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* The high-pressure phase behavior of naphthalene(1)-carbon diox-
ide(2) 'system was experimentally‘ investigated. The pressure-
temperature-composition (P-T-x) section of the three-phase (solid-
liq'uid-gas). coexisténce curﬁve was measured using a new technique. A
correlation method of T-x relation of the three-phase curve was pre- °
sented in this study.f Solubility values of'naphthalene in sppercritica[
carBon dioxide were méasu_red at 30.8'.15 K and 332.15 K ovér a pres-.
sure range of 7.8 to 32.5 MPa using a flow system. These value:s were
correlated by the Soave—Rediich-Kwong (SRK} equation of. states with
two random mixing rules, o

A temperature ®inimum was found at 13.3 MPa and 331473 K in the
P-T projection. Liquid-gas equilibrium compositions were found between
12.7 MPa and 17ﬁ.0 MPa for the 332.15 K isotherm. The liquid-pi;;ase
compositions of naphthalene were found to be 0.4.84 and 0.320 at 12.7
MPa and 17.0 MPa respectively using the T-x correlation. It was found
that the two-parameter random mixing rules were much better than the
one-parameter random mixing rules in correlating the solubiliity values.

However, the SRK _equation of states and these mixing rules were una-

ble to predict the complicated phase behavior of .the 332.15 K isotherm.
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5 ~ Chapter |

INTRODUCTION

In recent years, the idea of using solvents in their critical or
supercritical state has received much attention. This separation pro-
cess, known as supercritical fluid extraction (SFE), is based on the

\ .
fact that a gas can exhibit enhanced e)fjtractive power when it is com-

‘pressed isothermally, at a temperature greater than its critical tempera-

ture, to a pressure greater than its critical pressure [1,2]. A number
of solvents, such as carbon dioxide [3], ethane [3], ethylene [3] and
xenon [4], can be used as supercritical solvents. Carbon dioxide is

the most comménly used supercritical solvent. It not only has easily-

reached critical conditions (TC = 304.2 K, PC = 7.38 MPa), but also is

. nontoxic, noncorrosive, nonflammable, readily-available and relatively

inexpensive.

Supercritical fluid extraction has -certain unique physico~chemical
characteristics which distillration and liquid extraction do not havé. In
distillation, the separation factor (relative volatility) is primarily a

function of temperature whereas liquid extraction is based on those

properties of the material which determine the intermolecular interaction

" with the molecules of the extraction agent. Both~of these effects are,

‘to a certain extent, united in the supercritical fluid extraction. As

shown in Table 1.1, while the density of a supercritical fluid is about

70% that of a normal liquid, the diffusivity and viscosity are intermedi-



ate to that of a‘liquid and a gas [5]. These characteristics are good
enough to provide solvent capability and low enough for hi;;h diffusivi-
ty. Thu‘s a supercritical fluid has bettér mass transfer characteristics
than a liquid solvent. Figure 1.1 shows _s‘o'me P-p isotherms for pure
carbon dioxide at subcritical and supercritical conditions. The region
that is of interest for supercritical fluid extraction is at conditions

bounded approximatbely by 0.9 < Tr < 1.2 and Pr > 1.0.

Supercritical fluid extraction offers several advantages over distilla-
tion and liquid extraction: |

1. ° The operation of supercritical fluid extraction is r-eI'ativer sim-
ple. Only temperature and pressure are to he controiled during
the operation.

2. This technology frequently offers energy savings over distilla-
tion and the advantage of yielding purer, less thermal damaged
solutes than by more conventional methods.

3. The enhanced solubility effect of supercritical fluid extraction is
reversible because .it is very sensitive to changes in the density
of the fluid (i.e. Rhe changes in t:;perature and pressure),

4. Solubility of components in supercritical f.uids can be increased
by several hundred percent by the addition to the fluid phase of
small quan:cities '(one mole percent) of a volatile, often' polar,
material (entrainer) [6].

The major disadvantage of supercr‘itica'l fluid extraction is that it is a

capital-intensive process.

As mentioned above, the separation factor of supercritical fluid

extraction is a strong function of both temperature and pressure.



( "
Table 1.1: Physical ‘properties of a gas, a liquid and a superi:ritical
fluid.
Property Gas Liquid Supercritical
fluid *
density 107 1.0 0.7 \
(g/cm3) S
_ . >
diffusivity 107} 1075 10-3
'[cmz/s] |
viscosity + 100% . 1073 1074
(g/cm/}ij
* Carbon dioxide at T‘r'=1'00 and Pr=1.88.

Y
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Figure 1.1: P-p phase diagram for carbon dioxide.



Novel separation schemes are possible by varying these two factors.
. For example, light components of coal can be extracted using supercri-
tical fluid with a critical temperature below the temperature at which
thermal degradation of the coal occurs [7]. The . heavy solute can then
be easily separa‘ted from the supercritical solvent by adjusting thé'den-
sity and hence soivent power of the supercri{ica[ fluids. if the pres-
sure is lowered isothermally, tlhe density decreases and_ the solute will
pr_ecipitat,e from the solution. Alternatively, isobarically increasing the
temperature near the critical pressure of the gas decreases the solveﬁt
density and hence precipitation of the solute can oceur-.

The most notable recent application of supercritical fluid extraction
is the decaffeination of coffee by Hag AG in West Germany [8]. in
the decaffeingfi.bn process, presoaked green coffee beans are treated in
a pressure vessel with carbon dioxide at 16-22 MPa (density v 0.4-0.65

3). The caffeine diffuses out of the beans into the supercritical

g/cm
carbon diox.ide. The caffeine can be removed from the fluid phase by
adjusting the density of supercritical carbon dioxide or lalternatively by
adsorbing the caffeine onto the activated carbon directly from the
suber‘cr‘itical carbon dioxide.

Kerr-McGee Refining Corporation has already commercialized a pro-
cess called Residuum Oil Supercritical Extraction (ROSE) that uses alip-
hgtic hydrocarbons such as pentane at supercritical conditions as a sol-
.vent‘to extract asphaltenes and resins from distillation residues [9].
This technology has been extended to the de;ashing of coal liquids
[10}.



Chromatography using a supercritical fluid as a.mc;bile phfse to
enhant;e 'migra_tion of substances on chromatographic .column was devela
oped into a useful analytical technique [11]. Since a supércritical fluid
has more desirable transport properties than a liquid, supercritical fluid
chromatography (SFC) is superior to liquid chromatography in separa-
tion efficiency and speed. Pressure drop across the column in super-
critical fluid chromatography is small since the supercritical fluid has a

low viscosity. Supercritical fluid chromatography is also particulariy
useful for the separation of thermally labile, nonvolatile compongnts
such as porphyrins which decompose d\uring tempera{ure programmed
gas chromatography. 3/{; T

T

Supercritical fluid extractioh™ is also looking attractive for other

applications in the chemical, food, drug and energy industries. These
applications include extrac ion\' ganic pollutants from wastewater
[12], extraction.of citrus oil from peelings [12], extraction of pyrethrin

insecticides from pyrethrum [12}" and enhanced qil recovery by carbon

dioxide injeﬁn\[\w].

Although a number of -new—=applications is commercially viable at this
moment, supercritical fluid technology has vyet to live up to its early
promise as an extraction method [12]. The main reason is that too lit-
tle is known about the thertnodynamics of supercritical s;.ystems. There
is still a need Yor fundamental research with supercritical solven_ts,
such as high-pressure phase equ%libria of fluid mixtures, To fully
understand and capitalize on the unique processing capabilities of these

solvents. Supercritical fluid extraction involving the separatidm of rel-

atively nonvolatile components, often in solid phase, has been investi-

- -6 - | /
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gated lately by many researchers [1-5,14-20]. Most of them concen-
‘trated ‘on the measurements of solubility data. In addition to the solu-
bility mgasurements, .lMcHugh et al. [3-5,14] also measured the
\pressure-temperature (P-T) projection of the three-phase (solid-liquid-
gas) ';:oexistence curve of binary mixtures. In their study, a large’
temperature minimum in the P-T projection was observed in the
biphenyl-caf'bon dioxide, _naph’tha]ene-carbon dioxide and octacosane-
carbon dioxide systems. Such unusual behavior was not observed in
the ethane or ethylene s.ystems. Because of the temperature minimum,
some reported solubility data only describe a liquid-gas equilibrium.
Therefore thermodynamic correlations based on solid-fluid assumption
are no longer valid in certain pressure ranges near the upper critical
end point (UCEP) temperature [3-5].

The objectlve of this research is to study the unusual phase behav-
ior of naphthalene(]) carbon d:ox|de(2) system This system is chosen
in this. study because physical properties of both components are well--
defined in the literature. A new technique was used to determine the
three-dimensional pressure-temperature-composition (P-T-x) space model
of the three-phase (S-L-G) coexistence curve. Both the lower critical
end point (LCEP) and upper crltlcal end point (UCEP) are of techno-
logical interest in supercritical fluid extraction. In the UCEP case,
mole fractions are larger and phase b;havior near the UCEP is interest-
ing and of greater practical importanc.e [3-5]. Thus solubility data
near the UCEP temperature were experimentally’ i;westigated. Solubility

>

data were measured by a flow systenjLi.n this study [14-18].



In his recent phase theoretical investigations of carbon’ dioxide sys-
tems, Schneider [21-23] has shown that different classes of phase’
behaviqr: can be characterized accérding to the shape of their critical
curves. Two basic’ classes of .P-T projection of phase behavior for
binary mixtures of heavy hydrocarbons and carbon dioxide are classi-
fied and described briefly in chapter II.

" A correlation method of T-x relatio_n rof the three—_phase (S-L-G)
coexistence curve is presented in this .'study. The van Laar equation
was used to predict the liquid-phase activity coefficient of the heavy
component. To correlate the solubility data, an empirical equation of
state such as the Soave-Redlich-Kwong (SRK) was used. In addition to
one-parameter random .mixing rules (one-fluid model), two-parameter
random mixing rules (binary paramét.ers for both attractive term and

van der Waals volume, a and b) were also used.



Chapter I

PHASE BEHAVIOR FOR BINARY MIXTURES OF CARBON

DIOXIDE AND HEAVY HYDROCARBONS

The understanding of phase equilibria at hi'gh pressure is undoubt-
edly invaluable for the applications of superc}-itical fluids in chemical
engineering pror‘:esses. This involves the study of the p;hase relation-
ships of mixtures at high rpres;ure, which can best be éxpressed by
P-T-x-y surfaces represented in graphical form or often by P-T, T-x-y
or P-x-y projections of these surfaces on the appropriate plane. o

Since supercritical fluid extraction usually involves the extraction of
relatively nonvolatile components by a light supercritical fluid, the
molecular size, shape, structure and critical conditions of the two caom-
ponents differ substantially. |n some instances, the melting . tempera-

ture of the: heavy component 1, Tm., is much larger than the critical

temperature of the l'ight compénent 2, TCZ' and there is no common
range of temperature in which both pure components are liquid. In

this chapter, systems of this kind were classified according to the P-T
pr*ojecti;m of their phase diagrams. P-x-y sections of the mixtures at
constant temperature were then deduced from the P-T projection and

the phase behavior of the mixtures at high pressure is described using

these isotherms.



2.1 Classification of Phase Behavior.

Because of the great variety of phase’ beha\/ior of the mixtures, a
comprehensive discussion of the phase behavior is inhibited unless dif-
ferent types of diagram are classified in some way. In the classification
of phase diagrams of carbon dioxide systems, the most recent work is
that of Chai [24] who classified the phase diagr‘ahs into four different
categories. For the purpose of discussion, the phase behavior of car-
bon dioxide systems is classified in a simple way. Using as a basis the
P~T projections of critical and three-phase lines, the phasg behavior of

the binary systems of interest‘is classified into t’wo basic c¢lasses, as
shown in. Figure 2.1 and Figure 2.2. )

S~

In the diagrams, principal lines and points form the boundaries in
the P-T space. The types of bo:.mdary. lines are described as follows: 7
1. Pure component vapour pressure curves (M-C1 and F-C2),
sublimation curve (M-E) and melting curve (M-D) are in solid
fines.

2. Critical lines (0-C2, N-C1, LCEP-C2 and UCEP-C1) are in
dashed lines.

3. Three-phase lines (B-Q, 0-Q, M-Q, B-LCEP, M-UCEP and H-Q)

are in dash-dot lines.

The types of points are described in a similar manner:

1. Triple point (M) of pure component 1 is in triangle.
2. Pure component critical points (C1 and C2) are in open circles.
3. Critical end points (O, LCEP and UCEP), formed by the inter-

section of a critical line with a ’chr'ee-pha\séﬁlr lines liquid-liquid-

- gas or solid-liquid-gas, are in closed circles.
>

- 30 -
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Figure 2.2: Schematic P-T projection of déss il systems.
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4. Quadruple point (Q) where four phases (ST-SZ-IFG) in equili-
/ bruim is in open sguare.
2.2 ’"Class | Systems. . L
/ 7
Class | systems occur when the three-phase line $1-L1-G cuts a

three-phase line of liquid-liquid-gas (L'I-LZ-'G) at a quadruple point
(ST:L.T—L?.-G), where L1 represents the compor(ent T-rich- phase and L2
represen‘ts t.he component 2-rich phase (Figure 2.1). The liqui}ifg-a—s
(L-G) critical line is nof’fontinuous from C1 to C2, but consists fof two
branches. One branch eﬁa@s from C2 and ends in the critical end |
point O, where it intersects the three-phase region (L1-L2-G). The
second branch, emerging from C1, passes {hrough maximum and mir;ti-
mum pressures, and then rises to ver.y high' pressure, Examples of
this class include the trans-decalin-carbon dioxide [25], tetralin-carbon

dioxide [26], 2-methylnaphthalene-carbon dioxide [27] and n-eicosane-
carbon dioxide systems [28]. (’

. s
Figure 2.3 s._
g

dur P-x-y sections corresponding to 'Tl, Tz, 'T3.
and T4 of Figurps For the isotherm at TJ. in Figure 2.3(a), there

are two three-phase [ineé (S1-L1-G and L1-L2-G) at pressures below

the .saturated pressure of component 2 _since these three-phase Ii)nes
(M-Q and 0-Q) are below the vapour pressure -curve (F-C2) of compo-
nent 2 at Tl- (Figure 2.1). The two-phase region at pressures below
the three-phase line S1-L1-G (the first.hor‘izoq.tal line ) corresponds to
§o|id-—9$s equilibrium whereas the two-phase r‘egion‘J at pressures below

the three-phase line L1-L2-G (the second horizontal line) corresponds

to quui'd‘—gas, solid-liquid or a single liquid jphase (L1) depending on

- 13 -



By

L2

(@) Tq (b) T,
S
Lt
L1 Liel2 L2 L1 L1+L2 L2
S
+ - L+G
1\ j;
‘L...G L+G
S+G
G
(€)1
(- 3
1
L1 L1+L2 L2
0 X5, Yo 1.00 Xo,¥o 1.0
Figure 2.3: P-x-y isotherms of class | systems.

