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Abstract: A three-phase separator is the first vessel encountered by well fluids. The application of
separators has been of great value to the oil and gas industry. In order to generate the gas phase
envelope that is applicable to the study of reservoir fluid and the selection of optimum operating
conditions of separators, this research utilizes a specified reservoir fluid stream to simulate a three-
phase separator executed in Aspen HYSYS. Subsequently, a comparative study of the effects of
specified inlet operating conditions on the output of gas and oil streams was carried out. The results
show that changing the inlet pressure of the separator from 1000 to 8000 kPa reduces the gas outlet
flow from 1213 to 908.6 kg mol/h, while it increases the liquid flow rate from 374 to 838.0 kg mole/h.
By changing the temperature of the separator feed stream from 13 to 83 ◦C, the gas outlet stream was
raised from 707.4 to 1111 kg mol/h, while the liquid flow rate dropped from 1037.0 to 646.1 kg mol/h.
It was observed that the concentration of the outlet methane product is not affected by changing the
flow rate of the feed stream at a specific pressure and temperature. Therefore, the thermodynamic
property method is appropriate to simulate the separation of reservoir fluids which was achieved
by selecting the Peng–Robinson (PR) model. The operating conditions of the separator were at
8000 kPa and 43 ◦C, which lies right on the dew point line. This is comparable to similar work on
CHEMCAD which was in turn validated by plant data. Thus, the gas flow rate and the oil flow rate
were dependent on pressure and temperature conditions of the plant.

Keywords: Aspen HYSYS; separator; Peng–Robinson model; gas; oil; molar flow

1. Introduction

A well stream may be made up of gas, oil, and water, each of which can be contam-
inated and contain condensates. A separator splits the well fluid into desired fractions.
Generally, the initial separation of produced water from oil and gas takes place in the
production separator and more often than not separators work based on the gravity exerted
by fluids [1].

The flow conditions in wells may vary due to pressure, but the behavior of each well
can be determined when the well fluids are separated. After the well fluids have been
separated, they are taken to the laboratory so that the composition of the gas, oil, and
condensate can be determined [2]. Separation of reservoir fluids is targeted at producing a
gas stream that is as free as possible of propane-plus hydrocarbons and crude oil which is
stable at storage conditions. This is to ensure that produced crude oil does not vaporize
when conveyed to the storage tank because some light components may vaporize if slight
variations in storage pressure and/or temperature occur [3]. A three-stage separation
process is normally utilized to achieve the goal of separation of well fluids, namely high-
pressure, medium-pressure, and low-pressure separators. The three-phase-high pressure
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separator is relevant for reduction of well fluid having water content from a fraction of
0.4 to about 0.05 [4].

Simulators are particularly essential for modeling systems that are not yet in existence
or would be expensive to “experiment” with, such as large-scale chemical processes [5]. The
high cost of conducting and building a simulation model with difficulty in the interpretation
of outcomes is common to commercial software such as Ariane, CADSIM, ASSETT, D-
SPICE, and so forth [6]. These limitations suppress their application to separators. ProSim,
UniSim, CHEMCAD, and HYSYS are used for oil and gas processes. ProSim has good
application in the simulation software for sour systems which contain H2S and CO2. It
is well known for rigorous calculation of chemisorption and column hydraulics but it
does not have a dynamic simulation. CHEMCAD has had many applications because
of its suitability in the industry; additionally, CHEMCAD is equipped with an intuitive
interface and integrated modules. It completes daily tasks faster, increases productivity,
and streamlines processes used in smaller projects to improve work flow. Aspen HYSYS
is the appropriate engineering tool in separation of the Nigerian reservoir fluid. It has a
wide spectrum of different applications. There is no inherent directionality of computation.
The multiple recycles do not slow down convergence. HYSYS repeats solutions much
faster, making it possible to deploy large, complex models in demanding situations such
as online real-time optimization. The heat and material balance (HMB) generated by
HYSYS is driving most industries to prefer HYSYS as the software used for oil processes.
HYSYS is older than UniSim and is ahead in improving in the areas where UniSim lacks.
Further versions are being introduced such as a glycol package, enhanced HYSYS amine,
new hydraulic tool calculation, and so forth. Therefore, HYSYS still has the upper hand
in the calculation of phase properties. No study has been done to compare all of these
software(s) regarding the separation of reservoir fluids, but HYSYS gives quite close value
to the actual plant condition [4,7]. Therefore, this research employs the use of HYSYS and
compares the work of [4] which has previously compared CHEMCAD and UniSim in the
separation of reservoir fluids. Some factors that affect separation and must be determined
before the design of a separator are: the flow rates of gas and liquid; the operating and
design temperatures and pressures [8]; the tendencies of the feed streams to surge or slug;
fluid physical properties like density and compressibility factor; the designed degree of
separation; presence of impurities, foaming, and corrosive tendencies of the fluids [9]. An
increase in mixture velocity will cause phase separation to slow down and as a result, it will
require a very high weir. Also, there will be better phase separation when the difference
between phases is high [10]. Generally, a large gas volume fraction would be advantageous
to the efficiency of separation but the increased water content will reduce the viscosity of
the mixture significantly, hence favoring the separation and ensuring that the separation
of the natural gas will be easier since the oil fraction is decreased [11]. The purity of the
oil product increases as residence time of the oil phase increases; this is because higher
residence time gives more time for the droplets and dispersions from the gas phase and
the water phase to coalesce and further settle out from gravitational buoyancy [12]. The
increase in separator temperature will increase gas production and reduce the methane
concentration in the gas stream, whereas the increase in pressure will reduce the gas flow
rate and increase the methane concentration in the gas stream. While the gas production
outflow increases with increase in inflow, the inlet mass flow rate shows no effect on
the methane concentration in the gas stream. Therefore, pressure and temperature have
a significant effect on gas production [13] and sufficient pressure difference should be
maintained to ensure high separation [14].

