J3s38

NATIONAL LIBRARY

NL~91

BIBLIOTHEQUE NATIONALE

OTTAWA OTTAWA

CANADA

ﬁ W . gRaZ:éﬁ

Nm OF AUTHOR....ZSD‘&IY‘C ........‘.......l.l...ﬂ.l......l.l.'

TITLE OF THESIS...WHE...EECELT.. OF. PRESSURE

o Tyee RadiaTion T Nduesd

0200000008008 000¢0008 00000000 @IBSIAROCIIOIODPSIDBOTROIOEOROEBTOSTES

Con DueTAWCE o ki duid HY DK oCALK /S

.......I.....C.........'l.o.....l. LGS I B B B B B B O

ONIVERSITY. . (LB ERTA e
DEGREE oo PA s Dievveee oo YEAR cRanTED... (945, ........

Permission is hereby granted to fHE NATIONAL
LIBRARY OF CANADA to microfilm this thesis and to
lend or sell copies of the film.

The author reserves other publication rights,
and neither the thesis nor extensive extracts from

it may be printed or otherwise reproduced without

the author's written permission. . é
(Signed) ,2 k\?.-. o,

PERMANENT ADDRESS:
UputiesiTy, o7, mores dorre
NITRE,  JATE o1 AniA

DATEnAa.fO. AR Y 2 4¢SS



THE UNIVERSITY OF ALBERTA

"PHE EFFECT OF PRESSURE ON THE RADIATION INDUCED

CONDUCTANCE OF LIQﬁID HYDROCARBONS

by

@ DAVID WALTER BRAZIER

badl

. A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
of

DOCTOR OF PHILOSOPHY

DEPARTMENT OF CHEMISTRY

EDMONTON, ALBERTA

July, 1968



ii

THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES

The undersigned hereby certify that they have read,
and recommend to the Faculty of Graduate‘Studies for
acceptance, a .thesis enfitled

"QHE EFFECT OF PRESSURE ON THE RADIATION INDUCED

CONDUCTANCE OF LIQUID HYDROCARBONS"
submitted by DAVID WALTER BRAZIER, M.Sc., in partial
fulfilment of the requirements for the degree of
Doctor of Philosophy.
/L££¢ﬁn9«_,/

\

Supérvisor

B NP
Bppon Jrnied )
e,
FREN
E\W 0l D,

External Examiner (

Date [4f;fi%7(ésg



iii

"ABSTRACT

The effect of pressures.up to 4000 bars upon the con-
ductance induced in hydrocarbon liquids by y-radiation was
studied. The hydrocarbons investigated include n-pentane,
n-hexane, n-octane, methylcyclohexane, cyclopentane and
2,2—dimethylbutane. |

To relate the observed pressure dependence of the
induced conductance to the yield of ffee ions generated
in the hydrocarbons, it was necessary to determine the
pressure dependence of the viscosity, dielectric constant
and density of the hydrocarbons over the same pressure
range. The pressure dependence of viscosity was deter-
mined by a rolling ball technique; For density determin-
ations a bellows dilatometer was used.

At ‘all pressures employed the induced conductance in

the hydrocarbons was a linear function of the applied

4 evV/ml sec. The

field at dose rates of 1 to 6 x 10t
maximum applied field was 2500 V/cm. In 2,2-dimethyl-
butane the induced conductance is a function of the
absorbed dose.

| Because of uncertainties in the radiolytic ion mo-
bilities, two limiting cases for the variation of G
with pressure have been considered. (i) If Waldens rule

is assumed to apply then Gg; decreases with increasing

pressure, the relative Gfi at 4000 bars being 0.67
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(n-pentane) , 0.67 (n-hexane) , 0.72 (n-octane) ,.and 0.80
(méthchycloheQane and cyclopentane).v(ii) Conversely,
if Gey is assumed to be independent of pressure then

b at atmospheric pressure in

uan

is 1.20 for hexane, octane and methylcyclohexane, 1.40
for n-pentane and 0.96 for cyclopentane. The volumes
of activation for the induced conductance are consist-

ent with the ions being of molecular dimensions.
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Section I

INTRODUCTION

(a) Historical Background.

The ability of high energy radiations to icnize a
medium through which they passed was one of the first
properties of such radiations to be disccvered. After the
discovery of X-rays by Roentgen in 1895 (1,2), numerous
authors (3-5) almost simultanecusly reported that exposure
of a gas to.;he new "Roentgen rays" resulted in the gas
being rendered caéable of supporting a flow of electricity.
No such conductance was apparent in the absence of radi-
ation.

A short time later,.Curie (6) reported an induced
conductance when such dielectric liquids as carbon disul-
phide, carbon tetrachloride, benzene and petroleum ether
were exposed to X-rays and radium y-rays. In 1902,
Becquerel (7) found an induced current in a paraffin solid
when the solid was exposed to radium y-rays. The frequent
use of the term "ionizing radiations' to describe high
energy radiations is thus apparent.

Over the twenty year pericd after the discovery of
X-rays and other high energy radiations, research into
gas phase ionization proceeded at a tremendoﬁs rate.
Interest in liquid and solid phase ionization on the other

hand was small.



To cover the early work on gas phase ionization would
require several volumes and the interested reader is
referred to the numerous texts on gas iOnization chambers
and counters; (8;9).

Certain concepts, fundamental to the fate of ions
produced during ionization and to radiation pﬁysics and
chemistry in general, were developed over the early period
of-gés phaée ionization investigations. The immediate
concern of the investigators was to explain the observed
dependence of the ion current upon the applied cbllecting
electrical field. The characteristic ion current-applied
field dependence is illustrated in Figure 1 for a typical
gas. The actual shape of the curve is dose rate dependené
‘and the curve illustrated. is thé type that is obtained at
low dose rates.

ion
current

applied field

FIGURE -1




The.shape of the curve was explained in terms of the
effect of field strength on the competition between ion
recombination processes and the collection of the ions

at the electrodes (5;10,11). At low'collecting fields
(section AB of curve in Figure 1), the field‘is insuf-
gicieﬁt to collect all the ions produced and the observed
ion current is field dependent. In this region ion re-
combination is appreciable. As the collecting field is
increased the so called "saturation current", character-
. 'ized by the plateau between B and C, is reached. All the
ions are being collected over this ?egion. Increasing
the field beyond the point C results in acceleration of
the electrons to an extent where they can cause further
ionization and hence the ion current increases. 1In the
case of liquids, dielectric breakdown occurs at applied
fields much less than the fielé réquired to reach the
saturation current and the saturation plateau is never
reached. (12).

In 1913, Jaffe (13) published his theory of "columnar
ionization" for the ionization of fluids by heavy particles.
The theory was successful in éxplaining the current-field
characteristics observed in the a~-particle ionization of
gases (14,15). Qualitative agreement with the theory was:
also found for the X-ray (16,17) and y-ray (18) ionization

of liquids. A later modification of Jaffe's theory by
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Kramers (19), also found only limited success (26,21).

The failure of Jaffe's theory when applied to radi-
ations of low ionizing power is not surprising considering
his assumption of a uniform ionization density. The spatial
distribution of ionization events had been shown as early
as 1911 (22) to be quite different for various radiations.
A theory of initial recombination, developed by Onsager
(23) for the recombination of isolated ion pairs generated
in high pressure gases, has recently been applied success-
fully to the field dependence of conductance in dieléctric
liquids (24,25).

The scarce work available on the induced conductance
in dielectric liquids pribr to 1960, has been reviewed by
several authors (26,27,28). A considerable number of the
investigations were prompted by a need for the understanding
of the intrinsic (or background) cénductance of insulating_
oils. It is of historical interest to note that the -intrin-
sic conductance of a dielectric liquid was once considered
to arise from natural cosmic radiation (29,30). Today,
the intrinsic conductivity is generally attributed to
either,.or both, ionic impurities and thermionic emission
from the cathode (27).

Ionic processes dq not alone account for the observed
radiolysis products of various compounds. Measurements of
W (31), the amount of energy required to produce an ion pair,

showed that approximately equal amounts of excitation and
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ionization result when a high energy radiation beaﬁ tra-
verses a»medium; Only the results of ionization events
can contribute to an induced current.

. Extensive radiolytic mechanisms involving excited
-neutral.molecules and molecular fragments are to be found
in the literature (32,33). A technique to distinguish the
relative contributions of ionic and neutral processes to |
the overall radiolyses of gases was developed by Essex (34).
The method consists of determining the ionic yield (number
of molecules of a particular type produced or destroyed per
jon pair formed) as a function of the applied electrical

field.

(B) The Nature of Radiation Induced Ionization Processes.

The production of ion pairs in a medium exposed to
electromagnetic radiation (x or gamﬁa-rays), fast electrons
or heavy charged particles, results from the physical inter-
action of the radiation with the orbital electrons of the
molecules of the medium. A brief account of the nature of
these interactions wiil now be given for gamma radiation
and for fast electrons.

(1) . Interaction of y-Radiation with Matter.

Studies to be presented later, utilized the y-
emission of cobalt-60, a radioisotope produced from natural

cobalt by neutron capture. 60Cobalt decays with a half life



of 5.26 years (35) to nuclear excited states of 60Ni.,
the latter decaYing to the ground state Qith the emission
of two y-rays with energies of 1.17 and 1.33 Mev.

The overall attenuation of electromagnetic radia-

tion obeys the exponential law
I=1e " (1-1)

whereIo is.the incident oeaﬁ.intensity,Z[theuintensity after
travelling a distance X in the medium, and p is the total
linear absorption coefficieht.

Energy'is transferred to the medium by several pro-
cesses, the most important of Wthh are'duaphotoelectrlc
effect, pair production and Compton absorption (or scatt-
ering) (36).

The photoelectrlc effect results in the eJectlon of
an orbital electron, with an energy equivalent to that of
the 1nc1dent photon less the binding energy of the electron.
The greatest probability of interaction by the photoelectric
effect occurs when the incident photon energy is comparable
to, but just greater than, the binding energy of the
electron (283 eV for a carbon K shell electron (37)). For

gamma radiation from 60

Co. (energy > 1 MeV) the photoelec-
tric effect does not contribute appreciably to ionization.
In pair production, the photon interacts with the

nucleus of an atom and generates an electron-positron pair.
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As the rest mass energy of an elecéron is 0.511 Mev,
pair production can only occur with incident photons of
energy greater than'l:OZ MeV; The pair production
cross section is negiigiﬁle at energies less than 2 MeV
(36) and the process does not contribute to ionization
at 60Co Y-ray energies.

Compton absorption, the only important mode of
interaction for gamma energies around 1 MeV, occurs when
the photon collides with an electron (either boﬁnd and
.~freé). The electron is ejected from the atom and the
| photon scattered, such that momentum between the ejected
electron and the photon is conserved. The maximum ener-
gies of the ejected electrons (calculated using a relation
given by Compton (39)) for incident gammas of 1.17 and 1.33
MeV are 0.96 and 1.12 MeV respectively. For 1 MeV gammas,
the absorption and scattering coefficients are approxim-
ately equal (36) so the average energy of the ejected

60Co gammas are 0.59 and 0.67 MeV.

electrons for the two’
The primary interaction of a 60Co gamma with matter thus
produces an electron with an energy between zero and 1.12

MeV. The Compton electrons so produced are attenuated in

a similar manner to fast electrons from other sources.

(2) Energy Loss by Energetic Electrons.

Energetic electrons lose energy to a medium by one or



more of the following three ways; inelastic scattering,
elastic scattering; emission of radiation (Bremstrahlung).'
For Compton electrons generated by 60Co gammas essen-
tially only inelastic collisions contribute to.ionization.
Bethe (39) developed the following relation for the rate

of kinetic energy loss of electrons by collision as a

function of path length traversed.

2

Y M VD
@Dy = e hyy e L (2/1-6%-1467) 1n2
M V" 21°(1~-8%)

+ 1-8%) + ta-/1-652 ] (1-i1)
where N is the number of afoms/cm3, Z is the number of
electrons/atom, T is the relativistic kinetic eﬁeréy of
the electron with velocity V, I is the average excitation
potential of the atom and B is the ratio v/d, when C is
the velocity of light. The Bethe equation is only valid
for incident electrons with kinetic energy in excess of
the average excitation potential of the medium. The
value of I may be calculated (40) but is generally obtained
by fitting the Bethe equation to experimentally determined
electron energy-range data (31).

.The manner by which electrons with energies less than
I lose their energy is uncertain. The Bethe equation has

been used down to energies of about 20 eV by assuming only



theivalence electrons contribute tb attenuation, (25,41).
The excitation and ionization events along the track
of a high energy particle are complete in approximately
10713 secs. In this time; it has been estimated that a 1
MeV electron causes 3 to 4 x 104 ionization events and

produces 5 to 8 x 104 ekcited molecules (42).

(3) Electron Range.

In recent studies of radiation induced conductance
(25) and in some aspects of radiolysis in general (12) in-
forﬁation as to the initial separation distances of the
positive ion and its corresponding thermalised* electron

(or negative species) has become increasingly important.

The range, R, of an electron may be calculated from |
the collisional energy loss relation (I-ii) by integra-

tion.

T dr

R = fI - dg/i(af)coll (I-iii)

The same limitations of T >> I placed on the Bethe
equation applies to (I-iii). Comparison of experimentally
determined electron ranges (43-45) indicates good agree-
nment with those calculated by (I-iii) when the electron

energy is greater than 20 keV (40,46) but below this energy

*
A thermalised electron is an electron in thermal equilib-
rium with its environment.
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there is serious discrepancy. In general, electron
ranges calculated by relation (I—iii).are lower than the
experimental values; the difference incre;sing as the
eleqtron energy decreases;

No satisfactory treatmeﬁt of electron ranges for
energies less than I exists. Samuel and Magee.(47) est-
imated the range of a 15 eV electron in water to be 12.5
or 18 i depending upon the fractional energy loss per
collision that they assumed. These values were obtained
by considering the electron to lose energy by collision
and by interaction with the coulombic field of the parent
positive ion. Platzman (48) on the other hand, has est-
imated the range of a 10 eV electron in water to be
about 50‘£. | |

An alternative arbitrary procedure used by Freeman
(24,25,49) consists of extrapolating the electron energy-
range plot to lower energies. Employing the data of Lea
(50) for the range of electrons in water with energies of 1
keV and greater, a range of 14 i was obtained for a 15 eV
electron by extrapolation using a parabolic function.
Ranges in other liquids were calculated using the Bethe
equation.

Hummel, Allen and Watson (46) found that in order to

fit their radiation induced conductance data from n-hexane,

the electron had to be given a range considerably greater
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than that calculated by relation (I-iii). At the present
time the range of low energy electrons is unknown with

any certainty.

(4) Spatial Distribution of Ionization Events.

The rate of loss of kinetic energy of an energetic
particle is often referred to as the LET value (Linear
Energy Transfer) of the particle. The average LET of
the Compton electrons generated in water by 60Co gammas
is 0.02 eV/A (51).

The minimum LET for an electron occurs at an
electron energy of about 1 MeV and increases as the energy
decreases. Taking the LET value of a 1 MeV electron as
unity, the relative LET values of 100,10 and 1 keV elect-
rons are 2.1, 11.5 and 61.5 respectively (52). The den-
sity of ionization and excitation events therefore increases
towards the end of an electron track.

The locations of excitation and ionization events
along a particle track are called spurs. A spur may contain
one or more jonization events. Occasionally a secondary
electron may be ejected with sufficient energy to produce
a true divergent track (6-ray).

In a recent analysis of electron tracks (53) a track
was divided into three entities, called spurs, blobs and

short tracks, which were distinguishable in terms of the
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amount of energy expended in their formation. A spur
results from a glancing encounter of the incident elect-
ron and involves energy losses of up to 100 eV. Blobs

and short tracks both arise from &-rays, the former from
low energy 6's (& 100 eV to ~ 500 eV) and the latter

from relativeiy high energy §'s (& 500 eV to v 5 keV). As
the energy of the electron increases the incidence of
spurs increases whilst the formation of short tracks de-
creases. Blob formation on the other hand remains practi-
cally constant and independent of the incident electron

energy.

(c) Radiation Induced Conductance in Dielectric Liquids.

(1) Free Ion Yield and Conductance.

Thé ionic reactions occurring during the initial
stages of the radiolysis of a liqﬁid may be represented
by the following sequence (12,25,49).

| Moo o+ e (1)
it o+ Mp > [XT 4 -] (2)
] (3)

[e + aM] > e solv

- + . . .
le go1v T X 1 + [geminate neutralization] (4)
- + .
> e gy T X (free ions) (5)
e +x7 - random neutralization (6) .

solv

Species inside a spur are shown in square brackets. If
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reaction (2) does nof occur then iyis Mt in the above
sequence. |

The magnitude of the radiation induced conductance
observed in sﬁch a liquid is determined by the competition
between reacfions.(4) and (5). Ions removed by geminate
neutralization cannot cﬁntribute to the ion current.

In general, geminate neutralization will occur if
the coulombic attraction between the ions exceeds thermal
energy. A critical distance, Tor at which the_coulombic

interaction is equal to the thermal energy is givén by

.EZ
r,= = : (I-iv)
ekT )

where £ is the charge on the ions (e.s.u. units), € is
the dielectric constant and kT the thermal energy (4.07 x

1614

ergs at 22°C).

At a steady state concentration of ions, i.e. when '
the applied field is low such that the majority of the free
ions are disappearing'by mutual neutralization, the yield

of reaction 5 is given by (54-56)

2
Gg; = 100 | =5 (I-v)
“LIu
where Gfi is the number of free ions formed per 100 eV of

energy absorbed, k is the geminate neutralization rate
(cm3/ion sec), I is the dose rate (eV/ml sec), u is the

sum of the positive and negative ion mobilities (cm2/v sec)



- 14 -

and K is the conductivity;

In order to calculate Gfi directly from (I-v) the
éeminate neutralization rate constant k, and the mobili-
ties would have to be known. As yet no method of measuring
k directly is available but the ratio k/u is given by the

Debye formulae (57)

"k _. dne et
T T e (I-vi)

where e is the charge on the ion (esu units) and € is the
dielectric constant. :The value of u cah be measured, so
that of k can be obtained. Alternatively, when the value

of u is unknown, both k and u may be estimated using
theoretical and semiempirical relations (54). Assuming
géminate neutralization to occur with unit encounter effici-

ency, k is given by the relation (58)
k = 4nr (D + D) (I-vii)

where r is the ihteraction distance (or collision radius)
and D is the diffusion coefficient of the respective ion.
Relation (I-vii) was originally developed for the rate of
coagulation éf ions in colloidal suspensions and in the
present application r may be equated to r, (relation I-iv).
The diffusioﬁ coefficient in unassociated liquids

may be obtained from the empirical equation (59)
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D= 7.4 x 10-10 TMo.;/nvo.e (I-viii)

where.n is the viscdsity of the solution (poise), M is the
molar weight of the solvent (grams) and V is the molar vol-
ume of the ions. The agreement between diffusion coeffic-
ients calculated by relation (I-viii) and those obtained
experimentally is generally only fair especially at low
temperatures (60).

| The diffusion coefficient of an ion is related to
the mobility of the ion by the equafion (19)

ukT

D =
C

(I-ix)
where c is the charge on the ions in units of electronic
charge. Suitable rearrangement of (I-vii, viii and ix)
followed~by substitution in (I-v) yields for Ggyr after
proper conversion of units (54),~

v0.6 2
5

38 3 K (I-x)
M"*"Ie '

Gfi = 4.1 x 10

Table I-C-I contains some representative literature

data on G_, and ion mobilities (positive and negative ions)

fi
in various liquids (25,55,56,61-68). Other values for

mobilities are to be found in a recent review (69).

(2) Ion Mobilities in Dielectric Liquids.

The agreement between literature values, for the

mobilities of ions in dielectric liquids is not good,
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TABLE TI-C~I

G.. and Ion Mobilities. (v Room Temperature)

fi
: 3 3
Compound Gey u, x 10 u_ x 10 Reference
cmz/v sec . sz/v sec
n-Pentane 0.12 - 0.82 1.50 61
0.10 - - 62
0.145 -—— —— 68
n~Hexane 0.09 . m— —— 55
0.10 - - 25
0.11 0.64 1.11 61
0.09 0.85 0.91 " 62
0.13 - - 63
0.10 0.66 1.27 56
0.131 -—= ale 68
n-Heptane 0.09 0.65 0.72 62
n-Octane 0.124  =--- ——- 68
—— . 0.34 - 0,15 0.18 65 .
- 0.24 0.44 66,67
Cyclohexane 0.06 0.47 0.56 62
. 0.11 0.21 0.38 61
0.08 - -— 64
0.148 - - 68
2,2-dimethylbutane 0.40 0.48 0.97 61
(neohexane) 0.304 - —— 68
2,2-dimethylpropane 0.74 0.62 1.36 61
(neopentane) 0.857 -—- -—- 68
2,2,4-trimethylpent- 0.332 - -—— 68

ane

cont'd....
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cyclopentane 0.155 -— -—- 68
3-methylpentane 0.146 - - 68
2,3-dimethylpentane 0.192 —-—— —— 68
diethyl ether 0.350 -—— ——— 68
0.19 - - 25

Carbon tetrachloride 0.068 0.43 0.43 56
0.096 - - 68

Carbon disulphide 0.314 - - 68

" Water 2.7 - —-—— 77
: - - 1.8 77a
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especially in the case of the negative ions. The question
arises as to what negative species the determined mobility
refers. The negativelépecies are not quasi-free electrons*
because the mobilities are too small. For.example, in
liquid argon, where the electron is considered to be quasi-
free,iits mobility is 500 cmz/V sec, (71) compéred to 0.22
cmz/V sec (72) in helium, in which the electron is local-
ised. 1In most experiments with hydrocarbon liquids trace
impurities capable of reacting with electrous to give mole-
cular ions were probably present. |
‘ Addition of 2% carbon tetrachloride, which is known
to capture electrons (73), did not alter the measured con-
ductance or Gfi free ion of n-hexane (46) and only a small
change in the negative ion mobility was observed. On the
other hané the mobility was decreased by about a factor
of two when 2% tetrahydrofuran was added. It is possible
that the negative oxygen ion from oxygen electron capture
is always present even in so-called degassed samples (46).

The dependence of the ion mobilities on the viscosity
of the hydrocarbon has been generalized by the relation
(69,74).

pen® | (1-x1)

where x varies between 1 and 2 depending upon the liquid

* In a condensed medium the electron can never be completely
free. An electron that is not localised is described as
quasi-free (70). :



- 19 -

and ion. For positive ions in- hydrocarbons (65,66,75)
x is about 3/2 whereas for negative ions it is about

1 (67,76).

(3) Dependence of Radiation Induced Conductance on

. Dielectric Constant.

From equation (I-iv), the critical separation
distance r, may be calculated for different liquids. 1In
cyclohexane, for example, € is 2.02 and ry is 280 R where-
as, in water, r, is 7 i for the static dielectric con-
stant of 79. In water, therefore, assuming that the elect-
ron thermalization distance is apprbximately the same for
both compounds, a larger fraction of ion pairs would be
generated with separation distances greater than I, The
free ion yield should therefore increase. The experimental
value of Gg, for water is 2.7 (77) compared to 0.11 for
cyclohexane (61).

