.634 Thermal Conductivity 
2 ' ;) 2' o.~6 1 -ice 25.10 K =QA I !:::. T 

.1 c (.; l' 20 -20 o.244xl.o-1 0.598 
= 10. 549 x 10-4 cm -1 . 0.9932 25.07 A 

20,.... G 20' 20 -ice 
'- o.006 

18 0 
18 -18' 0.015 1J+.71xl0-4 watt 
18 o.9S95 25.0 K = ---

-ice cm-°C 
: 18' -ice 1180 

-
1-----

T °C bath 
T o std cell C 

23.0 20 ± l T = 24.~ oc 
reference 



Date lo,l Polystyrene Thermo-
l;-s-67 ~· in Benzene couple emf /.::;,,TI s , OC Heat Input to Measuring Cylinder 

A.M Pair mv 
----..f her moc ouple Loe ation o.OO}xio-1 0.003 Avg. Copper Temp, Tc =25.56°C 6 - 6' 

6 1 - ice R ... h =Rm = ~.617 n 
- 1.0134 25.6 mau'i' eater 

--...........__ 6 - ice = v =ll.i. .447 m v 
4 - 4' o.220X10-1 o.54 emf std resistor sr 

.6b c 4 - ice 1.0130 ·1 25.6 r = r = 0. 9538 n 
5 - 5' 0.260x10- 0.645 std resistor 

60 5 - ice 1.0132 25.6 Current 

,40 4' 
3 - 3' o.2s3xio-l 0.69 I = V sr = c 3 

151·5 ma . - ice --
r 

5 c 5' c Power 
3 c 0 1' o.295xio-1 Q = 12 R = o.97S2 watt I-' 

0.725 + 
2 -2' m O'\ 

2 -ice 1.0120 25.55 Avg.6,T = 6,T = 0.703 oc 

l ...:11 o.344xlo-l o.e4 Thermal Conductivity 
2 c 0 2' 1.0221 25.55 l -ice K =QA /6T 
l 0 o l' 20 -20 o.320x10-J o.7g 

= 10. 549 x 10- 4 cm -1 . A 
200 0 20' 20 -ice 1.0120 25.55 

18 0 
18 -'18 I o.oo6xlo-J 0.015 J.4.(>g x 10-4waff 
18 -ice l.oo6S 25.45 

K= cm-°C 
: 18' -ice 1180 

-- ~ ......_ 

T bath oc T std ce11°C 

23.0 20± l T = 25.21 oC 
reference 



Date 
lW-67 15% Pol.ystyrene 

A.M ~ in Benzene 
1nermocouple Location 

.6b 0 

60 
.40 . 
15 0 

.3 0 

2 0 

.-1 0 . 
200 

18 0 

118·0 

0 4' 

0 ts• 
0 3' 

0 2' 
0 l' 
0 20'. 

~-~-

Tbath oc T std ce11°C 

20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

emf 
mv 

0.0'25xl.0-1 

l.o639 
o.230x10"':"1 
i.0550 _, 
0.2'71xl0-~ 

o.3olxl.o-1 

o.31oxio-l 

o.355x].o-l 
1.0650 
0.34000-l 
1.0630 
0.00~0-1 

6. T's, 0 c 

o.o6 

26.S5 
0.56. 

26.S7 
0.67 

0.735 

0.765 

o.S65. 
26.S7 
o.g33 

26.S2 
o.oos 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =26.g5°c 
Rm"<i'in' neater :::: Rm = 42 .615 rl 
emf . = V = J.4.767mv std resistor sr 
r d . = r = o. 9538 n st resistor 

Current 
I= V sr = 

r 
Power 

ma 

Q = 12 R = , . m 

Avg.f!!.T = 6'f' = 

1.0212 
o.1?S 

watt 
oc 

Thermal Conductivity 
K =QA I 6T 
A = 10. 549 x 10-4 cm -1 

K= 14.59X].0-4 

T = reference 

waff. 
cm·;....OC 

oc 
26~ 



\ 

P~1 15% Polystyrene 
PM 11"2 in Benzene 
Thermocouple Location 

."6b 0 . 
60 
,40 . 
1
5 0 

.3 0 

!: ~ . 
ZOo 

180 

- I 1Ho 

0 4' 

0 !5' 
0 3' 

o Z' 
0 l' 

o ZO' 

~ .. ~ 
Tbath oc T std cen°C 

ZO± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

Z -Z' 
Z -ice 
l -1' 
l -ice 

zo -zo 
ZO -ice 
18 -18' 
18 -ice 
18' •lee 

emf 
mv 

0.020 

l.loo6 
· 0.33lxl.0"."'l 
1.1009 
0. 3!CtiE].()-~ 

o.4J.5XJ.o-J 

0.425x10-] 
1.100! 
0.497xl.O-.J 
1.1003 
o .460xl.o-J 
1.()9& 
o.~o-J 

6T's, 0 c 

o.cL. 

