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Abstract—Gas-liquid systems are one of the most common systems which appear in hydrocarbon reservoirs; there-
fore, the investigation of the interfacial properties and effect of temperature and pressure on these systems is crucial for
optimizing the plan of production. In this study, interfacial resistances for N,-alkane and CO,-alkane systems were esti-
mated at different pressures and temperatures. A model was developed to calculate interfacial resistance using the equi-
librium and dynamic interfacial tension data which were measured by pendant drop technique at different pressures
and temperatures. Interfacial resistances were estimated for a temperature range from 313 to 393 K and pressures from
0.34 to 41.7 MPa. The results showed that interfacial resistance in N,-alkane and CO,-alkane systems decreased at
higher pressure. Moreover, In N,-alkane systems, the interfacial resistance decreases as the temperature increases; how-
ever, in CO,-alkane system the interfacial resistance depends on the diffusion and solubility interactions; it will de-

crease, increase or remain constant.
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INTRODUCTION

When gas and liquid phases are in contact, molecules diffuse
from one phase to another, which leads to some changes in inter-
facial properties of the system [1,2]. These properties are mostly
described using the dynamic interfacial tension (IFT) and interfa-
cial mass transfer resistance [3-5]. The IFT as the interface prop-
erty is believed to have the most vital role in the mass transfer pro-
cess between the two phases [6,7].

There are three different resistances involved in the mass trans-
fer between the two phases in gas-liquid systems: gas bulk, inter-
face, and liquid bulk resistances. In some cases, interface acts as a
resistive layer and hinders the molecular diffusion. Some previous
studies have ignored this resistance and only considered bulk re-
sistances [8-12]. They argued that in practical situations, this param-
eter is not significant [13-15] or it becomes influential in the con-
ditions where insoluble substances spread over the liquid surface
and postpone the mass transfer process [16].

For modeling a mass transfer process in the presence of interfa-
cial resistance, diffusion equation is applied to the interface and a
non-equilibrium boundary condition is introduced to the model.
Then the model is solved and interfacial resistance is evaluated
through the interface. Reamer et al. [17] developed a model for
the methane-oil system by assuming an interfacial resistance and a
non-equilibrium boundary condition between phases. Walas [18]
also solved this mass transfer model analytically; in the form of infinite
Fourier series. The non-equilibrium boundary condition becomes
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important when the gas and liquid phases are brought into con-
tact at high pressures, in which there is not enough time for the
phases to reach the equilibrium conditions [19].

Mass transfer also can be modeled by examining three differ-
ent boundary conditions (equilibrium, quasi-equilibrium and non-
equilibrium) using pressure decay method. In this technique, pres-
sure in the gas phase decreases continuously as a result of diffu-
sion. Results showed that a non-equilibrium boundary condition
is more appropriate compared to the equilibrium and quasi-equi-
librium boundary conditions for CO,-heavy oil system [20]. On
the other hand, Saboorian’s [21] results showed that the non-equi-
librium boundary condition does not affect the gas diffusion pro-
cess significantly; however it is more realistic physically. Most of
the previous studies [22-26] have been conducted utilizing pres-
sure decay method for calculating diffusion coefficient and inter-
face mass transfer coefficient. Although this technique requires a
simple experimental setup, it is time-consuming, and since pres-
sure reduces monotonically during the process, the effect of pres-
sure on diffusion coefficient cannot be determined [27,28].

