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ttThermod¡mamics fs useful precÍseIy because some quantities are easier

to measuïe than others and that is all-.rt

M.L. McGLASHAN

ttuses & Mísuses of the Lar^¡s

of Thermodlmamicstt

It ís ln thÍs contexË that.the excess propertíes of rnlxtures are

measured, for they can be readily used to examíne the validity of the many

theoretlcal rnodels whích have been proposed to rePresent the sËructure of

liquids and theír m'íxtures.
I

The theories of liquids can be separated into two broad bypesl. Firstly

there exists the stríct statistícal mechanícal treatment2 which utilises the

fundamental approach of'deËermlníng the inter-moleeular potential Ín a hope

that Ëhís wil-l- lead to equaËions whose solutlons'describe the structure.

However, theories of the other type begÍn wfth a sinpllfied descríption of

the structure while onritting the mathenatícal justification for the treaÈment.

The latterl are cl-assifíed as t'latË1ce'r theories. The theoretical- treatmerrts

considered fn this work are of the "lattlce" type but Ëhey can be seen as

befng dívídecl into two dístinctive sub-types.

The approach of Paul J. Flory3 ancl co-workers has íts orígÍns ín Ëhe

work of EyrÍng and Hirschfel-der4 and later that of Prigogf-nes. The basis of
i

all Chese theories was to formulate a sfurpLe partlËion function, often of

the Van der tfaals foro,6-, and relate this equation to the known excess thetmo-

dyaanic functíons. A bríef descrfptfon of thÍs sub-Ëype appears in sectj-on (i)

of thís chapter, together with a more detailed outlíne of the F1-ory approach.

In sectlon (ii) there appears an exanq:le of the other naln sub-type

of Lattice theories - the semi-empirical form and the lluggíns theory7 is the

example descrfbed. In this case the interacÈfons between molecules are related'

ln terms of the eupÍrlcal model and then Ëhe parameters derived are assocíated

dlrectly with the excess propertles of the míxture. Also no partitÍon fr¡tc-
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tíon ís derived.

Both theoreÈical treatments predíct results by a ttcurve fíttingrr method

i.e. the experi¡rental results are equated with the e>çression derived from

the model and thus the parameters are obtained. IË is hoped that wíthin these

results the behaviour of the parameters wíl-l enable evidence for the various

liquid properties Ëo be obtained'

Much of the early work ín these discussíons has ínvolved the study of

n-alkane rrixEures because ;

(1) they are the simplest chain moleaule to conslder and as such are a

logÍcal choÍce after studying the sírrple spherícal molecules,

(2) there is extensíve and accurate experimental data availabl-e.

Cycloalkane and njalkane mJxtures are of considerable interest as afi

extensíon to the studÍes of n-al-kane mixtures to discover íf they can also

be lnterpreted wíthin the confines of the same theories.

J
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(i) (a) srwr,E PARTrrroN FIJNcrrom runonr¡58 ' 
9, I0 '

IENEW: Bel-ow are described the characteristics of the theories r¡hicb

have been developed using a simple partition functÍon as the basis for pre-

diectlon of the excess thermodynamíc functlons of míxtures.

the generalised van der Waal-s6 equatlon

0 (v) a 1. (1)RTV ,

has been used extensively for this treatment, where a ís a characteristíe.

attractive consËant and Q (y) is a functÍon of y which can be expressed as

v L, (2)

r¿here b = corevolume

and ; = total-vol-ume.

The form of ó(y) depends on the approach used by the authors concerned.

exampJ-e, van der l{aals used

0(v) = (1 - 4y)-l , 1. (3)

while Carnahan and Starling1 t used

For

PV
RT

b
4v

0 (v) 1. (4)

0(y) of the latter type (1. (4)) Ís used to derive the equatÍon of state for

hard spheres. 12

i
The calculatíon of the attractÍve constant, â, and the core volumê, b,

for the mlxËures ínvolve the rlse of orr. of three models. All models conr

bine a and b of the corresponding conrponents and they dlffer only ín their

averaging processes.

(i) In the one-fluíd model the mixture is considered as one lÍquid w'ith

the values of a and b beíng compositlon dependant and thus necessltatíng an

averagÍng of the molecular parameters.

(1i) In the two fluid model, the nixture fs considered as an ideal mix-

ture of two lÍquids each wíth its olrn composÍtíon dependant values of a and b.

1-v+v2+v3
(1 - v)s
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There is an averaging of both the'molecular parameters and the thermodynanic

properties.

(Íif) The three fluid rnodel conslders the additíon of a1l- the índlvidual

ínteractions Ëhence averaging the thermodynan:íc properties.

nodel r,¡lth

EXAMpLE - Leland, Rowlinson & Sath.tl3 "ott"idered 
the níxture as a one-fl-uid

where x is the mol-e fractíon of the first componenË'

The values of a and b for the pure conPonent (l'e' atlt a22, blI, bzz)

are often determíned uslng Ëhe propertles of the pure liqutd s (eg' thermal

e><pansivity). a12 and b12 are derived from a modified form of the Berthelot

equatíon14

g(a¡p2)+
I
2

a(x) =

b(x) =

atz

(1 ' x) 2^tt * 2x(l- - x)atz + x2a22

(1 - x)2brr * 2x(1 - x)brz * x2b22

þtz-brr bzz

1. (s)

1. (6)

1. (7)

(brz) (brr113 + vzzr/3)
1. (B)

2

The factor, E, can be theoretlcall-y determÍned from Èhe second vlrial

coeffícient daLa. llowever, iË ís more usual to obtaín E by fítting to one

of the experinental- fgnctÍons at a síngle tgmPerature and pressure.

tl3
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(i) (b) PAI]L J. TLORY

Many theories of the sÍnple Partition funcËion Ëype have been developed

in the past ten years. Perhaps the most noteworthy of these is the treattrenÈ

of P.J. FlorY3'ls-20'

The equation of state is símíl-ar to the van der I'rlaals form,

pv = O(y)Rr-+ 1.(e)

where ô(y) = (1 - yt l3)-L 1. (10)

. and y = +
A one fluid moclelg Ís used to deÈermine a(x) and b(x)

b(x) = (1 -x)b¡¡*xb22

and
(1-x)2a1i 2x(L-x)a¡2 xa22

1. (11)

for the mixture

1. (12)

+ +-_
a(x) b(x) all r/3 btzt/3 brzrls 1. (13)

(l--x)b rLzl3 t xb222l3

Floryrs treatment of chain molecules ín terms of the properties of pure

liquids has been most successful, not only for these molecules, but' when

extended, for other more comPlex forms .17,I8 Th. following ís an outline of

the derívaËions of Èhe equations used and the assumpËíons involved therein'

A chain molecule is belíeved to consisi of n repeating units and 2 ter-

minal groups and the di-fference beËween these ís recognízed' The molecule

is assumed Ëo have flexibility to adopL various orientatíons'

A molecule can also be dívÍded inÈo r segments. The number, r' does

not have to equal the number of repeaËing units, n, but, fox an homologous

series must be linear in n. The total core vol-ume, v*, is defined as

v* = Ëv*, . 1.(14)

where v* is the netÈ volume of the segnenËs'

The molecular surface. of the molecule is
r-¿\eòe\ -t-., -r-\e- \v..'i{\l2r{\, =.,.\- \\.(t 

-M=rs, 1. (1s)



where s is the nunber of external contact sites per segment of the molecule

and rs = rrS + S \ , 1.(16)me'

where S is the number of contact sítes for mid-chain segments and S- i-s them-e
number of end contact sites.

The oscillatory modes2l of the isolated molecule can be considered as

being eíther intra- or intermolecular. It is assumed that the former are

unaffected by neighbouring molecules, while the latter, which undergo greaÈer

perturbaÈion, are considered to exhibít sirnple translational motion. Added

Ëo this are the three degrees of freedom of the molecular centre of gravity.

The total number of intermolecular degrees of freedom are'

3rc = 3(rcr.+ ce) , 1.(L7)

and c, c , c_ are factors represenËing respecËívely the total number of de--m'e
grees of freedom per segment, the number of degrees of freedom per rniddle

segments and the number per end segmenÈs. Iühen combining equation 1. (14)

wiÈh the expression for the free length, ttf,", whÍch is usually associated

with the cel1 model, the followíng equation can be derived.

| = .¡t/31rrt/3 - u*t/S¡ , l. (1g)

where y is a geometríc constanÈ and v is the volume per segmenË and is repre-

sented as

v = +. L.(19)rNt ,

where N Ís the number of r type molecules.

A partítíon function, Z, cao now be formulaËed for a pure liquid' as

' z = zf [y(vl ls - vxt./¡) t]tN" e-Eo/kT 1' (20)

The combinatorial factor , ZF, is specÍfíed only as representing various geo-

meËríc dispositions Ín space, and is defined to be independant of temperaËure

and volume.

The partÍËÍon functíon Ís identical to thaË derived by Prigogíne,

Trappeníers and l"latinotz2,23 brrË Èhe theoríes differ in their discussion of Eo,
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the fntermolecular potential. Flbry rejects the cell model interpretation -
ttThe energy of interaction beÈween a palr of molecules is a sensitive

functfon of interrolecular distance and relegaÈion of all members of the first

shell to the same dlstance Íntroduces a consfderable error in the energy and

tËs dependance on the mean dístance.tt

Thls error is enhanced by ígnorÍng the eccentríc nature of Ëhe molecule.

Using the assumptíon Ëhat the correlatfon factor (9(trz)) is independ-

ent of volume allows Eo to be considered as a function of density.24 By

using thÍs approxímatlon the mean lntermol-ecular energy Per conËaet pair, e,

can be expressed as

e = ? 1.(21)

where n is the characterisËic of the mean lnËeraction between segment pairs.

The intermolecular energy for a pure llquid is glven by

E = -rNsn L. e2)r¡o 2v

SubsrftutÍng ínto the equatfon for the partítíon function (Eq. 1.(20)) and

usÍng the reduced variables,

v v-,¡'
v

T

F (= 2v*ckT/¡s)

L. (23)

L. (24)

r. (2s)

L. (26)

tu
hI-

I

tu

t = zt(y.ro)trt (Tt/a - 1¡3rl{c irNc/vT

The equatíon of state deríved from thfs expression is

^/ù $r/s 1+=^r.r 1.rrl3 - r¡ täl
where fi, the reduced pressure 1s expressed as

he obtaíned

p tr
_P_p

and p*, the characteristic pressure,ls

L. (27)



ö

1\ *'ì-l
Po 

'= 
)# ( t.(28)
LL)

This expressÍon has the same form as ÈhaË derlved by EyrÍng and

Hirschfel-derr4 the only difference beÍng due to Floryrs Ínclusion of the fact-

or c. The two expressÍons are identícal when c = 1. In Floryrs treatment

c is less than unlty to allow for the restrictÍons placed on the precise loca-

tlon of any given segment with respect to its neíghbours. Í.e. ft Ís restraiu.-
?

ing the number of degrees of freedom. Thís is an over-simplÍfÍed descripËíon'

and lacks rigourous justífÍcation.

The reduce<l volume, temperature and pressure Ci, i, |¡ can be expressed

íu terms of the properËies of the pure liquÍd. The reduced volume of a mole
q,( ì

of segrnent" i l= +l can be cal-culated from Èhe coefficíent of thermal expan--tv^J
sion, cl, using the expressíon

3

v
(r+for)
(l- + or)

(yv). (cr)
k(3 + 4qT)

L. (2e)

1. (30)

L. (32)

tutu
At zero pressure v and T are related by the relatÍon

Ï 1]r/a - r¡_w_
and the characteristÍc pressure ls expressed as

p* = ..-1.l2 t. (31)

where y is the thermal pressure coefficienÈ of the pure f.iquid.

Knowledge of v*, T* and p* enable the talculaËÍon of the prtmary para-

meters, c and s¡. The Èactor¡ c¡ can be written as

c=

while s¡ is given by

sn = 2yTv2 l-. (33)

The absence of order, as considered in the pure líquÍd, should follow

for mixtures of homologous members of a series. The only reservation held is

that íf the chain length differences are very large, favoured orientations may

be possible.



I

An analogous expression Ëo the Íntermolecular poÈentlal, Eo

míxture 1s

EO

of the
m

m

S=

In.",.

1. (34)

1_. (3s)

1. (37)

l_. (38)

where x, the number average, is defíned by

N

sunming over all the species, f, 1n the mfxture. The number average can also

be written as ,-t-.dl = IOrr, 1. (36)

where 0, is the segmenÈ fraction of componenÈ i.

SÍmilarly s and c have analogous expressíons

sn + se/? ,

Iort,.

and

Iort,-

Conslder the excess Lhermodynamfc propertÍes of the mixture. The reduceC

tu
excess volume, v , ís represented as

E

v
E

1. (3e)

1. (40)

1. (41)

it fol-lows Ëhat the

l-?"
where ï" t" the ideal reduced volume of theímixture arra ï ís the actual red.uced

volume of the mÍxture.

A1so,

ïo
tutu

$1v1 * S2v2

where $1 and $2 are Èhe total segment fractlons for the pure liquid. The

actual reduced volumes are written as ï1 "ta ï2.

Since the characteristÍc volume of the míxing is given by

f = *lvt* + x2v2* ,

where V1*, V2* axe the respective characËerfstic volumes,
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excess volume

\F = iu f t. (42)

= (*rvr* + x2v2*) Ci ' Ort, - þzlz) 1. (43)

The expression for excess volume will be expanded upon in ChapÈer (V).

(íi) SEMI-EMPIRICAL _ M.L. HUGG]NS

The theory of Maurice L. HugginsT '25-29 has evolved from a very simple

form of the lattice theory, an approach whích was specÍfically designed to

represent chain molec.ules. Iluggins I aims were to predict the properties of

polymer solutlons using data obtained from mixtures of the appropriate small

chaÍn molecules

In a sÍmilar manner to Ëhat discussed by Flory the molecules are consiCer-

ed to be divíded ínto segments. All segments of the same chemical composirioa

are regarded as acting alÍke in their inÈeractíons with other segnteuts.

This prenise, when coupled with the relatlonshíp between Ëhe ínt,ermole-

cular energíes of closest pair interactíons and the intermolecularly contaet-

ing surface area, is the basis of the model. All contacts that are not due

to nearest neighbour interacEions are assumed to have neglígtble conËributj.on

to the change in Íntermolecular energy.

The fundamental assumptions of the theôry can be summarised:

1. For each segmenË the average cont.acting segment surface atea is constanÈ

regardless of variations in the types and numbers of segments. Thus if a

nolecule has n segments of type a and m-segments of type p, then ooo, oßß, 6cg

are denoËed the average areas of intermolecular contact per mole for the dif-

ferent types of cont,act and are defíned by the combÍning rules

o = 2o +o ^ 1.(44)o00qÞ

oß = ,oßß * ooß 1. (45)

Here oß, oq are defined as the, interurolecul.arly contacti-ng surface areas
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in one mole of subsËance or mlxtirre.

2. For each kind of segment-segment interactÍon Èhe average energy per unit

area of contact ís constant aE a given temperatut" ,"íg^tdless of varÍaÈions

in the types and areas of other contacts. The average energies per unit con-

tacÈ area for the different types of intermolecular contact are defíned as

ec'' tßß' eoß'

3. The relative contact areas for the three types of contact as formed by

t!,¡o segment tyPes (q, ß) are governed by an equílibrium consLant and for each

addítional type of segment more equilibrium constants are added. The equi-

libriun consLant, K, 1s related to the contacË areas as

and the contact energíes

where

K

K Ae

Ae

o 
og2

4'ooo oßß

-telkT

1. (46)

L. (47)

1. (48)ô
"ßß2eo' - e

(xcr

Also k (not the Boltzmann constant) is described as depending of the choice

of the unit area. The factor, A, ís dependant on steric factors, neither

A nor k need be evaluated.

These assumpËions lead to a series of equatíons in which the cohesive

energy is related to the following í

(i) the numbers of different types of'segments;

(il) the contact surface area for each type;

(1i1) one or more equilibrium constants dependÍng on the number of different

types of contact.

conslder a system in which there Ís only one type of segment, 0. The

cohesive energy, E, is then written as

1. (49)
qg CI,d

n ooe

E=o e

g0
2

gü r. (s0)
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where n is Èhe number of a segmänts per: molecule and o^o is the average------- -ct cl

inËermolecularly contact surface area per mole of single segments of the

o type. A siruilar expression can be derived Ín terms of o'o.