(a} T1

(€ T,

< Tm

.
N3

,(b]Tm<T2<T

< T
O ’

- 14 -

€2

(d) T4 = T0

r

S |

i



the mixture composition. At pressures above the three-phase line
T_‘1-L2-G‘, there is a small two-phase liquid-gas region occurs at high
contents of component 2; additionally a liquid-liquid miscibility ga.-;;
L1-L2 is founc‘i.‘_ Such miscibility’ gap is due to the very differeqt vola-
tilities of the pure components.

The isotherm (Tz) shown in Figure 2.3(b) is situated at a tempera-
ture between the me[ti_ng temperature of component 1 (Tm) and the
critical temperature of component 2 (TCZ)' The three-phase line
S'I—L'.1-G disappears and the solid-liquid ﬁquilibrihm appears at a higher
‘pr‘essure.‘

The isotherm (T3) in Figure 2.3(c).cuts the liquid-gas. critical locus
(0-C2) at point C where the two-phase liquid-gas région vanishes at
this point. Liquid-liquid miscibility gap still exists; but with a narrow-
er gap, at pressures above the three-phase line. Here the branch "e"
on the right represents the solubility of the liquid component 1 {heavy
component) in the supercritical component 2 and the branch "f" on the
left thaf of the supefc:i'tical component 2 in the liquid component 1.

"The isotherm corresponding to T4 shows that the small liquid-gas
region decreases to zero at the critical end’ point O and the quui_d—
liquid miscibility gap close; at the liquid-liquid critical point. This is
because the three-phase line L1-L2-G cuts the critical Ioéus (0-C2)
which emerges frem the critical point of component 2 (C2). Beyond
temperature T,, the 'liquid-liquid and liquid-gas equilibrium can no

longer be distinguished.

- 15 -



2.3 Class || Systems,

A binary mixture consisting of a nonvolatile solute and a near-
critical or supercritical solvent of class |l system is the system in which
not only the critical temperatures of the pure components are far apart;

but also the critical temperature of the solvent lies below the melting

temperature (Tm) of the solute (Figure 2.2). In this case, the .three-

phase lines dre of the type solid-liquid-gas (S-L-G),_instead of the
type liquid-liquid-gas (.L-L\-G) shown in the phase’ diagram‘s ‘of the class_
l systen{s. |

Class {l systems occur as a r;asult of the sequence of changes shown
in Figure 2.4 [5,29]. Figure 2.4(a) is_, a typical P-T diagram for a
bi_nlar;y mixture in which the cbmponents do not differ appreciably. As
the molecular size, shape, structure and critical conditions of the two
components differ substantially, i.e. the critical temperature of compo-
hent 2 lies far below 'tha_t. of the melting temperature of component 1 ,
the three-phase reghn S1-L-G (line BM in Figure 2.4(a))} moves
upward, and intersects the gas-liquid critical line (C1-C2) to form two
cr.itical end points, as shown in Figure 2.4(b). Such points are called,
respectively, lower and upper critical end points (LCEP and ‘UCEP),
since they mark the limits of pressure and temperature in which critical

states may be found. With increasing -difference between the critical

temperatures of the pure components, solid-liquid-gas (S1-L1-G) lines

~can be classified into three types [30], as shown in Figure 2.5.

ol

7/ . .



(b)
Figure 2.4: Formation of class |l systems.
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2.3.1 Class II{A) Systems.

The first type of class Il systems (Figure 2.5(A)) is the most com-
mon type of system encountered in supercritical fluid extraction. The
three-phase (S1-L1-G) line M-UCEP has a negative slope’ Example

includes diphenylamine-carbon dioxide (for reference see [29]). The

. three-sided region, M-UCEP-C1, bounded by the vapour pressure curve

M-C1, the liquid-gas critical line C1-UCEP, and the three-phase line
-M-UCEP, is a region of liquid-gas phase separation. At temperatures
between the WUCEP and LCEP, the solid phase of component 1 is in
equilibrivm with a “component 2-rich gas phase. No liquid phase exists
in the temperature range between LCEP and UCEP.

Fpur P-x-y isotherms corresponding to the temperatures T,, T2, T3
and T4 of Figure 2.5(A] are shown in Figure 2.6. Tl lies between T

c2
and LCEP and it cuts ooth the three-phase line B-LCEP and the critical

\:Dline C2-LCEP (see Figure 2.5(A)). In Figure 2.6(a), solid-gas equilib-

rium exists as the light component is compressed until the solid-liquid-
gas line is reached. The three equilibrium phases are cdnnected by a
horizontal tie line and point C is the liquid-gas c.ritical point. Since
almost no gas dissolves in the solid phase, pure solid is assumed in this
case. C:T'hz?: asymmetric shape of the small liquid-gas region indicates
that the solubility of the light component 2 in the heavy phase {left
branch of the L-G region) increases much faster than the solubility of
the heavy component in the light phése (right branch of the L-G
region). Above the three-phase line, solid-fluid equilibrium is four.1d.
As the temperature increases from T1 to TZ' the liquid-gas region'. .
on the right of Figure 2.6(a) dec.r'eases in size, and wvanishes at the-
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Figure 2.6: P-x-y isotherms of class I1(A) systems.
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LCEP. An isotherm at T2 can be expected to have the shape shown in
Figure 2.6(b).. The branch "e" illustrates the behavior of enhanced
solubility of a nonvolatile solute 1 in a supercritical solvent 2. With
increasing pressure there is a dramatic increas® in the solubility of
co.mponent: in the supercrit&cal fluid pHase. Such solubility behavior
is s-hown by tf;e negative slope of the fluid boundary in this reglion
(see br‘anch/"e"). Both experimental and theoretical studies suggest
that there is a maximum solubility in the solid-fluid equilibrium [31-33].

The P-x-y isotherm depicted in Figure 2.6(c) is at a temperatulre
less than the melting témperature of component 1 but slightly greater
than the UCEP temperature. In this instance, the solubility behavior is
similar to that in Figure 2.6(a). As the temperature inc;reases from T,

3
to T4 , farther from T the liquid-gas region increases in size.

UCEP’
Afrer passing the melting temperature of component 1, the solid-gas
equilibrium vanishes and hence two completely separated two-phase

regions, ‘solid-liquid and liquid-gas phases, form as shown in Figure

2.6(d).

2.3.2 Class II{B} Systems.

In the second type of class |1 systems, ‘the three-phase line M-UCEP
has a temperature minimum and regions of both negative and positive
siope (Figure 2.5(B)). Examples of this type include the naphthalene-
carbon dioxide [3,5], biphenyl-carbon- dioxide [3,5] and octacosane-
carbon dioxide systems [3,5]. P-x-y isotherms below the temperature
minimum (Tm.n) of t.he three-phase line are of little interest in this case -

since they are the same as Figure 2.6(a) and Figure 2.6(b).
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An isotherm at Tl’ a temperature which is greater than the temger:
ature minimum of the three-phase line (S1-L1-G) but still less thgn the
UCEP temperature (see Figure 2.5(B)}, is shown in Figure 2.7(a). A
more complex phase behavior is expected since the three-phase line
M-U‘.CEP of. Figure 2.5(B) is intersected twice at Tl. At pressures
bélow the first three-phase pressure, Pa in Figure 2.7{a), solid-gas
equiIiBrium exists. At pressures above ti_'\é second- thr_'ee-phase pres-
sure, Pb, solid-fluid equilibrium .exists. Between Pa and Pb, either
liquid-gas, solid-liquid or a sir%?l;ﬁuid pi;ase exists depending on the
composition” of the mixture. Using a flow system, only the composition
of the heavy component in the .gas or fluid phase is sampled and anal-
ysed. The meésl:lr'ed P-x-y isotherm represents the solid line on the
right of Figure 2.7. Thus thermodynamic correlations of the solubility
‘data using solid-fluid equilibrium are not valid between Pa and Pb. It
is i‘nteresting to notice that the solid-liquid line bends toward composi-
tions richer in the light component with increasing pressure and it
eventually merges with the liquid branch of the -liquid-gas loop. Mole
fractions of both loops are considerably high.

For the isotherm at the UCEP temperature, shown in Figure 2.7(b),
the three-phase line (S1-L1-G) intersects precisely at the UCEP pres-
sure and the quuicﬁ-gas mixture becomes critical in the presence of
excess solid. The derivative (3P/gx)_ must equal to zero at this
point [34]. At pressure greater thanuiﬁe UCEP pressure, solid-fluid

equilibrium is maintained again.



2.3.3 Class [I(C) Systems.

In Figure 2.5(C), the critical and three-phase lines intersect at a
critcal end point UCEP which lies at a temperature abeve thé triple
point (M) of' component 1\ The isotherm which lies bglow the triple
point of component 1 is similar to that of the system described in Fig-
ure 2.6(b), which consists of a single region of solid-fluid equilibrium.
At temperature (Tl) between the tr‘ipli‘a point of component 1 and the
UCEP temperature, P-x-y isotherm is different from the systems shown
previously (see Figure 2.8(a)). At pressures below the saturated vap-
our pressure of component 1, Pa, either fiquid-gas or a single ligquid
phase exists depending on the composition of the mixture. However,
between Pa and the three-phase pressure Pb, a solid-liquid region
appears in addition to the two regions described above. Above Pb,
solid-fluid equilibrium exists.

As the temperature increases to the UCEP temperature, the single
liquid region (L) increases in size and the liquid-gas mixture becomes
" critical. At this point, the solid-liquid and solid-fluid region;.; become
identical. Such an isotherm cannot be observed in class II(A) systems

(Figure 2.6(d)) since the [fquid-gas region cannot intersect with the

solid-fluid region.
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2.4 Representation of Phase Behavior.

Theoretical calculations are useful in correlating the experimental
data and extending the experimental data to regions or systems not
experimentally measured. In the following two sections, correlation

methods for the T-x relation of the three-phase (S-L-G) lines and the

solubility data using equation of state are presented.

2.4.1 Correlation of T-x Relation.

-

To correlate th‘e, T-x relation, solid-liquid equilibrium is assumed

and the following expression is obtained:

“negyy = -(aH2/R) (1/T-1/Tn) (2-1)

wherg x1 and ¥, are, respectively, the mole fraction and the gzctivity'
coefficient of component 1 (heavy component) in liquid phase. AH?__ and
Tm are the héat of fusion and the melting temperature of pure compo-
nent 1 respectively while T is the- system temperature. Rigorous deri-
vation of eq.(2-1} is shown in Appendix A. In the derivation, cor-
&lféction terms containing ACp (the specific heat difference between liquid
and solid phase) are neglected and AG? is assumed to be independent of

pressure, i.e. the partial molar volume of liquid naphthalene is equal to

that of solid naphthalene. The first assurﬁ'btion is made because both
=

* ACp of naphthalene and the temperature range of this study are small.

The second'?ssumption is made because of the lack of information of the
partial molar‘lvolume of liquid and solid naphthalene.

Since the valles of AH? and Tm are available in the literature, the

‘. T-x relation of the three-phase (S-L-G) line can be found if the actjvi-



i

s

ty coefficient Y, can be estimated. In -this study, the van Laar/equa-
tion is used to estimate the Yl because of its flexibility and its mathe-

matic simplicity. The van Laar equation is illustrated in the following
-

expression:

. _ 2 )
Constants A12 and A21/ are assumed to be temperature independent.

This assumption is quite tolerable since the temperature range involved

in this study is not large. Experi?nental data of Y calculated from

lf
eq.(2-1), are used to find the'best fitted values af_Al and"?ﬂ"21 by

2
minimizing the sum of squares of the difference between the calculated
and experimental Yl values. Projection of T-x relation of the ideal

solution is also included for comparison by letting 'Yl equal to unity.

