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Abstract: The phase behavior prediction is essential for the development and optimization of the hydrocarbon production
in petroleum engineering applications. Well succeed projects in this field, such as management of a reservoir, multiphase
flow analysis in production systems, and petroleum primary processing, depend on the correct prediction of phase
behavior and the estimation of thermodynamic properties, like phase composition and compressibility factor. In this
way, the present work purpose was to develop a computational tool that performs isothermal flash calculations for oil
and gas multicomponent mixtures with enough precision for both project and operation. The computer program was
developed in Visual Basic Application (VBA). The Peng-Robinson equation of state was used to model the vapor-liquid
equilibrium. Newton-Raphson method was applied to obtain both the convergence of the Rachford-Rice equation and
the cubic equation roots. The root for each phase was determined by the Gibbs energy minimization. There is a
quantitative agreement between the results computed and the results provided by the commercial simulator HYSYS
(AspenTech) over industrially relevant ranges of compositions, pressures and temperatures. Furthermore, the answers
obtained are within precision which apply to compositional modeling for petroleum fluids. The composition and
compressibility factor simulations for petroleum fluid were performed using real field conditions. The results found were
investigated from the thermodynamic viewpoint and were consistent with both practice and theory.

Keywords: Composicional Simulation, Newton-Raphson method, Cubic Equations of State, Oil and Gas Industry.

1. INTRODUCTION

In general, phase equilibrium calculations involve prediction of composition, type, and number of equilibrium phases
for any given system at any specified conditions of temperature, pressure and overall compositions. Phase behavior
measurement and prediction are greatly important in chemical and petroleum engineering applications (Qiu et al., 2014).
Phase equilibrium calculations are the foundation of a very broad range of petroleum engineering applications, such as
compositional reservoir simulation, material balance models, miscibility studies, pipeline flow and separation processes
(Wei et al., 2011; Gaganis and Varotsis, 2014).

Phase equilibrium calculations are perhaps the most important calculations in the petroleum industry, and equations
of state (EOS) are the major thermodynamic models in these calculations (Michelsen and Mollerup, 2007). The solution
of the hydrocarbon phase equilibrium problem using an equation of state requires substantial computational power due to
the complexity and iterative nature of the calculations involved, particularly when the petroleum fluid needs to be
described with a significant number of components (Gaganis and Varotsis, 2014).

Equations of state are basically developed for pure components, but can be applied to multicomponent systems by
employing some mixing rules to determine their parameters for mixtures. The mixing rules are considered to describe the
prevailing forces between molecules of different substances forming the mixture (Michelsen and Mollerup, 2007).
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According to Danesh (1998), simple mixing rules, such as those that assume compounds are randomly distributed within
the mixture, are quite adequate to describe hydrocarbon mixtures of petroleum fluids.

A computational tool that can predict the phase behavior using phase equilibrium calculations for hydrocarbon
mixtures with sufficient precision for design applications can play a major role in the advancement of petroleum
production. Cubic equations of state have been used widely to predict phase behavior, due to their performance and
simplicity (Saber, 2011; Qiu et al., 2014).

In this way, this work has as purpose to develop a computational tool that performs isothermal two-phase flash
calculations for multicomponent oil and gas mixtures with enough precision for both project and operation.

2. VAPOR-LIQUID EQUILIBRIUM MODELLING

A thermodynamic model provides the necessary relationships between thermodynamic properties and can be used in
combination with fundamental relationships to generate all the properties required to perform phase equilibrium
calculations (Saber, 2011). The most common thermodynamic models are the equations of state, and among them, the
cubic equations of state are the most popular (Haghighi et al., 2009).

2.1. Flash Calculation Development

Flash calculation algorithms are requisite to determine the fraction of gas and liquid as well as the composition of
each phase. Considering the case of two-phase equilibrium in a N.-component mixture of an overall composition z, where
mixture mole fractions in the liquid and vapor phases are denoted x and y, respectively. Also, from a thermodynamic

viewpoint there is a necessary condition of equilibrium, that the chemical potential for each component be the same in
both phases (Michelsen, 1982; Whitson and Brulé, 2000):

H% = ui, i=12-,N, €Y
Equivalently, for an isothermal system, the fugacities of the individual components have the same value,
ft = f" i=1,2,N 2)

The thermodynamic model enables to calculate component fugacities, given temperature, pressure (or volume) and
phase composition,

fl=f(T,P,x), f’= fi(T,P,y) 3)