If there are t\.Io Ëypes of segments a and $, Ëhen

ßß
eoß 1. (s1)

and furÈhermore through use of the combining rules (1.44, 1.45) Huggíns ob-

tained,

)(1 - (t+Ð4)

E = o e *o
e0 dG

tßß * ooß

c[

oß

2

(o )(1 - Q + y¡'a¡

o (o +o
+

q ß

Kt

+o
G

K

- 2(o +o ) (1 - (t + y¡'ø¡
o ß

¡t

1. (s2)

1. (s3)

1. (s4)

1. (ss)

1. (s6)

Íon 1. (51) yíelds the mola1

cohesive energy

(L+y'¡'z¡ 1. (57)

id can also be expressed in

1. (s8)

o
c[d

o
ßß

ooß =

v

2

where Kr o<* - t>

and

Substitution of these equaÈions into equat

lnteracElon energy which is the negative of the

E

anou + P(vs - vø)

The intermoleculàr energy of the pure liqu

terms of the enthalpy of vapourisatíon.

^HoV

where ÂE?. Ís the change of internal energy on vapourisatíon and ís given by
v

Eo__ = -[ + AE. - + AE 1. (59)
v l-nternal exE.eïnar

Àtirrrurr,", is the dífference between the energies of vlbration and rotatl-on

of the atoms or groups ín the molecule in the gaseous and liquid states and

is assumed to be negliglble except for chain molecules in which intra-molecula:
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contacts are possible.

^E 
is the dÍfference between the energÍes of Ëranslation and

external-

roÈation of the molecules in the gaseous state and the víbratíonal and

torsional energles tn the liquíd state. For chaín molecules30

AE RT' 1. (60). .aext

whíle for spherical molecules

AEext [;]
RT 1. (60). .b

Thus the intermolecular energy, E, for a chaln molecule liquid can

be represented as

E -o"i + P^vo - 1. (61)
[;] 

RT

This allows the calcul4tion of E when all other factors 1n the equation are

known.

Consider nor¡r a mixture composed of two liquíds. The change in inter-

molecular energy on rnixing is, by approximation, assumed to equal the e.xcess

enthalpy of mixÍng, HE.

^E 
= E-x1E1 -xzBz 1..(62)

where x1 and xZ are Ëhe mole fracÈions of components 1 and 2 whose inËermole-

cul.ar energíes are given by Ef and E2. The íntermolecular energy of the

mixture is represented as E. Then,

i
HE = E-x1E1 -xz1z 1.(63)
;

sÍnce HIl = ^E 
1' (64)

Substituting the expressíon for the intermolecular energy eq. 1. (57)

in e.q . L. (62) and considering a system containing only thro types of segments

o and ß in which there are n c-segmenËs 1n component I and m $-segments in

cornponent 2, it can be shown that

Klx' o oxoo onm

'11
HE Fq,={]^.['-[1+

(nxlooo*mx zo Bo)

1. (65)
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whe-re xro o 1. (66)
c

*rOB = oÊ t_. (67)

The expression is símplifled when the ratio parameter r ís introduced

and clefÍned as

o

and

then

r= :q"
gO

o

1. (68)

L

HE

o oa,
0

[" 
- x1(rm - "'] [

1- 1. (6e)
Kl

where x1 = 1-x2. Huggins Ëhen defined Ëhe analogous exPression for the excess

volume of mixíng as

xE
o o^v

- t-{ rm - x1(rm - n)}

Klrmn(x1 - x z,¡

v

1- 1+ ,) l-. (70)
(rm-x1 (rrn-n) )

and Ëhe paraneters r and KI should be consistent for both Ëhe excess enthalpy

of mixing and the excess Volume of mixing of the same mixture' Hence if

there iS experímental data for one excess property the other excess property

can be determined ¡¿ith only one unknown parameter (ae or av).

EquarÍon 1. (70) will be expanded in the dÍscusslon (cH. v) and the ex-

perimental data wíll þe analysed within. the definítions of the theory'
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(a) PURIFICATION

A PERKIN ELMER F11 gas chromatograph with flame ionisation detection

was used to analyse Ëhe materials aË differing stages of treatment. The final

puriËies obtaÍned using various columns are llsted ín TABLE 1. All liquids

\^rere sÈored over clean dry sodÍum wÍre or dried molecular sieves (B.D.E. -

type 4A) and were kept i1 a dark environment whilst not beÍng used.

n-pENTANE32 (tNrVAR - 99.2 \IOLE 7")

A sarnple was fractÍ.onally distilled through a 45 cm column packed rvith

glass helices. The colunn had provision for a variable reflux ratio and the

surrounding jacket was internally siLvered before evacuatlon. Thís apparatus

was used for all the sÍìnple distÍllaËíons.

n-I{EXANE (B.D.H. - 99.4 mole Z, MERK (spectroscopic grade) 99.5 mole Z)

n-HEPTANE (B.D.H. - 99.8 mole Z, MERK (spectroscopÍc grade) 99.5 mo1-e %)

n-OCTANE (B.D.H. - 99.7 moLe %)

All these n-alkanes32r33 !üere Ëreated in an ldentical manner. The

ltquíds were stirred with chlorosulphonic acid for several days and then

exhaustively washed, fírstly, with a L07. sodlum bicarbonate solution and Èhen

wlth water. After dryíng over anhydrous calcium chloride they were distilled.

n-NONANE (KOCII-LTGHT - 99.3 mole %)

n-DECANE (KOCH-LIGHT - 99.5 mole %) 
Ì

The prelirninary treatment was the same as for the other n-alkanes, but

both samples were dístilled at reduced temperature and pressure in a pure

niÈrogen atmosphere (See flg. (1)). The colrrnn ÍIas slmllar Ëo thaË used,

for simple distillations but without the added provision of a variable reflux

ratio

The pERKIN ADA?TOR3a - (a) allowed fractÍons to be removed rvhíle the

stí11 remained ísolated. The pressure regulator35 (b) enabled the desirerl

pressure to be obtained (manometer) and also regulated the gas flow to maÍn-
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tain that pressure.

CYCLOHEXANE (MERCK (spectroscopic grade) - 99.9g moLe %)

Used r+ithout further purification

CYCLoHEPTANEG (R.N. EMì4ANUEL - 99.5 mole Z)

CYCLOOCTANET (ALDRICH (puriss) - 99.2 mole %, R.N. EMMANUEL - 99.0 mole Z)

The cyclfc allcanes were shaken v¡lth concentrated sulphuric acld until

the yellow colour disappeared and were then washed with a 10% sodium bfcar-

bonate solutÍon followed by water. After dryíng over anhydrous calcfum

chloride they were dÍstilled at reduced temperature and pressure.

CYCLODECANB (FLUKA - 99.5 nole Z)

Because of i-ts expense it was necessary to use the sample wíthouË any

further purification. Several non-destructÍve treatments r^Iere investÍgated

(eg. nolecular sieves, actÍvated carbon and alumína columns), but none pro-

duced any sígnlffcant improvement in the purity.

BENZBNE (B.D.H. - 98.0 mole %)

The sample r¡ras shaken with concentrated sulphurlc acid for several

weeks and then washed wlth a 10% sodiun bicarbonate solution followed by l¡ater.

After drying over anhydrous calcium chloride the sample $ras dístilled and

stored over sodÍum wire.
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A'B

A,B

A - 4 metre, 10 mass % Squalane on A.I'I.-D.M.C.S. CHROMOSoRB I^I.

B - 4 metre, 10 mass % Didecyl phthalate.on A.I{.-D.M.C.S. CHRoMOSORS W'

I

c - 3 metre, 15 mass_ZUcon-011 on A.!ü.-D.M.C.S. CHROMOSORB I^1.

TTYDROCARBON

csHt z

ceHr +

czHr o

CeIIr e

cgHzo

cnHzz

CoIIr z

czHr+

ceHr o

cr oHzo

csHe

TASLE 1

COLT]MN

A

PURITY (nrole %)

99.7

99.9s

99.9s

99.9s

99.9s

99.9s

99.9s

99.9s

99.9s

99.s

99.9s

A'B

B

B

A

B

B

B

c
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DISTILLATION OF CYCLOOCTANE

SINTERBD GLASS MANOSTAT

Vacuum Pump

Glass Sinter

Mercury

PERKIN R-ECEIVER ADAPTER

b. Manometer

e. Open

f. StÍ1l

g. Teflon Tap

h. Open

i. Air

j. Coll-ecttôn Flask

a

c

d
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(b) PYCNOMETRY

The density of each of the hydrocarbons was deÈermi'ned as a final cheek

oftheirpurity.Al-ldensltieswererneasuredinduplicaÈe.Foursingle

stemmed pycnometers \¡iere used, the characterisÈics of whích are suromarj-sed in

APPENDIX I.

Before use, the pycnometers \¿ere cleaned with methanol and dried in a

vacuum oven. using a syringe, the Pycnometers hTere filIed $rith liquid r+hich

had been degassed on1-y slightly. The 1Íquids were not rigorously degassed

before measuring Èheir densiÈy due üo the consequenË díffÍculties involved

in fÍlling the apparaÈus with samples of comparable qualíty'

After allowíng the open pycnometers to equílibraEe for at leasÈ thirty

nínutes in r.he warer u"it, (zgg.rso K + 0.0olK), the menísci were adjusted

as close as possible to the reference mark. The capillary above Èhe meniscus

was drled and the distance betv¡een the reference mark and Ëhe meniscus vas

measured with a cathetoneter (PRECISION TOOL & INSTRIMENT CO' LTD" SIIRREÏ'

ENGLAND).

on rernoval from the bath the pycnomeËers were capped, rinsed and gently

dríed.Asealedsraterfilledtarev/astreatedsirnilarlyandplac.eclwiththe

pycnometers in the balance case (METTLER, 86C200 BAIANCE) to equilibrate'

The tare and the pycnometers liIere weíghed at intervals of 30-60 mÍnutes

over the next 3-4 hours. The ambient conditions - measured with wet and dr¡-

bulb thermometers and the barometric pressure - t¡ere noted several tírnes and

these values were used for calculation of the air densÍty'38 The tare veighl

monitored the changes in aír density, Èhus the evaporation from Ehe pycno-

meËerscouldbemeasured.Extrapolatingtotheínitialtimethepycnometers

were p1-aced in the balance case enablecl the total vaPour loss' to be calcu-

lated and more accurate weights obtaíned' 39

The equation used for density calculations is included ín APPENDIX I'

All- experÍmental densities together wíth theÍr literature values are tabulater
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1n Table 2.

TASLE 2

Densftl-es of Llquíds at 298.150 K and L atm:

ITYDROCARBON

csHrz

csErq

C ZILr o

ceHr e

cgHzo

cÅrrzz

coHrz

czHtq

ceHre

croHzo

ceHo

THIS I,{ORK

(g 
"r-3)

LITERATURE

(e 
"t-s¡

0.62L37t0

0.6547gr0

o.67g4gr0

0.6984710

o.7r37gr0

0.72623t0

0.77387r0

9.99661I,2

0.83201r2'3

0.9575,7I3,4

0.873646e's

0. 62158

0.62L64

0.65480,3

o.65479

0.6795L,2

0.67948,7

0.6985L

0.69849

0,7L38L,2

0.726LL,2,I14

0.77387,4

o. 80676 ,3

0. 83200,2

0. 8319 9 ,8

0.85468 
í

0. 85470

0.87364s,5
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(c) SIßftfARY

,,When lE i." determÍned directly, the purity of the components is not

very crítical . ".."" The previous con-

ments with respect to purity must be hedged by knowledge Ëo the extent and

nature of Èhe impurities.rl

R. BATTINO44

t'Volume Changes on Mixíng for Bínary
Mfxtures of Liquids[ Chem.Rev. (1971),
7L, 5.

There was little analysis of the liquids used ín these studies to dis-

cover the exact na¡ure of the impuríties present. It was Ëhus decíded to use

sarnples of very hígh purity ( >r 99.9 moLe 7") and except for n-pentane and

cyclodecane (99.7 moLe 7", 99.5 noLe 7") thís was achíeved.

Results have often been quoted using líquids of purity less than that

discussed here and in most cases there appeared to be 1itt1e effect on these

results. However, for systems containing cyclodecane and to a lesser degree

n-pentane much less confidence can be had concerníng the results than for

the other systems.
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(b) DESTGN

Several modifications nere made to the dílatoneter of St,okes et, al.51

by Martin and Murray (197f).52 A tap, Tt, was included below the U-bend

connectíng the burette to Êhe mixíng vessel which allowed for simpler clean-

ing and filling procedure-s. The sealing assemblies aË the Èop of the mixing

vessel and burette hrere also altered and these unde::v¡ent further modÍfícations

in thÍs r+ork.

Both sealing assemblies were replaced by all-glass fÍttings, enabling

all the lí-quid to be seen. l"he buretLe was sealed by using a ROTOFLOW valve

(TE?|CL|L3, QUICKFIT & QUARTZ, STAFF., ENGLAND). A threaded gl-ass needle

valve (I.25 rm, FISCHER & PORTER, PENN., U.S.A.) sealed the mixlng vessel and-

allor¡ed very fine ad5ustments of the volume in the mlxing vessel.. The inleE

tube, I, whích passed through the side of the mixÍng vessel emínated from a

surall reservoir above the large bore burette.

Minor ¡rodlficatÍons to the dilatometer were made by replacing the pu11ey

operated tap on the reservoír capí11-ary wíth an ordÍ.nary Éap T3, which was

operated by a pulley fÍ.ttfng not attached to the framework. Taps 2 and 3

r¡ere. SOLVAC spring loaded l-aps, whtle Tap 1 was of the INTERKBY spring loaded

type. All taps were individually ground into theír barrels.

Several advantages of the new design became apparent:

(i) As a1-1 liquid could now,be seen, the problem of detecting trapped air

bubbles was elíminated. If excess liquid was kept in sfdearms A and B, any

air bubbles could be e>çelled by opening the respective va1ve.

(ii) Ihe dilaËometer could be filled in the bath.

(iii) The brass frame on which the apparatus vras mounted was levelled ín a

horizontal plane before "rry 
lE measurements r^rere made. The dilatometer was

locked in position and on1-y adjustments to alÍgn the apparatus had then to

be made.

After deterninirrg lE for several systems it was observed that the appara-
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Ëus allowed no overlappíng mole fraction range in the region 0.35 - 0.55 nole

fractíon. The disparity was of the order of 0.08 - 0.1-0 mol-e fraction. Tne

congt?uency2o'g of the lE ",rro"" ín thís region was used as a test of the

accuracy of Ëhe results. The reason for the absence of cross-over r{as attri-

butecl to ttre large volune of liquid ín the nixÍng vessel. Subsequently this

volume was reduced and a crossover region obtaíned.

All relevant volume calibrations \^rere determined using distil-led mercur5.

TTre mercury r¡ras weíghed in clean, dry flasks on a bal-ance (METTLER - 8C1000-

H31-) ín a room ín which constant ambient conditions prevaíled.38

Major errors in the cal-íbratlons resulted from the alígnmenÈ of the di-

latometer and the cathetometer (PRECISION TOOL & INSTRIIMENT CO., SUP.RIX,

ENGLAND) and the error fn reading the scale of the cathetometer. These

errors coupled with those due to the Ínability to deduce the positíon of tb,e

meniscus caused by illurnínatj-on effects. The greatest overall error Ìùas

estlmated to be t 0.003 cn. A table oS the calibratíons with esl-imates of

the errors ínvolved appears in APPENDIX II.

I
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Cc) TEMPERATI]RE CONTROL

The apparaÈus required extremely good tempeÏature control to t 0'001K

or better as small temperature variations woul-d produce contraction or expes-

síon of the líquids in the measuring capillary which leads to a direct errcr

in the volume níxing.

