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COMPARISON OF CUBIC-PLUS-ASSOCIATION
AND SOAVE-REDLICH-KWONG EQUATIONS
OF STATE FOR PREDICTION OF
VAPOR-LIQUID EQUILIBRIUM OF
FISCHER-TROPSCH REACTION MIXTURE

Article Highlights

¢ Prediction of vapor-liquid equilibrium (VLE) for Fischer-Tropsch systems was examined

e Soave-Redlich-Kwong (SRK) and Cubic-Plus-Association (CPA) equations of state
were used

e CPA was better for prediction of VLE for inorganic components

o Computational time for CPA was significantly longer

Abstract

Predictions of vapor liquid equilibrium for Fischer-Tropsch mixtures were com-
pared using the classical Soave-Redlich-Kwong (SRK) and cubic-plus-asso-
ciation (CPA) equations of state. The performance of the two equations of
state was evaluated based on comparison with results from eight sets of exp-
erimental runs in which different process conditions (pressure, reactants feed
ratio, space velocity) were used. Flash calculations were used to determine the
phase split at defined process conditions, whereas the phase equilibrium was
defined utilizing the concept of equal fugacities in the vapor and the liquid
phase for all components. A total of 75 components were considered in the
reaction mixture: CO, Hs, H2O, CO, C;:-Csy paraffins and C»-Cis olefins. All
calculations were performed in MATLAB. The results showed that both equat-
fons of state had similar performance regarding the hydrocarbons, whereas
CPA gave better results with inorganic components and SRK with prediction of
the composition of the liquid phase. Computational time for CPA was sub-
stantially (100 times with the CPU used) higher than that for SRK. Overall, the
use of CPA did not improve VLE prediction for FTS systems significantly
enough to be recommended for use in FTS reactor models.

Keywords: Fischer-Tropsch synthesis, VLE, equation of state, cubic-
-plus-association, Soave-Redlich-Kwong.

Fisher-Tropsch synthesis (FTS) is a catalytic,
exothermal process of converting syngas, a mixture
of carbon-monoxide (CO) and hydrogen (H,), into a
range of hydrocarbons (HCs) which can be utilized as
clean synthetic fuels or feedstock for the chemical
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industry. Several types of reactors, such as multitub-
ular fixed-bed reactors (MTFBR), slurry reactors,
fluidized bed reactors, etc., with cobalt (Co) or iron
(Fe) based catalysts are employed in industrial facil-
ities for FTS. Typical process conditions for FTS can
roughly be defined as high temperature (HTFTS) and
low temperature (LTFTS), the former resulting in
mostly gaseous products, and the latter in a gas-liquid
mixture of HCs. Additionally, inorganic components,
such as unreacted CO and H,, water and carbon
dioxide (CO,), can be present in substantial quantities
in the product slate [1,2].
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The presence of a liquid phase can considerably
influence performance of an FTS reactor. For example,
in slurry reactors the hydrodynamics are influenced
by the composition of the liquid phase, while in
MTFBRs the liquid mostly influences the diffusion rate
inside the catalyst particles (catalyst effectiveness)
and heat removal (essential for MTFBR operation) [3].
Therefore, for reactor design and optimization of an
FTS reactor performance it is very important to be
able to accurately predict the amounts of liquid and
gas formed during the process, as well as its com-
position. Additionally, these predictions depend not
only on the description of the vapor-liquid equilibrium
(VLE), but also on the prediction of the FTS reaction
rates, /e., product formation rates, as well as other
physical phenomena, such as fluid flow and heat and
mass transfer. This is well elaborated in the work of
Visconti [4], who showed that the selection of the kin-
etics model and the number of components con-
sidered in the FTS mixture can significantly influence
the overall prediction of the amounts of gas and liquid
formed in an FTS reactor.

Recently, our group has published several
papers, dealing with modeling FTS in an MTFBR, in
which various aspects of reactor performance were
analyzed [5-8]. The results from these investigations,
performed with the same type of catalyst used in this
study, showed that the formation and presence of
liquid inside the reactor can severely influence sev-
eral factors: diffusion limitations, which can critically
influence the catalyst effectiveness and product slate
[5]; heat management [6], in which the liquid phase
can improve heat transfer characteristics; the overall
performance of an MTFBR, which is essential for opti-
mization of the reactor performance [7,8].