Fugacity coefficients can be defined for the gas and liquid phases and used to define an equilibrium composition
ratio. The equilibrium factors may then be used to converge upon the equilibrium split of both phases. These equilibrium
factors are defined as:

£l
k=20 (4)
xl'fi
Note that at equilibrium,
K =2 ®)
Xi
By definition of molar fraction,
Ne N¢ Ne
in=ZYi=zzi=1 (6)
i=1 i=1 i=1

Introducing the liquid mole fraction (L) and vapor mole fraction (V) of the phase, the relation follows is possible,
L+V=N 7

where, N is total mole number of the system. Considering the phase equilibrium calculation base, N = 1,
L+V=1 (8)

Let the overall fraction of vapor phase be V. A material balance for each component yields N, relations,
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Vy,+ 1 =V)x; = z i=1,2,--,N, 9
Substituting the Eq. (5) into the material balance equations yields,

Zi

R S 10
T IV VK, (10)
and,
_ Kizi 11)
YT 1TV K, (

then the phase mole fractions x and y can thus be calculated from the K-factors and the phase fraction V.
Finally, mole fractions in the liquid and the vapor phase must sum to unity, yielding one additional relationship,
conveniently written in the form,

C
Z()’i - x)=0 (12)
i=1
that is the Rachford-Rice equation (Rachford and Rice, 1952),
c c
_ zi(Ki—1)
Zl(yi_xi)_' 1m—0 (13)
1= i=

2.2. Peng-Robinson Equation of State

The flash algorithm used in this model is based on the Peng-Robinson equation of state (PR EOS). The PR EOS was
chosen here for several reasons. First, it is a simple form of the cubic equation of state, thus it is easy to implement for
engineering calculations. Second, it has better performance for the prediction of vapor-liquid phase equilibrium properties
over other cubic equation of state (Qiu et al., 2014). More importantly, it also has been widely and successfully used in
the oil and gas industry.

The PR EOS (Peng and Robinson, 1976):

RT a(T)
v—b_v(v+b)+b(v—b)

p = (14)

Here, R is the universal gas constant, v is the molar volume, a(T) is the temperature-dependent attractive parameter
and b is the co-volume parameter. These two parameters, for the pure component i, are determined applying the criteria
of criticality, so that

272

_ R2TZ
a; = 0.45724. a (15)

ci

RT,;
b, = 0.077796 —= (16)

cl

where T,; and p.; are the critic temperature and pressure of the component i, respectively, and «; is a temperature
dependent parameter given by (Wei et al., 2011; Qiu et al., 2014),

2
T
a=(1+4| 1= |=— (17)
clL

B { 0.37464 + 1.5423w; — 0.26992w? w; < 0.49
L=

18
0.3796 + 1.485w; — 0.1644w? + 0.01666w; otherwise (18)

The acentric factor w; for component i measures the deviation of the molecular shape from spherically symmetric
structure.
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The mixing rules are considered to describe the prevailing forces between molecules of different components forming
the mixture. Thus, the parameters a; and b; of the mixture are determined by using the one-fluid type mixing rules
(Whitson and Brulé, 2000),

Ne N
a = ZZZiZj(l - kij),¢aiaj (19)
i=1 j=1
and,
Ne
b= Zzibi (20)
i=1

where z; and z; are overall composition of the component i and j, respectively, and k;; is the binary interaction parameter
between components i and j.

By defining
a.p
A= 73 2D
and
b.p
B=—— (22)

Once these parameters are determined for the mixture, the compressibility factor can be obtained by solving the
following equation, which is another form of the Peng-Robinson equation of state (Eq. 14):

73— (1-B)Z*+ (A—2B—3B¥)Z— (AB— B — B3)=0 (23)

Then the fugacity of component i in phase a can be evaluated by,

~ NC
Jia bi Aa 2 bj Zg + (1+‘/Z)Ba
In =—Z,-1)-In(Z, - B,) — —Zx- 1—-k;;i)/a;a;, —— |In 24
Xiaba b e~ D I B 2V2B, \ G & ja(1 = kij)aie bo | Z,+ (1-+2)B, @9

3. CALCULATION PROCEDURE

Successive substitution procedures have found widespread application in phase equilibrium calculation due to their
robustness and simplicity. The Successive Substitution Method (SSM) is used in the flash calculator when its convergence
is reasonable. The flash calculation procedure is as follows:

Step 1: Feed of the input data

Initially, the input data and the thermodynamic properties are supplied into the model. The required input data are:
temperature, pressure and fluid composition with the molar fractions of each component. Whereas the thermodynamic
properties known for each component are: molecular weight (MW), critic temperature and pressure (T, P.), critic volume
(V.), critic compressibility factor (Z,), and acentric factor (w;).

