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A study on predicting
acid-gas densities for the
pressure and temperature
ranges relevant to acid-gas
injection schemes found
that only one common (
equation of state gave un- |IMAMMALY
satisfactory results.

Studied were the Soave-Redlich-
Kwong (SRK), Peng-Robinson (PR), Pa-
tel-Teja (PT) equations as well as the
effect of volume shifting on the SRK
and PR equations. The study included
pure hydrogen sulfide (H,S) and car-
bon dioxide (CO,) and mixtures of the
two.

The study found that SRK equation
was unsatisfactory for predicting densi-
ties over the entire range of conditions
because errors for this equation were
often greater than 10%.

The volume-shifted SRK is marginal-
ly satisfactory. The volume-shift dramat-
ically improves the density in the liquid
region but not in the supercritical re-
gion. The other four equations (PR, two
volume shifted PR, and PT) exhibited
errors less than 10%, except in the near
critical region.

Knowledge of densities of these gas-
es is important for designing acid-gas
injection schemes.

Acid-gas injection

Acid gas is a byproduct of natural
gas sweetening processes. It is toxic and
environmentally problematic and must
therefore be dealt with appropriately.

For large quantities of acid gas, op-
erators typically use a Claus process to
convert the H,S in the gas to elemental
sulfur and release the CO, to the at-
mosphere. But for small acid-gas quan-
tities, injection has become an econom-
ical way to deal with the acid gas. Fur-
thermore, acid-gas injection is a low-
emission process, much lower than a
Claus plant.

Western Canada currently has about
25 such projects in operation and sev-
eral more in the planning stages. This
disposal method also is starting to be
looked upon favorably in other parts of
the world.

One should note that acid-gas injec-
tion is not limited to small projects.
Sulfur prices currently are low and ele-
mental sulfur stockpiling may not be

an option for sulfur producers. Limited
space may force them to find alterna- ILS.GAS
tives for disposing of large quantities of ]%L’RNAI_
acid gas by such means as injection.

Acid-gas injection is a simple con-
cept. The acid gas from the amine re-
generator tower is at a low pressure,
typically less than 200 kPa (29 psi),
and at about 50° C., the temperature of
the overhead condenser. It also is satu-
rated with water.

Multi-
stage com-

= | Study determines hest methods

compress

u L} L}
the gas to
o e | fOI calculating acid-gas density
required for
injecting it
into a deep reservoir. Surface pressure
usually is substantially less than the
reservoir pressure because of the hy-

drostatic head of the fluid being inject- Tim B. Boyle
ed. Injection pressures depend on the PanCanadian Petroleum Energy Corp.
injection zone and may be as great as Calgary
15 MPa (2,176 psi). Reservoir pressure John J. Carroll
can be 30 MPa or higher. Gas Liquids Engineering Ltd.
One key parameter in the design of Calgary

an acid-gas injection scheme is fluid
density.'* Needed are accurate density
predictions for the vapor, liquid, and
supercritical (dense-phase) regions.
This article reviews the available ex-
perimental data for acid-gas densities

and examines several popular methods There is a large amount of experi-
for density calculations. Density predic- mental data available for CO, and H,S
tion methods that are phase specific densities. Therefore, this article includes
will not be examined. For example, only literature reviews. These compila-
there are several correlations designed  tions cover the pure component prop-
for estimating the liquid densities.’ erties over the range of pressure and

In acid-gas injection, it is important  temperature of interest in this study.
to predict the density for all fluid phas- For acid-gas injection, the tempera-
es. It is also important to have a well- ture of interest if from 0° to 150° C.
behaved function as the fluid transvers- and the pressure of interest is from at-
es the various phase regions.' The lig- ~ mospheric to 30 MPa.
uid density correlations, therefore, are
less useful for this application, even Pure C 02
though they are accurate. Literature provides significantly
SIX REGIONS FOR PURE COMPONENTS Table 1