A circuít whích gave excell-ent temPerature control of t 0'0005K was useÉ*

The circuir was basicall-y a I,{IIEATSTONE bridge. A mains regul'ated D'C' bridge

rüas connected in series with a thermístor probe (s.T.c. type F - rated 10 i(Î

at 293K) which consisted of a thermistor located Ín a snall pool of roercury

in a Ëhín stainless steel cap at the end of a 45 cm' brass Ëube' Ihe purpose

of the mercury was to maintain good thermal contact between the thernistor

and the \nlat-er bath.

Any out of balance sígnal across the bridge llas arnplifÍed and fed to

a pen-recorder (PHILIPS P.R. 22LOI\/OO). Connected mechanical-ly to Ëhe rsaiË'

shaft of the recorder I^Ias a potentí.ometer such that any deflection of the pe=

about the bal.ance positlon alterecl the output of the potentiometel' A 10 I'Jì

resistance box (I,l.G. PYE & CO.' CAI'IBRIDGE' BNGLAND) was used to balance the

recorder. The temperature hTas set at Èhe null' posítíon (298'000 K) using a

total- irunerslon bomb calorímeter thermometer' All therrnomeLers used r'¡ere

checkedperiodícallywithaLEEDS&NoRTHRUPplatínumresístanceÈhermoneier

and all measuïemenÈs r,rere unde wÍthin the region 298.150K t 0'010K'

ÏheternperaËurewasmaintainedbyconnectÍngthepotentlometertoa

l-00 watt light bulb innnersed in the water bath. Idhen the bulb was Íllurojnetei

the thermistor was heated, iËs resistance changed and the out of balanc'e

signal- amplÍ.fied and fed to the recorder. The subsequent pen deflecÈion

caused the potenËiometer ouËpuË Ëo decrease and the bulb intensíty to díninis:

The bath temperature eventually fe1-l below the rtnul-lrt and the thermístor

resistane.e ehanged. The resulting signal caused an opposiËe deflecÈion ot
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the potentiometer and the intensity of the llluninatlon íncreased ín ProPor-

tlon to the signal.

An oscll-lation of temperature around a mean value was thus attained,

an¿ the cycle time was dependant on the relative posLt,f-ons of the líght bulb

and the probe. The optirnum cycle time for excess volume measurements htas

approxlmatel-y 10 seconds.

During measuremenËs of the excess volume the temperature was controlled

to a constancy of betËer than t 0.oo1K. Density measurements were made ín

the same bath with identical temperature conËrol.

I
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(d) E)PERIMENTAL

(i) PROCEDIIRE. The dilatomeËer r^ras evacuated through an" lE capillary and

fil-led with mercury through tap T1. A syringe wl-th a needle especially

adapted to fÍt into C (fígs. 2, 3) was used to introduce component 1 into

the burette. The burette rlras Ëhen sealed and the apparatus placed ín the

rrater bath.

LíquÍd in the bure¡te expanded and a small volume entered the rnixíng

vessel through the Ínlet tube and bubbled up through the mercury. After allov--

ing the apparaËus to equilibrate for approximately 30 minutes the líquid ín

the üixing vessel vras removed with a syringe and the rnixing vessel rinsed

5 or 6 times wíth component 2. The míxing vessel was Èhen filled r+ith com-

ponent 2, allowed to equílibrate and seal-ecl.

The procedure during measurements r'Ias very símÍl-ar io that of Stokes

et a1.51

(ii) CALCULATIONS. If the l-evels i.n the mixing vessel and excess volume

capii-lary before and after an addition r^7ere M3, M+ and M31, M4l respectively,

the vol-ume could be approximated to

^V 
= (r"rql-u+).a.*3,

where a 1s the cross-sectíonal area of the capillary.

Howeverr ênY change in the level of tþe mercury in the lE capillary

altered the pressure acting on the sysËen. The expression was modífied to

Ínclude the pressure change whích occurred because of the addít1on.

Ttrus

AV = { (M,* - M,+t) + [(M+1 - Msr) - (M+ - MS)]b]a.,

where b Ís the compressibil-ity factor.

The compre-ssibility factor, b, was measured before and after each run

by plotting the change in mercury level in the TE capíJ-lary against Ëhe

applied pressure. The gradient obtained from such a p1-ot was equal to b'

Ttre factor, b, varÍed no more than 0.1% beËween the two sets of measurements'
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Thl-s alleviated the necessity to measure b at several inËermediate poínts

and to interpolate to calulate b for each additÍon.

Measuring the mercury level in the burette before and after an addition

allowed the volume added to Lhe rníxÍng vessel to be calculated. T'he total

volume of componenË 1 added could Ëhen be determined ruhile the volume of

componenË 2 ín the mixing vessel was known (total mlxing vessel volume - volurne

change on mixing). The mole fraction corresponding to each addítion was

determined from Ëhe respective voltrmes added and the molar vol-umes of the

components.

(ííi) STANDARD SYSTE}Í. Cyclohexane-benzene is wídely accepted as Ëhe re-

ference syste-m44 for lE measuremeRts. The present results vlere comparecl

with those of Stok." .i al., whích were consíclered the most acceptables2 in

terms of precisíon of all the data publ-íshed recently.

Using the dÍlatometer which allowed no cross-over Ëhe agreexnent r'üas

of the orde.r of + 0.001- cm3/mole. However, ín the 0.45 - 0.55 mole fraction

range the agreemenÈ v/as of the orcler of 0.0015 cm3/mol" . Despite the dis-

pariËy in thÍs region there rsas acceptabl-e random scatter of the points around

the least squares curve and the agreement was considered reasonable.

The data obtainecl usíng the- modífied dilatometer was in excellent

agreement wiËh thaL of Stokes, to a precísion of beËter ttran t 0.001- cm3/mole

over the entire mo1-e -fractÍon range and. again there was good scatter of points

The smooËhing equation used for Ëhe least squares plot ís íncluded ín

CHAPTER 4, the coeffÍcíents and standard deviations of fít are lísted in

Table 4.
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(e) SOURC ES OF ERROR

The possibilíty of rhe l1qulds díffusíng through the in]-et tube, I,

tu-
during îE ,o.u"rrtements was the major concern as regards Ehe dÍlatometer

design. The rate of dlffusion was measured by observÍng the rnenlscus change

in the Þ capillary over a perlod of 6 hours. The results índicated that

the vol-ume change attríbutable to diffusion could be no more than t 0'002 cn3'

MisalígnmentoftheapparatuswasalsoapossibleSourceoferror.

The caËhe'omeËer scale (pRxcISIoN TOOL & TNSTRIII'IENT co., sURRsY, ENGLAND)

was levelled usíng a precísion spirít levelling device contaínlng a methanol

bubble and which r4/as very sensitive Èo small varÍations in angle' The tele-

scopewaslevelledinthehorizontalmodebyaligningthecrosshairswitlr

the menisci in a meÏcur'y filled U tube. The dilatometer was alígned vertíca1-

^hlyusingtheVEcapillaryasaguidewÍththecathetometerinoneplaneand

apl.umbllnelnÈheoËher.AllofthesesetËingswerecheckedbeforeeach

seríes of excess volume measurements'

Errors invol-ved ín the calibration of the dilatometer (APPENDIX II)

amounLed to less than t 0.05% of the excess volume' The contribution to

the excess volume by any errors in the compressíbílity factor were negl"igible

(less than 0.1% change over compressibílity readings) ' The maín source of

error lnvolved ín the excess volume de-termination ís the random observer

error whil'e naking measuremenÈs' t
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CONTINUOUS DILUTION DILATOMETER

a. Pu1ley Handle

b. Reservoir

c. ReservoÍr Capil-lary

d. VU Canillary (0.75 mn)

e. Mlxing Vessel (2 mm) CapíllarY

f. Tap T3

g. I - F4 (Fiducíal }4ark 4)

h. Pulley

1. Tap T2 - Pulley Operated

j. Tap T1

k. Small Bore (4 mm) BuretÈe Section
I

1. [ = Ft (Flducial ]'lark 1)

m. ¡'r + Z. S-OO "*"
n. .Large Bore (8 m) Burette SecÈ1on

o. L - 12 (Fiducial lqark 2)
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ENLARGEMENT OF DILATOMETER TOP

(rNctuD ING SEALING ATTAC}IMENTS)

a. Threaded Glass Needle Valve

b. Threaded Inslde

c. ''ìB

d. Mixlng Vessel

e. Inlet Tube

f. Glass Encased Magnet

g. .c = F3 (Fiducía1 Mark 3)

h. Attached to Burette

t.c
j. Burette Reservoir

k.A

1. Threaded outsíde i

m. --Rotaflo Valve





IV

RESI]LTS

(a) SMOOTHING EQUATTON

I
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The excess volumes for al-l n-alkane-cycloalkane systens were measured

at 298.150K an.d the results calculated using the appropriate formula (P28 )'

which was Íncorporated in the comPuËeÏ program ttDELTAVE" (APPENDIX IV) ' Tire

composition dependance of the excess volume ls represented graphÍcally at

theendofthissectionforeachseriesofn-alkaneswithdifferent'cye1oa1--

kanes

SMOOTIIING EQUATION

A po1-ynonial of the form

lE = x1x2 {A * Bxi * cx12 )

fl
xrx2 f Aj*tJ ,

j=0

was used in the general. non-linear least squares program "EXFrr" (APPENDTX rY)

Ihe number of terms in x1, where x1 ís the mol-e fraction of the n-alkane

(orfirstnamedcomponent)varie.clfromn=2-4asthestandarddeviat'íon

mlnimísed and the ranclom scatter of points maximised'

The least squares method fixecl VE "t x' = 0 and x1 = 1, hor+everr the

results of several systems indícated a faíl-ure of the equatíon to reproduce

clata as x1 approached unity, and the pol-ynomial was probably noÈ correcLly

weíghted ín thís region. ,

Asunrnaryoftbecoefficients'Aj,olrÈainedappearinTABLES3and4,

together with the standard de.víation of ttre Poínts ' Ihe experimental-ly

measured excess volume, the calculated excess volume and the dífference bet-

ween (EXVOL) are tabulated for all systems ín APPENDIX III'



TABLE 3

sMooTrrrNc EQUATIoN

-f.v" x1x2 {A * Bx1 + cxf + Dxl}.Ñ...o\'-'

I Ëra.-:\n.e.\

Þ::'î'-"*
A B c

A.¡.-:SÀS.Þ

È\sí\ D
SYSTEMS

n-PENTANE/
CYCLOHEXANE

n-HÐ(ANE
CYCLOHEXANE

n-HEPTANE/
CYCLOHEXANE

n-HÐLANE/
CYCLOHEPTA\]E

n-HEPTANE/
CYCLOHEPTANE

n-oCTANE/
CYCLOHEPTANE

n-HEXAT\E/
CYCLOOCTANE

n-IIEPTANE/
CYCL0OCTAIT{E

n-0CTANE
CYCLOOCTANE

n-NONANE/
CYCLOOCTANE

n-DECANE/
CYCLOOCTANB

-0.120 0.003 -L.A74 0.01_4 0.244 0.014 0.000s

1.054 0.002 -1. 55 8 0.018 L.074 0.038 -0.313 0. 025 0. 0002

1.990 0.021 -2.545 0.014 2.L63 0.300 -0.715 0.194 0.001 .

0.026 0.015 -2.732 0.104 2.596 0.227 -1.003 0.153

0.969 0. 016 -3.048 0.113 3.280 0.246 -1.356 0.L64

1. 715 0.017 -3.727 0.116 4.207 a.249 -t_.885 0.l_64

-0. 811 0.013 -3.101 0.090 2.496 0.195 -L.072 0.131

0.266 0.0r_4 -3.489 0.100 3.446 o.21.5 -L.444 0.145 0.001

0.868 0.o24 -3.4s4 o.t67 3.76s 0.3s6 -l_.680 0.234 0.002

1.5 16 0.011 -4.968 0.107 8.77 4 0.367 -8.389 0.5 11 c.0006

S

Deviation
of Fit

0.001

0.001_

0.001

0.001

(,
LÙ

1.388 0.020 -0.794 0.L29 -0.37 7 o.267 0.428 0.1 73 0.001
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Contlnued

n-IIEPTANE/
CYCLODECAI'IE

u-0CTANE
CYCLODECÆ{E

n-NONANE/
CYCLODECANE

n-DECANE/
CYCLODECANE

-0.s24

0.566

1.070

0.021

0.054
I

0.019

0.034

0.01-8

-5.720

-5.94L

-4.552

-6.4L9

0.L32

0.L29

0.22L

o.242 7.848

6. 911-

6. 411

2.05L

0.279

0.515

0.220

o.294 -3.001

-3.4s8

-2.930

0.200

0.338

0.188

0.005

0.001

0.002

0.003

(¡)r
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TABLE 4

STOKESI DATA

CYCLOHEXANE/BENZENB

f,L,x-- { n* BLr -r c--i
L \ c,-r} *o\ -\

A
DILATOMETER 1 2.550 0.044 0.031 0. 003

STOKESI DATA

(n=2)
2.543 0.084 0.049 0.008

STOKESI DATA 2.55L -0.030 0.3L2 0.121 0' 006

(n=3)

r.l :vE:

C6
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INTRODUCTION

In the following sections, the results for the varlous systems are used

to test the theoret'Ícal models of F1"ory and lluggins'

Both auÈhors have already studied the ther¡nodynarníc Properties of sirnple

n-alkane mixtures and have found good agreement between thelr theoretÍcal

equatíons and the experlmental data. A further extension of the Èheorles is

an applícation to the more comPlex n-al-kane-cycloal-kane systems that have

been studied in this work.

The main purpose of this work was to study the suítability of the theory

ofHuggínsÍnhisapplleatiofiËothen-a].kane-cycloalkaneserlesandhis

treatment, will be examined in more detail-'

I
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HUGG INSI THEORY

All of the syst,ems studied in this work are considered to be ditoníc

ín that there are only two types of segments Present, c and ß' Ho¡¡ever' rvithin

Ëhís general limítatj-on there are varíous aPproaches that can be used to study

ditonic systems and these are discussed below:-

(í) Each component of the urixËure is considered to be composed only of mono-

toníc molecules. i.e. each rnolecule ís considered to be one segment' Huggins6T

has used Ëhis approach for molecules as large as n-hexaclecane.

vE = þ a'-*r(r-l)) [,. - | * 
r<t' ("t-"ttl la] ]''(70)L-L, t 

t- t- (r-xr (r-1) )' ) )

where x1 is the mole fractíon of compone.nt 1, and VO is the volume parameter'

, VA = o 
o" 

tv¡, 4. (1)

The equí1-ibrium constant K can be vrritten

K = (1 +l.Kl)-i, 1'(55)
\

and the segment ratio r is
o^o

r = þ r.(68)
ooo

Thus

VE = F(xt rVorR,K) . 4. (Z)

For a system approachíng a sítuation of complete randomness of contact

formation, the equation reduces to

vE = þ ,.,*r'- xJ) llr-xr (r-1) l) 4' (3)

(Íi) Extending this ídea to a system in which a comPonenË moleculesclFe-com-

posed sf n o-segnents and m ß-segments. r¿'-Yt\r"J>

The equatÍon can be wriËtent

Klr.rn.n(xr-*r2)
1+

(rm-x1 (rm-n) ) 2

(1íi) The more complex form of the expression for the excess volume of a

mixture lnvolves considering a sysÈem ín which both components have s- or

vE 5 (.*-*r(rm-n)) [, - tKTL[ 1
1. (70)



B-segments. í.e. componenË t has nl cr-segments and m1 $-segmenÈs and com-

ponent. 2 has n2 cx-segments and m2 ß-segments.

The total number of a-segments is descrlbed as

y = A+c 4.(4)

where

A = xtnl and c = x2ttz 4. (5)

and the total number of ß-seguents,

x = B+D 4.(6)

where

B = xtmt and D = x2mz 4' (7)

It fol-lor^rs that

v^ I ( l- Ð(Ktr lrJ
vo = _Ë{cv+x,r 

[1 
- [*,r*_rl )

( f ABKIr l¡.,1(A+Br) 
11 

_ 
[.,^*rrrj )

(c+Dr)['['.#;]3] 4(B)

EquatÍons 1.(70), 4.(.3) and 4.( B) have been used to analyse Èhe ex-

perinental excess volume daËa obtained. The molar excess volume values were

studíed using a general non-linear leasË squares program (LCI'HT APPENDIX IV)

The theory predÍcts that the value" nl t are consistent for systems in

which the types of segmlnts aie not alte;ed. Also, íf the contacts are random

in nature, then Kr will tend to zexo. This work attempted Ëo investigate the

nature of these Parameters and any trends Present.