A novel experimental technique was introduced by Yang and
Gu for estimating interfacial resistance in gas-liquid systems. In
this method the diffusivity and interface mass transfer coefficient
are estimated using dynamic and equilibrium IFT data [1,2]. They
conducted their tests using pendant drop method as a remarkably
fast and inexpensive technique [29,30]. This method requires smaller
volume of fluid compared to other methods [1]. Mass transfer param-
eters are obtained as a result of dynamic IFT reduction. This method
assumes a non-equilibrium boundary condition, which allows cal-
culation of interfacial resistance. In previous studies, interfacial
resistance has been evaluated at constant temperature and limited
range of pressures and for specific systems [2,19].
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In this study, interfacial resistance of N,-liquid hydrocarbon sys-
tems was measured and compared with those of CO,-liquid hy-
drocarbon mixtures. Hexadecane and heptane were chosen as the
representative of liquid components of oil. Mass transfer model im-
plemented in these systems includes a non-equilibrium boundary
condition in order to examine resistance in the interface and be in
acceptable agreement with experimental data. In addition, the ef-
fects of pressure (0.34 to 41.7) MPa and temperature (313.15 to
393.15) K on the interfacial resistance of studied systems were investi-
gated and the role of diffusion and solubility in those systems were
illustrated.

EXPERIMENTAL SECTION

1. Materials

CO, and N, used for the experiments were provided from Pars
Balloon Co., Iran. Heptane and hexadecane were supplied by Merck,
Co., Germany. The purities of applied nitrogen, carbon dioxide,
heptane and hexadecane were 99.9%, 99.5%, >99.0%, >99.0%, re-
spectively.
2. Experimental Apparatus and Procedure

The dynamic and equilibrium interfacial tensions of CO,/lig-
uid hydrocarbon and N,/liquid hydrocarbon systems at extensive
ranges of temperatures and pressures were measured with the ap-
paratus IFT700 (Vinci Technologies). Fig. 1 shows the schematic
of IFT measurements setup. A high pressure cell with a volume of
20 cm’ allows IFT measurements at different pressures and tem-
peratures. The experimental setup has been described in details,
elsewhere [31].

Initially; the entire system (capillary injector, line connections,
bulk cylinder, drop and view chamber) was washed with toluene

and acetone followed by deionized water, and finally flushed by
purging high grade nitrogen. Then nitrogen/carbon dioxide was
introduced to the bulk tank using a syringe pump at specified pres-
sure and liquid was transferred to the drop tank. The heater was
set at the required temperature. After reaching the equilibrium
condition, the high pressure cell was pressurized with bulk fluid to
the specified pressure and a liquid drop was introduced to the cham-
ber from the drop cylinder. After formation of a well-formed drop
at the tip of the needle, sequential digital images were taken by cam-
era and analyzed utilizing drop analysis system software of the rig to
evaluate dynamic and equilibrium interfacial tensions of the pen-
dant drop. The pendant drop tests were repeated for at least three
times to ensure satisfactory repeatability for each pressure and tem-
perature. The standard uncertainty calculations are explained in
detail, elsewhere [31].

MODELING

1. Mass Transfer Model

Fig. 2 schematically illustrates a well-shaped pendant drop sur-
rounded by high pressure nitrogen gas. Inner radius and height of
the needle are expressed by r, and h,, respectively. ¢ is the physi-
cal domain which has been occupied by liquid phase, B,, is bound-
aries formed between liquid phase and impermeable surfaces like the
needlés wall, and B;, is boundary between gas and liquid phases.

The diffusion process results in IFT reduction, extraction of light
components of heavy phase, and oil-swelling [3,4,33]. These phe-
nomena affect the mass transfer process and make it more compli-
cated [1]. However, due to problems associated with the numerical
simulation of the systems under study, the following assumptions
have been made:
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Fig. 1. Schematic of the experimental setup used for IFT measurement.
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Fig. 2. A dynamic pendant hydrocarbon drop which is surrounded
by high pressure gas.

1. All systems are assumed to be binary.

2. No chemical reaction occurs during diffusion process.

3. Pressure and temperature remain constant during the experi-
ment. In the modeling, the surrounding gas phase is very large in
comparison with the liquid drop phase in terms of their volumet-
ric ratio. Meanwhile, GOR, a petroleum terminology; is defined as
the gas-oil ratio in volume at the actual pressure and temperature
is equal to 4,000: 1 in the experimental conditions. Therefore, the
pressure reduction in the gas phase is negligible.