The selection process of thermodynamic models is guided by considering the follow-
ing: process components and composition, ranges at which pressure and temperature
are operated, phases involved in the system, nature of the fluids, and data available [15].
By implementing constant and temperature-dependent binary interaction parameters in
the van der Waals mixing rule, the Peng–Robinson cubic equation of state can be used to
calculate phase equilibrium properties, which are peculiar to the hydrocarbon mixtures.
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These phase properties are applied in the operation of all kinds of hydrocarbon equipment,
such as high-pressure separators. Thus an appropriate phase separation for any mixture of
nonpolar or mildly polar hydrocarbon mixtures with components up to the number found
in the Nigerian reservoir fluid can result in viable separations. Compared to other equa-
tions of states, where complex calculations require parameters that can be calculated only
experimentally, the prediction of phase separation requires solving models using complex
equations. The Peng–Robinson is one where cubic equations of state-based models [16–18]
use the same set of equations which are solved for both liquid and vapor phase. Also,
accurate simulation simply requires a few parameters, such as critical temperature, critical
pressure, and acentric factor, to calculate various phase equilibrium properties. Although
Soave uses cubic equations too, generally, the Peng–Robinson cubic equation of state is
preferred over the Soave–Redlich–Kwong cubic equation of state, as it more accurately
predicts liquid phase properties of the reservoir fluid examined in this work. It also calcu-
lates off-beat compositions of hydrocarbon mixtures. The suitability of Peng–Robinson in
the simulation of some other reservoir fluids is discussed over the Soave–Redlich–Kwong
cubic equation of state [7,19].

Ref. [20] reported that the geothermal gradient in the Nigerian reservoir ranges from
1.3 to 5.5 ◦C/100 m in the Niger Delta and the value extended to 7.6 ◦C/100 m in the
recently found Sokoto Basin. Due to this wide range, the reservoir types are yet to be
generalized in Nigeria. A few of them are of different types such as Akpet GT9 and GT12
reservoirs, which are gas condensate and black oil, respectively [21]. A black oil reservoir
was reported by [22], but [23] reviewed that the Niger Delta is characterized by very low
non-hydrocarbon content with less than 0.5% S content, while the N and CO2 are less
than 1%. Generalizing the feed stream specification before simulation is equally a stiff
challenge. Hence the mathematical procedure that provides clues on how to affect the
separation of phases is yet to be understood for the Nigerian reservoir because of the
limited information of mathematical equations which express the code running. However,
an attempt has been made in this work to explain that separations are affected based on
equations which start from van der Waals up till where convergence tolerance for different
phases is inputted as restrictions for fugacity and fugacity coefficient of vapor phase and
liquid phases of all components which clearly distinguish the phases. This work, however,
has been limited to the use of Aspen HYSYS v.8.8. Before running the simulation to the
point of convergence, every step before it was probed so that the ability and performance of
the separation algorithm could be repeatable. Flow rate data were extracted and compared
with the work of [4] to identify appropriate values for each required parameter, and a
tuning stage was obtained for the reservoir fluid. Space restrictions were considered and
calculation of fugacity was given preference to present all data regarding the separation of
reservoir fluid, since it is the main focus of this manuscript.

2. Methodology

The Aspen HYSYS flow sheet developed for the separation of Nigerian reservoir fluid
is presented in Figure 1. In order to introduce the adequate equation of state that runs
the simulation of reservoir fluid, the process flow diagram was developed in a similar
way to the work of Al-Mhana (2018). In specific terms, only the three-phase separator
was targeted.
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Figure 1. A process flow diagram for the separation process of reservoir fluid developed using HYSYS.