27.76 
o.&. 

27.77 
o.94 
1.015. 

l.~5 
'Zl"· 76 
1.21 

27.75 
1.12s 

27.72 
.o.m.~ 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = 'Z'f .75°C 

Rt'n.ain' heater = Rm = 42·614 Q 
emf . = V =17 .390 mv 

std resistor sr 
r d . = r = o. 9538 n st resistor 

Current 
I= V sr = 

r 

Power 
Q = lz R = m 
Avg.6T = 6T = 
Thermal Conductivity 
K =QA I /::iT 

ma 

l.lµ.6 watt 

i.025 °c 

. -4 A = 10. 549 x 10 cm -1 . 

K = J..4.58xlo-4watL 
cm·:..·0 c 

0 
27.24 c T -. reference -

I 

I-' 
&; 



Date ... 
l~-, 15% Polystyrene 

AM Mllh in Benzene 
Thermocouple Location 

-
-......~ ----

:6b 0 

60 
.40 . 
1

5 0 

.3 0 

2 0 

.-1 0 . 
200 

180 

0 4' 

0 l5' 

0 3' 

0 2' 
O l' 

0 20' 

Tbath oc T std cen°C 

20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 

emf 
mv 

o.010x10-1 

1.11#> 
0.4J.3xlO-l 

0.463i10-l. 

3 - 3' o.527xio-1 
3 - ice 

2 -2 I 0.545xlo-l 
2 -ice l .J.l.µo 
i -1 1 o.635xio-1 
1 -ice 1.:14.10 

20 -20 o.590x10-1 
20 -ice l.137gg 
18 -18' 0.019.Xl0-1 
18 -ice 
18' -ice 

~T's, 0 c 

O.CE 

2$.90 
1.oog 

1.165 

1.2gg 

1.34 
2g.77 
1.55 

2g.77 
1.447 

2s.70 
o.~5 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc= 2$.~ 

R1'n"ain' heater = Rm = 42.613 Q 
emf · = V =19Jµ.o mv std resistor sr 
r . = r = o. 9538 n 

std resistor 

Current 
I = V sr = 

r 

Power 
.a= i 2 Rm= 
Avg.~T = t;;f" = 
Thermal Conductivity 
K =QA I{). T 

A = 10. 549 x 10-4 cm -1 

k = 14.32xlo-4 

T = reference 

203.5 ma 

1.765 watt 

1.30 °C 

0 
2g.14 c 

I-' 
+ 
\.0 



\ 

Date 0.1$ Pol.ystyrElle ~ -·Th~rmo- -·-----.-~~------r------------------r 
Zl-tr67 0 2 in Bmzene couple emf ~T's, 0 c Heat Input to Measuring Cylinder 

-.J Pair mv 
~·=Tne-r rrioc-oupfe'."LocaITOn··~ · --~=-: 6 ~--- " -0~02000-1 

-

60 
. 4o . 
15 0 

.3 0 

1~ ~ . 
ZOo 
~So 

Tbath oc 

0 4' 

0 5' 
0 3' 

o Z' 
0 l' 

0 20' 

T std ce11°C 

20± 1 

6' - ice 
6 - ice 0.9650 
4 - 4' o.117xio-1 
4 - ice o.9634 
5 - 5' 0.1321;1.o-~ 
5 - ice 
3 - 3' 0.136%10-l 
3 - ice 

2 -2' o.145xi.o-l 
2 -ice 0.9636 
1 -1' o.1€4xio-1 
1 -ice 

20 -20 O.l55xlO-l 
20 -ice o.961g 
18 -18' o.012xlo-1 
18 -ice 
18' -ice 

~--~·--+------------...;.._ ___ __. 
Avg. Copper Temp, Tc =24·33°C 

Rt'n'a'in' neater = Rm = 4,2.619 D, 
o.~ 

24.~7 
0.2~ 

24.32 
o.32! 

o.35g 
24.32 
o.4o 

. 0.313 
24.30 
0.03 

emf . = V = l0.45Smv std resistor sr 
r td . t = r = 0. 9 5 3 8 n s res1s or 

Current 
I = V sr = 109.6 ma 

r 

Power 
a = 12 R = , m 
Avg./:l.T = z:;:f" = 
Thermal Conductivity 
K =QA I 6T 

0.5119 watt 

0.347 °c 

A = 10 549 x io-4 -1 • cm 

K= 

T = reference 
24.ilc 

I-' 
\J1 
0 



D~ o.u Polystyrene Thermo-
21 7 l1"3 in Benzme couple 

PM Pair 
Thermocouple Location 

6 - 6 1 

6 1 - ice 
- 6 - ice -...... 
~ 4 - 4' 
."6b 0 4 - ice 

5 - 5' 

60 5 - ice 
3 - 3' 

.40 0 4' . 3 - ice 

15 0 
0 5' 

.3 0 0 3' 
z -Z' . . z -ice 
1 -1' 

z 0 0 Z' 1 -ice 
\ .-1 0 0 l' zo -zo . 