The challenges one has to handle within the
prediction of VLE for an FTS mixture, are associated
with a large number of components (a typical FTS
product comprises HCs, paraffins and olefins, with
carbon number from 1 to over 100) and the fact that
some of the components, mainly H,O, are capable of
forming hydrogen bonds which influence the overall
thermodynamic behavior of the reaction mixture. Det-
ailed description of the VLE is generally omitted in the
reactor models for FTS reported in the literature, and
the reaction mixture is represented usually as a single
(gas or pseudo) phase. Depending on the level of det-
ails used in the reactor model (1D or 2D, homogen-
eous or heterogeneous), the existence of the liquid
phase is accounted for in heat and/or mass transfer
coefficients calculations, /e., the effective radial heat
conduction and effective diffusion through the catalyst
pores [9-13].
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In the general description of the VLE in the FTS
system, cubic equations of state (EOS) were mainly
used where some authors opted for Peng-Robinson
(PR) [13-17] and others for Soave-Redlich-Kwong
(SRK) EOS [18-23]. Additionally, modifications of the
two EOSs by using molecular weight of a component,
instead of its acentric factor have been proposed, with
modified SRK EOS showing better results compared
to others, as shown in the study of Karimi et a/. [22].
However, all of the above-mentioned models can be
considered as traditional, not taking into account the
potential associative interactions between molecules,
f.e., hydrogen bonds.

With the development of numerical tools (soft-
ware) capable of solving complicated mathematical
formulations, the application of more sophisticated
ways of representing the VLE in an FTS system is
enabled, whereas computational time (the time soft-
ware needs to complete the task) becomes a poten-
tially important parameter in the overall analysis.

In the presented work, we applied the cubic-
plus-association (CPA) EOS, which was specifically
developed for systems containing associating com-
pounds in hydrocarbon mixtures, typically found in the
oil and gas industry [24-26]. This approach expands
on an older SRK method by adding an additional
associative term, derived from the statistical asso-
ciating fluid theory (SAFT), to account for the contri-
bution of hydrogen bonding compounds present in the
mixture. Predictions of the CPA method will be com-
pared with those of the classical SRK method, as well
as with experimental data obtained in a stirred tank
slurry reactor [27].

EXPERIMENTAL

In order to evaluate the possibility of using the
CPA EOS for calculations regarding VLE of an FTS
system, experiments were performed in the stirred
tank slurry reactor with Co-based catalyst at various
process conditions shown in Table 1. Detailed des-
cription of the apparatus and experimental proce-
dures can be found elsewhere [27]. In short, the liquid
phase is pulled from the reactor, collected in the hot
trap as liquid wax and subsequently analyzed for
composition. The vapor phase mixture is taken from
the top of the reactor and passed through the so-
-called warm and cold traps outside the reactor. The
gas from the cold trap was analyzed for composition
of the C4-C; paraffins and olefins, while the product
from the warm trap consisted of the so-called light
wax (C-. paraffins and olefins) and water mixture. The
combined results from this analysis represent the
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Table 1. Conditions for the eight sets of experimental data [27]

No. Exp. T K P, MPa FR SV, NI/(gearh) Xeo, %
1 493 15 2.10 8.00 4558
2 6.30 54.63
3 14.00 24.39
4 1.40 5.60 34.17
5 2.10 8.00 41.36
6 1.40 3.60 42.32
7 2.5 2.10 15.00 26.08
8 6.10 56.73

composition of the vapor phase used for subsequent
analysis.

A total of 8 sets of process conditions, in which
pressure, H,/CO feed mole ratio (FR) and space
velocity (SV) were varied, was analyzed. Different
conditions resulted in different CO conversion for
each set, thus covering a wide range of possible com-
position of the reaction mixture. Ranges of values for
operating parameters were chosen to match those
usually applied in industrial facilities for cobalt based
FTS [1,2].

The results from experiments were analyzed to
obtain information regarding the phase split of the
reaction mixture and composition (components’ molar
fraction) of both phases. A total of 75 components
were identified: inorganic compounds (H,, H,O, CO
and CO,), paraffins from C; to Cs; and olefins from C,
to Cys.

