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EXPERIENCE IN NORSK HYDRO WITH CUBIC EQUATIONS OF STATE

SIGURD SKOGESTAD
Norsk Hydro, Research Centre, N3901 Paorsgrunn, Norway

ABSTRACT

The paper presents some specific applications of cubic equations of state (EOQS) in Norsk
Hydro and points out some aspects of such equations that one should be aware of when
using them or when developing new equations. Is is emphasized that the use of EOS to
caleulate vapor-liquid equilibrium is inherently empirical. Activity coefficients predicted’
for some systems by the Soave-Redlich-Kwong (SRK) equation of state are presented. The
limitations of the van Laar equation for activity coefficients which may be derived from
SRK at infinite pressures does not necessarily apply at finite pressures. The shortecomings
of the SRK equations of state are pointed out and suggestions are given on how to develop
an extended SRK-equation.

INTRODUCTION

Cubic equations of state like the SRK equation are widely used by chemical engineers for
VLE calculations. They have replaced Raoults law as the "first try” method. This is due
to their simplicity combined with a remarkable accuracy. Compared to activity
coefficient based methods, equations of state have the great advantage that there are no
special problems with supercritical companents. Furthermore the number of parameters is
much less - for SRK only Tc’ Pe and one other parameter (which may be obtained from Tb)
for each component. By adding ideal gas enthalpy data for each pure component the
engineer has virtually all the data needed for process simulations (VL.E, enthalpy, entropy,
densities). For mixtures there is only one parameter for each binary which may often be

set equal to O,

In Norsk Hydro the SRK equation has been used for many different systems. It started
more than eight years ago with oil and gas processing calculations at high pressures close
to the critical point. More recent applications include crude oil refining, separation of air,
Hy-N,-Ar-CH, , ammonia-water, chlorinated hydrocarbons with HCIl, air-water and
water-hydrocarbons.

The SRK equation is used throughout this paper. However, most of the arguments
presented are equally valid for other forms of cubic EOS.

0378-3812/83/$03.00 © 1983 Elsevier Science Publishers B.V.
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VLE BY EQUATIONS OF STATE : INHERENTLY EMPIRICAL

Looking closer at how an equation of state (EOS) works for VLE calculations, the greatest
surprise is that it works at all. An EOS represents volumetric (pVT) properties. Fig. 1
shows how both liquid and vapor volumes may be reproduced with a single cubic EOS. The
equation is analytical and gives a smooth transition from liquid to vapor volumes through
the two phase region. This is of course not according to nature which is non-analytical at
the bubble and dew points. However, for calculating single phase volumetric properties it
does not matter which volumes are predicted inside the two phase region. We could say
that the two-phase region is "free to use", and what is in fact done when applying
equations of state to VLE is to use this region to "store" the vapor pressures. This is
campletely empirical and is obtained by forcing the volumetric behaviour inside the
two-phase region to obey Maxwells equal-area rule (Fig. 2)., Maxwells rule comes from the
criterion of equal fugacities in both phases for a pure component at VLE.

It should be stressed that equilibrium conditions cannot be derived from volumetric
properties alone. Even with a "perfect”" equation of state which accurately reproduced
liquid and vapor volumes, we would not necessarily get correct vapor pressures. For VLE
calculations the hypothetical volumetric properties inside the two phase region are in fact
the most important, and this part of the curve should be established by using vapor

pressure data (or other thermodynamic data like enthalpy and entropy ).

An interesting point about applying equations of state to VLE is that it does not matter for
the VLE calculations what vapor and liquid volumes we get. However, it is of course most

convienient if the same equation may be used to calculate volumetric properties as well.
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THE SRK EQUATION

Soave used the Redlich-Kwong equation of state for the vapor phase as a starting point
P =RT/V-b - a/V(V+b) (1)

The first term is a combination of the ideal gas term (p + RT/V when V+ =) and the
repulsive term (p* ® when V* b). The second term is the attractive term which pulils
down the pressure and makes the van der Waals loop. Socave fitted this equation to
experimental vapor pressure by making the a-parameter temperature dependent

a = a (l+m(1-/T/T ) (2)

This approach gives quite accurate vapor volumes and vapor pressures and hence the heat
of vaporization will be reasonable as well. From an engineering point of view this is
important because the heat of vaporization often is the most important part of an

enthalpy balance.