Using Onsagers theory (23) for geminate neutraliza-
tion, along with the distribution of ion-electron separation
distances, Freeman and Fayadh (25) successfully interpreted
the dielectric constant dependence of Gfi; The value of

Gfi was calculated from the relation,

= N(y)¢>(Y)dy x G

£ N (y)dy (total ionization) (I-xii)

where G is the yield of ions from reaction

(total ionization)
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1l (page 12 ), N(y) is the relative-number of thermalized
sécohdary electrons that have an initial separation dis-
tance y from their parent positive ions and ¢(y) is the
probability that an ion pair of initial separation y will
escape geminate neutralization. According to Onsager (23)
the latter probability is given by e-rc/y.

Assuming G was 3-4 (later esti-~

(total ionization)
mates are closer to 4(12)), a sétisfactory agreement be-
tween the observed and calculated Gfi was found for several
compounds with dielectric constant between about 2 and 79 |
(12,25). Onsagers theory (23) has also been used in the
interpretation of the observed temperature dependence of

G.: (46).

fi
The dielectric constant dependence of the geminate

neutralization rate constant is given in equation I-iii.

Typical calculated values of k/uare 0.96 x 10-'6 V/cm for

6 V/cm for cyclohexane. The value

n-hexane and 0.89 x 10
of k/u may be determined experimentally from the rate of
decay of the induced current after a pulée of radiation
(46,56,60). The value of k in n-hexane at room temper-

9 cm3/ion sec. The temperature

ature is about 2 x 10~
'dependence of the dielectric constant of low dielectric
constant liquids is small and the major temperature de-

pendence of k arises from variations in u with temperature.
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(4) G free-ions.

The yield of free ions.for straight chain hydro-
carbons,all are close to 0;1; However when methyllsubstitu-
ents are introduced into the chain the free ion yield in-
creases (61,68). Gibaud (78) also noted a significant
increase in the induced current when methyl substituents
were preseht in the alkane chain, whereas little effect
of methyl substituents in the aromatic ring was observed.

' Aé yet none of the models for electron thermalization
(25,79) can explain the higher free ion yields in liquids
made up of more "spherical" molecules. It is considered
(25) that the electron range prior.to localization must
increase so that the pfobability of geminate neutfalizatién

is reduced.

(5) Field Dependence of Radiation Induced Conductance.

Few studies have been made covering both a wide
range of dose rates and field strengths (24,80). The vari-
ation in conductance with increasing field strength is
dependent upon the dose rate. The variation may be

12 eV/ml sec) the

summarized (a) at low dose rates (5.10
number of ions undergoing neutralization at the electrodes
is appreciable and increases as the applied field increases

above about 1 kV/cm. The steady state concentration of

ions in the ligquid then decreases and the conductance falls.
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(b) At high dose rétes (" 1015 eV/ml sec) the majority 6f
the ions undergo random néutralization in the liquid. The
conductance is then independent of applied field until

the field is of sufficient magnitude (% 2 kV/cm) to
physically assist the ions in escaping each others coulombic
attraétion. The conductance then increases. |

Onsagers theory (23) was shown to adequately des-
cribe the field dependence of the induced conductance at
all dose rates employed (24);

Numerous other studies have been made on the field
dependence of the induced ion current in the low dose rate
region and the results have been discussed in several re-
views (18,28,74); In general, the results were interpreteé
in terms of Jaffe's (13) or Kramer's (19) theories (see
'Sectiqn lA) regardless of the LET of the radiation employed
in the study. ‘

Figure 2 shows the dependence of the induced current

upon the applied field undér low dose rate conditions (74).

Ion /
Current ’ /

FIGURE 2.

Field E
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The field dependence is described by the relation
I f_Io + cE (E } El) (I-xiv)

Values of Gg; calculated from I, in hexane at room temper-
ature were 30% higher than those calculated from the iow
field éonductance (81) and the physical significance of I,
was questioned. The use of Jaffe's theory for radiation
of low LET (X or y) has also béen objected to (12).

In some investigations (82,83) a rise in the induced
currenﬁ at high field strengths (dashed curve in Figure 2)
was found and was attributed to ion multiplication processes
as found in irradiated gases. Arguments for (84,85) and
against (86) electron multiplication in very pure low di-

electric constant liquids are to be found in the literature

but as yet the problem remains unresolved.

(D) The Effect of Pressure upon Transport Processes in
Liquids.
(1) General Considerations.

The ultimate interpretation of the mechanism of
electrical conductance requires a knowledge of such trans-
port properties as viscosity, diffusion and ion mobility.
Unfortunately these processes in turn require an adequate
description of the liquid state and no such description, as
yet, exists.

The more rigorous treatments of the liquid state (87)
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in terms of'thé intermbléculér forces are hampered by diffi-
cult mathematics and a lack of availability of liquid cor-
relation functions; Some simpier models (88-92) of the
liquid state based upon the free volume and excess volume
concepts, however, are more suited to a discussion of pres-
sure effects because the major effect of pressure is to
reduce the free volume. The latter fact is substantiated by
compressibility measurements (93). The compressibility of
organic liquids vary by approximately a factor of ten at
atmOSpﬁeric pressure whereas at about 12000 bars the variation
is only by a factor of about 1.5. The compressibility also
decreases as the pressure increases, the most rapid decrease
being observed over the first 1000 bars.

| The free volume, Vf, of a liquid may be defined as
~ the difference between the total volume of the liguid and
the actual volume of the molecules themselves. For cubical

packing (89,90)

3

Ve =8 wi/3-a) (I-xv)

where V is the volume inhabited (molar volume/Avogadros
number) and d is the incompressible diameter of the mole-
cule. The excess volume, as used in the significant struc-
_ture theory (91,92) is the molar volume of the liquid state
ljess themolar volume of the solid state. The excess volume

per molecule is less than the free volume per molecule
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because even in the clecsest possible packing a certain
‘volume exists which is inaccessible to the molecules by
virtue of their,shape;

The application of the~theory of rate processes (88,
90) to transport processes in liquids has met with some
success. According to this theory in order for a molecﬁle
to be transported from one equilibrium position to another
a potential barrier must bé surmounted. The.energy versus

displacement distance diagram is depicted in Figure 3(90).

Energy FIGURE 3

Distance

‘The solid line represents the situation with regards to
diffusion for which the potential barrier is equal in all
directions. The application of a force (e.g. a shearing
force for viscosity or an electrical field for ion mob-
ility) results in a reduction of the height of the barrier
in the direction of the applied force (dashed line).

The pressure depehdence of the rate constant for
such a process may be expressed as follows (94,95)

dlnk _

_ $ i
RT 55 AV (I-xvi)
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where.A + represents the increase iﬁ volume on formiﬁg
the transition state; Relation (I—xvi) is extensively
used in high pressure reaction kinetic studies to inter-
pret the observed pressure dependence of reaction rates
(95,97) .

If the sién of AV=|= is known or may be estimated
for a given reaction, the effect of pressure upon that
reaction may be predicted on the basis of le Chatelier's
principle. .

Usually AV# for transport processes is positive
and the rate of such processes will therefore decrease
with applied pressure. AV+ is considered (90) to be the
increase in the volume of the system reqﬁired for a mole-
cule to move from one equilibrium portion to another.

Other simple models for transport processes in terms
of the available volume in a liquia have been suggested
(98,99) but, like the above, none is completely satisfact-
ory (100). A more recént aéproach, the significant struc-
ture theory (92) leads to the conclusion that the rates
of transport processes are dependent on the excess volume
(VL—VS). The viscosity (or reciprocal fluidity) for

example, is inversely proportional to the excess volume.

(I-x%xvii)
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This form is similar to.that.derived earlier by
Batschinski (101). |

It has been suggested (102-105) that pressure studies
of conductance in conjunction with the transition state
approaéh may leadAﬁo an understanding of the limiting molar
conductance. waever, as yet insufficient experimental
data are available. None of the simple models alloﬁ for
specific liquid or molecular structure effect on the trans-
port processes when the pressure is applied. Liquid struc-
ture (93) and molecular structure (106), however are known
to exercise an influence upon the pressure dependence of

viscosity.

(2) The Effect of Pressure on Ionic Conductance.

The measurement of electrical conductance at elevated
pressures is not only important for its own sake, but it
also furnishes a technique for the study of ionic equilibrium
at high pressures (95,97). The variation of conductance with
pressure is generally interpreted in terms of Fhe effect of
pressure upon the density, viScosity and dielectric constant
of the solvent.

The effect of pressure on the conductance of electro-

lytes in agueous solutions may be summarized as follows (95).

(i) Strong Electrolytes.

At room temperature the limiting molar conductances
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(LMC) of salts either increases or remains constant over
the first 1000 bérs, after which they decrease in a paral-
lel manner with the viscosity; |
At low temperatufe (¥ 15°C), the viscosity of water
initially décreases‘with increasing pressure (93,107),'
reaches a minimum at approximately 1000 bars, and tﬁen in-
creases with a  further increase in pressure. At 30°C the
viscosity increases over the complete pressure range. The
initial rise in conductance at rooﬁ temperature (& 25°) is
attributed to extra structure béing present in the water.
bécause of the presence of ions. The pressure dependence
of the viscosity would then be similar to that at the lower

temperatures.

The LMC of weak electrolytes increases with incfeasing
pressure and reflects the effect of pressure upoh the ionic
equilibria between undissociated solute and ions. Since the
LMC inéreases withAapplied pressure, the volume of activa-
tion (AV+) for the process is negative. The hegative AV+ is
accounted for in terms of increased electrostriction i.e.
the decrease in volume of the solvent in the vicinity of
the ions (95).

Of more interest to the work to be presented later ié
the effect of preséure upon conductance in low dielectric

constant media. When the dielectric constant of the solvent
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ié decreésed,‘the coulombic interaction between the ions
increases. .The interaction energy is given by Ez/er, where
all symbols have the same meaning_as in relation (I-iv)
except r which is now the actual ion separation distance.
A situation results in which the ions are associated in
pairs, triplets'and higher clusters depending upon fhe
concentration of ions (108). The formation of an ion pair
reduces the conductance because a neutral pair can no
longer contribute to charge transport.' An ion triplet,
on the other hand, can transfer charge.

Increasing the pressure upon such a system alters the

dynamic equilibrium for ion pairs

ion(l) + ion(2) 2 ion pair (12) (I-xviii)

and also the equilibrium of higher ion aggregates. Super-
imposed upon this pressure effect is the decrease in conduct-
. ance because of the increased viscosity of the solvent.

The critical concentration at 20°C, above which ion
triplets are produced and below which ion pairs and freé ion

exist is given by (108)

c, =3.2x 1077 &3 (I-xix)

where Co is the critical concentration and € is the dielectric

constant of the solvent. For hydrocarbons, € is about 2

and Co therefore is about 2.6 x 10-6M.
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The effect of pressure upon conductance in diethyl

ether and benzene (109) toluene (110) and methanol (111)
has been investigated and the results confirm the presence
of ion pairs ad higher aggreggtes.. For the syétem tetra-
isoamylammonium éicrate in ether (109) at concentrations
where ion triplets are present, the conductance increases
with increasing pressure but a larger increase with pres-
sure is observed at lower concentrations where ion pairs
predominate. The variation of the pressure dependence of
the Eonductance with concentration is explained in terms
of the increased viscosity and dielectric constant of
- the ether. 1Increasing the dielectric constant decreases
_ both ion pair and ion triplet association.

 The steady state concentration of ions produced in
a hydrocarbon during radiolysis is given by (25)

10'21Gfi

n= -— (I-xx)
k

where n is the concentration of ions (ions/cm3) and the
other symbols have the same meaning as previously given
in Section I-C. For n-hexane at room temperature, Gfi

is 0.1 (25) and k is 2 x 1072 cm3/ion sec, therefore at

15

a dose rate of 1 x 10 eV/ml sec, n is 2 x 10ll ions/cm3

or 3 x 10710 M. similar calculations for neopentane with

£i 0.74 (61) still only gives a concentration of ions of
9

1 x 10 ° M. The average lifetime of the ions that escape .

G
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~geminate neutralization is about 10-3 sec. The ions under-
go random neutralization in this period of time and ion

aggregate formation does not have to be considered.

E. Field of Present Investigations.

The present investigations are conce;ned with the
effect_of pressure (up to approximately 4000 bars) upon
the induced conductance in hydrocarbon liquids. The
“hydrocarbons studied were n-pentane, n-hexane, n-octane,
cyclopentane, methylcyCIohéxgne and 2,2-dimethylbutane.

. Hexane and octane Wefe investigated at three temperatures.
All oﬁher studies were conducted at one temperature (30°C).
Two dose rates were.employed'in eaéh stqdy. ‘

In order to interpret the observed pressure depend-
ence of the induced conductance the pressure dependence |
of the viscosity, density and dielectric constant of the
hydrocarbon was required. The techniques used to obtain
the pressure dependehce of the latter variables are des-

cribed together with the results obtained.
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SECTION 1l

EXPERIMENTAL

A. High Pressure Systems.

1. Pressure Production and Measurement.

Two high pressure systems.of the same basic design
were used. One was permanently installed in a radiation
cave and used exclusively for the measurement of the
effect of pressure upon radiation induced conductance.
The second system was mounted on a mobile trolley and was
useé for the measurement of the effect of pressure upon
the dielectric constant, viscosity and density of the
various hydrocarbons investigated.

A schematic representation of the pressure producing
apparatus is shown in Figure II-A-1. All components of
the system, except for‘the actual pressure vessels and
their auxiliary equipment, were obtained commercially.

Pressure was generated by a gas driven hydraulic
pump supplied by Haskel Engineering and Supply Company,
California (Type AO-602). These pumps are rated at a
maximum output pressure of 75000 p.s.i. (5000 bars) for
a maximum gas operating pressure of 150 p.s.i. Commercial
grade nitrogen was supplied to the pump regulating valve
at pressures between 20 and 150 p.s.i. from a ballast cy-
linder, which had previously been filled from a conven-

tional compressed nitrogen cylinder. This procedure was
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FIGURE II-A-1

HIGH PRESSURE PRODUCTION SYSTEM

Nitrogen cylinder, 2000 p.s.i.
Nitrogen cylinder, 150 p.s.i.
Filter and Moisture trap.

"Slo-Syn" synchronods motors. Type
$s50/P3/RC.

Hydraulic fluid reservoir.

Haskel gas driven hydraulic pump.
Type AO-602.

4000 - 80000 p.s.i. Pressure gauge
(Rough scale)

0 - 15000 p.s.i. Pressure gauge
(Fine scale)

0-100000 p.s.i. Pressure gaugé
(Fine scale)

Conventional compressed gas cylinder
valve and gauge. .

Low pressure gas valves
High pressure valves.
High pressure tubing.

Iron tubing, one inch diameter.
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adopted to prevent the accidental éxposure ofvthe pump
to an excessive operating gas pressure. The pressure
manifold; 6n the low pressure side of the pump, was con-
structed from one inch iron pipe. A combined filter and
moisture trap of high flow capacity was included in the
manifold just prior to the pump inlet valve.

The high pressure manifold was constructed from com-
ponents supplied by the Superpressure Division of the
‘American Instrument Company. The detailed construcﬁion
of the components is given in the éuperpressure Catalog
Number 466 (1965). The pressﬁre lines of the manifold were
constructed from stainless steel tubing of internal dia-
meter 0.063 ins, and external diameter 6.25 ins. All
valves were of the non-rotating stem variety. Connecfions
throughout the system were made with either straight or |
tee~-shaped couplings and 0.25 ins high pressure union type
connectors. All components are rated for use with a maxi-
- mum hydraulic pressure of 100000 p.s.i. (approximately
7000 bars). |

Two valves in the mobile system were controlled by
"Slo-Syn" synchronous motors, supplied by tﬁe Superior
Electrical and Supply Company, (Type SS50/P3/RC). The
first motorised valve controlled the rate of flow of nitro-
gen to the pump and enabled the cycling speed of the pump

to be controlled. The second motorised valve was used to



- 35 -

\

control the rate of release of hydraulic fluid during the
release of the pressure. |

Bayol 35 (formerly Bayol D), supplied by the Imper-
jal 0il Company, was used as the hydraulic fluid. This
prodﬁct is a loy viscosity deodourised kerosene oil.

The pressure in the manifold was measured with a variety
of gauges, all of the Bourdon tube design. A Heise gauge
(Heise Bourdon Tube Company, Conn.), calibrated in 100
p.s.i. divisions over the pressure range from zero (1
bar br 15 p.s.i. absolute) to 100000 p.s.i. (approximately
9000 bars) was primarily used to determine the pressure.

An Americaﬁ Instrument Company gauge, calibrated from 4000
to 80000 p.s.i. in 2000 p.s.i. divisions, was used as

a roughing gauge as the Heise gauge suffered violent oscil-
lations if it was directly open to the system whilst the
pressure was being increased. A third gauge, also supplied
by the American Instrument Company, was used to cover the
low pressure range from zero (1 bar or 15 p.s.i. absolute)
to 15000 p.s.i. (1000 bars) and was calibrated in 100 p.s.i.
divisions. The gauges were periodically returned to the
manufacturers for recalibration.

Compérison of experimental results from various sources
is tedious because of the use of different pressure ﬁnits.
Engineering data is almost exclusively reported using

pounds per square inch as the pressure unit, other scientific
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branches; however, use a variety of units;* The present
results will be reported in terms of bars although the
gauges'wefe calibrated in pounds per square inch. The
appropriate conversion factors for the more commonly

used pressure units are listed in Table II-A-I.

(2) High Pressure Vessels.

The pressure vessels were manufactured by the Staff
of the Chemistry Department Workshop. The design of
such vessels is still somewhat arbitary, bécause no
reliable treatment of -the rupture characteristics of thick
wali cylinders under high:internal pressure is available.
Considerable experimental evidence indicatés; however,
that the maximum internal pressure that a vessel will
withstand is far in excess of the normal tensile strength
of its material (93).

The present vessels were constructed from Ultimo 4
steel (Atlas Steel Company, Ontario), a steel of high
chromium and mqubdenum content. Thé géneral features
of the vessels are illustrated in Figure II-A-2. Three

vessels were used, all of which had an internal diameter

*

In the System International d'Unites (SI Units), endorsed
by the International Organization of Standardization,
the unit of pressure is one newton per square metre
(N/m2). 1 bar = 105N/m* ( 97)
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" TABLE ITI-A-I

- Conversion Factors for Various Pressure Units in

Common Use.

Unit . atmospheres bars kg/cm2 p.s.i.
atmospheres 1 1.01325 1.0332 14.696
bars 0.98692 1l 1.01971 14,504
kg/cm? 0.96784 0.98067 1 14.223

p.s.i. 0.068046 0.68947 0.070307 1




FIGURE II-A-2

Section of High Pressure Vessel

E.

F.

not to scale

Ultimo-4 steel pressure vessel

Copper tubing (0.64 cm internal
diameter)

Closure thread (13 threads per inch)
Hydraulic fluid entrance (0.25 ins.
union-type connector. American Instru-
nent Company) :

Thermocouple well

Thermon T-85 heaﬁ transfer cement

All dimensions in cms

Three pressure vessels were used

il

Pressure vessel A and B X 32 cm

Pressﬁre vessel C X 50.8 cm




WATER
ouT

— E
(’/ﬂ"’ ONS, .'1’?‘ r.é

.4\\\\\\\\
L.\\\\\ \

0104. O ONO\ONS\NO 0404./




-39 -

of 4.5 cm and an external diameter of 12.7 cm. IWO were
" identical in length, 32 cm, Whilst the third was 50.8 cm
in length. Pressuré line connections to all vessels
were made with American Instrument Company union type
connectors. A square flange was milled onto the bottom
of the vessels and was used to reproducibl& relocate the
‘vessels in their holder. The pressure vessel mountings
will be discussed in the relevent sections. After manu-
facture, the vessels were heat treated, the physical
results of which will be mentioned in relation to pressure
vessel closures. The interior bore of the vessels was
finally honed such that the diameter was constant to
within 0.002 ins. '

Cbpper tubing (0.64 cm internal diameter) was
wrapped around each of the pressure vessels such that
about 0.3 cm separated each of the turns of the coil.
The tubing was sealed to the surface of the vessel with
a layer (approximately 1.3 cm thick) of Thermon T-85
heat transfer cement (Thérmon Manufacturing Company,
Texas). Prior to curing the cement, a thermocouple well,
in the form of a narrow glass tube which went directly
onto the vessel surface, was added.

The temperature within the pressure vessel was con-
trolled by pumping water through the copper coil, using
a Colora pumping bath (Colora Messtechnik Gmbh ,Lorch-

Wurtt). The temperature could be varied from approxim-
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ately 2° to 80°C. To.maintain temperatures below room
témperature, the water in the bath was cooled by a Lanco
portable bath cooler and by the addition of ice. The
interior temperature of the pressure vessel equilibrated
with the coil temperature in about 60 minutes, depending
upon the extent of the temperature change. The temper—
aturé was measured with an iron-constantan thermocouple
and at equilibrium varied by + 0.5°C. To obtain less
temperature variation within approximately 86 pounds of

steel would require a far more sophisticated system.

(3) Pressure Vessel Closures.

The closure of the high pressure vessels was accom-
plished using a modified Bridgman "unsupported area" de-
sign (93). The features of the closure are reproduced
in Figure II-A-3 and, except for the use of Viton A "O"
rings, are very similar to those of a closure used by
Walling in his laboratory (112). Electrical connections
are introduced into tﬂe vessel interior through the
closure.

The piston and the nuts (A and B) were manufactured
from the same material as the vessel. Two brass rings
and one steel ring, the shapes of which are evident from
the figure, were fitted onto the piston shaft. The brass

rings fitted the inner bore of the pressure vessel with



C.

D,b,

E.

FIGURE II-A-3

Section of Pressure Vessel Closure

Pressure vessel piston. Ultimo 4 steel, 13
threads " per inch on shaft.

Brass seal retaining nut, 12 threads per
inch, Ultimo 4 steel. :

Steel ring.
Brass sealing rings

Self-sealing electrical connector (one of

" three shown in figure).

Teflon insulating cone and pressure seal.
Skefko thrust bearing.

Ceramic insulator.

Piston extraction nut.

Viton A "O" rings.
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a tolerence of about 0.005 ins. A similar clearance was
allowed between the rings and the piston shaft. The
steel ring prevents the brasé rings from beiné extruded
into the thread of the nut B prior to the spreading of
the rings against the vessel bore and piston shaft. Two
Vitoh "O" rings were placed in the recesses of the brass
rings in the manner shown in the diagram. These "O" rings
provide the initial seal, both against the bore of the
vessel and against the piston shaft, and replace the more
conveﬁtional rubber rings.

The c]losure operates by what Bridgman (93) called
the "unsUpborted area principle". Consider the following

oversimplified sketch of the piston and the brass rings.

Piston
Vertical Cross section

aa Brass rj_ngs

Piston Brass ring

Horizontal

cross section.

Shaded . Shaded

Area = 15.6 cm2 Area = 7.7 cm2
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The pisfon shaft is unsupported, apart from where
it is in friction contact with the brass rings. The total'
force exerted by the fluid on the piston face is trans-
ferred to the brass ring. Since force is equal to the
product of pressure and area, the pressure on the brass
ring is greater than the pressure on the pistbn face.