4. Swelling effect is assumed to be negligible because the diffu-
sion process is very slow.

Interfacial resistance is not negligible in comparison with gas
and liquid bulk resistances [20]. Therefore, in this study a non-equi-
librium boundary condition is applied to the model in order to eval-
uate the interfacial resistance. In this case, governing mass transfer
equation can be expressed as [34]:

oc_[1d0( dc

ot D[ rﬁr( 6r)
where c is gas concentration in the liquid phase, t is time, and D is
diffusion coefficient. ¢ is the physical domain for diffusion pro-
cess and r and z are the radial and axial coordinates, respectively.

Initially, no gas has been dissolved in the liquid phase; therefore
initial condition for this problem is considered as follows:

} (r,z2) € @, t>0 1)

c(r, 2, )=0, (r,2) € 9, t=0 )
Because gas molecules cannot diffuse through the needles wall,

molar flux equals zero and the first boundary condition is:

D@Cn,+gC ) 0, (r,z) €B,, (3)

In this formula n, and n, are the direction cosines. The second
boundary condition is a non-equilibrium Robin type boundary
condition which the diffusion process is modeled in the presence
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of interfacial resistance. This boundary condition is expressed as
[19,35]:

Oc_ | Oc
D(a n+~ ) k(c,,—c(r, 2, 1)), (1, 2) € By, @
where k is the interface mass transfer coefficient and C,, is the equi-
librium concentration of gas in liquid phase. The above-mentioned
equations can be expressed in dimensionless form using the fol-
lowing dimensionless variables:

Eﬂ = I:_it’ kp= l%l ©)
where C is the dimensionless gas concentration in the liquid phase,
R and Z are dimensionless radial and axial coordinates, respectively;
is the dimensionless time, and kp, is the mass transfer Biot number.
kp, indicates the ratio of the bulk resistance (r,/D) to the interfacial re-
sistance (1/k). Low values of kp, represents significant amount of inter-

facial resistance [19,22,36]. Dimensionless forms of Egs. (1) to (4) are:

dC_10(,0C), &°C

8_1_R8R( 6R) = (R, Z)€ 6, >0 ©
C(R,Z, 0=0,(R,Z2)€ 06, =0 )
oC_ oC \_

(8R a_ZnZ) =0(R,Z2)€eB,, ®
oC  oC

(8R toz" n,)=ko[1-C(R Z, D1, (R, Z) € By, ©)

where Ois the computational domain.
2. Numerical Method

To evaluate the interfacial resistance, first the interface mass trans-
fer coefficient was calculated using mass transfer equations (Egs.
(6) to (9)). For this purpose, the following procedure was followed:

1. Dynamic IFT data were recorded at specific pressure and tem-
perature as a function of time. Equilibrium IFT data versus pres-
sure [32] were measured and then converted into the equilibrium
IFT data versus equilibrium gas concentrations which are nomi-
nated as calibration curves.

2. A diffusion coefficient was introduced to Egs. (6) to (9) using
available experimental data [37,38].

3. An initial value was assumed for interface mass transfer coef-
ficient.

4. To solve the model, central finite difference method was applied
to evaluate the dimensionless gas concentration profile using MAT-
LAB programming software. The partial differential equation was
discretized implicitly, which generated sets of simultaneous alge-
braic equations. Gauss-Seidel iteration was used to solve this sys-
tem of algebraic equations.

5. Using calibration curves of the measured IFT, the dynamic
IFT at any time (t) was estimated by using the linear interpolation of
the calibration curve, for assumed interface mass transfer coefficient.