Flash calculation

Determining the composition of the gas and
liquid phase of an FTS reaction mixture has been per-
formed using isothermal flash calculation. The object-
ive of this procedure was to obtain information about
the total amounts of liquid (L) and vapor (V) in the
reaction mixture and components’ mole fractions (x;
for liquid and y; for vapor). For this purpose, the fol-
lowing relations have been used: overall material bal-
ance (Eq. (1)), material balance for each component
(Eqg. (2)), equilibrium constant (Eq. (3)) and fraction of
liquid phase (Eq. (4)):

F=v+1L (1)
Fz, =Vy, +Lx, 2)
Ki=v,/x 3)
x" =L/F (4)

where Fis the total amount of the reaction mixture, z;
is the total molar fraction of component /in the mix-

ture, x' is the fraction of the liquid phase, and K;is the
equilibrium constant for component /.

Combining Eqgs. (1)-(4) it is possible to relate
mole fraction of a component in the liquid (Eq. (5))
and the vapor (Eq. (6)) phase to the total amount of
reaction mixture and the total molar fraction of the
respective component:

Z.

i:XT+K,i1—XT) ©
K,z

=XT+K,(1—XT) ©

Yi

Additional condition used for solving Egs. (5)
and (6) is given by Eq. (7):

> -Y =0 )
i=1 i=1

If the values for total molar fractions, z, and
equilibrium constants, K, are known for all compo-
nents, the procedure for determining x;and y;is:

- assume a value for x’,

- calculate x;and y;using Egs. (5) and (6),

- if the condition given by Eq. (7) is not satisfied,
assume a new value for x’.

Thus, for a flash calculation it is necessary to
accurately predict/calculate the value of the equilib-
rium constant, K, for each component in the system.
Vapor and liquid are in equilibrium if a fugacity of a
component in the vapor phase is equal to the fugacity
of the same component in the liquid phase (Eq. (8)):
- fl_L (8)

/

Additionally, fugacity can be related to the fug-
acity coefficient (¢), according to Egs. (9) and (10):

=6 y,P 9)

‘= gtx,P (10)

/ /
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Combining Egs. (3) and (8)-(10) results in Eq.
(11):

K, =09/ (11)

Thus, for calculating the equilibrium constant it
is necessary to determine the fugacity coefficient for
every component in the mixture, in the vapor and the
liquid phase. One way to do this is to use an appro-
priate EOS. As stated in the /ntroduction section, in
this work we will use the SRK and CPA EOSs and
compare their capability to predict VLE of the FTS
system.

Equations of state

As our work considers VLE for a multicompo-
nent FTS system, parameters of EOSs presented
here correspond to a mixture, if not stated otherwise.
The classical SRK EOS is given by Eq. (12):

ZSRK _ PV, _ Vi a (12)
RT V,-b RT(Vm+b)

where Z, P, V,, and T are the compressibility factor,

pressure, molar volume and temperature of a mixture,

and R is the universal gas constant. Parameters g

and b are calculated using the classical mixing rules

[24]:

I 19
a; =ja,a; (1-k;) (14)

b= Ziu,b, (15)

where u;is the molar fraction of the component in the
mixture (x; for liquid and y; for vapor), 4; is the binary
interaction parameter between components /7 and
and g;and b;parameters are calculated based on crit-
ical properties of the components:

a;=(1+(0.48+1.5740
, 0.42747R°T?, (16)
P

c,i

-0.17607(1-T°%))

, _ 0086647,
’ P

c,i

(17)

where w is the acentric factor, 7. and P, are the crit-
ical temperature and pressure, respectively, and 7, is
the reduced temperature (7,= 777,).

CPA EOS expands the SRK EOS by introducing
a so-called association term, as shown in Eq. (18):
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ZCPA — ZSRK + Zassoc — Vm _ a _
V,-b RT(Vm+b) (18)
1 ding
_E(Hp % jZ/X/ZA,(1_XAi)

where p is the molar density, g is the radial distri-
bution function, x; is the mole fraction of the com-
ponent /in the mixture, and X}, represents the fraction
of sites A on molecule /that do not form bonds with
other active sites. Thus, if a mixture does not contain
any associating molecules, the CPA EOS is reduced
to SRK EQOS, as X, equals 1 for those species.