39.

ANAIYSIS

Al1 the systems studíed are considered to be dÍLonic Ín that only two

types of segments are present and, as discussed earlier, can be expressed in

one of three basic equatíons.



1. ONE SEG}IENT/ONE MOLECULE

40.

1. (70)-8.v" -1(r-xr(r-l),[t 
t

This forn of the equatÍon assumes thaË each n-alkane and cycloalkane

nolecule are nonotonic or one segmenË where r = oro 
/ 

oo". 1-(6s)

As a state of complete randomness is approached,

il vn r(x1-x12) 4. (3)
2 lr-xr (r-1) l

Applyfng thís expresslon for random oríentations to the systems n-alkane--

cyclohexane, the parameters r and VO were deËermíned. These values together

with estimates of the error Ínvolved are included 1n TABLE 9. Sinilar cal-

culations were made for'the n-al-kane-cyclooctane system, and these values

are tabulated in TABLE 10.

There ís no trend apparent for eithet the r values, which should be

consístent, or the VO values. Because of the ínabÍlÍty to satlsfy Ëhe paraneÈe

conditÍons, the cycloheptane and cyclodecane systems vrere not lnterpreted

using EQ. 4. ( 3 ).

If the expanded form of EQ. 4,(l) is used, there is no consisËent set

of real solutíons for any of the cycloalkane systems. The equílibrlum para-

meter, Kl tends to large negative values (KI < -4) and causes Ímagínary terrns

to be Íntroduced, thus 
_makinl 

any real solution itposslble.

The I'arbiåry" assumpËions of the model usecl, that each molecule ís

monotonic, could be responsíble for thls failure. Only for systems which are

composed of small molecules, f.ox example the n-hexane or the n-pentane-cyclo-

hexane systems níght these assumptíons be true. However as the chain le-ngth

increases and more contacts are possibl-e, differences may be observed.

2. TI^IO SEGIÍENTS/ONE ¡ÍOLECIILE i_Ë\\

Each molecule ís considered as befng composed of n q-segments and m

$-segments so Ëhat extending EQ. 4.( 3 ) gives



1. (70)

where,
Y=x1n1 *x2n2 4. (4)

and 4. (6)X=x1n1 *.x2m2

EXÆ,IPLE

For the system n-hexane/cyclohexane Èhe number of o-segments ín c6H14'

îr = 4,

and Èhe number of $-segments'

mr=2

In cyclohexane the number of o-segmenÈs

Ít2= 6

and the number of ß-CHS segments

TrZ = 0.

Thus y=6xI*4x2

and 
¡ = l¡61 * 0.

NorealsolutÍonsofEq.l.(70)oritsreducedformwerefound.The

t$ro reasons thought t,o contrfbute Èo the ínability to determine any real

solutions of the equations \rere:- í

(i) As bef ore -v I <.-4 and. the argument becomes complex.

ed to values gteatex than -4 st1l1 no solutíons Iùere found and the arguments

dl-verged to íncreasingly larger val'ues '

(íi) The size of the term y, woul-d unduly effect the síze or f,.

E)GMPLE: n-hexane/cYclohexane

Y=6xt*4x2

=6xIt'4-4x¡

=l,r-¡*4.

il þ,"**,,{,- ['.ËF,;1

4L.

If Kl ¡rsas limi¿-

:t i
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Hence Y oscillated abouÈ the val.üe 4 and on doíng so hras unsensftíve to the

mole fraction
2<Y< 4

The equation v¡ould not converge because of Ëhe arbitary nature of Y.

Equation 4. ( 3 ) 1s only an extensÍon of Eq. 1. (70) and as such was

thought Ëo have many of the inherent arbítary assumptlons associated ¡^¡ith it..

3. TI^IO SEGMENTS/ONE MOLECULE

No solutÍons of the equatlon

-E|v" (Y + xr)

(A + Br)

(C + Dr)

A = x1n1, B = x1m1

C=x2n2rB=x2m2

4. (8)

were found. The terns always toolc imaginary values.

The e-quations l-. (70), 4. ( 3 ) and 4. ( B ) in the prevíotts discussÍon r¡lere

derived by lluggín"25 from earlÍer work ín which he formulated a Po\,rer series,

aná the chain lengEh was used as a variabl-e Ëo determine the molar excess volune

IË was decided to complete this work invesLfgatíng the eguation for n-

alkane-n-al-kane míxtures as well as n-al-lcane-cycloalkane míxtures. I{uggÍns

has publfshed details of his analysls using;th" pot"r series for Ëhe excess

enthalpy measurements of n-alkane-n-alkane míxtures.

4. POIITBR SERIES

The total Íntermolecular energy per mole for an n-alkane 1s Lhe sum of

a se::ies of te.rms in powers of m, the number of a-type segnents.

inËernal am*b+9+
m

d
æ 4'. (e)

oe
00r

4. (10)

oor

.d* --çm"

a=o
0

)edb
2

¡'¡hefe

E

(2eq,B
0c 4. (11)
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and r is the surface area of two loethyl ß-segmenËs divided by oo" I thus b can

be rewritten

b=o t 
ßß'

ox2Le

4. (L2)
ß

c=- 2.K
4. (13)

Ae

d=- 4. (14)
,l* -

oo
e=- a. (ls)

The excess enthalpy of mixing can be represented as

HE 4. (16)

o
0

t

roo
0

3

2l
v)
r4 

^ecr,

t*
2 å. f']

= Eírrt"trr"l

= -K"c - KU

(xrEt - xzBz)

d

K =xl+ X.
m2

1
cmI (*tnt + x2m2)

t

a. (1i)

4. (18)
where

and
4. (le)

If this relatíonship Í.s true, and íf terms higher than d Ín the PoIVer

series are consíclered negligible, a plot of 
"E/K" 

versus Kn/Kc should be

linear, r^/íËh the íntercePt and the sl-ope eqpal- to -c and -d respectively' fire

poinÈs on such a graph should- be consi-ste'¡Ë for various mixtures of n-alkanes

at a specific tenPerature.

ApplylngEq.+.(urùinitssinilarformfortheexcessvolumeformix-

tures of n-alkanes at 298.15K plotting VB/K. agaínst KO/K. for various dal-a,

the follor¿íng values are obtained:-

the sloPe = 50 I 30

andtheÍntercePt=314'

The values of c and d rvould not reproduce the experimental results for

KD = ïþ + Yr G-, + -*r=

any sysLem.
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CONCLUSION

The equations derived from the theory failed to saÈisfy arLy buË the sim-

plesË data and this woulcl support the idea that [he methylene segments of the

cycloalkanes differ in the nature of theÍr interactions from those in the

n-alkanes.

If thís fs the case, a trltoníc systeür resulËs in which three clifferent

segments are now present. Hrrggins6T has derived the equation to represent

the systern but ít has not been applied due to its complexity'

several oLher factors whích may a.lso conÈribute to the failure of Lhe

Ëheory are:

(í) The possibíJ.lty ol inÈra-molecular contacts Ín addition Ëo inter-molecu-

lar contacts. The relaËive proportíons of the two ÈyPes depends both on the

respectlve chain lengths and the concentrations" The longer the chain the

more probabl-e this behavíour r'¡ould occur'

Ilowever, the author considers n-hexadecane as monotonic and' although

ignoríng dífferent segment types and the possiblity of inËra-molecular contacÈ'

a7
achieves good agreement for hís analysis of the excess enthalpy of the- systen

n-hexane with n-hexadecane.

(ii) Írere is a tendency in systems containíng small non-spherical molecules

for close packi¡g to occur whlch would alsoi influence the behavíour of the

lntermolecular contacts

(iii) cycloalkanes of orde:: higher than cyclohexane exhtbit a degree of

pol-aritys9 and thls could alter their relationship wíth Èhe non-polar n-alkane

molecules.

(iv) Al-1 of the above would produce a specífic change ín the oríentation

of the molecules. The factor which measures the randonness of the orienÈaticn

of one segmen¡ relatíve to another is defined as k3. However, no equation

has yet been derived which includes thís pararneter'
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A fundamental. error could Ue due to the dfrect appllcaLlon of the equa-

tions which were formulated for the excess enthal-Py of nixlng to the excess

volume of nixlng, al-though Huggins believes 1t Ís a valld procedure. FurÈher

work to Ínvestigate the excess enthalpy of mtxing of the n-alkane-cycloalkane

series may solve this problem.

1'he inabflity of the 3-parameter Hugglns theory to predict Èhe results

for these systems, 1ed to further studÍes usÍng the approach developed by

Paul J. Flory.

The follor,¡tng section suûn¡arises Èhe theory, treatment procedure, and

the results obtained from its appJ.ication.
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PARA},IETERS OBTAINED BY FITTING vE t6r¿, (nq.4 (3)

TABLE 9

n -ALKANE S / CyCl,OUpXenp v (cm3 mole-l)
A

n-Pentane - -0.71_ t 0.00

n-Hexane 2.25 ! O.0t

n-Ilep tane - 0.40 t 0.06

TABLE 10

n-aLKANE S / CYCLooCTANE v (cm3 rnole- I )
A

n-Hexane -2.64 t 0.05

n-Heptane - -4.4 t 0.9

n-0ctane -0.09 r 0.04

n-Decane L.34 0.01

3.7. t 0.4

0.25 ! 0.1

4.06 r 0.01

x

2.2 t 0.l-

0.1- j 0.05

2.00 r 0.00

2.33 t 0.06

r



47.

I'LOPJ

It lt
qfit/s - r¡

aE zeto pressure reduces to

! tt/¡-r
I:

T'*/s

The reduce<l variables as have been defÍned prevíous1-y

(i) the reduced temPerature'

The theoretical reduced equation of state3 \" * ¡'rr'- \'1*'\

I
VT

-Pv.

T

L. (26)

1. (30)

L. (24)T
T

T

where T* ls Êhe characterístí-c temperal-ure and T Ís the absoluLe temperaËure'

(ii) the reduc.¿ .rot,*e

L. (23)v
^/v

,t

ú'
v

where V is the molar vohnne and V* is the characterísÈic molar volume. The

reduced volume can also be calculaËed from o, the thermal coeffÍcient of ex-

pansÍon by

t¡rtå "ril[ 1r+or) )

3

1. (2e)

(íif) the characteristic pressure

p*= rrï2 , L.(31)

where y is the thermal-pressure coefficÍent.

The excess voltrme of míxing ls defined as

yE = v* ïE L. (42)

fire characteríst.ic volume of the mixture V*, is described as

v* = *lVr* + xzvzx 1. (4r)

and the reduced excess volume, ïE, i" gíven by

þ = i_t" 1.(3e)

the díffeïence between the reduced volume of the míxture, ï, and the ideal-

v



48

reducecl volume of the mixËure, ïo.

T" = Orll + þzlz 1. (40)

nrhere þ1 and $2 are segment fractions.

The excess volume of mixing VE can now be writÈen

yE = (x1v1* + x2v2o>tt - OlTl - þzlù 1.(43)

The terms in the above equation can be evaluated as follows:

1. The reduced volumes of the conponents T1 and ï2 can be deterrnined using

the equation
(1 + 4/3 

0T) t. Qe¡(1 + or)

Io 1s the therural expansíon coefficient].

2. The characteristíc vol-umes V1* and V2* are defÍned by the expression

V* 1. ( 23)

where V, the molar volume ís calculated from the appropriate density and mole-

cular weight.

3. The segment fractions (l1 and þ2 axe defíned as the ratio of the number of

segnenËs per component and the total number of segments in Èhe mlxture.

v
3

rtxl
01 = 1 - 0e = r1x1 * xZxZ)

o4=
X¡

V

v

where 11 and 12 ate the respective següent numbers and are defined as
í

v., * Vo*Ër = 
- 

, tt =.¿- 5.(2). ú. *-vv

here v* ís the core voltrme.

Eguation S-,(1Èf) can nor{ be written

s. (1)

s.(s)
(xr * ,ul*r,

vf
vto

as

tt
r1

s.( 4)
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the equation can be rewrítten

þ!J- =

T=T

xl

xr* xz
V I

s.( o )

1. (30 )

4. The reduced temperaËure of the mixËure, T, can be shown to be given by

* .L

+
T s.(7 )

(0ipr*+þzpz*'þúzxtz)

.**where pr-, p 2n are the characteristic pressure of each coüponent and can be

calculated from the expression

p* = yTT2 , 1. (:r)

if the value of the thermal Pressure coeffÍcient, Y 1s known.

The siËe fraction'02 is defined

o2= s.(8 )
ol+or s2

where 
[-J 

is the ratio of the surface conËact sÍtes per segment for the

respectÍve sites. This can be expressed in terms of the molecular dimensions

of the components (6 5) , but this extension to the theory ís not always nece-

ssary, because 0ZX1Z can be considered a síng1e Parameter.

I'he interact.lon parameter, XI2, is a constant characterising the differ-

ence between the eneïgy of interaction between sÍtes on neighbouríng molecules

one and two and the average of the inÈeractions fn the Pure comPonents.

5 The reduced volume of the mixture ï 1" u*ptessed in the formulae

however there Ís no explicft solutíon for ï.

From the excess volume it is assr¡rned, as a reasonable approximation that2o

tuç 1.(e)
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fuE v"1/3 l.v=
(alt - v"l/3)

s. (10)

s.(rr)

and knowing the value of ï' (Bq. 1. (29)) enables the calculaLion ol t" using

the formulae

written

The expression for the molar excess volume of the mÍxÈure can no¡,r be

-TtV"
(xr Vr

o + *rv""'\+"7/s tT - l") s. (L2)
(4/s - t" r/s)

The molar excess volume is norv expressed in terms, whích depend on the

propert.ies of the p.rru 
"orponents, 

density, thermal erpansion coeffieient an<i

thermal pressure coefficíenË, and one other paraüeter, SZXtz'

The usual method2O of Ïloryrs analysis predicts 02y¡2, ot XL2, from Ëhe

molar excess enthalpy neasurements of a systen and uses thÍs value to calculaËe

the molar excess volume of the same system.

-TIúH" = xtPt"Vr v t¡ + x2g2*Í2o(Tr-r - lz) r xlvloerxrrï-t 5. (i-i

The interactíon paraûìei-er X12 directly infl.uences Ëhe excess enthalpy

r¡hereas it only enters indirectly j-nto the calcul-aÈion of the excess volune,

Ín the expression for T of the mixËure. ¡'fåryrs method could not be folloved

exacËly as no excess enthalpy- measuremerrr" tut. made in this work.

However, the values of the ínteracti.on par¿Ineter' whích were predicËed

for a series of n-alkane-cycloalkane mixtures were themselves sÈudÍed iu the

bel-ief that any trends observed could be of considerable interest in enabling

the prediction of XL2 for different n-alkane-cyci-oalkane mixtures'

The properties of the pure couponents, which $Iere necessary to enable

Xlz t-o be cálculaÈed, are tabulated in the foll-owíng sectlon together r'¡ith the

methods and various sources used for their estimaËion.

o (tr- t
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PROPERTIBS

(i) DENSITY

AII denslËies were measured experÍmentall-y and are lisËed in TABLE 2.

(ii) TTTERMAL EXPANSTON COEFSTCT,ENT (o, r-1).

Table 5 l-ists s for the n-alkanes at 29BK together with the source of

the líterature values. All- the data cited, r,lith the exception of those due

'to Floryts work v¡e::e determÍned using the formulas3

s. (r.4)

where p is the density at any teruperature' T.

Floryl9 determined q experímentalJ-y at several temperatures and for¡rru-

lated a povrer series ín. Èemperature which enabled the calculation of a at

varíous intermediate temperatures.