2.1. Peng–Robinson Equation of State Applied to Calculate Feed Parameter

In describing nonideal vapor and liquid phases, Soave–Redlich–Kwong and Peng–
Robinson equations of state (EOS) are the most popularly used thermodynamic models.
In this research, the Peng–Robison equation of state was chosen over the Soave–Redlich–
Kwong because the equation solves most single-phase, two-phase, and three-phase systems
more efficiently and reliably. The enhancements made in the Peng–Robinson model en-
sure its accuracy for various systems over conditions of wide range. In Aspen HYSYS,
the Peng–Robinson package is inclusive and enhanced binary parameters for all library
pairs of hydrocarbon–hydrocarbon, and for most hydrocarbon–non-hydrocarbon binaries.
HYSYS automatically generates the interaction parameters of hydrocarbon–hydrocarbon
bond for hydrocarbon pseudo-components. Here the theoretical approach is used. It is
stated as van der Waals equations and the Peng–Robinson equations are solved out until
the fugacity parameter was clearly distinguished to be the phases of hydrocarbon fluid
mixtures. However, the thermodynamic property method was implemented in HYSYS for
the calculation of fugacity coefficient and convergence criteria.

Recalling the modified van der Waals equation of state (1873) is given by Equation (1):[
P +

ain2

v2

]
[v − nbi] = nRT (1)

where P is the system total pressure, v is molar volume, R is the gas constant, n is the
number of moles, ai is the parameter that provides a pressure correction for the inter-
molecular forces of attraction, and bi is the effective molar volume parameter for the
correction of volume occupied by all hydrocarbon molecules in the mixture.

The presence of the hydrocarbon mixture requires including the molar volume of
molecules in more than one state of matter as Equation (1) becomes Equation (2), as earlier
deduced by Peng and Robinson (1976).(

P +
aiαi

v22biv − b2
i

)
(v − bi) = RT (2)

Stating Equation (2) terms of pressure, we obtain Equation (3):

P =
RT

v − bi
− aiαi

(v + bi) + bi(v − bi)
(3)
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aiαi together make up the attraction parameter, where αi is the temperature depen-
dence parameter. Note that Equation (3) is an equation of state that assumes the conserva-
tion of temperature dependence of the attractive term. It also assumes the acentric factor
which was introduced in [17] and presents a different fitting parameter which describes
dependency on temperature.

The coefficients ai and bi were made functions of critical properties. By applying the
conditions for criticality, we have two states of matter gas and oil clearly distinguished in
Equations (4) and (5).

ai = 0.457235
R2T2

c
Pc

(4)

bi = 0.077796
RTc

Pc
(5)

According to Naji [24], the coefficients 0.457235 and 0.077796 were best determined
through regression in a manner that forces the condition of state to predict the phase
behavior of the hydrocarbon mixture.

Also, αi is expressed in Equation (6) as:

αi =
[
1 + σ

(
1 − T0.5

r

)]2
(6)

where Tr is the reduced temperature and can be calculated mathematically in Equation (7) as:

Tr=
T
Tc

(7)

T and Tc are temperature of the system and critical temperature, respectively. Also,
Equation (8) defines the term σ from Equation (6) as:

σ = 0.37464 + 1.54326wi − 0.26992wi
2 (8)

where wi is the acentric factor of the component i. According to Al-Mhana [4], the acentric
factor was used as a standard to characterize any single pure component as well as common
properties such as critical pressure, critical temperature, critical volume, and molecular
weight. Equation (6) is valid for acentric factor ≤0.49 noting that in HYSYS, for acentric
factor >0.49, Equation (9) is used as a corrected form [25]:

σ = 0.379642 +
[
1.48503 − 0.164423wi + 1.016666w2

i

]
wi (9)

By inspecting Equation (9), it is convenient to write Equation (10) as a cubic equation of
state in terms of compressibility (z) to distinguish phases which are yet in physical mixtures:

z3 + m2z2 + m1z + m0 = 0 (10)

The largest root is equivalent to the vapor phase compressibility, zV . The next z
parameter takes the next dense phase, until the smallest positive root represents the
compressibility of the heaviest liquid phase, zL.

The coefficients m2, m1, and m0 from Equation (10) are defined in Equation (11) as:

m2 = B − 1m1 = A − 2B − 3B2m0 = −AB + B2 + B3 (11)

A and B are the attraction and repulsion parameters, respectively, and are dimen-
sionless, V is the volume of the mixture, ni is the number of moles of component i in
the mixture, ϕi is the partial fugacity coefficient of component i in the mixture for which
Equation (12) was expressed thus:

ϕi =
fi

xiP
(12)
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fi is the partial fugacity of component i in the mixture. Therefore, the thermodynamic
expression for the partial fugacity of component i in the mixture was derived for component
i in the vapor phase.

lnϕV
i =

bi
B

(
zV − 1

)
− ln

(
zV − B

)
+

A
2.82843B

[
bi
B
− 2

aiαi
∑

j
xj(aα)ij

]
ln
[

zV + 2.4142B
zV − 0.4142B

]
(13)

