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. N ' Lo . " ABSTRACT ‘ ".‘

: e .PAUL CARLE

‘ VOLUMETRIC COMPR?SSIBILITY MEASUREMENT- OF
N=- PENTANEV -JSOPENTANE AND THEIR EQUIVOLUMETRIC MIXTURE

L . AT HIGH PRESSURES ., = -

-t b s . 'J’l\),
¢ - ' ——t. ‘ —_—— g ' . . '“ ' Y’ I -
Lo - Compressibility measurements were made on three -
L llquids- n-pentane, 1sopentane and their equlvolumetric
SR 'mixture froa 300 to 8 OOO bar-at room temperature u51ng
v ° o RN

a volumetrfb method -

s v

A new method of aAaly31s of the expé%amental

.~ data was developed which does not require an-experimental

measurement 'of Vg, thé volume of the, liquid at atmosbheric

N

pressure. dxperlmental results are expressed in terms of

14

L and C the two characterlstlc constants of a liquid in’

Tait's equation. The compression, k= (V- NOJ/VO, was ’

. - calculated us1ng Tait's equatfﬁh
' Y r ~

) . The values of C and L found in this work are\ln

G- \

agreement with published'results, within the estimated<

- rd

e . . , L) .
experimental error. This indicates that the n%w method

of analysis is valid. ' .

The advantages of-the method developed in this -

° . . work are simplicity of experimental dpparatu$ and measufe-
: b . '
(I . ment technique. Some ifiprovements are suggested which

‘would increase the’accuracy of the reésults.



’ " ¢ RESUME
P#ULAGARLE

~

" MESURE VOLUMETRIQUE DE LA COMPRESSIBILITE DU’
- N~ PENTANE ‘DE LYISOPENTANE ET DE LEUR MELANGE EQUIVOLUMETRIQUE
~ ) . A HAUTE PRESSION

) . - ot

. . . . \
R Des mesures de comprps5ibilit§/pé% été efféctuéest;
: 1 . :
R a l'aide d'une méthode volumétrique sur-trois liquides: le
-’ i N

n—peﬁtane,-l'isopehtane et leur mélange équivolumétr%que, de

300 a 8,000 bar, a la température de la piéce.. .o _-

Une nouvelle méthode &*%nal§éé des données expé-
L

a

. rimentales a %té mise au point'; catte méthode ne requiert
| ‘ . . ‘ .
’ ! - : ‘s . ‘ N . . »,

| v .par la mesure expérimentale de V , le volume du liquide étu-
[ . ’ . B .

|

dié a bression atmosphérique. Les résultats expérimentaux
. ) . 7 " N N

-

sont exprimés en fonction de L et ¢, les deux constantes < ,
o /L} . caractéristﬁques de 1'équation de Tait¢ ,Lés valeurs de la

compression; k = (V - Vy)/Vgy, ont été calculées a 1l'aide R
- “'de l'éqﬁation\de Tait. : ‘ ‘

& : " Les valeurs de.C et L trouvées dans ce travail

n

Vot ~sont en«accord avec les resultats pGEI*es sur ce sﬁllguldesjmg

N a l‘lnterieur des limites d'erreur experlmentale.-TCec1
' / D [¢ .
1mp11que donc que. cette nouvelle mdthode d'analvse est

'

-~

. valable. . ) : : , ‘.
. -7 ' 'h.‘

ymsavantages de la mctnode mlse au p01nt dans ce },

/ travail sont la simplicité de l‘apparelll}pe gxperlmental ool
P .et des techniques‘de mesures. Des amcl¢oratlons qui pbur—
X . ) % N .
. 4 N ’ . . ’ s &
~ . raient accroltre la précision des résultats sont suggeéerées.

\ ‘ ) oo _. "III- :" - ( .
) . N -,
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. - ' INTRODUCTION * R

° . . e
. .
et et

el ~.
—

5 8 ) L - 'Theﬂbohpressibility of a substancq'is a measure

_"of the amount of*yolume decrease gaused by an incregse in
c' , s - ‘° A . . ‘ , .
: pressure. Experiméntally, compressibility is found fromr -

~ . )

UE ' . the measurement of compression, as a function of pressure.

‘Compression, k, is defined as the relative:volume decrease .

that is, . ° ! N
i H . . .
T K'k--(VvV) .
, v 'VQ i

where Vg is the initial volumeihsually at atmospheric pressure)

and V is the. volume at pressure P. B

o . . K )

.

/ . - , ’
The isothermal compressibility, @, 1s defined as’
o & , . .

f '—’ ° , . ‘l V ] -
Y LR 4 5 g

where the subscript T denotes that the temperature is .,

-

A co'nstantq. By comparing the definitions of £ and k it is

© A

‘seen that g is the slope of a plot of k vs P. The symbols

» -

. E fon compression aqg compre531b111ty are those used by}

~ .

‘0

Andersson ¢ 11963 ' . e F |

Q,bompre551b111ty measurements that started durlng

‘Q .A’-ZD

’

-

o e the last century are stlll tOddY Jf ma jor 1mportance for
}
|

many reasons. Isothermal compressibility plaxs a major




‘on some liquids up to 100 bars.

tonductivity of solutions up to 3000 kg /cm2. Lussanh

role in’ thermodynamics; its knowledge permits the esta-

A

blishment o% the isothermal equation of state, and the

evaluation of useful parameters like intkrmoleqﬁlar A

4 [}

forces. The pressure range of these measnrements is

A

always 1ncr6351ng and permits new developméQ?s in the

theory of equations ofkifate. : C L
N ’

- . ; - X
Perkins in 1819 made the first sghe.compressibylity
measurements on llqulds, by 31nk1ng a cannon to diffefént .

depths -in the sea, he developéd pressures up to 200 Rg /cm

(kg in this usage means 1 kilorram weight which equals 9. 80665

Newtons) . .

' ‘Parrot and Lenz (1833) while observing the

application of Boyle's law-to air, measured pressure effects
' 1

[

LY ’ \ ,
Amagat (1893).was first to use the piézometriﬁh

[y

pethod to measure compressibiiitiss; he analysed gases

.and liqdids up to 3000 kg /cmz; Tammann (1903) mbdsured

T

-

compressiBility, sxpansivity,'speciflc heat and electrical

(1904, 1910) "published data on thermal properties\of

solids and liquids under pressure, after. improving {he

design of the pie;ometefs. .Other important measurements

-

were made by T.W. Richards (1912) on organic liguids. -

14

1 dhe kbar = 1000 bar —21 .0 x 109 dynes/cm = 986 .92 atm
= 1,0197 x 103 kg /cm®. e



', "Precise results only sLarted being aVallable )
~ :

/with ‘the work of Brldgman (1932 1933, l9h9) on-the .

compressibility of llqu;ds. ‘He is responsible for the ;j

ma jor developméﬁts of high‘pressure technology in the ' -

i

, &
twentieth century. Brldgman expressed his results of

/ \

volume change under pressure in quadratic form that is,
. e .

AP - sz

<
!
<
u

"where P'is the gauge pressare, V, is the volume at,
: v

N ’ . -
atmospheric pressure (P = 0), V is the volume at pressure
" ¢ .

P and A and B are constsnts. This form of ;sothermai

&

3 ' \ .
equation of state is still used,for example, by HOlder?“ oo

snd thlley (1962). ' -

- Experimental methods

Three maJor methods are used té measure llqu1d

>
compressiblllples: plezomstrlc, ultrasoniec and volumetrlc.

°

[

The piezometric' methdd, used by(Bridgman'in all
1] - :

of his work on liquids, is experimentally the simplest.

Variations of volume are measured by an electrical micxgo-

mbter 1n the pressure cHémber (liquids are usuaiiy main-

s | ‘\

.tained in a. pyrex tube equipped with microconta ts @hat
give an ;i9ctrical signal when certain volumes aje

attained). This method requires cprf@ction for the
' .o a

- . . T~ N
'



[

-»

- compressibility is found from the'relation:

| | |
) & . ) . . foL
compressibility of pyrex. Details 'of the method 'can be

found in papers by Bridgman (1949) and Anderson (1963).

The ultrasonic method éonsists of sending
/ N N N v

»

sound ﬁulses thrgugh a known distance of the liquid under’

study. 'The speed of sound recorded is directly related

e

to the adiabatic compressibility. The isothermal
* . c s

\
Adiabatic comoressibility/isothermal compressibility = Cy/Cp

P

where C, and Cj are the specific heats

at constant volume and pressure; respectively. The fadtor
Cv/Cb is slightly pressure depefdent and a certain amount

of uncertainty is to be.expected in the results, unless

theoretical correcfions are applieds A description of )

‘the ultrasonic method can be found in Heyder.ann (1970) -

4
ey

and Boule (1972}). : L e

L

The volumetric method which.is the method used
for the work presented in this paper, is based on a ' 3
straightforward relation between the measurable geqmetfy

of the high pressure apparatus and the changé of volume

A

under pressure. Severe conditionggare imposed on the

pparatus; no leakage of the liquid must occur during -
the experiment (in high pressure technology, leaking is
certainly the majoﬁ problem). Aﬂdescription of such a

’

method is given by H.U. Schamp (1965). This method gives



. {‘ .\L\ 2
b y 2 — ’ 1 )
. N O - . - \ 'E},, .

° s con . N
. v ' © S

_ ) . ST

> - L3 N . -
e good compressibility resulty in a-shoFt time with a '

‘ f
minimum of electronic instrumentation, ‘

i ) ; ‘ ) : . ‘e
) . Materials - R
""  The liquids studied were n~§én;ane3jCH3jCH2)3CH3, "

iso~-pentane , (CHB)ZCHCHECH3 ,'agd’an;equivolumetfic .
mixture of the two. These liquiés'were choosen” for study -
‘because”mixtures of h—pentgne and iso-ﬁ@%tane.are widely
used as p?essurextransﬁitting~nmdia , and not much |
information is avqilable_aﬂout'their compressibility. A
precise konwledge-of the?%émpressibility of theseﬁli@uids.

could be of great help in high ﬁre§5ure'research;-

..




(11

. 1.1.2 Pressure pumps.