The pressure on the ring will exceed the pressure on the
piston by a factor equivalent to the ratio of the area

of the piston face to the area of the ring. In practice,
thi§ area ratio must be chosen with care, because if the
pressure in the rings is too large the bursting pressure
of the vessel may be exceeded. On the other hand, the
only way the surface area of the ring can be increased

is by decreasing the diémeter of the hole in the ring.
The piston shaft must be correspondingly reduced in dia-
meter and if it becomes too thin it will pinch off under
pressure.

In the present closures, a ratio of 2 to 1 was used
for the area of the piston face to the area of the brass
rings. Prior to heat.treatment, Ultimo 4 steel has a
tensile strength of about 140000 p.s.i. (9500 bars). After
manufacture the piston and vessel was heat treated to Rock-
well hardness C-39, which corresponds to a tensile strength
of about 18000C p.s.i. (12000 bars). Using the above area

ratio, a pressure of 135000 p.s.i. (9000 bars) would be
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~developed in the rings for the maximum internal pressure
of 4500 bars used in the experiments; This is well within
the limitations of the heat treated vessel. It is inter-
esting to note, howevér, that a piston that was not heat
treated after manufacture, showed a small amount of thin-
ning of the shaft (pinch off) after each usage. The
shaft contained threé holes, spaced symmetrically around
the shaft centre, through which electrical connections
entered the pressure vessel (for clarity, only one is sden‘
in Figure II-A-3). These holes further weaken the shaft.
..-The electrical connectors were obtained from the
American Instrument Compaﬁy are of a self-sealing
cone design. The central conductof was insulatéd from
the piston shaft with a‘ceramic tube. The breakdown
voltage of the connector was increased to about 1000 volts
by filling the air-space with hydraulic fluid. A conical
teflon washer provided both the electrical insulation
and the pressure seal at the piston face. The conical
washers required replacement after about three applications
of pressure to 4500 bars. The method of connecting the
outer terminal to the various electrical circuits used

will be discussed in the appropriate section below.

(4) Experimental Procedure.

The closure was assembled and tested for electrical

shorts prior to insertion within the pressure vessel. In
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most experiments, air‘was bled from the vessel through
one of the electrical connectors whilst the hydraulic
fluid was gently pumped into the pressure vessel. The
electrical cohnectors were then finally tightened at
the piston head. The nut K was then tightened against
the thrust beéring which resulted in the "O" ringé being
spread against the vessel bore and against the piston
shaft. The pressure was then increased to the desired
value. Occasionally, the brass rings would fail to seal
and this was generally due to contamination of the brass
surfaces with metal particles. The seal could always
be attained by applying sufficient torque to the nut A,
which results in the manual spreading of the brass rings.
After the release of pressure, difficulty was
often experienced in removihg the closure from the
pressure vessel. The nuts A and B were first backed up
the piston shaft. Tightening of the nut A against the
thrust bearing then usually resulted in the extraction
of the piston, but extreme torque was often required.
In initial experiments the piston shaft had 16 threads
per inch, which tended to strip under severe torque, and
13 threads per inch was found to be more satisfactory.
The extraction process was facilitated by a liberal
coating of Kopr-Kote on all threads. Xopr-Kote is an

anti-seize compound that consists of finely divided
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copper suspended in a penetrating oil. It was supplied

by Jet Lube of Canada, Ltd. Qécasiqnally the seal re-
fused to break.and hydraulic pressure was then applied

to the vessel interior with both of the nuts A and B backed
up the piston shaft. Pressures of 1000 bars were often
reached before the seal finally broke, and the shock of |
sudden decompression was found to be extremely.detrimental
to any apparatus assembled within the pressure vessel.

The brass rings could only be removed from the piston
shaft by a hand press and, in cases where the slightest
pinch off had occurred, removal of the rings was extrem-
ely difficult. The inner and outer diameters of the rings
had to be returned to size, by turning on a lathe, after
each application of pressure, which resulted in the gradual
thinning of the rings. Approximately twenty runs per séf
of rings was accomplished. The steel back-up ring under-
went little distortion and rarely required returning to

size. The Viton A "0" rings were replaced each run.

(B) High Vacuum System.

Several experimental procedures required the use
of a high vacuum system. The techniques employed Qill be
discussed in the relevant section and only a brief des- )
cription of the high vacuum system will be necessary here.

The basic layout of the system is illustrated in

Figure II-B-1l. The apparatus is quite conventional in
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FIGURE II-B-1

High Vacuum System

Welch Duo-seal rotary Oil Pump.
Glass mercury diffusion pump
Pirani tube

Storagevmanifold and bulbs (approx.
200 mls).

McCleod gauge system
Mercury exhaust valve
Liguid nitrogen traps

Greaseless stopcocks (Republic or
Springham)

Ground glass high vacuum stopcocks

45/50 ground glass joints
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construétion and numerous detailed deécriptions of such
systems are to be found in the literature; Evacuation

of the main manifold was éccomplished with an all glass
‘mercufy diffusion pump in conjunction with a Welch Duo-
Seal rotary oil pump. The pressure within the manifolds
and associated lines was determined with a Pirani gauge.
The Pirani gauge was periodically calibrated with a
McCleod gauge. The latter gauge was constructed from a
mercury calibrated capillary tube and a water calibrated
bulb.

In all parts of the system where vapour from the
sample came into contact with stopcocks, either Republic
or Springham greaseless stopcocks were used. Unless
- specified, all other stopcocks were of the high vacuum
ground glass variety. Dow Corning high vacuum silicone
grease was used on all glass stopcocks. .Facilities for
the introduction of an atmosphere of argon into the appar-
atus were also available. Argon was supplied from a
compressed gas cylinder and the system was protected from
an excessive pressure of argon by a mercury filled exhaust

valve.

(C) Materials.

The more important of the numerous materials used

are listed, together with their source, in Table II-C-I.
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TABLE II-C-I

Comgound

~n-Hexane
Benzene

Dodecane
Tetradecane
Octadecane

Diethyl ether

Sulphuric acid

Ferrous ammonium sulphate

Sodium hydroxide.

Lithium aluminium hydride

Carbon tetrachloride

Silicone 0Oils

Viscometric Standard Oils

Source

Fisher Scientific. Spectro-
grade

Fisher Scientific. Spectro-
grade

Eastman Organic Chemicals
Eastman Organic Chemicals
Matheson, Coleman and Bell
Mallinckrodt. Analytical
reagent. . Eastman Organic
Chemicals, Spectroscopic

Grade.

Bakef and Adamson, Reagent
grade.

British Drug Houses.

British Drug Houses, Analar

grade
Metal Hydrides Incorporated

Eastman Organic Chemicals.
Spectroscopic grade

Dow Corning

Cannon Instrument Company
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The hydrocarbons used for the conductance experiments and
as primary standards in various calibration prbcedures,
are tabulated in Table II-C-II. The purities and the
most probable impurities listed, are thosé indicated by
the manufacturer. In addition to the listed impurities,
however, all the saturated hydrocarbons were fbund to

~ contain olefins, which presumably resulted from oxidation
during the shelf life of the sample. The hydrocarbons
were purified by remdval of the olefin with sulphuric
acid. The hydrocarbon (400 ml) was shaken with concent-
rated sulphuriﬁ acid (150 ml) for a period of at least

24 hours. The acid was changed at least three times
until no yellow discolouration of fresh acid occurred.
The hydrocaébon was then washed with three changes of

5% sodium hydroxide (150 ml) followed by many successive
washings with doubly.distilled water. Preliminary‘drying
was accomplished with anhydrous magnesium sulphate. The
hydrocarbon was finally distilled from lithium aluminium
hydride through a 24 inch Vigreux column filled with glass
helices. For high boiling hydrocarbons, external heating
of the column was necessary. The first and last 10% of the
distillate was discarded. The purified sample was theﬁ
distilled directly into the high vacuum system, either
for immediate use or for storage for a limited period of

time. Samples that were stored were kept in the dark.
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TABLE I1I-C-I1

Hydrocarbon Purity and most probable impurities

Compound Purity Most Probable Impurity
v Mole %

n-Pentane 99.90 iso-pentane

n-Hexane 99.95 methylcyclopentane

n-Heptane 99.92 3-ethylpentane, cis-1,2-
dimethylcyclopentene

n-Octane 99.88 n-paraffins and cyclo-
paraffins ‘

n-Decane | 99.85 n-dodecane plus one un-

: identified

Cyclopentane . 99.99 cyclopentene, 2,2-di-
methylbutane '

Cyclohexane 99.99 2,2-dimethylpentane

Methylcyclohexane 99.82 toluene

Benzene 99.91 toluene

2,2-Dimethylbutane 99.97 2,3-dimethylbutane

2-methylpentane.

All supplied by Phillips Petroleum Company Research Grade.
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Benzene was purified by repeated partial recrystal-
lisation, the supernétant liquid being discarded each time.
Carbon tetrachloride and diethyl ether were used directly
as supplied, a fresh can of ether being opened for each |
experiment.

All Viscometric standard oils and silicone oils were

used directly as supplied.

(D) Radiation Sources and Dosimetry.

(1) Radiation Sources

All radiation induced conductance measurements were
performed in a radiation cave and utilised the y-emission
- from the decay of 60Co. Two sources of different strength
were used. The first contained about 300 curies whilst the
second, which was used for the'results reported in this
thesis, contained about 5500 curies.

The radiation cave adjoined the labbratory in such a
manner that the source could be removed from its lead and
steel container by thé manual operation of a push-rod
mechanism situated in the outer laboratory. The source
traﬁelled horizontally along a track and could be repro-
ducibly placed at any desired position on the track. Only
two positions were used in the present work and they will
henceforth be referred to as track positions 1 and 2.

Position 1 was the closest to the pressure vessel, the

latter- being mounted in a solid wall bracket adjacent to
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the source traék.

(2) Dosimetry.

The radiation beam intensity within the pressure
vessel was determined using the Fricke chemical dosi-
meter, which is based upon the radiolytic oxidation of
ferrous ion in acidic aqueous solution. The Fricke
solution contained 1 mM ferrous ammonium sulphate, 1 mM
sodium chloride and 0.8 N sulphuric acid. Triply distilled
water was used in the preparation of the solution.

The concentration of ferric‘ion after radiation
exposure was monitored using spectrophotometric techniques.
A Beckman DU 2400 single beam spectrophotometer was used.
Ferric ion exhibits an abgorption maximum at 340 muy, at
which wavelengthfme absorption of ferrous ion is neglig-
ible.

The dose rate in Fricke solution may be calculated
from the relation

Absorbance produced per second X No

I = .
e x [1 + 0,007 (£t - 25)] x 15.5 x 10 x D

where I is the dose rate in eV/ml sec, No is Avogadros
number, D is the light path length in the spectrophoto-
meter cell (1 cm), € is the extinction coefficient of
the ferric ion (2201/molar cm at 25°C) and t is the temp-
erature (°C) at which the absorbance was measured. Cor-

rection for the large temperature dependence of the ex-
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tinction éoefficient (0.7% per centigrade degree between
‘20 and 30°C) was made by the factor [l + 0.007(t -25)].
The G value for ferric ion was taken as 15.5 for 6000
y-rays (113). However meticulously the solution was
prepared, absorbance at 304 mﬁ was always éresent prior
to exposure to radiation. The final absorbances were
‘corrected for the blank absorbance. |

The dose rate measured witﬁ Fricke solution was
corrected for the variation in electron density when
applied to other materials. The electron density of
Fricke solution is 0.566 electron mole/ml.

The dose rate, expressed in eV/ml sec is not in-
dependent of pressure because the density of the hydro-
carbons increases as the pressure is increased. Dose
rate values obtained at atmospheric pressure were
corrected for use at other pressufes using the densities
determined from the pressure—volume—temperature measure-
ments.

The dose rate within the pressure vessel is
dependent upon the path length in air and steel that the
radiation beam has to traverse before reaching the int-
erior of the vessel. The beam intensity of 60Co Y-rays

is attenuated by a factor of one hundred by 15 cm of

jron (114). The following sketch shows the position of



- &5 -

the source with respect to the pressure vessel.

B
a—
Source - ’//I |
——
-O= - -1 1| - Track
track , track A level
position (2) position (1)

-

Pressure Vessel

The maximumn dose.rate within the vessel, at any
track position, is obtained at the point A, where A is on
the same level as the source. The path length in steel
is then at a minimum (4.2 cm in the present vessels) .

On rising above (or falling below) the level of the source
(e.g. point B in thesketch), the path length in steel is
increased and the dose raté reduced. For the same vertical
rise within the pressure vessel, the change in the steel
path length is less when the source is in track position

2 than when it is in track position 1. The variation in
dose rate within the vessel is less when the source is at
position 2. However, when the source is at track position
2 the total distance between the source and vessel has
been increased and the beam intensity reaching the vessel

has been reduced (inverse square law).
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The volume of primary interest within the vessels
is that contained between the electrodes of the conduct-
ance cells. 1In initial experiments the dosimeter solution
was placed as close as possible to this position. To
avoid the necessity of placing the conductance cell at
exactly the same posiEion for each experiment, the distri-
bution of the dose rate within the preséure vessel was
measured.

Typical absorbance versus radiation exposure time
curves for four positions within pressure vessel A are
illustrated in Figure II-D-1. The calculated dose rates
for both track pos1tlons 1l and 2 are given in Table
II-D-I. The values correspond to the average absorbance
of 5 ml of Fricke solution. The height of 5 ml of sol-
ution in the cell is 1.9 cm. The dose rate distribution,
relative to a point 14.4 cm from the top of the vessel,
is illustrated in Figure II-D-2. Table II-D-II also
contains the dose rate obtained for a single position in
pressure veséel B with both the 300 and 5500 curie

sources.

The dose rates were corrected for the natural

decay of the 60Co using the decay law

I, = Io exp (-yt)

where y was taken as 1.09 x 1072 month™! and I, corresponds



" FIGURE II-D-1

Absorbance Versus Radiation Exposure Time Curves

Pressure vessel A. 5 ml samples of Fricke solution

Track position 1.

Curve Distance from top of vessel
© 14.4 cm
A 17.2 cm

0 18.6 cm
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" TABLE II-D-I1

Dose Rates Within the Pressure Vessels

Pfessure vessel A December 12, 1967

Distance from Track Position 1 Track Position 2
top of vessel eV/ml sec Fricke eV/ml sec Fricke
14.4 cm 0.54 x 10%° 2.0 x 10%4
17.2 cm 0.90 x 10%° 2.4 x 1044
18.6 cm 1.29 x 10> e
19.8 cm 1.73 x 10° 2.7 x 1014

Pressure Vessel B August 28, 1967

One position 0.94 x 10%° 2.3 x 10

Same Position a 4.2 x 1013 [

a8 300 Curie source September 7, 1965

All other values 5500 curie source.




FIGURE II-D-2

,‘Dose‘Rate'Distribution;' Pressure Vessel A

A Track Position 1.

0] Track Position 2.

7ero on the distance axis corresponds to a
point 14.4 cm from the top of the pressure

vessel. The distribution covers about 5.5 cm

BELOW this point (see Figure II-A-2 and II-D-I)

[ mm—— A ———-- Represents the distance over

which A is the average value.
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to the dose rate -at time t in months after the original'

determination_Io.

(E) Determination of the Pressure Dependence of the

Dielectric Constant.

(1) Apparatus

The pressure dependence of the dielectric constant of
saturated - hydrocarbons has recéivedblittle attention
compared to the numerous studies reported on polar liquids.
Hexane (115, 116) and heptane (116) were studied in-

1925 but only up to a pressure of 900 bars. Danforth
(117) measured the dielectric constant of pentane up to
12000 bars in a general study of several liéuids. The
dielectric constants of the hydrocarbons of interest in
the present study weré obtained by determining the cap-
acitance of a condenser (hereaftef termed the dielectric
cell) as a function of pressure. The dielectric cell
was calibrated with a series of dielectric standards.
The relation between capacitance and dielectric con-
stant will be discussed later.

" The basic design of the dielectric cell employed is
reproduced'in Figure II-E-I. Several cells were used,
which differed only in the dimensions of the platinum

plates. The plate dimensions for each cell are recorded

in Table II-E-I.



" FIGURE. TI-E-I

Dielectric Constant Cell and Assembly

- within the Pressure Vessel

A. Teflon cylindrical cell holder.

B. Teflon piston

c. Pressure vessel closure piston

D. Stainless steel and teflon cell holder
E. Supramica Plug |

F. Platinum electrodes (0.25 mm thick)

G. Teflon cap over electrodes

For dielectric cell plate dimensions see

Table II-E-l.







- 62 -

" TABLE II-E-I °

" DIELECTRIC CELLS

Cell Plate Diameter " Plate Length

" Quter a 'Inner'b
P1 15.4 12.9 44.0
P2 16.1 13.1 40.3
p3 14.9 2.1 38.5

P4 15.5 5.0 40.0
12.5 2.0

All dimensions in mm. Plates 0.25 mm platinum
Cell P4 has four plates

a .
The internal diameter of the outer plate.

bThe external diameter of the inner plate.
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The sample was separated from the. hydraulic fluid
by a teflon cylinder (A) into which a movable teflon
piston (ﬁ) fitted. The piston, by moving within the
cylinder bore, allowed the pressure in the hydraulic
fluid to be transmitted to the sample. The piston and

-cylinder are similér in design to those used by_Jaﬁieson
(118) in a cell employed to determine the effect-of
pressure upon ionic conductance. Hydraulic fluid was'
prevented from leaking past the piston and into the
sample by two Viton A "O" rings. The ihitial clearance
between the piston and the cylinder bofe was 0.002 ins.
Care must be taken to ensure that the piston is not
oversize because the cylinder is distorted immediately
the pressure is increased, resulting in distortion of
the platinum plates.

The piston contains an aperture by which air bubbles
and excess sample were removed during the filling pro-
cedure. The aperture (0.06 ins diameter) entered the
cell at the centre of the inner curved surface of the
piston and was sealed at the outer surface by a smail
"O" ring and machine screw. The compressibility of
teflon is greater than that of steel so the aperture
closure is unlikely to leak as the pressure is increased.
The piston also contained a threaded hole into which a

bolt was inserted at the end of an experiment so that
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the piston could be extracted from the cylinder.

The actual capacitance cell was assembled on a
' Supramica 500 ceramoplastic piug which screwed into
the threaded end of the tefion cylinder. Supramica
500 cermoplastic, supélied by the Mycalex Corporation
of America, is a machinable synthetic mica of high
compressive strength. An "O0" ring placed at the bottom
of the.thread'prevented the hydraulic liquid from leak-
ing past the'piug. Platinum piafes, 0.25 mm in thickness
and cylindrical in shape, were mounted above the inner
face éf fhe plug on platinum supports. Electrical connec-
tions through the plug‘were made with 1 mm diameter plat-
inum wire. The wire was sealed to the supramica with
Armstrong epoxy resin cement. The seals were cured at
80°C for several days. Cured cement seals that were in
contact with hexane and octane for about one year showed
no visible deterioration and the dielectric constant of
a sample of héxane in contact with the cement for four
months was unaltered;

The complete.cell assembly was connected to the face
of the pressure vessel piéton, using a steel and teflon
éupport. The support was.designed to allow the cell to
be reproducibly pladed on the piston face. Electrical
cohnections, between the platinum contacts on the supra-

mica plug and the central conductor of the leads through'
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‘the pressure vessel piston, were made with brass sleeves
ceﬁtaining screw contacts (see Figure II-E-1).

A General Radio Impedence Bridge (Model 1608-2) was
used to determine'the total capacitance of the system.
The brldge was placed dlrectly above the pressure vessel
in an inverted p031tlon so that the connectlng cable could
be as short as possible. Connectlon to the binding posts
of the bridge were made with about 12 cm of coaxial cable,
using silver plated BNC to banana plug adaptors. All
capacitance values were determined at 1 kilocycle. The
bridge was calibrated with an accuracy of + 0.02 pf.
The capacitance was always measured with the outer plate
of the dielectric cell connected to the low potential

terminal of the bridge.

(2) Experimental Procedure.

‘The cells were cleaned prior to use-by washing in

the hydrocarbon under investigation. The use of acid

on supramica was found to be detrimental to the ceramic.
Samples were not degassed for dielectric constant deter-
minations. The purified sample (Section II-c) was poured
into the cell and the piston inserted. Excess sample

and air were removed through the piston apertufe, the piston
being forced into the cylinder bore until both "0" rings
were in contact with the bore. The aperture was then

closed and the cell assembled within the pressure vessel.
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At least one hour was allowed for the system to attain
thermal equilibrium. All measurements were takeh at
30°C. ~Capacitance readings were taken both on the
pressure increasing and pressure deereasing cycles. After
each pressure ehange the.SYStem was allowed tq sit at

the new pressure for 20 minutes before measuring the cap-
acitance. 1In cases where the atmospheric pressufe

values were identical, before and after the application
of pressure, the cycle was repeated. If the atmospheric
pressure valﬁes had altered the cell was recalibrated

prior to the investigation of a second sample.

(3) Capacitance Calibration, Dielectric Constant Deter-

mination and Corrections.

The -capacitance CL of a dielectric cell when filled
with a liquid, is related to the dielectric constant €

of the liquid by the equation

CL = g X Cv

where Cv is the capacitance of the same cell fitted with
air. The above equation requires that the measured cap-
acitances are those of an "ideal" dielectric cell, an
"jideal" cell being one in which the measured capacitance
arises entirely from the volume of dielectric between

the cell plates. In most practical applications it is

impossible to divorce the capacitance of the connections
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and lines; joining the cell tb the measuring circuit,
frbm the actual cell capacitance. These extraneous
contributions to the measured capacitance are iarge in
the present investigations because of thé necessity of
using long leads andAnumerbus connections to int;oduce
the measuring circuit into the pressure vessei interior.
The dielectric constant of a sample may still be obtained
if the cell is calibrated with a standard of known di-
electric constant. Provided the extraneous capacitances
are constant, the unknown dielectric constant may be

calculated from the relation

CS - CA _ Eg ~ 1l
CL_CA SL-l

where Cg and C,, are the capacitances of the cell when

filled with the standard and the unknown, respeétively,
CA is the capacitance of the cell filled with air, and
€. and € are the dielectric constants of the standard

S L.

and unknown. An alternative procedure is to determine
the total capacitance of the complete assembly as a
function of the dielectric constant of the liquid in
the cell. The dielectric consfant of the unknown is
then determined by direct reference to the calibration.

This procedure was adopted in these investigations.

The dielectric constants of the standards used for
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callbratlon, together w1th ‘the atmospheric pressure
values for all the hydrocarbons 1nvest1gated, are listed
in Table II-E-II. A typlcal callbratlon plot for the
cell P2 is shown in Figure II-E-2.

Corrections to the extraneous capacitance, arising
when the pressure is increased, are small. It was est-
ablished by experiment that the capacitance.of the
cable (exterior to the pressure vessel) and the pressure
vessel closure piston was independent of the pressure
within the vessel. A small pressure dependent contri-
bution to the total capacitance arises where the connec-
tions pass through the hydraulic fluid. In a determin-
ation of-&uadapacitance of the apéaratus with the cell
remeved from the vessel but with the connections intact,
the capacitance changed by less than 0.02 pf. on in-
creasing the pressure to 4500 bars. The capacitance of
the leads through the supramica plug could not be de-
termined without removing the plates from the cell,
however; it was assumed to be independent of pressure
because the compressibility of supramica is small. The
actual compressibility of supramica is not available but,
on the assumption that it is similar to that of natural
micas which have a compressibility about two orders of
magnitude smaller than liquids (119), it may be neglected.