A similar expression for component i in the liquid phase is shown in Equation (14):

lnϕL
i =

bi
B

(
zL − 1

)
− ln

(
zL − B

)
+

A
2.82843B

[
bi
B
− 2

aiαi
∑

j
xj(aα)ij

]
ln
[

zL + 2.4142B
zL − 0.4142B

]
(14)

The chemical potential was related to fugacity directly, then it follows that the fugacity
of component i in the mixture is equal in all phases of the mixture coexisting in equilibrium.
That is, the fugacity of component i in the vapor phase is equal to its fugacity in the liquid
phase. Thus, it was expressed simply in Equation (15) as:

f V
i = f L

i (15)

where fi is the partial fugacity of component i in the mixture.
Equation (15) can further be expressed in Equation (16) as:

yiPϕV
i = xiPϕL

i (16)

ϕV
i and ϕL

i are the partial fugacity coefficient of component i in the vapor phase and
liquid phase, respectively. P is the pressure of the mixture. L and V are the liquid and
vapor phase, respectively.

According to Adewunmi [26], fugacity is very useful in multicomponent equilibrium
which involves liquid and vapor equilibrium. It is also useful in predicting the reaction state
and the final phase of multicomponent mixtures at different pressures and temperatures
without carrying out laboratory experiments. It helps to handle deviations from nonideal
situations in the simulation/calculations.

Equation (17) gives the expression of the equilibrium constant ki of component i.

ki =
yi
xi

=
ϕL

i
ϕV

i
(17)

2.2. Computation and Procedure

Applicable to the three phases, [24] described flash calculations as the process whereby
the liquid and vapor mole fractions are calculated at prevailing temperature and pressure
when the overall composition of a hydrocarbon mixture is given. The constraints for the
liquid and vapor mole fractions, xi and yi, respectively, must be included.

Naji [24] reported that several methods can be used to solve the Rachford–Rice equa-
tion, some of which are: bisection, Newton–Raphson bisection, secant, false position, and
Brent’s method. He also reported that among all the root-finding methods mentioned
before, Brent’s method was the only method that gave roots of V that are physically ac-
ceptable. This was as a result of using several methods to extensively solve the resulting
equation of the flash calculation (134 oil samples). The solution for these samples was at
different pressures ranging from 100 to 10,000 psia at intervals of 5 psia. The Newton–
Raphson method gives a rapid solution only when the behavior of the function is smooth.
As a result, he recommended Brent’s method over the Newton–Raphson method for the
solution of the Rachford–Rice equation.

It must be noted that if the Equations (1)–(17) must be used to run a separation, the
pauses parameter must be obtained and the starting point is Equation (17) upward; for the
purpose of this research, the sequential substitution iteration (SSI) algorithm was used as
reported. The SSI flash computation process for solving yi, xi, k i, L, and V was calculated
as follows:
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i. Equilibrium ratios of the component were assumed from modified Wilson’s equation:

ki = P−1
ri exp

[
5.37(ωi + 1)

(
1 − T−1

ri

)]
(18)

where Pri is the reduced pressure of component i and Tri is the reduced
temperature likewise.

ii. V was solved for by solving the Rachford–Rice Equation using Brent’s method [24].
iii. The mole fractions of component liquid and vapor were calculated respectively.
iv. Equation (10) was solved for the liquid and vapor phases compressibility,

zV and zL.
v. The fugacity and fugacity coefficients for both liquid and vapor phases for all

components were calculated.
vi. ki values were updated using Equation (19):

ki =
ϕL

i
ϕV

i
(19)

vii. Steps ii to vi were repeated until Equation (20) was satisfied:

ε f =
N

∑
i=1

(
f L
i

f V
i

− 1

)2

< 10−15εV = (V − V0)
2 < 10−15 (20)

where ε f and εV are convergence tolerance for fugacity of fluid and vapor, respec-
tively. f L

i is the fugacity of the liquid phase for component i; f V
i is the fugacity of

the vapor phase for component i.

First of all, the activity coefficient method was applied but no convergence was
achieved because it is inappropriate for handling the reservoir fluid mixture under ex-
amination. The phase equilibrium data (estimated 21,880 kPa and 300 ◦C) were high for
the activity coefficient method. Invariably, the activity coefficient approach (applicable
to low pressures below 10 bar) did not work. This is because the binary parameters for
the NRTL, UNIQUAC, and other models are known for adopting the activity coefficient
approach [27]. Therefore the methodology adopted in this work is the thermodynamic
property method, which is a collection of property calculation routes. This is simplified in
HYSYS because the properties involved are needed by unit operation models. Under this
approach, the temperature function (T, Omega) involving the temperature and acentric
factor (omega) was used to replace temperature function of RK/Wilson (e.g., Equation
(18)). Therefore, the fugacity of each phase turns out to be a suitable thermodynamic
property for handling hydrocarbon mixtures with a wide range of components. Therefore,
the Peng–Robinson model was used to simulate the separation of the hydrocarbon mixture
itemized in Table 1.