CHAPTER I BN .
r EXPERIMENTAL PROCEDURE : -

[
L4
©

1.1 . High Pressure iApparatus
. N ¢ * - - . ' .
e ~Tﬁe high pressure apparatus used for this experi- -

ment is shown in ﬁigure 1. It is custom-made by Basset- -

: e ' N 5 s
Bretagne-Loire in France. ' o
. ' ' h ’ / 4 ¢

) . . / - ! 2

1.1-1 PI‘GSS. ) : . t

3

The press is a four-column press with a total

thrust of 300 tons. .The primary piston has a diameter of

2).

250 mm (cross-sectional area of“h90.§ cm The maximum

‘preSSure in the primary pot (low pressure chamber) is of

o . :
the order of 200 bars. The elongation under pressure of

]

the columns wis found to be 0.009 mm/kbar: °

~

3

v

In order to be able to vary the rang

pressdres‘ané pressure rates by 1afée dmounts,.a’two-pu p'-
?esign was chosen. Both pumps are hydraulic and can be
used independently. The low pressure pump, with a'lérge
flow for fast compressi&ns, is used mainly to settle tﬁe

teflon joints.

, The teflon undergoes a phase transition

- around 3 kbar and in order to avoid any leaks, because of

" the éudden-chaqge of volume of the joints, it ivas.found
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A . )
didmeter of the chamber is 19.96 mm (arei is B.i} cm®

nécessary to pass over this 3 kbar point very fast.

The hlgh preosgre pump with fine regulatlon of flow

pefmltted compre351ons at small controlled rates.

1. l 3 Measurement of primary pressure.

«
;

y A manometer of range of 500 bar, manufactured

by Helse, is connected directly. to the primary pot. -The.’

prec131on of the measurement of thlseprlmary pre;zure is

’,

better than 1%. This meagurement is necessary to evaluaté&” A

the friction of the joints\during the experiment.

1
r *

1.1.4, High pressure chamber

‘ This chamber is attached to the top of the
» o ;
press. The body of’yﬁb chamber itself is of the multi-

layer type. The inside cylinder is made of Vascomax

385 sﬁeel which is finely polished.:' The cyiinderfmuét

be periodically poligbed with an alumina powder (maximtm -

grain size og 0.03 micron) to reduce friction and there-

!
fore minimize wear of the interior surfaces The interior
2)"

» ¢

-~

. Y
at atmospheric pressure., Theregére thg maximum priessure

in the high pressure chamber is 32kbar, the ratio of the ’

. . . .
area oD low and high pressure chambers times the maximum

£

pressuré in tfie low pressure chamber. Using Lamé's
PR

‘equation, it<ié"éhown in Appendix A that the dilatapion

-of this diameter’ is of the order of 0.006 mm/kbar.. The

] .

-
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"pressure chamber is closed on top by an obturator, and

by‘élmobile piston at the bottom. The maximum useful
v ‘ :
. volume is of the order of 60 cm?.

1.1.5 Mobile piéton. ‘ '
A force ,of friction is exerted on the mobile e
piston bynthe walls of the pressure chamber., To minimize

this_§ricti0n, the system shown in Figure.Z(a)‘is,used:

-~

a teflon O-ring with an unsupported éréé of the order of

207% and two steel anti-extiusion rings (rings.are of
819B steel-treated at 110 kpf/cm Before.the experi-

@mnt the rings are covered with a molvodenum disulfide -

-
-

grease that permits an easy displacement of 'the rings

" in the chamber. The weakness of the¢ steel rings ensures
! -

a minimum degradation of the interior polish of the chamber. f
’ E < ' ' /l

1.1.6 Obtugator. . R
" The obturator shown in Figuﬁe‘ZKb) has a rubbet
171

0- rlng held in plaqe by two teflon rings and twq lead rings

-

 which flow out towards the chamber walls under pressure
*and th;; form”g‘leak—proof Ekal. ‘*The piling order shown
‘in Figure 2cp) is-found experiﬁentally,to permit a better
deforéation'of the rubbep and lead and to permit a better

tightening of the obturator at thd. beginning of the

experiment.
e
1.1.7 ‘Eiectrical}ﬁeedthroughs. '
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The obturator has four electrmcal feedthrouphs .

21

: .- as shown in Fléure 3. Each feedthrough, con51sts of two
: \ g .
ton conducpors inside a stalnlessosteel tube packed with

[

magnesia. If the magﬂesia powder is dry, an insuldtion’
;¥ resistance of the order of 5 megohms is obtained. The ‘

. " .résjstance pf each conductor is 0.02 ths/cm.

I .
* b . . \

o @Q‘if The fepdthroughs are Thermocoax 2CzCzACl,
manufactured by Sedern. During the experlmght the

. ' obzurator is held inepldaces by a screwed ~-in cap, shown .

-

;n Figure 1, that also-protects the electrical entrles

LY . S, f el

w0 o . . , K
;  «* against mechanical damage. . : ‘ _ ©
©* 1.1,8 "Holder. : T e
- v The holder sh9wn in Figure 4 has been designed
< s 'p;
- ',w

v to, émsure good stability of the electrical contacts in the

high pressure chamber (the conductors are 0.18 ‘mm in

- diameter and alsaq very brittle). The manganinlcoils’ére

¢  placed inside the ‘holder for brotectidﬁ‘against mecnhanical .
damage during the preparation of the experiment. Electri-
) f}

cal conections on the holder arejxisolated from one another

by a teflon ring. - ) o

i ‘ PR
a } IR 2, .
+ 1.2 _Friction : “ L -

3
Pressure inside;the chamber depends on the: ..

ratio of the’ cross~sect10nal area of- the prlmary and pobile

t pistons and also on the friction Bbetween the 301 ts‘o the

Q

}mob;le piston and the walls of the chamber. If p is the

¥
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3 L) * - . . Py
3 . M . ’
q' 4 3 ‘ . . ' ' . ) . ’ ll"
- pressure read-on the Heise manometer in the primary pot, .
' \

& v f - N . - .
and if P is.the pressure in the high pressunre .chamber
' : S o ’ \
. ' . P= -p + flp), _ (1-1)
- o ‘ ’ - B . ‘5‘

. . R e | oA .
where 'S- is the cross-sectional area of the primaky pis-

v ) ' ‘ T N, ‘7

ton-and- s° the cross-séctional area of%the mobile piston.

_ The function of pressure, f(p), depéﬁ§5'on the frictional
forces. ~ \ ) - )

.
. , N
- Jot ¢ N '

: ' On the upstroke, ﬂfi)fﬁp, and f(p)>0 on the
dowhstroke. In this eXperimedﬁ; S= 490.6 cmz, s= 3.13cm2.
. The pressure p- is measured by the ﬁeise manoﬁetef, and P by the

- ‘ § -1 , . A
manganin coil in the high pressure chamber. Figure 5 ‘

, l‘/A - shows an &xperimental plot of P vs p., Up to. P= 10 kbar,
£(p) /Pcal, where Pcal= (s/s)p, is_about 0.08, that is

frictional forces inside the high pressure chamber are

\ . about 8% of the force acting on the mobile piston..

A ‘.
L4 . . Rl

. 1.3 Pfessufe'Measurements
\'- - !’ v

\\' .. .‘\V :,' . ’ - \. . .‘ _

, '1.3.1. Manganin gauges. ! : L

/ . c : ) . -
s - The manganin wire, which’ is covered with silk,

. N ‘s 7 \

'Gs wound non-lnductlvely on a. paper support. The total ' //ﬁ—

o re51stance of the coils is of the order of 120 ohms at

atmospheric pressure. The gauges are seasoned by a spe01bl .

T
[ ;g .. treatment con31st1ng of. tenperlngs Qrom lhO C to llquld
¢ ) . .
nitrogen temperature (- 19606) ard ‘then a conpre551on to , '
.- ot . Cap
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25 kbar at room temperature.,
Manganln gauges are widely used because of
' ' thelr la{ge resistance variation .with pressure and
,small resistance variation with temperature. The °
ﬁemperature cog}ficieqt is the Ebange:of resistance dpe
to'a temperature change of lop_divided'by the initial
resistance, From the experimental data used to plot
Figure 6,. the resistance changes by 10 parts per million
_as the temperature changes from 17°C to 25°C. Therefore
“the temperature coefficieht is about Z part per million
per °C.  The change of resistance with pressure is .

- .-~ linear up to 4Okbar and-'is reproducible as deménstrated

by Bridgman (1952), Newhall (1962) and Ivanova (1965).

1.3.2 Calibration of the.manganin coils.
- | The coils used in this experiment have been
calibrated at "Le Laboratoire des Interactions Moléculai-
. . [
T _ res et des. Hautes Pressions du C.N.R.S." in Bellevue,
—~ i* _ . #
: (Paris), France, in a free' piston instrument. Pressure

was measured with an accﬁracy better thgn'O.i% and up .

to 8 kbar. A Kélvin bridge was used to measure the-

‘ ) )
O ' re§istance of the céil with a precision of the order of

e 0:65% - ;. T

- \ The change of resistanée of the manganih

: \ coils,"A R,‘ due to ehange of pressurg, P - Fp is given b&r
' AR/Ro = § (P-Fp), '

L4
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where Rg 1s t}ie resistance of the coil at aﬁrr{ospheric
pressuré, Pge The constant X is called the pressure
coeff.icjent. It was found to very slightly with pressu&g
as described below. ' |

The least aéu“are metbod was applied to the ,
di}erén_tf value; obtained énd“’théi results are shown
in Tablé 1. The correlation coefficient is a measure
of goodness of fit of the straight‘li‘ne with the experi-
mental points. ’f‘he deviation'from the straight line,
between. O and 7.5 kbar is of the order of 5 bars from
Elgure 7+ The pressure coefficient AR/R¢P, neglectlng N
Po, is‘p\lotted in Figure 8 where Rp= resista}nce value at
atmospheriic pressure, P is the pfeésure- in the chamber -
and AR 1 the Iq'{ange of.resistance' caused by pressure R.°
A correction equa:cic.:m has been establisﬁed using a refe-
rence point at 5 kbar, and the equation of the line in

/
Flgur_e 8. Letting P, be the pressure calculated using

~ <

‘the mean coefficient,,
P = (0.2779 P,i/(0.2789 - 0.0002: P;)  (1=2)

where\ the pressures are in kbar. e
- \
oo \

X.3.3 Measurement of r'esi‘stanée changes. !