ZOo 0 20' zo -ice 

180 
18 -18' 
18 -ice . 18' -ice 

1us0 
-

~--
Tbath oc Tstd ce11°C 

23.5 ZO± 1 

emf b.T's, OC 
mv 

o.01oxio-1 o.a:? 

o.9608 24.27 
o.135xio-1 0.33 
0.9609 24.27 
o.145X].o-~ 0.36 

o.l.4&clo-1 0.36 

0.155xl0-1 o.3s3 

o.1nxio-1 0.433 
0.9605 20.27 
0.9600 
0.165xl0-l 

24.25 
0.403 

o.OOS:xl.0-1 0.02 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = 24.zfC 

Rt'n.a'in' heater = Rm = 42.619 n 
emf d . =V = io.970rnv 

st resistor sr 

r std resistor = r = o.9538 n 
Current 
I= V sr = u5.o ma 

r 
Power 
Q = lz R = o.56?S watt m 
Avg.~/r = "KT" = 0.378 oc 

Thermal Conductivity 
K =QA /6T 

A = 10. 549 x 10-4 cm -1 

K= 15. 74:xlo-4 wad". 
cm';...·0 c 

. 

T = 24.0$ oc 
reference 

I 

I-' 
\)1 
I-' 



\ 

D~ 0.1$ Polystyreoo 
21 PM 1 ~ in Benzene 

Thermocouple Location 

- ......... ..........__ 
~-

."6b c 

60 
,40 0 4' 

5 0 
..., !5' u 

.3 0 0 3' . 

2 0 0 2' 
,·l 0 0 l' . 
200 0 20' 
180 . 

· (TB'o 
-- ~~-

Tbath oc T std ceu°C 

20± 1 

Thermo-
couple emf 
Pair mv 

6 _ 6 , o.005xio-1 

6 1 - ice 
6 - ice 0.9690 
4 - 4' o.151xl.o-l 
4 - ice o.96$5 
5 - 5' o.16gno-~ 
5 - ice 
3 - 3' o.176xio-1 
3 - ice 

2 -2' o.1~2xlo-1 

2 -ice 0.9600 
1 -1' 0.'207x10-l 
1 -ice 

20 -20' 0.1~0-l 
20 -ice 0.9665 
18 -18' 0.015x10-l 
18 -ice 
18' -ice 

~T's, 

o.oos 

24.47 
0.-;7 

24.46 
0.4J.$ 

o.42a 

0.1~ 

24.1+5 
0.505 

0.475 
24.40 
o.~ 

oc Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =24.1~5°C 

Rr'n'ain' heater = Rm = 42.619 D, 
emf td . t = vsr = ll.915mv s res1s or 

·r.d . =r=0.95380 st ··resistor 

•Current 
l I = V sr = ma 

r 

•Power 
Q = 12 R = . m 
Avg.6T = t;;T' = 

0.6649 watt 

0.441 °c 

Thermal Conductivity 
K =QA I 6.T 

A = 10 549 x 10-4 -1 • cm 

i< = 15. 90x10-4 waff. 
cm'-·0 c 

T reference = 2h.23 oc 

f--' 
\Jl 
f\) 



Date Thermo-
22-S-67 I.Qt Polystyrene couple 

PM ~in Benzene Pair 
Thermocouple Location 

6 - 6 1 

6' - ice 
......... 
~ 

6 - ice -- 4 - 4' 

.6b c 4 - ice 
5 - 5' 

60 5 - ice 
3 - 3' 

.40 0 4' . 3 - ice 

15 0 
c 5' 

.3 0 0 3' z -2' . z -ice 
1 -1' z 0 0 2' 1 -ice 

\ . .i 0 0 l' zo -20 . 
ZOo 0 20' zo -ice 

180 
18 -18' 
18 -ice . 18' -ice I lB"o 

-- ~~~ 

Tbath oc T std cen°C 

23.5 20± 1 

emf ~T's, oc 
mv. 

o.004x10-1 0.005 

0.9865 24.92 
O.lli7xl.O-l 0.36 
o.9g55 .24.90 
0.165XlO-~ 0.41 

0.181xlO-l ' 0.44 

. ·, 

o.192xio-1 . 0.475 
o.9eJ.+7 24.g7 
o.224xJ..0--1 0.535 

0.209Xl0-l 0.510 
0.9$40 24.S4 
o.006xlo-1 0.017 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = 24.elfC 

R1'n'al.W heater = Rm =42 .blS Q . 
emf td . t = vsr = 11. 7~mv s · res1s or 
r td . t = r = 0. 9 5 3 8 n s res1s or 