Reduced temperature Reduced pressure

1. Liquid region T, < 0.95 P, > P, (sat)

2. Vapor region T, > T, (sat) P, < P(sat) or P, < 0.9

3. Near critical region 095 < T <1.05 09<P <15

4. Supercritical region T, > 0.95 1f0.95<T, < 1.05thenP, > 1.5

If T, > 1.05 then P, > 0.9
5. Saturated liquid T, =Tlsat), T, < 0.95 P, = P/(sat)
6. Saturated vapor T, =Tdsat), T, < 0.95 P, = P/(sat)
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CO, thermodynamic
properties and for-
mulated several ta-
bles, and Vukalovich
and Altunin® reviewed
both CO, thermody-
namic and transport
properties. Although
their data sets are
useful, they have
been superceded by
the newer tables of
Span and Wagner.

Pure H,S

Goodwin’ exten-
sively reviewed H,S
thermodynamic
properties. He used
an advanced equa-
tion of state to con-
struct a table of
properties over a
wide pressure and
temperature range,
which was used in
the study discussed
in this article.

The correlation for
H,S has much less
data than for CO,,
but nevertheless, the
Goodwin tables are
probably the best
currently available for
H,S thermodynamic
properties.

Fig. 1

Original PT

Binary
mixtures
Robinson® (see al-

= P,=0.678 (liquid)

P=0.678 (vapor)
= P=0.949 (liquid)
== P;=0.949 (vapor)

more data on CO, than for H,S, partic-
ularly for transport properties. One rea-
son is that CO, is considerably easier to
deal with than H,S. In addition, CO,
has a much lower critical point, placing
this interesting region in a range more
accessible to experimenters.

The vicinity near the critical point
attracts researchers because the physical
properties in that region have proper-
ties which change dramatically with
small changes in either temperature or

— P=1.356

— P=2.711 ®
P=4.067 Tr

—— P, sat (liquid) Pr

Pr sat (vapor)
Critical point

Reduced pressure

pressure.

Span and Wagner* provide the latest
review of the thermodynamic proper-
ties of CO,. Their investigation is a
thorough and critical review of the
available experimental data. The tables
generated use a highly accurate but
complex equation of state. The study
discussed in this article uses their tabu-
lation to compare model density pre-
dictions.

Angus’ also thoroughly reviewed

Reduced temperature

so Macrygeor gos’)
studied the phase be-
havior and volumet-
ric properties of sour
gas mixtures and re-
ported the densities
for three CO, and H,S mixtures:
17.75%, 20.35% and 60.25% of H,S at
71.1° C. and pressures from 1.0 to
12.4 MPa. All these data are in the
gaseous region with compressibility
factors ranging from 0.95 to 0.45.
Kellerman' in a more thorough in-
vestigation of the H,S plus CO, binary
system measured the densities of four
mixtures: 6.07%, 9.55%, 29.33%, and
49.99% H,S. Temperatures ranged from
—23.2° to 176.9° C. and pressures were



up to 20.0 MPa. These
measurements included
both liquid and vapor %
regions.

The study discussed )
in this article used data
from both Robinson -
and Kellerman.

Error, %

Modeling acid-gas
density

In process modeling,
equations of state,
mostly cubic equations
of state, are the models
of choice. This is partic- 5
ularly true for simula-
tion processes for natu-
ral gas treatment.

Two popular cubic
equations are the
Soave'' modification of
the Redlich-Kwong
equation (SRK) and the
Peng and Robinson'
(PR) equation of state.
Literature contains ad- i
ditional modifications
of these equations. In
fact, commercial soft-
ware packages often
implement the modifi-
cations under the origi-
nal names; therefore,
the software user
should be cautious.

Literature classifies
PR and SRK equations
as two-parameter, cubic
equations. These equa-
tions can show signifi-
cant deviations in pre-
dicted liquid density
when compared to ex-
perimental data. Errors
are typically on the or-
der of 5-10%, although
larger errors can be expected in the re-
gion near a critical point.

Recent attempts at improving liquid
density calculations employ higher-or-
der equations. For example, the Patel
and Teja” (PT) model has three param-
eters, and the Trebble'*** (TBS) model
has four parameters.