\ -

A few author's partlcularlly Yarramoto (I%ZZ)

hav exnoted a shift oi‘ Ry, the resistance of the man nin




pressure co:{ficient as established in T;oo’ﬁihton gauge

‘in pressure range O to 8 kbar

Manganin gauge N1

Ro = 117.9721'

Mangenin gauge N22

Ro =+118.8029

mean
‘Prasssure

, coefficient

Correlation
coefficient °

deviation
from straight
line

-

2.390 x 10~°0/a/bar

0.99999612

2.391 x 1o‘§nln(bar

0.99999767

-
©

~ TABLE

1
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i o The change of resistance of the other manganin gauge was

o~

gauge at atmospheric pressurqi\:ith time. The gauges

used for this experimgnt.have(b en used for fiVe.yéars

qf experiméntation with gnly slight cﬁanges of Ry of

the order of‘0.00l%. This constancy uﬁ R;‘has also (
been obser:Cd by Boren (1965) and Atanov (1971). &

Kelvin bridge was used to measure the RO of ‘'the gduggs

before each ekperiment with a precision of 0.001%. ‘ L

) Figure 9 showg the electrical measurement

4‘ L

~mep§od. ‘éf//he/pressure is*varied, a Tekelec dlgltal
. b ey

T e

ohmmeter was used to measure the absolute resistance of

¢éne of the manganin gauges with a precision of 2 0.002 ohm§ ,

_corresponding  to an uncertainty, of 2 10 bar in pressure.

\
observed/by a Kelvin bridge and 'displayed.on a voltage-
-versus-time recorder. The Kelvin bridge. is manufactured
by Electro Scientific Industj?;;\\wlth a claimed prec131on
of one, part per mllllon. ? '
The comparlson of the two pressure readlngs

indicates leak in the chamber and malfhnctlon of the
kblectrical circuits. If both readings decrease with time
Auhén-the pressure is expected to be constant, it is likely
that there is a leak in the high pressure chamber . If

one reading changes while the other remains constant this

may indicate that the circuit: producing the changing reading

(,_/

is faulty. \L/; ‘ ' - \ ,“. \

-t a
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' . . ‘z » .‘ . . l2=0
‘1.4 "Volumetric Measurement - : . ‘

_\[\ . The change of length of the cylindrical volume ®

under pressure is measured by t;wo methods, as shown in

Figure 9. The change of distance hs Ah ,1s measured -

J)
with aymicmmeter\§g1V1ng a p@c:tslon of O.‘Ol mm; Ly is

measured with a calliper square gi’ying an absolute

precision of 0.02 mm, _—
¢, Because éhe steel. cyIi‘ndér A did not show ¢
any deformatlon under pressure, and because the elonga- ~

tion ofrthe columns was easily evaluated (0.009 mm/kbar
the absolute value of Lj was taken as the reference
length for the calculation of change of volume of the

liquid in the high pressure chamber.” Ah, was used as a

»

verification of the variation of Ly. The total precision
in the measurement of L; is of Lhe order oi ‘0.0024%.

The measure of L the 1n1t1a1 length of the

(o4

cylindrical volume of liquid lin r,he high pressure chamber

" will be discussed in the chapter on data analy'sié.

L
. 6 .
-

—~

+ 1.5 Liquids Studied
The liqﬁidé studied were f't{chnical"' grade
n—penta’ne and isopentene and an equivolumetric mixture
of each. These 1iqqids are not pure. The n-pentane is.

# -
95% pure, of relative density 0.63 and of molecular

weight 72.15; the isopentane is 987 pure, of relative

/! e




&

density” 0. 62 and of molecular weight 72.15. Both_pro-

ducts were used without any spec1al treatment.

The n-pentane and isopentane were obtan.ned

from Prolabo, in France, «i}. -

('/J‘
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. liquids. Without any reference to the strucﬂ'fé{of

- y . [~4> 2NN
L] ’

" GHAPTER II |
AN THEORY OF THE LIQUID o .
STATE AND TAIT'S EQUATION

’

]

h
-

The theory developed in this chapter is based o e
on the work of Ginell, (1955a, b, 196la, b, c, d). The

notation’ used is summarized at the end of this chapter.

o

The equation of state for liquids which is
p .
presented in this chapter, was first derived empiricall

L]

by Tait. It describes the isothermal behaviour of

iiquids, this equation was successful}y appli?d to'many
liquids including water, alcohois, acetone, benzene and
aqueous solﬁﬁiqps. Hirschfelder, Curtiss and Bird (1955)
regard.it ‘as the best empirigai representation of the

equatiod of state of liquids. A theoretical derivation’

of this equation will b; giVéﬁyhere with a discussion on ‘ |

the structure of lquids. The derivatibn is baséd on

association theory -and starts with the assympfion that .

thé.sam; equation of state describes both gases and

liquids.\ This assumption is ?ot new and Was(first made , .

_ by Van de; Waals (18739, ° . ﬁ oo
. R

3 ‘ .
e . ‘ -
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First, a wofg about a term used fréquently )

.in this chapter: % cluster or i-mer is defined as a
particle consisting of i molecules without any concern -

about its physical shape.-'A single molecule for

™

r'agaﬁple is calléed a l-mer. More recent terminology '

for i-mer and l-mer is polymer and monomer, respectivily.

. ”

For a collection of i-mers for i = 1 to m,
: ¢ . O T

&

:fn the ideal gas law is = ¢ N Lo e .
m * . '. ( " . . ' .
R 4 Z n =R (2-1)
£ + " ' m .
N L where :E:ry , 1is ‘the number of mole& that’ 1s, the total .

, humber of particles presé;\ﬂd1v1ded by Avogadro's “number,

, ni.bclng the number of mqles of partit¢les of size i {i-mer).
= ’ Y Lot ! . . ' '
P..is pressure:in bars, -V is volume ih‘m3, T is temperature

in °K. and the universal gas constant, R = 8.314 x 1072 bar

T

. R 0 . - .:,‘ o ' . 1
_\ -~ m °k7Y mole-~1." The number of moles of molecules in the

system is : -

1 doo Z‘"i=W/W0‘l°v b . T,
| : < ' ' (2-2) - :
. . L ad | ) 'i p-
(g where W is the weight of material in the system, W, is the
|? . '

. . B
weight of Avogadro's number (1 mole) of molecules (l-mers). The

LY

implicit assumption in the,use of "these equations is that
. ‘ T e .

the law of pérpial pressures hold, that is the total . '

o
» ? > ] . i »
. .



. M "V ‘ ‘ "' ".‘ s .
. T P-ij =Z~ipi : - (2-3) "

i \ i '

~
- ‘t:f\N is the number éf particles of 31ze i, p;-is thé pressure
i’ P

exerted by one particle and N is the t4tal number of

S []

particles. The subscript j labels one-of the partlcles.

» ”‘ T . ) »
L v Consider a cube of ,side H, containing a gas at
i
R equlllbrlum. o In thé gas, there are Nl l—mers, No Z-mers/
s : m
} -- N, i-mers ... N m-mets and therefore = E N;
o ‘ , ~
' particles. v
-0." .0 ; < ) » ”
' When particle j st kes the'wall of the box, it
CT, undergoes a colllslon and exerts pressure bn the wall;

] . -

ats change in momentum 1s amjuj , where mj is'its mass

‘ ‘ : and uJ its ve1001ty componentapormal to the wall. The

rooe tlme between two succe551ve colllslons from the deflnltlon

.

gof ve1001ty, is {(He D )/u where DJ is the diameter of

[%3
1 .

v t1Me, usirg hewton's second law, is phe force F given by
‘ N * . ’ éin u ~
O o ) . 15‘-‘-'- J (2"14-)
. . L . J -
) H - D;
) . ¢ The area of the two opp051té walls agalngt whiqg the particle
~¥ \
! .. can stPike is 2(H Dj) ‘Hence the pressure exerted by
‘ ‘v" v I
) > ¢ . . H
| ..a/.'. P -
| o Y - ’ 4 . . . .
1 . - - " . .
3 , .’ %‘\‘ « “ NS ’ .
- . & e ad ~ G‘E

where pl is the- pressure exerted by all particles of size i,

+

partlcle if; Thé‘change in thlS component of - momen Em/unlt -

L 4



particle 4 on the %alls is . + .

) S 3 . ‘ ' 5
: -

2 /.
) =m.u¢ /(H D.)", (2-5)
° Co : pj 3 Ji/ J % -
\ . The total pressure using Dalton's  law, (2-3) {s

.m -

- - '} . Ni- mi <ui> av _ N m.‘.uz v '
. ’ P = E —— = E .____31' .
S | ' (h-p)> = L Timp) (2-6),

i,
.

where N is the number of particles of mas iy and
Lo <u§> is the average of the squares of the u-components ‘

!

of the veloc1ty of the part\'kes of size i.

|

|

A o - i 1ibri n 2 . Lﬁ |
| . At equilibrium i <ci’>a : 1

v is, the mean. square
) 4 a ~ .
. velocity of the particles of size i, the average kinetic

, “ - . energy, of each mer is the same, that is °
: ~ -

.d‘ . ' ) -~
: 2 2\ “ 2 )
n@ ‘ L J._ m2<c2>av = % ml<°1)av = %-mi<°i’>av (277) o
‘ - Since by definition m, = i.my, from (2-7) , -
L IR TRNC VR
- ST . av °1/ av e (2-8)
. 1
* and sincé the component velocities along the three axis . ~—_
. / . . . ~
in space are equal,. ' ~ o .
(Do @ = 6D,
\ av '1 av ay . N . '
\ ‘ '
| Hence \ o - “ , - |
- N 2 K IAPY ;
s . "M '(u.)- = ml <cl> ) ‘ l'
\ 4 . B
g ' \ Coo v rav . av (2-9) ]
\- - .
. -
1 % ‘ ! SN e ,
> &



%\

derivation of the ideal -gas law. \

-

-

and sub)t1tut1ng (? 9) into (2- 6) Y

()av . Ay

(H-o )3

By the law iof equ1part1tlon of energy,

. 1.2 ' , .
my <Cl>av = k T.
~““‘§—““‘ .

1

where k is Boltzmann s constant.