Current 
I= V sr = 

r 

Power 
Q = 12 R = . m 
Avg./:,.T = "KT= 

ma 

0.(::499 watt 

0.455 °c 

Thermal Conductivity 
K =QA I 6T 
A = 10 549 x 10-4 -1 ' cm 

k= 

T = reference 

i5.07xio-4 waft. 
· cm·--°C 

~I. oc '4•65 



Date l.o,C Polystyrene Thermo-
'l2-a-67 couple emf ~T's, oc Heat Input to Measuring Cylinder 

PM ~ ·in Benzene. Pair mv 
ThermocouEle Location 6 - 6 1 O.Ol5xlO-l Avg. Copper Temp, Tc = '24. 7'?Joc 0.(5 

6 I - ice Rm.al.'n' b.ea'ter = Rm = 42.61g n 
-....... 
~ 

6 - ice o.~10 24.77 
emf d . =V =io~7mv 

4 - 4' o.126xlo-1 o.3os st resistor sr 

;6b· 0 4 - ice 0.9795 24.72 r std 
= r = O. 9538 n 

5 - 5' o .142Xto-1. 0.353 
resistor 

60 5 - ice Current 

. 4o 0 4' 
3 - 3' o.155x].o-1 0.375 I = V sr = 114.2 lna . 3 - ice r 

15 r 
" 5' 

.3 ~ 
\. Power 
,..., 3' ,Q = 12 R = 0.5557 watt ..... 

o.164xlo-1 2 -2' 0405 m I-' . Avg.6T = 'ZIT'= 
\J1 

2 -ice 0.9790 24.72 0.3S9 oc ~ 

1 -1' o.190x10-1 0.465 Thermal Conductivity 
2 0 0 2' 1 -ice K =QA /6T 

\ ,-1 0 0 l' 20 -20 o.176xlo-1 0.43 = 10. 549 x 10-4 cm -1 . A 
200 0 20' 20 -ice 0.97~ 24.70 

180 
18 -18' o.002xl.o-l o.oos K= 15.07xl0-4 

watt 
18 -ice cm·;...·OC . 18' -ice 

118'0 
~~~ . 

Tbath oc T std cen°C 

23.5 20± 1 T = 24.~ 
oc 

reference 



\ 

Date 
22-S-67 l.~ Polystyrene 

PM MW3 in Benzene 
'lbermocouple Location 

.6b c 

60 
.40 0 4' . 
5 c -· 5' 

.3 0 
r 3' 

2 0 0 2' 
.-1 0 0 l' . 

Tbath oc 

200 0 20' 

180 

T std ceu°C 

20± I 

Thermo-
couple 
Pair· 

6 - 6 1 

6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2•-ice 
2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

emf ~T's, oc Heat Input to Measuring Cylindc r 
mv 

o.017xio-1 o.o3S Avg. Copper Temp, Tc =25.12 °C 

Rmairi' heater = Rm = 42.61$ n 
0.9976 25.17 

emf std =V' =i3.310 mv 
0.1S9Xl~l o.463 resistor sr 

0.9965 25.15 r std resistor =r=0.9538 n 
o.21oxio-~ 0.523 

Current 
o.230x10-1 0.56 I= V sr 139·5 ma = --r 

o.91c:b 24.54 
Power 
Q = 12 R = o.~93watt 

o.24.2x10-1 0.59$ m I-' 

Avg.~/r = /),, T = 
\Jl 

0.577 oc \Jl 

0.279Xl0-l o.6So Thermal Conductivity 
K =QA I/),, T 

0.26lxlo-1 0.640 A = 10. 549 x io-4 cm -1 
0.9935 25.10 
o.006xlo-1 0.017 K = 15 .16xJ..o-4 watt. 

cm--·0 c 

T reference = 



\ 

2°~7 5% Polystyrene 
PM M"3 in BB1ZEll8 

·1 hermocouple Location 

"'r--......._ ---
.6b 0 

60 
.40 . 
1

5 0 

.3 0 

2 0 

. .i 0 . 
200 

180 

Tbath oc 

0 4' 

0 5' 

0 3' 

0 2' 
0 l' 

0 20' 

. 0 
T std cell C 

20± 1 

Thermo-
couple 
Pair 

6 - 6' 
6 1 - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

emf 
mv 

0.010 

. 0.9820 
0.153 
0.9S50 

0.190 

0.196 
o.9s50 
0.235 

0.216 
o.97s1 
0.009 

6. T's, 0 c 

0.02 

24.00 
0.375 

24.90 

0.463 

o.4.S3 
24.90 
0.573 

o.52g 
24.70 

0.003 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = 24 .~;!'C 
R ""' R m·ain' heater - m = 42.61s n 
emf . = V = 11.7$mv std resistor sr 
r d . = r = 0. 9538 n st resistor 

·Current 
: I= V : · sr = 

r 

·Power 
,Q = 12 Rm = 

· Avg.6T = zs;.T' = 
Thermal Conductivity 
K =QA I 6T 

123.5 ma 

0.6499 watt 

o.4.e'4 °c 

A = 10. 549 x 10-4 cm -1 

K = 

T reference = 

4 watt 11+ ol 7XJ..0~ . -OC cm-

24.6 °C 



Dat~ 5% Polystyrene Thermo-
~T's, oc Heat Input to Measuring Cylinder 25-S 'i couple emf 

PM MW3 in Benzene Pair mv 
·1 hermocouEle Location 

6 - 6 1 o.001xio-J 0.015 Avg. Copper Temp, Tc = 25.63°C 

6' - ice 0.10195 25.75 R = R =42.617 n 
- 6 - ice o.101so ·l 25.70 t'n'afo' heater rn 

....... 
i'....._ emf d . =V =15.000 rnv 

4 - 4' 0.264xl.O"."' o.645 st resistor sr 

.6b 0 4 - ice 0.10142 25.60 r std resistor 
=r=0.9538[2 

.. 
5 - 5' 
5 - ice 0.10145 25.62 Current 

60 ., 
3 - 3' o.310x10-~ 0.755 I= V sr 

.40 0 4' = 0.15$1 ma 
3 - ice --. r 

15 0 
0 5' Power 

.3 0 0 3' o.324xlo-J o.79g Q = 12 R = l.o653 watt f-' 
2 -2' m \Jl 

2 -ice 1.01~ 25.5S Avg.6T = 6T = 0.790 oc --:i . 
1 -1' o.370x10-· 0.903 Thermal C onduc ti vity 

2 0 0 2' 1 -ice K =QA /~T 
\ . .i 0 0 l I 20 -20 o.346xlo-: o.~g 

A = 10. 549 x 10- 4 cm -1 . 1.0120 25.55 200 20' 20 -ice 0 o.005xio-J 0.015 18 -18' K = ~.23xio-4 watt. 
180 18 -ice cm'-·0 c 

.. 18' -ice 
1180 

-

i'--~- . 

Tbath oc T std ce11°C 

23.0 20± 1 T = 25.23 oc 
reference 
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Date 5% Polystyrene 
vw3 in Benzene 

'I hermocouple Location 

-- ............... -------

60 
.40 . 
1
5 0 

.3 0 

0 4' 

0 !5' 
0 3' 

2 0 0 2' 

.-1 0 0 l' . 
200 0 20' 
180. 

11i:so 
~~~-