A similar conclusion has been reached by other authors (109).
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" TABLE IT-E-II

Dielectric Constants of Standards and Hydrocarbons

- Compound

n-Pentane
n~-Hexane

n-~-Heptane b

n-Octane ¢

Cyclohexane

Methylcyclohexane e

Cyclopentane
Benzene
2,2 Dimethylbutane £

Carbon tetrachloride b,d

Diethyl ether h

o = de/dt

Dielectric Temperature

" Constant ¢ °C o X'102
1.828 20.3 0.160
1.880 25.0 0.155
1.924 . 20.0 0.160
1.96(0) 20.0 0.130
2.023 20.0 0.160
2.020 20.0 -
1.977 25.0 -—
2,274 25.0 0.200
1.866 25.0 —
2.239 20.0 0.190
4.335 20.0 2.0.

b. W. M. Heston and C. P. Smythe, J. Am. Chem. Soc. 72, 99,

(1950) .

c. R. W. Dornte and C. P. Smythe, J. Am. Chem. Soc. 52,

3546, (1930).

d. Recommended dielectric constant standards.
e. F. H. Muller, Physik. Z., 38, 283, (1937).

f. Calculated from refractive index.

h. J. Clay, A. J. Dekker and J. Hennelnijk, PhYsica,'}Q,

768, (1943).

Other values taken from Timmermans "Physical-Chemical Con-
stants of Pure Organic Compounds". Elsevier Publishing Co.,

New York, 1950.



FIGURE II-E-2

: Ca1ibratioh‘Dielectric’Cell;'PZ'at 30°C

Total system capacitance against diclectric

constant of sample in cell

A Air

0 n-hexane

v cyclohexane

X carbon tetrachloride
© benzene

A diethyl ether -
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The capacitance of the ‘actual cell will change under
pressure because of changes in the plate dimensions as they
are compressed. The volume compressibility B of platinum

may be calculated from the relation (93)

12

T 2xbpx102xp

B=ax 10
where a and b are constants with the values 3.6b and 1.8
respectively at 30°C, and p is the pressure in kg/cm2 units.

7

A value of 1.5 x 10 ' is obtainéd for the linear compress-

2 (4088 bars) if it is

ibility of platinum at 4000 kg/cm
| assﬁmed to be one third of the volume compressibility. For
a typical cell used in the present determinations this would
result in about 0.06% decrease in the plate length and the
same percentage reduction in the thickness. |

The capacitance of a cylindrical plate capacitor is -

given by the relation (120)

L
R
21n§3

1

C =

where C is the capacitance in e.s.u. units {(cm), R, is the
outer radius of the inner plate, R2 is the inner radius of
the outer plate and L is the length of each plate. A
decrease of plate thickness of 0.06% resuits, in the pre-
sent cells, in an increase in R, of 0.002% and a similar

percentage decrease in Rl' The change in the radii of the
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plates is therefore negligible. The plate length is re-
duced by 0.06% and C is reducéd by approkimately the same
amount. _ _ -

Whereas the cell capacitance decreaséS'slightly be-
cause of decreasing plate length with increasing pressure,
the extraneous Eontributions t6 the total measured cap-
.acitance increases with increasihg pressure. The two
corrections tend to cancel each other so the capacitance

values were used as obtained.

(F) Determination of the Pressure Dependence of Density
(1) Apparatus

The results of pressure—véiume—temperature measure-
ments on liquids are generally repofted in terms of the
relative volume. The relatije volume is the ratio of the
volume of a certain mass of liquid at a given pressure
and temperature, to the volumg.of the same maés of liquid
at some chosen standard pressure and temperature (usually
one atmosphere and-Q°C)ﬁ The~gelative-volumes of several
of the hydrocarbons investigatéd'in the present work are
to be found in the literature (93,121,122,123), but no
experimental data has beén reported for 30°C, the temp-
erature used in most of the present studies.

The relative volume of the hydrodarbons was deter-

mined as a function of pressure at constant temperature
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using a bellows dilatometer kor bellows piezometer). Thé
beliows dilatometer was developed by Bridgman (93,121),
who ﬁsed the technique to determine the relative volume
of liquids up to pressures of 50600 bars at temperatures
from 0° to 95°C.

The basic dilatometer is illustrated in Figure
II-F-1. It is quite similar in design to a dilatometer
used by Brown (124) for the simultaneous determination.
of relative Volﬁme and dielectric constant of carbon
tetrachloride up to a pressure of 600'bars. The complete
apparatus, apart from the potentiometer wire and the
electrical insulations, wés éonét;ucted from stainless
steel. The bellows, obtained from éhe Ful#on Sylphon
Division of Robertshaw Controis Ltd., Tennessee, con-
tained 16 active cbrrugations in a length of 5.08 cm. The

bellowé had an external diameter of 2.64 cm, an internal
diameter of 1.91 cm and an internal volume of approximately
20.m1. One end of the bellows was silver soldered to a
base plate which served to hold the bellows within the
holder and guide. The top end of the bellows was free

to move under compression. Two lugs on the bellows head
travelled in two milled slots in the inner guide and ensured
that the bellows motion was only in the axial direction.

The detailed construction of the bellows head is shown

in Figure II-E-2a. The head contained a removable screw



FIGURE II-F-1

Béilows‘Dilatometer (Voltage Divider Removed)

B. Outer holder for bellows and guide.
C. Inner bellows guide.
D. Bellows. Robertshaw Controls Limited

2.64 cm 0.D. 1.91 cm I.D.

E. Bellows base plate.
F. Sample filling apertures
G. Bellows head plate and screw cap.

.All'parts constructed from stainless steel.
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cap whidh facilitated cleaniﬁg of the bellows interior.
The screw cap was sealed against leakage by a'01005 in
feflon.wééher,'a technique that was found to be success=
ful only for small closures. The use of "O" rings in screw
seals was found fo be quite unsatisfactory.

The base plate also contained two filling apertures
which weré'sealed by a specially machined sérew of the
' design illustrated in Figuré II-F-2b. The screw seals are
similar to those found in the closures of needle valves
and provéd quite satisfactory up to pressures of 4500 bars.
The divider is'esséhtially a small slide wire potentiometer.
The sliding contact, fixed tc the bellows head (Figure
II—F—Za), consists of a silver wire, shaped in the form
of a U, and rigidly held between two steel compression
plates from which it was insulated with a thin layer. of
téflon. The divider wire assembly is illustrated in
Figure II-F-3a. The wire, 30 gauge constaﬁtan, approxim-
ately 3.5 ohms per foot, was mounted undex slight tension
by means of a small spring. The wire holder was shaped in
the form of a tee and was rigidly held in a similar shaped
slot milled into the inner bellows_guide. The wire was
insulated from the assembly by a layer of teflon.

The electrical circuit associated with the divider
is shown in Figure II-F-3b. .Potential drops across the

- wire segmeﬁts were determined with a differential voltmeter



FIGURE II-F-2a

L}

A. Silver wire contact.

B. Teflon insulation.
C. Stainless steel compreséion plates.

D. Teflon washer. 0.005 ins thick
E. Dilatometer bellows

F. Stainless steel ring.

FIGURE II-F-2b

Filling Aperture Closure. (Section)

H. Needle valve point.
K. Bellows dilatometer base plate.

0. Rubber "O" ring.
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B.

C.
D.

E.

" FIGURE II-F-3a

" Voltage ~ Divider

Tee shaped stainless steel wire holder.

Divider'wire. 30 gauge constantan; 3.5
ohms per. foot.

Small helical spring.
Teflon insulation.

Connection to electrical circuit.

FIGURE II-F-3b

Electrical Circuit Employed with the Voltage Divider

F.

G.
H.

P.

Q.

Variable power supply. Power Designs Inc.
Model 105-TA. :

1000 ohm 10 watt resistor.
Switch.
Voltage divider

Differential volt meter. Fluke Model 823A.

Indicates part of circuit inside pressure
vessel..
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(a)
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(b)
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(Fluke, Model 823A7A), the potentlal being supplied by a
variable power supply (Power De51gns Inc,, Model 105 TA).
A 1000 ohm 10 watt resistor was included in the 01rcu1t
and acted as a current limiting device which protected

the divider wire from excessive currents.

(2) Calibration and 'Experimental'Procedure..

Prio: to any measgfements{;pwo calibrations are
necessary. Firsﬁly, it must be established that the re-
sistance of the wire is a linear function of its length
(i.e., the wire resistivity is uniform). Secondly, the
relationship between the axial displacement of the bellows
.and the interior volume change of thé bellows must be
determined. -An apparatué in which the bellows was heid_
rigid at one end whilst undergoing -compression from the
opposité'end, was constructed. The axial displaceﬁent of
the bello&s was measured to 0.0l mm with a micrometer. A .
mercury calibrated pipette (5 ml), attached by means of
a hollow screw and a Kovar glass to metal seal, replaced
one of the filling éperture screws. Octane or heptane was
used as the calibrating fluid. The volume change in the
bellows corresponding to an axial displacement from an
“arbitrary poiht was then determined. The bellows was always
placed under slight compression before starting the cali-

bration. The results of several calibrations are reproduced



- 79 -

in Figure II-F-4. The volume displaced from the bellows
was directly proportional to the linear displacement ué
to the limit of the calibratiop (a 25% decreage in the
tdtal interior voiumé of the}bellows).

At.ﬁhe same time as the volume was being calibrated,
the potential drop across the divider wire was determined.
The potential drop across the whole wire was always main-
tained constant at 0.10600 volts. Some typical.results
are illustrated in Figure II-F-5. The graphs show the
potenfial ratio (potential drop across divider wire /
potential drop across whole wire) as a function of the
linear displacement along the wire from an arbitrary point.
The resistivity of the wire was found to be uniform. A
slight change in the slope‘of the plot of potential ratio-
against linear displacement was found after the wire had
been subjected to pressure. The resistivity of the wire,
however, remained uniform. The calibrations were checked
periodically.

The sample was introduced into the bellows through
one of the filling apertures by means of a syringe. Samples
were not degassed for pressure-volume—temperature measure-.
ments. Air bubbles were removed from the bellows corruga-
tions by rotation of the bellows, whilst flexing fhe
corrugations. The presence of air bubbles in the bellows

was readily detected by an irregular change in the bellows



" FIGURE II-F-4

Calibration of Bellows Volume. Volume displaced versus

displacement.

A O Two calibrations starting from a
different arbitrary point.
The calibrations were performed

about six weeks apart.
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FIGURE II-F-5

Volﬁage Divider Calibration. Potential ratio versus

linear displacement.

30 gauge Constantan wire. 30°C

Potential ratio = P.D. across divider/P.D. across
whole wire.

P.D. potential drop.

P.D. wire always maintained at 0.10000
volts.

A Initial calibration new wire.

O Same wire after four applications
of 4500 bars.

@ Same wire after removal and replace-
ment in dilatometer.

The difference in the initial value of
the potential ratio arise from starting
at different points on the divider wire
corresponding to the relaxed position
of the bellows.
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volume at'the beginning of the experimeht. After filling,
the cell was assembled within the guide and holder system
and attached to the face of the pressure vessei ciosure
piston by means bf a 0.25 in boit. The complete apparatus
was then inserted into the pressure veSsél, tested for
electrical shorts and left for about one hour to attain
thermal equilibrium. All experiments were conducted at
30°cC. The potential drop.aéross the divider wire was
determined as a function of’pressure, the potential drop
acroséxthe whole wire being maintained at 0.10000 volts.
| Leaks in the bellows closures were readily detécted, be-
cause if a leak occurred, after the preséure within the
bellows had equilibrated with the pressure in the hydraulic
011, the bellows relaxed under its own tension arising
from its compression. The Lelatlve volume of the sample
in the bellows was calculated from the change in the pot-
ential ratio (see calibrations of the divider wire and the
bellows volume given above). |

A major correction arising from the change in re-
sistivity of the wire as the préssure was increased, wés
eliminated by the use of the potential ratio rather than
the simple potential drop across a segment of the wire.
It was assumed that the change in resistivity of the wire
with pressure was uniform along the length of the wire.

The only remaining corrections to be considered are those
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‘which arose from the changé'in volume of the materials of
the apparatus as the pressure was increased. It was
assumed that the compressibility of the silver contact
was equal in all directions, in wﬁich case the point of
contact with the divider wire should be unaffected by
pressure. The change in volume of the bellows, because of
compression of its stainless steel walls, may be shown to

be negligible in the following manner.

+l1.32 cm>
T |
. E) Bellows cross section
. _ (actually sixteen
5&38 0.97)_ 1.15,] - corrugations)
<cm-> ‘Cm |
(-
.J- ) C::)'
= =
_ |

The abave sketch shéws a cross-section of the bellows.
Although the bellows was 5.08 cm in length, the actual length
of steel that undergoes compression is 16.5 cm (the length
of the bellows when fully extended). For calculation pur-

. poses, the bellows may be replaced by a cylinaer of the same
wall thickness (0.0127 cm) and with a radius equal to the
average radius of the bellows (1.15 cm). Assuming stainless
steel to have a similar linear compressibility to that of

7

jron, a value of 1.89 x 10 ' is obtained at 4500-kg/cm2

L
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(4410 bars).v The value was calcﬁléted by the same method
deséribed earlier (page 71),  using Bridgman's values

for the compressibility of iron (93). The change in vol-
ume resulting from the compreésion of the walls is neg-
ligible (less than 0.005%). The length of the walls is
decreased by 0.08%. The decrease in length will have less
effect when the steel 1is in the bellows configuration
than in the cylinder configuration. ' The maximum volume
change arising from the compression of the bellows

material is less than 0.1% and was neglected.

{G) The Pressure Dependence of Viscosity.

(1) Apparatus.

The viscosity of the hydrocarbons was determined as
a function of pressure using a rolling bail viscometer.
Experimentally, the method consists of determining the
time that a ball takes to roll between two.pointé, a fixed
distance apart, within a tube filled with the fluid whose
viscosity is to be determined. The velocity with which
the ball rolls is related to the viscosity of the fluid.
The theory of the rolling ball viscometer has been exten-
sively discussed by Hubbard and Brown (125). In practice,
the instrument is not an absolute viscometer for low fluid
viscosities and has to be calibrated with a series of

standards of known viscosity.
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‘The part of the viscometer apparatus that fitted
within the pressure vessel was constructed in two méjor
parts, a roll tubé assembly, which is illustrated in
Figure'II-G—la and b, and a bellows‘hdlderland pressure
tfansmitting device shown in Figure IIfGQZa and b. All
parts, unless otherwise specified, were constructed from
stainless steel. |

The actual roll tube was cut from a length of pre-
cision bore fused guartz glass tubing supplied by the
Thermal American fused Quartz Company; The internal
diameter of the tube was 7.99 + 0.01 mm. The ball waé
selected from a number of steel bearings on the grounds
of its uniformity in diameter. The éeiected ball had a
diameter of 6.35 + 0.01 mm and a density of 7.772 gms/ml
at 25°C. The glass roll tube was held within three alum-
inium .cylinders by a series of Viton A "O" rings which
fitted tightly onto the glass surface. Two lucite
sections were inserted between the aluminium cylinders.
The lucite sections contained a slot, 0.025 cm wide, which
terminated 0.013 cm from the surface of the glass roll
tube. The distance between the slots was 13.3 cm. when the
sections were assembled on the tube. These slots held the
coils of the timing device (described later). One end of
the roll tube was closed by a perforated steel cap whilst
the opposité'end was fixed to a steel base plate. The

base plate served three purposes, firstly it supported the



" FIGURE II-G-Ia

Section;of‘Roll‘Tube‘Assembly on Base Plate

iA. Fused quartz'roll tube. 7.99 + 0.0) mm I.D.
B. Perforated cap to retain ball in tube.

C. Alyminium cylinder‘sections. |

D. ILucite cylinder sections.

E. Slots containing the coils of the timing
device. '

F. Iron core and coils of electromagnet.
G. Stainless steel base plate.

H. Threaded hole, to fix viscometer to pres-
sure vessel piston.

~ X. Roll distance bétween tuning coils (13.3
cms) .

0. Viton A "O" rings.

FIGURE II-G-Ib

Detailed Section of Base Plate

K. "Oo" ring groove.

J. Metal to ceramic terminal seal. Latronics
Corporation.

o. Shows the location of the three terminal
seals in the base plate.
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(b)

(a)



" FIGURE II-G-2a

‘Section of Bellows Roll Tube Holder (RoOll
- tube removed) .

B.
C.
D.

E.

X

Stainiess steel casing.

-Stainless steel compression screw cap.
Roll tube base plate.

Compression bolts.

Solid steel plug. |

Filling apertures.

Stainiess‘steel bellows.
Robertshaw Controls Limited.

Viton A "O" ring

FIGURE II-G-2Db..

Detail of Compression Screw Cap

Shows location of the compression bolts.
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electrical connections which passed through the base-
plate into the'tube interior. Secondly, it pfovided
part of the seal between.the tube interior and the sur-
rounding hydraulic flﬁid, and lastly, it supported the
magnet that was used to hold £he ball at one end of the
roll tube whilst the angle of tilt was being adjusted.
Electrical,connections through the base plate were
made with Latronics Corporation ceramic to metal terminal
seals. The terminals were soldered to the stainless steel
" baseplate usingla solder paste called Staintin, supplied
by the Eutectics Welding Alloys Company of Canada. Seals
between stainless steel and tin were found to be unreli-
able under vacuum when tﬁe surfaces were soldered with
conventional solder (40:60 lead;tin). The high temper-
ature ne¢essary for silver soldering was found ﬁo part the
tin to ceramic‘interface. The terminals required replace-
ment after about five experiments to 4500 bars. The
pressure was transmitted to the interior of the roll tube
holder by bellows which were free to compress as the pres-
sure was.increased. The bellows (one-ply stainless steel,
4.17 cm outside diameter and 2.82 cm inside diameter) was
constructed in two sections each of eight active corruga-
tions. The bellows were supplied by Robertshaw Controls

Limited. Two sections of bellows were necessary in order
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to obtain sufficient compression without‘exceeding the
elastic limit of the bellows. All stainless steel to
stainless'steelijoins were Siiver éoldered: The free |
end-of the bellows was closed by a steel plate which con-
tained two.filling.apettures. The plate had a solid plug
attached to it on the bellows interior side. The plug
significantly reduced the volume of sample required for
the exberiment and thereby, reduced the amount by which
the bellows had to compress. The total volume of the
system was approximately 80 ml. The filling apertures
were similar in design to those described earlier in the
bellows dilatometer (Figure II-F-2b). |

The roll tube assembly fitted within thé holder with
a clearance of about 0.025 cm. A series of groovesvalong
the sides of the aluminium cylinders allowed the sample to
pass into all the dead spacés, and also allowed the elect-
rical connections to pass up the tube. The seal of the
sample from the hydraﬁlic fluid was achieved by compression
of the roll tube base plate against the lip of the tube
holder, the two being separated by a Viton A "O" ring.
Compression of the "O".ring was accomplished by eight bolts
symmetrically placed around the holder screw cap (Figure
II-G-2b).

The assembled viscometer was attached directly bnto

the face of the pressure vessel closure piston by means of
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a bolt. A series of marks engraved on all parts of the
viscometer ensured that the parts were always reassembled
in the same position. Prov1ded the 1nstrument is cali-
brated the ahglesof tilt does not have to be known but it
does have to be repreducible. The complete pressure vessel
assembly (pressure vessel C weighed about 120 1bs) was
mounted such that it could be rotated and fixed.repro-
.ducibly'at a series of angies. The mounting is illustrated
in Figure II-G-3.

. The pressure vessél was rigidly held in a solid
‘steel structure mounted on a trailer axle and bearing. The
angle of tilt of the pressure vessel was‘determined by a
number-of hardened steei stops which were located in a
steel plate welded to the static stand. The stops were
placed at 10° 1ntervals from 10° one 51de of the horizontal
to 60° the other side. Only one stop was used at a tlme,
the others retracting into the steel plate. A spring
loaded clamp was fixed to the pressure vessel assembly
and rotated with the axle until.it reached the stop in
use. A hole in the clamp then mated with the stop. The
angle of.tilt; judging from reproducibility of the roll
times, was found to be completely reproducible when adjust-
ing away from and returning to the same stop. Pressure
line connection to the vessel was made with a coil of high

pressure tubing (see (A) this section). The coil contained



" FIGURE II-G-3

Side View Section

Front View (pressure vessel‘removed)

Main Stand, bolts onto trolley.
Axle (1 ins diameter)
Axle bearings |
Hardened steel adjustable stops
Adjustable stop tightening screws

Clamp. Rotates with axle and holds
on the stops.

Spring

Pressure vessel assembly
(pressure vessel C)

Adjustable stop location holes.
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four turns and had an initial diamefer of about 30.cm. The
viscometer apparatus was mounted on the mobile pressure
system, the trolley beingAraised on four solid steel
étands for the measurements to ensﬁre that the angle of

" the roll tube did not change. The level of the trolley

was periodically checked using a series of spirit levels.

(2) Electrical Timing Irstrumentation.

The time that the ball took to roll between the two
coils of the roll tube was determined using the circuit shown
in block notation in Figﬁre I1-G-4.

The coils, one in each slot of the lucite sections
of the roll tube, contained approximately one hundred turns
of magnet wire (Belden Wire Company 30 gauge). ‘The coils |
were wound in series and had a combined resistance of about
10 ohms. A variable frequency constant amplitude AC gen-
erator was used to tune the coils to resonance, at which,
the potential across the coils is at a maximum. The
resonance frequency was generally between 0.75 and 0.85
megacycles but was dependent upon the applied pressufe and
the samp;e'surrounding the coils. On passage of the ball
through one of the coils the circuit was momentarily detuned
resulting in a change in the potential in the circuit. The
signal resulting from the change in potential in the cir-
cuit was filtered, differentiated and amplified prior to

being fed to a Schmitt trigger.



" FIGURE II-G-4

" Block Circuit Diagram of Viscometer Timing

Apparatus

A. Constant amplitude sine wave generator.
Tektronix Type 190A.

B. Viscometer coils.

C. Magnet coil.

D. - 'Detectof amplifier

E. Schmitt trigger

F. Bistable multivibrator (flip-flop)

G.  Emmitter follower (power amplifier)

H. Gate - |

K. Event counter (Transistﬁr Specialties
Inc. Model 1535)

L. Time mark generator (Tektronix, Type 184)

M. . Twin loW voltage power supply. (Harrison

Laboratories Model 802B)

~---- Indicates part of circuit within pressure
vessel '

D to G were mounted on a printed circuit board
and fixed directly onto the head of the pressure

vessel piston closure shaft.
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‘The output pulse of the Schmitt trigger was used to
acﬁivate a bistable multivibfator‘(flip-flop); the sig-
nal from which, after power émplification, was used to
trigger a gate circuit. The gate, when oéened, allowed
tﬁe output pulses of a time mark generator to be fed -
"into a pulse counter. The pulse counter recofded the .
number of pulses from the time mark generator betwéen
the on-off signals supplied to the gate as the ball
passed through each coil in turn. The time marker was
capable of giving pulses at time intervals from 10 nano-
seconds up to seconds. For most of the present work
pulses at 0.1 or 1 millisecond were used. The pulse
counter had a digital read out and a resolution of one
part per thousand.

