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ABSTRACT

Defining the dimensionless temperature T* as

P (B o)
AT Tne
the attractive pressure term of Van der Waals equation of state has been modified by

introducing a new temperature-dependent function

a(T*) =1+ pT*

The new modified Van der Waals equation predicts the saturated liquid-vapour states
satisfactorily over the whole range of investigation from the triple point to the critical point.
A comparison was made with experimental data for a series of selected fluids (19 compounds,
447 data point pairs) and results obtained by the use of Van der Waals and Redlich-Kwong
equations, and Lielmezs, Howell and Campbell, and Soave modifications of the
Redlich-Kwong equations of state.

INTRODUCTION

In this work the temperature dependence of the attractive force term of
the Van der Waals equation of state [1] is introduced by means of a newly
proposed reduced temperature T* term [2], associated with the phenomeno-
logical scaling and renormalization group theory [3—6]. This reduced temper-
ature 7* term is expressed as a function of temperature 7, the normal
boiling point temperature Ty, the critical point temperature 7, and two
substance-dependent constants, p and ¢, derived from saturated
vapour-liquid equilibrium data. The proposed modification of the Van der
Waals equation predicts the saturated liquid—vapour equilibrium states for
the types of liquids studied with an improved accuracy over the entire range
of investigation from the triple point up to the critical point.
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PROPOSED MODIFICATION

The Van der Waals equation of state is
RT a

P~y @
If we let the characteristic constants, a and b, be functions of the critical
state variables, T, and P_, then we have
a= 0(7::’ Pc)
b=b(T,, P.) (2)
If we further apply to eqns. (1) and (2) the critical state thermodynamic
criteria for stability

P 9°P
(W)Tc_o’ (aVZ)TfO ®)
we obtain for a one-component system
27R*T?
(T, P)=~g7p (42)
RT,
b(T.. P) = gp (4b)

If, on the other hand, we let parameter a be temperature dependent, we may
define it as a product of two terms (compare with Lielmezs et al. [2])

a(T)=a(T,, P.)a(T*) (5)
where the a( T*) function has been introduced by Lielmezs et al. [2] as
a(T*) =1+ pT*? (6)

in which p and ¢ are characteristic curve-fitting constants of a given pure
substance along the saturated liquid—vapour equilibrium states, but T* is
defined as [2]

T = ( L. 1) T _ 1 (7)
=\77 1 Tyg

where T, T., and Ty are temperatures, in K, of the given state, the critical

point and the normal boiling point, respectively. Substituting eqn. (5) into

eqn. (1) we obtain the modified form, this work, of the Van der Waals

equation of state

— RT a(T‘c’Pc)a(T*) (8)

S V-b p?

The modified Van der Waals equation of state (eqn. 8) may be equiva-

lently re-written in terms of compressibility factor Z as

Z>—(B+1)Z*+AZ—-AB=0 (9)

P
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in which
TP.a(T*
A=a(T)P=2 a(T*) (10)
R*T? 64T,
and
bP P
B =TT (11)

where the reduced pressure, P. = P/P., and the reduced temperature, 7, =

T

T/T.. Equation (9) is subject to the general thermodynamic requirement

S ¥ _1
1nP-fO =7~ pdP (12)
Combining eqns. (9) and (12), we have

oy 1A iz
InP =7Z-1 = In(Z - B) (13)

Since the saturated equilibrium curves represent states of coexistence of pairs
of phases (i.e., liquid—vapour) and the system is thermodynamically uni-
variant, we can say that for a pure substance at saturated state at a given
temperature 7 and for a given value of a(7), a single value of P exists for
which the chemical potentials of both phases, liquid and vapour are equal as
are fugacities, i.e.

=5 (14)

Consequently, from eqn. (14) it follows that a necessary and sufficient
condition of the saturated vapour-liquid equilibrium is that along the
saturation curve the compressibilities of each phase yield equal values of the
fugacity coefficient when substituted into eqn. (13).