These higher-order equations rarely
improve the vapor-liquid equilibrium
compared to the predictions from the
simpler two-parameter models, and
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Original PT

therefore have not gained wide accept-
ance because of their added complexity.

This study focuses on PR, SRK, and
PT equations of state for predicting
acid-gas density in the vapor, liquid,
and dense-phase regions. The accompa-
nying box describes the component
properties and summarizes the three
equations of state.

Density

Equations of state relate the temper-

Tr Tr
= P=0.558 (liquid) — P=1.674 Pr sat (vapor)
P,=0.558 (vapor) — P=2.231 @ Critical point
= P,=0.893 (liquid) Pr=3.347 T, Reduced temperature
== P=0.893 (vapor) === P sat (liquid) Pr Reduced pressure

ature, pressure, and specific (or molar)
volume of a fluid. Cubic equations of
state model the pressure of a fluid as a
sum of an attractive and repulsive term.
The equations are therefore in the form
P =f(T,v).

Rearrangement of the equations to a
volume explicit form produces a cubic,
third-order, polynomial. The solution to
a cubic equation result in one real or
three real roots, of which two or all
three may be equal.
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EQuATIONS OF STATE

Component properties

Equation of state models require the critical point and accentric factor as
pure component input parameters. The data used in this study are as fol-

lows:

Carbon dioxide, (Span and Wagner®)
Critical temperatures, K
Critical pressure, Mpa
Accentric factor
Molecular weight, g/mol

Hydrogen sulfide, (Goodwin’)
Critical temperatures, K
Critical pressure, Mpa
Accentric factor
Molecular weight, g/mol

The study derived the acentric factor of the pure components from the va-
por pressure data and the basic definition of the acentric factor:

w=-log (PP*@T, =07 + 1

For CO,, this involved extrapolating the vapor pressure expression. The P =
triple point of CO, is 216.59 K, which is a reduced temperature of 0.7122.

According to the method of Peneloux,'® the volume shift parameter
should be obtained by fitting the saturated liquid density at T, = 0.7. this
study obtained the shift paramenters by minimizing the AAE for the saturat-
ed liquid density over the following temperature ranges:

CO,: 0.898 < T, < 0.950
H,S: 0.732 < T, < 0.950 R -
a; = 042748 - —
The lower reduced temperature corresponds to 0° C., the lowest temper- “
ature of interest in this study. For the SRK, the study used the following

Peneloux-type volume shift parameters:

o =
ZS_

And for the PR equation the following parameters:

Cco,
Ch,s

For the Mathias-type correction to the PR equation, the study obtained
the s parameter by fitting the saturated liquid density at T, = 0.7 (or nearly

—8.6650 cc/mole
—-3.3826 cc/mole

-1.7493 cc/mole
+2.2176 cc/mole

Mixtures

304.128
7.3773

0.22491
44.0098

373.40
8.9629
0.09578
34.0758
this study.

Soave-Redlich-Kwong
R-T a

v-b

where:

ci

8 = 8o

s0). The v, values were obtained by minimizing the AAE for the range of sat- a-P
urated liquid given previously. A =
Sco, = 1.585 cc/mole (from matching the saturated liquid density at R - TP
T, = 0.712, CO, triple point)
Sh,s = 2.998 cc/mole (from matching the saturated liquid density at
T, = 0.7097) ST
Veco, = 96.001 cc/mole (2% larger than the experimental critical volume) | 1, = 0.08664 - o
Vor,s = 100.490 cc/mole (2.56% larger than the experimental critical vol- : »
ume)
N
For the PT equation, this study used the following paramenters: b = Z X - b,
I
CO,: F = 0.707727 (., = 03.09
H,S: F = 0.583165 (. = 03.20 b-P
B=——
These were taken from Patel and Teja'. The above values result in small- R-T

er errors in the density than the values from the generalized correlations.