Tbath oc T std ceu°C 

20± l 

Thermo-
couple 
Pair 

6 - 6 1 

6 1 - ice 
6 - ice 
4 ""4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
l -1' 
l -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

emf 
mv 

o.ooo 

0.10465 
0.355x10"'."l 
O.le415 

0.1~15 
o.416xlo-1 

o.42!xlo-l 
0.104~ 
o.493xi.o-J 

0.460xl.O-l 
0.10390 
o .o06xl.o-J 

6 T's, 0 c 

o.ooo 

26.4o 
o.86S 

26.ZT 

26 .-z, 
1.015. 

1.053 
26.25 
1.203 

1.12s 
26.21 

0.017 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = 26_.2g°C 

Rm.a'in' neater = Rm = 42.616 D, 
emf std resistor= V sr = l 7 .51 mv 

r d . = r = o. 9538 n st resistor 

Current 
I= V sr = 

r 

Power 
Q = 12 R = m 
Avg ./;)/r = Z5:f" = 

1.4366 
1.0)3 

Thermal Conductivity 
K =QA /6T 
A = 10. 549 x 10-4 -1 cm 

ma 

watt 
oc 

K = l4.;9XI.o-4 watt'. 
cm·~·0c 

T . = reference 



Date 10.~ Polystyrene Thermo-
23-8-67 

~in Benzene 
couple 

AM Pair 
Thermocouele Location 6 - 6 1 

6' - ice 
-.... ........ 6 - ice 
~ .. - 4 - 4' 

:6b c 4 - ice 
5 - 5' 

60 5 - ice 
3 - 3' 

. 40 0 4' 3 - ice 
5 ~ ~:· 5' 

3 c 0 3' 
2 -2' 
2 -ice 
1 -l' 

2 0 0 2' 1 -ice 
\ .1 0 0 l' 20 -20' . 

200 0 20' 20 -ice 

180 
18 -18' 
18 -ice 

.. 18' -ice I lffo 
-..... 