Matching T _and P . The SRK equation has four paremeters for each pure component (ac,
m, Tc’ b), but this number is reduced to three (Tc’ Pc’ m) by using the following two
constraints:

1) (Tg, Pg) is on the vapor pressure curve

2) (Tes Pp) is the last point on the vapor pressure curve.

This gives
ac = 0.42747 R2T2/P, (3)
b = 0.08664 RTo/Pp (4)

Some typical values for a and b (+ the "solubility" parameter §) are presented in Table 1.

The second constraints is equivalent to setting ZC = 0.33 for all pure components. This is
too high in most cases., The fact that SRK usually gives too high liquid volumes is closely
related to this constraint. This was realized by Peng and Robinson who modified the RK
equation to give Zc = 0,307. This improved the liquid densities somewhat for most pure
components, but the values are still not good enough for engineering calculations. The
VLE ecalculations are hardly affected at all and the Peng-Robinson equation therefore does
not represent any real improvement compared to SRK from a practical point of view. In
fact, it mostly creates pfublems, because the engineer is faced with two instead of one

equation to use.
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a(dm3/mot? blem3/mol)  6=/1n2 a/b? ((calfem)1/2)

H 0.010 18.2 2.46
ch, 0.189 29.6 6,55
nCy 1.878 80.7 7.57
nCg 3.916 120.5 7.32
nC 10.610 212.2 6.84
CoHl 2.933 82.3 9.28
H,0 0.990 21.1 21.21
EtOH 2.361 58.3 11.75
NHs 0.574 25.9 13.04

TABLE I Typical pure component SRK parameters at 273.15 K.

Vapor pressures. The m-parameter in the SRK equation may be estlmated fram the
acentric factor w (e.g. with Soave's correlation m = 0.480 + 1.574w - 0.176 w ), but should
preferably be fitted to pure component vapor pressures in the temperature range of
interest. It is often convenient to use the normal boiling point to obtain m. In cases
where high accuracy is needed (e.g. for separation of close-bailing components) and for
some polar substances (e.g. water) the temperature dependence of the a-parameter
suggested by Soave is not adequate. This may be solved in most cases by adding an extra

parameter to make the m-factor a linear function of temperature.

Liquid and critical region. If we match Tc and Pc using the two constraints above and fit
m to vapor pressure data, the only way to get satisfactory volumetric properties in the
liquid and critical region as well is to add more pure caomponent parameters. At least two
parameters are probably needed to match both regions. Péneloux (1982) has introduced
one extra parameter in an elegant way: A linear translation, c, along the volume axis will

not affect the vapor pressure { see Fig. 2). The modified SRK equation becomes
P = RT/(V+c-b) - a(T)/(V+c)}(V+c+b)) (%)

Péneloux has shown that the VLE calculations for mixtures is not affected by the
translation provided a simple molar average mixing rule for c is used. The new parameter
c may be used to match densities in the liquid or critical regions. For engineering
applications it is probably most important to improve SRK's ability to predict the critical
region, as the separate correlations which are used for liquid densities work all right in

most cases. Vapor phase densities will hardly be changed at all by introducing c.

Vapor region. The RK equation gives good vapor densities and enthalpies for nonpolar
combonents, but for polar components like water and ammonia, errors may be significant.
This is especially the case with enthalpy departures where derivatives of volume with
respect to temperature are involved. An example: When saturated ammonia at 16
bar‘/4DDC is expanded adiabatically to 1 bar the final temperature should be

o
about -2 C. SRK gives 1200 because SRK predicts the gas to be more ideal than
it actually is.
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SRK applied to mixtures. The main reason for the widespread use of the SRK is the good

results usually found for multicomponent VLE. The following simple mixing rules which
were suggested by Redlich and Kwong (1949) work very well in most cases :

a =1II xjXjajj= ale + azx% + vense + 28] X X2 + s (6)
D/

aij =v alaj (l-kij) (7)

b =Ex;b; (8)

Excellent results may be obtained for a lot of industrially important mixtures
(hydrocarbons) without using any binary parameter kij' Other systems (e.g. hydroearbons +
light gases such as HyS, CO2 and Nz) may be handled by using one interaction parameter
for each binary. Mixtures with supercritical components are very common in industrial
applications. These create problems when using an activity coefficient based model for
VLE calculations as one has to extrapolate fisat (pure liquid fugacity) beyond Tc or start
using other reference states than the pure component. Supercritical components present
no problem when using an EOS,

ACTIVITY COEFFICIENTS PREDICTED BY SRK

Equations of state are increasingly being used for VLE calculations instead of actlvity
coefficient based methads. This shift will continue in the next years to come as improved
and more flexible equations of state are developed. Although activity coefficient are not
used directly in the equation of state approach, they may be calculated for comparison.