Step 2: K; - Initial estimate

Initial estimates are frequently based on the additional assumption that the fluid phases form ideal solutions, in which
vapor and liquid phase fugacity coefficients are dependent on pressure and temperature only (Michelsen, 1998; Haghighi
et al., 2009). This implies that the K-factors are only functions T and P, and the set of independent variables, reducing to
Eg. 13.

The K-values in predominantly hydrocarbon systems are reasonably well approximated using Wilson’s correlation
(Michelsen, 1998):

P, T..
InK; =1In (?) + exp [5.373(1 + w;) ( — ?‘)] (25)
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Step 3: Compute the vapor fraction (V)

The Rachford-Rice equation (Eq. 13) is solved using the Newton-Raphson method in the inner loop of the algorithm
to find the value of the vapor fraction, V.
The Newton-Raphson method is expressly (Burden and Faires, 2011):

n+l _ n __ L
14 14 I (26)

where the Rachford-Rice equation, objective function f, and its derivative f' are defined by,

Z z;(K; — @7
f= 1-V+ VK
N
I _ Z Zi(Ki - 1)2 (28)
= L [1+ V(K - D))
The error function is computed through the following equation
Vn+1 _ Vn
Erro = Abs <T> (29)

As criterion for convergence a tolerance 10-° was adopted for the error function.

Step 4: Determine the mole fractions of components in the vapor and liquid, x;, and y;, using the Eq. (10) and Eq.
(11), respectively.

Step 5: Determine the compressibility factors by solving the cubic equation as follows:

» Calculate the parameters a and b from Eq. (19) and Eq. (20), respectively, for liquid and vapor phases;
» Compute the coefficients A and B applying Eq. (21) and Eq. (22), respectively, for both phases;
»  Substitute the values of A and B into Eq. (23);
» The compressibility factors of the liquid and vapor phases, Z; and Z,, are determined through solution of
the Eq. (23) for each phase.
»  Solver of the Eq. (23):
Equation 23 can yield in either one or three real roots, but only one should be used to calculate fugacity coefficient
in the next step. Therefore, Newton-Raphson method was applied for find the first root of the cubic equation. The
parameters C,, C,, C5 and C, were defined by the following coefficients:

c, =1 C,=B-1 C;=A—2B —3B? C,=—AB+ B*+ B3 (30)

The Newton-Raphson method is expressed by:

Zntl = zn — 2l 31
Fr
where the objective function f, and its derivative f' are defined by
f= CGZ3+CZ%+ CZ+ C, (32)
f'=3CZ% +2C,Z + C4 (33)

The error function is computed by

(34)

Zn+1 — 7"
Erro = Abs <—>

Zn+1
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As criterion for convergence a tolerance of 10-5 was considered for error function. Then, Ruffini rule was applied to
obtain an equation of second order. Later, the Bhaskara formula was used to determine the other two roots of the cubic
equation. Once the values of the roots are known, the root for each phase was determined from the minimization Gibbs
energy (G) using the Eq. 35 (Whitson and Brulé, 2000),

Z+ (1+ ﬁ)B] 35)

A
622_1—1n(Z—B)_[2\/§B]1n[2+ (1-v2)B

The chosen root was that that yield the smaller Gibbs energy values.

Step 6: Using the calculated compressibility factors, Z, and Z,,, determine the fugacity coefficient of the vapor and
liquid phases using the Eq. (24).

Step 7: Use the SSM formula to update the equilibrium factors. Specifically:
n
KM = K (&) (36)
fVi

Step 8: Check the convergence condition using:

(%—1) < e (37)

The value of € is 10°8. The fugacity coefficients are then updated in the outer loop using the calculated mole fractions,
and equilibrium conditions are checked for convergence.

Step 9: Repeat steps 2 — 7 until convergence is attained.

The Figure 1 shows a flow chart of isothermal two-phase calculations using EOS.