The fugacity coefficient of a component in a mix-
ture can be calculated using Eq. (19):

! (aA’] _Inz (19)

% =%7\on

where A’ is the residual Helmholtz energy for the mix-
ture. In the case of using the SRK EOS, Eq. (20) is
reduced to an explicit form:

ng " :ﬁ(zs’*”( ~1)=In(Z% -B)+

b
. a ﬁ_ i | ZSRK+B (20)
bRT | b a Z5FK

This transformation is not possible with CPA
EOS, where the residual Helmholtz energy consists of
two terms, one of which corresponds to associating
molecules:

A = Al + AL (21)

assoc

A description of all parameters and their calcul-
ation, for both EOSs, has been described in details in
the literature [24]. It is important to note, that in order
to calculate the fugacity coefficient using the CPA
EOS, it is necessary to determine the volume of the
FT mixture, which, in turn, requires another objective
function to be minimized [24]:

nRT _ aAarssoc _ aA.g‘R‘K (22)
v Lav ), Lav ),

Therefore, the use of CPA EOS requires addit-
ional effort in numerical procedures, compared to the
SRK EOS.

F(V)=P-

Numerical procedure

Flash calculations were performed in MATLAB
software using command “fmincon”, a function which
finds @ minimum of a constrained nonlinear multivari-
able function. This was used to minimize the objective
function which combines the mass balance equations
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for all the species in the mixture and the difference
between fugacities of components in the vapor and in
the liquid phase (Eq. (23)):

F# ~fhix, x4y, (1-47)- 2] =0 (23)

The algorithm for the CPA EOS calculation is
shown in Figure 1.

In general, based on input data, parameters of
the SRK EOS are calculated. Then, the association
term for the CPA EOS can be calculated by minimiz-
ing the so-called volume objective function (Eq. (22),
see Figure 1). Finally, the fugacity coefficients are
determined by minimizing the overall objective funct-
ion (CPA_obj_fcn field in Figure 1, ie., Eq. (23)) and
the mole fractions for all components in both phases
and the fraction of total liquid are obtained. Calcul-
ations for the SRK EOS application are substantially
simpler, as there is no additional minimizing function.

The fmincon command in MATLAB requires ini-
tial guesses for all the optimization parameters. As
initial guesses for optimization variables in this prob-
lem (mole fraction of all components in the liquid and
vapor phase and mole fraction of total liquid phase)
we used values from the experimental results, for the
conditions depicted in the section Experimental;
namely, we used experimental values for total molar
fraction for each component and assumed (as initial
guesses) a distribution of the total flow rate between
the vapor and liquid phase. This procedure was per-
formed for various assumed fractions in order to
obtain a global solution. Minimum and maximum con-
straints set are 0 and 1, respectively.

CPA_start
system parameters
TpzF

RESULTS AND DISCUSSION

In this section we will present the results of SRK
and CPA EOQOSs calculations for the prediction of the
VLE in the FTS system. Based on the performed cal-
culations, for each set of process conditions, results
were analyzed in terms of the fraction of the liquid
phase in the reaction mixture, molar fractions for 4
inorganic components in gas and liquid phases, as
well as the distribution of different chain length n-
paraffins and 1-olefins between the phases. Due to
practical reasons, we will show results for one set of
process conditions, with one graph showing the com-
parison of selected results for all experiments. How-
ever, it is worth noting that the trends are very similar
for all experimental and VLE prediction results. There-
fore, the presented analysis of the results for the
chosen set of process conditions is representative for
all other sets as well.

Results of applying the SRK and CPA EOSs for
the VLE description of the FTS reaction mixture are
shown in Figures 2-8. Figures 2 and 3 show the mole
fractions of inorganic components in the vapor phase,
obtained using the two EOSs and the corresponding
experimental values for all eight sets of experiments.
It reveals that inorganic components make up for
about 90% of the total molar amount of the vapor
phase, for all process conditions considered. There-
fore, the prediction of VLE for these components
could have a significant influence on the analysis of
the FTS reactor performance. Results for CO, are not
shown for all eight sets of experiments because in all
experiments the CO, was detected in quantities sub-
stantially smaller compared to the other components

SRK_EOS

critical data
Tc, pc, w

Initial values for V

L_Ji_l

CPA_obj_fen 0 Xy

CPA_EOS

Volume_obj_fcn
n-R-T  dAsgx  dAassoc
v * av * dv

Fefp-

v X4

CPA_XA
association
term
calculation

Figure 1. Algorithm for the CPA calculation.
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Figure 2. Mole fractions of inorganic components in the vapor phase (a - exp1, b - exp2, c - exp3, d - exp4).
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Figure 3. Mole fractions of inorganic components in the vapor phase (a - exp5, b - exp6, c - exp7, d - exp8).