2.3. Data and Convergence Criteria Used for Separating Reservoir Fluid

By engaging the Aspen HYSYS v8.8 package, the inlet feed composition was defined
as presented in Table 1 for a typical Nigerian reservoir fluid. By using the calculations of
the ε f and εV as convergence tolerance for fugacity of fluid and vapor, respectively, the
critical values of operating conditions of a three-phase separator adopted for the separation
of the reservoir fluids are as follows: 43 ◦C was set for temperature, 8000 kPa was set for
pressure, and feed molar flow rate was set to 1800.5 kg mol/h.
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Table 1. Composition of feed stream and its component mole fractions, K-values, fugacity, mole fraction of the gas outlet
stream and oil outlet stream.

Inlet Feed Component Mole Fraction of Inlet Feed K-Value Fugacity Outlet Gas Mole
Fraction (HYSYS)

Outlet Oil Mole
Fraction (HYSYS)

H2S 0.0143 0.7969 0.6380 0.0127 0.0169
CO2 0.0264 1.6540 0.7483 0.0325 0.0214
N2 0.0081 6.6090 1.1192 0.0139 0.0023

Methane 0.4938 3.1521 0.8908 0.7410 0.2575
Ethane 0.1172 0.9767 0.5990 0.1200 0.1216

Propane 0.0780 0.4476 0.4406 0.0506 0.1128
i-Butane 0.0087 0.2564 0.3450 0.0037 0.0146
n-Butane 0.0369 0.2077 0.3210 0.0132 0.0649
i-Pentane 0.0106 0.1208 0.2415 0.0024 0.0202
n-Pentane 0.0217 0.1022 0.2384 0.0041 0.0422
n-Hexane 0.0249 0.0483 0.1760 0.0024 0.0509
n-Heptane 0.0215 0.0246 0.1301 0.0011 0.0450
n-Octane 0.0203 0.0125 0.0989 0.0005 0.0431
n-Nonane 0.0167 0.0063 0.0715 0.0002 0.0356
n-Decane 0.0135 0.0035 0.0525 0.0001 0.0289

n-C11 0.0116 0.0018 0.0380 0.0000 0.0249
n-C12 0.0091 0.0010 0.0277 0.0000 0.0195
n-C13 0.0080 0.0005 0.0207 0.0000 0.0172
n-C14 0.0067 0.0003 0.0152 0.0000 0.0144
n-C15 0.0055 0.0002 0.0112 0.0000 0.0118
n-C16 0.0046 0.0001 0.0078 0.0000 0.0099
n-C17 0.0041 0.0001 0.0060 0.0000 0.0088
n-C18 0.0034 0.0000 0.0103 0.0000 0.0073
n-C19 0.0033 0.0000 0.0082 0.0000 0.0071
H2O 0.312 0.0242 0.7632 0.0015 0.0011

Total 1.0000 1.0000 1.0000

2.4. Separation Sensitivity Study

The sensitivity analysis of the separation process was carried out to determine the
effects of varying the vessel’s pressure on the outflow of oil and gas as well as the methane
mole fraction. The effects of inlet temperature and mass flow rate on molar flow of oil
stream, molar flow rate of gas stream, and methane mole fraction in gas were investi-
gated. The results obtained were used to deduce the efficiency of the separation with the
operating conditions.

Phase envelopes were then obtained for gas and oil streams. The phase envelopes
were generated using HYSYS. The Peng–Robinson model (or thermodynamics package)
was used to obtain the critical point, the dew lines, and the boiling point lines of each
stream (gas and oil).

3. Results and Discussion

Table 1 shows the inlet feed composition, the component mole fractions of the inlet
feed stream, the separator outlet gas stream, and oil product stream. Also, it shows the
calculated K-values and fugacity of feed components.

3.1. Effect of Vessel Pressure on Molar Flow Rate of Gas, Molar Flow Rate of Oil, and Methane
Concentration in Gas Stream

Vapor pressure and boiling points of components are proportioned directly with the
system’s pressure. Consequently, increasing the pressure will reduce the tendency of some
substances to evaporate (e.g., they enter the separator at a temperature below its saturated
temperature, i.e., reduce the chance to change its phase from liquid to vapor phase). The
effect of feed stream pressure on vessel outlet flow rates is presented in Figure 2a. As the
feed inlet pressure increased from 1000 to 8000 kPa, there was a corresponding decrease
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in the gas flow rate from 1213 to 908.6 kg mol/h. The increment in the pressure increases
the boiling point of the reservoir fluid as a result of the increase in vapor pressure of the
stream components. This trend is in agreement with the results obtained by Al-Mhanna [4].
Hence, only less vapor can be formed which implies that the vapor flow rate will decrease.
For hydrocarbons, heavier molecules condense into the oil phase when there is an increase
in pressure. Under this condition, the oil flow rate increased from 374 to 838 kg mol/h.
The trend in pressure and flow rate of oil outlet of the separator is shown in Figure 2a.
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Figure 2. (a) Effect of separator pressure on gas molar flow rate and oil molar flow rate. (b) Effect of separator pressure on
methane mole fraction.