2.4.2  Correlation of Solubility Data.

The thermodynamics applicable to relate the equ/iLibriumwo-fe\_f_r,a{tion

of a solid dissolved in a supercritical fluid was treated by Prausnitz

) ~ . L .
[35] and the rigorous “derivation is shown in Appendix B. The thermo-

dynamic model can be expressed as follows:

hY

yy = (PS3E/P) (176 Jexol (v§/RT) (P-PT**)) (2-3)
or ¥y =,Z>§at/P)(e.f.) | | | (2-4)

-

+

In eq.(2-3), several assumptions are made: (a) the sclid is pure, (b)

the solid is_consi.dered to be incompressible, and (c) the fygacity coef-
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ficient of pure vapour 1 at T and Pisat is unity. In most instaﬁces,
these assumptions are appropriate. In eq.(2-4), the Poynting factor
{exponential term) seldoms éives an enhancement fa;;tor (e.f.) of more
than 2 [35]. Thus the fugacity coefficient ¢1' accounts for the high
enhancement factor encountered experimentally. Accurate estimates of
this wvariable are .therefore necessary to determine Yy - q;l can be-« esti-

mated from an equation of state with mixing rules. In this study, the

~ Soave [36] modification of the Redlich-Kwong equation of state [37] was

used:

f/jJBT/(v-b) - a/{v{v+b)} t(i—S)

To relate the pure component terms, one-paramgter and two-parameter
random mixing rules were used. The two-parameter random mixing
rules were used in this study to account for the highly asymmetric

. [l - . d
nature of the mixtures. Using the one-parameter random mixing rules,

0.50.5,, .
a = Ezyﬁyjai aj (1 kij)
. ) (2-6)

= Lyiby

o
|

the éxpression for ¢1 is illustrated as follows:

Tngy = -1n(Z-8) + (b,/6)(z-1)
- (wB)2(a] /2% %) (o, /5) Mnt1s (/2] @

where A = (aP)/(RT) and B = (bP)/(aT)

L%
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The two-parameter random mixing ruies involve binary parameters for

both the a and b terms:

u
l

70.5.0.5
_-Ez_yiy.a? Saj (l-kij) .

’ (2-8)
b= Ty floyh /21T y)
“This yields the followifng expression for byt :
‘ Tngy = -1n(Z-B) + (bj/b)/(v-b)
. + a{l+(by/b) I/ {RT(v+b)} ’
- (A/B){1+(ai/a)—(bi/b)}_I‘n;{l*'(B/Z)} @9
wﬁeré ai = ZEyiali and bi = 2Zyi;1i

3

Computer progfams used to égrre!ate the T-x relation and the pre-

diction of yl are shown in.Appendix. F.

¥
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Chapter 11l
EXPERIMENTAL DETAILS

Two types of experiments were performed in this study. In one.,
the P-T projection of the upper branch of the three-phase solid-liquid-
gas coexistence curve (Figure 2.4(b)) starting near the melting point of
naphthalene and. terminating near the UCEP was measured. In another,
the solubility of naphthalene in supercritical carbon dioxide was meas-
ured. The P-T projection‘ of the S-L-G coexistence curve was meas--
ured, priorl to obtaining the solubility c{ata, so that solubility II:ehavic.)rs
such as solid-fluid and liquid-fluid equ-il'i-br'ium were known before the

solubility measurement.

3.1 Materials. g

The 99+% purity naphthalene with. meiting temperature of 353.15 K
was supplied by the Fisher Scientific Company. Liquid carbon diloxide
at ambient temperature and saturated pressure was supplied by Air
Products & Chemical Inc. andr the purity of carbon dioxide was 99.9+%.
Acetone with minimum purity of 99.9+% was supplied by Canlab, a Divi-
sion of McGraw Supply Ltd.. AI] these chemicals were used without
further purification.

The critiqal properties of the two components, naphthaiene and car-
bon dioxide, are listed in Table 3.1 whereas the pure solid properties

of naphthalene are listed in Table 3.2. ¢
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Table 3.1:

(for reference, seeA {381

Critical properties of naphthalene and carbon dioxide.

T, Kl
Pc [MPa]
Ve [cm3/mole]

748.4
4.05

410.0
0.302

-3 -
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Table 3.2: Physical propertiés of naphthalene.

(for refererice, see [39])

Property Naphthalene
Molecular

structure .

Tm [K] 35815
S 3 )

v [em”/mole] 128.6
AHY [J/mole] 19060. 8

Antoine coeff. *°

A 7.2144
B 2926.6
c -35.8

_-x log Piat = A-B/(C+T),
where T is in K,
and P32% is in 10-1MPa.
- \ A
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3.2 Measuremént of the Three-Phase (Solid-Liquid-Gas) Coexistence

Curve.

Various techniques for determining t'he P-T projection of the S-{-G
coexistence curve are described in the literature. - In general, these
techniques can be described by the following two experimental methods.

| In the first method, thei P-T projection of the three-phase curve is
determiﬁed by intersection of the liquid-gas (L;'G) boundary and the
éo“d-ﬂuid_(S-F) boundary in the P-T diagram at constant composition
[40-41]. The composition of the mixture is measured by introducing
known amounts of solid and. light component into é h'igh pressure view
cell. The solid-fluid ‘region separating from the flui'c? region is meas-
ured by'slowly heating a mixture of solid substance and fluid phase at
constant pressure until all the solid has disappeared. The liquid-gas
‘boundary is méaslbv:;ed by slowly increasing the pressure at constant
temperature uptil either the liquid phase or the gas phase disappears.
This method offers advantages of méasuﬂng the P-T-x-y characteristics
of the S-L-G coexistence curve and the UCEP. However, a lot of
experimental time is needed in this method.

The second method, the so called the "fir'st melting point” method,
is commonly used by most of the researchers [5,642] t‘o determine the
pressure and temperature of the S-L~G coexistence curve. Using this
method, P-T projection of the three-phase curve is determined quickly.
HoWever,_ the gas-phase and quuid—pha.se compositions as well as the
UCEP cannbt be measured." |n this meth;d, starting from a soHd-fhﬂa
condition, temperature is increased slowly until the solid begins to melt.
This temperature is then taken as the three-phase coexistence tempera-

ture. ) ' T
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A diufferent technique was used in this study to determine the P-T-x
characteristics of the three-phase curve. Instead of usihg the "first
melting point"” method,. the "first freezing point" method was used.
This method provided a fast and reliable determination of the P-T pro-
jection as well as the liquid-phase composition of the three-phase curve.

The experimental apparatus and procedure are described in the follow-

ing two sections, T

! ' / /
3.2.1 Experimental Apparatus. - '

The h}gh pressure view cell along with the accessory equipments
't.hat were used to measure .the temperature, pressure and liquid-phase
composition are shown in Figure 3.1. The apparatus consisted of five
“major sections: a pressurizing system, a temperature controlled water
bath, a h.igh pressrjre Yiew cell -with‘ rﬁagnetic stirring system, a solid
recharging system and a compositio'n analysis system.

In the pressurizing system, liquid carbon dioxide from a supply
cylinder was pressurized by an air-operated automatic boost pump
(max. 68.9 MPa, Futurecraft Corpovration). A hand loader type prés-
sure regulator was adjusted to a desired outlet pressure and the boost
pump operated automatically until reaching the adjusted setting. The
system pressure was measured using Dynisco pressure transducers (B2

model 112851, max. 13.8 MPa; Bl : model 112743, max.. 137.9 MPa).
Both transducers were located very close tc? the high pressure view
cell. Pressure readings were indicated by a pressure digital recorder.
Both transducers were calibrated with a dead weight pressure tester
(Testing Instrument Co. Inc.). The calibration curves for both trans-
ducers are shown in Appendix C. The accuracy of the pressure trans-
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Schematic diagram of apparatus for measuring the P-T-x

curve.
A : high pressure‘view cell,

B : pressure tr;ansducer‘,_ -

C : pressure gauge, D :: solid vessel,
E : hand pump, F : syringe,

G : solid sampler, H : pressure gauge,
| : sample cyIi'n.der‘, J : water bath,

, ¢

: three-way valve, b : three-way ball valve.
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ducers (B1 and B2) was estimated to be * 0.04 MPa and.+ 0.02 MPa
respectively. Pressure gauge C was wused as a rough indication of .
pressure. )

A two-layer (insulat_ed with foam) stainless steel water bath_‘(45cm X
45cm x 50cm) was specially designed for the purpose of this study.
Polypropylene balls (Euromatics, dia. 20 mm) were used to keep water
from evaporation and cut down the heat loss. Thsse bails could with-
stand temberature up to 383.15 K. Temperature contr?l was maintained
using a precisioﬁ temperature controller (mociel 250, Bayley Instrument
Co.). The controller emitted pulses to provide cur?ent for a 1000 watts
heater (Vycor brand, Corning 16790). A high speed stirrer was used
to ensure tHe temperature uniformity of wéter bath. Temperature could
be eésily maintained from 328.15 to 353.15 K within + 0.01 K. To
attain a high temperature quickly, a second heater A(Vycor brand, 1000
watts) powered with 110-120 V was used. A bath cooler (PBC-2, Nes-
lab Instrument, Inc.) was used to ‘decrease the bath temperature during
the freezing point measurement. The bath temperaturé was measured
using a Hewl-ett—Packar‘d quartz thermometer (model 2801A) which was
calibrated at the triple point of pure water with a platinum resistance
thermometer (S.N. 1775701, calibrated 1968 IPTS scale, Leeds and
Northrup). The calibration of the quartz thermometer is Yhown in
Appendix C. Sensor (S.N. 1126-44) of the quartz thermomlter was
located on the Ol;tside skin of the ceH.. The accuracy of the témpera~
ture measurements was estimated to be + 0.01 K.I The correction fac-

tor which- had to be added to each of the temperature readings, from

330.15 to 353.15 K, was 0.02.
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The high pressure view cell (max. 68.9 MPa) w;th an internal voi-
ume of approximately 25 cm3 was supplied by Jerguson Gauge and Valve
Company. Du.ri_ng‘the experiment, liquid ar.ld gas phases were mixed by
the action of a magnetic stirre.r &15 cm long) previously insertea into
the cell. The motion of the stirrer was contr:olled with a doughnut-
shaped magnet which was moved vertically up and down on.top of the
cell by a motor. A cathetometer was used to observe the crystallization
of naphthalene.

The solid recharging system consisted of “a hand pump (Ruska
Instrument Corporation) and a solid vessel (max. '34.5 MPa) with an
internal volume of approximately 50 cm3. Heating tape was used to melt
the solid naphthalene so that naphthalene could be charged into the cell
using the hand pump.

The composition analysis system was designed-in the following way
so that the liquid-phase composition could be sampled and meas;ured. A
three-way valve (‘SW-2075, max. 75.8 MPa at room temp., Autoclave
- Engineers) was connected tc: the highl pressure view cell as close as
possible so that a saturated liquid phase could be sampled. This
three-way valve, valve a in Figure 3.1,'-had a feature that only the
way connected to the cell was opened or closed while the other two
ways connected to valves 11 and 12 were always on. The sample loop
between the three-wa\‘/ valve and these valves was cut short to about
2.5 cm each. Three long handles whicl'.m extended out of the water bath
were used to control the three valves.' Another three-way valve

(55-41XS2, max. 17.2 MPa at 293.15 K, Whitey) was used to analyze

the solid or gas phase. This three-way valve. had a different feature:
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the sample loop from the bath was either connected to a solid éémpler
(glass beaker, 200 crna) or to a sample cylinder (internal vol. 300 crn3,
lWhitey). During the expansion process, car;bon dioxide pressure
released from fiquid naphthalene was measured using a Bourdon-tube
Heise gauge (max. 344.6 KPa, accurate to * 0.02 KPa). The sample
cylinder was immersed in a circulated water bath so that a stable temp-
erature was maintained, as rﬁeasured using the quartz thermometer
described previously. Acetone from a syringe was used to dis.i,plve the
solid naphthalene deposited on the wall of the sample loop and line.
The resulfing solution was then forced down to the solid sampler using
the syringe. In case of clogging, the sample loop and the line were
heated using a heating tape. The amount c;f solid naphthalene collected
was weighed using a micro-balance (Mettler H20, Fisher Scientific) with
an accuracy of +0.0001 g. Gases S;JCh as acetone, air and carbon
dioxide were removed using the vacuum system which consisted of a

vacuum pump and a liquid-nitrogen trap system.

3.2.2 Experimental Procedure.

Before the experiment, valves a, 4, 5, '6, 11 and 15 were closed.
The high pressure view cell, initially loaded with approximately 15
grams of naphthalene, was purged of air with carbon dioxide at
approximately .1 MPa through valve 9. After three to four purgings,
valves 7, 8 and 9 were closed. At this moment, the sample loop
between valves 11 and 12 was evacuated using the vacuum system.
After the evacuation, valves 12, 13 and 16 were closed. The system
was then brought to a desired pressure and maintairlwed there for

approximately 30 minutes to ensure thermal and pressure equilibriﬁm.
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Starting with a solid-fluid equjlibrium in the cell, the temperature
was increased until the solid naphthalene began to meit. This melting
point was recorded. The system was then heated slowly until the solid
was completely melted. The temperature was then maint.ained with rig-
orous stirring for approximately 30 minutes so that liquid n;phthalene
was saturated with car_bon dioxide. Complete mixing was egsential sinc.e
crystallization would occur at a higher temperature if saturation was not
attained during the cooling process. The saturated (}o[ution was cooled
slowly so that the first freezing point was observed precisely. Condi-
tions when the first.crystal formed were measured as the three-phase
coexistence point. The solid was then melted and frozen again in an
effort to obtain a consistent and accurate result. In most cases, the
interval between the first measurement and the second measurement was
within * 0.5 K.

The composition of the liquid naphthalene at the three-phase condi-
tions was sampled at the second measurement of the freezing point in
the following manner. When the first crystal was noticed, usually

P

near the window of the view cell, the three-way valve a was

for\m—e—c'i/
opened and saturated liquid naphthalene flowed irto the sample loop.
Since the crystallization formed rapidly, the procedure had to b:s: car-
ried out very quickly. The saturated liquid phase was then expanded
immediately into the loop bétween valve 12 and 13. Valvre 13 was
opened slowly so that carbon dioxide wa's expanded into the sample cyl-
inder through the three-way ball vaive b. The rise of pressure at the

rd
bath temperature was then corrected to the condition at 298.15 K using

an ideal gas equation. A calibration curve between the rise of pressure
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and the number of moles of carbon dioxide is presented in Appendix D.
The amount of carbon dioxide was obtained using the calibration factor.