Equation (9) is solved for the compressibility factors, Z¥ and Z'; and
eqn. (13) is used to calculate the fugacity coefficients, £,¥ and f.', subject to
relation (14). If the fugacity coefficients for the two saturated phases are not
within a special tolerance limit, the a(7*) function value is slightly changed;
thus changing the value of the parameter 4 and repeating the process of
calculation until condition (14) is met, i.e., the fugacity coefficient f1 had
approached the value of /" within the specified tolerance range assuring that
the desired value of the a(7T*) function is uniquely defined. Using non-linear
regression methods it is now possible to obtain the p and g values for each of
the given pure substances.

EXPERIMENTAL DATA USED

Table 1 gives a summary of experimental data used. These saturated
vapour-liquid equilibrium data were considered to be of sufficient reliabil-



(114 14! 7000 00°1-0LS0 0591 PL'68T 660’1 LS uouay
61 Le Preo 00'1-22v0 ST'ELE LYY SS1E0 £'81T 10P1EM
Il LT L61'0 001-2590 879°T8T sLeey [AX A SYSIe asueyuadoaN
A 6T 1570 00°'1-859°0 6160t S9°697 LETO sTee duejuad-#
I 6¢ LTTO 00'T-¥59°0 ST0'10t 6£°09v 9tT0 Lttt suejuados]
81 1C 000 00°1-€95°0 60°LT ov'vy 132140 6197 UoaN
ST LT 655°0 00 1-2£5°0 969°LEE ST'els LILTO 8L [0yoore Ay
8 0t ooro 00°'1-815°0 SL8'TIT LOELE 09vt'0 (8)T's8 apH|ns uagoIpAH
LT [44 o 00 1-61v0 897°0C 9L6'TE 96100 6SLTIL uag0IpAH-vid
14! 1z TTo- 00 1-02¥0 08¢°0¢C 81'tE 67100 86CIL ud301pAH
91 ST 9670 00'1-¢19°0 or'Tve 98°L0S €€T0 v6°67 SueXoH
S1 L1 S€9°0 00'1-265°0 134 A E3) ST9LS LTO 0'e9 [oyoo[e [Ayry
Sl 144 860°0 00'T-%09°0 Ly'v8l ot 950T°0 0Ty sueyyg
14 €T ¢ro— 66'0-78¥°0 99t S8t 6690°0 13 4] § wmnuanag
€l LT S11°0 00'1-005°0 LE61E ST9vS 789¢°0 6L'sL SpY[nsip uoqies
(4! €l 8190 00'1-10L°0 8v'95¢ L8'80S ¥8ST°0 LLTY [oueing Arenia |
I 133 €610 00°'1-1+9°0 L9TLT Ir'sTy 8770 Ly'Le sueing-u
It 1€ 9LT°0 00 T-0¥9°0 e 19t £1°80v 170 09t aueInqos]
0L°‘6 L1 414y 00 T-98¥°0 STEst £8°19¢ SY0OE0 (6658 audzuog
syurod (1¢) e oD D (;_up3) (une)
vlEp JO 1039¢€] dwag -dway -dway Kyisuap ainssaxd
PEN | ‘ON REVAIR | paonpay Surioq rewsoN resnu) [esnu) [eonu punodwo))