(this is generally the case with Co-based catalysts,
because the water-gas shift reaction is suppressed
[1,2]). For the purpose of comparison, results obtained
for CO, for the two sets of process conditions are
included in Figure 2.

From the results shown in Figures 2 and 3 it can
be deduced that the CPA EOS generally outperforms
the SRK, for all inorganic components. These findings
are in agreement with previous investigations in which
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it was established that the CPA was better than the
SRK EOS in prediction of VLE for systems containing
water and hydrocarbons [24]. In our case, the stan-
dard deviation from experimental points was 0.0288
for SRK and 0.0016 for CPA, for all experimental
results.

Figures 4-8 show comparison of simulations
results with experimental results obtained at the fol-
lowing process conditions: temperature of 493 K, total
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pressure of 1.5 MPa, H,/CO feed mole ratio of 2.10
and space velocity of 6.30 Nl/g../h. The CO conver-
sion under these conditions was 54.63%.

0.006

0.005

0.004 -
mSRK

= CPA

W exp

0.003 -
0.002 -
0.001 +

Mole fraction of liguid phase
in total reaction mixture

[

xI

Figure 4. Mole fraction of the liquid phase in the reaction
mixture for the selected set of process conditions (T =493 K,
P=15MPa, FR =210, SV = 6.30 Ni/Gcarh).

In Figure 4, the results for mole fraction of the
liquid phase in the reaction mixture are presented.
The total amount of the liquid phase in an FTS sys-
tem, at process conditions typical for FTS, is much
smaller than the total amount of the gas phase (usu-
ally, the liquid phase amount is less than 1 mol% of
the reaction mixture). On the other hand, the weight
fraction of the liquid phase is considerably higher, due
to the fact that liquid is consisted of HCs with high
molecular weight, which, in turn, can influence the
hydrodynamics inside the reactor (through mass flow
rate and velocity of the liquid phase). Results presen-
ted in Figure 4 reveal that the CPA outperforms the
SRK EOS for prediction of the fraction of liquid phase.

Figure 5 shows the results for mole fractions of
inorganic components in the liquid phase of the react-
ion mixture. It should be noted that inorganic com-
pounds were not detected experimentally in the liquid
phase, and thus, experimental values in Figure 5 are
not present.

0.14
0.12

; 0.08 -

: ®SRK
N =CPA
0.04
0.02

0 1 =

Hy H,0 co CO,

Figure 5. Mole fractions of inorganic components in the liquid
phase for the selected set of process conditions (T =493 K,
P=15MPa, FR =210, SV = 6.30 Ni/Gca/h).

Mole fraction in the liquid
phase

Calculated values of molar fractions of inorganic
compounds in the liquid phase are not equal to zero
for both EOSs used, whereas the CPA predicts con-
siderably higher values of inorganic components
fractions, compared to the SRK. Nevertheless, the
total amount of liquid phase is less than 1 mol%, so
the calculated values, even if not accurately pre-
dicted, have a small influence on the overall modeling
of FTS reactors.

In Figures 6 and 7 the results for r+paraffins, i.e.,
their fractions in the liquid and vapor phase are
shown, respectively. Results show that lighter paraf-
fins (with less than 16 carbon atoms) in the liquid
phase (Figure 6) and higher paraffins (with more than
25 carbon atoms) in the vapor phase (Figure 7) were
experimentally not detected. According to the experi-
mental results, mole fractions of paraffins in the liquid
phase are increasing from C;¢ to about C,, (Figure 6),
after which they decrease due to the characteristics of
the FTS product distribution (/.e., logarithmically dec-
reasing total mole fraction with increasing chain length)
[1]. This trend is also observed for the SRK calcul-
ations.

1E+00 |

O exp

% SRK

A CPA

Iole fraction in the liquid phase

= 1LE-05 ! :
0 10

3

20 30 40 50
Paraffins carbon number

Figure 6. Mole fractions of paraffins in the liquid phase for the
selected set of process conditions (T =493 K, P= 1.5 MPa, FR
=2.10, SV = 6.30 Ni/g:avh).