For unsaturated fluids in the subcrit-
ical region, only one of the roots, the
most thermodynamically stable, is
physically meaningful. For sub-critical
saturated fluids, two roots of equal
thermodynamic stability are physically
meaningful.

It is worth noting that high temper-
ature, single-phase fluids may also pro-
duce three real roots, one or more be-
ing negative. Neglected are negative
roots, or specific volume roots less than
the co-volume of the equation of state,
b (see box).

After one calculates the molar vol-

ume, v, Equation 1 (see equation box)
provides the molar density, .
Furthermore, Equation 2 calculates
the mass density, p, which is the nor-
mal definition of the density. In Equa-

tion 2, M is the molar mass (molecular
weight) of the fluid.

Volume shifting

Volume shifting is a popular method
for improving density predictions from
cubic equations of state. In its simplest
form, originally proposed by
Peneloux,'® volume shifting is a correc-
tion to the calculated molar volume

V- (v + b)

TC\)Z

@™ =1 4% m- il = T,

Equation of the state models require binary interaction parameters for
multicomponent input paramenters. This study used binary interaction coef-
ficients for H,S — CO, as follows:

0.0989 for SRK
0.0974 for PR
0.0975 for PT

The values for the SRK and PR equations are from Knapp.'® These values
are those given in the book by Reid.® The interaction parameter for the PT
equation is an estimate based on the values for the other two equations.

Equation-of-state summary
The following provides the details of the three equations of state used in

-2+ A-B-B)-Z-(A-B) =0

m, = 0.48 + 1.574-w, — 0.176 - w?

NN
a=> > xx-(aa)l -1 -k
[

(Equation 3). In Equation 3, vg is the
volume estimated from the equation of
state and c is the volume-shift parame-
ter, which in this case is a constant.

If one properly selects the volume
shift parameter, then the corrected vol-
ume should be an improved estimate of
the true molar volume. Peneloux sug-
gested fitting the saturated liquid densi-
ty atT, = 0.7 to obtain the volume-
shift parameter. Alternatively, one could
use the volume-shift parameter as an
adjustable parameter, which is fit by
minimizing the error in the density
prediction.



Peng-Robinson

R-T a
v—-b v-(v+b +b-(v-Dh)

Z-(1-B-Z2+A-2-B-3:B)-Z-(A-B-B*-B%) =0

where
(R TC‘»)2
a; = 0.457235 -
PC\
8= A" o

a®® =1+ m-(1-T729

m, = 0.37464 + 1.54226 - U, — 0.26992 - 2

N N
a=> > xx-(@a)° -1 -k)
I ]

a-P
A =

(R-T)
b, = 0.077796 - — 2

cl

N
b=> x-b

b-P
B= —

R-T
Patel-Teja

R-T a
_v—b v.(v+b +c:(v-Db)

Z2+(C-1-22+(2-B-C-B2-B-C+A-

Z+ (B*-C+B-C-A-B)=0

To apply this method to mixtures,
one assumes that the c¢ for the mixture,
Coixs 18 the mole-fraction weighted av-
erage of the parameters for the pure
components (Equation 4). In this equa-
tion, x;, is the mole fraction of compo-
nent i, and ¢ is the volume shift pa-
rameter for component i.

Mathias'” noted that the volume-shift
method of Peneloux improved the lig-
uid density prediction only up to a re-
duced temperature of about 0.85.To
improve the prediction over the entire
range Mathias proposed an extended
correction procedure that begins with

@’ =1+ F-(1-T°)

N N
a=>>x
]
a-P

A =
(R-T)?
(R-Tg)
bwzﬂb'
PCI
N
b=> x-b
b-P
Bl ——
R-T
R-Tg)
N
©= %°6
@o P
C===
R-T

c=1-3-¢

Equation 5. In Equation 5 the s is a vol-
ume-shift parameter and it is a con-
stant, and &, the bulk modulus, is a di-
mensionless parameter which is de-
fined by Equation 6.

In Equation 6, R is the universal gas
constant, T is absolute temperature, and
P is total pressure. This expression can
be evaluated from the equation of state.