~~-
Tbath oc Tstd ce11°C 

20± 1 

emf ~T's, 
mv 

0.012xJ.O-l o.~5 

1.0620 26.80 
o.230x10'~1 0.563 
1.0560 26 • .65 
0.263Xl0-~ 0.653 

o.290x10-1 0.700 

0.290.xlo-1 0.715 
i.0555 26 .. ~ 
o.345xlo-1 o. 3 
i.0553 26.63 
o.320x10-1 o.7g3 
i.0337 26.60 
o.005xio-1 0.015 

OC Heat Input to Measuring Cylin<lc r 

Avg. Copper Temp, Tc =2b.67~C 

Rin.a1n' hea'ter = Rm = 42.616 D, 
emf . = V = 1.4.220mv 

std resistor sr 
r =r=0.9538.0. std resistor 

Current · 
I = V sr = 

r 

Power 
Q = 12 R = m 
Avg.6T = 6'f = 
Thermal Conductivity 
K =QA I 6T 

149.1 ma 

0.9474 watt 

0.711 °c 

A = 10. 549 x 10- 4 -1 cm 

i< = l.4.o6xlo-4 , waff. 
cm-- 0 c 

. 0 
T = reference 

26.32 c 

1--' 
\)1 
\0 
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B~~7 10.o,l Polystyrene 
AM inr3 in Benzene 

Thermocouple Location 

2 0 

.-1 0 . 
ZOo 
180 

Tbath oc 

0 2' 
0 l' 

0 20' 

T std ceu°C 

20± 1 

Thermo-
couple 
Pair 

6 - '6 1 

6' - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

emf 
mv 

o.025xio-1 

1.0950 
o.315xio-:-1 
1.0070 
o.357XJ_o-~ 

o.393X].o-1 

o.39ebao-1 
1.M6S 
o.46Sxio-l 

o.432xlo-1 
1.0$45 , 
o.000x10-..L 

fl. T's, 0 c 

27.63 
0.77 

27-45 
o.sss 
0.96 

o.9g 
27.45 
i.143 

l.05g 
27.37 

O.CY2 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc =27 .4g°C 

Rm.ain' hea'ter = Rm = 42.615 fl 
emf . = V ' = 16.555mv std resistor sr 
r = r = o. 9538 n std resistor 

Current 
I = V sr = 

r 

Power 
Q = 12 R = . m 

Avg.~/r = AT = 
Thermal Conductivity 
K =QA I AT 

173.6 ma 

1.2sw.+ watt 

0.966 °c 

A = 10. 549 x 10-4 cm -1 

k = J.4.03xl0-4 watl. 
cm'-·0 c 

T = reference 
0 

27 .oo c 

f--J 
O'\ 
0 



\ 
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p~1 10.o,C Polystyrene 
AM M"3 in Benz.ene 
Thermocouple Location 

-

.. 6b 0 

60 
. 4o . 
1

5 0 

· . .3 0 

0 4' 

0 5' 
0 3' 

2 0 0 2' 
.-1 0 0 l' 

200 0 20' 
180 

Tbath oc T std cen°C 

22.6 20± 1 

Thermo-
couple 
Pair 

6 - 6 1 

6' - ice 
6 - ice 
4 - 4' 
4 - ice 
5 - 5' 
5 - ice 
3 - 3' 
3 - ice 

2 -2' 
2 -ice 
1 -1' 
1 -ice 

20 -20 
20 -ice 
18 -18' 
18 -ice 
18' -ice 

emf 
mv 

o.006xlo-l 

1.2415 . 
o.770x10"'."1 
1.2190 
o.ss,uo-~ 

0.955xlO-l 

o.974xlo-1 
1.2190 
1.1~0-l 
1.2177 .. 
i.~o-.l 

1.2150 
o.005xio-1 

6. T's, 0 c 

. 0.01 

31·5 ·1.sa1 
30.6 
2.192 

:2.337 

2.395 
30.6 
2.767 

30.6 
2.570 

30.4 
.013 

Heat Input to Measuring Cylinder 

Avg. Copper Temp, Tc = ,:>.S°C 

Rm.a'iW heater = Rm = 42·610 Q · 
emf . . = V = 25.sd+mv std resistor sr 
r . . . = r = o. 9538 n std resistor 

Current 
I = V sr = 

r 
Power 
Q = 12 R = . m 
Avg.6T = 7S!f" = · 
Thermal Conductivity 
K =QA I f:lT 

270.5 ma 

3.117S.Vatt 

2.357 °c 

A = 10. 549 x io-4 cm -1 · 

K = 13 e95xl0-4 wa~·· 
cm·-· C 

T = reference 
6 oc 29. 
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APPENDIX H 

MATERIALS AND APPARATUS 



MATERIALS 

This section contains the uses and specifications for the various 

materials used in this investigation. 

Acetone.- Technical grade. Used as washing and cleaningsolution 

for glassware and thermal conductivity cell. 

Benzene.- Reagent grade. Used to prepare solutions for thermal 

conductivity measurements. 

Benzene.- Purified grade. Used to rinse thermal conductivity cell, 

viscometers, and so forth. 

Cleaning solution.- Chromic acid in sulfuric acid. Constituents 

used to clean glassware. 