74

pasn eiep [pluswiLadxs Jo Arewrwng

[ dT1dVL



75

el 8619 LL'8Y 6T°S1 61'tp LSy i0119
%S AV
LL'6 698t SLI9p LT'8 16°6¢ 96°0 81L08LTIILO P8ELIPI6STO uouay
oLt wtll V1L 87Tl 68°18 179 PTrS6T081L 0 6918678750 B_Iem
1581 ¥8'IL 3239 oL'ClL LL'6E w 162£619688°0 [8TL6S81ITS0 joueing-7
10°8t 90°8¢ £e8L £6'8Y L6'6€ [4VRY 0890T6940¢°0 S8E88YYSHO0 us30ipAH-4
6v '8 [44 13 8’61 tl'ep 880V 00°¢ T9665£TTOT0 8t006118Y0°0 udB0ipAH -4
8LLL 759 LOSE pLOL )44 6L°0 78006058t8°0 66020TSLEE0 aueruadoaN
LO6 8T 0 06'8¢ 8¢9 68°'LT 80°L CLLT8169EL0 POLLILLS6L0 UOIN
WSl P1og [4t) Lyl 1€°7T £6'1 EISPrPP119°0 01€681£901°0 wnuamnaq
6012 0L'0L £1°8¢ eIel 14814 101 1LEEO16SP8°0 S68¢91659¢°0 suBjUaq-u
66°11 9¢°IL 88°¢9 9601 0T'6v 0L0 SLEEE9SS08°0 610PTEPILEO SUBXOH-U
0661 $899 96'C¢ 6¢'11 30°Sy 960 8LSE€96S1S80 STI9SEPTSE'D sueing-u
LO'8L tECIL 6068 69°L1 £L'e8 [4: 4 9£9£608CEL'0 £IPEILPTSS O [oueyIaN
88°1C 06'99 8T'SE 8¢l 0ty vL0 0£05£99¢+8°0 69G8TTLSSEO suejuados|
8¢'1C 8¢°1T 6v'Z¢ 6v°Cl1 6v'CL 660 IPLLYTY1S8°0 £9L6t6YIPED SUBINQOS]|
WL 12485 £9°'19 129 98°6¢ 8Z'1 1L090T169L°0 60££568ZHE0 S'H
v6°'Cl 99°'v8 [0°L8 99°C1 18°8¢ 88°¢ $9LS99T89L0 PLIEYL609S 0 [oueyrg
I8°L1 Sl'es 6Tve 01T 89°6¢ 18 9LTIVISSIBO 6¥000L0V1E0 aueyry
SLvL ELLS 68°8S 8P'6 (4433 Lt £SPE96860L°0 11680LT9YE°0 )
Iv'ClL 0’89 9818 wit S8'LY 8T'CS 00000100000 86 1956E1°0 duazuag

N4 ~1Z d N4 ~Z d
10149 %S 10119 %S b d

S[EEA JOp UBA yIom sty punoduwo)

pa1sa1 spunodwod aind Ioj sy(nsal jo uosuedwo))

¢ATdVvVL



60°T1 9712 £9°9 £C1L 6961 1494 Iolrs
%SWY AV
€'y 8L'9 $T0 wy or'9 760 uousy
$9°6 £1°6€ $5°0 9€'8 OL'LE £1'9 Irem
$6'8 1440)1 £8°0 8L we oF'1 [oueing-;
0S°6¥ LTES ¥8°0 S0°0S 6v'€S 86°C usBospAyg-d
L6'6Y LTS 99°0 ros AL $6'C uaB01pAH-¥
SLS 06’61 920 ors 9I'LL 9L0 aueyuadoaN
16T ws 0€0 18°C Ly 01 UoaN
LI'8 569 ST0 95°L £5°9 v8'1 WnNLNa(g
£L°8 vLYT 910 9L'9 £ 1T 86°0 suejusd-u
ST'L T8€l 8€°0 viL 9L'€T 89°0 auexaH-u
45 $8°7¢C €20 £6'v vL61 60 aueing-
95°¢l Te'9¢ $6°0 96l 1£°9¢ 18T [ouedN
68 $E°ET wo 799 7961 L0 suejuados|
08°L 90T §1°0 vs's §9'LT 96°0 aueInqos|
85°€ 979 (48] 85°¢ LT ST1 S‘H
L6'8 £8°L1 61T L6'8 E8LL L8E foueyy
L9 181 €20 $$°¢ 8L P1 LO'1 sueig
€0°8 0¢'8 650 80°L 8L'9 $9°C o)
€L6 0L’s1 69911 LE6 1701 86'1S suszuog

Z \Z d AZ 4 d
10110 %SINY 10119 %S Y

0861-9A€O0S [pqdwe)—[[2mOH —SZaW[al] punodwo’)

76

(penunuod) 7 31dv.L



77

S6°'S £v'0T 9z°0 $6'S tLLL L8°0 €881 86°6S L8'8E L8'11 yeov 060 suljjered
spunoduwos