Therefore, an inversion behavior is expected if both (oil and gas molar flow rates)
curves are plotted on the same graph. The methane fraction of the gas stream provides
the quality of the gas stream since it is the desired component of a natural gas plant.
The increase from 0.6902 to 0.7410 in the methane mole fraction occurred as the pressure
increased from 1000 kPa to 8000 kPa as shown in Figure 2b. This supports the fact that the
condensation of heavier molecules from the gas phase into the oil phase causes an increase
in the concentration of methane in the gas stream. According to [11], gas fraction in the gas
outlet is an indicator of the efficiency of the separation.

3.2. Effect of Inlet Temperature on Molar Flow Rate of Gas, Molar Flow Rate of Oil, and Methane
Concentration in Gas Stream

Increasing the inlet stream temperature decreases the oil mass flow rate because some
of the hydrocarbons reach their saturation temperature at the operating pressure (i.e.,
they evaporate and go into the gas phase). Therefore, a reduction in the oil production is
expected while an increase in the produced gas quantity happens (i.e., the temperature vari-
ation from 13 to 83 ◦C causes the flow rate of the gas to change from 707.4 to 1111 kg mol/h).
An opposite trend is observed for the oil gas flow rate as shown in Figure 3a. Hydrocarbons
gain energy as temperature increases. Consequently, more of the lighter hydrocarbons
vaporize into the gas phase which therefore leads to reduction of the molar flow rate of the
oil. Besides maintaining pressure long enough [14], according to Hajivand and Vaziri [28],
higher temperature supports destabilization effects caused by Brownian motion leading
to decrease in interfacial viscosity, hence separation becomes easy due to density and
polarity differences. Again, this assertion is applicable to efficient separation between
oil–water mixtures.
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Figure 3. (a) Effect of temperature on gas molar flow rate and oil molar flow rate. (b) Effect of separator temperature on
methane mole fraction.

Thus, Figure 3a shows an inversion in the behavior of gas and oil curves. Figure 3b
shows a drop in the methane concentration from 0.7939 to 0.6778 when the temperature
raises from 13 to 83 ◦C. This is due to the vaporization of heavier molecules leading to
the reduction of the concentration of methane in the gas stream. Beyond the optimum
operating condition, an increased temperature renders the separator to be less efficient
because of the escape of heavier fractions from the oil phase into the gas phase causing the
gas stream to contain heavier hydrocarbon components, which may affect gas processing
and higher cost for energy may be incurred to raise temperatures.

3.3. Effect of Inlet Feed Mass Flow Rate on Molar Flow Rate of Gas, Molar Flow Rate of Oil, and
Methane Concentration in Gas Stream

Figure 4a,b presents the results obtained from the variation of the feed mass flow rate
on the molar flow rate of the gas, molar flow rate of the oil, and mole fraction of methane in
the gas stream, while the temperature, pressure, and feed composition were kept constant.
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Thus, the simulation proceeded at fixed temperature (61 ◦C) and pressure (4115 kPa).
At this specified condition, the methane mole fraction was constant while the inlet flow rate
was varied from 10,000 kg/h to 70,000 kg/h. Consequently, a significant increase in the
molar flow rate of both gas and oil flow rates was observed. This is an indication that the
separator has the capacity to accommodate an increase in the inlet mass flow. According to
Famisa, [12], separator efficiency decreases with increasing flow rate because impurities in
and across outlet streams increase. Nevertheless, Liang et al. [11] explained that high flow
rate will lead to high centrifugal force and hence, a better separation will occur. It should
be noted, however, that the latter worked on a vertical three-phase separator and [12]
simulated a horizontal three-phase separator, thus orientation of the separator may have
an influence on the effect of the flow rate. Figure 4b presents the constant mole fraction of
methane which occurred at separation. This implies that the outlet methane mole fraction is
not a function of the inlet mass flow at the operating condition of 61 ◦C and 4115 kPa. This
is not the optimum operating condition but at some points a similar trend was discussed
in the work of Zeng et al. [14].

