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Abstract — Several studies have been carried out in order to
develop a fresh model for the calculation of the various
interfacial properties, in view of the prominence of certain
significant interfacial properties in various processes, which
inter alia include interfacial surface tension and the density
distribution on interface. The paper mentions the comparison
among the distinct models for the computation of the
interfacial surface tension and density distribution on the
interface. Further it was found that among these models,
Density Gradient Theory (DGT) Model shows good
agreements for various single, binary and tertiary component
mixtures. In the DGT model, Peng Robinson equation of
states (PR-E0S) is used to calculate the interfacial densities
for various systems. This interfacial density distribution itself
serves as a base for calculation of various properties. These
density distribution result can additionally be used as the
framework conditions for the subsequent derivations to be
done in accordance with the DGT equation for the Interfacial
Surface tension calculations thereafter.
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I. INTRODUCTION

The Interfacial surface tension behavior is an important
property in industrial processes, especially in the chemical
and petroleum industry (Dandekar, 2013). The relative
permeability, capillary pressure, and residual liquid
saturation are only a few of the variables that the interfacial
tension influences and which are essential for the liquid and
vapour phases to flow through the porous media. Data on
interfacial tension in multicomponent systems aids in
understanding surface chemistry, interfacial phenomenon
behaviour, and characteristics in a variety of engineering
processes. In addition to managing heat and mass transfer
between fluids, interfacial tension has a significant impact on
the equipment design of numerous chemical engineering
processes, including extraction, leaching, distillation, etc
(Straub, 1994) (Rose, 2004)..

In the petroleum industry, interfacial tension is a key
parameter for determining the hydrocarbon distribution in the
reservoir rock pore spaces and the amount of oil produced
(Prey, 1973). The industry uses enhanced oil recovery (EOR)
strategies to increase the performance of the oil extraction
process, such as surfactant flooding schemes and miscible gas
injection. In the process of miscible gas injection, high mutual
miscibility of oil and gas phases at high pressure is used to
reduce interfacial tension between the two phases (Melrose,
1974). For a more realistic approach to the slip between
phases in multiphase flow simulations. Additionally, the
interfacial tension impacts the emulsifiability, which affects
the phases' capacity to separate. For this reason, it is crucial
in industries that use or produce emulsions. Processes like

coating, glueing and numerous others depend on interfacial
tension to maintain the stability of the interface contact. This
property has an impact on the final products' quality,
including coatings, paints, medications, detergents, glues, etc.
Numerous hydrophobic liquids are employed in a variety of
sectors, and as they age, the interfacial tension between them
and water decreases. Interfacial tension thus plays a
significant part in the results of their excellence test.

In conclusion, interfacial surface tension behavior is
a vital property in industrial processes. To optimize the
production process and raise the effectiveness of the recovery
process in the petroleum sector, precise data about the
variation in interfacial tension with respect to composition,
pressure, and temperature are crucial. The stability of the
interface contact, the management of heat and mass transfer
among fluids, the transportation of the liquid and vapor
phases through the porous media, and the quality of the end
products are all influenced by interfacial tension, which has
an impact on a number of characteristics. Therefore, it is
necessary to measure and understand the interfacial tension
behavior in various engineering processes used in the
chemical and petroleum industry.

A. Studies carried out on different Models:

It was found from the review of Nourozieh et al. that there is
very less density data of n-decane and COjsystem that is
calculated experimentally and most of the data present is at
344K temperature for the saturated liquid phase (Nourozieh,
2013). Reamer and Sage have investigated four mixtures of
CO; n-decane system. In temperature range of 278 to 511 K
and pressure till 69 MPa they employed the experimental
apparatus to calculate the volumetric properties and phase
behaviors of system. Numerous studies were conducted, and
data was measured for the density of saturated phases. The
computation of interfacial surface tension of the CO2 n-
decane system was extended (Reamer and Sage, 1963). By
merging the SAFT-VR equation of states with the density
functional theory for the CO,, H,O, and n-alkane system for
a temperature range of 298 to 433 K, Georgiadis et al.
extended the estimation of interfacial tension in his study
(Georgiadis, 2010). Also, interfacial tension (IFT) was
measured with the help of PD method, but the drawback was
that pure component density was used to calculate the
interfacial surface tension which leads to inaccurate
measurements. Accurate data about the effect on IFT with
respect to the variation in temperature, pressure, and
composition is important. This will lead to optimization of the
production process with increase in the efficiency of the
recovery process of petroleum industry.

Interfacial tension (IFT) is a crucial parameter in
various physical and chemical processes, leading to extensive
research in this area. Gibbs developed models to calculate
interfacial surface tension, considering a homogeneous phase
separated by an imaginary surface (Gibbs, 1878). This
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surface, termed as ‘Gibbs dividing surface (GDS)’, is formed
from points with the same conditions as their neighboring
matter. In Gibbs' model, the sum and difference of local
curvatures of the selected GDS and its surface area
determined the properties of the transition layer. The tension
of an imaginary surface with a zero coefficient of curvature
expressed the liquid surface tension. Tolman extended Gibbs'
work by incorporating the equation of states to consider the
detailed geometry and conditions of fluids in the transition
layer (Tolman, 1948).