Finally the function, f ., was chosen
such that the volume shifting proce-
dure calculated the true critical point.
For the PR equation, Equation 7 calcu-
lates this function, in which b is the
co-volume from the equation of state.

Q =312+3(1-2

X+ (@ a)® - (1 = k)

Lo) - +sz—3~§03

and (), is the smallest real root of the following equation:

Q2+ 2-30)02+3:¢2Q-¢=0

The parameters F and {, can be optimized from a set of data or they can
be obtained from the following generalized equations:

F = 04521413 + 1.30982 - & — 0.295937 - w’

{, = 0.329032 - 0.076799 - ® — 0.0211947 - o’

For mixtures Mathias used the usual,
simple mixing rule provided by Equa-
tion 8.

Others have proposed making the
volume-shift parameter with different
functions of temperature. This adds to
the model complexity. In addition, a
poorly constructed temperature-de-
pendence can lead to thermodynamic
consistency problems; for example, see
Monnery."®

This study only examines the correc-
tions proposed by Peneloux and Math-
ias. Values of ¢ and s for CO, and H,S
used in this study are listed in the box.
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tematic deviation between

CO,, DENSITY ERROR EVALUATION ez HyS DENSITY ERROR EVALUATION wes  the function (values) and

Region AE,%  AAE,% MaxE, % Region AE, % AAE % MaxE % L€ Pr)edlcuons (esti-
mates).
Original SRK equation Original SRK equation . .
Liquid region 1338 1338 1576 Liquid region 729 729 1405 Finally, Equation 13
Vapor region 0.49 0.49 2.25 Vapor region ~0.29 0.59 1.87 determines the maximum
Near critical region 13.26 13.26 24.68 Near critical region 10.26 10.45 21.34 h .
Supercritical region 6.31 6.31 14.30 gupercrlt(;cl_al region 8.66 714 1268 error, MaxE. The maxi-
Saturated liquid 15.25 15.25 17.11 aturated liqui . . . s
Saturated vapor 2.64 2.64 3.15 Saturated vapor 123 123 176 mum error gives the
Overall 5.41 5.41 24.68 Overall 4.08 449 2134 largest deviation of the
SRK-Peneloux equation SRK-Peneloux equation model from the data val-
Liquid region -2.44 2.83 5.76 Liquid region 0.33 2.66 9.28 ues.
Vapor region -0.66 0.66 1.87 Vapor region -0.74 0.90 3.10 h h h
Near critical region 4.43 5.34 17.33 gear crlytupall region ;gg 288 18(2)8 There are other meth-
Superecritical region -1.79 2.49 13.47 upercritical region o o b : : _
Saturated liquid 0.79 2.05 4.26 Saturated liquid 2.40 358 9.40 ods for estimating the er
Saturated vapor 0.16 0.16 0.25 Saturated vapor 0.65 0.92 1.48 ror of a model, but the
Overall -0.90 2.41 17.33 Overall 0.66 2.56 18.29 ones discussed are suffi-
Original PR equation OriginallERlequation cient for the purposes of
Liquid region 2.20 2.20 4.92 Liquid region -4.88 517 7.91 - purp
Vapor region -1.09 1.09 2.81 Vapor region —1.92 1.94 6.37 this Study.
Near critical region 5.52 6.51 16.66 Near critical region 3.08 6.26 12.74
Supercritical region 0.40 2.11 7.05 Supercritical region -0.86 3.16 6.08
Saturated liquid 417 417 6.52 Saturated liquid oz 25 7z Pure components
Saturated vapor -0.84 0.84 1.05 aturatea vapor 0. d o . .
Overall 0.45 225 16,66 Overal 2,47 358 1274 Tabllce 1 lists the six re-
. ions for which the stud
PR-Peneloux equation PR-Peneloux equation g Y
Liquid region -1.37 1.81 3.65 \I_/lqwd region ?‘é? ].Z}g g.gg evaluated the errors for
Vapor region -1.33 1.33 3.50 apor region -1 . . : :
Ne%r crit?cal region 35 523 14.97 Near critical region 5.27 7.56 15.05 the various density pre-
Supercritical region -1.34 2.32 8.18 Supereritical region 1.88 3.91 7.91 diction methods.
Saturated liquid 0.87 1.62 3.57 Saturated liquid 1.59 2.39 6.84 Tables 2 and 3 list th
Saturated vapor -1.36 1.36 1.70 Saturated vapor -0.49 1.18 2.99 ables Z an 1st the
Overall -0.93 2.39 14.97 Overall -0.03 2.41 15.05 erTors predicted for the
PR-Mathias equation FL’R-nléathias equation 076 o0 e density of pure CO, and
Liquid region -0.37 0.49 .99 Iquid region 0. o o . .
Vapor region -1.46 1.46 85 Vapor region -2.03 2.06 7.60 H,S, while Figs. 1 and 2
Near critical region -0.33 3.93 54 Near critical region -0.11 4.53 7.69 display a portion of the
Supercritical region -1.24 1.78 49 Supercritical region -0.69 2.38 6.86 data f h
Saturated liquid 0.20 0.42 94 gaturateg liquid —(1)%31 (1)%21 l% €rror data Ior each equa-
Saturated vapor -2.22 2.22 .01 aturated vapor =g o b 3 ; _
Drarg) S0 vap g = 0 Overal T195 Co e tion over the various re
o | PT gions.