3.4. Phase Envelopes for Feed Stream, Gas Outlet, and Oil Outlet

The phase envelope assists in determining the optimum operating conditions since it
shows the pressure and corresponding temperature at which a single phase or two phases
may exist, hence, providing data that allow for efficient design. Figure 5 presents the
phase envelope generated for the feed stream. The phase envelope diagram indicates
that the cricondentherm is 283.6 ◦C at a pressure of 6235 kPa, while the cricondenbar is
2.189 × 104 kPa at a temperature of 131.9 ◦C. Moreover, the critical point is approximately
at 182.8 ◦C and 2.072 × 104 kPa. The phase envelope also shows that the separator was
operated within the two-phase region of the feed stream. Separators operating beyond the
dew point line at constant pressure and increased temperature will result in the components
of the oil phase being completely taken up into the gas phase. On the other hand, if the
operating condition is at pressures beyond the bubble point line at constant temperature,
then there will only exist the oil phase. Therefore, the optimum operating conditions
of the separator will be located within the two-phase region for optimum recovery of
gas and oil.
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Figure 5 shows the phase envelope of the feed stream by using both HYSYS and
CHEMCAD. The cricondentherm is located at 283.8 ◦C while the cricondenbar is located at
21,880.8 kPa. Moreover, the two-phase critical temperature is located at 182.7 ◦C while the
two-phase critical pressure is 20,674.5 kPa. Figure 6 shows the gas stream phase envelope,
where the operating condition of 8000 kPa and 43 ◦C lies on the dew point line. Any change
in temperature either to the left or to the right will cause a phase change that leads to a
corresponding change in the rate of gas flow. The cricondentherm for gas stream generated
by HYSYS is 63.34 ◦C at a pressure of 2455 kPa. At this point, pressure change has no
effect on the gas production since it is the maximum temperature on the phase envelope.
From the phase envelope generated for the oil phase of the Nigerian reservoir, it can be
observed that the operating condition of 43 ◦C and 8000 kPa falls on the bubble point
line. Therefore, there is an indication that phase change will occur if there is a change
in either the pressure or the temperature, which will consequently affect the rate of oil
production. At cricondenbar (25 × 103 kPa at 193.3 ◦C), there is no effect of temperature
on the oil production rate. It also gives an idea for further processing of the oil phase. For
instance, in a medium-pressure separator, pressure must be selected alongside temperature
in such a way that ensures the oil phase has the right fraction for stability in either the low-
pressure separator or storage tank which is generally operated at atmospheric conditions.
The separation of the hydrocarbon mixture was achieved with an added advantage of
having maximum recovery of condensate from the hydrocarbon mixture. Therefore, both
qualitative and quantitative output which are usually measured in terms of gas oil ratio
(GOR), oil formation volume factor (Bo) and Americal petroleum Institute (API) can be
attained. Thus the optimum condition provided in this work will be used by the industry
to calculate maximum yield (that is minimal GOR and Bo) and the quality of oil can be
maximized (maximum stock tank API).
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3.5. Validation of the Molar Flow Rates of Oil and Gas

The separation into phases was achieved by appropriating the equation of state to
obtain an operating point that optimizes the molar flow rates of oil and gas. Figure 2
presents the pressure change from 1000 to 8000 kPa, which causes an increase in the molar
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flow rate of oil from 374.9 to 838 kg mol/h. Furthermore, the temperature range of 13–83 ◦C
increases the gas molar flow rate from 707.4 to 1111 kg mol/h as shown in Figure 3, which
is in agreement with the work of [4]. The process flow of [4] was the simulation method
adopted to validate the outlet flow rate of the gas and oil component for the Nigerian crude
oil. Figure 7 suggests that the CHEMCAD and the HYSYS can run models that allow for
separation of multiphase mixtures of hydrocarbon. This means it is possible to meet the
challenges associated with modeling systems directly relevant to oil processing facilities.
This model may have application in the separation of biofuels [29].
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Figure 7. The produced methane mole fraction and the gas molar flow rate in CHEMCAD and Aspen HYSYS.

Figure 7 shows that increasing the operating temperature from 43 ◦C to 83 ◦C moves
the gas flow rate from 871.15 to 1142.98 kmol/h and from 908.6 to 1111 kmol/h by using
CHEMCAD and Aspen HYSYS, respectively. These increments in gas flow rates are due
to the vaporization of hydrocarbons as the temperature tends to 83 ◦C, the saturation
temperature of the fluid reached in the separator. This is an indication that the outlet vapor
flow rate is dependent on inlet temperature, having a low range of methane fraction which
is from 0.75 to 0.69 (CHEMCAD) and from 0.7410 to 0.6778 (Aspen HYSYS). It is also an
indication that the mole fractions obtained from both simulations are in agreement.

The 0.74 mole fraction of the methane is produced and maintained by using an inlet
mass flow rate of 10,000 to 70,000 kg/h as seen in Figure 4. The trends of gas molar flow
rate and oil flow rate are in agreement with [4]. Similarly, the preheater heating duty
exhibits a direct relationship with the inlet feed rate. Hence, the heating duty increased
from 11.47 to 18.48 GJ/h in both software packages. In [4], when the feed flow was changed
from 95.97 × 103 to 154.56 × 103 kg/h, a remarkable improvement in the heating duty of
the liquid hydrocarbons was observed in the HP separator. Thus the separator requires
more energy to keep the process temperature constant. Therefore, with a moderate feed
rate maintained, the predetermined oil and gas molar flow can be maintained using the
substantiated data included in this research.