Mole fraction in the vapor phase

0 10 20 30 40 50
Paraffins carbon number

Figure 7. Mole fractions of paraffins in the vapor phase for the
selected set of process conditions (T =493 K, P= 1.5 MPa, FR
=210, SV = 6.30 Nli/gcarh).
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Agreement between experimental data and cal-
culated values of mole fractions in the liquid phase
(Figure 6) is better for the paraffin components with
more than 20 carbon atoms. Furthermore, Figure 6
shows that SRK predicts the fraction of Cyy. paraffins
in the liquid phase slightly better than CPA EOS,
when compared to the experimental results. CPA
slightly underestimates the fraction of paraffins,
although the position of maximum, around C4g is more
accurately predicted than by SRK. Moreover, CPA
predicts an unusual discontinuity in prediction of par-
affins fractions, around C;s (see Figure 6). However,
these fractions (C;-C4;) are very small and, as pre-
sented in the section Experimental, unaccounted for
experimentally. Overall, the standard deviation from
experimental points was 0.0118 for SRK and 0.0141
for CPA, regarding composition of the liquid phase for
all experiments.

In the vapor phase (Figure 7), experimental
results show a sharp decline in molar fractions for
paraffins with more than 20 carbon atoms. For the
prediction of paraffins’ fractions in the vapor phase,
the match between both EOSs and experiments are
very good for HCs with up to 17 carbon atoms. How-
ever, both calculation methods fail to predict a
steeper decline in mole fractions in the vapor phase
for C,. fraction of HCs, which is observed experi-
mentally. Again, these fractions are very small and
the discrepancy can be attributed to the accuracy of
numerical methods. Regarding all experimentally det-
ected components in the vapor phase, the standard
deviation was 2.2e-4 and 8.14e-6 for SRK and CPA
EOS, respectively.

Prediction of olefins’ fractions in the vapor phase
is presented in Figure 8. Olefins in the liquid phase
were not analyzed because the typical FTS product
slate is such that the amount of olefins decreases
rapidly with chain length. Therefore, under typical
FTS conditions for Co-based catalysts, they are pre-
sent only in the gas phase. Thus, all of the olefins
considered in this study were experimentally deter-
mined in the vapor phase, as can be seen in Figure 8.
The agreement between calculated and experimental
results for olefins in the vapor phase is good for both
EOS (SRK and CPA), with somewhat better agree-
ment achieved with CPA (standard deviation was
6.56e-6 compared to 3.85e-5 for SRK EOS).

From the results depicted in Figures 6 and 7 it
can be deduced that for both SRK and CPA EOS
methods predictions of mole fractions for paraffins are
fair, although not reliable for those HCs that were not
experimentally measured. Additionally, Figures 6 and
7 demonstrate that the CPA EOS gave somewhat
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worse predictions than the SRK EOS. On the other
hand, for olefins in the gas phase, the predictions are
in a very good agreement with experiments, for both
VLE methods (Figure 8).

. 1E02
%
5 -
& 1E03 -
> @
= - O
H gEg g
£ 1E04 —@ SELG “SRK
£ &
& @ 4 oCPA
=
8 1E05
=

0 5 10 15

Olefins carbon numb er

Figure 8. Mole fractions of olefins in the vapor phase for the
selected set of process conditions (T =493 K, P = 1.5 MPa,
FR =210, SV = 6.30 Ni/g../h).

The result of predictions for components that
were not experimentally measured is not directly rel-
ated to the EOSs used but is a consequence of the
conditions that need to be mathematically fulfilled in
order for the software to be able to find a solution. As
we stated in the section Experimental, the objective
function that needs to be minimized comprises the
difference between the fugacities in the vapor and
liquid phase, for all components (Eq. (23)). Most of
the components considered in this study were experi-
mentally determined in only one phase, either vapor
(lower molecular weight HCs and inorganic compo-
nents) or liquid (higher molecular weight HCs). Since
MATLAB uses experimentally determined values as
initial guesses in its calculations, this leads to a situ-
ation in which the starting difference between the fug-
acities in both phases is for some components sig-
nificantly larger than for others. For a highly nonlinear
system with 75 components, this results in the soft-
ware having a number of difficulties in minimizing the
objective function, which results in physically unsound
results in some cases, /e., the trends for low mole-
cular weight HCs in the liquid (Figure 6) and for high
molecular weight HCs in the vapor phase (Figure 7)
compared to experimental results.

Finally, the last aspect we considered in this
analysis is the computational time for both calculation
methods, /e., the time needed to solve the problem
defined by the objective function. This aspect is imp-
ortant as it directly affects the time necessary to
obtain results in a simulation of a whole reactor. The
computational time for CPA was significantly higher
than for the SRK EOS. With i7-4790 CPU @3.60
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GHz, the computational time is around 100 times
longer for the CPA method (0.600 s for SRK com-
pared to 60.742 for CPA). An additional (internal)
objective function for volume calculation, as well as
additional calculations (associative term) within the
CPA EOS (see algorithm in Figure 1) result in signific-
antly longer computational time compared to the SRK
method.