Hence o
=k T Y
) (H— i -

Ve

Letting n, be the number of moles of particles of size i,
1 v

since ¥, ‘= n.N ,.where N,.is Avogadro's number, and ©~

R = kN | -

¢ o ) m

P=RT ng o
;0 E . o

~

The derivation of (2-10) followed the classical kinetic

. . . SR
Consider -a large number of varticles in the

box ancd that collisions with the 'wall are not instantaneous,

The «di stance particle j would have to travel to exert o
. A / ' - .
pressure, is less by the average thickness of particles . g

a

Qﬁtween it and the wall; on the average this distance, H,
\

. 1/3 . - U

will be H = (V-b) , whére V is the actual volume of the

box and b(the excluded volume of .all particles: Thus | ~

(V-b) is the equlvalent cube of free space of the - partlcle

Y\x <




«

\ ~e

&

e

-~

\»

- 31

\ - - [P

~

. the total volume of the box,miﬁus the total volume of

partié&es ijﬁ:?e box. _ ’ /// : )
,‘ ) ‘ N\ 3 , : .‘ Q\j'
' ‘ The excluded volume is g.ra?her complex function.
I£.is not;‘as'one may expect,'th% totallnumber'of molecules,
'§E>Ni . times the excluded volume of one molecule, a

' ‘ ‘.
l-mer. This can be shown: by the following calculation’

. N
based on assumptions indicated in the figures below. The
"solid line represents the boundary of the l-mer excluding -
the valence electrons and thefdashed line represénts the

' ’ l 4 ! ’
highest ocqupie%/6rbital of the l-mer. A
¢ ',"\\ . d < f .-
/ ' .
(e
- \ ;
N L ;
Assuming the l-mer is a sphere of ' radius d, than its - K‘
volume, b, is / o ™
' blz_l_t'ff d3 )
: . 3 .
similarly, for the 2-mer, and for the linear 3-mer,,
_assuming no shrinkage occurs,
,/ ~ E A /K’/\"-V""d . f
\\--j“-- - ) - ,\.\s—‘\—’\ - /
by £ 91 a3 . b, =387d.
s 3712

ahd generally, for a iinéar'chain of i molecules flinear
bi = (11i + 5hdd - i(_ngrd3) - (2i-2)(_5md’) (2211)

) I
i-mer)

\ °

-

12 2L



Using the concept of excluded volume, :the

equatibn of -state, (2-10), becomes

| -~ N . . o
| ” m '
_2 — N - ’ ni ’ e
. RT = 2.T ' -
ﬂ L [0 TP . :
- or‘. ’ m “ ‘ -
. PV " ¥
< RT 7, 5; 1 1/3 - 12 (2-22) '
-/ — - ) ‘
| . N ( ”)' vi73| |
» s , A R

where the excluded voiume, b, is

L4

ZE , (2-13)
S
)
. where a(enotes the type of packlng of the i-mer. For : |
\ ' example if there are two types of packlng, 11near'.an‘!i" o
closed packed, then a is summed from 1 to 2.

§ ' . . ¢

If the volume that the liquid occupies is ®

1/3 -

comparatively large, than V is lgrge compared to Dj.

4

Equat'ion (2-12) becomes

s ‘ o :?: i , e
. . RT =.
. T ‘[ _ b] . . '

‘ i (2-14)

—~

v

o

Letting C, = n;/V, the concentration (moles per unit

‘volime) of i-mer present in the liguid-solution, (2-14) - °

v iS C> . + ' R o
- . . ' ,

N ) ﬁ-':f = ;d 4 [ v ] . Y (2"15)
Cot L 1 - :

o
AN &)
-
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u

v

Differentiating (2-15) with fespect to volume at constant
' A,

temperature, rearranging and substituting equation {2-15)
in the fesult,one obtains

d A TR, ¢ (2-16)
RT 97 26 +P gy [v]

To evaluate the derivative of Ci in the denomi-

A+

nator, a relation from aisociation theory has to be’

introduced, namely . ‘

\ -

' g ‘ ~ (2-17)
i T '
'Y(Cifk_

where K. is called the equilibrium constant of the i-mer,

rd

. . A}
or the equilibrium constant for the formation of a

cluster of i molecules from i l-mers.

’ * 3 -
i {
Théreﬁ¥3;£> ' . ' ‘ N (‘

-

ThlS finite series can be 1nverte(w

* . C.L = C x ' ‘e
1 x,n x(;:‘ ) (2-19)

prov{déd all the coefficients greater than K _, that is,

4

Knels Kpy2o» etc. are equal to zero.

The d, are functions

/

\
ad

. . -y )
IS ! a

b an infinite series,




of the equilibrium constants as -follows

’ / dd].:l
\ ;o d, = -2K
. ~ 2 B
el 52 .
‘ d3 = 8K - 3Ky \ ;
3 . .. 3 . o )
o | i d, = --b,OK2 + 30K2K3 - hKh

‘Hence the derivative-of C4 in (2-16) is, using (2-18)

* and (2 17), ' { R '
s - ? l Ll
. : i i€, .
) dv:zjc = Q- KO - :z: El.%vcl (2-20)
’ ¢ ¢ ,L
and therefore o, L

o 2x: xd, (21: 16, )7 g (2;1c

¥ d av 1)
A . .
' = |- 2 %, (e )T /v
X i T ‘
[y - ‘ / "l o

using (2-2) w1tﬁ n, =z

. i ~ . ' | ‘
o Z%\ " %/Y' C e
e ST | "

ence equation {(2-20) becomes : S

/ d > ’ -“;ici S}‘ﬁ:"‘dx‘ (Zi:ici ” ' (2r22)
— = ' v g ’ ‘

av i Ci

\ 1



Using equation (2-19ﬁ?énd (2-?1) eqﬁation (2-22) becomes

«g‘i‘}{: c, = _[w- -1 }:xd (Zic 2d (X 1C.)*
: WV X A
= -1—| % S, |7 .
) %V X X , o ' J
- [ w]z s (1)x A
= - . 7 . . L8
Wo vy o7 X VYL 5 (2~-23)
5 ’ ¢ ’ ' . ..
where the S 's are glven by-the relatioJ : .
F 3 L .
’ S, = xg,  (W/W ) -1 (2-24)

and the‘gi are ﬂznctlons of the equiiibrium constants

g =1 .
l ‘ . q k »
g2 = K . , L,
2 : e
.gB': th ; 2K3 “ o .. (2-25)
. ¢ .3
[} . 4 l ) ‘/ N ' é ,

The other derlvatnve in the denominator of

(2 16) is computgd using (2-13) asspmlng all i-mers are

1dentlcal, that is,



using definition of Ci

¥ o
: a (b} = 2 ivk ci-l
’ .. (V) :;: 11 &%
(~ and using (2-17) s
- chb fe) (&0 (eeaf)
{ . 1 av !
§ - AN A -

©
-

The same method as used to obtain (2-23) from (2-20)

gives the following result | ) e

) Z:lb i (%)I : (2-27)

Substjtuting equations (2-27) and {2-23) in eduatioﬂ

S

(2-16), : ‘
X
T : +P| (2-28
?ib ¢ ZS (1/v)* «?ibici ; 8 (1/V)™ )
‘or N
i \" ( )
a "y 2-29)
T b0y
Putting . .
. ‘ x .
- 2..
JL (V-b) /;11;191;81(1/\’) : (2-30) $
RS T
and F
el » )
RTW 1
‘ o Ls (2-31)
. Yo 12,3405 ) ,




>

" of size p.'

(2-29) becomes o , % . NG

AV'=J /TP - (2-32) s
dp o . E |

~ \ . . ' -
This last equation after integration yields Tait's em- -

-

% : ' .
piri€al equation ‘ . L
Y-V =zJ log (L s+ P). o .
. .
The initial conditians are P = 1 atm, ¥ =V
, :

o» and therefore

- vo =Jd log (L+1l) " 4

2 [N

the final form of Tait's equation is ' +

V-V = Jlog [L+PF] ° ' _33)
Yo - L e (B4 BECE)

N .
which is used t6 analyse compressibility data. The
. \ .

meaning of the two Constants, J and L will now be dis-

cussed.

Meaning of L

"Equapiqp (2-31). is the definition of L,

R '
where T is temperature and R is the gas constant, W is

o

the weight of the sample, WO is the molecular weight ‘of

¢

the l-mer, ng is the. number of moles of pafticles ozzsize
i'in the sample and bi the excluded volume of a parti

cle,

»

H *  § N

X L is found experimentally td. be constant with

£

(8




-7

N
2

i the number of molecules in the mer.

too“much with pressure at constant temperature. However

.that the quantity i%. nt is heavily‘weighted towards

‘consists of large pirticles connected by small particles,

\ , 3= {%’V\ ln[l;'%j}',r C (2e3n)

Qressure under isothermal conditions by Gibson and N

Loeffler (1949). Therefore bi"i must ‘then be cons-
tant within experimental error. This term'is the sum o |
the excluded volumes for each mer bj N;, divided by - !

ﬂvogedﬂo's Number No‘é31nce n; = i/No R multipl&ed by

LS .
. ’ . & ' :
. It is expected that this sum should not vdf;’ .

L does,yary with temperature (Wohl, 1921) since the sizes

of the mers-change with temperature. It should be noted .

il
the larger particles. This means that iflepe liquid

&

tﬁe value of L depends minly on the size of the'largek

[\ e

particles.

” Meaning of* J

’

There has ndt been as much discussion in the

»

literature about the nature of the quantlty, J. It can:

be shown, Ginell (1961) that

\\ s . ‘! 0‘ “ »
Thus J is the réciprocal of the change of the logarithm
! | ]

]

of the fraction(oi‘space unoccupied by the molecuies




-\ ,
-

“with respect to a change in vo*yme-at constant temperature.

Since this fraction does not change greatly with pressure,

. v ' .

the logarithm oftjﬁis quantity changes still less. J was
. ’ }

found experimentally to be coristant with pressure, but not

with temperature, by Gibson and Loeffler (1949). Rear- o

4
ranging (2-33), " . .
_ o -
.\ .
vV -V ‘= AV (= C log |L-P
i . —9———_—r — .‘ —— (2";35)
‘.\ ' Vo,‘ ' VO L-1 N A .