The circuit, after the coils and up to the gate, was
mounted on a printed circuit board and fixed directly
onto the head of the pressure vessel piston. Little dif-
ficulty was encountéred with the timing circuit provided
' the coils were in resonance. The amount of energy
absorbed by the ball on passage through the coils is de-
pendent upon the velocity of the ball and at very low
velocities insufficient energy was absorbed to trigger
the timing circuit. This problem was only encountered
with methylcyclohexane at the highest pressure (4500 bars)

and the lowest angle of tilt and lowest temperature. As
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the roll velocity decreased with increasing pressure,
the.ball would proceed further into the coil before
sufficient enérgy was absorbed to trigger the circuit,
however, botﬁ coils were symmetrical so the overall
error in timing would be nullified. The width of the
coils accounted for about 0.3% of the total roll dis-
tance. The roll times were reproducible to better than
0.3% when the circuit was correctly tuned.

The magnet, which holds the ball at one end of the
roll tube whilst the angle of tilt is being adjusted,
was constructed from an iron core and the same magnet
wire as was used for the coils. The circuit used for
the magnet is also shown in Figure II-G-4. The magnet
resiétance was about 1.5 ohms and a current of about
0.1 amps was required to hold the ball. The ball was
held for the minimum time possible to reduce local heat-

ing to a minimum.

(3) Experimental Procedure.

In all viscometric determinations, extreme care must
be -taken to ensure that the sample is free‘of foreign
particles, for example, dust and metal fragments, be-
cause such contamination leads to unreproducibility in
the measured times. BAll metal surfaces of the viscometer
were cleaned with an air abrasive unit (S.S. White, Model

F) which removed all solder chips and oxides that accumu-
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lated on the surfaces during the soldering prbcess.

The éomponents of the viscometer were then cleaned in

a specially constructed Soxhlet extraction apparatus.

The components were generally left in the Soxhlet appar--
atus overnight, which resulted in at least thirty wash- |
ings in hot fresh solvent. If new terminal seals ﬁad
been soldered into the roll tube base plate, the base
plate was washed with water in the Soxhlet apparatus to
ensure fhat traces of soldering flux were completely
removed. Hexane, or the hydrocarbon under investigation,
was used for the final washing.

" The cleaned components were assembled into the vis-
cometer bellows holder and the apparatus attached to the
vacuum manifold as shown in Figure II-G-5. A steel
holder around the bellows prevented them from collapsing
as their interior was evacuated. Connection to thé
vacuum manifold was made through one of the filling apet-
tures using a glass to metal Kovar seal and a hollow
screw. Failure to attain a satisfactory vacuum (less
than one micron) was generally traéed to leaks at the
soldered joints of the terminal seals. A helium leak
detector (Consolidatéd Electrodynamics Model 24-120B)
was used to trace leaks in the metal to metal joints.

When a satisfactory vacuum was obtained, the sample

‘'was introduced into the bulb X4, from the storage mani-



" FIGURE II-G-5

Viécometer Filling System

H.

- X4

Viscometer main casing.

Steel holder. Prevents bellows
from collapsing during evacuation.

Hollow screw adaptor in filling

~aperture.

Kovar seal (0.25 ins)

Small bulb (approximately 10 ml)
10/30 extended ground glass joint
Viscometer bellows

Republic greéseless valve

Sample bulb. 200 ml
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fold (see Figure II?B—l), by trap to trap distillation.

For the'high boiling hydrocarbons and the calibrating

oilé this procedure was found to be tedious becausé of

their low vapour.pressures and they were introduced dirf
ectly into X4 by means of a long needled syringe. Samples:
jntroduced in this manner were degassed in X4 by the
freeze-thaw technique. The sample was then transferred

to the viscometer by rotation of the bulb about the extended
10/30.ground glass joint. The latter joint was greased
(Dow Corning Silicone Grease) over the outer 50% of its
ground glass surface. Extreme éare was taken to ensure
that the sample did not come into contact with the joint
(any contact was readily apparent from the wetting of the
ground glass). A small bulb, blown just below the joint,
was found to be advantageous in preventing the sample from
reaching the joint.

After filling the viscometer, an atmosphere of
~argon was allowed into the manifold and the viscometer
removed from the manifold. The sealiﬁg screw was then
insertea and the viscometer assembled onto the face of
the pressure vessel closure piston. All electrical conn-
ections were soft soldered and checked fof shorts, prior
to inserting the viscometer into the pressure vessel.
About one hour was allowed for the system to attain ther-

mal equilibrium. The roll time of the ball was then
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détefmined as a function of pressure at constant temp-
erature. The roll time at each pressure was determined

at two angles of tilt of the pressure vessel. Readings

were taken both with the pressure increasing and decreasing,
at least twenty minutes being allowed before the reading was
taken after increasing or decreasing the pressufe. ‘The

temperature was then adjusted and the procedufe repeated.

(4) Calibration.

As previously mentioned the rolling ball viscometer
has to‘be calibrated. All hydrocarbons investigated were
used as calibrating standards at atmospheric pressure. For
higher viscosities, higher molecular weight hydrocarbons
and a series of oils were used.

In cases where the viscosity‘of the calibrating
fluid was not available in the literature, the viscosity
was determined using a Ubbelhohde viscometer. These instru-
ments were calibrated by ﬁhe manufacturer (Cannon Instru-
ment Company). The calibration was periodically checked
. with a standard oil. The viscosity was determined by
multiplying the measured efflux time of the sample by the
viscometer constant. The viscosity obtained is in units
of centistokes and the density of the sample is required
to convert this to units of centipoise. Densities, when
not available from the literature, were determined using

a single necked pycnometer. The pycnometer was constructed
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from a 1 ml pipettefand a 10 ml pfrex bulb. The‘voi-
ume of the bulb and pipette was determined as a function
of temperature by calibration with mercury. Samplés -
were introduced into the pycnometer using a loné fine-
needled syringe. .

The viscosities (centipoise) as a function éf temp-
erature for the standard and silicone oils afe'given in
Table II-G-I. The densities of the same oils are shown
in Table II-G-II. All values for the spandara oils are
those determined by the Cannon Instrument Company. Table
-II-G-III contains the viscosities of the hydrocarbons
from 0 to 60°C at atmospheric pressure. These values
were either determined in the present work or taken from
various sources in the literature. Table II-G-IV list
the densifies of the same hydrocarbons at atmospheric
pressure.

The rolling ball Viscometér was calibrated in
exactly the same manner as described for the pressure ex-
periments except that the pressure remained at one atmos-
phere. The results of these calibrations will be given

'in the next section.

(H) Radiation Induced Conductance Measurements.

(1) Conductance cell construction.

The magnitude of the radiation induced currents

observed in the hydrocarbons during the present investi-
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10 7

~gations varied from 10~ to 10~ ' amperes, depending upon
the experimental conditions; In order to measure such
small.induced currents accuraﬁely, the conducténce'of
the sample in the absence of radiation must be at least
two orders of magnitude smaller (they were actually 10'-14
mho or less). The conductance cell was designed such

that it was amenable to rigorous cleaning and such that

it could be filled with fhe minimum possibility of intro-
ducing ionic impurities. Cells used for the measurement
of radiation induced currents at atmospheric pressure are
generally constructed from glass (54,56) . However, of
numerous glass cells constructed, for the present work,
none were found that would withstand a pressure of 4500
bars without fracturing. Failure always occurred at the
glass to metal seals which were required to introduce
electrical connections into the cell. Glass to metal
seals that were constructed from all combinations of
tungsten, platinum and Kovar with Pyrex, soda and uranium
glass, were found either to fracture when subjected to

a pressure of 4500 bars, or to sﬂatter at various lengths
of time after the release of pressufe. A seal construqted
from a very fine platinuﬁ wire (0.005 ins diameter)
sealed into soda glass withstood 4500 bars without

fracturing, but when the diameter of the wire was in-

creased to a point were it could support an electrode, the
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seal once more fractured under pressure.

Initial investigations were conducted using the same
cells that were employed for the measurement of the ef-.
fect of pressure upon dielectric constant (Figure II-E-1).
These cells were unsatisfactory because of the large
volume occupied by the cylindrical electrodes, which
introduced a large variation in the dose rate over the
volume of the cell. The cell design ultimately adopted,
permitted the cell to be filled under degassed conditions,
fﬂe final seal of the cell being made under an atmos-
phere of argon. The bellows cell is illustrated in
Figure II-H-1 and details of the electrode assembly are
reproduced in Figure II-H-2.

The bellows section of the cell was constructed from
two sections of one-ply stainless steel bellows, each of
10 active corrugations, joined by the same method as
described in (G) of this section. A stainless steel
ring was silver soldered to each end of the bellows and
formed part of the "O" ring seal. The outer surface of
the steel ring contained an annuiar slot into which a
Viton A "O" ring was fitted. The ends of the bellows were
closed by stainless steel caps which compressed against
the "O" rings. Compression was applied by eight bolts
placed symmetrically around the stainless steel caps.

Electrical connections into the bellows interior were



" FIGURE II-H-1

'Bellowé'Assembly of‘Conductancé Cell

Stainless steel bellows. Robertshaw
. Controls Limited

‘Stainless Steelfcloéure caps.
Stainless steel rings

"o" ring.groove

Compression bolts.

Bracket by which bellows is attached to
the pressure vessel piston.

Metal to ceramic termlnal seals. Latronics
Corporatlon.

Filling aperture (see Figure II-F-2b)

Viton "O" ring.






* FIGURE TII-H-2

Electrode Assemply of Bellows Conductance

Cell

C.

D.

Stainless steel electrodes 2mm thick

Supramica cermoplastic interchangeable
spacer. '

Supramica electrode holders

Stainless steel bracket by which elect-
rode assembly was reproducibly placed
on the inner surface of the top bellows
closure cap.

The distance X varied with the spacer in use

The distance Y corresponds to the electrode

spacing as determined by the spacer dimensions

given in Table II-H-I.

Z is equivalent to the electrode diameter
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made with Latronics Corporation metal tb ceramic ter-
minal seals (see (G); this section). oOpne sealing cap
. contained two filling apértuiesvof similar design to
those used in the bellows dilatometer (Figuie II—F—2a);
The electrode assembly (Figure II-H-2) consisted of
two stainless steei electrodes held a fixed distance
~ apart by a Supramica cermoplastic spacer. The electrode
separation was varied from 2 mm to 10 mm using a series
.of interchangeable spacers. Table II;H—I lists the
various combinations of spacers and electrodes used for
the conductance determinations. Except in one cell, which
contained a guard ring, the electrodes were all about 16
mm in diameter. Electrical connéctions within the bellows
were made With copper wire and soft soldered connections.
The electrode, closest to the top of the bellows, when
assembled in the pressure vessel, was always used as
the collector electrode. The lower electrode was con-
nected to the lower sealing cap by a coil of copper wire.
The coil was of sufficient length to allow for the com-

pression of the bellows as the pressure was increased.

(2) Electrical Circuit and ' Current Measurement.

The electrical circuit employed for the measurement
of the current is illustrated in Figure II-H-3. Consider-
able care has to be taken in the construction of the cir-

cuit to avoid the incidence of radiation induced currents
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- TABLE II-H-I

Conductance_Cell'Spacer'and‘Electrode‘Dimensidns

Cell Spacer Electrode Diameter . % L
mm_ Im

A 1.9 | 16.1 0.0093
B 2.0 15.9 0.0101
c 2.7 15.9 0.0136
D 3.2 16.1 0.0157
E 3.6 16.1 0.0176
F 3.9 16.6 | 0.0180
G 4.0 16.1 0.0196
H 5.5 16.1 0.0270
J 7.0 11.1% | 0.0874
K 9.5 16.1 0.0466

qgjectrode used in conjunction with a guard ring.

bL/A in the ratio of the electrode separation to the

area of the collector electrode.




- PIGURE II-H-3

' Electrical'Circuit‘for'Conductance Measurements in

SH

SW

- Radiation Cave

0 - 1000 volt power supply. Keithly Model 240

Micromicroammeter. Beckman Model 5 or E. H.
Laboratories.Model 240

Conductance cell (Inside pressure vessel not
shown)

Radiation source and track
Source housing
Switch

Current measuring cable
Dummy cable
Power cable
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between_thé cable of the circuit. Such currents can be
redudéd to a negligible level but cannot be completely
eliminated. Thfee coaxiél cables (Type RG 8/U) were
introduced around the maze of the radiation cave and
were about 30 feet in length. Two cables stmetrically
spaced about 2 ins apart over their complete length,
were used to determine the current. One of these cables
terminated just prior to the bellows conductance cell
and was used to determine the current arising between
the cables of the circuit under the influénce of radi-
ation. A third coaxial cable, separated by at least
two feet from the current méasuring cables, was used
to supply the potential to the cell. All three cables
were suspended from the céiling of the radiation cave
on lengths of rubber tubing.

In the absence of special shielding, radiation
induced currents between the cables at the point where
the cables passed through the pressure vessel closure

2 amps) because of the unavoidable

were large (& 10
proximity of the cables. To reduce these currents to
a negligible level the cables were connected to the
piston head in the manner depicted in Figure II-H-4.
A brass cap screwed diréctly onto the piston shaft

and the cables were introduced into the interior of the

cap by three BNC silver plated connectors, symmetrically



" FIGURE II-H-4

Piston

Brass cap

Silver plated BNC coaxial cable connectors.

Pressure vessel closure piston

Brass sleeves

Polyethylene tubing

Ceramic insulated electrical connections

to the pressure vessel interior
Grounded copper plate.

Rubber sheeting
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piaced at 120° with respect to eaéh other. Interior
connections were made with copper wire and soft solder,
care béing taken to ensufe that no cold soldered connec-
tions were present. Cold éoldered connections (high |
resistance joints in which the solder has crystallized)
introduced contact potentials into the circuit. 1In
order to obtain contact with the central conductor
of the electrical leads through the pressure vessel
closure piston, it was found‘to be necessary to silver
plate the outer threaded terminals. Connections were
made to a brass sleeve screwed directly onto the silver
plated thread. All connections within the cap were in-'
sulated with polyethylene tubing‘and a grounded copper
plate was placed betWeen the poténtial and current
cables. The intérior of the cap was finally filled
ﬁith the hydraulic fluid. The cables exterior to the
pressure vessel were separated by a rubber sheet.

The current was measured with two'micromicroammeters,
a Beckman Model 5 and an E. H. Laboratories Model 240.
The potential was supplied from a Keithley Model 240
variable power supply. The potential, calibrated with a
Hewlett Packard'digital voltmeter Model 3440A, was con-
sistent with the dial read-out of the power supply to
within 1% over the range from 10 to 1000 volts. The

ammeters were calibrated with known currents produced by
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applying known voltages to calibrated resistors. A
series of Victoreen resistors, covering the range from

% to 1013 ohms were calibrated using a General Radio

10
megohm bridge (Model 1644-a), which, after calibratibn

by the manufacturér was claimed to be accurate to within
1%. The resiséance of megohm resistors is very dependent
upon the appliéd voltage. To cover the complete range of
currents required for calibration of the ammeters, the
resistors were calibrated with applied potentials from

10 ‘to 100 volts. Table II-H-II contains some typical
correction factors determined for the ammeters. The
correction factors do not reflect upon the general manu-
facture of the ammeters but indicate the care which must
be taken in the operation of such instruments. Seriously

overloading a given current range changed the calibration

factor for that range.

(3) Experimental Procedure

The cell components were cleaned using the Soxhlet
apparatus described previously ((G) this section). Cells
not in immediate use were left in the prhlet apparatus
and cleaned for several days. If the terminal seals
had been replaced in the bellows cap, cells were initially
cleaned in boiling water to ensure that all traces of

soldering flux were removed. All metal surfaces, apart
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" TABLE TI-H-1I .

Some'Typical’Correction'FactorS'for‘thé Micromicro-

- ammeters.

Scale - Instrument - Correction Factor
1 x 1078 . E-H Laboratories 0.87 % 0.89%
3 x 1078 " 0.89  0.90
1x 1070 " | 0.96  1.01
3 x 1077 u 1.01  1.02
1 x 10710 " 1.02 1.0l
3 x 10730 : " 1.01  1.02
3 x 1077 Beckman | 1.03
3x 107° " 1.02
10 x 1078 " - 1.02
3 x 1077 . " 1.02
10 x 107° n 1.00
3 x 1070 u 1.03
10 x 10710 " 1.03
3 x 1071 u 0.99

Correction factor - Ampsmeter/Ampstrue

X January 1968

Y August 1965
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from the bellows interior, that'were in contact with

the sample were cleanéd with an air abrasive unit, prior
to the.Soxhlet cleaning. Hexane was used as the cleaning
solvent. After cleaning, the bellows and cell was
assembled and tested for leaks with the helium leak
detector. ff no leak was apparent the bellows cell was
attached to the filling system illustrated in Figure
II-H-5. The chemically purified sample (see (B) this
section), was either distilled directly into the bulb

X1 by trap td trap distillatioﬂ from the manifold, or
distilled into bulb X2 under an atmosphere of argon.
Samples introduced by the latter technique were de-
gassed in X2 by the freeze-thaw techniqﬁe prior to
distillation under vacuum into X1l. The sample was
finally distilled into the bulb X3 and the filling systéﬁ
isolated from the manifold.

Upon thawing, the sample was transferred to the
cell for a-preiimihary washing of the cell. The trans-
fer was accomplished by rotation of bulb X3 and the cell
about the extended ground glass 10/30 joint. This pro-
cedure was described in (G) of this section. The trans-
fer was facilitated by cooling the metal surface of the
bellows. A further rotation of the cell through 180°
transferred the sample into the electrolytic cleaning

bulb A. The sample was prevented from returning into



* FIGURE II-H-5

Conductance Cell Filling System

"'Bulbs (approximately 200 mls)

Electrolytic cleaning bulb
Bellows cell and holder

10/30 extended ground-glass joint
Condgnsor

Ground glass joints
High vacuum ground glass joints

Greaseless stopcocké (Springham
or Republic)

To storage manifold
To vacuum manifold

To mercury exhaust valve.
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the bulb X3 by a pouring spout situated in the neck of
the bulb X3. The bulb A contained two platinum electrodes
(3.8 cm in diameter and 6;4 cm apart) to which a potential
of up to 30 kilovolts could be applied. The potential
was supplied by a Spellman High Voltage Company power
supply (Model PN-30). The electrolysis of the sampie
was continued for several hours prior to distilling the
sample back into the bulb X3, by cooling the latter bulb
in liquid nitrogen. The sample was transferred baék into
the cell and the conductance determined with the equipmént
discussed above. The cémplete cycle was repeated until
the conductance of the sample was 10"14 mho.or less.
.The cell was removed from the filling system after intro-
duction of an atmosphere of argon, and the sealing screw
was inserted.

The filled cell was connected to the face of the
pressure vessel closure piston by means of the bracket and
a .0.25 in bolt. Electrical connections between the terminals
of the bellows cell and the central conductor of the leads
through the piston were made with soft soldered copper wire.
All connections were insulated with polyethylene tubing and by
layers of rubber sheeting. Prior to insertion of the assem-
bly within the pressure vessel, it was connected to the
current measuring circuit to ensure that no large contact
potentials were present. At least one hour was allowed for

the system to attain thermal equilibrium,
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The radiation induced current was determined as a
funcfion of applied voltage at constant temperaturé and
pressure. The pressure was increased in stages up to
about 4500 bars and thirty minutes was allowed before the
current determinations after each increase in pressure.
The procedure wés repeated on the pressure release cycle.

The complete cycle was then repeated.
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Section IIX

"RESULTS

"In this section the results obtained for the pres-
sure dependence of the dielectric constanﬁ, the density,
the viscosity and radiation induced conductance are
reported. It is not proposed to discuss the.results
obtained for the dielectric constant, density and vis-
cosity, at a.later time, so a very brief discussion is
given under each in the'secfion. All results are re-
pprted in relative terms, the standard state (unless
otherwise specified) being chosen as one atmosphere
pressure (1.0133 bars) and 30°C. A detailed discussion
of the radiation induced conductance will be given in

a later section.

(a) Pressure Dependence of Dielectric Constant.

The dielectric constants of the hydrocarbons were
determined as fﬁnctions of pressure at 30°C, using the
apparatus and experimental technique previously described
in Section II-E. |

The observed variation in the total capacitance
of the system with pressure is shown in Figure III-A-I1
for several hydrocarbon samples. In some experiments,
the total meaéured capacitance at atmospheric pressure,
prior té the épplication of pressure, was different from

the value at atmospheric pressure after the release of



. PIGURE TIT-A-I

Capacitance versus Pressure

Cell Py 30°C

0] Methylcyclohexane
n-octane
A n~hexane

open points pressure increasing cycle

closed points pressure decreasing cycle
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pressure. The difference never amounted to more than 0.5%,
except in the case where carbon tetrachloride was investi-
gated. - The lafter compound underwent solidification at
about 1500 bars at‘30°C, which resulted in permahent dis-

" tortion of the cell. 1If the capacitance values at atmos;
pheric pressure, before and after the application of
preésure, were different, the cell was recalibrated and
the investigation repeated.

The capacitance determined immediately after an
increase of pressure was usually higher than the value
determined after an elapse of about twenty minutes of the
new pressure. This effect results from a slight decrease
in pressure which was always observed after an increase
in pressure. The equilibrium pressure was reached after
a shortef pefiod of time if the pressure was raised
slowly. The effect was reversed on the pressure decreasing
cycle.

Attempts to detect a change of temperature accom-
panying an increasé or decrease of the pressure within the
pressure vessel were unsuccessful. In the present system,
the temperature would have to change by at least 5°C be-
fore an effect woqld be observed on the measured capaci-
tance, bécause of the small temperature dependence of
the dielectric constant of the hydrocarbons (Table Ii-E—II).

The total capacitance of the system, measured at
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500 bar increments of pressure up to a maximum of 4000
bars, Wés obtained from the smooth curvé dfaWn through
the points of the plot of observed capacitance versus
experimental pressure (Figure III—A-I).' The capacitance
values were converted to dielectric constants by direct
refe;ehce to a calibration graph, an example, of which was
given in Figure II-E-2. The values reported are the
average of at least two determinations. The reproduci-
bility in the dielecfric constant from experiment to
experiment was within 0.5%. |

The relative dielectric constant at 500 bar in-
tervals of pressure are recorded in Table III-A-1 for
n-pentane, n-hexane and n-octane. The pressure depend-
ence of the relative dielectric constant for these
hydrocarbons is illustrated in Figure III-A-2. The
relative dielectric constant of péntane, calculated from
the results of Danforth (117) after adjustment from
. pressures reported in atmospheres, is also shown as a
funétion of pressure in Figure IIIQA-2. The present
results are in good agreement.wifh those of Danforth (117).
A similar comparison for hexane using the data of Mopsik
(126) is also illustrated. Thg present results wefe
.obtained at 30°C, whilst those of Mopsik refer to 25°C.
The absolute agreeﬁent between the two sets of results is

quite satisfactory, but is not as close as Figure III-A-2
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TABLE III-A-1

Relative Dielectric Constants at 30°C

: * Compound

Pressure

(Bars) " n-Pentane n-Hexane n-Octane

1 1.000 1.000 ©  1.000

500 1.045 1.036 1.026
'1000 : 1,074 1.060 1.047
1500 1.096 1.078 1.064
2000 1.114 1.094 1.077
2500 . 1.129 1.107 1.087
3000 1.142 1.118 1.096
3500 1.153 1.129 1.106
4000 1.163 1.138 1.113

ond a a
£30°C2; 812 303,872 £30%:21.9040
1l atm -1 atm 1l atm

1 atmosphere - 1.0133 Bars

@ yalues calculated from temperature dependence
of ¢ and values of € given in Table II-E-II.