CONCLUSIONS

We compared the performances of SRK and
CPA EOS for the prediction of VLE of an FTS reaction
mixture. CPA provided better results regarding inorg-
anic components in the vapor phase, while both
EOSs provided qualitatively similar trends for HCs
that were determined experimentally. Fairly good
results were obtained for HCs present in larger quan-
tities in one of the phases of the reaction mixture,
while the results related to HCs that were not experi-
mentally detected were relatively poor for both EOSs.
The reason for this was related to minimization of the
defined objective function for a system of 75 compo-
nents with very different values of molar fractions in
two phases which were used as initial guesses in the
procedure. The prediction of the molar fractions of
olefins was satisfactory for both of the EOSs used,
while SRK predictions of paraffins’ fraction in the
liquid phase were in better agreement with experi-
ments, than those obtained using the CPA EOS.

Although CPA gave better results for inorganic
components, it did not improve the VLE prediction of
the entire product spectrum. Additionally, comput-
ational time for CPA was about 100 times longer than
that for SRK, which represents a significant drawback
for modeling and simulation of an FTS reactor.

Acknowledgment

This research was made possible by a grant
(NPRP Grant No. 7-559-2-211) from the Qatar Nat-
ional Research Fund (a member of Qatar Found-
ation). The statements made herein are solely the
responsibility of the authors.

REFERENCES

[11  A.P. Steynberg, M. Dry, B. Davis, B. Breman, Stud. Surf.
Sci. Catal. 152 (2004) 64-195

[2]  H. Davis, Top. Catal. 32 (2005) 143-168

[3] C.G. Visconti, E. Tronconi, G. Groppi, L. Lietti, M. lovane,
S. Rossini, R. Zennaro, Chem. Eng. J. 171 (2011) 1294-
-1307

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[13]
[16]

17

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

C.G. Visconti,Ind. Eng. Chem. Res. 53 (2014) 53 1727-
-1734

M. Mandié¢, B. Todié, Lj. Zivanié, N. Nikagevi¢, D.B.
Bukur, Ind. Eng. Chem. Res. 56 (2017) 2733-2745

B. Todi¢, M. Mandié, N. Nikac¢evi¢, D.B. Bukur, Korean J.
Chem. Eng. (2018) 1-15 (https://doi.org/10.1007/s11814-
017-0335-3)

M. Stamenic, V. Dikic, M. Mandi¢, B. Todi¢, D.B. Bukur,
N. Nikacevi¢, Ind. Eng. Chem. Res. 56 (2017) 9964-9979

M. Stamenic, V. Dikic, M. Mandi¢, B.Todi¢, D.B. Bukur, N.
Nikacevic¢, Ind. Eng. Chem. Res. 57 (2018) 3149-3162

R. Guettel, T. Turek, Chem. Eng. Sci. 64 (2009) 955-964

K.M. Brunner, J.C. Duncan, L.D. Harrison, K.E. Pratt,
R.P.S. Peguin, C.H. Bartholomew, W.C. Hecker, Int. J.
Chem. React. Eng. 10 (2012) 2840-2878

M.M. Ghouri, S. Afzal, R. Hussain, J. Blank, D.B. Bukur,
N.O. Elbashir, Comput. Chem. Eng. 91 (2016) 38-48

G. Haarlemmer, T. Bensabath, Comput. Chem. Eng. 84
(2016) 281-289

J.J. Marano, G.D. Holder, Fluid Phase Equilib. 138 (1997)
1-21

C.G. Visconti, M. Mascellaro, Catal. Today 214 (2013)
61-73

M. Irani, Int. J. Ind. Chem. 5 (2014) 11

A. Mosayebi, M.A. Mehrpouya, R. Abedini, Chem. Eng. J.
286 (2016) 416-426

1.V. Derevich, V.S. Ermolaev, V.Z. Mordkovich, Theor.
Found. Chem. Eng. 42 (2008) 216-219

Y.H. Kim, KW. Jun, H. Joo, C. Han, I.K. Song, Chem.
Eng. J. 155 (2009) 427-432

S.H. Huang, H.M. Lin, F.N. Tsai, K.C. Chao, Ind. Eng.
Chem. Res. 27 (1988) 162-169