Although the Gibbs model is a general theory for
evaluating properties of the transition layer using area and
curvature of the surface, it fails to present information
regarding the layer's detailed structure. Tolman's work
considers only the spherical transition layer and concludes
that calculating surface tension is easy and correlates
exceptionally well when using the AGT (Augmented Gibb’s
Tolman) model (Tolman, 1948). The AGT model was more
effective than Gibb’s Tolman model because AGT model has
additional adjustable parameters. The AGT andlinear
Gradient theory (LGT) models are used to calculate
interfacial tension, but their effectiveness is limited to certain
systems. Then later, AGT3 model was developed. However,
in the later studies it was found that the AGT3 model is
comparatively more effective only when there is a need to
calculate the critical ratios value with - more precise accuracy
at critical points (Tumram, 2017).

The IFT of the CHz and N, system with H,O as well
as the CO2 and N2 system with H,O were calculated in 2001
using the A. D. B. Robinson pendant drop high-pressure IFT
apparatus (Wei Yan, 2001).The data was compared with the
data from the literature already in existence, and the impacts
of various characteristics were also ascertained.

In 2001 (Wei Yan, 2001), A d. B. Robinson pendant
drop high-pressure IFT equipment was used for calculating
the IFT of the N, and CHasystem with H,Oand also for the
Nzand COsystem with H,O. The data were compared with
data from previously published literature. Also effects of
different parameters were determined. When the gas
temperature and composition in the CH4 and N2 system with
water were fixed, interfacial tension decreased as the pressure
increased. Also, it was noted that when other parameters are
fixed then, with an increase in temperature, IFT decreases. It
has been found that IFT decreases with rise in methane
content whereas the remaining factors were kept steady. The
CO3, Nz, and H,O system showed similar results, and a
mixture with a high concentration of CO, at a specific
temperature demonstrated. In LGT model Wesch et. al
(Wesch, 1997) noticed the same pattern of behavior in his
study about CO- and H,0 system at 313. 15 K.

Zuo and Stenby proposed the Linear Gradient theory
(LGT) model, which implies that the density of each
component at the interface has a linear distribution and was
based on rigorous gradient theory (Zuo and Stenby,
1996).But it was discovered in the study metioned above that
the LGT model exhibits good agreement with the system
consisting of CHa, N2, and H,O.nonetheless, it is not suitable
for determining IFT of mixes comprising water and gas with
a significant amount of CO,. That is, for the systems
containing CO, with water and other gases, LGT and parachor
model has certain limitations.

Tohidi et al. experimentally measured the interfacial
tension and high-pressure density of (gas + n-alkane) binary
mixtures (Tohidi, 2016). CO», N, and CH4 with n-decane
were used to generate data for the IFT and saturated density
measurements, which were then compared to different
models. The Peng Robinson equation of states was used to
calculate the densities of the saturated phases, which were
then compared to theoretical data. VVolume translation and
corrections based on correlations were used to improve the
accuracy of the density data. The Peng Robinson Equation of
states were combined with Parachor model, LGT and DGT
approach to calculate the interfacial densities and the IFT. On
comparing the data, it was concluded that the IFT was
calculated with an overall AAD% between 4.9 to 8.3 % with
DGT model, as a result it is the best model. Other models
show poor predictions for IFT value less than 1.5mN.m™.
Also, in the systems where CO; is involved, density profiles
determined by DGT proves to be in good agreement with
Gibbs adsorption isotherms determined by experimental IFT
data.

Thus, as a results from all the studies conducted it
was found that the most accurate approach for the Interfacial
density profiles and the interfacial Surface Tension is DGT
model.

B. Density Gradient Theory

Density Gradient Theory (DGT) is a theoretical approach that
originated from Van der Waals work (Van der Waals, 1894)
in 1894, and it is used to calculate interfacial surface tension
(IFT) in a wide range of systems. The theory makes use of a
thin diffusive layer with plane density variation, and it says
that free energy is represented by the function of local density
and its gradient. Cahn and Hilliard reformulated the theory in
1958 (Cahn and Hilliard, 1958). Further, Carey also presented
the reference Fluid Algorithm, the most popular algorithmic
strategy for solving DGT equations (Carey, 1979).

P.M.W. Cornelisse et al. performed a study on the
immiscible liquid-liquid phases interface and calculated IFT
using Parachor and DGT model. It was concluded that for
various ternary and binary systems DGT is more accurate
than the Parachor model (P.M.W. Cornelisse, 1993). Miqueu
et al. developed a systemic approach to use the DGT model
for multicomponent systems to calculate the IFT of real
mixtures of petroleum (Miqueu, 2003). Several studies,
including Luis et al. (Luis, 2015) and Sahimi et al., (Sahimi,
1985)concluded that DGT predicts IFT data more accurately
than other models, and it is successfully used to describe
systems with planar interfaces, liquid-liquid equilibrium, and
alkane mixtures.