Y : :
- where C = J/V_. C was found experimentally to be constant

o
. with temperature by Gibson and Loeffler (1225). C is fouqd

to have the same value for related groupe of substances,

for example, benzene and benzene derivatives, water and
, -

-

concentrated aqueous solutions. ) . »

(3]
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Summary of Notation \ ,
g | o AR )
~ * W - weight of téq‘material . . M :
P - total bressure | " %J | '1‘ e
, . V; -!.total‘volume - ' E \'l : .
R - 'univ?rsal gas constant = 8.31&x10_3£ar ﬁB i-lmqle'l. g
k - Boltzmann's constant ' // , | |
| ' Ny - Avogadro's number e
\ B R &pmperaﬁpre . ' \ ‘
- vetenend and .
.. W - Wweight Avogadro's number of l-mer \ .
! N~ kotal number of.pd}ticles 'x-
- ‘b ~-:.exc uded- volume of al] particles
' i - 'su écript labelling the size of a mer ‘
"“j - sdfscfipt labelling the particle )
¥ - 'su?erscript labellingathe type.of packing
v n, - number of mfles of.Pérticle‘of size-i'(i—ﬁ%r)
/ N; - "number of p rtigles of size i (i-mer) oL
m; - mgss~of bért&éle of size i (i-mer) \ (
‘ y "u; - velocity component ?f particle of size } (ijper)-
- c; - %otal v;locity of particle of size i'(i-mer)x
Di~,£ diameter of particle of sige i (?-mér) LD X
P, - pressure eXe?ﬁed by i-th parﬁiclg( “ \
b; - excluded volume of Qgrticle of size i (i-mer)
. \\Qf - concentration of i-mer present in the liquid

+




" - e ) A N | .
(’ . . - , . . Py §' ‘ . . ..
. . Ki - ed@ilibrium constant of a i-mer . : :
. : i ' ) o
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NV ", CHAPTER 111 ° :
! ,,o‘ . Vo . -
’ . " DATA ANMLYSIS
e ¥ . ‘ - . , o -
. s . 3\1 Transformatlon of Tait's Equatlon. N ‘
Lo A, - o ﬂf It was shown in the preceding chapter, that i
%f “ Talt's equatlon has the .form given by (2~ 35), that is,,
el " ' S ) ‘.
S . - . L'+ P. .
¢ J P . - K 1 -
% l ‘ | . Vo > ‘Xl = Vofl log [,————-———L T ] , N .
»e . A
™ o - 4 K o
oL 'where Pj. is the absolute p;essure In atmospheres. "Note
‘ r
that when B, = 1 atm, the right side is zero and Vi = V5o
- ,‘ ) ' " Tait's equatlon is expressed in terms of
: . $oaL »
R 3 3 measureable quantities as follows. Nlth reference to Lo
e . K \ . L » . .
Figure lﬁza . a - . ~\\ ' .
. - - AN < . . - -
- ) \ ] O ! ! ' [\' . ) )
' ' - - .
. 5\_ ) , Ly = Ly Lp .
- e x e ’
‘ RO e L
) o 5 Loqi‘ Lti- Lp . ’,- -y .
Letting A be the ¢ross-sectional -area and Vo the volume .

. of“the higﬁ pressure chamber at P = 1-atm, and A; the
= = ~ *a . N w'

7 . ) ' . '
corresponding area and Vi the corresponding volume at °

. ' 5 ! ¢ »
2 hemwe e
~ , 5 . " - . _ o - r‘ -
. Vo= A (LG - L) - .
LY : ) . . ,
‘ . Vg i Vy = Ay(Loj- Li)ug. e p
Tait's, equation, (2-35), n becomes , - oo ";ﬁ

- - o /'. .,,‘% ,’ . Y—,, ) ’ * * L + Pi L

) | oo AL - Ly) - Ay (Ebi L ) = A(LoaL )Clog — (3-1)

|

|

]

|

r . .

" [N R . » - ° . ' . .
N ' L ‘ s v - . oo N )

| . . - . . ‘, . . \
" - ‘u,‘ N i > X L‘ . A-“‘,’, PR [
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1

By definition,

Q> o .
A L \
Xt-‘-\-i— and Y=—g— > .
Ly : )

>

where X is the dilatation coefficient of the high pressure
chamber and Y is the elongatlon coefficient of the columns

of the press. Using these definitions, (3-1) becomes

»

) . o L+ Py B
LO' (l-XY) + XLi - LO + (LO - LU)C lOg ITT (3-2)

Equatiornt (3-2) is used to experimentally

~ deterniine the prdperties of the liquid, C and L. The

~value of X is 'determined theoretically in Appendix A. .

The quant1t1es L P Lo and Y are measured directly.

i
The measurements of the constantg L) and Y are discussed *
below. The length L; is measured as a function of pressure
P4 during the experiment:‘PLo is determined from the’

»

analyéis of the data.

3.2 Measurement of Lg : | ' \

- The length Lt_and'Lp were measured directly, )

The volume of-the aésembly in the high pressure chamber,

that is, the holder, electrical connections and a manganin

gauge was also measured and then the length of the high

-

.pressure cmamber corresponding to this volume,lg,

was compdt' « The value of L “Corrected for the assembly

\ 'J.‘O_ . e T o - . -
~wvolume ' is Lb = Ly Lp L. The‘resqlt is Lo 279 5 3 mm .,

4




. . N | L5
- % ' . L §
"The error in Lg is due to the uncertainty

in the measurement of L, L,, L,; the'change of volume

of the high pressure chamber due to the deformation .of
teflon joints and change in Vo lume oggaésembly under

pressure is inclwded in the evror in LJ.
. ‘ * (\\\ .

\

\

:

3.3 Measurement of-Y

A micrometer with a relative brecisiohxof
Setter than 0.01 mm was placed between the upper and
‘lower plates supporting the columns as shown in Figure.
10. The change of length was measuréd as a fgnction of
pressure and found to be 0.009 mm/kbar. |
279.5 mm, . (o

1+ 3.2 x 10’81>i : .

"

f
Using Lg

Y

.where Pi is in bars. -«
-— . N .

B.A.'Data Analvysis

Calculations were QOnéhon a Pallas Computer.
Programming was done in fortran and ig given in Appendix
B . ; [ ' '

;nput data consists of Ly, leggth defined by
Fi%.lO, and Ri and Ro the resistance values of the
manganin gauge. With the calibration‘curves of the

gauges, resistance values R; are transformed into pres- *

sure values Pi . The resistance R, is the resistance -




A Y

Y

A

L', (L' = 650 bar in Figure 11) equation (3-2) is a.

: \
© For values of L' around 6§O bar, the error introduced

of the%gaugg at P = 1 atm. Using equation (3-2), three

quantities must be @etermined: L, L, and C. : '
\ An iteration method is used first to evaluate
L.'aEquation (3-2) behaves like a straight line

¥y =L +0Qx | . /(3-3) "

. T .0 o L*Pi
where y = XLj « L. (1 - XY), x = log [———
° L+1

= o '
Q=C (L3 - L)
L can be considered as an internal nressudre, and Tait's
equation, (2-35} as a relation between volume and total
pressure. Figure 11 shows descripti;é curves of /Py and Li

and certéin values of L. . This graph presents two

characteristics. First for a particular value of L;

straight line. Secondly there is a chapge of sign of
the sécqnd degree coefficient of the cyrves, when L
goes from a value I<L' to a value I>}/ . The iteration

process then consists in assuming an-equation of the '
* "‘\’ » " . \ .

type | | |
| y=L,+Q x + R-x* 0 (3-4)

e

and looking for the value of L for which R = O.

. Table II shows the evolution of such a

+ - '

calculation as it appears. at the output of the computer.

by.thé iteration proaéss and the calculations performed

¢




, 1!-7 . |
L=850 bar

' ,L=750 bar .
L=650 barml'

L=550,,, -

L=450
bar

-
, ' ]
, r
/’ '
l{o?
\ o Q )
. q N [ .
o ’ '\ ° |
N \
: o , , x=Log|L*Fi
o ' | oL+
. - FIGURE 11 = ' P g
¢ DESCRIPTIVE PLOT OF (3-l4) FOR DIFFERENT VALUES OF L
v . ‘ -
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: }

in the program is of th'e order of 0.1% since L' is found
. . ' N

to the nearest bar.. Yor this case L' =656 - 1 bar.

< ’

When the value of L! is fouﬁd equation (3-3) iS‘ satisfied.
The other two quantities; Ly, and C, ’are‘found
after L = L is fouﬁd by using the values of L, anc} Q
determined by the program.- As shown in Figure 11, Ly is
tl:le intercept obtained by extrapolation -and Q is' the slope -

of the straight line (curve for which L = L'). Using the

~

"definition of Q which follows equation (3-3) C is found.

" 3.5 Polvnomigl Expression of Tait's Iguation

Using equation (2-35) and assuming that L 1,
. by successive transforiations. a polynomial expression of

Tait's equation is obtained which is used by other workers.

i

‘ W -V C log |L+*Pi
e sl O

o T : Ve

u

T ] - . \
C [log €] 1n .[1 . i%J g , s
, ’ Al )
1 v
2

: : t - -
p.
. .. C log e
AR [L .
v ) ) . =G log e}P, - 1C lop e |Ps Clo P3 “e
. ['. L - * °[ 21,2 [ 3L3 '

. 2
= A'P, +B'P{ 4 C'P3

’
!

. where the coefficients are given Jby

A

o~




'L (bar) . R I
1000 _‘\8.15059 1%
900 - .- 0.10434 ”
800 | ' -0.05999
700 - 0.01765
600 _ + 0.02256 . ‘
700 4 - 0.01765 ‘
690 - 0.01354
. 680 . | - 0.00944
: - 670 . = 0.00535.
> 660 .. =0.00131
. 650 - + 0.00271 ;
.| ¢ 660 - 0.00131
659 ., =-0.00091.
i 658 1 . -=0.00047 -
657 ' . - 0.00008 " . |.
656 +0.00027 . }
o L' = 656
13 “ -
Ly} ‘
» $
- ' - ”
.+ TABLE II .. ‘
STEPS IN THE.ITERATI;;\;§QCEDURE :
\ ' FOR THE EVALUATION OF L' 1
. | ) C o




These transformation coefficients permit a comparison

between the resuIQ; expressed in terms of L and C; and

) ‘ other results published in polynomial form notably by
W L]

Schamp (1965).

I‘ * v
v i -
. . .
e ’ . .
2 v

3.6 Error Analysis .

-
'y 7

The maximum error in L and C-was found

using thé same

o

analysis as in secﬁion{B.h. The maximuw

and minimum values of L %nd C werg,'calculated using"thé

appropriate maximum and ﬁé¢imum values of the ﬂnu*fﬁasured

quantities Lg, Y; Li and Rﬂ and the oné theoré&icarly ‘

computed quantity, X. The reported values of L and C

are the mean of the maximum and minimun valves and the

. maximum error is - 4 the difference between the maximum .
o

and minimum values.