Distilled water.- Used as bath water and to check performance of 

thermal conductivity cell. 

Ethylene g1ycol.- Purified grade. Used to check performance of 

thermal conductivity cell. 

Methanol. - Certified grade. Used to prepare viscosity solutions 

in so-called theta-solvent. 

Po1ystyrene. - Industrial ( styron) samples at three molecular 

weights. Obtained from Dow Chemical Co., Midland, Mich. Used to 

prepare solutions for. thermal conductivity measurements. 

Thermocouple wire.- Iron, copper, and Constantan 30-guage thermo-

couple wire. Used to make thermocouples and as resistance wire for 

heaters. 
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Toluene.- Certified grade. Used in the cleaning of thermal conduc-

tivity cell. 

Wiring insulation.- Thermofit RNF, a type of heat-shrink polyolefin 

tubing. Obtained from Polyscientific Company, Division of Litton 

Industries, Blacksburg, Virginia. Used as outer sheathing for thermo-

couples and heater wires. 
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APPARATUS 

The following section is a listing of the apparatus used in this 

investigation. 

Balance.- Analytical, 100-gram capacity, Q.0001-gra.m increment. 

Model No. 220-D, Serial No. M-13860. Obtained f'rom Voland and Sons, Inc., 

New Rochelle, New York. Used for weighing polystyrene for thermal 

conductivity solutions and for density and viscosity weighings. 

Beckman thermometers.- Graduated in 1/100° C, range approximately 

O to 200° c. No. 2936, distributed by Eimes and Amend, New York. Used 

to calibrate differential thennocouples for thermal conductivity cell. 

Beckman-type thermometer.- Graduated in l/100° C, range approxi-

mately 0 to 100° c. Distributed by Fisher Scientific Company, Pittsburgh, 

Pennsylvania. Used to calibrate differential thermocouples for thermal 

conductivity cell. 

Bridge.- Kelvin-type bridge, range 0 to 10.l ohms in five ranges 

with overall limit of error O.l percent. Serial No. 5706, obtained 

from the Rubicon Division of Minneapolis-Honeywell Regulator Company, 

Philadelphia, Pennsylvania. Used to calibrate standard resistor for 

current measurement. 

Brid.ge.- Wheatstone-type portable bridge, range l ohm to lO.O meg-

ohm in seven ranges with overall limit of error O.l percent. Catalog 

No. l07l, obtained from the Rubicon Division of Minneapolis-Honeywell 

Regulator Company, Philadelphia, Pennsylvania. Used to calibrate 

heater resistor over temperature range, 20 to 30° c. 
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Cooling system.- Consisting of water cooling bath, agitators, pumps, 

auxiliary bath with thermo regulator capable of maintaining± 0.01° c. 

Model M-1, modified to include cooling coil. Obtained from Cannon 

Instrument Company, Boalsburg, Pennsylvania. Used for temperature con-

trol during thermocouple calibration, viscosity measurements, and thermal 

conductivity measurements. 

Electrical support equipment.- Various fixed and variable resistors, 

switches, ohmeters, voltmeters, appropriate for controlling and indica-

ting power input to thermal conductivity cell heaters. 

Galvanometer.- Spotlight, Series 34oo D.c., Serial No. ll7034, 

sensitivity 0.001 µamp per millimeter, dual 100 IIUII. scale, subdivided 

0-100 and 50 - 0 -50. Obtained from the Rubicon Division of 

Minneapolis-Honeywell Regulator Company, Philadelphia, Pennsylvania. 

Used in conjunction with potentiometer and the two bridges as a null 

detector. 

Glass thermometers.- Several T range -2 to 51° C by 0.1° C incre-

ments. Used to indicate bath temperatures for thermal conductivity and 

viscosity measurements. 

Glassware.- Various beakers, vials, Dewars, bottles, flasks, 

pipettes, burettes, and so forth. Used to prepare viscosity and 

thermal conductivity samples, and so forth. 

Magnetic stirrer.- Two, Catalog No. 14-411-2, ll5 volts, 50 to 

60 cycle, Q.2 amp., manufactured by Fisher Scientific Company. Used to 

stir solutions for thermal conductivity tests. 
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Osmometer.- High-speed membrane osmometer, manufactured by 

Mecbrolab Division of Hewlett-pa.ckard, Inc. Measurements made at 

NASA Langley Research Center, Hampton, Virginia. Used to measure 

number average molecular weights of polystyrene samples. 

Potentiometer.- Range 0 to 1.6 volts in three ranges with overall 

limit of error of 0.015 percent of reading, Serial No. 52218. Obtained 

from the Rubicon Division of Minneapolis-Honeywell Regulator Company, 

Philadelphia, Pennsylvania. Used for all thermocouple readings and to 

measure potential drop across the standard resistor. 