The values of s calculated from the work of Youngs4 ter. chosen for use

ín any further discussions because of the accuracy of the densitíes recordei'

The thermal expansíon coeffÍcíents for cyclo-alkanes are listed Ín

TABLE 6, ancl excepË for Ëhe daÈa of Matstr e-t a1., all values were deternineC

using tlre above formulae. The data of )þ¡c¡55-57 ax 298.1-5K was considered

the mosË accurate as i.t was the only direct measurement made and these values

were usecl ín al1 calculaËions.

THERMAL PRESSURE COEIFICIENII- (Y, atn. r-1¡.

s. (ls)

¡*¡here ß ls tl-re isothermal compre.ssfbÍlity (atm'-1)

Knowíng boLh o and B enables the calculatíon of Y. The lsothermal compressi-

bility has been determined both directly and índirectly for the n-alkanes b1;

several authors and these values when combined with the correspondÍng c valu¿s

glve Ëhe thermal pressure coefficientr Y. The values of y ca1-culated aPpear

1n TABLE 7.

cl= L
p

_æ_
AT

o"(=ß
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Another indirect methodSS for the determinatíon of'¡ for n-alkanes, is

the applicaÈíon of data relating ß to the velocÍty of sound in the liquirl, y.

fr. *41 ¿ s.(16)ß = [.' upJpu-

where Cp ís the heat capacity at 298K. The speed of sound as a funcËion of

tenperaËure is well known65 and thís al-lowed evaluaËion of U at 29BK for

CS-CS¡C12 n-alkanes. InterpolaËíon of this data allowed p for n-decane to be

calculaËed.

CombinÍng Ëhese value-s wíth known.heat capaciËy data60, ß and then 1

couLd be calculated. The values of the thermal Pressure coeffÍcient determinei

by thís method hrere considered the most consísËenÈ set of values and were. used

in all- calculations. These values are also Íncluded in TABLE 7.

The data for the cycloalkanes r,ras determíned indirectly by Benson and

Singh6l, and dírectly by Marsh et.al-.55-57. The data of Marsh was combined

wfth the correspondi.ng experlmentally determined a values and appear in

TABLE B.
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ft-
CHAIN LENGTII

D-

TA3LE 5

THERMAL EXPANSION COEFFICIENT OF

(cl x 103 r-I) tt-AI,KANES

trclon¡'s3 FLoRYls 4.p.r.62 YouNGs4

ÎA3LE 6

CYCLoATKANES (CnH2n)

f

CITAIN LENGTH gsNsot{6 r ncr,orrs 3 MARsI{s s- s7

L.s4

1.39

L.23

1.165

1.09

1.03

1.09

1.05

1.39

1.16

1.56

L.34

L.24

1.18

1.11

1.06

5

6

7

I

9

10

L.215

1.06

0.98

o.91

L.22

1.00

0.99

,

6

7

I

10
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TAstE 7

ISOTHERMAL ?RESSURE COET'FICTENT (Y AtN. T-1)

n-ALIGNES

n-
CHAIN LENGTH FLORYTg ¡9¡¡¡¿363 ÍIESTI4IATERG4 BOELHOI4IERG5 SOI]ND

TABLE B

CYCLOAIKAI{ES (CrrII2n)

n- BENSON6 I E)CTRAPÓLATED VA¡I5955-57

7.46

8.03

8.40

8. 81

9.07

9.32

8.41 8. 55

9.00

9.24

(9.50 extrap. )

8.018.11

8.76

5

6

7

I

I

l-0

10.61

11.39

L2.06

.åæt-

10.54

TL.2

L2.19

6

7

I

10
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ANAIYSIS

I(nowíng the values of the thermal expanslon coefficíentt 0, and the

thernal pressure coefficient¡ Y, i-t is possibl-e to exPress an equation for

the molar excess volume of mixing with on1-y one parameter 02X12 Íncluded'

Hor¡ever, to remain consistent wíth Floryrs analysi"2o, the site frac-

tion 02 was estimated for each system'

02 s.(B )
oÁ+

The ratio of the surface contact sites per seglnent for the respective con'Po-

nent, !I , *u" the only varÍable in the relationship and was defined as
s2

Ð-
sz

t.)
r1'

R s. (17)

where R ís the ratio of the respect.ive surfac.e areas of the molecule' Since

s
s

To calculate the surface areas of the molecules iL was declded to use

Floryrs exampl-e and consíder the cycloalkanes as spheres2l'20' while the

n-alkanes were considered as right cylÍnde's .20 rL7

CYCLOAI,KANEs2l,61

The radíus of a molecule

(KV*) rl3 Ã" ,

then

where

R

.T-L
x2

IÉ
Yz^

-a
s2

s. (4 )

s. (18)

5. (1e)

s. (20)

r=

r#l

f--z-¡-ì
[0.ozr n1K

and the surface area

4n(tcv*) zlz ¡oz s.. (21)
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N-A],KA}IES

From crystallographlc data66 the radius has been evaluated as

. r = 2.49^"

The characterÍsËÍc length, l*fôf" gi-ven by

^* ' .19n + L.32 5' (22)

where n Ís equivalent to Èhe chain length.

Hence Ëhe surface area' sr Ís wriËËen

s = 4.98tr { 1.19n + 3. 81} Ao2 5. (23)

The site fractíon was calculated for each system and the excess volune

of mixing expressed only in terms of the inÈeraction parameter, X12. For each

n-alkane-cycloalkane system XI2 was determined by a least squares analysis of

the experimental excess ïolurne data. The computer program (FlOny) is included

ln APPENDIX IV.

Al-1 the X12 values and their limits are Íncluded ín TABLE 11. For each

cycloalkane series the relatíonship between the interaction parameËer and the

n-alkane chain length, n, is represented graphícally (Ffg. 5'6).

co ef f lcienË, "¡. The

ocedures needed Ëo obtaín the value for cYclc-

ted ín an uncertainty of Ëhe order of. 30% in 10.6 ! 3.4,

However the gener_al trend of the rqlatíonship of the interaction parareËe:

to the chain length, n, ís consístent wíth the other serfes even lf the abso-

lute values are perhaps íncorrect.

ointerpolation and extr

in the value of the thermal-of the uncertainty

cane socyThe resu ortts ed separaËees are PresenË
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TABLE 11

INTERACTI PARAMETER

SYSTEM

CYCLOITE)GNE

.N-PENTANE

N.HE)(ANE

.N-HEPTAI{E

CYCLOTIEPTANE

N.HEXANE

N-HEPTAI{E

N-OCTANE

CYCLOOCTA}IE

N-HEXANE

N-HEPTANE

N-OCTANE

N-NONANE

n-DECAI'IE

clcl6re (Lh'"ùt

\- *€ç\ñ\E
ñ- otx\ñË-
\-Fù(¡.\\Ñt-

' tr-\€clt'ù€

xrfatm. ¡

lr,"l

t&ô

À01.q

t{-ts

t\.\s

À\.t

t1:tr

ìLe

B-,\

\À-1

Âô"c¡

11'¿
r3. 3
\\.1
\3'-1

ERROR

Ì1.ff

È-ì"3

st-€

Èri"ì"

=-E-'l

t:1.ìO

tt-+
* Utb

'=\,'=

+Q:tt

rs-l

Sl ,o
t b'tç

!s.f-
s 5't

,
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CONCLUSIONS

From the cycloalkane seríes studled the. l.St*^.ì.<,.. Y'rr'^r''..e--\ersr'ì(r,*

s\.-"sclq--\gdrQ-cÀ *".o^ .\ "^.^.te+mq-ú\t- \d("q¡-" ë-"^.'\ 3a '¡'
C-\ Ò

ã\r^.s$ e-ËLs - TX rs -*-5.^ .'o.\,À. !' o- r\a*-rs W.q'\' a.¿q-r': {-'"\\o-

,,t \\tr<* u-r Q-c¿- "...j\ *,.r c\ **\^-\e- -r ...- o-*ì i'."1 y \s\ .'\\ \ \t <
ù

.-, or\., t-s , \)'s.,, .Ñ y -è -Bc']o \ o .' ' 'j
)

. :Tl. - . r \ r.\s,f q ,. syStss^s Éa-.r-o \a-*ç:o- sì--Àiq.L ,.+ =,^r.,t\ù.

'b-o- ro.\<-.e-g\ic,..,. Ap szîz-- ê: ,o..^ r^t,Li-u\5¡- .'ðt*- 
"-..,,-.rttr 

\;¡rÐ<)
^b\*- 

te- ç.*À.c-l \\-"- t-x(4-\.e .¡.:\rr'*..¿= .¡\ .ff\\X\v\\ {.. t\*- u".t*\'.r,<-
_)

Benson and SÍngh6I also studied several cycloalkane systerns, but consi-

dered the excess volume and heaËs of uiíxing wiËh benzene and toluene. The

behaviour of the ínterattion parameters as the rlng síze of. the cycloalkane

decreased was parabolÍc and showed a minimr:m. These results would be less acct

rate Ëhan the values reported here as the properties of Ëhe cycl-oalkanes had

not been dÍrecËly determined when their work was publ-ished.

The difference in the behaviour of Xt2 could also be attribuLed to the

geomeËry of the molecules studied as toluene and benzene Ílere con'sÍdered to

be spherical molecules srhile the n-allcanes were treated as right cylinders"

The interaction parameter not only varies from system to sysËem, but, as

the mol-e fraction of the coüponents alters t. XI2 also varies by íts definition'

Although rhe difference has been noted ín this work (TABI,E lrl) no detailed

investígation was made. The relative independence of the molar excess volume

of nixing predÍcted wlth any change ín Xl2 made LhÍs unnecessary' The para-

meter t XI2, only enters the equations for lE iodí't"ctly in the expression

for the reduced temPerature of the mixture'

f'+f*l . IBËJ
T T

(órpr* + þzPz* - orozxrz)
5.(7)
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and

VE = (*rvro + x2v2*) ci - l"l ft'zttyt,, - ï"1/3 )-l 5. (12)

l'loryl9 noticed that for several n-alkane-n-alkane mixtures the interactioa

parameter needed to change hy approximately 100% to alter the excess voh¡ne

of the mixture by 0.1 cm3/mole.

It appears that the excess volume of míxing is far more sensitive to eai-

variation in the value of the thernal pressure coeffÍcienË¡ y. If it 1s as-

sumed that X12 is sma1l then

rl, Þr^Pz^ 5.(ztr>
ðLnyz Qr*+ Þrn)' (4 - 3ïrl3)

and Èhe sensiËívi.ty of ïE wfth respect to y2 is approximately proportional Êc

(T, - li). A dÍfference in (lz - T1¡ or 0.015 and an eïror in y of O.5Z ç-cu.l-d

-ç'alter V" ¡y approximately 0.15 cm3/mole. Thus any small error in y would leac

to díspïoportionate values of Xtz ot VE.

For a more detaÍled discussÍon of the theore.tícal model ít would be esse:

tíal to determi-ne accurate values of the thermal pressure coefficienËs for Ëi-e

cycloal-kanes and the n-allcanes. As, in this work they could only be deterrl::¿,i

from indírecÈ sources such as the sound velocity daËa.

The measurement of the molar excess enthaLpy of rnixing frE, would a1loç'

Fl-oryrs treatment"ot be followed exactly asithe value of XtZ Ís dírectly de-

pendant on the enthalpy of nríxíng

i'e' HE = xrpr*vrx(Tr-l - ï-tl

+ xzPz*'tz.*(Tz-t - ï-11

+ x1v1*02x12ï-l 5. (13)

The interaction parameter should be e.stimated from the excess heat of

mixing data. ThÍs r¡alue could then be used to calculate the excess voh-me of

míxing.

(i, itl
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To furËher reduce the error in Xtz, Èhe sÍte fraction 02 could be ín-

cluded with Xlz and treated as one síngle parameter. Ihe errors inhereuË í¡

the assumptions needed to calculate ê2 r^rould then be avoÍded.

ltre theory has nuch promíse fn fts use of the propertl-es of the pure

components to calculate the properties of the mixture. However, the theory

proposes only an approximate and sfmplified equation of state and any failure

of the theory can only be attributed to
ll disparities seem to be caused by lirnítations inherecË

in the flnal scheme of interpretatlon. ........tt

P.J. TT,ORY3

L972.

I
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A?PENDIX I

DENSITY

PYCNOMETER Mass (gm.) and ExPt.

ReproduclbilitY

Volume ("t3) and ExPt.

ReproducibilitY

Stem

Calíbration
("*2)

A

B

c

D

24.93842 t O.OOO05 32-52478 t 0.00002

24.9372+ t 0.00006 32.5366r t 0.00001

24.928Ls I 0.00004 32.51-03a t 0.00002

24.}3BOG I 0.00004 32'5O54s t 0'00003

0" 008766

0.008766

0.008766

0. 008766

All pycnometêr characterístícs rÂIere measured at 298 K'



DENSITY FORMULA

- ,.1r, þJ + vldo.

D
vr

where ß

m=

d.r

vr

s
d

d
p

1.000018 (the correction facÈor for the dlfference between

brass and stainless sÈeel weights)

Total weight of the pyenoneter and f-iquíd

Densíty of afr

Density of steel (7.76 gn'cm-3)

Density of pyrex glass (2-25 8n'crn-e¡

ToÈal- volume of LíquÍd Ín pycnomefer

Mass ín vacuo of PYcnoneterItro

This equation was lncorporated ín computer program "DENSITY" (APPENDIX IV) '

ìl



APPENDIX II

CAIIBRATIONS

SECTION NO. OF CALIBRATIONS CALIBRATION

Mlsing Vessel to

F3 (before alteraËion)

Mlslng Vessel to
F3 (after alÈeration)

Large Bore ßurette

Snall Bore Burette

Non-Linear Burette

Cross-over Sectíon

(Fr + 2.500)

Excess Vo1ume39

Capil1-ary

7

30

I

10

13

29.346 1 0.002 c¡03

29 .3g3 t 0.003 crn3

O.4g7B t 0.0001 cm2

0.L277 I 0.0002 crn2

0.759 I 0.002 cm2

0.004387 t 0.000002 cm2

f

3



N-PENTANE / 
'YCL.OHEXANE 

1 EXVUI- / 25 DEGREES C

H

'(

7
)rl
ù
ù

MOLE FRACTI ]N

. 0156

.0425

.05ß0

.09ó6

.1408

.L794

.21q0

.2586

.29^?
'.3352
.3765
.5757
.55I 3
.5449
.6i2.0
.6789
;7119
.7483
.7863
.8260
.8731
.933 I
.9549
.97 6?

EXVOL ( 5X2. )

-.0017
-.005?
-.0 09+
-.0186
-.031,1
-.0450
-.05!14'
-.0740
-.0 877
-.I014
-.114?
-. I 53B
-.l5Fl
-.1ó16
-.I63?
-.I609
-.I5ó5
-.l4BB
-.1371
-.T?L4
-.0972
- "057?
-.0400
-.021?

EX VOL ( CALC. )

-.o0lg
-.006I
-.0092
-.0188
-.0320
-.0450
-.059I
-.0737
-.0874
-.1013
-.1153
-. I 533
-.1577
-.16I4
-. I ó33
-.I610
-. I 566
-. I 489
-. I 374
-.1215
-.0970
-. 0 569
-.0397
-.0u17

EXVOL ( DIFF. )

.0001

.000?
-.0002

.0002

.0001

.0000
-.0003
-.0003
-.0003
-.0001

.OOII
-.0000
-.0004
-.0002

.0001

.0001
-.0000

.0001

.0003

.0001'
-.0002
-.0003
-.0003

.0005

4



N-HFXANE / CY'LO-''TEX.AI{F / 25 DESREES C / EXVCL

MOLE FÉACTICN EXVÛL ( fXf. ) EX VOL ( CALC. ) EXVOL ( DI FF ' )

.00n6

.0?3?