Vidal (1978) derived for SRK the expression for the activity coefficients in the liquid phase

when p+ ®. For a binary mixture this becomes

2 2
RTIny ) =b) &5 (@ 6,)" + 2k; 5,5, (9)
¢, = volume fractioni= byx,/Z bjxj (10)
8, = "solubility parameter” = /In2 ai/bi (11)

Eqn.(9) is a one-parameter form of van Laars expression for y and it is equivalent to the
equation Hildebrand and Scatchard developed from regular solution theory (Reid
et.al.,,1977) . The equation is not valid for polar components.

No simple relation for y may be found from SRK for finite pressures (Vidal, 1978). The

validity of (9) at finite pressures may be checked by caleulating Y with SRK for a mixture
at fixed pressure. For a component in the liquid phase the following applies

A
vi=ok /o0 (12)
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Calculated with Calculated from

SRK (eqn. 12) at p== (eqn. 9) with

finite pressure data from Table 1
1 @ kij p (bar) Y] Y2 Y1 Y2
CH4 -nCl0 0.0 104.8 1.999 1.054 1.031 1.004
nC4 -nCé 0.0 0.535 1.002 1.001 1.003 1.002
nCé6 -CéHeé 0.0 0.054 1.094 1.142 1.124 1.186
nC4 -H,O 0.0 1.139 2.063 28.085 2,689 43,982
EtOH—I—FzO 0.0 0.021 1.509 4.253 1.759 4.764
NHz -H,0 0.0 3.668 1.716 2.395 1.706 1.926
NHz -H,0 -0.28 1.256 0.605 0.584 0,493 0,420

TABLE 2 Activity coefficient for equimolar liquid mixtures at 273.15 K

The fugacity coefficient?p'i_ comes as a direct result of a calculation with SRK for the
mixture at the given T and p. cpli"o is the fugacity coefficient of the component as pure
liquid (which might be hypothetical) at the same T and p and is obtained from SRK with a
separate calculation for each pure component.

Activity coefficients obtained at finite pressure and at p== (eqn. 9) are shown in Table 2.
The agreement is quite good, but there does not seem to be any general relation between
the activity caefficients obtained at finite and at infinite pressures. It should be pointed
out that the limitations of egn. 9 do not necessarily apply at finite pressures. This is
illustrated by Figure 7 which shows activity coefficients in ammonia-water mixtures
predicted with SRK using kij = =0,28. The minimum in the activity coefficient for water
cannot be obtained with a van Laar type of equation. This implies that SRK may be
capable of handling a broader range of mixtures than expected from the eqn. 9 which is
derived for SRK at p=,

PROGRAM PHASE

Crit. point Crit. int
(321.3%K, 257.9bar, 2,=0.85) ; (321.35K, 257.9bar)
00 7
1.0l P . 500 K
(bar)| ||/ 400 K
! 321 X
VAPOR| 200 . 250 K
; 216 K
C2H6 ..-phase envel
C3H6 100
nC4
ncC5 |
nC17
400 j 600 100 1000 310000
T (K) Vv (cm”)
FIG. 3 Lines of constant vapor fraction FIG. 4 Isotherms predicted by SRK

predicted by SRK for natural gas mixture for natural gas mixture.
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FLASH RESULT 1 PHASE * * * *
SYSTEM IS STILL UNSTABLE, PHASE SPLIT PERFORMED ....
T= 215,90 K, P= 61.00 AT™M, Z= 0.24208, G/RT= 0.