Y.N. Wang, Y.W. Li, L. Bai, Y.L. Zhao, B.J. Zhang, Fuel
78 (1999) 911-917

I.LA. Mikhailova, S.I. Fadeev, A.A. Khasin, G.K. Cher-
mashentseva, V.A. Kirillov, Theor. Found. Chem. Eng. 37
(2003) 167-171

Z. Karimi, M. Rahmani, M. Mogadam, Procedia Eng. 42
(2012) 25-33

V.R. Ahon, E.F. Costa Jr., J.E.P. Monteagudo, C.E.
Fontes, E.C. Biscaia Jr., P.L.C. Lage, Chem. Eng. Sci. 60
(2005) 677-694

G.M. Kontogeorgis, G.K. Folas, Thermodynamic Models
for Industrial Applications, John Wiley & Sons Ltd., New
York, 2010, p. 263

G.M. Kontogeorgis, E. Voutsas, |. Yakoumis, D.P.
Tassios, Ind. Eng. Chem. Res. 35 (1996) 4310-4318
G.M. Kontogeorgis, I.V. Yakoumis, H. Meijer, E.M. Hend-
riks, T.Moorwood, Fluid Phase Equilib. 158-160 (1999)
201-209

B. Todic, T. Bhatelia, G.F. Froment, W. Ma, G. Jacobs,
B.H. Davis, D.B. Bukur, Ind. Eng. Chem. Res. 52 (2013)
669-679.

75



Lj. ZIVANIC et a/: COMPARISON OF CUBIC-PLUS-ASSOCIATION...

Chem. Ind. Chem. Eng. Q. 25 (1) 67-76 (2019)

ILJILJANA ZIVANIC]!
MARKO STAMENIC'
BRANISLAV TODIG'?
DRAGOMIR B. BUKUR*?
NIKOLA NIKACEVIC!

'Tehmolosko-metalurski Fakultet,
Univerzitet u Beogradu, Karnegijeva 4,
Beograd 11000, Srbija

2Chemical Engineering Program, Texas
A&M University at Qatar, Doha, Qatar
®Artie McFerrin Department of
Chemical Engineering, Texas A&M
University, Texas, USA

NAUCNI RAD

76

POREDENJE CPA (CUBIC-PLUS-ASSOCIATION) |
SRK (SOAVE-REDLICH-KWONG) JEDNACINA
STANJA ZA PREDVIDANJE RAVNOTEZE
GAS-TECNO REAKCIONE SMESE U
FISCHER-TROPSCH SINTEZI

Predvidanje ravnoteZe gas-tecno za reakcionu smesu u Fischer-Tropsch sintezi izvr-
seno je koriscenfem klasicne SRK (Soave-Redlich-Kwong) i CPA (Cubic-Plus-Asso-
ciation) fednacine stanja. Rezultati predvidanja analizirani su na osnovu poredenja sa
rezultatima eksperimenata u kojima su varirani (kao procesni parametri) pritisak, molski
odnos reaktanata i protok. Proracun jednostepenog (flash) razdvajanja je koriscen za
odredivanje sastava faza, dok je ravnoteZa faza definisana pomocu koncepta jednakih
fugaciteta u obe faze, za svaku komponentu. Razmatrano je ukupno 75 komponenti
sistema. CO, H,, H-.0, CO, C;-Cs; parafini i Co-C;s olefini. Svi proracuni su uradeni u
MATLAB programu. Rezultali su pokazali da dve jednacine stanja daju slicna predvi-
danja raspodele izmedu faza za ugljovodonike, dok se CPA pokazala kao bolja za neor-
ganske komponente, a SRK za predvidanje sastava tecne faze. Proracun u MATLAB je
u slucaju CPA jednacine stanje trajao znatno duze (oko 100 puta) u odnosu na proracun
sa SRK jednacinom stanja. Zakljucak ispitavanja je da koriscenje CPA jednacine stanja
kvalitativno ne doprinosi poboljSanju predvidanja ravnoteZe gas-tecno u smesama
Fischer-Tropsch sinteze u meri koja bi je preporucila za koris¢enje u modelima reaktora.

Kiljucne reci: Fisher-Tropsch sinteza, ravnoteZa gas-tecno, jednacine stanja,
CPA, SRK.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