¥

. *

° . The‘followiné quantities where used to find

”
-

the mean values of L and C and their maximum errors: .

| c " Quantity ' Reference

<

10 = 279 M 3 mm

Section 3.2
0 .

.
°




Qﬁantity . Reference
'3

Y=1+3.2%x10%, t.uxli; P, Section 3.3, -
Li= Li (measured)* 0.02 mm Section l.4 ‘
. N
© - Ri= Rj (measured)® 0.002 ohm Section 1.3.3
6

X =141 x 107 P,*.6x1070P, Appendix A

N LY

The'relation between Ri éhd Pi is given in Section 1.3.2. -

W

[

\

The re%ﬁlﬁs below are mean values’of L‘and C

. and their errors found as described-above for one set of

'0“

experimental data
Q ~

- L= 646 %39 bar
C-= 0.2495 * 0.0080 . S
. /?he error in L is‘7% and in C, 3%.

The-main source of the errors in L and C is

the &Pror in X ‘which in turn is due to the uncertainty

-?

b

in Young's Modulus of the steel in the high pressure . o

ot

chamber. . o | . ‘e

Y

A



“developed using a form of Tait's. equation of sﬁtate,r which

R

CHAPTER IV .

as .

/

¢+ INTERPRETATION OF RESULTS - .

A . / .
Volumetric measurements were made on three
. ‘ .

liquids: n—péntane, isopentane and their equivolumetric ..
- ! ' o

mixture. - ) Q'
’ ’ L4

4.1 Results and «})ata Analysis

' |
All raw data are given in Appendix €. Eight '

repeated experiments were done for each of the three

liquidsy a total of 24 experiments in agl.

&

Table 3 shows the results for one of the

experiments on the equivolumetric mixture of n-pentane

. - )

and isopentane. Figure 12 is aOplot of these experimental
points. The method does not permit an experimental
determination of L, and hence of Yo‘ The volume Vo is
nevertheless required for the computation of compresksion,
k, defined as o

k= - (V; - V)

v, .

1 . ) V4 b

- . PN

In the preceding chap'ter,‘a ‘method has been’

permits the successive evaluation of L, Vo and C where .

fed

, I g .
L and C are the coefficients in Tait's eguation. Two T



-

For Ro--] 115.914 ohms_

-

Ri‘

115,944
116.063
116.273
116.498
116.714
116.985

C117.321

117.558 -

118,016

.
—~—

< EXEMPLE OF EXPE

_ TABLE 3

RIMENTAL DATA FOR EQUIVOLUMETRIC MIXTURE




o .
g ' [ [

4 RGG . W o -+ Rt
. .+ ' FIGURE 12 . t
S . . M .
PLOT OF EXPERIMENTAL DATA OF TABLE 3 -

-7



Ay

~

. Figure 12.

other methods were cxamined in order to evaluate VO

A

polynomial extrapola®ion

I ~—

from experimental data ii
and graphical extrappld%iop. D

" The polynomial extrapolation of L  is done '8
. . . ’ L.
by fitting a polynomial of degree n to the experimental
‘ / . .
points. One condition for this procedure to be acceptable

is that the series converge in the pressure interval
/

considered. Using a least square method, polynomials
<

up to the 15th degree were fitted to the experimental

points, without any evidence of convergence in the series.
) \ " an
This fact -is not surprising: the polynomial equation

(3—5)‘éonverges only for P<*L and L is of the order of"
680 bar.’ Since two or three experimental points available
in the convergence interval (O<:P<i60Q bar) were too ;

few, the polynomial method of extrapolation was abandoned.
~ [ ,
o ' Lo —F 5 °

Sraphical extﬁapolati%n permits an evaluation

L)
s

of”Vo. Table L shows the average values of k obtained

Ll

from 24 experiments (8 per liquid studiedB, after graphical
beﬁtrapolation to find L,. Graphical interpolation wé?5 .
used to obtain vggués of k at multiples of lO‘3 ba;. The
meag?ﬁeyiapipn betﬁeen values obtained i§}¥arge (of thé
Srder of“lO%). Phis fact cam be undegshoodiby exémin}ng

At zero pressure, the Li vs R: curve becomes °

51

t LY
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-

nearly tangeni'to the Ly axis, so that extrapolation is
. ! o

inaccurate.

. ' Tait's equation was used to analyse the -

o
<

experlmental data as descrlbed in Chapter 3, due to. the
dlsadvantages of the polynomlaﬂ and graphical methods
desgribed above. The mathematlcal method permits the

evaluation of L without a knowledge of V,, and hence

does not 1ntroduce an extrapolation error.in its evalua-

_ tdon.
equatiom (3-4).

V¥ and C are then found simultaneously using -

Table 5 shdws the results of this work

N\
for ndpentane, isopentane, and their ‘equivolumetric (50-50)

. » ,
mixture. 'igure. 13 shdws the compression curves of the

T three s&bstances. The values of k- were computed from.

Tait's equation (2:35) using the average values of L

and C iﬁ Table 5. The temperatnre effect is presented

1n.terms of AIH/AT‘ as.done by EdulJee, New1tt and

. Weale (1951)s

- < ¢ g

. A4
-QLZ’ Relative Values of Compressiod for the Three
< i " . . ) &
Stubstances Studied v

%

s s
. -
. ' 0

It has been found in the preceding.chapter

that the maxigum error'in the evaluatlon of L is 7m and

3% in the'evaluation of C. is
. "

ibility.errors and systematic' errors.

" This error
To discuss the

g ke, :
valijdity of the relative values of L and C- for ‘n-pentane, '

isB8pentane and their équivolumetric‘pjxture, the reproduci-

¢
A\ ] ~

i

L

due to both reproduc- ~
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|

.effect of purity is difficult to evaluate and probably -

60

bLility errors must be evaluated. ,
The dilatation of the high pressure chamber,
the elongation of the columns; the linearity of the ,?’
measuring apparatus are phenomena common to all experi-
ments and kence do not affect the relative values of L

and C found for the threce substances studied. These are

Q

P
sources of systematic errors. On the contrary, the

temperature, the purity of.the materials, dnd the use of

_»

5

xth nmasuigng apparatus are phenomena which differ from

one experiment to the next and contribute to the reproduci-

bility errors. .

The purity of the material is different for each
experiment : lthe greases used to ensure a minimum friction
of the joints in the chamber, come n contact with.the
liguid under study in an hnpredictable fashion. The fact\\
that the liquids ﬁqu were of technical grade and from ‘\
different batches also contributes to the error in the
relative measure of L and C. Since no chemical apalysis

was done either before or after the expetiments, tpé

not negligible.

4
¥

™\

.

s The temperature effect will be gnalyseq in the

next section. It plays an important role in the determina-

]

fion of L. However, temperature has no noticeable effect

LY
°

\

a

A




61

on the experimental value of .C .

- ~

\ Th? precxslon of the‘measd?lnp apparatus'as
discﬁssed in the chapter on-instrumentation, can only
™ account for an error of 14 or kss in the reproducibility

\  of the experiments. . " S J |

N\

From Tablé 5 the reproducibility error in C is
about 1%. ‘Slnce the values of C for each llquld are dif-
ferent by less than 1% from Table 5, C can be con51dered

to be the same for all three Eﬁqulds.

L3 Température Effect

- Figure 14 shows the Yglues of L obtained fbr
each experiment plotted against'the ambienteriemperature, -
T, at which each of these experimentg was performed (lata
from Table 5).. ?h@ method of least squares was used Lo
find the straight line of best fit passing throusht these
points.- The following equations were found assuming-a

=

: - ) . On
linear rclation between L and T, for T in ~C,

L= 6@2 - 3.4 T ° for n-pentane, : o
L =737 -8.7T * for isopentane, (4-1)
i = 790 - 10.4 T for the enuivolumetric rixture.
. » o | )
The temperature dependence is non nigligible; AW

AL/AT is of the order of 7 bar/°c. For temperature
v
Ve . -
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4

5\\\\ . differences between the experiments, the effect of T on

the average values of L is of the ordergof 37%.

.

w ' This temperature effect can be compared to other
/ "~ work. Eduljee, Newitt and ieale (1951) have studied the

variation of L with T for n-octane, n-heptane and n-hexane.

%

Table 9 shows their results, obtained by the piezometric N

: method. ,The coefficient AL/AT is almost the& same for

~ n-octane, .n-heptane and n-hexane, and should then roughly
apply to n-pentane. They found A variation of the order

of 7 bar/oC in the temperature region around 20°C. This

coefficient is of the same magnitude as that observed in
/

this work.

-

+

| Using etuations (4-1), values of L in Table 5

| : N )

L are corrected according to the temrerature observed during
|

|

|

each experiment. This correction narrows the root mean .

square deviation of the results. The values of L at 20°C -B

re .
~ a ’ ”)
f

625t 7 »~  for n-pentane, | ' e

i
i i

589 + 5 for equivolumetric mixtureh(b-é)' /"

Yy

,x
=
i

_ 564 t 7 for isopentane”
. ) ’ : : N

.

‘Temperature variations between the bepinning and )

.
the end of each experiment also introduce uncertainties in
. ‘ .

.the results. These variations were kept minimum bv working



during certain "isothermal"” hours.of the day. Nevertheless

Variapioﬁs of 0.2 to O.5°C during each experiment were

inevitable. "Their effect is hard,io ovaluate without

a. knowledge of the variation of the thermal expan%ion'under
pressure. These variations should inﬁrod%ce less than a

1% error on L.

L., Comparison with Brid&man's Results.

L

Tables 6 and 7, together with Figures 15 and 16
show Bridgman's compression data (1931) fof n-pentane and .
isopentagz at 0°C, 50°C and 95°C. . With a second degree . -
" polynomial, this data was interpolated to 20°C., Results of
this interpolation, toéether with the results of the'prasént:
work at 20°C. are also shown in Tables 6 and 7 and_ Figures

15 and 16.
- L~

The precision clained by Bridgman is of the order
sf 0.2} on isopentane and.of 0.1% on n-pentane. The diffe-

rence between'Bridgman's results and the results of the
- 3 - \
present work is 5 to 7,0, Bridgman®$ resplts being larger ,
(see Figures 15 and 16). This corresponds to the maximum ,‘
' ° & Y
error of the method as'evaluated irlQhe'precéeding chapter.
Bridgman also fqund that n-pentane is more compres-

.
4

12 ' '
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" ® :1.Bridgman(952 x> €).
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£ J ( . A 'DhiS' work . . ¢
;/ o ) "‘ -
. ' ) '.:
. s .
P | -y
) Foooe
F .
7 B ,
H b4 )
1 (2 '3 4 5 6 8 9 10
o ’ P(kb)
FI(EUI!E 15 N

COMPRESSION DATA FOR N-PENTANE FROM DATA IN TABLE 6
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g, °. 1.Br1dgman(95 C)J.~.
2. Brldg!an(50 C)
HSJBridgman( 0°c) .