SYSTEM IS STILI UNSTABLE, PHASE SPLIT PERFORMED .... FLASH RESULT 3 PHASES * * * *

T= 215,90 K, P= 61.00 ATM, G/RT= -0.000363144
FLASH RESULT 2 PHASES * * * *

PHASE NO. FEED 1 2 3
T= 215,90 K, P= 61.00 ATM, G/RT= -0.000362453

TOTAL FRACTION  1.00000 .02255  .06664 .91079

PHASE NO, FEED 1 2 z .25916  .45002  .24485
;o-mr. FRACTION  1.00000  .07794  .S2206 . OOMPOS ITION
44948 .24447 1 Ccu4 .70000 .82065 .91302 68142
Gf'lPOSITIW= 2 C2H6 20000 .14732  ,07881  .21017
1 cHe .70000 .91282 68201 3 C3H8 . 04000 .02118  .00652 .04291
C2H6 20000 .07900  .21022 4 NC4H10 . 02000 .00758  .00134 .02167
3 368 04000 .00653 04282 5 NC5H12 .0L000 .00276  .00028  .0L089
4 NCAHLC .02000 .00134 ,02157 6 NC17H36 03000 .00048  .00000 .03292
5 NCSHL2 .01000 .00028 ,01082
6 NC17H36 . 03000 .00000 ,03253 SOLUTION IS NOW STABLE * * * *

FIG. 5 Computer output of three phase flash calculations (SRIK) with program FLASH3

SOME APPLICATIONS OF SRK

Natural Gas Mixture

Figs. 3 and 4 show phase envelope and isotherms predicted by SRK for a typical natural
gas mixture with all l<ij = 0. The isotherms of Fig. &4 are typical for mixtures; it is only at
lower temperatures that we get isaotherms with 3 mathematical volume roots in the two
phase region (only one of these is a physical solution). SRK predicts z, = 0.85 for the
mixture, ie. the constraint 2z, = 0.33 is valid only for pure components. The critical
isotherm of a mixture does not have a point of inflection at the critical point (Fig. 4).
Another aspect worth mentioning is that in the dew point region around max T, the
compressibility factor (z"q) of the liquid in equilibrium with the vapor, is greater than
?/ap . This may seem to be incorrect, but the liquid phase is in fact heavier due to its
greater mole weight. (Example: The dew point at 495K, 257.8 bar: z =1.03, zllq =1.14,

_ ~ _ 3 B 3
MW o= 281, MW, = 64,0, = 170.6 kg/m”, o), =351.3 kgfm").

vap

Another interesting aspect with this system (at least from an academic point of view) is
that SRK predicts a very small three-phase region (VLLE) nearby the critical point of
methane. Computer output of the three-phase calculation is shown in Fig. 5. It should be
emphasized that this is a predicted three-phase region not necessarily found in practice.
It illustrates that SRK is capable of predicting liquid-liquid equilibria even for simple
hydrocarbon systems. By adding some water to this system, SRK predicts four phases; the
fourth phase being almost pure liquid water (in practice this would of course be ice). The
phase envelope and multiphase calculations were performed with the powerful computer
programs TERM and FLASH3 developed by M. Michelsen (1980, 1982a, [1982b). The
FLASH3 program handles up to four coexisting phases and is capable of doing flash
calculationg closer than 0.0 K to the critical point. This demonstrates the numerical

robustness of the flash algorithms developed by Michelsen.
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Water-hydrocarbons

With an interaction parameter between hydrocarbons and water of approx. 0.5, SRK will
accurately predict the three phase split and compositions of the vapor and hydrocarbon
liquid phase. However, the solubility of hydrocarbons in the water phase will often be
several orders of magnitude too low. For most engineering applications this error will not
be important. The reason for the error is that the original SRK mixing rule does not apply
at all for this system. Moshfegian (1979) has solved the problem by introducing a separate
set of interaction parameters kijz for the water phase (which means that kij is made
composition dependent). By making this parameter temperature dependent they get
accurate results also for the composition of the water rich phase. For the methane-water
system kijz is approx. -0.30 at 35°C and 0.0 at 150°C.

HCI-VCM-EDC

The enthalpy and VLE behavior of the system HClI - VCM(chloroethylene) -
EDC(1,2-dichloroethane) may also be accurstely predicted with the SRK equation. In
industrial conditions HCl and VCM will be present in the liquid at temperatures up to
200°C. This is well above Tc of both HCl and VCM. We have fitted binary parameters
for SRK based on experimental VLE data (Table 4). Comparisons with plant data show
very good agreement .