Given: input data and
thermodynamic properties
(TP 7. MW T. P. V. 7_m:)

v

Estimate K;, using
Wilson’s correlation

!
| Calculation of V

_| Calculate x; and y;
\ 4

Set-up EOS Set-up EOS
PR for Liauid PR for VVanor

Compute Z;, Compute Z,
Compute f;,

Calculation of f
(Rachford-Rice)

| Calculation of £’

Newton’s Method

r

|

|

|

|

|

|

|

|

|
pl n+l _ pyn _ L
o 4 4

|

|

|5

1

Erro > 107°

Upgrade of K;
Kt = gn <&)n
L L f

Vi
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Figure 1. Flow chart of Isothermal Two-Phase Flash Calculations using equation of state.
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4. FLASH CALCULATION ALGORITHM VALIDATION

In order to validate the model capability to predict the fluids phase behavior, the equations presented above and the
appropriate values of binary interaction parameters between molecules have been applied to build the algorithm. The
Figure 1 shows the composition of the petroleum fluid used to modeling purpose.

80

I Composition petroleum fluid

Molar Fraction (%)

C1 C2 C3 iC4 nC4 iC5 nC5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 CO2 N2
Figure 2. Composition of the synthetic petroleum fluid. (Ribeiro, 2014).

The fluid chosen to evaluate the computational tool corresponds to light oil from a high-pressure reservoir. In the
reservoir conditions, this oil presents only liquid phase. However, during the production, as the pressure decreases, two
phases are formed. In this case, the knowledge of the phase behavior and thermodynamic properties calculations becomes
essential.

The commercial software HYSYS (AspenTech) was applied to evaluate the model performance and accuracy and to
compare the simulations performed with the aim to validate the tool developed in this work. Thus, the results obtained by
Flash Calculation Algorithm (FCA) were compared with the HYSYS answers for the same fluid. The parameters and
thermodynamic properties of all components are identical in both HYSYS and FCA. The equilibrium constant for each
petroleum fluid component was calculated using both FCA and HYSYSS, as shown in the Fig. 3 at pressure of 1.5x107 Pa
and temperatures of 298.15 K and 348.15 K.

3.5
P =1.5x10 Pa
304 " K - T=20815K (HYSYS)
K, - T=29815K (FCA)
T 254 A K - T=34815K (HYSYS)
——K, - T=348.15K (FCA)

Equilibrium Constant (K

T T T T T T T T T T T T T T T T T T T T
C1 C2 C3 iC4 nC4iC5 nC5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 CO2 N2

Components of the Petroleum Fluid

Figure 3. Values of Ki obtained using the FCA and HYSYS for pressure of 1.5x107 Pa and temperatures of
298.15 K and 348.15K.
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Analyzing the data presented in Fig. 3, it can be seen that the K; values obtained by both FCA and HYSYS are
equivalent, showing the accuracy of the compute program developed. Furthermore, K; calculations did not suffer
temperature significant influence for components in the range of C7 — Cas.

Isothermal two-phase flash calculations were performed for the multicomponent mixture at pressure of 2.0x107 Pa
and temperature of 333.15 K using FCA. The components composition present in the mixture was determined for each
phase existing in the system. The same case was evaluated in the HYSYS and compared with the FCA results. All results
are shown in Table 1.

Table 1. Results of the Two-Phase Isothermal Flash Calculations for petroleum fluid in the conditions of P = 2.0x
10" Paand T = 333.15 K.

Component x; (FCA) | x; (HYSYS) | Error (%) yi (FCA) | y; (HYSYS) | Error (%)
CH4 (Cy) 0.5725 0.5725 0.0070 0.8530 0.8531 0.0013
C2Hs (C2) 0.0854 0.0854 0.0017 0.0729 0.0729 0.0005
CsHs (Cs) 0.0561 0.0561 0.0057 0.0326 0.0326 0.0018
i-C4Hio (i-Cs) 0.0122 0.0122 0.0076 0.0055 0.0055 0.0036
N-C4H1o (n-C4) 0.0214 0.0214 0.0084 0.0085 0.0085 0.0052
i-CsHuz (i-Cs) 0.0080 0.0080 0.0098 0.0024 0.0024 0.0078
n-CsH1z (n-Cs) 0.0093 0.0093 0.0101 0.0026 0.0026 0.0090
N-CeHu4 (Co) 0.0131 0.0131 0.0112 0.0026 0.0026 0.0130
n-C7Hi6 (C7) 0.0141 0.0141 0.0118 0.0021 0.0021 0.0172
n-CgHis (Ca) 0.0211 0.0211 0.0123 0.0023 0.0023 0.0213
n-CoHao (Co) 0.0187 0.0187 0.0125 0.0015 0.0015 0.0254
N-CioH22 (Cio) 0.0156 0.0156 0.0285 0.0009 0.0009 0.7787
N-CuiHa24 (C11) 0.0133 0.0133 0.0129 0.0006 0.0006 0.0444
N-Ci2Has (Ci2) 0.0116 0.0116 0.0130 0.0004 0.0004 0.0489
N-Ci3Hag (Cis) 0.0123 0.0123 0.0130 0.0003 0.0003 0.0533
N-C14H30 (C14) 0.0103 0.0103 0.0130 0.0002 0.0002 0.0574
N-CisHso (Cis) 0.0096 0.0096 0.0130 0.0002 0.0002 0.0618
N-Ci6Hsz (Cie+) 0.0908 0.0908 0.0129 0.0011 0.0011 0.0661
CO; 0.0002 0.0002 0.0011 0.0002 0.0002 0.0002
N2 0.0047 0.0047 0.0149 0.0101 0.0101 0.0002