FIGURE III-A-2

Relative Dielectric Constant versus Pressure

n-pentane, n-hexane and n-octane 30°C

II

I1I

n-~-pentane

n-hexane solid lines, present
work

n-octane

n-pentane 30°C W.E. Danforth (117)

n-hexane .25°C F.I. Mopsik (126)

-n-hexane 0°C r,I, Mopsik (126)
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suggests because of the temperature difference. The
results of Mopsik (126) at 0°C are also included.to
illustrate the temperatufé dependence of the relative
dielectric constant.

The present results for n-hexane are also in
satisfactory agreement with those of Chang for the same
compound (127). As was pointed out by Mopsik (126) al-
though the limited data on the pressure dependénce of the
dielectric constant generally parallel one another,
systematic differences in the absolute values are pre-
sent. In the present work knowledge of the amount of
variation of the dielectric constant with pressure is
more important than an accurate knowledge of the absolute
value of the dielectric constant. To the author's knowledge,
comparative data for the other hydrocarbons studied in
this work are not available. |

The relative dielectric constants for cyclopentane,
methylcyclohexane and 2,2-dimethylbutane are given in
Table III-A-II and their pressure dependence is illus-
trated in Figure III-A-3. Table III-A-II also contains
some values obtained for carbon tetrachloride up to 1500
bars (the freezing pressure at 30°C is 1470 bars (128).

For non-polar liquids, such as the hydrocarbons
investigated in the present work, the molecular polariz-

ation of the liquid is generally related to the dielectric
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" TABLE III-A-I11

Relative Dielectric Constant at 30°C

Comgoﬁnd
Pressure Methylcyclo- Cyclopen- 2,2-Dimethyl- Carbon tet-
(Bars) hexane tane butane . . rachloride
1 1.000 1.000  1.000 1.000
500  1.028 1.037  1.039 ©1.034
1000 1.047 1.060 11.068 1.055
1500 1.063 1.079 1.087 1.069°
2000 1.074 1.0§4 1.102. ===
2500 1.089 1.108 1.116  —==--
3000 1.099 1.121 1.128 ===--
3500 1.108 1.133 1.139 ===
4000 - 1.116 1.144 1.149  e==--
e30°C25 004 39°E1. 068 £30°C) gs7  £30°C%3. 220
1l atm 1 atm 1l gtm 1l atm

8 yalues calculated for temperature dependence of ¢ and

values of € given in Table II-E-I1
b Calculated from refractive index square

C preezes at 1473 bars at 30°C (128)



" FIGURE III-A-3

Relative Dielectric Constant versus Pressure

I 2,2-dimethylbutane 30°C

IT Cyclopentane 30°C

III  Methylcyclohexane 30°C
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constant of the liquid by the equation (129)

€ -1 _ 4 .
= 5 V = 3 TN (IIx-1i)

where V is the molar volume of the ligquid, € ié the static
dielectric constant, N is Avogadros number and o is the
molecular.polafizability. .

Equation (III-i) is identical to the general Debye
equation (130) for all liquids the term for the orientation
contribution to the polarization having been removed be-
cause of the absence of a permanent dipole., The left hand
side of equation (III-i) is generally referred to as the
Clausius Mossotti function. Equation (III-i) predicts that
if the polarizability of the liquid is independent of
density (and therefore pressure), the Clausius Mossotti
function (CM) should be constant and independent of the
density of the liquid. The variation of the4CM with den-
sity is illustrated in Figure III-A-4 for n-pentane, n-
hexane and n-octane. .Similar plots for methylcyclohexane,
cyclopentane and 2,2-dimethylbutane are shown in Figure
IIT-A-5. The CM function is found to decrease, in all
cases, with increasing density. The scatter in the data
is greater for n-pentane and cyclopentane than for the
higher boiling hydrocarbons. The observed reduction in
the CM function with increasing density (and pressure)

is consistent with other observations reported in the liter-



" 'FIGURE III-A-4

Clausius Mossotti Function versus Density 30°C

A n-pentane

0 n-hexane

O n-octane
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“Clausius Mossotti Function versus Density 30°C
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ature (116,117,126,131). The non-consistancy of the oM

. function has led to the general validity of eqﬁation (I1I-1)
at increased densities being questioned. Two possibili-
ties have been'geﬁerally suggested, namely, that the form
of the CM function is incorrect at high densities, or

that the polarizability of the .molecules is pressure depend-
ent. Some recent investigations by Mopsik (126) indicated
the possibility of hexane having a small permanenf dipole,
which, if correct, would require the addition of a term

to the right hand side of equation (III-i), yielding the gen-
eral Debye equation (130). No alternative and satisfactory
form of the CM fuﬁction has yet been suggested.

The poss1b111ty that the polarizability is pressure
dependent has recelved some attentlon, but only in the case
of gases. As long ago as 1936, Kirkwood (132) concluded
that equation (III-i) was strictly valid only for a per-
fect gas. The CM function has been found to be independent
of pressﬁre for hydrogen (133) and nitrogen (134) at least
up te a pressure of 1000 atmospheres. The function for
argon (134), however, and for several organic gases (136,
137) exhibits an initial increase with pressure followed
by a decrease. Theoretical calculations (138) for ergon
jndicate that the polarizability of argon may be pressure

dependent.
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(B) Pressure Dependence of Density

The pressure—vdlume relationship was determined
at 30°C for all the hydrocarbons (except 2,2-dimethyl-
butane, for which Bridgman'é' (121) dataiwere used)
used in the radiation induced conductance investigations.
The potential ratio was determined as a function of
pressure up to a maximum pressure of 4500 bars. The
values of the potential ratio at one atmosphere before
the application of préssure and after the release of
pressure generally agreed to within 0.1%. No hysteresis
was ever épparent. The change in éhe potential ratio
with pressure was éqnvérted to the change in volume
using calibration curves} typical examples of which
were given in Figures II—F—4 and II-F-5. The reéorted
relative values are the average of at 1east two deter-
minations. The reproducibility in relative volume from
experiment to experiment was about 0 002 (approx1mately
0.25% of the actual relative volume depending upon the
sample) at 4000 bars and was better than 0.002 at lower
pressures.

The relative volumes of n-pentane and n-hexane, and
‘the corresponding calculated densities are given in Table
ITI-B-I and are illustrated in Figure III-B-I. The
values at 500 bar increments of pressure were obtained

by plotting the measured relative volume against the
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FIGURE III-B-I

Relative Volume versus Pressure

n~-Hexane full line, present results 30°C
n-Pentane full line, present results 30°C

n-Hexane values interpolated from data

at 0, 25, 45 and 60°C (121)

n-Pentane values interpolated from data

at 0, 50 and 95°C (121).
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expefimental pressure, drawing a smooth curvé through
the.points, and reading fhe‘values at the desired pres-
-sure directly.from the curve. The relative volume of
n-pentane at 30°C, estimated graphically from the
results of Bridgman (121) at 0,50 and 95 C after cor-

2 are also shown in

rection from pressure units of kg cm”
Figure III-B-I.

The present values for n-pentane are somewhat higher
than the values estimated from Bridgman's data the dis-
crepancy amounting to about 1% at 4000 bérs and less
at lower pressures. A similar comparison for n-hexane,
using the data of Bridgman (121) and Eduljee, Newitt and
Weale (123) is also illustrated in Figure III-B-I. The
agreement is quite satisfactory.

The relative volumes and densities of n-octane,
methylcyclohexane and cyclopentane at 500 bar increments
| of pressure up to 4500 bars are listed in Table III-B-II
and illustrated in Figure III-B-2. Comparative data for
octane at 30°C, estimated from the results of Eduljee
et al. (123) at 0, 25, 40 and 60°C after adjustment from
pressures reported in atmospheres, are also shown. The
agreement is excellent. No comparative data are avail-
able for methylcyclohexane or cyclopentane. Bridgman
(139) has studied methylcyclohexane but did not report

the temperature of his relative volume measurements other
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" FPIGURE ITII-B-2

Relative Volume versus Pressure

I Octane 30°C full line Present results

@ Values interpolated from data at 0, 25,

40 and 60 (123)
II 'Methylcyclohexane 30°C - Present results

III Cyclopentane 30°C - Present results
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than that they were obtained at room temperature. If
this was approximately 25°C, the results of his study
and the present study are in good agreement, assuming
the temperature dependence of the relativé volume to

be similar to that of octane .

The pressure dependencebof the densify of hexane
and octane were required at temperatures other than 30°C.
The present data at 30°C and the data of Eduliee et al.
(123) at 0, 25, 40 and 60C were used to construcf a
plot of the variation of density with temperature ét con-
stant pressure. Thé calcﬁlated variations are shown in
Figure III-B-3 for hexane and in Figure IT1-B~4 for
octane. The density at the required temperature and
at 500 bar intervals of pressure were obtained from the
plots. |

Table III-B-III contajns the relative volume of
2,2-dimethylbutane calculated from the results of Bridg-
man, at several pressures, and somé results obtained on
some other liquids during the course of this study.

Cyclopentanéne was studied because of its relevance
to another project undertaken in this laboratory (140) .
Attempts to determine the freezing pressure of cyclopenta-
none at 25°C (the experimental temperature of the results
reported in Table III-B-III for cyclopentanone) were un-

successful. The sample froze if the temperature was



" FIGURE III-B-3

ity

O

at Constant Pressure

0 Present results 30°C

A Eduljee, Newitt and Weale (123) 0,

40 and 60°C

P. W. Bridgman (121) 50°C

Pressure in kilobars.
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FIGURE III-B-4

Temperature Dependence of n-Octane Density

at Constant Pressure

0 Present results 30°C

A Eduljee, Newitt and Weale (123)
0, 25, 40 and 60°C.

Pressure in kilobars.
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lowered to about 20°C after increasing the pressure to
about 3500 bars, howeVgr(the_rabié change invvolume
aséociafed with the change of state resulted in diétOrtion.
. of the dilatoﬁeﬁei slide wire. It is possible that
the values reported for'cyclopeﬁtanone at the higher
pressures refer to the liquid»statg fn excess of its
freezing pressure. ' |

The results obtained for the various'hYdrocéfbons
studied require little comment. They all fit into thé
generél pattern.observéd by Bridgman (93)  that most
.organic compounds decrease in volume by befween 15% and
'25% on increasing the pfessure to 4000 bars. The com—.

1 v

pressibility (defined as ;V 3P ) where V is the volume

and P is the pressure decreases as the pressure increases.

(C) Pressure Dependence of Viscosity.

(1) Calibration

The system of a ball rolling within an enclosed
tube was first suggested for use as a viscometer by
Flowers (141) in 1914 and first applied to higher pressure
viscometric determinations in 1928 (142). The variableé

of the system are generally correlated by the equation

. Clpa—ps) :
n = _____SV L (III-ii)

where n is the viscosity in poise (gm/cm sec) of the medium
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in which the ball is rolling, Pq énd Py, are the densities
(gm/ml) of the ball material and the medium; respectively,
\ ié the velocity (cm/sec).of the ball and C is a cé—
efficient which is usually determined by experiment with
liQuids of known viscosity and density.

The general form of the above calibrating equation
has been obtained both from dimensional anélysis (125,143)
of the system and by the application éf a modified form
of Stokes Law to include the rotational motion of the
baliv(l44). In the present investigatiéns, thé distance
that the ball rolls was maintained constant from investi-
gation to investigation and the calibration equation was

used in the form
n = K(ps—pL)T ‘ (ZII-iii)

where T is the time, in seconds, required for the ball to
roll the fixed distance. The new viscometer coefficient
K is simply the old coefficient C divided by the fixed
distance.

The viscometer was calibrated at atmospheric pressure,
using a series of standards of known viscosity and density
(see Tables II-G-III and II-G-IV). All hydrocarbons
investigated were also used as standards at one atmosphere
pressure the viscosity at atmospheric pressure being either

determined with an Ubbelhohde viscometer or taken from



-1l46 -

the literature (section II-G). Two angles of inclination

of the roll tube were used which corresponded to a tilt

of approximately 20.5 and'30.5 degrees from the horizontél,
The angles of inclination, hereafter referred to as angle I
(v 20.5°) and angle II (v 30.5°), were not known with

great accuracy, but they were accurately reproducible.

" The roll time was determined at each angle over the
temperature range, 0 to 66°C, except in cases where the
freezing temperature or the boiling point of the sample
was reéched. Figure III-C-I illustrates the variation
of roll time with temperature and angle of inclination for
several hydrocarbons. The scatter in the measured roll
times never exceeded 0.3% provided the timing circuit was
correctly tuned (see Section II-G). The roll time was re-
pfoducible from sample to sample to within 0.2% under the
same experimental conditions.

No attempt was made to adjust the temperature to
exactly the required value because this process was found
to be tedious owing to the long period of time required
for the system to equilibrate after a temperature change.
The roll time at the required temperature was obtained
from the plots of roll time against experimental temper-
ature. Fewer values of the roll times were determined
for temperatures below 10°C because of either the sample

freezing or the viscosity increasing rapidly outside the



" FIGURE III-C-1

. Roll Time versus Temperature. Hydrocarbons

n-Tetradecane Angle I

n-Tetradecane Angle II

o Methylcyclohexane Angle I

0] Methylcyclohexane Angle II

n-Hexane 2Angle I

Atmospheric pressure.
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range of interest as the temperature was lowered.

The value of the (ps—pL) T term of the caiibrating
equation was calculated at 0,30 and 60°C, using the
graphically interpolated roll times and the density of
the sample at the temperature of the interpolated roll
time. The density of the steel ball (7.7733 ém/cm3 at
25°C) was corrected for ﬁse at other temperatures taking
the thermal expansion coefficient'of.steel to be 11 x 10"6
per C (145). The total correction between 0 and 60°C amounts
to about 0.07%

The calculated values of (ps-pL) T for both angles of
inclination at 0, 30 and 60°C are listed in Tables III-C-I
and III-C-II. The viscosity dependence of (ps—pL) T is
illustrated in Figure III-C-2 for both angles I and II at
30°C. The viscosity is actually plotted in terms of the
logarithm of the viscosity expreséed in millipoise.

The straight chain hydrocarbons, the standard oils
(a mixture of high molecular weight straight chain hydro-
carbons) and the silicone oils with a viscosity of 5 cP
or greater all fall upon a smooth curve. The cyclic hydro-
carbons, methylcyclohexane and cyclopentane and the sili-
cone o0il with a viscosity of 1.82 cP at 30°C, fall below
the straight chain hydrocarbon curve. ‘

e :

- The cause of the difference observed in the calibration

points obtained with different types of compounds is un-
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" FIGURE ' III-C-2

(pg=py) X

Roll Time versus Log n 30°C

O © « « © 6 oo g ® » > O

II

n—péntane
n-hexane
n-octane
n-decane
n-dodecane
n-tetradecane
n-octadecane
¢yclopentane
methylcyclohexane
2,2-dimethylbutane
s-3

Standard oils
S-6
B(10)

Silicone oils
c(5)
Angle I

Angle II
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known. The calibration points were repfoducible within
0.02%. It may tentatively be suggested that the molecular
structure of the liquid may élay some role in khe observed
effect, but to reconcile molecular structure with such

a bulk property as viscosity is difficult. 1In the present
viscometer the velocity of the ball is high at low liquid
Viscosities and, as will be further discussed later, the
effect may arise from the occurrence of turbulent rather
than from streamline flow of the liquid éast the ball.

' The dashed lines in Figure III-C-2 indicate the
calibration curves used for the cyclic compounds. The
only justification in using these durves, at the present
time, is that if turbulent flow is dependent upon méle-
cular structure,vsuchldependency should disappear as the
;egion of streamline flow is approached. The latter
assumption may be partially justified by the observation
that the silicone oils of about 5 and 8 cp fit, within
experimentai error, onto the high viscosity end of the
hydrocarbon calibration curve.

The non linearity of the calibration plot (Fig-
ure III-C-2) has been observed by numerous. authors (125;
142-144, 146,147). The calibration plot is generally
found to be linear when the viscosity of the fluid is
greater than about 10 cP. However the actual point

of departure from linearity is dependent upon the experi-
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mental conditions.

The viscometer'coéfficient, K, 1s viscosity de-
' péndent. The form of the viscosity dependence of K may
be illustrated from the observed temperature dependence
Sf K. Figure III-C-3 illustrates the observed variation
of the viscometer coefficient with temperature for
q-deéane and methylcyc;ohexane. These compounds were
chosen as typical examéle; of straight chain and cyclic
hyd;ocarbons because they were amenable to study over
the comélete température tange from 0 to 60°C. A similar
variation was found for all hydrocarbon and silicone
oils.

According to the theory of Hubbard and Brown (125),

the viscometer coefficient is given by the relation

K = %% C g sin 0 4 (D+d) (III-iv)

where g is the acceleration due to gravity, 6 the angle
of inclination, d the ball diameter, D the tube diameter
anc C is a correlation factor. The correlation factor

is given by (125)
c = hhu (III-v)
R
where n is the viscosity in poise, h is the equivalent
diameter, u is the average velocity of the liquid through
~ the space between the ball and tube, and R is the resis-

+ive force on the motion of the ball. For non—éircular

channels, such as the crescent shaped channel between the



" FIGURE III-C-3

Temperature Dependence of Viscometer Coefficient

Ko " Viscometer coefficient o°C

Viscometer coefficient T°C

Full lines Values calculated relation'III-iii'

Points - Values calculated relation III-ix
o) n-Decane Angle I
A methyicyclohexane Angle I

methylcyclohexane'Angle II
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ball and the tube,-the equivalent diametef is given by
four times the hydraulic radius, the latter being defined
as the cross—séctional area of the channel divided by the
wetted perimeter. The value of h - is therefore given by
the term (D-d). |

The average fluid velocity u is given by
d2
p2-4
where V is the velocity of the ball. In the present

u= ( ) Vv (III-vi)

2

system’

u= 1.708 Vv (III-vii)

The resistance factor R may be calculated from

5 . . omd | .
R = T 9 Sin 6 _Z_(ps_pL) (III-viii)
where all symbols have the meaning given above. Assuming
that the change in 4 and D with temperature may be neglected,
suitable rearrangement of the above equations yields for the

relative variation of K with temperature

Pa _P7 -
n-u,  "S,-"L
El = 1u1 2 "2 (III-ix)
2 M4, psl le

where the suffix 1 and 2 refer to two different temperatures.
The relative values of the ratio Ki/Kz' calculated
from equation III-ix are illustrated in Figure III-C-3 as

a function of temperature. The values are plotted as Ko/KT
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where K refers to 0°C and K refers to T°C. The relative
Vafiation in Ko/KT calculated from the calibrating equa-
tion III-iii is in.excellent agréement with the variation
calculated from eguation III-ix. The rolling ball visco-
meter appears to bé functioning in accordance with the
theory of Hubbard éna_Brown (125) for both the straight
chain and cyclic hydrocarbons.

Whereas the non-linear dependence of equation (III-ii) on
viscosity at low liquid viscosities (< 10 cP) is weil est-
‘ablished, the cause of the departure from linearity is still
uncertain. It is generally attributed to a transition
from laminar to turbulent flow. Block (144) believes the
transition to result from increasing inertia of the liquid
as the ball velocity increases in low viscosity liquids.
Another possible explanation (148) is that the boundary
layer at the solid-liquid interface separates when the ball
velocity is high.

In order to use the calibration plot (Figure III-C-2)
obtained at atmbspheric pressure at high pressures it must
Be assumed that the only change in the viscometer constant
with pressure arises from the increased viscosity of the
liquid. The effect of pressure on the dimensions d, D and
the roll distance may be neglected (d and D alter by less
than 0.1% on increasing the pfessure to 4500 bars). Block

(144) suggested that the value of K may change with pressure
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if the motion of the ball is altered from a pure rolling
motion to a rolling and slip motion. However, it was
concluded by Block that the occurrence of slip depended
only upon the angle of inclination and not upon the vis-
cosity of the liquid separating the two solid interfaces.
This observation is in accordance with the theory of
lubrication (149) which states that the coefficien£ of
friction is independent of the viscosity of the lubricant.
It would appear that up to this time, no objections
have been voiced to the use of the viscometer coefficient
obtained at an atmosphere pressure being employed at higher

pressures.

(2) - Pressure Dependence of Viscosity

The roll time of the ball Was determined as a function
of pressure at constant temperaturé for each hydrocarbon.
Experimentally the procedure was analogous to that described
for the calibration of the viscometer at atmospheric
pressure (Section II-G), except that the pressure was
altered between readings. For most hydrocarbons, the vari-
ation of the roll time with pressure was determined at four
of five temperatures. The boiling point or freezing point
of the sample was never exceeded and care was taken to ensu¥e
thét the freezing pressure at the temperature of the experi-

ment was not exceeded.



. - 158 -

The roll time was recorded ét both angles'of in-
clination for each pressure. Some typical results obtained
for the variation of the roll time with pressure are illus-
trated for n-octane in Figure III-C-4 and for methylcyclo-
hexane in Figure III-C-5.

The recéfded roll times are the average value of at
least ten determinations. The scatter in the observed roll
time at a fixed pressure was 0.2 to 0.3% for angle i and
0.1 to 0.2% for angle II. The small deviation of the |
points from a smooth curve (Figures III-C-4) probably arises
from the inaccuracy in the pressure reading rather than
the timing device.

The roll time at 500 bar increments of pressure and
at the experimental temperature was determined by interpola-
tion from graphs such as shown in Figures III-C-4 and 5. The
interpolated roll times were then plotted against temperature
at constant pressure and the roll time obtained at any
desired temperature, Eetween the limits of the experimental
temperatures, by a further interpolation. Extrapolation
beyond the temperature range of the determinations is difficult
at low temperatures because of the rapid rate of change
of roll time with temperature.

The variation in roll time with temperature at con-
stant pressure is shown in Figure III-C-6 for n-octane and

Figure III-C-7 for methylcyclohexane. 1In order to convert



- FIGURE III-C-4

- Roll Time versus Pressure at Constant

Temperature

n-Octane Angle II

O Pressure increasing cycle

A Pressure decreasing cycle

I 3.5°C
II 16.7°C
IITI 29.2°C
IV 43.5°C

-V 58.5°C
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FIGURE III-C-5

Roll Time versus Pressure at Constant Temp-

perature. . Methylcyclohexane Angle I

I 11°C
1T 29°C
III 43°C

Iv 59.5°C
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" FIGURE III-C-6

Roll Time versus Temperature at Constant

Pressure. n-Octane. Angle II

Pressure in Kilobars (except 1 atm)
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FIGURE III-C-7

Roll Time versus Témperature at Constant

Pressure. Methylcyclohexane Angle I

Pressure in Kilobars (except 1 atm).

o e Rt
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the interpolated roll £ime to biscosity,'the term

(pS-pL) T of the calibrating equation III-iii was cal-

| culated. The pressure dependeﬁce of the density of the
hydrocarbon (pL) was taken from the results presented

in Section III-A. The deﬁsity of the ball, pg, was cor-
rected for changes in temperature but not for changes |
in applied pressure. The viscosity was then determined
by comparison of the (ps—pL) T term with the calibrafién
plot (Figure III-C-2 for example).