After that, valve 11 was opened and soljd naphthalene was collected by

~ forcing acetone to the solid sampler through the three-way ball valve b. *

T

3.3  Solubility of Solid in Compressed Carbon Dioxide.

Eé(_perimental designs for measuring the solubility of heavy_ compo-
nents in a superéritical fiuid can be classified as either ;tatic or flow
systems.

For the static systems, the solubility of the heavy compg:;\ent in the
supercritical fluid can be determined in many ways. Inr one method
[40], a known a.mor;.lnt of both components is introduced into a cali-
brated high pressure view cell. Temperature and pressure of the sys-
tem are adjusted at constant composition until one of the phases disap-
pears. In this manner, various pressures and temperatures are
obtained at consta;'\t composition without sampling. P-x-y isotherms can
then be deduced from these data.

tn ar;other' method [2,43], a tablet of compressed solid with known
weight is placed in a high pressure column. A known amount of light
component is compressed into the cell. At constant temperature, the
tablet is set in motion by ‘means of a permanent magnet stirrer. After
15-20 minutes, the system is depressurized allowing the solid to precip-
itate from the s.aturated fluid phase. ‘A soft hair brush is used to
remove solid settled on the sur%ace of the tablet. The amount of solid
dissclved is determined from its) weight loss, and hence its concentra-

tion in the Iight'com’ponent is determined.
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In an earlier effort of the author [44] and the work, of King et al.
' [

[45], a different static technique was used to determine the solubility

I

data. In this experiment, the light component is recirculated through

the heavy component contained in a high pressure éell until equilib'ri-
um has been achieved under controlled conditions of temperature and
p'ressure. Samples of both phases are then valved off in sample bombs
and the contents are analysed by the expansion process. During the
process, the contents of the sample qubs are allowed to expand gently
into previously evacuated sampling vessels ‘of known volumes. The
number of moles of the light component prese:imt in each sample bomb is
calculated from the pressure rise in the expansion system. The depos-
ited heavy component d'uring this process is washed down into a receiy-
ing vessel using a suitable volatile liquid solvent such as acetone,
which is' subsequently evaporated off. By knowing the weight gain of
each receiving vessels, and thus the amount of hea.vy component, the
composition of each phase. is‘calcu!@ted. For system involving solid
phase, only gas phaseﬁis.sampil'ed and analysed.

Compared with the static rsyste}ns, the flow systems are easy in
their operations and thus minimum experimental times are required.. In
general, a single-pass, c.ontinuous flow system is used in most of the
study [14-18]. The\ﬁeavy com;‘a.onent is packed into high pressure col-
umns and remains stationary throughout the experiment while a.light
component is compressed into the co.lum'ns until that equilibrium is
attained. Once saturation of the light phase is obtained, it is flashed
-to ambient conditions across a heated metering valve. The amount of
each component is collected and measured. The main limitation of thes

technique is that only the Iight\phase is sampled.
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A flow system was used in this study because of its easy operating
and sampling characteristics. The design was similar to the s;stem
described above with one majgr difference. In this desigﬁ, a bypass
line was installed. . This offered the advantage that any loss 'of the sol-
id due to holidup in the metering valve and Iine\c\?as avoided since car-
bon dioxide could be used to flash any solid lost in t'he vafve and line

to the solid sampler.

3.3.1 Experimental Apparatus.

The experimental apparatus is shown in Figure 3.2. [t consists of
three main sections: a pressurizing system, a temperature controlled
water bath containing two high pressure columns and a composition
analysis system.

The pressurizing system was basically the same as the system

/rhnp B to the buffer C.

described previously. After setting the desire ‘pressure, carbon diox-
ide was compressed by the automatic boost

The automatic boost pump operated automatically to make u.p loss of

pressure during the experiment. The pressure was maintained constant

to within * 1-2% of the setting. The system pressure was measured -

with a Bdurdon-tube gauge (max.:'34.5 MPa , U.S. Gauge Co.). This

_gauge was located before the presaturator. Since the flowrate and vis-

o -

-

cosity of thg.fiuid were low, the pressure drop between the gauge. and
the metering valve was negligible. Thus system pressure ind.icatec'l by
the gaugé was reliable.

Temperature control was rr}a'intained in a stirred water bath (35cm’ x

35em x 60cm) using a precision temperature controller described previ-

ously. Polypropylene balls were used to prevent heat loss. Thus

-
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Figure 3.2: Schematic diagram of the flow system.

\A. : gas cylinder, B : high pressure pump,
(“" C buffer, D ;-Dresat-urator,‘
E : satur:ator, F : water bath,
G : Bourdo.n-tube gauge', H : solid sampler,
| : ice bath, J : rotameter,
K : wet test meter, a : three-way valve,

b : metering valve.
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temperatures were easily maintained from 308.15 to 332.1_'5 K within *
0.01 K. The syste’m temperature was measured using‘ the quartz ther{
‘mometer (‘H)i:' model 280TA) mentioned previously. The accuracy of the
temperature measurements was estimated to be +* 0.01 K. The correc-
tion factors which had to be added to the temperature .readings for
308.15 K and-332.15 K were 0.04 and 0.02 respectively.

A gas buffer volume used in this study served two purposes. It
was used to bring the carbon dioxide temperature to the bath tempera-
ture. - It also served as a storage reservoir so that a stable flow of
carbon dioxide was maintained. Hence, flucfuatit.an of the system pros-
sure was minimized during the run. Two high pressure columns were
connected in series so that saturation ‘o'f the fluid phase was attained.
‘The presaturator (1.3 em |.D. by 20.8 cm, 27.6 em’ inter‘nal'vol., 316
5.5.) had a Iaréer volume than the séturétor (1.0 cm I.VD. by 20.8
cm, 16 cmd iﬁternal vol., 316 S.S.). These two columns were packed
with a mixture of stainless steel beads and solid naphthalene. These
beads were added to prevent agglomeration of the solid and channel.ing
of the supercritical carbon dioxi.de. In case of a liquid-gas equilibrium,
these bé'adrs‘; were use‘ful in increasing the contact surface area of the
liquid with the gas. Glass wool was inserted at the top and bottom of
e:'ach column to prevent entrainment of the solid. A three-way ball
valve connecting the bypass line and the saturator w:;-s supblied by
- Whitey (SS5-41XS2, max. 17.2 MPa at 2.94.15 K). At high temperature
measurements, this thrée—way valve was replaced by another three-way
valve (SW2075, max. 75.8 MPa at R.T., Autoclave Eng'ineers) due to

G
the meltin"g of the Teflon packing of the valve.
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The comptlas.ition analysis system consisted of a metering valve, a
solid sampler, a rotameter and a wet test meter_. The system pressure
was f'educed ?to gtmospheric pressure acr"os;l“s1 the meterii'lg valve
(SS-31RS4, orifice dia. 1.59 mm, Whitey). * Low flowrates such as
100-200 cm3/min. (ambient conditions) were achieved using this valve.
The essential key to smooth flowrates was preventing solid precipitation
around the metering valve due to Joule-Thomson ~cooling. Th;is the
metering valve and lines around it were heated to approximat.ely 453.15
K to prevent p'lugging.-l A solid sampler (glass U-tube) plugged with
glass wool was ;naintained at ice temperature in an ice bath to prevent
entrained solid from escaping ti’t:a sarﬁp!er and to énhance solid prec.ibi-
tation. In most insta;nces, over 899% of the solid was trapped it';l the

U-tube. The gas flow was measured by a wet test meter (_Pr‘ecision'

4

. Scientific Co.) connected in series’ with a.rotameter. Th}e rotameter

was used to indicate the constant and steady flowrate while the wet test
meter was used to integrate the total volume of carbon dioxide. At this
point, the stream temperature was measured while the pressure was

assumed to be atmospheric pressure.

3.3.2 Experimental Procedure.

After loading wifh solid naphthalene, the system was pu'rg‘ec{ of air
with carbon dioxide at appf-oximateiy 1 MPa for three to four times
through valve 1 (Figure 3.2).. A leak test was then carried out at tank
pressure (approximately 6 MPa). If no leakage was found, the columns
were immersed in the water bath for one hour to obtain thermal equilib-

rium.
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To start the experiment, valves 1, 3 and b were closed. The

L ——

S
bypass line’ was‘opened and the saturator exit line was closed, The

system was pressurized with carbon dioxide to a desired pressure. The
metering valve b was then opened and adjusted slowly so that a steady
and low flowrate (100-200 crn3/min.) was attained. When a steaqy flow-
rate of carbon dioxide was obtainéd, valve 3 was opened allowing the
carbon dioxide to flow into but not out of the columns. After that,
vilve ‘3 was closed again. The experiment 'was run for 20 to 30 minutes
so that equilibrium was established in the columns and the distilled
water in .the wet test meter wé; saturated w;th ;}éarbon aioxidé. Dur:i_ng,
thislequilibration time, the metering valve b was heated slowly. After
that, the bypass line was closed in order to record the initial reading
of the \:vet test meter. Valve 3 and the saturator exit line were opened
to allow carbon dioxide to flow into the presaturator and satu:-at‘or.
The experime;mt was run for 20 to 30 minutes so that the saturated fluid
.phase was displaced from the presaturator and saturator to the metering
valve. The metering valve and valve 3 were closéd and the total wvol-
ume of carbon dioxide was measured. The by_pas$ line was then used

to flash solid, which precipitated in the line and the metering valve, to

the U-tube at a slow flowrate of carbon dioxide.

3
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Chapter IV

RESULTS AND DISCUSSION

Tllhe P-T-x data of the three-phase S-1-G curve of naphthal-
en.e(T)-car*bon dioxide(2) system are listed in Table 4.1. Raw data and
sample calculations are shown in Appendix E. [In the P-T-.x experi-
ment, we tried to measure the UCEP and liquid-gas critical locus but
failed to do so. Vivid red colour:; were observed in both liquid and
fluid phases at 26.85 MPa and 336.65 K indicating that this condition
was closé to the liquid-gas critical point. Since the meniscus between
the liquid and fluid phase did not disappear with an increase in temp-
erature, this condition was not at liquid--gas critical point. The main
reason we could not obtaiﬁ the liquid-gas critical point_is that the
overall composition of t!;e mixture did not equal to the critical compdsi-
tion. |

:Ehe P-T data obtained from this s'lcudy as well e'ls the data _of
McHugh [3,5] al';d Prins: [41] are shown in Figﬁre 4.1." The liquid-
phase ;:ompa-os;ition of the three—pha-;e c.urve (xl') at di;‘ferent tempera-
tures predicted by the T-x correlation (shown "in Figure 4.3) is also
shown in Figure 4.1. McH‘ugh used the "fir;'st mel{ing point" method to
determine the ‘three-phase curve,In his study, the solid was alterna-
tively frozen and melted a number \of times so that the temperature
interval of solid-fluid and liquid-fluid was decreased to within a small

range. The temperature interval was decreased to within = 0.5 K as

v "
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Table 4.1:

P-T-x data of the three-phase curve for

ene(1)-carbon dioxide(2) system.

.69

.95
.19
10.90

12.46
13.30
14.26

15.85

17.59

21.92

348.79
348.18
347.30
345.57
340.25
337.10
335.26
334.46
333.34
332.99
332.40
331.73
331.98

332.17

"332.34

332.59
332.83 °
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.6136

.6473

.4237

.4296
.3263

the naphthal-
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Figure 4.1: P-T projection of the naphthalene-carbon dioxide S-L-G

K curve.
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reported in his Ph.D. thesis [5] and within * 0.1 K in his recent work
[3]. Pressure was kept to within % 0.1 MPa. From Figure 4.1, some
discrepancy between this work and his work exist and this js probably
due to the following reasons. In his design, :che voluﬁwe of high pres-
sure view cell was very srﬁall (internal vol. approx. 1 emd ) compared
to the volume of the Bourdon-tube Hejse gauge. Since the ‘gauge was
located far from the water bath, the pressure‘meaéur‘ement was not
reliable. In the experiment, we also mea&"ured the first melting point.
[t was found that data measured using the "first melting point" method
were scattered compared to that using the "first freezing point", as
shown in Figure 4.2. This is beclause the moment that the solid began
to melt was hard to déteFfmine. Ano.ther important reasoh is that the
. uniformity of liquid-phase concentration was not ensured when the solid
began to melt because we could not stir the solid phase. This problem
was eliminated using the "first freezing point” method. In the "first
freezing point” method, we could mix the liquid phase rigorously so
that saturation of liquid phase was ensured. Thus the "first freezing
point” method was proven to be more reliable than the melting point"
method.

This work agrees well with the work of Prins [41]; Prins deter-
mined the P-T projection of the three-phase curve by every intersection
of the liquid-gas (L-G) b‘oundar'y and the solid-fluid (S-F) boundary
(see Section 3.2), Thus Vhis method Qas reliable although he did not
report the accuracy of data. Hence the tecﬁnique used in this study is

reliable.
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The T-x projection' of the three-phase line is shown in Figure 4.3.
In the figure, some scattered X1 data are omitted. It was very difficult‘_
fco obtain Xq .data because the saturated quui.g phase solidified easily
during the sampling process. Also, the X1 data were more scattered in
the high temperature region, i.e. near the pure solid regiqn (see Fig-
ure 4.3). In this region, sampling was extremely difficult because the
liquid phase solidified very quickly due tc‘> the low concentration of car-
bon dioxide in trhe liquid phase.