.0403

.0579

.0979

.1332

.1 684

.?197

.?_587

.?845

.3l9tl

.3464

.3662
,3l'lg0
.4017
.5040
.5237
.55j7
.5C76
.6257
.l)57 9
.7059
.7 456
.7qóR
.8580
.9135
.9393
.9á13
.9844

.0091

.0?76

.03gl

.05?5

.0ß04

.1il00

.ì.153

. ì.30 4

.I317

.1405

. | 4?_6

.1 427

.l+20

.I405

.1 397

.l?52

.1216

.I I55

.lt)lìl

.0992

.0q85

.0 797

.0683

.0539

.037 5

. a 7.?_(\

.01.60

.0100

.0047

.0099

.0231

.0394

.0528

.oß05

.0999

.l I50

.1304

.1376

.1405

.I4?6

.14?7

. l42I

.1407

.1 397

.1253

.T2I6

.I Ì55

.1090

.0990

.0885

.0786

.0á8I

.0543

.037 7

.0?27

. 0158

.0100

.0040

.0002
-.0005
-,0003
-.0002
-.0001

.000I

.0003

.0000

.000I
-.0000
-.0000
-.0000
-.000I
-.0001

.0000
-.0001
-.0000

.0000

.0001

.0002

.000'0

.000I

.0002
-.0005
-.0001
-.0001

.0002
-.0000

.0007



N-HIPTANE / CYCLO I-JEX qNE / / 25 DEGREES CIX VOL

EXVOL (CALC. ) EXVOL ( )IFF. )
MOLT FRACT I ]N EXV0L ( ix2; )

.0I01

.020q

.0 335

.046?

.0839

. I24I

.L572

.1 985

.2311

.2593

.2q58

.3319

.3579

.3808

.4703

.4905

.526 0

.5709

.6110

.6¿|85

.6946

.7 446

.7946

.851 6

.9I57

.9?64

.9496

.97 44

.OI9R

.040?

.0645

. 0'J5l

.I384

.185á

.?17?

.248A'

.?575

.?80)

.?997

.3010

.3045

.3065

.?918

.2937

.2859

.2721

.2510

.?405

.?.17 5

.1394

.I579

.11R5

.0 78I

.0518

.0 430

.0184

.0199

.0400

.05?4

.0835

.1 385

.I859

.?175

.?.487

.?677

.2806

.290 0

.3008

.304 I

.305+

.2986

.2947

.2860

.?7 19

.2566

.240 I

.?173

.1895

.I587

.1200

.ct7l9

.0633

.044?-

.0230

-.000I
"0002
.0021
.0015

-.000I
-.0003
-.0003
-,0007
-.0002

.0003
-.0003

.0002

.0005

.00I2
-.0003
-.00I0
-.0001

.0002

.0004

.0005

.0003
-.0001'-.0008
-.0014

.0062
-.00I5
-.0012
-.004ó



HEXAN / CYCLOiEPTAN / EXVOL-

EXVoL (CALC. ) EXVOL ( DIFF. )

MOLE FRACTICN EXVoL ( Exe. )

.0109

.0220

.0333

.0434

.0597

.1006

.1 435

.1 837

.??1?

.2690

.3040

.3383
,3769
.4I60
.57?3
.6107
.64A7
.68 3l
.7 ?€r8
.7805
.8321
.8875
.935?
,9552
.g7l5
.9889

-.0002
-.1)000
-.0014
-,003I
-.0068
-.0201
-.03q1
-.059+
-. 0 331
-. I 056
--1255
-. I 435
-.L6?4
-. I 794
-.2I17
-.2133
- .?r? 0

-. 2 059
-. I 946
-.174?-
-.1450
-.I053
-.0622
-.0430
-.0?8?
-,0105

.0004

.0000
-,0011
-"fJ026
-.0062
-. 0 I98
-.0392
-.0601
-. 0 841
-.I067
-.1260
-. I 433
-.IóII
-.1770
-.2132
-.?14?
-.?l?4
-.2060
-,1944
-.L7?7
-. I 440
-. I 045
-.0638
-.0450
-. 0 291
-, 0 I15

-.0006
-.0000
-.0003
-.0005
-.0006
-.0003

"0001.0007
. .0010

.0011

.0005
-.0002
-.0013
-.0024

.00I5

.0009
'0004.0001

-"0002
-.0015
-.0010
-,0008

.00I6

.0 020

.0009

.0009



HEPTAN/ CYCI-OTEPT AN / EXVCL

MOLE FRACT I DN EXVOL ( trXÞ. } EX VOL ( CALC. ) EXVOL ( )IFF. )

.0135

.0263

.0412

.0583

.0791
"1279
.1739
.?l?2
.25q3
"?9P.5
.3353
.3736
.4043
.4407
.48l0
.4?87
.4577
.493?-
.5394
.5888
.6430
.7145
.77 68
.8496
.8999
.9?66
.9575
.9814

.0135

.0 240

.0351

.0 457

.05É.0

.0 591

.0758

.0754

.07I5

.0657_

.05fìl

.0501

.0434
,0 349
.0?62
.04I7
.0350
.0?_7 6
.0I80
.0089

-.0010
-.0073
-.0I07
-.0109
-.0080
-.0073
-.004?-
-.00?7

.OI3I

.0240

.0350

.0456

.0558

.0695

.0757

.0753

.07I4

.0650

.0583

.0507

.Q444

.03ó3

.0285

.0393

.0333
" 
026ì

.0I7e

.0086

.0005
-.0073
-.01.I0
-"0112
-.0087
-.0 067
-. 0 040
-.0017

.0004

.0000

.0001

.000I

.0002
-.û005

.000I

.0001

.0002

.0002
-.0002
-.0006
-.00I0
-.0019
-.0023

.0024

.0017

.0015

.0003

.0003
-. 0 015

.0000

.0003

.0003

.0007
-.0006
-.0002
-.0010



OCTAN / CYCLO{EPTAN / EXVCL

MOLE FRACTI CN EXVOL ( EX 2. ) EXVOL ( CALC. ) EXVOL(DIFF.)

.0I4Ê

.0342

.0506

.0700

.Illtì

.I557
¿7042
.?486
.?Bq4
.3?_77
,3635
.4038
.44Q4
.4498
.397 1

.41 l5

.4537

.4893

.5269

.57?6

.6175

.67ó3

.7 395

.81 l9

.8875

. 9184

.9545

.0?87

.057?

.071 9

.09q0

.132I
,ló04
.1804
.1897
.I937
.1 933
.I9I4
,1 865
.1306
.I788
.1868
.1 845
.I773
.I700
.I6OI
.1 483
.1 355
.1I59
.0949
.0ó94
.0420
.029?_
.0138

.0249

.0538

.0752

.0973

.I348

.l6lfì
,I804
.1 897
.1932
.1932
.1909
.1 8ó0
.1800
.1783
.1870
.1849
.I775
.1700
.1610
.1487
.I354
.I Ió5
,0947
.0685
.0407
.0?94
.01ó3

.0033

.003¿+

.00?7

.00I7
-.0 027 -

-.0014
-.0000

.0000

.0005

.0001

.0005

.0005

.000ó

.0005
-.0002
-.0003
-.0002
:.0000
-.0009
-.0004

,0001
-.0006

.0002

.0009

.0013
-.0002
-.00e5



N-HEXANE / C\CLC.CCTANE / EXVCL / ?5 DEGREES C

EXVOL (CALC. ) EXVOL (DIFF. )

MOLE FRACTICN EXVOL ( iX2. )

.01ó8

.0255

.0397

.05ó9

.0718

.I176

.1604

.?037

.2499

.?936

.3?49

.3ó00

.401 8

.435?

.4645

.5539

.5735

.5979

.6?69

.6555

.6862

.7 ?82-

"7674
.8058
.8478
.9978
.9305
.9441
.959?
.9713
.9831

-.0Ì41
-.0?1?
-.0 353
-.çt527
-.0683
-.I187
-.Ió84
-.2I85
-.27 03
-.3177
-.3491
-.3q ì 5
-.4150
- .437 I
-.4545
- .478 3

-.4807
-.4807
-.4765
-.4585
-.4554
-.4287
-.3950
-,353 1

- .297 3

- . 2I53
-.1533
-.I254
-.0933
-.0631
-.0399

-.0I39
-.02I6
-.0349'
-.0520
-.0ó75
-.11.85
-. I 685
-. 2I93
-.2118
-.3187
-.3496
-.3813
-.4142
-.4363
- ¡45?4
-.48C4
-.4gIg
-.4813
- "4769
-.4685
-.4549
- .42Ê I
-.391?
-.3424
-.?965
-.?157
-. I 541
-. I 265
-,0943
-.0675
-.0404

-.0002
.0004

-.0004
-'0007
-.0008
-.0002

.0001

.0007
,0015
.0010
'0005

-.0002
-.0008
-.0016
-.0022

.0015

.0012
"0006.0003

-.0001
-.0005
-.0007
-"0008
-"0007
-.0003

.0004

.c003

.00trI

.001,0

.004+

.0005



HIPTANE / CYCLOOCTA¡JE / EXVSL / ?5 C

MoLE FRa.cT I lN EXVOL(qXf.) EXVOL ( CALC. ) EXVOL(DIFF.)

.01¿8

.07'-7 6

.0437
"0617
.1036
.1465
.I85ó
.?!19
.2603
.2989
.3235
.3507
.3926
"41f17.43ó8
.5?99
.5489
.57 69
.ó180
.6497
"6797
.7094
.7481
.7 8P'4
.83óá
.8Êql
,9310
.9505
.967 0

.9828

.0024
,0076
.006ß
.0055

-.0 055
-.0231
-.0430
-.0509
-.0t4á
-.I069
-.1209
-.I357
-.I564
-.1564
-. I 754
- .?07 7

-.?ll4
-.?l4q
-.?16,+
-.2146
-.2105
-.?a40
-.1918
-.1761
-.1485
-.Ill2
-.0739
-.0549
-.0374
-.0?02_

.0 036

.0054

.0059

.0045
-.0051
-.0?22
-.0418
-.0593
-.0 845
-.1070
-.12I0
-.1 359
-. l57 L

- " 1ó91
-.1767
-.20ó0
-.?097
-.2137
-.7159
-.?_L47
-.2Ill.
-.2049
-.1931
-.1759
-.1486
-.Ìll.I
-.0733
-.054I
-.0369
-.0195

-.0012
.0022
.0009
.0010

-.0004
-.0009
-.0012
-.0011
-.0001

.0001

.000I
"0002,0007
.0027
.0013

-.0017
-.0017
-.00I1
-.0005

.0c0I

.0005
,0009
.c013

-.0002
-"0000
-.000I
-.0006
-.00c8
-.0005
-.000ó



N-OCTANF / CYCLO-OCTA\E / 25 ?EGÍiEES C / IXVOL

MOLE FRACT I JN

. 0155

.030I

.0394

.0 523

.05q6

.0983

. l43I

. 1863

.2?13

.?5??

.2801

.31?6

.3365

.368 I
,3964
.4112
.4947
.51q6
.5613
.5906
.6??6
.6-\41
.6905
.7 ?95
.7751
.gl6l
.9932
.9??5
.940 3
.9573
.9779

EXVOL ( trXÐ. )

.0142

.0?44

.0?94

.0 36I

.03q4

.05I1

.0551

.0516

.0457

.0393

.0307

.021?.

.013C

.0043
-.0 045
-.0087
- .0?-I4
-.0340
-. 0 437
-.0495
-.0 544
-.0592
-.0608
-.0514
-.0593
-.0539
-.0403
-.0¿73
-.0?37
-.0173
-.0 095

EX VOL ( CALC. )

.0137

.07.43

.030ì.

.0368

.[]40I

.0514

.0546

.0509

.4 447

.037 7

.0305

.0215

.0147

.005ó
-.0025
-.00óó
-.0295
-.0343
-.0432
-.0486
-.0535
-.0573
-.060?
-.0613
-.0595
-.0548
-.0407
-.0288
-.02?7
-.0I65
-.0097

EXVOL ( DIFF. )

.0005
,0001

-.0007
-.0007
-.0007
-.0003

.0005

.0007

.0010

.0006

.cf002
-.0003
-,0003
-.0013
-.0020
-.002I

.0071

.0003
-.0005
-.0009
-.0009
-.0009
-.0005
-.000I

.0002

.0009
-.0001

.0015
-.0010
-.0003
-.0008



NOf.¡ AN /C YCLO C T AN / t-Y.V AL / ?5C

MOLE FRACTISN

.0057

.013q
.Q?46
.0364
.0481
.0797
.IIOr)
.I563
.1944
.23?6
.?7??
.300á
.3387
.3779
.4573
.4843
.5116
.5705
.6I84
.6ó6ó
.704!)
.7470
.7R29
.8236
- 8638
.90 04
.9169
.930 I
.9435
.95P-7
.9669
.976q
.9908

EXVOL I ¡X2. )

.0104

.0204

.0340

.0 t+7 6

.0596

.0951
,1043
.1206
.l?95
.I320
.1319
.I295
.I?43
.I175
.1053
.0993
.0935
.0905
.0698
.0596
.05I9
.0435
.0374
.0304
¡02a1
.0I73
.0I55
.0135
.0I13
.0 097
.0 05ß
.0 043
.0023

EX VOL ( CALC. )

. fl08+

.0198

.033ó

.047?

.0593

.0852

.I04?

.1218

.l29l

.13I9

.1312

.I291

.L?47

.TI89

.1044
,0999
.0932
,0806
.a7 0z
.0599
.0520
.0437
.0372
.030I
.Q237
.01fl0
.0154
.0I33
.0lIl
.0084
.00ó9
.0050
.0021

EXVOL(DIFF.)

.0020

.0006

.0004

.0004

.0003
-.000I

.0c01
-.00ì.2

.0004

.000I

.0007

.0004
-.0004
-.0014

'0009.0004
.0003

-,0001
-,0004
-.0003
-.0001
-.0002

.0002

.0003

.0004
-.0002

.000I

.0002

.0002'.0003
-.00I1
-.0007

.0004



DECAN / CYCLO]CTA\I / EXVOL / ?5C

MOLE FR^CTI]IJ EXv0L ( tx). ) EX VÙL ( CALC. ) TXVOL(IIFF.}

.0I54

.0430

.0 583

.0946

.1477

.?17?-

. 2'j33

.3434

.3945

.4385

.47 ?5

.5047-

.5?89

.547 4

.639Ët

.6544

.67 9.2

.7Q79

.7 409

.7 713

.8105

.8471

. I fJ57

.9?i5

.9558

.9751

.99I3

.0I95

.0547

.0¡rq5

. 1 I3',+

.1507

.2rJ1È

.2305

.'¿434

.2484

.?.47 0

.2433

.?_37 9

.?-"3?5

.? ¿90

.I904

.I847

. 1752

.1523

.I47;

.I3?4

.lI2l

.0921

.0700

.4472

.07_7 5

.0 I62

.0058

.07_l4

.0568

.0859

.1131

.1592

.2010

.2311

.?448

.?489

.?473

.?_431

.?372

.23I?

.?26I

.1930

.I869

.17 64

.ló26

.1466

.1313

.1I09
,0913
.0699
.0482
.0?97
.0I65
.0055

-.û019
-.0021
-,0003

.0003
"00I5.0008

-.0006
-.0014
-.0c05
-.0003

.000?

.0007

.0013

.0 029
-.0026
-.002?
-.001.2
-.0003

.0009

.001I

.0c12

.0008

.000I
-.0010
-.00I2
-.0003

.0003



HEPT/l\t/. CYCL0I{CAN / 75 C / EXVIL

r"roLE FRACTISN iXVUL ( EXf. )

.0141

.0290

.0517

.07 47

.I352

.1 936

.¿+le

.31 34

.3570

.409?

.4535

.4737

.56q7

.5iì36

.617 |

.6530

.6968

.7451

.791+

.8428

.87 77

. g0l7

.9379

.9504

.9663

.9306

.9906

-.005á
-.0153
-.0'J40
-. l) 5Cr 5
-.0979
-.2056
-.2911
-.386?
-.439?
-.4967
-.5i47
-.5493
-.601I
-.6Ð?9
-.6023
-.5899
-.5åÊì4
- .527 3
-.4715
-.3899
-.3341
-.259?
-. l'79?,
-. 1460
-.I0ll
-.0596
-.0283

EX VOL ( CALC. )

-.005ó
-,0140
-.031I
-.0531
-. I 263
-,1947
-.28?2
-.3823
-.4385
-.497?
-.5382
-,5538
-.5986
-.6006
-.ó010
-.590 4
-.570 0

-.5290
'.47?6
- ' 3Ê97
-.3334
-.267 6
:. I78 I
- .14¿+7
-.I004
-.0599
-. 0 289

EXVOL ( DIFF. )

-.0f)00
-.00I3
-.0029
-.0074

.02_94
-.0109
-.0089
-.0039
-.0007

.00I0

.0035

.0 055
-.0025
-.0023
-.0013

.0005
;00t5
.0017
.00I1

-,00c1
-.0007
-.0016
-.0017
-.c013
-.0007

.0003

.0006



OCTAN / CYCTO)ECAN / ?5 C / F:XV3L

MOLE FRACT T ]N EX VOL ( 
'X). 