Table III-C-III lists the viscosity of n-hexane as
function of pressure at 0, 30 and 60°C. The relative
viscosity at each temperature is also recorded. The
viscbsiﬁy of hexane as a function of pressure is illus-
trated ih_Figure III-C-8.

Figure III-C-8 also includes the results of Bridg-
man (93; 150) for the viscosity of n-hexane at 30°C. The
agreement between the results is Satisfactory up to a
pressure of about 1000 bars, afier which the present
results fall below those of Bridgman, the discrepancy
amounting to about 8% at 4000 bars.

Pable III-C-IV lists the values of the viscosity
found for n-octcane at 0, 30 and 60°C. These results are
illustrated as a function of pressuré in Figure III-C-9.
The results at 30°C are again below those of Bridgman

(93,150) at 30°C at pressures greater than 2000 bars, the
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FIGURE III-C-8

Viscosity versus Pressure n-Hexane

(] 0°c

A 30°C
o 60°C

i 30°C P. W. Bridgman's data (150)
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" FIGURE III-C-9

Viscosity versus Pressure n-Octane

a 0°C
A 30°C
0 - 60°C

A P. W. Bridgman's Data (150) 30°C
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difference at 4000 bars amounting to 8%.

The viscosity of all other hydrocarbons was obtained

only at 30°C. The viscosities of cyclopentane and methyl-
_cyclohexane are given in Table III-C-V. The pressure de-
pendence of the density of these compounds is not available
at temperatures other than 30°C. Table III~C-V also con-
tains the observed roll times at some other temperatures.
If the pressure dependence of_tﬁe density of these com-
pounds at other temperatures should become available, the
viscosities may be calculated using the calibration results
given in Table III-C-I (angle I). The variations of the
viscosity with pressure for methylcyclohexane and cyclo-
pentane are illustrated in Figure III-C-10. Bridgman's
(93,150,151) values for methylcyclohexane are also inclﬁded
in the Figure. No comparative data is availabe for cyclo-
pentane.

Table III-C-VI 1ists the results obtained for the
viscosity of n-pentane and 2,2-dimethylbutane at 30°C. The
roll times at some other temperatures are also included for
2,2-dimethylbutane. The viscosity preésure dependence for
these compounds is also shown in Figure III-C-10. Bridg-
man's (93,150) results for n-pentane at 30°C are also
illustrated. The present results are in good agreement
with those.of Bridgman up to a pressure of between 1000

and 2000 bars. At'higher pressures the present results con-
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" PIGURE ITI-C-10

Viscosity versus Pressure 30°C

11
III

Iv

Methylcyclohexane
2,2-dimethylbutane
Cyélopentaﬂe'
n-Pentane

Methylcyclohexane P.W. Bridgman (151)
data 30°C

n-pentane P.W. Bridgman (150) data 30°C
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sistently fall below those of Bridgman, the discrepancy
amouhting to about 7% at 4000 bars.

As the present results are constantly below those of
Bridgman at pressures greater than 2000 bars, it is possible
that a systematic correction should have béen applied. ﬁow—
ever, the origin of any such correction is not immediately
apparent, Greater discrepancies are to be founé in the 1lit-
erature (93) so they may be due to differences in the ex-
perimental equipment used.

_ Although the present viscometer was operated in the
region of turbulent flow, the disérepancies arise at the
higher pressures, where, the flow is more laminar and not,
as might be expected, at the low pressures. Additional in-
dependent determinations of the pressure dependence of the
viscosities of the hydrocarbons w&uld be of interest.

The viscosities of all of the hydrocarbons studied in-
creased with increasing pressﬁre in roughly an exponential
manner. The relative increase in viscosity with pressure
varied widely from hydrocarbon to hydrocarbon, the greatest
variation being observed for the branched hydrocarbons.
Whereas the relative volumes of all the hydrocarbons changed
by between 15 and 22% at 4000 bérs, the viscosity variation
was much larger (700 to 2400%) over the same pressure range.
The latter is consistant with Bridgman's observation (93)

that any satisfactory theory for the pressure dependence of
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viscosity cénnot depend solely upon the pressure dependence
of £he volume. No attempt was made té fit the present re-
sﬁlts to the numerous empirical and theoretical equations
cited for the pressure dependence of the viscosity (152,

153).

(D) Pressure Dependence of Radiation Induced Conductance

(1) General

The effect of pressufe upon the current induced in
an hydrocarbon én exposure to radiation was determined as
described in Section II-H. The cell current was monitored
as a function of the applied electiode voltage, up to 500.
volts, at constant temperature and at a series of constant
pressures.

Several conductance cells were used that -differed
in their physical dimensions (Table II-H-I) and in order
to correlate the results obtained with different cells,
the relative conductance is used. The necessity of using
several cells arose because of the limited lifetime of the
supramica spacers. Cells of the type'used for the dielect-
ric constant measurement (Figure II-E-1) were unsatisfactory
for radiation induced conductance measurements because
of the large dose rate variation over the ion collecting
10 .

volume and because of large background currents (3 10~

amps) .
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The relative conductance is defined by the relation

(& @&
Ve.r,/ V1 atm.T.

where i is the cell current (amperes), v is the applied
voltage (volts), P is the pressure (bars) and T is the
experimental temperature. The conductivity, k, of a
sample in a given cell with parallel plate electrodes
is given by

_iL
K= Z 7 mho/cm

where L is the electrode separation (cm) and A is the elect-

rode surface area (cm2). It is assumed in the present re-

sults that the ratio L/A is independent of temperature and

pressuré. The relative conductivity is then simply the

ratio of the conductance at the given pressure to that at

. one atmosbhere, both being determined at the same temperature.
The experimental observations made during the course

of these investigations with numerous hydrocarbons will be.

discussed in some detail for n-hexane and n-octane only.

The comments made for the latter hydrocarbons apply in

general to the other hydrocarbons investigated, except

where special note has been made.

(2) n-Hexane
Typical results obtained for the variation of the cell
current with applied voltage at 30°C and at several pres-

 sures are illustrated in Figures III-D-I and III-D-2. The



FIGURE III-D-1

Cell Current versus Voltage. n-Hexane 30°C

Cell D. Pressure Vessel A
Dose Rate 4.3 X 1014 eV/ml sec.
I 1 atmosphere

II 747 bars

III 1140 bars

Iv 1600 bars

Vv 2690 bars

VI 3450 bars

ViI 4068 bars

o Pressure increasing cycle

[ Pressure decreasing cycle
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FIGURE III-D-2

Cell currént versus Voltage. n-hexane 30°C

Cell D. Pressure Vessel A.

14 eV/ml sec.

Dose Rate 1.40 x 10
I. 1 atmosphere
II. 993 bars

IITI. 1255 bars

Iv. 2206 bars
v. 2620 bars
VI. 4033 bars

Pressure increasing cycle

o .Pressure decreasing cycle
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variations shown were obtained using.Cell D at a dose

rate of 4.3 x 1014 ev/ml.sec (Figufe IIT-D-I) and 1.4 x 10°
ev/ml sec (Figure III-D-2). The dose rates were calcu-
lated from the dose rate distribution within the pressure
vessel (Figure II-D-2), the position of the cell being
known. All dose rates quoted in this section refer to one
atmosphere pressure and the temperature of the experiment.

The cell currents recorded in Figure III-D-I and III-
D-2 are experimentally observed values after subtraction
of the background current in the absence of radlatlon, when
applicable. The background current never exceeded ls of the
radiation induced current for any of the results reported
here.

The initial background current was génerally less than
0.5% of the radiation induced curfent, but rose slowly with
the time that thé sample was left in the cell. The latter
rise in background current probably results from the slow
removal of ionic impurities from the metallic surfaces of
the cell. The background current also rose after prolonged
exposure of the sample to radiation (see later in this
section) .

The radiation induced cell current was found to be a
linear function of the applied cell voltage-at all pressures
and temperatures studied. The current-voltage plot was

linear for both dose rates used, although the absolute

14
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magnitude of the current was less ‘at the lower dose rate
for the same applied voltage. |

The cell current versus applied voltage graphs always
exhibited a positive voltage intercept which was not repro-
ducible from investigation to investigation. The intercept
varied from about 0.5 volts to 10 volts and was geherally ‘
greater at the lower dose rate. It was also pressure de-
pendent in a non-reproducible manner, either increasing,
decreasing or remaining constant as the pressure in the
system was altered. |

The voltage intercept has been noted by several authdrs
(56, 156) and is believed to be the result of radiation
induced currents in the cables of the measuring circuit
and of contact potentials in the circuit. The current
induced in the cables by radiation, as determined by the
dummy current line (Figure II-H-3) was not reproducible but

11 amperes, provided the shielding

rarely exceeded 1 x 10~
illustrated previously in Figure II-H-4 was employed. The
pressure dependency of the voltage intercept probably arises
from changing contact potentials in the circuit within the
pressure vessel because, within experimental error, the
radiation induced current in the cables was independent of
pressure.

The conductance of the sample was determined from the

slope of the cell current versus applied voltage plot. Some
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typiéal results for the préssure dependence of the.con—
ductance of n-hexane at 30°C are shown in Figures III-D-3
and III-D-4. The results illustrated in Figure III- D-3
were obtained using cells C, D and E af dose rates of

4 eV/ml sec and 6.0 x 1014 ev/ml sec. Cell E

4.3 x 10?
was used in conjunction with pressure vessel B'whilst all
other cells were used with pressure vessel A (see Table
II-D-II for the difference in dose rates within these
vessels). The resﬁlts illustrated in Figure III-D-4 were
obtained with cells A, C and D at the lower dose rates of

14 nd 1.47 x 104

1.40 x 10 evV/ml sec.

In some experiments the conductance at atmospheric
pfessure was lower after the release of pressure than
before the application of pressure. A micrometer dial gauge
placed on.the pressure vessel piston closure indicated that
the piston moved upward in a non-réproducible manner as the
pressure was initially increased. The movement varied

rom zero to about 3 mm and was dependent upon the amount

)]

of movement that the packing rings (Figure II-A-3) of the
piston closure underwent before sealing against the bore
of the pressure vessel. Such movement was never observed
on a second pressure cycle. The observed discrepancy re-
sults, therefore, from a change in dose rate (about 2%
per mm).

It was possible that the discrepancy might have



FIGURE III-D-3

Conductance versus Pressure n-Hexane 30°C

14

A Cell D.. Dose rate 4.3 x 10 evV/ml sec.

14

O Cell C. Dose rate 4.3 x 10~ " eV/ml sec

0O cCell E. Dose rate 6 x 1014 eV/ml sec

Cells D and C Pressure vessel A

" Cell E Pressure vessel B.
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" FIGURE III-D-4

Conductance versus Pressure. n-Hexane 30°C

A . Cell D. Dose rate 1.4 x 1014 eV/ml sec.
0 Cell C. Dose rate 1.4 x 1014,eV/m1 sec
(] Cell A. Dose rate 1.47x 1014 eV/ml sec

All pressure.vessel A.

Experimental values



- 181 -

(S¥VEO0TIN) 3UNSSINd

X

0

o €& O0¢€ G2 02 - Sl
T ¥ T T { T

ol

¥-0

“oi X SOHW 3ONVLONANOD



- 182 -~

.arisen because of the build up of hexane radiolysis pro-
ducts as the total dose increased. The conductance of

a sample of hexane that was exposed to the radiation for
a period of 280 minutes at a dose rate of'4,0 x‘1014
eV/mi sec showed, within experimental error, no increaée,
apart from a small increase attributable to aﬁ increased
background current. The radiation induced current at
100 volts increased from 2.46 + 0.02 x 1072 amperes to
2.48 + 0.02 x 10'9 amperes, whilst over the same period
of time the background current increased from 0.8 x 10
to 1.9 x 10_11 amperes. No effect of radiolysis products
‘was observed for any of the hydrocarbons. investigated,

' except in the case'of 2,2-dimethylbutane which will be
discussed later. .

éhe conductance values reported in this section
are those obtained when no discrepancy in the atmospheric
pressure values was apparent or those obtained on a
secona pressure cycle. The measured conductance was re-
producible to within 10% from filling to filling of the
same cell.

The conductance of hexane as a function of pres;
sure is recorded in Table III-D-I for several different
cells and dose rates employed. The values, given at
500 bar intervals of pressure, were interpolated from
the smooth curve drawn through the experimental plot of

conductance versus pressure (e.g. Figure III-D-3). The

11 °
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relative conduqtance at each pressure is also listed in
Table III-D-I. Figure III-D-5 illustrates the pressuré
dependency of the.relative conductance. The points shown
are the average valués of the relative conductance at B
"each préssﬁre obtained with cells C and D at the highef

dose rates of 4.3 x 1014 ev/ml sec and with the same cells

at the lower dose rate of 1.4 x 1014 ev/ml sec. It is
"apparent from Figure III-D-5 that, within experimental
error, the pressure dependeﬁce of the relative conductance
is independent of the dose rate over the present range of
dose rates used.

The conductance of n-hexane at 3 and 56°C is
illustrated as a funétion of pressure in Figure III-D-6.
The results shown for 3°C were obtained with cell C at a

dose rate of 4.5 x 1014 ev/ml sec and with cell A at a

dose rate of 6.5 x 1014 eV/ml sec. The observed decrease
in conductance és the temperature was lowered from 30° to
3°C at atmospheric pressure amounted to 34%. The back-
ground current decreased, over the same temperature range,
by approximately a facéor of ten.

The interpolated conductances at 500 bar intervals
of pressure are given in Table III-D-II. ‘As well as the
results obtained with cells A and c, which were illustrated
in Figure III-D-6, the results obtained with cell D at a

dose rate of 1.50 x 1014 eV/ml sec are given. The calcu-



FIGURE III-D-5 -

Relative Conductance versus Pressure

n-Hexane ~ 30°C

(0] Average results two cells C & D

Dose rate 4.3 X 1014 eV/ml sec

o Average results cells C & D

Dose rate 1.4 x 1014 eV/ ml sec

e Coincident points

All interpolated values.

Pressure Vessel A
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" FIGURE III-D-6

Conductance versus Pressure n-hexane

3 and 56°C
0 Cell a  56°C 6.1 x 10%4 eV/ml sec
O cellc 56°C 4.1 x 10% ev/ml sec
o cella  3°C 6.5 x 1014 ev/nl sec
A cell C  3°C 4.5 x 101‘.1 ev/ml sec
All Pressure vessel A.

Experimental values
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.- lated relative conductances are also listed in Table
III-D-II and their pressure dependency illustrated in
Figure III-D-7. |

The agreement in the pressure dependénce of the
relative conductance'of hexane at 3°C for the two dose
rates, 6.5 x 10 and 1.5 x 10 eV/ml sec, is within 3%
over the complete pressure range. This variation is
within experimental error:

The results shown in Figure II-D-6 at an experimental
tempefature of 56°C were obtained using cells A and C with
dose rates of 4.1 and 6.1 x 1014 eV/ml sec respectively.
The conductance at atmospheric pressure increased by
approximately 12% over that observed in the same cell at
30°C. The background current increased by about a factor
6f five OVe€r the same temperature‘range. The interpolated
-conductances for hexane at 56°C are given in Table III-D-
III; The pressure dependence of the relative conductance
of n-hexane at 56°C is illustrated in Figure III-D-7.
Within experimental error,-the préssure dependence of'the
relative conductance is independent of tﬁe dose rate over
the range 6.1 to 1.35 x 1014 eV/ml sec.

The relative conductance of n-hexane at 4000 bars
and at 3, 30 and 56°C is 0.34, 0.35 and 0.37 respectively.

These values are the average results obtained from the

experiments reported in Tables III-D-I, II and III., Al-



" FIGURE III-D-7-

Relative Conductance versus Pressure n-Hexane.

3°C "
O Average Cells A and C

14

Cell A 6.5 x 107~ eV/ml sec

14

"Cell C 4.5 x 107" eV/ml sec

@ Cell D Dose rate 1.5 x 1014 eV/ml sec.

56°C

O Average Cells A and C

14

Cell A 6.1 x 107" evV/ml sec.

14

Cell ¢ 4.1 x 10 ev/ml sec

@ Average cells A and C

14

Cell A 1.48 x 10 evV/ml sec

14

Cell C 1.35 x 10 evV/ml sec

© Coincident points ( 3 and 56°C)
All Pressure Vessel A

All interpolated values.
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though a definite trend to decrease the pressure depend-
ence of the relative conductance is observed as the temp-
erature is increased, the experimental technique is of

insufficient sensitivity to observe the exact variation.

(3) n-Octane

n-Octane was studied at three temperatures, 3, 30
and 56°C, using two cells and two dose rates. Some typical
results obtained for the variation of the cell currentf
(after correction for the background current) with applied
voltage are illust;ated in Figure III-D-8. These results
were obtained with cell D at 30°Cc and at two dose rates
of 4.6 x 1014 and 1.5 X 1014 evV/ ml sec. The cell currené
versus voltage plot was linear over the complete pressure

range studied (1-4000 bars) at both dose rates.

The values of the conductance, calculated'from the

slope of results such as those shown in Figure II-D-8, are

jllustrated . in Figure III-D-9. The conductances shown
were obtained with cells D and F at dose rates of 4.6
and 1.5 x 1014 eV/ ml sec and at 30°C. Table III-D-IV
records the interpolated conductances, for each cell and
dose rate, at 500 bar intervals of pressure. The relative
conductances, given in Table III-D-IV are shown as a
function of pressure in Figure III-D-10.

Results obtained for the pressure dependence of

octane at 3°C in cells D and F are shown in Figure III-D-11.



- FIGURE III-D-8 .

Cell Current versus Applied Voitage at

Constant Pressure.n—octane,BOPC

Cell F' A,

I1.
III

Iv

Dose Rate 1.5 x 10

Dose Rate 4.6 x 10

1 atmosphere
792 bars
1648 bars
2690 bars
4150 bars

Pressure Vessel A

14
14

eV/nl sec

eV/ml sec
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FIGURE III-D-9

Conductance versus Pressure n-Octane 30°C

14

0 Cell D Dose rate 4.6 x 107" eV/ml sec
© Cell D Dose rate 1.5 x 1014 eV/ml sec
O Cell F Dose rate 4.6 x 10%% eV/ml sec
| Cell F Dose rate 1.5 x 1014 evV/ml sec

Pressure Vessel A

Experimental Values
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FIGURE III-D-10

Relative Conductance versus Pressure

n-Octane 30°C

eV/ml sec

O Cell D Dose rate 4.6 x 1014

14

® Cell F Dose rate 1.5 x 10 eV/ml sec

Presspre Vessel A

Interpolated Values
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FIGURE III-D-11

Conductance versus Pressure

n-Octane 3°C

Cell D Dose rate 4.7 x 10
Cell D Dose rate 1.6 x 10
Cell F Dose rate 4.7 x 10

Cell F Dose.rate 1.6 x 10

All Pressure Vessel A.

.Experimental Values

14

14

14

14

evV/ml sec

eV/ml sec

eV/ml sec

eV/ml sec
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The maximum pressure used with octane at 3°C was 2600
bars because octane freezes at approximately 3000 bars
at 0°C. The dose rates for the results illustrated in

14 eV/ml sec. These

Figure III-D-11 were 4.7 and 1.6 x 10
values were calculated from the known temperature depend-
ence of the density of octane.

The interpolated values of the conductance of
octane at 3°C are listed in Table III-D-V .for each cell
and dose rate employed. The relative conductance of
octane.is shown as a function of pressure in Figufe
III-D-12. The agreement for each cell and dose rate
is satisfactory. |

‘The results obtained for the conductance of n-
octane at 56°C, using cells D and F at dose rates of
4.46 and 1.45 x 1014 eV/ml sec, are given in Table
III-D-VI. The pressure dependence of the relative con-
ductance at 56°C is also illustrated in Figure III-D-12.

The effect of temperature variation upon the rela-
tive conduqtance is greater than in the case of n-hexane.
The relative conductances at 2500 bars of n-octane
at 3, 30 and 56°C are 0.39, 0.43 and 0.45 respectively,
which correspond to a change in conductance by a factor
of 2.56, 2.33 and 2.22. At 4000 bars the relative con-

ductance of n-octane at 30°C and 56°C indicate changes

in conductance by factors of 3.45 and 3.22 respectively.
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" FIGURE III-D-12

Relative Conductance versus Pressure

n-octane at 3 and 56°C

56°C

" 3°C

~Cell F 4.46 x 10

Cell D 4.46 x 10%% ev/ml

14 eV/ml

Interpolated Values

14

Cell D 4.74 x 10 eV/ml

Cell D 1.55 x 10+% ev/m1

Experimehtal Values

Coincident points

Pressure Vessel A

secC

secC

secC

secC
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(4) n-Pentane

n-Pentane was only sﬁudied at 30°C. The interpol-
ated conductances at 500 bar intervals of pressure, ob-
tained in several experiments, are.given in Tables III-D-
VII and VIII, The results shown were obtained.using cells

14 eV/ml sec.

B and C at dose rates of 4.0 and 1.32 x 10
The agreement in the measured conductance betWeen two
consecutive experiments in cell C with fresh samples of
n-pentane is about 6% and varies somewhat over. the
pressiure range studied. This variation Was typical of all
the hydrocarbdns studied where consecutive experiments
with the same cell were possible. The pressure depéndence
of the relative conductance of n-pentane at 30°C is illus-
trated in Figure III-D-13. The resulfs obtained with both

cells B and C are in good agreement. The relative con-

ductance is independent of the dose rate over the dose

rate range studied.

(5) Cyclopentane

Cyclopentane was studied at 30°C. The interpolated
conductances at 500 bar intervals of pressure are recorded
in Table III-D-IX. The results shown were obtained at

dose rates of 4.7 and 1.6 x 107* ev/ml sec with cells

B and C.

The calculated relative conductances of cyclopentane

are also given in Table III-D-IX and are illustrated as a
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FIGURE III-D-13

Relative‘Conductance'VErsuS'PreSSure'n—Pentane'30°C

O Average two experiments Cell C

14

Dose Rate 4.0 x 10 eV/ml sec

® Average two experiments Cell C

14

Dose Rate 1.32 x 10 eV/ml sec

@ Coincident points

Pressure Vessel A

Interpolated Values
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function of pressure in Figure III-D-14. Once again
the pressure dependence of the relative conductance is
independent of the dose rate and the cell employed for

the determination.

(6) -Methylcyclohexane

| Methylcyclohexane, the second of the cyclic hydro-
carbons studied, was investigated at 30°C. Apart from the
magnitude of the induced conductance.being'the smallest
observed for any hydrocarbon studied undef the same ex-
perimental conditions, methylcyclohexane behaved in an
analogous manner to the other hydrocarbons.

» _ Figure III-D-15 illustrates the pressure dependence
of the conductance as obtained with.cells B and D. Re-
sults ére shown for each cell.at two dose rates, 4.9 and
1.6 x 1014 eV/ml sec. The conductances interpolated
from these experiments are shown in Table III-D-X at 500
bar increments of pressure. The pressure dependence of
the relative conductance is shown in Figure III-D-16.

The actual experimental values éré éﬁown.

The reproducibility from experiment to experiment
for the observed relative conductance amounts to about
5%. The relative conductance of 0.23 at 4000 bars cor- -

responds to a 4.4 fold change in conductance.