Original PT equation riginal PT equation B
Liquid region 3.06 3.06 5.77 Liquid region 1.19 2.03 8.53 These tables and ﬁg
Vapor region -1.00 1.00 2.56 Vapor region g 10 1.18 3.94 ures show that the density
Near critical region 6.07 6.92 17.32 Near critical region 6.77 8.03 16.94 dicti f h
Supercritical region 0.69 2.12 7.39 gutper?[rlgclal region o Gt = predictions from the SRK
Saturated liquid 5.04 5.04 7.36 aturatea liqui o o b : : _
Saturated vapor -0.54 0.54 0.69 Saturated vapor 0.07 0.96 1.85 equation are unsatisfacto
Overall 0.75 2.30 17.32 Overall 0.83 2.45 16.94 ry. Although the overall

Error estimation

The study examined six density cal-
culation methods, as follows:

1. The original SRK.

2.The SRK with a Peneloux-type
volume shift.

3.The original Peng-Robinson equa-
tion.

4.The PR equation with a Peneloux-
type volume shift.

5.The PR equation with a Mathias-
type volume shift’

6.The PT equation.

The box presents a complete list of
parameters used in this study.

Equation 9 defines the error for a
given point, as a percentage. In this
equation, tabular data provide the “val-
ue” and an equation, calculated at the

same conditions, derives the “estimate.”

Equation 10 defines the absolute er-
ror and Equation 11 defines the average
error, AE, expressed as a percentage. The
NP is the number of points.

The average error can be a positive
or negative value. The better fit, howev-
er, occurs when the average error is
close to zero.

Equation 12 defines the absolute av-
erage error. The difference between the
AE and the AAE is that positive and
negative errors in AE tend to cancel
each other, making the prediction look
better than it may actually be.

The average absolute error can only
have a positive value because of the ab-
solute value function. It is a better indi-
cation of the “goodness of fit” than is
the average error. A small AE and a rela-
tively large AAE usually indicates a sys-

average error is only

about 5%, the maximum
errors often exceed 15% and not only
in the near critical region.

The PR equation is better at predict-
ing the densities of these components
than is the SRK equation, which is as
expected. For H,S, the PT equation is a
further improvement over the PR equa-
tion, again as expected.

For CO,, however, the PT equation
does not improve the density predic-
tions over the PR equation. As a check
that the implementation of the PT was
correct, the study set c to 0.3074,
which reduces the PT equation to the
PR equation. The calculated results ob-
tained for this form of the PT equation
were identical to those from the PR
equation.