Ammonia-Water

SRK gives reasonably good results for the ammonia-water system. Knapp (1982) has
suggested an interaction parameter of -0.28 which we have adopted. The agreement with
literature data (Macriss, 1964) is quite good (see Fig. 6). However, in the region of high
ammonia concentrations at pressures greater than about 1 bar the predicted volatility of
water is far too low (Table 3). The fact that the pressure (and not the temperature) seems
to create the problem suggests that there is something wrong with the vapor phase model.
The possibility of significant association of water and ammonia in the vapor phase has
been suggested by Gillespie and Wilson (1982) in an unpublished report.

Pressure Y420 (ppm) reported Predicted SRK
(psia) by %%criss (1964) YH20 (PPM) T (K)
6 1.1 1.3 226.0
10 2.0 2.5 235,1
20 7.4 6.5 248.9
30 16.5 11.5 257.8
40 30.0 17.4 264.7
&0 70.0 31.3 275.1

TABLE 3. Ammonia-water. Vapor phase composition of 90 wt% ammonia mixture
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The activity coefficients predicted from SRK (Fig. 7) seem reasonable compared to
published data (eg., Edwards, [978). The agreement with the unpublished results of
Gillespie and Wilson (1982) is in fact very good. They also predict the minimum in Y200
at low concentrations of water. The predicted Y:lZD at higher temperatures (373.15 K)
is probably too high, but apart from this SRK is doing an impressive job for the activity
coefficients of this system using only one temperature independent binary parameter.
This is probably more due too good fortune than to the general capability of the SRK
equation for these kinds of systems. The temperature dependence of the activity
coefficients is related to the heat of mixing. The heat of mixing predicted with SRK for
an equimolar mixture is -3.4 kJ/mol in the range from 273.15 K to 323.15K. This
compares quite well with the value of about -4.4 kJ/mol reported by Macriss (1964).

1. pl.l
81.0
. L
1 =1 388.7 LK)/F 6' \ ™\, /
0 R —" . — < \ V4
e b \ NI i
° g0-8 5NN 4
10” 9 \ HaQ N M,
288.7JK// ) 373.15 Naba hs
=3 o o "/’ 5’0 .6 R
10 - \ N
>
/ - 323.35K /| N 28 s
< £0.4 :
10- 2Ae. 04K g I // \§
o o
R73i. 5
- ° @ Reported by 0.2 3. 13 273.1p \\
10 "% Macriss (1964) i
—SRK ’
.0 .2 .4 .6 .8 1.0 -0 -2 4 .6 .8 1.0
*H20 %20
FI1G. 6 Ammonia-water. K-value water FIG. 7 Ammonia-water. Activity
coefficients predicted by SRK
T P, m-factor WSRK
%9 (bar) (SRK)
NH 405.54 112.80 0.8625 0.2500
Hzg 647.40 221.18 0.8571+0.000306¢ T(K)
HC1 324.56 82,58 0.6613 0.11672
VCM 425.17 51.53 0.6891 0.13485
EDC 566.17 53.50 0.8514 0.24252
ks i
NH3-H,0 28 @
HCI-VCM 0.02
VCM-EDC 0.02
HCI-EDC -0.05

TABLE 4. Parameter values used with the SRK equation.


skoge
Sticky Note

MISPRINT in Table 4:
The SRK-interaction parameter (kij) for HCl-VCM should be -0.03 (and not 0.02).
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FUTURE NEEDS FOR CUBIC EQUATIONS OF STATE

The Soave equation of state has several shortcomings that are well recognized. Firstly, its
ability to predict pure component properties is not good enough (liquid and critical
densities, polar components in general). This may be solved by adding more pure
component parameters to make the equation more flexible . However, one of the main
advantages about SRK is its simplicity. The new parameters should therefore only be used
in special cases and the equation should reduce to the original SRK equation when the new
parameters are set equal to 0. Secondly, the mixing rules are not adequate. These should
be generalized by introducing density dependent mixing rules and more parameters
(Mollerup, 1981). Here as well it is important that the mixing rules reduce to the original

RK mixing rules when the new binary parameters are set equal to O.

As VLE calculations by EOS are inherently empirical, the decision about which type of
equation and which kind of mixing rule to choose should be based on extensive testing with

experimental VLE data.

From a practical (industrial) point of view it would be very convenient (but probably quite
unrealistic) if one could agree upon using one equation of state (eg. an extended SRK
equation) and stick to this for the next years to come. This would mean that parameters
presented in literature could be implemented immediately by the industry and thus save a
lot of duplication of effort.
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