8101 009¢ el 896 [£°6T SS'e £9°91 1£°56 vevL €8¢l $0'99 86°¢ papuoq-H
Spiny

88°CE t1'8¢ 6¢0 16°6¢ 9’8t 66T LULE 18°¢¢ LTET 8579t 6t vt $9T wmueng
spunodwos

08¢ 8T'L SE0 £e's Ly9 S6'l 6011 60°9¢ 97°09 v8’L rl6t 00T inyding
spimyj

99°¢ or9 870 we LSS L60 we 6v'vy 1347 €eL 06'1¢ w'l adung

€L'6 0L St 69911 LE® [zot 86°LS el 0’89 9¢°18 6’11 S8LY 8T°TS olewoly

AZ V4 d
V4 1Z d [1Pqdwe) AZ 1Z d AZ 1Z d
0861-9A80S ~[I9MOH —Szaurai] S[eR A 19p UBA Ydom sy dnoin

sdnoig punodwoos 10] 10113 %S Y 93eaae JO synsal jo

uosuedwo))

£ 3T14dVL



78

ity, and we did not make any further studies to re-evaluate their accuracy.
The presently used data set, therefore, is only a representative one. The
RMS% error (Tables 2 and 3) is used as a basis for comparison introducing a
measure of accuracy of fit for this work and the Van der Waals equation of
state [1], the Lielmezs, Howell and Campbell modification of the
Redlich—-Kwong equation [2] and the Soave-1980 relation [7].

RESULTS AND DISCUSSION

The introduction of temperature dependence by means of the proposed
a(T*) function (eqns. 5-8) into the a-term of the Van der Waals equation of
state (eqns. 1 and 8) has permitted us to calculate the saturated state vapour
pressures and vapour and liquid state compressibilities (Tables 2 and 3) for
pure compounds along the entire liquid range from the triple point up to the
vapour-liquid critical point.

The introduced a(T*) function modifies the Van der Waals equation
without directly referring to the nature of the saturated vapour—liGuid
equilibrium, the type and magnitude of the intermolecular forces involved
and the molecular structure of the fluids present. Instead the proposed

v

P.9 PARAMETERS
04 06 08 10 12

02

0.0
T
«

| L 1 I l A 1 1 1 1 i __J

-04 -02 00 0.2 04 0.6 0.8
OMEGA

Fig. 1. The p and ¢ parameter plot versus the Pitzer acentric factor, w.
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method requires the knowledge of the vapour-liquid critical point tempera-
ture and pressure, the normal boiling point temperature and the two empiri-
cal, substance dependent constants p and ¢, determined from the available
saturated liquid—vapour equilibrium data. If the experimental data needed
are not readily available, Fig. 1 implies that it may be possible to express the
a(T*) function constants p and ¢ through the Pitzer acentric factor w (Table
1). As seen from this figure, the parameter ¢ tends to converge to a constant
value of g = 0.81, and appears to be scarcely dependent on w, i.e., it is not
affected to a large extent by the intermolecular forces. On the other hand,
parameter p tends to correlate with w (Fig. 1). For a given 19 compounds by
means of non-linear regression techniques, the following p—w correlation was
obtained

p=0.229 + 0.814w — 0.486w" (15)

with correlation vanance of 0.001449. Table 2 compares the results, in the
form of RMS% error, for this work, the original Van der Waals equation [1],
the Lielmezs, Howell and Campbell (LHC) modification of the
Redlich—-Kwong equation [2] and the Soave-1980 relation [7]. Table 3, by
means of RMS% error estimates, compares the results of the 19 compounds
tested separated into the following compound groups:

Paraffins: isobutane, n-butane, ethane, hexane, isopentane, n-pen-
tane, neopentane

H-bonded: tertiary butanol, ethyl alcohol, methyl alcohol, water

Quantum fluids: deuterium, hydrogen, parahydrogen

Simple fluids: neon, xenon

Sulphur compounds: carbon disulfide, hydrogen sulfide

Aromatic: benzene

Tables 2 and 3 indicate that the proposed modification of the Van der
Waals equation is significantly better than the original Van der Waals
equation for calculating all three properties considered: saturation state
vapour pressure, P, and vapour and liquid compressibilities, Z¥ and Z".
However, in an overall estimate, when compared with the LHC and Soave-
1980 modifications of the Redlich-Kwong equation of state, as expected,
both these modifications show significantly better results for all three
properties (P, Z% and ZV) considered either for separate pure compounds
(Table 2) or for compound groups (Table 3) than the modified Van der
Waals equation, this work.