Correlation of T-x pr‘lojection E:>y eq.(2-1) as well as the projection
of the ideal solution are shown,in Figure 4.3. The van Laar equation,
. eq.(2-3}, used to estimate Y1 is shown in Figure 4.4. Experimental Y
values were calculated from eq.(2-1) using the experimental T and X1

data. The best fitted values of A12 and A were 3.228 and 1.372

21
respectively by minimizing the sum of squares of the difference between
experimental and calcuiated Y1 values. From Figure 4.3, the T-x pro-
jection of the three-phase line is well correlajgea by eq.(2-1) although
several assumptions are involved. At low conzét;‘n;cration of carbor; diox-
(ide, T-x projection and the ideal projection merge since the liquid
naphthalene behaves like an ideal solution at the low -concentration”
region. As the concentration of carbon dioxide increases, the T-x pro-
jection deviates more from the projection of the ideal solutio_n.- In this
system, positive deviation was found because the activity coefficient was
positive. ! |

The solubility data for naphthalene in supercritical carbon dioxide

as well as the enhancement factor at 308.15 K and 332.15 K are listed

in Table 4.2 and ‘I:able 4.3 respegtively. Raw data and sample calcula-
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Table 4.2: » Moie fraction and enhancement factor of naphthalene(1) in
supercritical carbon dioxide(2) at 308.15 K.

‘ at . sat
Pi P v, Py, /Py
[MPa] [MPa]
N 7.82 0.00117 3.11x10°
. | i
8.48 0.00630 1.99x10° [
»
9.93  0.00992 3.35x10°
10.65 ©  0.01114 4.oe_.x103
127 - 0.01185 4.54x10
4 1265 © 001271 5.46x10°
2.94x10 : : s
~ 14.09 0.01435 .  6.87x10
¢ 15.17 0.01537  7.92x10°"
16.30 0.01580 8.76x103
;o 17.24 0.01639 - 9.60x10°
p 20.78 0.01742  1.23x10%
<\ 23.88 0.01841 1.49x104
28.36 0.01895  1.83x10%
32.49 0.01944 2.15x10%4
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4.3: ‘Mole fraction and enhancement factor of naphthalene(1) in

supercritical carbon dioxide(2) at 332.15 K.

Piat P Y1 Pyl/Piat
[MPa] [MPa]

8.44 0.00131  5.08x10% k

10.20 0.00251  1.18x10%

' 11.89 0.00633  3.45x10%

12.50 0.00831  4.77x10°

13.08%  0.01089  6.53x102

2.18x1073 3

15.93 % 0.02562  1.78x10

16.78 % 0.03744 2.88x10°

20.44 0.06276 ~ 5.89x103

22.16 0.06847  7.07x103

26.02 ° 0.07444  8.89x10°

: 29.74 0.08063 1.10x10%

* liquid-gas equilibrium
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tion are shown in Appendix E. At 308.15 k, the reported data could'
be reprched)"to within * 3-5% in mos}.nstances. At 332.15 'K, each
solubilit da‘t‘a/ was measured in a single run.

The Jenhancement factors for the two isotherms are plotted as a

function %\?pressure in Figure 4.5. These factors are generally in the

order of 109 to 104 In general, the relationship between the enhance-

Jnent factor and pressure- is approximately [inear at high pressure.
Temperature, however, has a negative effect on the enhancement fac-
tor. s

In Figure 4.6, “the solubility data at 308.15 K are compared with the
wo/k of\\'fsekhanskaya et al. [2] and ‘the work of McHugh [5]. From
the flgure,.the data obtained in this study generally agree well with

the literature values indicating that equilibrium data are obtained.

"Thus the flow system used in this study is reliable.

Correlations usi‘n'g' the SRK equation and two mixing rules are also
shown in Figure 4.6, The optimized k12 value is 0.10967 using_the
one-parameter random mixing rules. This value is reasonable for heavy
hy;rocarbons-carbon dioxide system. Using’}bé 'two-parameter randem
mixing rules, the optimized k12 and I12 values are 0.06780 and -0.07992

L
respectively. From Figure 4.6, the two-parameter random mixing rules

- (AAD = 0. 55"7x10'3 and AAD% = 10.588% from Appendix B) correlate the

solubility data much better than the one-parameter random mixing rules

< ° .
(AAD = 1.2498x1073 and AADS% = 18.914% from Appendix,Z B). Correla-

tions' of other hydrocarbons-carbon dioxide systems show the same

results (see Appendix B}. .This shows that the binary parameter [12

"in the b term is more effective than the k in correlating the system

12

containing large and small molecules.

-

-5
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Solubility behavior of naphthalene-carbon dioxide system at 308.15 K

can be quantitatively explained by

the phase diagrams described in

Chapter Il." The ™TCEP was found by Prins [41] at 307.15 K and 7.6

MPa. Thus the temperature of the solubility data at 308.15 K is slight-

ly higher than the LCEP temperature

temperature of pure carbon dioxide (304.2 K).

but still very close to the critical

The solubility behavior

at this temperature is theretf:re the same as the one described in Figure

2.6(b). At this isotherm, the observed solubility increases dramatically.

for a small change in pressure at -pressuPe slightly higher than the

critical pressure of carbon dioxide (7.38 MPa) as shown in Figut'*e 4.6,

At higher pressures, carbon dioxide

-

is less compressible and a limiting

solubility value of approximately 2 mole % is quickly attained.

The solubility data at 332.15 K are shown in Figure 4.7. The phase

behavior of' this isotherm is of the type shown in Figure 2.7(a) since

the three-phase curve of Figure 4.]

In the experiment, we tried to measu

%

is intersected twice at 332.15 K.

re the liquid phase of sc;lid—!iquid

loop but failed to do so due to thilimitation of the flow system (see

Section 3.3). From Figure 4.1, solublility data measured from 12.7 MPa

to 19.0 MPa represent liquid-gas equi
‘-_‘__W"J‘—\

librium; but not solid-gas (or flu-

id)\3 uilibrium.  This solubility phase behavior could not vrisualiy

-~

c&aﬁarved because neither columns had a view window. However, they

’\':;\T' could be deduced from Figure 4.1.-

y
/" naphthalene at these two pressures

0.320 respectively from Figure‘4.3.
In Figure 4.7, the ,one-parameter’

tate the 332.15 K solubility data very

- 60 -
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were estimated to be 0.484 and
random mixing rules cannot corre-

well. Although the two-parameter
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Figure 4.7: Solubility data for the naphthalene(1)-carbon dioxide(2)
system at 332.15 K. :



“y
random’ mixing rules can correlate well with the solubility data at 332.15

K, they fail to prédict the liquid-gas and solid-liquid loops. Only
.;;olid-gas (or fluid) loop is predicted using the SRK equation and these
mixing rules. Although Chai [24] could predict these solubility behav-

ior using the Peng-Robinson (PR) equation of state with modifications in

the a and b’ terms of the heavy component, only fair agreement was

obtained compared with the experimental data. Thus equation of state
and randem mixing rules still are not adequate for mi);tures containing
large and small molecules at this.region.

The UCEP was found by McHugh et al. [3] at 25.6 MPa and 333.25
K. Thus the 332.15 K isotherm is slightly lower than\_the UCEP temp-
erature and is ‘higher‘ than the temperature minimum (331.73 K from

Table 4.1). The solubility behavior and loading power of this isotherm

"are quite different from the 308.15 K isotherm. At this temperature

and at pressure nea'r the critical pressure of pure carbon digxide, the
solubility is much less sensitive to pressure compared with the 308.15 K
isotherm. At higher pressure (near the UCEP pressure) where carbon
dioxide is compressed to liquid-like densitiesl, a higher solubility is
attained compared with the 308..15 K isotherm. This is due’ to the
incr'.eased sublimation pressure of solid naphthalene at this temperature.
However, as the pressure is increased above the UCEP pressure (25.6
MPa}, the solubility quickly attéins a limiting value of appr;ximately 8
mole % (see solid Ii.ne of Figure 4.7), |

From the two isotherm:s, it was found that me'asuring the solubility

data alone was not enough to study the high-pressure phase behavior.

if thg: solubility data for 308.15 K and 332.15 K were collapsecjm?o\?
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single P-y diagram, they could represent the solubility data for the

.class IIEA) systems (Figure 2.6). Hence, the subtle differ‘ences‘in the
phase behavior of class [I(B) system; from class I1(A) systems are not
apparent from inspecti‘on o{‘ the solubility data. Therefore it is abso-
lutely necessary to determine the P-T projection of the three-phase
S-L-G curve to correctly interpret the solubility data.

Finally, a three-dimensional P-T-x-y space n:lodel for the naphthai-
ene(1)-carbon dioxide(2) system ;as constru‘cted using the experimental
data of P-T-x and P-y isotherms. In Figure 4.8, the P-T-x-y space
model for the naphthalene(1)-carbon dioxide(2) system was constructed
around the triple point of naphthalene. This three-dimensional space
mode! is particularly useful in studying the phase behavior. For exam-
ple, the P-X-;/ isotherm at 332.15 K can be represented by the isotherm
af Tl sf;own in Figure 4.8.

7



critical locus N

-

N |
Figure 4.8: P-T-x-y space 'model for the naphthalene(1)-carbon
dioxide(2) system around the triple point of naphthal-

ene.
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Chapter V

CONCLUSIONS AND RECOMMENDATIONS

L

The "first ?reez;r;'g} point” method used in this study to determine
the P-T projection of the three-ph'ase S-L-G coexistence curve was ade-
;quate and reliable. It was found ihat_ the P-T data using the "first
melting point” method were scattered. ) Although the measured x data
are scaftered in some cases, these data .are‘ very important in corre.lat-
ing 'the T-x relation. The flow system designed in this study could
measure reliable and accurate solubility data although it féiled to meas-
ure the liquid phase of the liquid-gas loop and the solid-liquid loo‘p. It
was found that onl;_-t-he gas.or fluid phase, i.e. the rightmost branch-
of Figure 2.7(a); couid Be measured.

As” found by McHugh [5], the naphthalené-carbon dioxide system
exhibited a temperature minimum in the P-T projection of the three-
phase S-L-G curve. Thus tfe solubility behavior of this system around
the UCEP temperature was significantly diffe.re‘nt from a system without

a temperature minimum. Since the different types of possible phase'

" behavior are not)distinguishable from the solubility data alone, one

needs to determine the P-T projection of the three-phase line first to

’

correctly interpret the phase behavior.

Thermod¥namic modelling of T-x relation used in this study is use-

\ful in predicting the liquid-phase composition of the three-phase line.

By a fast and reliable estimate of the liquid-phase composition, one can
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easily locate the liquid loop of the isotherm around the UCEP temper'a-.
ture (Figure 2.7(a)). | However, extrapolation. of the T-x .relation usi._ng
eq.(2-1) was avoided. in. this study due to the Ialck of experimental
data. Corfelation of solubility data using the SRK equation of state
showed that the two-parameter random mixing rules were more effective
than the one-parameter random r;1ixing rules, However;, t:hé cc:;mpl_icated
phase behavior of the 332.15 K isotherm could not be predicted by the
SRK equation and these mixing rules. This is probably due to the
problems of characterizing the dense gas state as well as formulating
'flpp'ropriate mixing rules for the highly asymmetric mixtures.

The utilization of the phase behavior in the supercritical region,
especially near the UCEP region, for en-gineering app'lica‘tions depends
on our Ieve!' of. understanding. It is recommended that hore experimen-
tal data around the UCEP Eegion be obtained. This experimental infor-
mation is especially important in order to corréctly apply thermodynamic
models to characterize, and predict the solubility.behavior. Using thel

high pressure view cell, the entire solubility isotherm such as the one

~depicted in Figure 2.7(a) can be visually determined. Supercritical

fluid chromatography (SFC) is recommended in measuring the fluid

phase or liquid phase since the system can be sampled withoud)t disturb-

ing the equilibrium condition. It is also suggested that other new

supercritical solvent be studied in an effort to. find a solvent with

-

higher loading power and to find different type of phase behavior.

© .
- Finally, experiments involving entrainer effect and mixed solvent are

(

also recommended for futL]r'e study.,
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v | ) Appendix A

DERIVATION OF T-X RELATION OF SOLID-LIQUID-GAS

COEXISTENCE CURVE

-

For a binary system in which a solid phase is iny equili-l‘arium with a
liquid phase at constant T, the conditions of equilibrium expressed in
terms of chemical potentials are as follows:™

' e
ud%(T,P) + RTInx}v3(T,P,x)
= dMT,P) + RTINYS(T,P,x) (A-1)
In eq.(A-1), pgs is the ‘chemical potential of pure solid 1, utl)g’ is the
chemical potential of pure liquid 1, xi.and xi‘ are the mole fraction of
s 2
1 1

activity coefficient of component 1 7in solid and liquid phase respective-

component 1 in solid and liquid phase respectively, Y] and Yy are the

ly. At the melting point of solid 1, the Gibbs free energy change is as

T

follows:, e ‘ > ~
.
0 _ .pL 0s
AGf(T,Pﬁ\:‘Bg -y
' 3 : '(A-2)
= &Hf - TASf h

' £
. . , A4
The entropy of fusion can be related by the following expression?’ .
" s ™
T ASg = AH/T . . (A-3)
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Assuming AG?_. is independent of pressure |, AHf is equal to AH? and
ASf is equal to AS (i.e. specific heat difference between the liquid and
solid naphthalene, ACp, is assumed to be zero), the following expres-

sion can be obtained from egs.(A-2) and (A-3):

| 860 = aHO(1-T/Tm) (A-4)
e '

The above assumptions are made because pressure effect on the AG? is

unknown and both ACp and temperature mterval involved are small.