) EX VOL ( CALC. ) EXVOL(DIFF.)

.0158

.03?7

. c549

.1039

.I475

.1q93

.?43q
"2823
.3"_?3
.364 I
.4016
.441 I
"560?
.5qfì0
.627 6
.664I
.7002
.7 ¿+33

.7965

.8409

.88ß4

.9318

.9465

.9648

.9864

-.0016
-.0 055
-.0147
-.04-q0
-.0 869
-. 1.41 5
-.l9ll
-.2i29'
-.?7 45
-.313?
-.3455
-.3729
'.47?-?
-.415?.
-.4135
-.4ù4 3
-.3897
-.36?7
-.3170
-.?514
-.2t)19
-.1315
-.1cl56
-.07I5
-.02¡J0

-.0011.
-.0 050
-. 0 142
-.Q47?
-.0871
-.14I6
-.1909
'.?3?8
-.?74L
-.3133
-.3441
-.3714
- .415ó
-.41 69
-.4I33
-.4035
-.3877
-.3610
-.31 5g
-.2673
-,?038
-. I 343
-.108I
-.0734
-,0295

-.0005
-.0006
-.0005

.o02?

.0002

.0001
:.0002
-.0001
-.0004
-.000ó
-.00I4
-.0015

.0 034

.0017
-.0002
-.0008
-.0020
-.0017
-.0011
-.0001.

.0020

.0 028
,0025
-0019
.00I5



NONIAN /'EYCLA)F_CAN / 25 C / FXV]L

MOLE FRACTI 3N TXVUL ( EXÞ. ) EXVOL ( CALC. ) EXVOL ( DIFF. )

.0145

.0??6

.0 496

.05F¡7

.0904

.I104

.ló33

.?a?5

.?5r17

.2930

.3353

.3704

.40?4

.4191

.540 6

.5790

.ó163

.6586

.7014

.7500

.7963

.84¿7

.8919

.9:J l3

.94É.1

.9753

.9867

.007i

.0105

.0I4q

.0150

.0077
-.00c5
-.0328
-.063I
-.1086
- .137 7

-.1.704
-.1957
-.?_1É'4
-.27-64
-.?,697
- .?7 63
-.277J
-.?724
-.?5ll
-.?400
-.2llB
-.1760
-.I317
-.0854
-.0ó71
-.0303
-. 0 1.64

.0069

.0096

.0136

.0134

.0068
-.0010
-.03Ìg
-.06Ì2
-. I 067
-.l3h"l
-.ì699
- .1 957
-.?167
-.2?67
-.?73?
-.2778
: .?714
-.?713
-.2590
-.?379
-.2105
-.116r
-. I3I5
-.0894
-.0712
-.0347
-.0190

.0006

.0010

.001e

.0cI5

.0009

.0005
-.00I0
-.00I9
-.00I9
-.00Ió
-.0005
-.0000

.0003

.0003

.0035

.00Ì5

.000I
-.00II
-.0021
-.0A??
-.0013

.000I
-.0002

.0 040

.004.I

.0044

.002ó



DECAN / CYCi.O)ECÂN / ?5 C / ÉXVCL

MOLE FRACTISN iXVOL ( EXD. ) EX VOL ( CALC. ) EXVOL(DIFF.)

¿0077
.01c3
.0338
.0515
.0976
.1477
.1 93J
.?451
.28q5
.3280
.3591
.3894
.51.5 3
.550 ).

.584C)

.6178

.6590

.7015

.7555
,8I24
.8765
.9?79
.951?.
.9709
.9869

.009c

.0?17

.03?7

.04?4

.0460

.rJ34?

.0I23
-.0188
-.043fì
-.0598
-'08c2
-. I 047
-.I523
-.I613
-.16f.4
-.1691
-.1682
-.1625
-.I490
-.1?h+
-.093?
-.0551
-.0378
-.07_?l
-.0 095

.0089

.0203

.03I4

.0408

.047 6
¡0349
.01?7

-.0185
-.0466
-.0702
-.088Ì
-.ì042
-, 1,53 i
-.1609
-.l6óL
-.Iólló
-.1680
- .,163 0

-.1497
-.127I
-.091.2
-. 0 555
--0379
-.0221
-.0102

.000I

.00I4

.00I3

.0016
-.0016
-.0007
-.0004
-.0003

"0û28.0004
-.00I1
-.0005

.0008
-.0004
-.0003
-.0005
-.0002

.0005

.0007

.0007
-.0020

.0004

.000I

.0005

.0007



I

50

t0

100

,\Fr"qN.DtX'fñ -

PR0GRAM l:)ENS I TY ( I NPUT I oUTPUT )

DS=7.76
DP=?.?5
B=1.00001178
A=0.008766
RE AD I I \{0VAC r DA r l^tA I R I VO I DELTAH r T AF43 I TB ATH t COEFF

IF ( r{0VAC.80.0. ) G0 To I00
FURMAT(8FIO)
Al\¡1lt=¡r¡IR+Bì! ( l.-DAlDS) i\,l0VACn ( l.-D ß./DPl
DEÀ.10M=V0+Anl)ELTAI
TF-rrM= ( I . + ( TA14B-T3ATH ¡ +ç0EFF) r¡DA

DL=ANtJM/DENOM + TERM
PRINTI0TDL
F0RMAT ( l0XrFl0.6)
G0 T0 50
STOP S END



l7

9

104

t03

6

PROGRAM FLORY ( T \PUT 
'OIJTPUT)

DIMENSI0N H ( I 00 ) . X ( t 00 ) rZ ( t ) r VCALC ( I 00 ) r VDIFF ( I 00)'\' ( I ) I C ( I r I )

c0t'1¡.40N,/DDls€Gl (¿+0 ) rsEGZ (40 ) ;G (40) rT (40)'S (40) rTV (40

C) rTr'1(40) rl,J(40) çSI (40) riì(40) çRVi:-(+0) r0(40)
COI¡MOl,l/TRy/REV I ç ìÊ:VZ rCHV I r CHr/2, CtV \4 r oRES t r PRES2 r Il çT2ç? I ç RrrTS

RE aL M0LVI,r{0LV2
RF-,'D 6rL ,.^,, )FURMAT(III9XI49H
IF(L.EQ.0) G0 T() 100
7.=O.
RËAD I rNrLÉNTTEMD
FOPMAT (?ï?çFBl
RE AD 7 ç ALpHI I ALpH2 I GAM I r GAr*42 r MCL V t , M0l-V?ç7I
F0RMAT (7tl0)
iiEAD 9ç (X(I)rI-lrN)
READ 9r (H(I)rI=lri!)
FORMAT (BFIO)
PI = 3.1¿+I59265
REVt = ( ( I .+ (4. rALPHl'rTEMÞ /3.1I / (I. +ALPHl à'TEMP) ) +Jr3

RF-VZ = ( ( 1" + ( 4. ¡.ALPt-12'Íf F-IAP/3.1, / ( l. +ALPH2#TEMP) ) È'Jr3

PRIh.lTl03rREVl çIEVZ
CHVI =t"l0LVl/lEVl
cHV? -À46LV?/ lt v2
PR INT103 rCHVI ç CHV2
CHVM=CHVI/CHV?
PRT¡IT I()4ICHVM
FUPMAT (l0XrFl0.3)
PRrSI =GAMI¿tTEç1PI. (REVI 4f{t2)

PRrS2 =GAh42'rfTEt4P+(REV2'*t',?l
PR t t'lT I 03 r PRf S I r PlgS2
TI =( (REVlr*r'0.33333)-I., /(REVlr"ttl.33333)
T2 =( (REV2*+0.33333) -l.l / (iìEv2+1'ä1.33333)
sAl = 4.9Btt ( I . l9Ï'LEN+3.81 )r{- \-T-
SA2=4#PI râ ( ( 30. +sc-lvå,'(4. r1PI+6.0 231I k+ 0.56ó6667)
RATS=( Sa t z SAz)Dr'c"lVu ) .

F0Pf4AT (l0Xç2E13.6)
C/\L L 0IKF I f ( H r X ç \ çl tZ I V r C I SD )

PlìINT 6rL
Pl-( I t\,T ?3
t OpMAT ( / / / 12X r#q0LE FfIACT ION* r RX ç ËEXVOL (EXP. ) + ç 9X r *EXV0L I CALC' ) Þ

C ç 1 O X I * E X V O L ( D I Ë F . I * / I

00 l0 [=]rN
VCqLC(I)=0(I)nRVt(I)
VDIFF ( I ) =H ( i ) -VCAL.C ( I )

PRTNT llrX(I) r{(I) rVCAI-C(I) TVDIFF(I)
FORMAT (l0Xr4(Fl0.4rl0X) )

C0tr¡T ll'JtJE
PRINT 50ç7. (l) rV(l)
FuRM t\Í I / / / / /I0X r *VALtJE OF Ct-tI . tÉ çF 9. 4 ¡L 0Xr ëS f ANDARD DEVI Al I0N 0F

C CHId'rF8.4)
GU TO I7
STOP S END
SUBR0UTINE OIKFIT (YrXrl''r çt4c7- rVrCrSD)
DII,,TENSIO\ Y ( t00) rX ( 1 00) r A ( 100 r I ) rZ ( l ) ç AK ( 1 ) çL ( 1 00) rR ( 1 00) rC (¡4rM) ç

6t/ ( I )

r^0f"1Mol,¡/f) D/sr:Gl (40) rsEGZ (40 ) rG (40 ) r T (40) çs (40) ; TV (40

C) rTM (40) r|¡ (40) rSI (40) rFì (40) rRVi (40) ç0 (40)
COtittoN/TÊylaEVI rit¡V?.CHVI rCHV2rCtlVV,PRESI rPRf S?çf 'tç12ç? I IQ¡TS

I

7

?3

ll
t0

50

100

REnL M0LVI TMOLV2'L
IT =0

?0 IF ( I T.G'Í .?A ) GO T0 200
D0 4 I=lçN



=0 ¡
J=l rM
K=I rM

SUMAK
003
{)o 5
P=0,
Do2
P=P +

CONÏ I
C(JrK

2

O ( I ) =X ( I ) n (CHVI-CHV?) +ÇHV2

SF-Gl (I ) =X ( I ) {'C1V\/ ( l.-X ( t) n( l.-CHVV) )

:i?îl li;ål;?itì{lå*, r ) + ( s5G1-( I ¡ * sa1/$Ar) )
11J¡=SfGl tI)':rPRESl
S(I)=SEG2(I)*Pt'lFS2
G( T ) =RfVt+SEGI ( I ) +ilFV2.ltsEG2 ( I )

¡¡ 1 ¡¡ =SEGl (I ) nZ ( I ) nsI ( I)
TM (I)=(T (I) r'T| +S( I)lrTZ I / fi (I ) +S( I) -r¡J (I) )

TV ( I ) = ( ( G ( I ) n't0. 33333) - l.l / ( G ( I ) *+l' 33333)
Fl ( I ) = ( G ( I ) ++2.33333',t / ( I .33333- ( G ( I ) n#0.33333) )

RVr ( [ ) =B ( I ) * (T\4 ( I) -TV ( ll I

L(I)=1.0
A ( I I I ) = ( O ( I ) r+B ( I ) å'TM ( I )':'SEGI ( I',t / (W( I ) -I ( I ) -S ( I ) ) ) r'sl ( I )

R ( I ) =Y ( I ) -0( I ) nRVE ( I)
4 COI{T I NUE

I=l 'NA(IrJ)ËA(IrK) /L(fl
NUE

)=P
5 CONT 1 NUE

D=0.
DO 6 I=lrN
D=r-) + A(IrJ)+R(I)./L(I)
CONT I I!['E
V(J)=D
COruT I NUE
CALL þ!ATRI X ( I O rM rM r iì rCIM IF)
D0 lI K=IrM
XX=0.
D0 l0J=lrf"t
XX=XX + C(Kr.J)ì+V(J)
COltl I Nt,E
AK tf) =XX
SUMAK=StJMAK+ÂK (K ) f *?
CONrT I NtJE

DO l5 I=lrM
TlTl=Z (I)-(AK(I) )

IF (I"GT.r'4, 7(l)=0.
CONT T NUE
PtìTNTl06rZ(I)
FORMAT (l0XrFl0.5)
IT = IT +l
IF (ABS(AK (I) ).GT.0.000001)
S=0.
D0 70 I=lçN
S=S+iì(I){":t?/Llll
V=0.
DO 7I K=lrM
V ( K) =SQRT (S/ (N-M) itC (K rK) )

CONT I NUE
SD=SQRI(S/(N-l'l))
RE r UrìN
CALL EXIT
E ¡.lt)

6

3

Ir]

tt

I06

r5

70

7t

GO T0 ?_0

200



l7
6

PiìOGRA\,I EXFIT (T\PUT'OIJTPI,IT)
DI¡¡f f,lsIO\ x(?-00) 'Y ( t 00 ) ç7.(lo ) TYCALC ( I00) çYDIFF ( t 00) I V ( l0) çC (5r5)
C0rrq¡j¡¡7¡]O/q ( I 00) çG ( I 00 ) çL'i ( 100) rtl 1 11'¡0,

RE^D 6rl-
i:Oçìr.i AT ( I I r qX ç /+9t-J

IF(L.EQ.C) G0 Til 100
7,=î .
RE^D I çNrl'1 çKç (7 (I) I I=Iç3)
PQaIIAT (3I2r5FL0)
READ 9ç (X(I)rI=lr)'l)
READ 9r (Y(I)rI=lrN)
FoRl'1AT ( 8F l0 )

D0 I6 J=l r6
IF (I.GT.lÁ\7(I)=0.
CALt- Q I KF I T ( Y r X r \ ,4ç7 r V I C I SD )

PRIN'f frçL
PRINT ?3
FopÌ'1AT (///12Xr*-\4OLF t'RACTION-rBXçËFXVCL(EXP.)#r9X'*EXVOL(CALC.)Þ

Cr loXç+l XV0L (DIFF.l+/l
D0 IC I=lrN
YCALC(I)=U(I)r13(I)
YDiFF ( I ) =( Y ( I ) -YCrr.LC ( I ) )

Pfì¡trtT ll rX (I) rY(I) TYCAIC(I) tYtJIFF(I)
FORMAT (t0Xç4(F.IQ.4r l0X) )

COt\lT I Nt_,1:

PRINT I?ç(7(I)rI=lr5)
FOR¡.14T ( / / / / / / / | 0X r *A=';r, F I 0.4r I 0 X ç ãB=ti- r Fl 0.4 I I 0X t jiC=ìt I F I 0.4r I 0X r

CnD=ìs I Fl 0.4 r I 0X r â'i-Þ r FIÕ.4/ / / I
PRtt'tT 13 r(V(f )rI=lr5)
FOaMAT (TX ToSDA=* r F I 0, !+ ç7X rÌSD3=i' r F I 0. 4 ç7 X çnSpç=+ r F I 0. 4 s7X r äSDD=

C* r Fl 0.4r 7X r +SDf=* r Fl0 .t+/ / I

Piì I NT 24 r SI)
FORMAT (I0X,rlSIA\llARil t)ËVIATIOi! CF FIT ='*rFl0.4//////l
M=it't-l
IF (M.LE.K) 17r20
STOP $ ENO
PRll'Jl l2çVSrt-MrVv ( I r J)
StJRROtJT INE 0 IKFI T ( Y r X r l'! ci'|ç7* I V I C I SD)
DIÞiENSION Y(100) rx (100) rA(100r j) r /(S¡ rAL(5) rL(100) rR(100) r3(r'lr'n4) r

cv(5)
COMMON/DD/?(I00)'(ì( 100) rt,r ( 100) rtJ ( 100)
REÂL L
D0 4I=lrN
t¡i(l)=(?.r'N(I)-1.)
I ( I ) = ( I ' +Z ( I ) {'il ( I ) }

tl ( I ) =X ( I ) * ( I . -X ( I ) ) /B ( I )

G ( I ) :Z (21 +7(3) *ir (I) +7(4) + (¡J ( I ) r'+¡l +'7.(5) *' ( !'J ( I ) ìt*3)
L(I)=1.
A ( I r I ) =+ul ( I ) r+U ( I ) r.G ( I ) /ri ( I )

A(IcZ)=-U(I)
A(I;3)=-U(I)fi'l(I)
A ( I ç¿r) =-ll ( I ) +þl ( I ) {tnz
A ( I r 5 ) =-l_l ( I ) ,'11,,l ( I ) #lt3
R ( I ) =Y (I) - (t.l ( J ) +3( I ) )

I

9
?_0

l6

23

ll
l0

t?

l3

100

?4

?-o



4 CONTINUE

5 C0rlT I NUE
O=0.
D0 6 I=lrN
D=ll) + A(IrJ)*R(I)/L(I)

6 C0Ì.lT I NUE
V(J)=D

3 CONT I NI.'E

CALL MATRIX ( l0çMrMr0rCrMrF)
D0 ll K=Irt'4
XX=O.
D0 I 0J=l rM
XX=XX + C(KrJ) ÞV (J)

IO CONTINUE
AK(K)=XX

I I CONT INUE
D0 l5 I=lrM
Tltt=7(I)-AK(I)
IF(I'GT.14) Z(I)=0.

ls CoNTINUE
. tf (ABS(Z(I)).6I.1'00) Z(l)=0'00

lF (ABS(AK(l)).GT.0.0001) GO

S=0 ¡
DO 70 I'=I;N

7O S=S+R(I)r1{12/L(Il
V=0.
D0 7I K=l r!''l
V (K) =SQRT IS/ (N-M) *C (KIK) )

1l c0l.lTINuF
sD=soRT (S/ (N-M ) )

RETURN
ENI)

DO 3 J=l rM
DO 5 K=lrM
P=0.
D0 2I=lrN
P=P + A(IrJ)*A(IrK),/L(I)
CONT T NUE

C(,lrK)=P
?