Following the calculation procedures already estabiished by Lielmezs et
al. [2], the proposed modification of the Van der Waals equation, this work,
satisfies the conditions listed below.

(a) It has two adjustable, substance-characteristic parameters, p and ¢, of
which p can be expressed as a non-linear relation of the Pitzer acentric factor
(eqn. 15).

Presently, it is suggested that p and ¢ values be determined from the
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available saturated liquid-vapour equilibrium data. The normal boiling
point temperatures are considered to be available.

(b) The new attractive force a(T*) function (eqns. 5-8) is temperature
dependent, and it becomes unity at the critical state, i.e.

a(T*)—>1.0 whenT—>T, (16)

so that the proposed modification of the Van der Waals equation of state,
this work, satisfies the necessary conditions at the critical point.

The results obtained (Tables 2 and 3) strongly support the proposed
modification of the Van der Waals equation.
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NOMENCLATURE

a b Van der Waals equation coefficients which are functions of critical
temperature and pressure

a(T) temperature dependent parameter of the Van der Waals equation

of state, eqn. (5)
a(T,, P.) coefficient, eqn. (4a)
b(T., P.) coefficient, eqn. (4b)

A, B dimensionless parameters, eqns. (10) and (11)
f fugacity coefficient

D.q coefficients, eqns. (6) and (7)

P pressure (atm)

R universal gas constant

RMS root mean square

T absolute temperature (K)

T* reduced dimensionless temperature, eqn. (7)
V volume

A liquid compressibility factor

zV vapour compressibility factor

Subscripts

critical state
r reduced

(e}



81

s saturated

NB normal boiling point
Superscripts

L liquid phase

|14 vapour phase

Greek Letters

a(T*)  dimensionless temperature-dependent function, eqns. (5)—(8)
w Pitzer’s acentric factor

REFERENCES

J.D. Van der Waals, Doctoral Dissertation, Leiden, Holland, 1873.
J. Lielmezs, S.K. Howell and H.D. Campbell, Chem. Eng. Sci., 38 (1983) 1293.
R.B Griffith, Phys. Rev., 158 (1967) 176.
L.P. Kadanoff, Physics, 2 (1966) 263.
F. Wegner, Phys. Rev. B, 5 (1972) 4529.
K.G. Wilson and J. Kogut, Phys. Rep., 12C (1974) 75.
G. Soave, Chem. Eng. Sci., 35 (1980) 1725.
R.C. Reid, J.M. Prausnitz and T.K. Sherwood, Properties of Gases and Liquids, 3rd edn.,
MecGraw-Hill, New York, 1977.
9 T. Zia and G. Thodos, Chem. Eng. J., 16 (1978) 41.
10 P. Bender, G.T. Furukawa and J.R. Hyndman, Ind. Eng. Chem., 44 (1952) 387.
11 T.R. Das, C.O. Reed and P.T. Eubank, J. Chem. Eng. Data, 18 (1973) 253.
12 L.H. Krone and R.C. Johnson, AIChE J., 22 (1956) 552.
13 L.J. O’Brien and W.J. Alford, Ind. Eng. Chem., 43 (1951) 506.
14 P.T. Eubank, Adv. Cryog. Eng., 17 (1971) 270.
15 G.C. Straty and R. Tsumura, Natl. Bur. Stand. (U.S.), 80A (1976) 35.
16 J. Hoisman and B.H. Sage, J. Chem. Eng. Data, 9 (1964) 223.
17 1. Corruccini, Natl. Bur. Stand. (U.S.), Tech Note, (1965) 322.
18 R.D. McCarthy, R B. Stewart and K.D. Timmerhaus, Adv. Cryog. Eng., 8 (1963) 135.
19 SSME Steam Tables, C.E. Power Systems, Windsor, CT, 1965.
20 W._B. Strett, L.S. Sagan and L.A K. Slavelay, J. Chem. Thermodyn., 5 (1973) 633.

0~ NV AW =