In the same flash calculation conditions showed above, molar fractions and compressibility factor for liquid and vapor
phases were determined according to Tab. 2.

Table 2. The molar fractions and compressibility factors values for liquid and vapor phases of the petroleum
fluid in the conditions of P = 2.0x10” Paand T = 333.15 K.

Variable FCA HYSYS Error (%)
|4 0.2652 0.2652 0.0355
L 0.7348 0.7348 0.0128
Z, 0.8290 0.8237 0.6488
Zy 0.7970 0.7941 0.3706

There is a quantitative agreement between the results computed using FCA and HYSYS commercial simulator
(AspenTech) shown in the Tab. 1 and Tab. 2. In the flash calculation, all error values were less than 1% when compared
with HYSYS.

The results present in the Tab. 1 and Tab. 2 were analyzed from the thermodynamic point of view, it is observed the
existence of two-phase (liquid and vapor) in the investigated condition. The molar fraction in the liquid phase equals
0.7348. This phase contain a larger heavy components fraction (Cs — Ci6), approximately 23% of the composition. On the
other hand, the vapor phase is rich in light components (C; — Cs), about 98%. According to the compressibility factors
values, both phases present non-ideal behavior due the system high pressure.

As shown in Fig. 4, the vapor molar fractions of the petroleum fluid were computed for distinct pressures in the
temperatures of 313.15, 343.15, and 373.15 K. The results reported in the Fig. 4 have indicated that all the simulations
performed by the Flash Calculation Algorithm are confined in satisfactory agreement with those made by HYSYS. The
Newton-Raphson iteration applied in the vapor molar fraction calculation through Rachford-Rice equation was very
efficient, once the values obtained were consistent with HYSYS data, as seen in the Fig. 4.
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Figure 4. Comparison between the predicted results of the developed model (FCA) and simulated data using
HYSYS for vapor molar fraction of the petroleum fluid.

In this investigation, it was also possible to evaluate the temperature influence on the fluid phase behavior. For high
temperatures, it is remarkable that the vapor phase formation occurs at higher pressures. However, for all temperatures
analyzed when the pressure decrease next to the surface condition (1x10° Pa), the vapor molar fraction values were higher
than 0.8.

Figure 5 shows the compressibility factors analyze as a function of the pressure in the temperature of 358.15 K. The
ideal fluid phase behavior is also present in the Fig. 5.
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Figure 5. The compressibility factors evaluation of the liquid and vapor phases against pressure, at T =
358.15 K.

No difference between the compressibility factors computed from the two simulators is observed.
Thermodynamically, the vapor phase presents no ideal behavior for high pressures (Zy < 1), but when the pressure is next
to 1x10° Pa, the compressibility factor is equal to one. The liquid phase shows opposite physical behavior to the vapor
phase.

5. CONCLUSIONS

From the thermodynamic viewpoint, the results reported earlier have indicated that all the cases simulated by Flash
Calculation Algorithm are consistent with the theory applied. The Peng-Robinson (PR) equation of state has been used to
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vapor-liquid equilibrium modeling in hydrocarbon mixtures containing CO, and N,. The model developed predictions
were validated against HYSY'S simulation data over a wide range of pressure and temperature. All the above cases, a
good agreement between the predictions and commercial software is observed, supporting the reliability of the developed
tool. The Flash Calculation Algorithm proved to be a strong tool and very successful model for hydrocarbons
multicomponent mixtures.

For future work recommendations, it is suggested that other modeling works including bubble and dew point
estimation, volumetric properties and multiphase flow modeling could be built using the Flash Calculation Algorithm.
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