TO 20

a,l



t7
6

PROGRAh4 LCFI-1T ( I \PIJT I OI ITPI.JT )
DItIENlSI0N l-J ( t 00 ) ç X ( 100 ) c7- (3) çHCÂLC ( I00 ) ç rDIFF ( I00 ) IV (3) IC ( 3r3)
0li¡Fì{SI0N oC(100) rrro(ll)0) rU0(100) rCrl. (100) rG2(100) rG3(100) TVCALC

c(I00)
COr4t'10|.,1,/DD/t1(100) rG(100) ri,1(100) 't.l(100) rC(I00) rl'ld(100) rUU(100)
COlrllvr0N/'( aY / SilApF r I T r ALOt'lr A LT',/ t ilF:Oi\ t Bf Ï,v r ôD f F r BD I F
CutrqgS /Fl/el ( 100) .Q2 ( 100) ç00 ( 100) r.J1( I00) rU2( I00) rr''/l (I00) ç,{2 ( 100)
ÊEAD 6çL
F0Rt'1AT ( I I r9x ¡49H
IF (L,EO.0) G0 TO 100
7-=0 .
RF-Alll rNr AL0l'Jr ALT¡!ç BEONTtIETW ¡ (7( I ) I I=l r 3)
F0a¡,f AT ( I?ç7FL0l
QF-rtD 9c (X(I)rl=lrÀ,1) :

RÈAD 9r (l-'(I)rI-lrN)
F0nt"141 (8F10)
CAt-L (JIKFIT (tlç Xr \'1,3çTrVrCr SD)
PlìINï 6çL
PBTNT 23
f-oRI',lAT (///12X.*vOLÊ FpACTIONJtTBXTÞEXVJI-(EXP,)*r9Xr'¡EXV0L(CALC.)n

CI I OX I*EXVOL (DIFF'I T / I
r)0 l0 l=|rii
FrC^LC(I)=-(Z(l) /7(2))'tt((()Q(I)t'(1.-Gl(I)))-ldW(I)rt'(1.-G?-lI))-UU(I)Èt

c(1.-G3(l)))
HDIFF ( I ) =r¡ ( I ) -TCALC ( I )

PRJNI t I rX( I)'{( I) !l'jCAl-C(I) rHl.)IFF(I)
Ft)eþiAT ( I 0X r4 ( tr1 0.4ç l0X ) )

CO\IT I NTJE

Piìrl'lT 50rZ(l ) rV(l ) çZ(?) rV (21 ç7(3) rV(3)
FOqf-l 

^T(/////l 
0Xrì:'VALtjr 0F rPS.lt?çl[Ì.5r10xrr$srA\DAFìD DFVIATI0\¡ OF

C F-PS*rF7 .5,//lOx..'þVÅLIJE OF K=+rF8.5r l0Xr+STA{'DARD DEVIATI0\ 0F K

C=.ii. F7.5 ç / /l0X r *VAt-UE OFF¿ATOB=tt rF8. ãr I0 X r *STA\lf)AHD DEV I AT IO\ 0FAAT
C=-is'F7.5',

G0 Trl t7
STOP $ E\D
SUqROIJTI¡'lE QJ6TIT (Yr Xç\r ¡MtZ rVçCrSD)
DITIENSIO\l Y ( l0r'l) rX ( 100) rA ( 100 r3) r Z(31 ç AK (3) çL (100) rr'{ ( 100) rC (¡4rM} r

cv(3)
DIT.IENSIOr.J 00(100) rrio(100) rlJC(l0tl) rGl (lf)0) rG2(100) rG3(I00) TVCALC

c(100)
COI\4fOl'J,/lll:'/;)( 100) rc ( I0û) çl'J ( 100) r(l 1 190) ç0 ( 100) çtrjl{ ( 100) rUU ( 100)
coMÞ1ott/Ft/ t¡l ( I0r)) .c2 ( ì 00 ) r QQ ( 100 ) r Jl ( locr) Iu2 (100 ) r t{l ( I0 0l ç w2 ( 100 )

CUr.rv0l,l,/T DY /SHA-DF r i T I AL0!',1ç ALT''¡J t BF0l\ I BET ¿r r AD I F r SD I F
RÈ AL LAMi¡L)A r L
IT =0

?0 It ( fT.GT.20 ) G0 T0 200
D0 4I=lrN
!.rl (I)=X(I)+ALON
¡rZ ( I ) -X ( I ¡ rsÊr.rQ\

Ul ( I ) = ( l.-X ( I ) ) ìtALTr,'d

t_,2 ( I ) - ( t.-X ( I ) ) {rtE1!,i
a I ( I ) =!{ I ( I ) + lJ I ( I )

AZ ( I I =t^t? ( I ) +r,JZ ( J )

0iì(I)= ((ll (T) +Q2(I)*Z(3) )

i^lÞl ( I ) = (vrl ( r ) +t'r> ( I ) r'Z (3) )

[rJ(l)= (rJ](I¡+U2(I)*Z(3) )

c() ( J ) =Q1 ( I ) rtî2 ( 1 ¡ +7.(?l lfZ (3\ / (04 ( i 1 "4'?l
il() ( I ) =lJ I ( J ) +r l7 (1'1 +,7 (31':t / (21 / ( UU ( T ) *""71
,¡rO ( I ) =trll ( I ) -;ri.r2 ( J ¡ rtZ (3, -)t¿ (?) / (i114 1 t ) Þ1¡2)
r;I ( I ) =SûËlT ( I "+lt-r 

( I ) )

rì2 ( I ) -SART ( l.+,,J() ( I ) )

I

9

?3

1t
lo

50

100



G3(I)=50ÊT(!.+J0(I))
VCALC(I)=-(7(l) /7(?))+(((lQ(I)rå(1.-3I(I)))-uJL'/(l)*(1.-G2(I))-UU(I)Þ

c(I.-G3(I)))
A ( I r ì ) =-VCIL'C (L, /7 (I)
A(Tr?t=(\1cAt_C(i)-(z(t) /(7t?l't-'?-.))if (cio(I)-:fQO(I)/GI(I)-UlO(I)|thrl'/(I)/

cG?_ (I)-l,a) ( I )'ntji.l ( I ) /G3 (I) ) ) / L(?l
A ( T r.l \ = (7 (ll /7 (?') r',t ( (:)2 ( I ) -;t ( I.-r;t ( I ) ) -hrz ( I ) * ( I,-GZ ( I ) ) -LJa

cG3 ( I ) ) - (1. /7. (3) ) {'( ilO ( I )* (rJO ( I ) -2 .'r'z13) r¡02 ( I ) I / ('¿.n'Gl ( I )

c -.!0(I)rf (i{r.l(I l-?.1t7.(31+r.12(Il , / (2.rtriz(I)
C -Uf)(I ) * (tJJ( I l-?.'\' Z (3)r+Li2(I) ) / (?- 'r$G3( I)
L(l)=1.0
R(I)=Y(I)+VCAL-C(I)
COI.JT Ï TJTJE

Stll'1 ¡(=0.
D0 3 J=lrfut
t)U 5 K=lç1.'l
P=0.
nr) 2 I-l.N
P=Þ + A ( Ir.l¡':tA (i çt'(),/L( I)
c0\if J f'ltJr-

C(Jr()-P
C0\rT I ltUE
D=0.
DU 6I=l.N '
Q=1j + A(IrJ)+PlTl /L(ll
CONT I T\UF
V(.f)=Ll
CONTT I í\rJE
CALI-- MATR I X ( t 0 r I'l r l'1 ç 0 r C. iì r F )

f-)U 1l K=lçì'4
X\=0.
DU l0J=lrl"'l
XX=XX + C((.J)'rV(J)
cur'lT I i'.lt,E
AK(K)=XX
Stl'd/1 (-St,MA K + AK ( K ) r¡ +?

c 0 \tT I ¡ltJ F-

n() l-) I=lç\4
7(Tl=Z (I)-(ôr((I) )

IF (I.GT.'l) Z(I)=0.
cor..iT I f\l,F
PkTNìT líj6q (7 (I) rI=l r3)
F0er4AT ( 2Xr3(ill.4çl0X) )

TT = IT +ì
IF (Aiis(Á,K(l)).1-il'.(r.0005) Go TO 20
S=0.
D0 70 I=l:\l
S=S+R(l)n';'?/L(l',
\/=0.
D0 7l (=]err4
\/ ( K ) =sQt?T ( s,/ (\l-r't ) rlc ( ( çK ) )

COr'jT I i'¡tlE
Sl)=$íìl{T ( 5./ ( \l-M ) )

RE TLIRN
CÀI,I- EXIT
F: I'J l)

(I
)

I
))

)+(1.-

)

4

?

q

6

3

t0

l1

l5

t06

10

7l

200



?

99

t 02

70

t7

30

4l

40

3l

?6

7

Pl'(oGRAl''ì nELT aVÍ ( I \P!'lT t flllTPlJÏ )

nI i.rE\S IO',V .ìM ( 50, 2 ), Vv ( q0 ç 2 )' fí',l ( q i c ? ) ¡R:SF-f ( 50 I 2 ) r FtN ( 50 I 2 ) r

CVIJI(50ç2)rSIJM(rj(\e?)tVì(50r2)ç'ì(5tl¡?\çx'(50r2)çEX'VOL(50r2)
nIvFl'lsI0\.1 XX (51)) ç YY (50)
AE=0.004387î:ÂS=fl .l?77i'lC=t.1 n75954L=0.497i\¡vcL',{=24.:19354\4=0'03399
RËâD I rrún1

FOPr¡AT(IIr9Xç49H
t¡1¡"lrrî.Ë0.0) G0 f1 100
Pl'rT|\lT 102
roirtvtAT(lHt)
PkIt\lÏlrtlr't
J=o
J=.J+ I
R E A D L 7 r B r F Fì ç F \4 r J [-ì r D ;'1 r rnl 13 r W 14 I rt] ç ¡4

FORMAT (7FI0"2I?l
KK =lil + I
NP L- l.l! M =N + l'l
eE^D 2r (Ri'î ( I'J) r I=l.KK)
RE AD2T (V'l ( I rJ) r T=l çKK)
r?l--^n ? ç (E\1 ( I . J) I I =I r NPLI,Sþl)
REÀD2r ( r{tSET ( K t J) r K=I rt''ì )

F0ilMAT ( ¿1F10 )

X.X=0
K=0 $ L=l
SF YY=0.
rlo 4 I=lrNP[-llSr't
Il- (F'4(IçJ).r0.0.) G0 TD 3I
VgL (LrJ) = (tt,1 ( I rJ) -R+ (Efl ( I rJ) -Vr'l (L+I rJ) -iì+V) *il) itAt

IF(SEXY.fG.I.À\D.L.l'JE"J ) GC T0 40
sUl,t 1 Lr J) =XX+VOL ( L r J)
L=L+1
SLXY=0.
C0r'rT I NUE
(ì() T0 ?6
st.lM ( L ¡ J) =Sl.Jil (L-l e J) +VOl.- (Lr J)
XX-Sl,JM (L-I rJ)
Gu T0 4l
K=K+l
R=FrF-SET ((r..1)
Ftr(I.J)=11.1(I+lrJ)
!=\/M(LrJ)
I=I+l
SEXY=I.
GÜ TO 30
DO 5 I=IrN
IF (rìr'4 11+I çJ) .LT. (FFì+1.50) ) 7.8
VB ( I rJ) = 1ijrl ( I + 1, J) -[¡^l ( I I J) ) ìtAS

G0 To t0
viì ( I rJ) = (3r.,1 ( I + I ç J) -FB -?.'r00 ) rr'AL+\tc+ (FB-tJ"4 ( I ç J) ) rîAs

R¡J ( I r J) =Vfl ( I r J) *ltlZ¡lq
COI¡TTí\UE
vs= ( voLM- ( vM ( N + L r J ) -FÌ.r ) *Ai4-stJt'i ( i'J I J ) -vtJ ( ¡j I J ) )
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PRI¡lT l¿ rVSrFHrVvl (l rJ)
12 F0FMAÍ (l0Xr3(F10.6) )

D0 ?A I=lrlrl
S(IrJ)=nN(IrJ)+V\
X ( I rJ) =FN ( IçJ) /S ( I'çJ)

IF (J.EO.?) X ( I I J) =Ì .-X (I rJ)
EXVOL ( I . J ) =St.lM ( I r J) /S.( I r J)
IF(J.ËQ.lf l-L=N
COI,IT I ¡IUE
ïF (J.EQ.l ) G0 TO 70
KK-LL+hl
PRJNT BO
FOaFtAT ( BX rÌ.i.,1)LE rR$cTI0N*r9(r#txcESS V0LUME{./)
CALL PLOTVOL ( X I EXVOL IIJ TLL, XX, YY, KK )

G0 T0 99
S.TDP $ END
SUqROUTINE PLOTVSI_ (X T Yç NITLL I XXI YYç (KI T )
DIMENSIONX (q0 r2) rY (50 r?) r xx (KK) r yy (KK) rp (50 ç 2) re (s0r?lf)0 4 I=lrLL
YY(I)=Y(Irl)
XX(I)=X(Irl)
CONT I N(JE
D0 5 I=lrN
K=Ni- I + I
P(Kr2l=Y(IrZ)
Q(KrZ)=X l,Iç21
CONITII"JTJE
D0 6 l=l¡Nt
L=LL + I
YY(L)=P(Ir2)
X{,(L)=Q(Ir2)
CO\lT I I'IUE
D0 7 I-lrKK
Pi<INT 20rXX(I)ryy(I)
FORI''IAT ( I 0 X t? (F10.4ç I 0X ) )

cALL 0IKPLT (xx,yyrKKr-lr l5H*f'4cLE trRAcTI0Nr¡rZ5H*tXcESS VcL,L,vE 0FCIXING$)
Rt-TUrìN$FND.