. FIGURE ITI-D-14

Rélative Conductance versus Pressure Cyclo-

pentane _ 30°C

14

O Cell B Dose rate 1.6 x 10 eV/ml sec

14

@ Cell C Dose rate 4.6 x 10 evV/ml sec

Pressure Vessel A

Interpolated values
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" FIGURE III-D=15

Conductance versus Pressure

. hexane 30°C

Methylcyclo-

O Cell B Dose rate 4.90

O Cell B Dose rate 1.60

O cell D Dose rate 4.90

8 cell D Dose rate 1.60

ﬁxperimental values

Pressure Vessel A

X

X

X

X

10

10

10

10

14

14

14

14

eV/ml sec

eV/ml sec

eV/ml sec

eV/ml sec
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* FIGURE III-D-16

RelativeAConductance versus Pressure Methyl-

~ cyclohexane ~ 30°C

O CellD 1.6 X 1014 eV/ml sec

14

A Cell D 4.9 x 107" eV/ml sec

14

00 cCell B 4.9 x 107" eV/ml sec

Pressure Vessel A

Experimental values
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(7) 2,2-Dimethylbutane

2,2-Dimethylbutane (neohexane) waé found to be
uniqﬁe amongst the hydrocarbons studiéd in that the'radi—
ation induced current in this hydrocarbon was dependent
hpon the irradiation time (i.e. dependent upon the absorbed
dose) . |

The dependence of‘the cell current at 100 volts
upon the absorbed dose is illustréted'in Figure III-D-17.
The re;ults shown were obtained at a dose rate of 4.2 x 1014
eV/ml sec using cell F. The initial current at 100 volté
was 3.58 x 10° amps which rose rapidly to a maximum of
4.3 x 10° amps after 3 minutes irradiation. The current
then slowly fell over the next 60 to 70 minutes irradiation
and finally rose slowly to a steady value of 5.30 x 159
amps after 1000 minutes irradiation.

.The effect of continuously irradiating a sample that
had previously been used for a conductance experiment up
to 4000 bars pressure is also shown in Figure III-D-17. A
considerable quantity of gas wasvproduced during the ir;adi-
ation because at the end of the experiment the bellows was
extended by approximately double its length.

Some results obtained for the effect of pressure
upon the conductance of 2,2-dimethylbutane are illustrated |

in Figure III-D-18. The values of the conductance at one

atmosphere pressure correspond to 3 minutes irradiation.



- PIGURE III-D-17

Cell Current versus Absorbed Dose

2,2-dimethylbutane 30°C

Atmospheric Pressure.

14

O Cell F Dose rate 4.2 x 10 eV/ml sec

O cell F Dose rate 4.2 x 1014 eV/ml sec
after 55 minutes irradiation at same
dose rate and pressures up to 4000

bars.

Pressure Veséel A



- 212 -

Vg
{4

30-0

100

75

50

C

OIXSdWV LNINY¥ND 1139

25-0

,II
150/ 200

DOSE eV/ml. x10'©



_ FIGURE 1I1I-D-18

conductance versus Pressure 2,2-dimethyl-

butane 30°C

All Cell F

Dose rate 4.2 X 1014

(@)

eV/ml sec

Dose rate 1.4 X 1014.ev/m1 sec

A Dose rate 4.2 x 1014 eV/ml sec
Pressure reducipgcycle [Experi-
ment B - Table III-D-XI]

14 eV/ml sec

0 Dose rate 4.2 x lb
after irradiation to steady cell
current at 100 volts (total dose

prior to experiment 37.5 X 1018

eV/ml).

Pressure Vessel A
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The conductance on the pressure decreasing cycle fell
below that determined on the pressure increasing cycle.
The latter variation was not due to a change in the dose
rate as previously discussed on page 179. Also.shown

in Figure III-D-18 are thé results obtained for the effect
of pressure upon a sample of 2,2-dimethylbutane thét had
been previously irradiated at atmospheric pressure for |
1500 minutes (total dose about 3.7 x 1018 ev/ml).

‘ The interpolated conductances for each experiment
arefrecorded in Table III-D-XI. The calculated relative
conductances, based upon the atmospheric pressure value
after three minutes irradiation are in surprisingly good
agreement considering the variation of the conductance
with the absorbed dose. The pressure depéndence of the
relative conductance is illustrated in Figure III-D-19.
The conductance changeé‘by a factor of 4.2 on increésing
the pressure from one atmosphere'to 4000 bars.

The effect of pressure upon the conductance of
the sample that had been previously irradiated for 1500
minutes was greater than on a sample that had received no
prior irradiation. The conductance decreased by a factor

of 5.2 over the pressure range one atmosphere to 4000 bars.
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- FIGURE III-D-19

Relative Conductance versus Pressure

2,2-dimethylbutane 30°C

0 14
Cell F 4.2 x 107 eV/ml sec

Experimental points. Two con-

secutive experiments

OCell F 1.4 x 1014 eV/ml sec

A Cell P 4.2 x 1014 eV/ml sec after é
total dose of 37.5 x 10'8

evV/ml sec.

Pressure Vessel A
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" Section IV

DISCUSSION

Radiation Induced Conductance

(a) G.. at Atmospheric Pressure

fi

The value of Gfi at one atmosphere pressure may
be calculated from the relation previously given in

Section I (page 13).

: 2

kk
G.. = 100 (I-v)
fi Iu2 )

When k is expressed in cm3/ion sec, k. in mho/cm, I in
eV/ml sec and u in cm2/V sec., in order to obtain Gfi in
units of ions/100 eV, the. relation must be multiplied
by 1/e2, where e is the ion charge in coulombs.

The ratio k/u may be separated out from relation
I-v and calculated from Debyes Theoretical relation
(I-vi). For the hydrocarbons used in the present studies
k/u lies in the range 0.9 to 1 x 10-6 V/cm.

In order to cglculate Gey v the sum of the indivi-
dual positive and negative ion mobilities must be known.
Literature values for the mobilities or radiolytic ions
in hydrocarbons vary by about a factor of two (see Table
I-C-1), the experimental values for the mobility depend-
ing upon the purity of the hydrocarbon and upon the ex-

perimental technique employed for their determination.
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To remove uncertainty in Gfi values calculated
from relation I-v, the mobilities of the ions should
be.determined simultaneouély with the steady state con-
ductance. In the present work ion mobilities were not
determined. Experimentally, such determinations are
very difficult when the cell is contained inside a high
pressure vessel because it is impossible to transmit»a
narrow beam of pulsed radiation through the vessel with-
out sqattering. |

In general, the mobility of a negative ion in an
hydrocarbon is related to the viscosity of the hydro-

carbon by,

u_=a.mn o (Iv-i)

where a_ and b_ are constants. A similar expression exists
for the positive ions. Reported values of b_ lie between
0.83 (69) and 1.00 (74) whereas for positive ioms, b,
varies from 0.96 (69) to i.S (74) . Recent results‘from
this laboratory (61, 154) gives b, 0.94 and b_ 0.99. The
results of the latter study were used to calcula@e Gfi in
the present work.

Figure IV-A-I show the log-log plot of mobility
versus viscosity for .positive and negative radiolytic ions
in several hydrocarbons (154). The mobilities of the

'respéctive jons in the hydrocarbons used in the present
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‘work were obtained by interpolatibn from the full lines
of this graph, using the known hydrocarbon viscosity.
Table IV-A-I contains the interpolated mobilities |

and the calculated values of G at one atmosphere pres-

fi
sure. The Gfi values are the average of numerous deter-
minations, some of which were not included in theilast
section. Values obtained using pressure vessel B‘are
not included because of the large uncertainty in the
dose rate in this.vessel. Also included in Table IV-A-I

are values of G calculated using other literature -

fi
values for u where available.

The values of Gfi at atmospheric pressure are of
the correct order of magnitude but aré roughly 40%
lower thén the average of the literature values for the
same hydrocarbon (see Table I-C-1). It should be noted
that the literature values vary by as much as a factor
of three.

Owing to the uncertainty in the actual ion mob-
ilities in the present system extensive speculation about
the cause of the low values is not worthwhile. It is
possible_ that the dose rates reported in the last section
are too high, however, an error of about 40% is unlikely.

The mobilities of the positive ions used in the

calculations may also be too high. The dashed lin= in
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" FIGURE IV-A-I

Ton Mobility versus Viscosity Log Log Plot

O n-pentane

v 2,2—diméthylpropane
A n-hexane |

0 2,2-dimethylbutane

cyclohexane

open points negative ion
20°C
closed points positive ion

slope dashed line -1.5.
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Figure IV-A-1 has a slope of -1.5 in accordance with
the reported mobility —’viscosity dependence of
Ademczewski et al,(65,66;75); "The location of the line
is arbitrarily placed assuming the mobility of an ion
in a solvent of viscosity.0.3 cp is 0.6 sz/ev sec.

The mobility of the positive ion assuming such
behaviour in methylcyclohexane is reduced by about 35%
and the corresponding Gfi increased by about 12%. The
calculated Gey for méthylcyclohexane is still low but
no;other values are available for comparison.

The high Ggy value for 2,2-dimethylbutane

- is in agreement with those reported by other workers

(61,68,154). The increase in the steady state con-
‘ductance with increasing dose was also observed in glass
cells which were more amenable to rigorous cleaning.
The decline in the conductance after a dose of about

7 x 1016 eV/ml and eyentual rise (Figure III-D-17) were
not observed in glass systems.

The initial rise in conductance may be the re- '
sult of the removal of eleétron scavengers present in
the original sample and the further decline then arising
from the production of electron scavengers from the dir-
ect radiolysis of the sample. There is no apparent rea-

son why the steady state conductance should then increase.
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(B) Effect of Pressure on Gey

From relation I—v'(page 13) the ratio of Gey
at any pressure to that at one atmosphere pressuré and

at the same temperature is given by

k .

( £i) _ Y Iiwyf) | (Iv-ii)
1 k, I_ulk
3] —1 PR}

When the dose rate is expressed in eV/ml sec the ratio
Il/Ip~may be replaced by the ratio pl/pP where p is
the density of the sample at the respective pfessure.

Further from Debyes relation,

k
w o«
€

e - _1 | (Iv-iii)
5 “p
|

and relation IV-ii may be written
G P €. P, U K 2

£2 0. 171 1(7p (IV-iv)

1

-The only unknown ratio in IV-iv is ul/up, the pressure
dependence of the ion mobilities. As was mentioned in
the last section, the ion mobilities were not measuréd
in the present work and difficulties arise as to the

correct mobility values to use, when considering the
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data.

Two limiting cases may be cohsidered, one in
which the Stoke-Walden relationship is assumed to be
applicable (i.e. b, and b_ in relation IV—ilare assum-
ed to be unity) and the second, in which Gey is assumed

to be independent of pressure.

(a) Assume that Stokes-Walden-Rule Applies

If b+ and b_ are both unity, the ratio ul/up in

IV-iv may be replaced by np/nl therefore

P ' 2
G:. €4 PN K
fll = L1 p/P (IV-v)
ey €0 Pp M1l K1
The pressure dependence of the ratio (GfiP/(Gfil) at

30°C is illustrated in Figure IV-B-1 for pentane, hex~-
ahe and octane and in Figure IV-B-2 for methylcyclohexane,
cyclopentane and 2,2-dimethylbutane. Figure IV-B-1l

also includes the results obtained for n-hexane at 3

and 56°C. The pressure dependence of the dielectric
constant at these temperatures was calculated from the
present results at 30°C together with Mopsiks (126)

data at -25, 0 and 25°C. The pressure dependenée of ¢

for n-octane at temperatures other than 30°C is not

- available.

The scatter in the data arises from the depend-

ence of (Gfia/(Gfil) upon the square of the conductivity.



. " FIGURE IV-B-1

o n-pentane 30°C
0 n-hexane 30°C full line
dashed lines I 3°C

II 56°C

A n-octane v 30‘C
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FIGURE IV-B-2

P 1,
(G i )/(Gfi ) versus Pressure

£

o Methylcyclohexane
(0 Cyclopentane

A 2,2-Dimethylbutane

full line pressure increasing
cycle.

dashed line pressure decreasing
cycle

All 30°C.
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In general if the Stoke-Walden felationsﬁip is applicable

G is decreased on increasing the pressure from one at-

fi
mosphere to 4000 bars by about 33% for n-pentane and hex-
ane, and by 30% for n-octane. For n-hexane the change
in Gey with pressure is temperature dependent but be-
cause of the experimental error iittle significance can
be attached to the observed variation.

The decrease in Gey for the cyclic hydrocarbons
bve; the same pressure range at 30°C is less than for.
the straight chain hydrocarbon and amounts to about 20%.
The variation of G, with pressure for 2,2-dimethylbut-
ane is unusual in fhat it first increases and then de-
creases, the values at one atmosphere and approximately
2000 bars being equal. This behaviour is probably un-
real and is associated with the dose dependence of the
jnduced conductance. If the conductance as determined
on the pressure reducing cycle is used to calculate

(GfiP/Gfil), a curve of similar shape is obtained but

G increases further with pressure.

fi

(b) Assume that.Gfi.is.independent of pressure.

If Gfi is considered to be independent of pressure

then it must be assumed that Walden rule does not apply,
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hence e
(u, + u_ ) an , (IV-vi)

and b € 'V K 2
np\ _ % Pp[f1) . (IV-vii)
ny €y P1l%p '

The power b to which np/hl must be raised in order to
make it equal to the right hand side of the equation'IV—
vii can be calculated. The dependénce of the calcu-
lated b value on the applied pfessure is illustrated
in Figure IV-B-3. |

The value of 5 for hexane and octans is about
1.20 at one atmosphere,pressure and is, within exper-
imental errox, independent'of pressure. The value
.-for n-pentane is about 1.4 at atmospheric pressure
and decreases with increasing pfessure. Methylcyclo-
hexane showsztéimilar décrease in b with increasing
pressure the extrapolated value at 1 atmosphere -being
about 1.15; Cyclopentane on the other hand exhibits
a value less than unity at atmospheric pressure which
increases with increaéing pressure. |

For hexane and octane, the results suggest that

-1.20
n
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Power b' in Relation IV-vii
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which is in close agreement with the value predicted
on thé basis of somé ion mobility measurements (b_ Nl
and b, ~ 1.5) (65,66,75).

The cause of the different values for the other
hydrocarbons is not immediaﬁely apparent. - Quantitat-
ively, the more spherical ions may be expected to
follow more closely.to,Stokes Law. However, pentane
and methylcyclohexane do not fit any more'closely than
do the other\hYdrocarbons.

The variation of b with pressure, if real, is
interesting. In applying Stokes Law it is generally
assumed that the volume of the ion is independeht of
the applied pressure (at least up to 4000 bars the
maximum pressure used in the present work). Quantitat-
ively it is difficult to say anything about the ions
because their nature is unknown. Examination of
Figure IV-A-1 shows that the experimental results (154)
obtained for the mobilities of the positive ions exhibit
greater scatter about their line than those of the
negative species. This is surprising because the posi-
tive ion is always considered to be the positive
ion of the hydrocarbon under irradiation whilst the
nature of the negative species depends upon the impuri-

ties present in the hydrocarbon. It is also possible
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that several negative and positiQe species exist.
Radiolytic ions may be solvated in low dielectric
constant liguids. The amount of electrostriction around
a cavity.of réughly molecular size which contains a
charge is greater in low dielectric liquids than.in
high dielectric constant liquidsA(lSS), and electro-
striction may be important in the localizatioh process
of thermalized electrons. From the point of view of the
bulk compressibility of the hydrocarbon under irradiation
compared to that in the absence of radiation electro-
striction may be neglected because the concentration of

 M).

the ions is small (X 10”
The variation of Gey with pressure may be predicted
on the basis of the model developed by Freeman (25,49).

Consider the two reactions (see Section I)

o+ 'esolv] + [geminate neutralization] (4)

(free ions) (5)

+
> +
M esolv.

The "critical escape distance" (page 13) which determines
whether reaction 4 or 5 occurs, decreases with inCreasing
pressure because of the increased dielectric constant.
In the present hydrocarbons € increased by between about
11% (methylcyclohexane) and 16% (n—penfane) when the

pressure was increased to 4000 bars. On the other hand
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the initial separation distance of the parent ion and

its corresponding electron (or negative.ion) also de-

creases with incfeasing pressure because the range of

an electron is assumed to be inversely proportional to
the density of- the liquid. The latter may not be true
for low energf electrons close to thermal energy. The
density increases for the present hydrocarbons studied
on increasing the pressure to 4000 bars by between 12%
(methylcyclohexane)‘and 29% (ﬁ—pentane).

" The values of y, the ion separation distance, was
taken from the calculation of Freeman (49) for n-hexane
at 20°C and corrected for the density at 30°C, using
the known temperature dependence of the density. . The
- yvalues were then further altefed for use at 4000 bars
and 30°C using the determined pressure dependence of
dénsity, It was assumed that N(y), the number of
electrons with the separation distance y, was independent
of pressure and that on1y y was changed. The results
obtained for ¢(y), which is thelprobability of escape
(given by e-r/y)' and G.; at one atmosphere and 4000
bars are shown in Table IV-B-I. The Gfi values were
calculated using the exp?ession given previously (I-xii)
assuming that G(total ionization) was four. The calcu-

lated decrease in Gey is 6% when the pressure is increased
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" TABLE IV-B-1

Gfi 30°C n-hexane 1l atmosphere and 4000 bars
1 atmosphere 4000 bars
N(y) (y) ¢(y) Ny)oly) ~(y) ~¢ly)  N(y)¢(y)
2150 20 S 0 16 ———— 0
1100 22 - -0 18 — 0
600 27 S 0 22 —— 0
476 37 . ——- -0 30 _—— 0
270 63 0.009 3 51 0.006 2
116 . 102 0.056 6 82 0.044 5
64 148 0.137 9 119 0.114 7
41 199 0.228 9 160 ° 0.198 8
28 257 0.319 9 206 0.287 8
21 319 0.398 8 256 0.364 8
16 388 0.469 8 312 0.438 7
13 462 0.530 7 371 0.550 7
15 564 0.594 9 " 453 0.566 8
14 716 0.663 9 575 0.638 9
10 912 0.725 7 733 0.703 7
1126 0.770 6 904 0.753 6
1359 0.806 5 1092 0.791 5
1734 0.844 7 1393 0.831 7
10 2342 0.882 9 1881 0.872 9
34 3143 0.911 31 2524 0.903 31
5000 142 134
Y1 atm - 294 2
atm - A A
Gf. = N(y) o (y) X G(total ionis-
1 N
Y4000 b 258 A ) ation)
ars = _
(Ggy)q sy, = 0-114
(G£3) 4000 bars = 0-107 .
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ffom one atmosphere to 4000 bars. "similar variations are
found for the other hydrocarbons studied.

The above model therefore predicts that'Gfi is prac-
tically indepehdent of pressure. At this stage it is im-
possible to distinguish which of the two above limiting

cases is the nlore correct.

(C) Radiation Induced Conductance

The radiation induced conductance of all the hydro-.
carbons studied decreaséd with increasing pressure. The
conductance was fqund to be independent of the applied
field strength up to 2500 V/cm, the maximum field employed.
This behaviour is in agreement with other studies (24,80)

14 eV/ml sec).

at similar dose rates (10
| On the assumption.that ionic migration may be

treated as a rate process, and that Gg; is independent of
pressure, the volume of activation, defined by relation
I-xvi, (page 25) may be calculated. AV* is a composite
value for the positive and n;g;£ive species and corres-
ponds to the volume increase required for the ions to
migrate froﬁ one equilibrium position to another such
position.

Some plots of log K versus pressure are shown in

Figure IV-C-1l. 1In order to calculate AV’+ from such plots

the slope of the curve is required. At one atmosphere



" FIGURE | IV-C-1

. log. k. versus. Pressure . 30°C

@ n-pentane Cell C

Dose rate 4.0 x 1015 evV/ml sec

O nmethylcyclohexane Cell B

14

Dose rate 4.9 x 10 evV/ml sec.
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pressure the slope is difficult to obtain accurately
because of the rapid change»of K with pressuré over.
the first few hundred bars increase in pressure. The
alternative technique of plotting AV+mean versus the
mean pressure and ex£rapolating to one atmosphefe
does nof help in the present circumstances. The values
of AV+ obtained at one afmosphere pressure'alserx—
hibit variation from experiment to experiment because
of the inaccuracies in the'condﬁctance measurements.
Values of AV+ calculatéd by the slope method are
shown in Table IV-C-I. The values quoted at one at-
mosphere pressure are the average values of several
determinations and are probably accurate to within
+ 3 cm3/mole{ Values at higher pressures exhibited less
variation from determination to determination and are
probably accurate to within + 1 cm3/m01e.
At atmospheric pressure AV+ is approximately 9
to 14% of the molar volume of the hydrocarbon. The
volume of activation decreases with increasing pressure
and at 4000 bars is between 4 and 8% of the molar vol-
ume of the hydrocarbon at the same pressure. AV+ for
methylcyclohexane and 2,2-dimethylbutane reached a limit-
ing value around 2000 bars. The latter hydrocarbons also

exhibited the greatest viscosity changes with pressure
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and it appears that molecular s£xucture may play some
role in the ionic migration process.

_The values of AV+ are similar to those reported in
other studies. AV* for several salts in methanol (103),
nitrobenzene (103) and N,N-dimethylformamide (104) are
positive and increase with solvent volume (i.e. decrease
with increasing pressure) and ion size. For example,
(103) AV+'for sodium nitrate in methansl at atmospheric
pressure is about 12% of the molar volume of the methanol
whereas for tetrabutylammoniumpicrate in the same solvent
it is about 24%. It was also suggested that as the den-
sity increases . AV+ approaches a limiting low value.

A\.l'=l= was also reported to decrease with increasing temp-
. erature but little significance can be attached to the
observed temperature vériation of AV+ for hexane and
oétane in the present studies, because of the experi-
mental uncertainty in the values of AV+.

In summary; the.volumes of activation are consistent
with the radiolytic ions being of molecular size. AV%-

exhibits a pressure dependence similar to that found in

higher dielectric constant media.
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"SUMMARY

At the commencement of this work, it had been
suggested (155) that cavities in low dielectric con-
stant liquids may play a role in the trapping and
solvating of'Ehermalized electrons. Cavity theories
of electron solvation had been previously developed
for the solvation of electrons in water and ammonia
(157,158,159) . Increasing the pressure upon a liquid
results in the reduction of the interstital cavities
and it seemed possible that the initial separation
distance of the electron.and parent positive ion may
have been altered. The present results indicate that
no major change in the separation distance, apart
from that which arises from changes in density and di-
electric constant, occurs ﬁp to pressures of 4000 bars.

No adequate description of the effect of mole-
cular structu;e upon electron range has yet been achieved,
and it is unfortunate that in 2,2-dimethylbutane, in
which the electron may have a ranée greater than in the
straight chain hydrocarbons (61, 154), the conductance
is dependent upon the absorbed dose.

In conclusion it may be stated that regardlesé of

whether the radiolytic ions obey Stokes Law or not, no
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major changes in Gfi occur on increasing the pressure'
to 4000'bars; In order to develop this project further,
work should be undertaken at higher pressures and
techniques developed to enable the radiolytic ion mobili-
~ ties to be determined simultaneously with the steady

state induced conductance.
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