Using eqgs. (A 1), (A-2) and (A-4), the following expression s
obtained:

]n{(lel)/(xlTl

= - (aH2/R)(1/T-1/Tm) (A-5)

For pure solid, the activity (i.e. xiyi) can be ‘_-assumed to be unity.
( ' - '
Thus.the temperature and liquid-phase composition ca’g_ﬁ\be related as

follows: °
A -

Fihe

A

1nx272 -(8HE/R) (1/T-1/Tm) [ (A-6)
. ,
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Appendix B N

CORRELATION METHOD FOR SOLID-FLUID EQUILIBRIUM

The'solubility of heavy, nonvolatile component 1 in a supercritical
component 2 is determined from standard thermodynamic, relationships by
equs;ting the solid-phase and fluid-phase fugacities for the heavy com-

.
(B-' ])

For the supercriticat” fluid phase, the binarg mixture is not far

removed from its cr‘iticakpoint and contains chémponents that are very
r ‘

disstmilar in molecular nature. The supercritical fluid is treaté as a e

highly compressed gas and the fluid-phase fugacity is detepfnined from

[ 4
volumetric properties, ~ A

8 SR eP (B-2)

By assuming the solid is pure, the solid-phase fugacity is found by

Prausnitz [35] as follows: 7/ _

| s _ .sat,sat p S \ ‘ - (B-3
f1 = 67° P " exp gsat (vl/RT)dﬁi (B-3)
! . 1

»

- 73 - | T



B
", \x 1

nanthrene 3= anthracene 4 = fluorenfe, S = pyrehe, 6 = biphenyl, 7

. @/ substituting eqs.(B-2) and (B-3) into eq.(B-1), the thermodynamic

relationship related to the mole fraction of a solid dissolved in fluid

phase is as follows:

}Psat/P (¢sat/¢ Jexp fP (
1 PS

1

vi/RT)dP (B-4)

Since Piat ié’/'very small,(b;a can be assumed to be unity. If the solid

is consi FWP%‘ vi is constant, then eq.(B-4)
becomes o _
L !
yy = (P17P)(1/6; Yexof (v§/RT) (p-PS2E)) (8-5)

(

Computer program used to predict yl is shown in“Appendix F. A num-

L

ber of solids-carbon dioxide systems were used to compare the two ran-

dom mixing rules. " The resuits are shown in Table B.1 .and Table B.2.

In the tables, solids are denoted as follows: 1 = naphthalene, 2 = phe-

“triphenylmethane, 8 = hexamethylbenzene, 9 = hexachloroethane, 10
2 3—dimethy'/l'naphtha|‘ene 11 = 2,6~ dimethylnaphthaléne Also, AAD and
AAD% represent average absolute deviation and average absolute devia-

tion in percentage r'es1::>'ec’civt=:iy,‘b

v S
AAD = 1/§?f|y -y h

exXD ca]P

» L. AADY

(I/N)ZI(yexp-yca1)/yex0[i x 1003

° ‘ - 74 - \\*:-"/o/(.’//



. Table B.1: Solid-fluid anwebﬂon.uﬂng the SRK_equgﬁon and the
1-parameter random mixing rule§.

e ot e e e 3 T e T A m =

Solid TIK] N 'Hz AAD  AADS
(e S
{
1. N (10%)

308.15 31 0.10968 1.2498 18.914
318.15 20 0.11010 1.9768 28.672
328.15 38 9.11321 5.5852 32.723

2 ) (10%)
318.00 5 0.12529 1.0778  7.871
328.00 5 0.12511 0.8313  6.706
338.00 5 0:12620 0.3339  7.723
. 303.15 8 0.12983 1.5862 13.182
323.15 6 0.12231 1.6806 14.506
3 343.15 7 0.13413 1.3670 38.625
3 (10%)
303.15 4 0.14165 0.2094 45.904
. 323.15 10 0.13326 0.2065 50.527
343.15 9 0.11322 0.1880  16.280
4 - (163) |
303.15 7 0.11412 0.3078 16.402 .
308.15 6 0.11005 0.2684 12.884
¥ 323.15 9 0.10690 0.2289 11.465
343.15 8 0.09603 0.4667 13.354
5 @b -
308.15 7 0.11908 0.6084 28.435
) | 323.15 7 0.10824 0.7103  27.696
)’“\\ e . 34315 8 0.08765 0.8138 48.993
P 6 : (102)
, ‘ 5 308.95 8 0.08580 0.1961 16.570
‘ < . 318,55 8 0.08261 0.2281 11.088
322. 8 0.08150° 0.2753 10.384
P
: N
e
, L
, L [
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Table B.1 (cont'd)

Solid TIK] N
7
303.15 8
. 313.15 6
~ 32315 7
8 N
303.15 7
323.15 10
343.15 10
9 =,
308,00" 5
318.00 5
, 328.00 5
10 ( .
. 308.00 5
; 318.00 s
328.00 5
1 x ,
308.00 5
‘ 318.00 5
™ 338.00 5
- . \’ '
N
- /
g,
-~
- 76 -

OO O

ood

oo

|= Mo Nl

. 10600
.10871
. 10897

.12312
12525
. 10594

.T322&
. 126

. 11447

»

10222
.10513
.10832

.10444
. 10036
. 10309

o

}\

AAD AAP%
(10%)
0.1576 23.222
0.118t 19.782
0.1300 13.684
(10%)
0.2915 29,282
G.2730 21.265
0.8422 22.834
(103) '
0.1410 8.124
1.5934 7.052 .
1.7951  7.830
(10%) ,
0.3792 9.120
0.1525  7.128s
0.1032 2.631
(103)
0.2704 5.846
0.2427 4.913.
0.3737 9.197



Tabie B.2:

a

.

Solid-fluid correlation -using the SRK equation and the

2-parameter random mixing rules.

N

308.
318.
328.

318.
328.
338.
303.
323.
343.

303.
323.
343.

303.

308

™

308,
323.
343.

308.

318

15

15
323.
343.

15
15

15
15

95

.35
322.

65

—
wwo~l WO ~Ngooumuo

o =~

cCOOOCOo oo o

[ RN

2158970
.1609/0
.1607/0

oOOOo

.2091/0
.1979/0
.1810/0

oo

.1500/0.
.0149/0.
.1487/0.
.1530/0.
.1492/0.
.1497/0.

.2389/0.
12289/0.
.1921/0.

.1592/0.

0489
0520
0501
0479
0500
0302

2010
2010
1599

1009
.1010
.1080
.1101

.2011
L1912
.1900

(103)

.0688/-9.0796 0.5527
.0601/-0.0890 0.4993
.0492/-0.0999

1.1103

(10%)
1.0020
0.7193
0,9504
1.0212
1.0405
1.2884

(ot
0.0342
0.0483
0.0840

(103)
0.1396
0.1372

0.J202
?)>595

(10%)
0.1988
0.1582

0.1797
(109)

0.0402/-0.0802 0.0790
0.0402/-0.0698 0.0768
0.0479/-0.0488 0.0879
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10,588
19.642
8.068

8.280
8.640
11.210
9.508
8;853
36.600

7.376
19.999
15.393

10.011
12.283
15.106
19.494

15.912
10.833
24.316

6,730
2.935
2.762

Moo



. Table B.2 (cont'd)

30305 8 0.1229/0.0332 0.0952 18.181
313.15 6 0.1192/0.0199 °0:0942 19.182
323.15 7 0.1201/0.0198 0.1259 12.649
g8 (103
303.15 7 0.2099/0.1699 0.1246 19.163
323.15 10 0.1922/0.1398 0.1375 22.651 °
343.15 10 0.1844/0.1345 0.2168 11.393
g N oy .
. 308.00 5 0.1603/0.049  0.4666 2.437 .
318.00 5 0.1480/0.0420 0.6761 2.821
328.00 5 0.1478/0.0511 0.8561 - 6.144
0 (0dy
308.00 5 0.1403/0.0775 0.1225 . 2.274
318.00 5 0.1015/-0.0076 0.1467 6.723
328.00 5 0.1081/-0.0004 0.1035 . 2.604
1 ©(10%)
308.00 5 0.1599/0.1101 0.1822 7.516
318.00. 5 0.1519/0.0989 0.1685 8.743
328.00° 5 0.1491/0.0909 0.3317 13.072
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Appendix C
CALIBRATIOJN OF THE PRESSURE AND TEMPERATURE

5‘ . MEASUREMENTS

5

h

"

C.1 Calibration of the Pressure Transducers

;f'he Dynisco pressure transducers (_81 : model 112743, max. 137.9
MPa or 20,000 psi and B2 : model 112851, max. 13.8 MPa o‘r 2,0})0 psi)
" of Figure 3.1 were calibrated with a dead weight pressure tester (Test:
ing Instrument Co. Inc.). The calibration curves for both transducers
are shown in Figure C.1 and Figure C.2. In the figures, the reading-
up curve is used when the pressure is increased.whereas the r'ea'dinc'_:;-

down curve is used wh!n the pressure is decreased.
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'€C.2 Calibration of the Hewlett-Parkard Quartz Thermometer

The quartz thermometer (model 2801A) with sensor of S.N. 1126-44
was calibrated at the triple point (0.010°C) of pure water with a plati-
num resistance therrﬁomete'r (S.N. 1775701, calibrated 1'968 IPTS scale,

Leeds and Narthrup). The resistance at. the triple point of water (Ro)

was found to be 25.58018 Q at bridge temperature of 23.8°C. The plat-

inum resistance thermometer was then used to calibrate the quartz ther-

mometer with the foilowing equaticn:

@

Rt/Ro =1 + At + Bt’ (C-1)

where A = 3.98654x10™> and B = -5.985x107/

In eq.(C-1), tis in °C and. Rt is in Q . The calibrated results at tri-

ple point as well as other temperatures are listed in Table C.1.

_ 82_}*- . ‘ “



Table C.1: " Calibration of the quartz thermometer.

————————————————————— r,-—---ﬂ“ﬂ—---m_“—-—.—-‘-——-—-—--——-.
Quartz thermometer Estimated temp. Correction
reading using eq. (2-1) factor

[ec] - fecl [ecl
-0.030 :0.010 * 0.040
58.944 58.965 0.021

58.956 58.975 0.019
58.954 58.973 .0.019
) ‘o . B ’
* 'ﬁriple point’sf water, -
) ‘t\q‘ .
(@] 3
2 \ -
b
é-) ,
\ - .



v
. b

- Appendix D - i

CALIBRATION OF THE SAMPLER VOLUME FOR THE

P-T-X MEASUREMENT u

The calibration of the sampler volume in Figure 3.1 was performed

-

‘in the following 'proce'dur'.e. A kr;own amount of carbon dioxide was
expanded int.o the sample cylinder through valve 15 with yalves 16, 11
and :a closed (Figur‘e‘ 3.1). An increase in pressure of the high accu-
racy presure g‘auge was then recorded. Hence the calibration of the
sampier volume could be obtaingd by expanding different 'amount of car-
bon dioxide iﬁto the sample cylinder. The calibrated results are shown

in Table D.1 and Figure D.1.



<n2 P at 298.15/K n /P
[mole] [KPa] [mo;le/KPa]
0.01100 60.31 1.824x10™%
‘)\\ 0.00870  47.49 1.832x10"%
S 0200721 ' 39.50 1.825x10°%
0.00581 31.57 - 1.840x10™%
0.00320 ~  17.30 1.850x10°7
0.00113 . 5.86 1.928x10°%

(n,/P) = 1.850x10"" 'mole/KPa at 298.15 K.

T T T T e e e e e e e E e e e e r e e e e E - —
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Appendix E

RAW DATA AND SAMPLE CALCULATION

. 7 t
E.1 Raw Data of the Three-Phase Curve Measurement

The raw data. of P-T me'a-sur'ement are listed in Table E.1 af\d the
liqyid-phase compositions (xl) pf the three-phase curve; are listed in
Té_ble E.2. The sample calculation of the liquid-phase composition iso
illustrated in the following example. ) -

For run no.8, when T =334.46 K and P = 10.19 MPa, the increase
in pressure was found to be 1.84 KPa at 29!?.15 K. From A‘ppendix D_;

the number of moles of carbon dioxide was determined using the cali-

brated results,

(1.84)(1.850 x 10°%)

0.00034 moles

Weight of naphthalene collected was found to be 0.06969 g. Thus the

number of moles of naphthalene was determined as follows:

n, = 0.06969/128.18

0.00054 moles

The liquid-phase ;ompbéition was then easily determined from the above

calculated results,



= ny/(ng*ny)

i

0.6136
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N

First melting

point

10
11
12
13
14
15
16
17

point
p T
[MPa] [K]
AN i
7.79 338.17
- 9.43 335.80
10.28 336.36
11.11  331.47
13.21  332.00
.15.60 332.77
19.42 332.59
22.10 333.05
18.16 332.45
24,33  333.27

o oo o W

.69
.66
.66

10.39

10.
12.
13.
14.
14.
16.
19.
20.
23.

99

10

42

28
86
79
14
80
81

348.
348.

347

345,
340.
337.
335.

334.

333

332.
332.
332.

331

333

332.

332.

332

79
18

.30

57
25
01
17
81

.82

58
11

.62
.47

35

67
.93

8.53

9.55

337.10
335.26
-8

10.
10.
11.
12.
13.
14.
15.
17.

20.

22.
.92

21

19

S0 .

46
30
26
85
58
39

69

334

333.
332.

332
331
a3

332.
332.
332.

332.
332.

.46

34

99,

.40
.73
.98

17
34
59



Table E.2: Raw data of the liquid-phase composition.