0 Brxdgman extrapolated
to 20°C .
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of

K

FIGURE16 : .
GOMPRESSION DATA FOR ISOPENTANE FROM DATA IN\TABLE 7
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T

‘of L were rEovorticnal to the density,of ﬁhe liquids. " There-

beptane at 20°C. The resuiﬂs 6f this extrapolatlon topether

> - T

sible than isopentane;@is difference between the two v
c;;;>6551bilitiés is of the order of 1,5, ,In ‘the present . .
) [ . P . . . .

work, isopeniame is found-tqo be 24 more compressible than .

’ . : - ‘ . PR ™~ < et . e
n-pentane. -This relatlve d:itereﬁbeuan»the nestilts can
be explalned by the degree of purltv of the materials - . :

g .. Thé n-pentane used by Brldfman qu more than 99,5

pure ; the n- pentaneoused in-tiris “ork is clalmed to be

95% pure and subgegted to contact with grease in the high. .
pressure cHamber. Also the resolutlon rower of the present.

S .
meahod is - less than the, l¢ dlfference in compresigbllltv ar ’ 7

dbserved‘pv Brldpman. *A comparison of both:sets of results’
f E] 3 . . »G‘ﬂ . N . . P .o
‘is then not possible. . i . g )

. .
é./ - . . LI

Le5 Comparison with Other Vork on Hydrdécarbons . R

o

~ i ) 3 - <
* Tables & and 9 and'Figure'l7 show compression re- =3

o s a

sults obtalned by Eduljee, Newitt ani Weale (1951) ‘on : ‘L

D7
,hydrqcarbons.- Results of Takle 9 are given in terms of

3 . N v /
N L . . Ay < 13

. g . . ¢ .
Tait's coefficient Li! These authoers report resuylts for -

n-octane, n-heptane, n-hexane and found, that the values
& . e Q.

fGé .an extrapolatlon 1n ter-ms of denslu’ is Ju‘stlf‘led to ny - ',
[ < : -’

Vith the.res ults of ths work are shown in TaU&e 9. The ‘ L

. .
° - 8

‘data OL Table 8 and Table 9 sh&h a. dlfference oﬂvqﬁe order

*
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CONCLUSIONS L o

b

a : r .
© . & r -~

i . Volumetrlc compressibility meaourements were

LR u - «

done on three 1;qu1ds‘ n—pentaqe, 1sopentane and their

’;4 L3 s ‘o

.equ1volumetr1c mixture, Eight repeated experiments were
done on each of the three liquids. Three ‘physical quantl-
; : %

ties were theasured: Li’ R;.L_and T. 14 1s defined as the

d}lsplacenkent of the primary piston (disple eme”nt fr‘om’ abopt
iOQ mm at atmospheric pressure to about)lSﬁ) mm at- the

highest pressure). R; is the resistancé of the manganin
It 3 .

- gauge\ for pressure varigdtions from 300 bar to 8 kbar. T

L3

/ is_the ambient te‘mper‘atu e whlch was constant to within*®

\</O 50C for each exnerlment, but, vamed from 1600 to 23°C for

«

the series of experlments. . Co.
o ' A'new method of analvsm was developed which '
N "z;i
. does not reguire an experimental detemnlnaulon of V the o

‘ volumnme Pf llé,l)ld in4the high pressvre a“ppar‘atus at‘atmdsphe—
w7 [ .

ric pressure. "First, L, one of the two characteristic
2

constants of a liquid ‘in Tait}s equation, was found by fitting
. . , | J
“experimental dabta L and R to Tait,,'s' .equation. Next, LO,

s . "' l ER ? s '

the le/x)gth of the cylmgier of 11qu‘1d in the hlﬁ? pressure
A

ap ar‘at,us at atmosnherlc pressur'eﬁ nd then C, the second
P by

Fl
s >

char‘actem stic constant in Tait's equatlon are found. The
i \ " $
~ compbréssion, k = (V - V, )/VO, as a functlon of pr‘essure

' * was 'calculated from Tait's equatloy@nng t,’ne ‘value’ btf L and

C found 'in the analysis. * J R

Py a* 3

~ , : . .
ﬂf’k / . - . ;
! la - A . e 1
X -
.
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Co0 ' ’ £ ‘
. C For all liquids C was found.to be .constant)

within experimental error, C = 0.233 & 0.0026, which i

. . , . ” . ——
| the mean of the three values given in Table 5. C was

’

e

N aa <
* found.to be independent of the temperature in.each»expE-
. Mo
rimént.. The final values of L “for each ligquid are given

k] . ;
in equation (4-2). The errors in C given above and on L -
2 ,

in equation d) are reproducibility errors. The maximum
error in C timated to be 3% and in.L, 7/%. These ! !
\ ‘L
© »  maximum errors are mainly due tc the unce taint1 in the

e
'\/ - 4 ‘
»
.
o . —~ .

dilatation of the.high pressure chamber.
- ' ) The independence of C with temperature together
. - \

P

o w1th thenestlmated temperature dependence of L agree with - :

., -

. publlshed work Values obtalned foﬂ/L and C in this )
. ' 4 . .
~ . .
o experlment agree with those 1ahthe llterature withi!' :
x v . : ¥ ; \ - N{
‘%wx1mum experlmenﬁal error. ThlS indicates that vew met hod
i used tg analyse the resulps is valid. -
’ . L .
‘ ‘Y ' Three malngimprovements cougd be made to this - |

L e 'S ’
¢ y e . . . ) H \
.

- ‘ -experimental mephod.\.?he ambient tempeiature va?{ed\\during
-~ . . A - 0"

each experiment.’ Temperature control could be improved to

Voo e \ A
. ensure iscthermal conditions. secondly,- the theoretical

Voo ‘ n . . o
-correctionswhich were made\fbr the dilatation of the high
. “' k" . , ,\ . -~ ‘
- “pr's@hre ‘ﬁémber~were rﬁl&%ively inprecisé. Ain exneﬁﬁmental

') P .

study of the dll&tatlen -of -the chamber is required for

4 w4

- ' ‘ a preéise e&aluation;of.f, the di&atatlon coefficient.

[ ’ 2 e R ' -
- o 4 " N - '
© ‘ « . . e :
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. y
s ks - .
A ~

- . JPON =

1 § |
Thirdly, the purity of the material;;gtﬁﬂf;d was assuméd . '
A . , - - |
to be the nominal value, 95%, claimed by the supplier of -
. . . é
‘the materials. Chemiéal analysis of the liquids before w |

"and after the‘expefiments would improve thg -precision of -

~

the method.. . - ¢

" R

{

The ad&antages of the method de%eloped in this i
. ' . AN )
work lie. in the sipplicity of measurements and the little -

L

time required for each experimgﬁt. The measuring instru-,

ments required are few: an ohmmeter. calliperysquare,
.‘

- . <
manganin gauge and.micromete[. With the. improvements

descr?bed.above,‘pnecisién of thg order of 1% or less could

¥ 3 . . . .
be easily attainable, - R -,
. s ' . -
N *
e ) - /\ .
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p | ~ ) _ )}
v /7 . 7
” 7 ‘ - -
4" / N ‘
~ ' o “ i , P ]
s T ) * 4 !
' .I ‘ '
. - T%"‘ " . ' .
. R <y
. v s . o -
> - . ~ ."
| : R
¢ o (,' { o
P ¢ .
“
. 5 . ‘
] ) ¢ I '
/.
4 - R




i } . APPENDIX- A

" .. DILATATION OF HI'Gi‘I 'PRESSURE CHAMBER - “

0
ces on its two ends, actihg parallel

i ' - , PO
\

4

Id

Asure p , and submitted to“equal'énd opposite compressive for- <

to its é;is.

AN S

14 3

-

"sing cylindrical coordinates r,®, an

. gtress tensor are

I

N o bécomg:
3 E/I. .=% “E,e

ou

a-§+
dw v
a8 t 332

[o B
<

l

L
r

<

Hid M
o
@

Q-

r

=<
1]
(= [

Because of symmetryfﬁ?ound fhe z axis

4

. ‘ . - '
dkz; the elemeﬁ{g)of the" :

\\\N;\ z

Oy » 08 9\2 ’ ere ’:Z:Tz ! Z:SZ ’

J/' : .c}balling u, vs and w, displaqeﬁéhts of a‘unit volume in the.
/S . ’

\cw&inder along the r,®, and z axis, the expansion coeffiﬁients

{

-

L

Z

o
=

l

Y

n
O
N

rz

y v0, and

glc}__

v
* T

. . Consider a cylinder with internal rad;us,a,and éxternal

radius,b,- submitted to internal pressire p and external pres-—
o 1 .

-

»




Cow L w W |
ar . 36 T oz ° .

' ‘Because of orthogonalﬁty,,,

) _ - ‘ .
_é,__l_l, _ éw.‘ _ ‘0 N v
, o = 3 = * "X '
N ' . 1 LY .
" Since” the cylinder is long enough, u is independent of z

.

L .

) ~ B G o .

oz .
If any section of the cylinder pern@idicular to z is flat ini-

tially, . it will remain flat under deformation

. bw \_._ 0 - ’ ' .
- St = R S “
; . ) .
ﬂk'pressufe’ié applied uniformly over the z 'akis | R

Y

£

U%gar these conditions there“are no torsion forces -acting.on .