Chapman et al. (Chapman X. M., 2016) introduced
the Statistical Association Fluid Theory (SAFT) EoS
(Equation of states), based on Wertheim's thermodynamic
perturbation theory, which models molecules with spherical
segments forming chains and counts the interaction between
them. The SAFT was found to be better to describe liquid
density and phase behavior. Chapman et al. (Chapman, Mass
- Conserved density gradient theory model for nucleation
process, 2018) modified the traditional RF (Reference Fluid)
algorithm, in a reference fluid of system is considered. They
used PC-SAFT (Perturbed chain statistical associating fluid
theory)EoS (Equation of states) because this equation is one
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of the best in determining liquid phase properties and phase
behaviors. The new algorithm, SDGT (Stabilized Density
gradient theory) algorithm helps in determining interfacial
properties for any domain size greater than interfacial
thickness without the choice of reference fluid and thus is
more usefulas compared to RF algorithm and can be used for
complex systems.

DGT can be termed as a more Specific form of
Density Functional Theory (DFT).With the help of DGT,
non-linear boundary equations are generated from the
statistical mechanics for non-homogeneous fluid, which is
further solved to calculate interfacial distribution of stress,
i.e., interfacial surface tension and density. The theory's basis
is to calculate the interfacial surface tension and interface
density distribution of each component with the help of the
phase equilibria properties of bulk phases that is determined
by ansuitable equation of state. In the DGT equation,
generally, the homogeneous part of the fluid is described by
the EoS, while the non-homogeneous part of the fluid is
represented byterm of density gradient.
IFT calculation equation from DGT:

n
_f € 4
2= 2aam "t
No

Where, zo and n, are arbitrarily chosen density and
coordinates are of origin.

DGT treats the density and its derivatives as
independent variables by assuming that the molecular
gradient at the interface is minimal in comparison to the
reciprocal of the intermolecular distance. Different
thermodynamic models are available depending on the fluid's
nature to calculate the homogeneous Helmholtz free energy
density of the system portion. The influence parameter for the
non-homogeneous fluid can be defined using molecular
thearetical definitions or semi-empirical expressions that are
mentioned by studies carried out by Carey et al., Cornelisse,
Zuo, and Stenby and many more, in the literature for PR EOS
(Peng Robinson Equation of states) used with DGT.

Chapman et al. (Chapman, 2018) made a
considerable improvement to the DGT model. They have
extended the application of DGT from open systems to closed
systems by introducing a new Mass-conserved DGT model.
This model is based on no-flux boundary condition and is
useful in determining the interfacial properties specially for
spherical systems. Also, in the study carried out by Ruslan et
al. (Ruslan M. F., 2020) molecular stimulations were used to
predict the interfacial and bulk properties of alkanes in
reservoir condition, in the presence of methane and carbon
dioxide. The results were compared with the theoretical
results. These helped in analyzing the impacts of the
impurities on enhanced oil recovery system. Further, this
study was extended to study the behavior of three phase
system at different temperature and pressure to study the
effect of methane accumulation at interface by Ruslan et al.
(Ruslan, 2023).

About 40 years ago, an equation of states termed
Peng Robinson equation of states(PR -EoS) were proposed to
predict thermodynamic properties of real gases that were
more reliable. As per Fateen et al. due to simple approach and
practical application for the natural gases, PR -EoS became
popular in petroleum industry (Fateen, 2013). Thus, this will

be employed to generate the boundary conditions for the
density gradient theory.
_RT aa
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Where,
R: Universal gas constant, Vmn: Molar volume, T:
Temperature, P: Pressure, a, b, o are the PR parameters
_ 0.4574R?T?
a = PC
0.0778RT,
bh=——7—79/—

P,
a =[1+(0.37464 + 1.54226w — 0.26992w?)(1 —
JTP

Were,

: Accentric factor,

Te: Critical temperature,

Pc: Critical pressure,

Tr: Reduced Temperature = TZ

From the above calculation, the interfacial densities
for single component and binary component systems can be
calculated. These calculated interfacial densities willserve as
the boundary conditions for the further calculations to be
done as per the DGT for the Interfacial surface tension
calculation.

Il. CONCLUSION:

As there is a wide scope for research due to lack of data
availability and immense usage of Interfacial Surface Tension
in various engineering processes, thus, many new researchers
and scholars are interested in this field and carrying out their
research work. To bridge the gap between the available data
in the literature, studies are carried out continuously so as to
enhance the accuracy of the IFT values for further
calculations. Despite these advances, there is still a
significant data gap when it comes to interfacial surface
tension for many systems, which has led to ongoing research
in this area. New studies using advanced apparatus and
upgraded data acquisition systems are being conducted to fill
in these gaps and enhance the accuracy of interfacial surface
tension measurements for a variety of engineering
applications. It is revealed from the literature that the most
accurate approach for the Interfacial density profiles and the
interfacial Surface Tension is DGT model. Overall, the
ongoing research in this field highlights the importance of
interfacial surface tension in many engineering processes and
the need for continued advancements in measurement and
calculation methods to optimize these processes.
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