Figure 8 shows the mole fractions of the outlet stream components (gas and oil streams)
that are obtained by using the simulators and are compared with the plant data, which are
provided from the separator. In this separator, the pressure of the fluids is controlled by
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the back-pressure regulator, while the temperature is regulated by the expansion of the
fluid through a choke passing heat. The validated results suggest that the separators can
be improved to handle fluids according to the fluid composition. The compositions of the
lighter hydrocarbons (methane–pentane) obtained from software are slightly higher than
those of the plant data, while the compositions of the heavier hydrocarbons (n-C4–n-C19)
match exactly the plant data. Overall, they are both in agreement because the volatile
mole fractions are unstable in Nigerian separators because of the extreme atmospheric
temperatures in the daytime. Therefore, light components such as methane and ethane
can be flashed off to stabilize the process, leaving only heavier hydrocarbon with lower
vapor pressure. Although the product quality obtained by simulation is generally similar
to the actual data with very small variation, there are no influences on the product purity.
This agreement between the simulated mole fractions and plant data was expected because
Peng–Robinson EOS was employed in both simulations.
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Figure 8. The composition of outlet gas and liquid streams for simulations and plant data.

4. Conclusions

It can be concluded that gas molar flow rate depends on pressure and temperature of
the separator. For the gas liquid phase equilibrium in the separator, the thermodynamic
relationship of the fugacity of each component in the mixture was expressed in the models
and used for phase distinction. Consequently, the expressions carrying the number of
molecules with higher tendencies to leave liquid phase were applied in Aspen HYSYS
appropriately. The thermodynamic property method fits well for handling the separation
of the reservoir fluid with a wide range of components. Therefore, the fluid properties
from P-V-T relations were substantiated for industrial application. By using the same
composition of inlet fluid stream, the product stream mole fractions were within the range
that was reported by using CHEMCAD. The consistency in the critical region of the phase
diagram distinguishes both the vapor and liquid phases (i.e., the obtained mole fraction
values). The operating parameters presented are values that fix the dew point and bubble
point for the gas and oil outlet streams, respectively, and any value below or above critical
points is unstable. Both CHEMCAD and Aspen HYSYS software can be used to address
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the challenges associated with modeling systems involving the separation of oil and gas in
the industry.
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Nomenclature

A attraction parameter
B repulsion parameter
ai parameter that provides a pressure correction for the intermolecular forces

of attraction, J.m3.mol−2

αi temperature dependence parameter
bi effective molar volume parameter for the correction of volume, m3.mol−1

ε f convergence tolerance for fugacity of fluid
εV convergence tolerance for fugacity of vapor
f fugacity, kPa
fi partial fugacity of component
ki equilibrium constant of component
L liquid phase
n number of moles
P system total pressure, kPa
Pr reduced pressure
Pc critical pressure
R gas constant, kPa m3.mol−1 ◦C−1

T temperature of the system, ◦C
Tc critical temperature
Tr reduced temperature
v molar volume, m3 kgmol−1

V vapor phase
wi acentric factor of the component
xi liquid mole fraction of component, i
yi vapor mole fraction of component, i
ϕ fugacity coefficient
z Compressibility
zL compressibility of the heaviest liquid phase
zV vapor phase compressibility
ζi overall hydrocarbon composition of component
GOR gas–oil ratio
Bo oil formation volume factor
API American Petroleum Institute



Processes 2021, 9, 327 16 of 17

Legend for Figure 1

S1 Combined Plant Feed
S2 Condensate from H2S Recycle Unit
S3 Condensate from MP Separator Scrubber
S4 From MP Compressor Suction Scrubber
S5 HP Separator Gas
S6 HP Separator Oil
S7 HP Separator Sour Water
S8 Oil to Preheat
S9 Preheated Oil
S10 MP Separator Feed
S11 Gas to MP Compressor Suction Scrubber
S12 MP Separator Oil
S13 MP Separator Oil-1
S14 Sour Water to Sour Water Stripper
S15 Stabilizer Feed
S16 Gas to LP Compressor
S17 Crude from Stabilizer
S18 Stabilized Crude (from E-101)
S19 Stabilized Crude (from E-102)
S20 Stabilized Crude to Product Oil Tank
V-100 HP Separator
VLV-100 Valve 1
E-100 MP Separator Preheater
MX-100 Mixer 1
V-100 MP Separator
VLV-101 Valve 2
MX-101 Mixer 2
CO-100 Crude Stabilizer Column
E-101 Air Cooler
E-102 Stabilized Run Down Cooler
VLV-102 Valve 1
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