4

= éﬂ f/ vconstant .
z - . Oz :

the wnit volume in the cylinder, hence : o

-

3 'JY;o = 3;2, = t{;s, = 0., T

Lo




d":

v

‘ iﬁooke‘s law gives the relation between stressnand,defo}ma— ‘*, f L
‘ tion as L .
‘v * \
" 0. = + + £ + _E . A
— T (1“1) rtee *E, 3T
VE i 7 E
Os =@y | Ertle tEL | ¢ (1+Y) o
. VE e E__.C .
O =Ty (- zw Err &t €, | rrten.
. 4 - (A-3).
where E is Young's Modulus and ¥ is Poisson's ratio.,
: ‘ 2
,  Bubstituting T1) in (3) and substitu- - -

ting th& 0's in\ (2), we obtain the differential equatlon go-

' . tion:: \

dr
whose solutions ére of the fornm
u

”Slil'bstithting (5) in (1) yields
2 ,

|

E O\Z

[

-

&
b

(C)

r r—a P

. '_;.“. Er - A:;‘_'B«/ r2
: - an;d: , 3
\ | (1)) (1-29)
) P .‘O\r. =
¢ (14V) (1-2V) £
. ),E Oy
(1+Y) (1-2Y)

verning the dlsplacement of the unit volume in the r-direc~

Ar + B/r *.f‘ -

"l:he ‘boundary‘ conditions.are the following

BN

(&2 ) )

S N

A+ B/rz,(A-6),
R ,

ES

A - -35(1-2*{) V. €,

A +—§-2- ‘(1—2\)) -+ V&,

2 (1/-\}) ’&z
‘ (A-17)
‘ ( O\I‘) b)‘ = "pl tL ";‘
) \



Applying these conditions, constants A and B .are determined,

‘.

and we obtain Lamé's équation.

I R L S o ')
r - —— —— . P -P
bz-a/, r2 b2-a2' . o Tl .
[ &
‘o2 2 2.2 . N
. - 'b . .
’ . OB-: 1,)°_al pl + }..... 'a b : . (Po = pl) ' - 4
02 - a2 7 72 ° ﬂ
i ‘ 2 2 A T
oo TRP 2y emE . (A-g)
Jz 7. b2 — a2 ' z~' - - .

v o y ¢

As expected Ug and 0, are independent of z, and G‘Z is indepen~
oo e i et e

dent of r. The cylinder is only submitted to interior pressu-

) )
re (p1= o)., and thg forces acting on the endsty are given

i ]
by . * . . . )
- o “ L = Tl‘a?'p '
— : (\ . '
Hentce \
‘ : g a
Gy, = . 4
Z W(bz-— 9‘2) , .
Thén from (8) . S
¢ 2 ! R “~
. ¢ 0\;\ = - p . a ) . . .
. : o~ J £ . 0 b2 - a2 . o ‘ / i |
’ | £ - - 8® (1-2Y)
' ' z - Do 2 2 . ’
’ _ E(b - a%) - "

lSubgtituting in (7), (6), and (5), we obtain an expression .

for the radial dilatation u

& . a2 Y-
u o= pg : m (1-23)r + (1+Y) 'I:'—

This formula is directly applicabfe to our dilatation pro- )

oy




® - olem, provided t andy are known for the type of steel used -

in the construction: of fhe high pressure yesgel; Both fac-
Y tors -are dependent on the composition anid 'th’e exact tredf-
ment that, was given to the vessel, 8o tﬁgt r_fug'h figurés
are available from the gnamifactgrer. Ne_avert:.helesls, the volu-
me dilatation at 10 Kbar is of the order of 1% and should
be accounted for.. . .
Values used for Vascqnax,385 steel were
| E = 3x 10  psi = 2 % 107 Kvar
L V = 9.3' Cy ' ‘ B o
giv'ing a radial dilatation for r --"a ='9.98mn; and b ='1“39mm, I

=

—

# u =6 x 107 m/kbar . e

The volume corregtién curve is plotted on Figure 18, and the
. #

correction equation for P in kbar is

\

F

v = "(1+000011Pi) .

v .
true measured

4

~ The definition of tife dilatation coefficient,
X, is X : A;/A vhere A and Ay aré gdefined in Figure 10.
‘Singe’Ai/A = Verue / Vigasured, ' | |
N "X =1 4.1 x 1076py

where Piuis in bar.
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XPPENDIX B

'  PROGRAM FOR DATA PﬁOCESSING S A

S . " List. of, synbols used,;an.d their defimition - .
. ) 4 { . ) N ’
‘LT—LQ ’ ’ ’ - S - ;
7z , . "
GF = Pressure coefflclent of }angamn geuge ' ’

. : < -n Number of e*berhnental d,ata for one experiment .

N

R = Initial value of r’esla-tance f manganin codl ,
) VCR: Volume correction for dilatatiod of hlghﬁpressure veasel
_ %F— Length correction for dilatation of tolumns ¢
— f B = L (coefficient in Tait's equation)
. o = 2% 3 A
ST st Xy § L Ny
. ‘ " sx Ex o > R o L
. st 3ox’ R - .

L1

" LT ot “ L e
| \ 8= 33oxy - | S
B (. . SXSY:E x2y - °.—\ ‘ ' o L ' ' :"
AR T S

TC = C (coefficient in 'Teit's equgtiorﬁ
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" ' APPENDIX C S

’ I3

. rd

4 KN

. PENTANE

v

.704 8 116 755 - )
1k,890 116,796

® 1504k 116,897
©15,837°117.(x2

: |' 160588 1170209

17.096 117,601
17.481 1117, 905
17.798 118,209
---1_7’;;938 118.359 .

‘ 8 116.755
. 10,853 116,790
11,647 116,900
12,157 1X7.06%)- .
- . 13.1uu 117.899 .
) 13,791 117.598
. . 14,319 117,920

1,695 118,203
" 14,878 .35
'; C. .
' .
¢ ‘

.input fén’mq’t;

.:'&"."“' et 8 13
ST 278 115,980 .

EXPERIMENTAL DATA o

g fi\ .

. s

o, 8 115.933
11,242 115,97k
12,24k 116,327 -
©13.246 116 b .
.2 13,980 116,720 v
. 14,482 117,016 .
. 14,984 117,392 >
15,4887117,85h

’

15,690 118,298 ' ey

- 4B,

12.279 116,135
13.281 116,hak
. - 13,982 16.;20 . -
. 1h,k82 117.015 o
oo+ . 1,987 113,391
t. ... 15.h90 119,850 g«w
S 15 93 118,292 b

< D

..cr-f -~

9337 . 7 ‘-“_s




!

. 7 116,755
. 15,686 116,797 .
- 16,218 116,902
16,573 117,001
17.292°117,305 ..
17,762 117.605
" 18,298 118,062 -

e -
- E.- - ‘

116,755
.62 118, 05}\ ’
17.296 117,750 .
16,83 117.432
- 16,254 117,147
. 15,978 117.046 |
© 15,655 116,949
15,20h 116,848
14,890 116,796

. G. ~

\ EQUIVOLUMETRIC"

S 9115.932
.. 10,801 115,961
r. 11,504 116,0h5
- 12,20h 116,175

. 112,906- 116,369
13,610 116,648

N~ 1%.113 116,918 - *

"1l 61 117,260
‘ - 15,118 117,686
¢ 15.599 118.1F-

~A-

9 115.932 =
“30%,860 115,956
111,562 116,639
110,26k 116,168 , -
it

3.671 116,63
1k, 173 116, 907-€F
14,676 117. 2&9\
15,280 117.676 .
- . 15,682 118,192

™
/
7

-
.

e N

L

AV

-

. 8 115,953

11,364 115,979 *

m,386 116,137
13.392 116,420
1k, 0ok 116.732 -
1h 596 117.03%
® 15,098 117,116

' 15,611 117,895 .

16, 0% 118 338

L]

. F:
8 115.933

1 Y -~

ii.022 115.903

12,024 116,102
13,026 116, 353
13,734 1

111: 233 11¢

14,738 117,246
15.266 117.698
15. 7&0 118 189

© 9 115,914
9. k72 115.9%
10,76 116,063 -

. 11.l78 1316.273
12,182 116,498 .

3.

9()“/ \

12,686 116:71h

13.188 116,935
13.689 117.321
13.991 117.558
1h Lol 118 016

115,914

. 889\ 115, 9""7‘

1,890 116,068
11,890 116,285

- 12, 59“ 116:518
" 13,100 136, 7h3,

13.602 117,027

14,102 117,380

1,610 117.31'4-
g o N

\ 1

L

Lo

87




-

16,793 117.45h-
117,753 «
117.905 °

)
)

. 17,

A 9 15,901
11,030 115,998 |
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J2.430 116,253
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12 116,001 i
12,246 116,061
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13,728 116,368
14,531 116,672
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- 15,549 117.306

15,919 117.631
16,222 117,936,
16,554 118,314
16.719 118,523

- - 16,946 118,841
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" 9. 115, AT
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4
1 315,931 -

s 15031‘1.' 1150972 )
* 13,914 116,051 .

4,400 116,152
14,80 116,265

w5,526-116.5
16,059 116..82«3)"-,A

16454 117,355

17.2
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13.83
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12 116,098

9.236 116,05
(), 088. 116, 166
10,624 116,266

11,122 116,385

12,012 116,687
12,650 116,991
13.170 117.308

13.932 117,91
14,254 118,225
%.530 118,524

14,815 118.868

F.

- & .
. .8 115,918

9.778 115,952

10,780 116,079
11,782 11653(X)
12,584 116,576 . .
13.085 116,811

15,589 117,109

CalbL 090 117479 . .
14,596 '117.925 :
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10°115.931

12,982 115,945
13,7hh 116,048
1,228 116,149
14,598 116.251
15,396 116,572
15,878 116,853
16,288 117,157

16,617 117,455

16,903 117,752

Y7,040 117,902

B.
931..

‘¥,516 116.078
12,219 116,218

s 12,920 116,425

13.621 116,723
1,224 117,010
k4,626 137,371
15,128 117,815
15,456 118,155
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10 115,904

. 10,200 115,926 - .
11,198 116,048
-11,734 116,150 *
12,145 116,251 -

13.018" 116,552

_ 13,648 116,867
T, 089 17.151
" 14,482 117,456

H,810 117,752

14,966 117,905

E. .

TT10 115,904 .
9.979 115,904 ';
. 10,877 115,999

11,469 116.099

11,926 116,201
12,849 116,498

) - 13,480 116,796
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14,378 117.402

. 718 117,702

14,880 117.856 -

10 15,921 -

12,982 115,945

T . 13.7hh 116,048

14,228 116,149
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. . F-\ 3

10 115.931
12,988 115.953

13,675 116,050
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15,272 116,549 °
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