P at 298.15 K n, n:l xl

No  [KPa] [mole] [mole] -

8 1.84 0.00034 0.00054 0.6136

9 5&7 . 0.00097 0.00178  0.6473
12 12.00 0.00222 0.00163 0.4237 N
14 12.94 " 0.00239.__ 0.00185 .0.4296 %
15 15.62 0.00289 0.00140 0.3263 -

17 16.76 0.00310 0.00122 0.2824
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E.2  Raw Data of the Solubility Measurement

Raw data of the solubility measurement at 308.15 K and 332.15 K are

IistedQlb Table E.3 and Table €.4 respectively. Sample célculation_ of
the solubility data is illustrated in the following example using the solu-

bility data at 308.15 K and 7.82 MPa. '

experimental run time

= 30 min. ,
volume of COZ collected = 3137.9 cm3
= 265.93 K

ambient temperature

The ambient pressure was assumed to be atmospheric pressure. Thus

. the number of moles of carbon dioxide was determined using ideal gas-

" equation,

[}

(Pv)/(RT)

n2 '
{(1)(3137.9)}1/{(82.05)(295.93)} .

0.129231 moles

Weight of naphthalene collected by the solid sampler was found to be
0.01941 g. The number of moles of naphthalene collected was therefore
0.000151 moles. Thus the vapour-phase mole fraction was determined as

follows:

YI = nl/(nl+n2)

I

0.001167
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10.

11

12.
14.

15.

.93

65

.27

65
09

17

Flovvrate

[cma/min]

105
169
- 210
181
136
183
98
101
93
82
192
101
103
139
109

198
195

109
220
114
85
118
110

o o o o o o OO oo o o oCoO [eY oY= oo

na

[mole]

0.129231
0.070076
.086717
.074437
.055775
074948
.039977
083867
.101558
.101416
.079120
083160
.085324
144412
.067627

.080811
.118972

.112213
.089948
.117340
.087592
097390
.090275
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0.000151

0.000470
0.000604
0.000535

0.000556
0.000760

0.000398 .

0.000961
0.001103
0.001164
0.000949
0.001070
0.001280
0.002002
0.001001

0.001263
0.001854

0.0018Q2
0.001439
0.002080
0.001643
70.001881
0.001790

0.001167

0.006657
0.006913
0.007137

0.009876
0.010035
0.009858

0.011331
0.010739

-0.011349

0.011852
0.012706
0.014779

~8.013676

0.014591

0.015386
0.015345

0.015804 -
0.016392
0.017416
0.018409
0.018953
0.019439



“ Table E.4: Solubility data at 332.15 K.

T T e e e e e - e e e e A e e e T .

P Flowrate n, O yl'
[MPa]  [cmd/min]  [mole] [mole]

8.44 95° 0.117445  0.000154 - 0.001307
10.20 113 0.139378  0.000351 0.002514
11.89 102 0.125613  0.000800  0.006326
12.50 . 103 0.105454  0.000884 0.0083oé
13.06 101 0.104056  0.001140  0.010833

104 0.106852  0.001183  0.010948

15.13 114 0.117217  0.003082 0.025?20
16.78 111 0.114543  0.004456  0.037444

20. 44 .85 0.116524 ' 0.007803  0.062760

22.16 81 ‘éfiiéoégfi'xg.oossss 0.069467

26.02 77 0.116401  ©.009362  0.074440

29.74 74 0.111863  0.009810  0.080628
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: ‘ Appendix F

THE COMPUTER PROGRAM . @

$208 .-

G o ot ot T S S P - T T W " Py oply e S e o D D L W S o
[

[ USING EXPERIMENTAL DATA TO FIND CUNSTAHTS oF

Cc VAN LAAR EQUATION

< AND

[+ CORRELATION OF T-«X RELATION OF 50LID=- LIQUID-GAS

[ COEXISTENCE CURVE"

c .

g = - - wm - - - - - - -

COMMON YALS50) ,ALPHIBO) X2 1%0) ,DEVIS0)
_COMMON 3SUM,S5UM2,NOD
DIMENSION DCO(4) 4CCLA)
READ,NOD,DH,TMuR
PRIM 12
12 KOGRMATI"1? ,8X,'x1%,aXx,'GAMMALY /)
BO 1 J=1,NOD
READ ¢ X1{J) yALPH{ S},
. PRINT G‘XLLJI,ALPH(JJ

s rnnuArl-o'.5x,F7.5.5x.Fffsl o
1 CONTINUE .
c . . .

NO=2

ccii1)=1.0
CCl2)=142
DCQ(l1l)=1.0 .
+DCOt2)=1.0 ) , .
CALL DSO{CC,DCO,NO) =
PRINT 5 -
5 FORMAT('3',29X,%eese PESULTS wsaely) ) X

PRINT 3, Cl1),CCl2)45UM2,5UmM . .

3 FORMAT(Y0' ;3 X,"A223 *,FB.3,8X,"A21= " ,F6,3/75X,'0EV X = '.Fa.:.s}.'
sSUM OF SUQARE = ',F10,8/) ) .

PRINT 15 . )

15 FORMAT{'0",9X,%"X1"',8X,"GAMMAL",;5X, "GAMMALICAL)",5X,"DEV X'/}

DO 19 I=1,N0D ) .

PRINT 4,X1(I),ALPHIIN ,YAII),DEV(I}
A FORMAT(T0 " )8 X gF B a3y 8X ,F8.335XK9F8,3,5X,F8,23) ‘
1) CONTINUE
PRINT 13 :
18 FORMAT({'1',10X,'seseas T-X CORRELATION sssuss?’ /)

Al12=aCC(1} -

‘A21=CC(2)

X=0,.,358

PRINT 5390

50 Fonn:rn'o',ax,'rtc) '.Tx,'xl',3x,'GAnMA1'.Fxg'GAanz'/)

YHILZ( X «LEe 1,0 } DO !
YXAL2/7{2e+(A129X) /7 (A210 (L omX)) )02
Y3=AZ21/lla¢{A21% (L, =X})/(Al28X]) }&e2
YYZEXPLIY)

YBz=EXP(YB],

YYX=ALCG(X®YY)

DOZDH=ReTMeYYX o
T=TM8DH/DD=2T73,15 . R
PQINT ZS.T,!.YY,YE ) .
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rd

no

24

200 :
3 CALL DEV21(FQ,C0)
.60 TO 15

15
8040

»

‘ “

FDRHATI'O'.SX,FS 2,5X F?.S,Sx FT-s AX yFTah)
XZX+J,08

END. wHILE - . o

sTOP .

END

SUBROUTINE DEVIi(Fas l .
COMMON YAIS50),ALPHIS X1(%Q) ,DEV{53)
COMMON SUM, SUMZ,NOD

DIMENSIQON COLl&) .

Al2=cal1) .
A21=co{2) . : ~
SUM1x¢,0

SUM2=x3.9-

DO 2 K=1,NQOD '

Y= Azzf|1.0(A12tx1(x:)lta21-c1.-x1|K|)))-t2
YA(K)=EXP (Y)

DEF={ALPH(K}I=YA(K])n®2
DEX={ALPH(X)=YA[K)) /ALPH(K}1#100,.,0
SUML=SUM1+ABS(DEF)

SUM2ZSUM2+ABS(OEX)

DEVI(K)=DEX

CONTINUE :

SUM2z=SUM2 /NOD -
SUM= SUM1/NOD

FOBaSUM

RETURN .

END J . v

SUBRQUTINE D
DIMENSI c

- O

Cy N)
(4 ).CC(4|.PJ(§I,CZI(#!.CZF(OI

o® O
ouwuou

aN
1
1
2
2
I
t

CCi{I)=CO
PJII)=1,
CONTINUE . .

I

CONTINUE
YRITE(6,929) |
FORMATILHO, "IN

CONTINUE

4 = 0 -

00 30 I = 1, N
MHG =, 0

™~



o

35

nn
Qo
NN
M-
-
-
-

CONTINUE
MHQeMHQ +1 _
IFl F.LT.FQ } GO TO 70

TPII)A=P (]

.80

70
50
1000
40
‘103
120
11‘00

SENTRY

IF( MHQ=1" )} 50,60, 80
-

LOLIr=CcCi1}

G0 Ta 50
CClII=COLI) »
Foc=F
CONTINUE v

v IF U Jd .
dRITE(8,1000)
FORMATILH L'E
CONTINVE

ICK = 1
CALL oevzi(Fo.COH
GO TO 129 :
CONTINUE
dRITE(6,11000) {(CO{I)I=1,N},FO
FORMATLIH ,'RESULTS',8E1244)
RETURN .
END .

-]
e
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o000 0O0O0000O0

USINSG SOAVE=REOLICH=WNWONG FQUATION OF STATES AMD
1=PARAMETER AND 2=-PAPAMFTER FANOOM MIXING RULES

"TOD .CORRELATE SOLID=FLUID FOCUILIBRIUM

I
i
i
|
|
]
i
i
i
i
I
i
i
1
t
i
|
t
1
i
{
i
1
]
i
I
i
|
1
]
§
i
i
i
i
1
|
i
1
1
]
!
1
i
[
|
i
i
)
i
i
|
|
!
1
|
f
i
I
i
1
|
1
i
t
1
i
]
{
!

MIXING RULES

—— i w——— =

JMIX = 1 1=pF RANDOM MIXING

' .
2 2=P RANDOM MIXING

EENEENE
Pl

- - ——— - —— - —— — A i P =
-

b
- ]

MATN PROGRAM -

A i v W s G s T Y Gu A D A D G D S S . W — .

IMPLICIT REAL®3 (A=H,0=7)
DIMENSION TITLE(29),C0004),DC0L14)
COMMUN /BK1/ T.yt513.x1|%c|,7115c1.fCL!!OI,vu673ai.vcvtsol,

. AVY 4R yNOD, JMT X

COMMAN /BK2/ 5A1,5A2,5SR1,S5B2
COMMON /BK3/ TC1,TC2,CIlJ4BTJ,PS,VS
COMMON /BKAZ AVPA,AVYA,RMSY

=mwm==—= MIXING RULES =eesccccccccomccc—aceewa

- JMIX = 1

1 READISy1%0,END=899) (TITLE(I) yI=2,18])

150 FORMATI(18A4)
WRITE(6,900) (TITLELI),I=1,17)

900 FORMAT{LHL,1844)

, READ(5,L2i] NCOMP,NANTUM,IJK,P

191 FORMAT({3IIBS,F10.31
IF( VCUMPELE.D 1 G0 YO 1
dEITEI6,3G1)

9971 FORMAT{LHO,"INPUT DATAI'//)
READ(543102) PCL,VCLyTCl, w1  NA® NAL2Z,NALI3I,NALA
REAGI®y102) PC2,VYC2,TC2,w2,¥421,NA22,NA23,NAZA

102 FORMAT(&FB8.0,1T7TX,4A5)
YRITE(G,789)
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-~

aaooOon

yd

789 FDQMAT(lHO.?X,'FC',9!,‘VC',9!.'TC'.12K,'h /)
WRITE(GE y3uw2) PC1l,VC1l,TC1,W1,MALLI,NALZ, ,NATII ,NALS
JRITELGE,902) PC2, vcz.rca.wz.NAzl NA22.NA?3 NAZ G
WRITE{6,111) JHIx

L1l FORMATIOIX,"UMIX =',T47}Y

302 FORMATI1H ,4F12.6,10%x,44A4)
REACU(S,100) A,B,C
READIS,10¢) VS
READ(54103) T,PSI,IT
READ(5,104) IJk

133 FORMATI2F1C,0,512) w

10A FORMAT{18X,I2} <
IFL ITeZQel ) T={T—=232,1/1.8+4273,15
IF{ I.,T.EQ.Z ) T=T+272,.,15
PS5 = A=B/LT+C}) '

PS = 1J®*P55/1,0132%
PS5 = DEXP(A=B/(T=273.15+C))1/776C.0
WRITEI(6,903} T

903, FORMAT{LHY,5X ' T=" F1C .4, x'ﬂ
dRITZ(6,858) A,B,C

13- FOR“AT(IHO.SX.'AITIONE COEFF. = 'y3E1%.57)
WRITE(6,;666) PS

688 FORMAT[LHO,S5X,?50LID VAPOUP PRESSURE = " ,F12.5,2Xx,%ATV!/}
WRITE({6,699) VS

899 FCRMATLLHO ,BX4"MUOLAR VOLUWME = ",E12.%,2X,°%'CC'/}

. YFITE(G, 6671

867 FORMAT(1HO 412X, "PATM) Y 12X, Y1LILEXP)}?7)
NOD=1 w

32 READIS,100) PINOD) yX1{NOD),Y1LINOD}
10§ FORMATI(TF10,0)
IF{ P{NGD) ) 33,334,234
34 IFL NQNTUML,EQ.1 ) X1 (NOD}I=Y1INOD)/X1L({NGD)

’ IF{ NQNTUMLEG.3 ) XLINOD) = 1.=X1(NOD}
IF( NQNTUM.EQ.3 ) YL1I(NOD) = 1.-Y1(NOD)
IF{ NANTUM,EG.2 ) GO TO el1

812 CONTINUE
IF( TJK+EQed } P{NODI=P{NOD1/14.637
IFL TJKLEQ42 } P{NCD}I=P{NQODI®*100CD. fs.a95/14.697
IF[ TJK,EC,3 ) PINOD)=P(NOD)/TEQ,

IFU IJK.EQ.S 1 FINODI=PINODYI/Z/1.01325
WRITE{6,49C4) NOD,PINGD),YLINOD)