Power su;p;pl.y.- D.c., Sorenson, Model QM21.0 - 0.71, input ll5 volts, 

0.5 amps at 50/4-oo cycles; output 21 D.c. volts, 0.71 amps. Serial 

No. 7107. Used as power supply to ma.in heater of thermal conductivity 

cell. 

Power su;p;pl.y.- D.c., Sorenson, Model QM3.o - o.64, input ll5 volts, 

0.5 volt, 0.5 amp at 50/4-oo cycles; output 0.3 D.C. volt at 0.71 amp, 

Serial No. 5248. Used as a power supply to bottom guard heater of 

thermal conductivity cell. 

Power su;p;ply.- D.c., Sorenson, Model QM3.0 - 1.3, input ll5 volts, 

0.5 amp at 500 cycl.es; output 3.0 D.c. volts at 1.3 amps, Serial 

No. 5237. Used as power supply to bottom guard heater of thermal 

conductivity cell. 

Power suppl.y.- D.c. Model 850, Programmable Power Supply; input 

ll5 volts, output 0-15 volts, 0-1 a.mp, manufactured by Harrison 

Laboratories, Inc. Used as power supply to top guard heater of thermal 

conductivity cell. 
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Pyconometer.- Nominal 10.0 mi, Kimax Pyconometer, side arm with 

cap. Used to measure density of solvents for thermal conductivity tests. 

Resistor.- Copper wire wound resistor, nominal 0.1 ohm, calibrated. 

Used to measure current to thennal conductivity cell main heater. 

Shunt.- 0.1000 ohm, Leeds and Northrup Shunt, o.o4 percent accuracy. 

Used to check Kelvin Bridge when calibrating standard resistor. 

Thermocouples.- Made of 30-guage Copper-Constantan wire, 

Catalog No. 9Bl88, insulated with silicone-impregnated asbestos on each 

conductor and silicone-:iJD:pregnated fiber glass overall, manufactured by 

Honeywell, Inc. Calibrated and used as differential thermocouples in 

thermal conductivity cell. 

Stand.a.rd cell.- Eppley Model No. 2776, calibrated as 1.01923 volts. 

Used in conjunction with potentiometers. 

Thermocouple selector switch.- Lewis Engineering Company, low emf, 

silver contact thermocouple selector switch, 20-position. Used to 

select thermocouples read with potentiometer. 

Therma.l conductivity cell.- Designed and constructed at VPI for 

this experiment (see detailed drawings and description elsewhere in 

text). 

Timers.- Precision time-it timers, in seconds and tenths, 115 volts, 

60 cycles, 5 watts. Used to time viscosity tests. 

Transformers.- Sola constant voltage transformer, Catalog No. 308o6, 

single phase, 120-volt, 60-cycle input; ll5-volt, 1.04-a.mp output, 

produced by Sola Electric Company, Chicago, Illinois. Used to stabilize 

input to power supplies. 
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Viscometers.- Cannon-Fenske routine-type visconnectors, various 

calibrated by Epps (7). Used to determine limiting viscosity number 

of polystyrene in solvents and the apparent viscosity of polymer 

solutions. 

Voltage stabilizer.- Serial No. 6,487, input 95-130 volts, 

1.25 amps, 60 cycles, single phase, output 115 volts, 60 watts, produced 

by Raytheon Manufacturing Company, Waltham, Massachusetts. Used to 

stabilize input to power supplies. 
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MOLECULAR WEIGHT AND CONCENTRATION 

DEPENDENCE OF THE THERMAL CONDUCTIVITY 

OF POLYSTYRENE IN BENZENE 

By 

Lionel B. Epps, Jr. 

ABSTRACT 

The thermal conductivities of polystyrene in benzene solutions at 

concentrations of O.l to 15 weight percent were measured at 25° C and 

atmospheric pressure. Osmotic pressure measurements and information 

supplied by the manufacturer indicated number average molecular weights 

(~} of 21,000, 264,ooo, and 660,000 for the three polystyrene polymers 

studied. The following equation was obtained by regression analysis of 

the results and predicts the measured thermal conductivity within 

± 2 percent in the range of variables studied. 
·2 

K = o.1o88 - o.13u c + 0.57629 c2 - 6.4o x lo-5 (~ x lo-5) 

- 4.2 x lo-3 c(~ x lo-5) 

where: K = thermal conductivity of solution, Btu/hr-ft-°F 

C = weight fraction polymer 

~ = number average molecular weight 

The conductivities were measured in a steady-state concentric cylinder 

apparatus developed for measuring the thermal conductivity of viscous 

liquids. The annular gap was 0.052 inches and guard heaters were 

employed to minimize end losses and distortion of the steady-state 



temperature distribution at the ends. The apparatus was calibrated 

with three liquids of known thermal conductivity, water, cyclohexanol 

and ethylene glycol. The calibration factor was found to be constant 

to within experimental error (± 3 percent) over the range of 

measurements. 
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