In all cases, the volume-shifting re-
sults in an improvement in the predict-
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0.41
Veorected = Veos + S + fo (0,41 + 5)

V2 [P
8= — [—
RT \0v/T

fo = Vo - (3.946b + )

ed liquid density. Overall, however, vol-
ume shifting does not always result in
an improvement. For example, for CO,,
the density predictions with the
Peneloux-type volume shift of the PR
equation actually are worse than the
original PR equation. The reason for this
is that the volume shifting results in
worse predictions of the vapor density.

Mixtures

Table 4 shows the errors for
predicting the data from
Robinson.® Because these data are
only for the vapor phase they were
not divided into regions for analy-
sis. In general, the errors for these
mixtures are relatively small al-
though a few points have larger er-
rors.

The data set of Kellerman' is suffi-
ciently large that it was examined in
three regions, and Table 5 gives the def-
initions of these three regions and
summarizes the errors for the six equa-
tions.

Figs. 3 presents plots of the errors
for the predictions from the six equa-
tions for the various mixtures.

In general the observations for the
pure components hold true for the bi-
nary mixture data. For example, the
SRK equation predict unsatisfactory the
density values.

The PR equation predicts the mix-
ture data with acceptable accuracy, with
the maximum error being less than

NC
(1) Smix = X Si (8)
i=1
value(i) — estimatefi)
(2) | Error = ———— x 100% (9)
value(i)
(3) [value(i) — estimate(i)0
Abs. Error = x 100% (10)
valuef(i)
(4)
1 NP value(i) — estimateli)
AE = — — x 100% (11)
NP i=1 value(i)
(5)
1 Np [value(i) — estimate(i)O
AAE = — > x 100% (12)
NP i=1 value(i)
(6)
[value(i) — estimate(i)O
MaxE = maximum x 100%, i=1,2,...,NP (13)
(7) value(i)

10%.

Although the volume-shift methods
improve the predictions for the liquid
density, the overall density predictions
are only marginally improved.

Finally, the PT equation is an improve-

ment over the PR equation when one
considers the overall errors. The maxi-
mum error for the PT equation, however,

VAPOR PHASE MIXTURE DENSITY ERRORS* e 4

Equation AE, % AAE, % MaxE, %
SRK 1.96 2.47 14.01
SRK-Peneloux 0.43 1.46 9.23
PR -0.21 1.51 10.86
PR-Peneloux -0.34 1.49 10.44
PR-Mathias -0.87 1.64 13.67
PT 0.01 1.45 10.11

*Data set from Robinson.®

is about equal to that for the PR.

Study results

The study concludes that the origi-
nal SRK equation is not sufficiently ac-
curate for predicting the density of acid
gas. Although the average errors are ac-
ceptable, the maximum errors in the
various regions exceed 10%.

The Peneloux-type volume shifting
improves this equation significantly. For
the pure components, only in the near-
critical region do errors exceed 10%.
For the mixture data, the maximum er-
rors are typically less than 11%.

The original PR equation is accurate
for predicting the densities of pure

components. Overall, the average error
for both the pure components is less
than 5% and for the mixtures, less than
10%. Only in the near critical region
do errors exceed 10%.

Volume-shifting the PR equations
tends to improve density predictions in
the liquid region. The predictions from
the Peneloux-type volume shift have an

overall error of 2.5%, and the errors

from the Mathias-type are less than

2%.

The PT equation, although some-
what more complex, does not sig-
nificantly improve the density calcu-
lations.

The observations for pure com-
ponents are basically the same as for
the mixtures examined. The SRK is
unsatisfactory for predicting the

density of these mixtures. The other
five equations of state and modifica-
tions are all sufficiently accurate for en-
gineering calculations, except in the re-
gion near a critical point. [
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Fig. 3

70.67 mol % CO> +
29.33 mol % H,S at T, = 1.266
(supercritical region)

50.01 mol % CO; +
49.99% H,S at T, = 0.912
(liquid region)

e SRK PR — Mathias
e SRK — Peneloux PT
e PR T, Reduced temperature

PR — Peneloux P Reduced pressure
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