9304 FORMATILH 2I3,5X,F1N.2,5X4F15.6)
NCO=NOD +1
GO YO 32

811 CONTINUE
TEMP=(1l.=Y1{NOD))/IX1(NOD}=Y1{NQOD})
YL{NOD)=TEMP®*X1{NODC) .
X1L{NODJ}=TEMP
G0 fo 812

33 NOD=NOD-1I
—==== INPUT PUPE COVMPOMNENT PARAMETEFS —reo=-cwwo-
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SBl=y.03664¢R®TC1/PC1
s82=0, oassa-notcz/pcz

anonon

c ALPHL=0 44797841 ,.5762068w1wD 190340yl e22+0, 02179-v1--3
c 1 =34 00LFBT7 7oy iee4=D 000131530 n10e"
[~ ALPH2 S0 ¢ ATO0T79+1,57624042=0,1939A%y2903240 ,027T79092 083
c 1 ~2. 0016577 w2%®a=N, 003131830295
"ALPHL1=Z0 . 8841 ,.5T74oWl=0, 1750 w102
ALPH2 =0, 4841 . 5748v7=~0D,17h8wW2ee
SALZ) (A274 7% (ROTCL1)#*22/PCL®{] . +ALPHL®[1.~CSORT(T/TC11))
SA2X) 42T4HTeIRYTC22e2/PC24 (L, +ALPH2* [1.~DSQARTIT/TC211})
~—wwwe SPECIFY NO. DF PAFAMETER AN[ ~——=c—a=c—aa )
- STARTING VALUES - 0
N = JMIX
coofL) = €,100C20
CO0(21 = 0.00CA20¢C
DCcof(1) = 0.1
DCOt2Y = U.1,
c .
CALL DS0(COQ0,DCO4M)
(o CALL DEV21iFCB,CCO}
c )
WRITE{K,10%3) CIJ,B1J _ '
YRITE(8 ,12G7) T AVY
WRITE (6413900 AVYA
YRITEI(B,10587) RusSY
WRITE(6,6588)
D0 20 I=1,NOD
20 WRITF{6,1100) PlI).YllIl.YCL(II.YDD(Il,YOY(Ii
60 7O 1
399 STOP
588 FGRMAT(IIL?X,'P!ATM]'.12X.'Y1(EXPI'.10!,'YllCAL}'.12!,'DEV'.11X,'
* DEV'7s)

1000 FORMATI/Z/2%x, 'TEMP=? E13,5,5X,
1'  AVXDEV=',4E13.5/7)
1085% FORMAT( /772X, K12-'.F13 fo2X,L12 =t ,E13.%77)

10%0 FORMAT(//72Xx,323x," Av.Ans='.2E13.5/lr
1057 FORMATI//2Xx423X,%,~ RMS =%, 2F13,5/71)
1100 FOURMATUILH ,6E18,.5)

END

SORTING X[1), X{2) ANDC x (3] -

ON0OO0OONOOO
i

1
SUBROQUTINE TRTOVIA ,X ,N) .
IMPLICIT REAL®8(A~H,0~27)
DIMENSION A{3),x{3)
CALL TRINLQEA,X,N]
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IF( N 4NEes 1 ) GO TO 14
X{2)=x{1]
X3 r=xX(1)
RETURN
10 XM=X(1) .
IFL X12) +GT, Xi1) ) G0N TO 11
Xt1t=xg2)
X{2)1=xM
11 xM=x{l) i
IFL X(3) .GT, x{1) ) G0 TO 12
Xt1)1=x{(3}
X{3)=xX\
12 XmMz=X{3)
IFL x{3) L,GT. X{2) ) GO TO 1A
X{3ay=x(2)
X{2)=XM
13 RETURN ’
. END
o
c
c T D S Ay - —— —— —— - — o v b G A SN P W WP AP A S e e e e ol A A
c - -
c - SOLVE |NOTS OF 4 -
C =- Z*03=2os 24 (A-B=Bee2}s7=48 = O -
C - ) -
c A el ST D TEDR TEN WP R AN D SR DN D D - - W e e o e S D WA AN S S S Sy Wy ol S b D
c ) ’
Cc
—(z.-Allltta 9.-Atl)-A(2)+2?.-A13|1127.-
ODEF ®F ¢4 , SEPESE ‘
IFL D )} 1,2,2
2 Fl={(=-F+DSQFT(D)) /2.
F2=(=F=0S5QRTI(D)) /2.
X(1)==A1(1)72,
TFL T1 «NEe Je ) X{TL)I=X({1L)+F1/DABSI(FL)®* (2 ,/73.)
IF( F2 «NEs O0s ) XU121=X{1)}+F2/DARS5{F2)e8 (2 ,/73.)
Nwl N '
GOe TO0 12 ’
1 R= DSQRTI-E'E‘EI .
COR==F/24/R
THETA=DARCCS ICOF}
XX=2.,"Ras(1l,/3,1
XY==A(1) /3. ™
X{1L)1=XX*DCOCS{THETA/ 3.1 +XY
Al2V=XX*DECCSUITHETA+2,,*¢PATIY /2 ,} +XY
!lSl:XX'DCGSIlThETA+¢.‘DAI) A )XY
N=3
10 RETU
END
c



-

OOOO0OAN

(s N3 N ]

(e XN e

[p Xz X1l

(s X3kt

- VEVIATICN FUNCTION

O o D D D S bl —— Tl S o iy P e o ol v A W B

SUBROQUIINE DEV2ilFQR,CNDO)
IMPLICIT REAL*A{A=H,0=7)

COMMON /sBK1/7 T, P(‘OD,X‘l“Ol.Yl(‘Ui.YCLCSC).YCD(!J!,YEY(5OI.

» AVY R NOD 4 JMI X
COMMON /BK2/ SAlpSAZ.Sql sa2

COMMON /BK3/ TC1,TC2,CTJy,BIJyPS5S4VS

COMMON /BK&/ Ava,Ava.pusv
DIMENSION AXU3),X(3),C00(4)
AVYA=ZD,

RMSY=2,0

NUM=g

FCBx0,9

¥5=0.2

G0 TO ( 126,129 },JHMIX

———mac~~  1=P FANDOGM MIXING =—=—=

126 CrJ=Cco0(1}
SA12=(1L.~CTIJ)*DSQAFT(SALeSA2)
80 Tq 113

3

m—mmmm——— =P RANDOM MIXING T LT Y PP pue i ———

129 CrJ=Cco0¢{1]) -~
BIJ=cQot2)
SAL2={1.=CIJI*DSARTISAL®*SA?)
5812=-{1.-81J)*1581+5B2}/2,
GO TO 113

113 DO 1y I=1,MN0D
POLD=P{TI}
YCi=vy1(I)
YC2=1,~YC1
IT=0

DYF=0.0 N

—=w—====~ ITERATION OF Y1 ——me—ee—-

33 CONTINUE
IT=1IT+1
GO T2 { 1214132 ),JMIX

- o 1=P RANDOM MIXING e e it

101 SASYCLw*28SA1+YC2092e5A2+42 9YC19YC29SA12

SESYCLeSARI4YC2*S5A2
B0 TO 125
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c.
c
c

- 2=P RANDOF FMIXING =ermeanorme—oeccacoccamen-

l92

t12%

Q00 ano

OO0

o 000

SASYCLOW2@SAZ+YC2%824S5A242 , oY L8YC205A12
SB=YCLe®P2wSRL+YC29 9285242 ,«YL1*YC295B12
GO 7O 12%

AZSASPOLD/(R®T)we

B=SBepULD/IR®T)

AX{1)==1,

AX(2)cA—=-B—Bee2

AX[3)lz=—AweB

CALL TRTONILAX X ,NN)

IV X3}

IF 4 2V JLE. B )} ZV=Xl

IF { ZV <LEe« A 4OR, OLD «LTe PC2 } ZV=X1{21}

GD TO ( 123,324 )}, JMIX

mw—we==—== CALCULATE FUGACITY COEFFICIENT ~—=—w—= :

1223

L24

FV1=58175S8%{2V=1,4,)1~DLOGR(ZV=RI~A/B® (2,*(YCL18SAL+YC2®SA12)1/SA
=SBL/SBYI*NLOGI{1.+P/2ZV)

FV2ZzZS532/58¢(2V=1.)=DLOB(ZV=3)=A/Bo (2,4 (YL23SA2+YC 1954120754
=582 /58)*DLCG(1.+R/2ZV)

60 TO 155

‘YV=ZVeReT/POLD

Al=2.,9(YCL*S5A1+YC2%S5A12)}
Bl=2.¢({YCl*3B81+YC2*5A12)
A2-2,% [ YC2®SA2+YCLleSAL2)
A2=2,0(rC2e582+YC1*5R172)

FV12{a31=35B)/7(VV=SB8)+SA/{PeTs(VV+5E) =R01/5B)1=DLOG (Z2V=0)

1st1,
=A/B% (L, +AL1/SA~BL/SP)*DLOGIL .+ /F2VL]
FV2=(82=SB1/tVV=3B)+SA/[ReTe{VV+58)1) *(1,~-B2/58B)~-DLOG{2V=8)
=A/B® (1, +A2/SA=R2/SE)*DLOG(L++B/7V)

GO TO 135

FY1L=DEXPI{FVL)
FV2=DEXPIFY2]}

EVALJUATE SOLID COMPOSITION IN SUPERCPRITICAL GAS ~=w

CYNL=RS/POLLC/FVI®DEXPI{VS/R/T®*{POLD=PS]))

DYF=(YCL=YNL)/YC1

COMPARE Y1{ASSUMED) AND Y1(CALCULATED) ===
IF ( DAYS(DYF) LLFE, 1.,0E-03 ) AC TO 30

IF { IT +GT. 230 ) G50 TO 999, '

IF { YN1 olLte €o) ) YNLIZ1.F~05

IF  YNL JGE. 7.2 ) YvIzCL.02

YC1=(¥YNL+¢YCl} /2,
yC2=1l,.,-7vCl
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c
C
C

o o000

OO000ONDO00OO

c

GO TO 13

- EVALUATE DEVIATIOUN FUNCTION - -

30 CONTINUE

933
1009
o

10

YCL=YNL : )
YCLII)=YC1
DYY=(¥Y2{XI)~yvC1) s
YOY({Iiz=ivii1)=-vyc
YOD(IN=YL(1)=YCL
NUMZ=NUM¢
YS=YS+DABSIYODY(I
AVYAZAVYA+DABS (Y
RMSY = QMSY + [ 4
GO TD 10
dRITE(6,1003) C
FORMAT(1IH ,%sse CcgN

H-
-
oy

100.)1w»2

TJyRTJ,POLD,YCL,YNL
VERGENCE PROBLEM #ee* 5E13,5/)

CONTINUE

IF{ NUMW.EQ.D ) GO TO 11 ?
AVYSYS/NUM ’
AVY AZAVYAZNUM

RM3Y = (RMSY/NUM)S%0,.5

.

TTTT===  0BJECTIVE FUNCTION —ememeccemmmeeoo.

FOB=AVYA

1 IF{ NUM.EG,.D | FOB=1,E20

IFT NUMJNELNOD } FCA=FOR+100.00
RETURN
END

R D S G D N o T T — ———y o= T 0 L o o PO St s —

209

OPTIMIZATION SUBRPOUTINE -

SJUBRIVUT INE D501(CO40CN,N}

IMPLIZIT REAL®Y (A=H, 0~7)

DIMENSION CO{A),0C0O04),CClA),PILA},CIT(4),C2F(4)
Ick = ¢

R

(=

i

-0 | o)
= O
Wwe tus
WA

CCtIil=¢cO
PJII)=1,
CONT INUE -
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15
900

a0

20

€9

as

80

70

30

19990
A0
103
Y120

11090

CALL DFVZIIFO ct)
GO TO 15 :

CONTINUE
WERITE(6,362) {cC
1

‘ =1,N"F0
FOQRMATILHU ,YINI

LIV,
IAL® ,8F1l2,.4)

00 AQ |(=1.5

DO 22G I = 14N
DCO{TI=0CO1Y} /10,
CONT INUE
J = 2
50’30 I = 1y N )
MHQ = 0
CO(I) = CCILIN+ DCO(IV®PI(T])
IF (CO{I) +LE, C2ICI}) COILI}
IF (COUI) .G5% C2F(I)) COHI}
CALL DEV21(F,CO0)
CONTINUE

MHQ=MHQ#*1} =

IF( FeLToFO0O ) GO TO 79

PJIIY=—=PJIlI}

IFL MHQ=1 ) 60,680,090

cotIl=cciI} "
J = J + 1 ,

G0 TO 59

CCl(I¥=COLlI}
FOo=F y

CONTINUE . )

IF { J 4NE. N) GO TO 20
dRITE(6,10CU] lCO(I!.I 1yM1,FO
FORMAT{1H ,'E.O Se' ,RE12 4
CONTINUE

ICK = 1
CALL DEVZ21(FQ,CO0)
GO0 TO 129
CONYINVE ‘
MRITZ(6,1100} {CO(TI),I=1,
FORMAT(LH ,'RESULTS'.5¢1
RETURN
END
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Appendix G

EQUIPMENT SUPPLIERS

(1) Automatic boost pump.
Manufacturer :

Supplier :

Model :

“Weorking pressure :

(2) High pressure view cell.

~

Manufacturer :

Supplier :

Model :

Futurecraft Corp., California

Hydrocon Co.

10690 Shadow Wood. No. 122
Houston, Tx 77043

Tel: (713)932-8240

90739

68.9 MPa

Jerguson Gadge and Valve Co.

Peacock Inc.
C.P. 1040, Station "A"
Montrea!l, Quebec

H3C 2X5

11751
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N

Working pressure : 68.9 MPa

(3) Pressure transducer.

%

Manufacturer : Dyniscol
Model : 112851, 112743
Working pressure : 13.8 MPa, 137.9 MPa

(4) Precision temperature controller.

Manufacturer : Bayley Instrument Co., California
Model : 250 ot
. Temperature range :  -200 to 100°C

>

(5} Quartz thermometer. *
Manufacturer : Héwlgtt Packard
Model : 2801A
Temperature range : -80 to 25[');’C
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