6. Measured and estimated dynamic Interfacial tensions were
compared. If their difference was less than an acceptable error, ¢,
then, the suggested interface mass transfer coefficient would be ac-
ceptable; otherwise, the initial assumption was changed and steps
3 through 6 were repeated. This difference was quantified by defin-
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Fig. 3. Experimental measurement of dynamic IFT for N,/ hexade-
cane system at 3.1 MPa and different temperatures.

ing an objective function in Eq. (10).
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RESULTS AND DISSCUSION

1. Dynamic and Equilibrium IFT Measurement

Interactions between two immiscible phases, gas and oil in this
case, result in the changes of IFT with time, known as dynamic
interfacial tension. Fig. 3 shows dynamic IFT changes for N,/hexa-
decane system at 3.1 MPa and for five different temperatures. Dy-
namic IFT data were measured using pendant drop method for a
temperature range from 313 to 393 K and pressures from 0.34 to
41.7 MPa (For other systems see Fig. S1 of the Supplementary data).

The final value of dynamic IFT is referred to as equilibrium IFT
[39]. Fig. 4 shows equilibrium IFT for N,/hexadecane mixture at
various pressures from 0.34 to 41.7 MPa and temperatures from
313 to 393K [32].

According to the results shown in Fig. 4, equilibrium IFT declined
as the pressure increased at each constant temperature. This reduc-
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Fig. 4. Measured equilibrium interfacial tension versus pressure
for N,/hexadecane mixture [32].
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Fig. 5. Calibration curves for N,/hexadecane mixture at tempera-
ture range of 313.15 to 393.15K.

tion is due to improved gas solubility at higher pressures [40-43].
Equilibrium pressures can be converted to equilibrium gas con-
centration using either a correlation or an equation of state [44]. In
this work, the Soave-Redlich-Kwong (SRK) equation of state was
used to perform this conversion. The reasons for choosing this equa-
tion of state and details of mathematical procedure can be found
elsewhere [41]. In Fig. 5 equilibrium IFT are plotted versus calcu-
lated gas concentration known as calibration curves [1,2]. In these
curves, equilibrium IFT was reduced almost linearly as the gas con-
centration increased, which could be due to the effect of higher
gas solubility.
2. Evaluation of Interface Mass Transfer Coefficient in N,/Liq-
uid Hydrocarbon Systems

To take into account a non-equilibrium boundary condition,
interfacial resistance (1/k) was introduced to the mass transfer model
via kj, in Egs. (6) to (9). Interface mass transfer coefficient should
be determined through the model initially to estimate interfacial
resistance parameter. For this purpose, an initial value was assumed
for interface mass transfer coefficient and Biot number was evalu-
ated and used in Eq. (9). Then, gas concentration in the liquid phase
is determined using SRK equation of state. In the next step, using
calibration curves, dynamic IFT was calculated and compared with
experimental dynamic IFT which was measured at specified tem-
perature and pressure. If experimental and calculated dynamic IFT
had small differences, estimated value for interface mass transfer
coefficient would be accepted as the final value; otherwise, initial
assumptions for this parameter should be corrected and above steps
would be repeated. We studied ranges of pressure and tempera-
ture are 0.34 to 41.7 MPa and 313 to 393 K, respectively. Table 1
compares the results of interface mass transfer coefficient evaluated
in this study with previous studies. It can be concluded that our
results are in good agreement with other published data.
3. Investigating the Effects of Pressure and Temperature on Inter-
facial Resistance

Fig. 6 shows changes of interfacial resistance (1/k) versus tem-
perature at different pressures for N,/hexadecane system.

As Fig. 6 shows, interfacial resistance in N,/hexadecane system
decreases as the temperature increases. The reason is attributed to
the enhancement of kinetic energy of gas molecules that leads to

Korean J. Chem. Eng.(Vol. 32, No. 2)
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Table 1. Comparison of calculated interface mass transfer coefficient at different temperatures and pressures

System Type Pressure/MPa Temperature/K D/10”° m’/s k/107° m/s k; References
Model (CO,/heptane) 1.72-4.48 313.15-393.15 8.28-17.88 6-120 0.56-108.6 This work
Model (CO,/hexadecane) 1.72-8.6 313.15-393.15 4.13-8.76 4-440 0.57-722.6 This work
Model (N,/heptane) 0.34-41.7 313.15-393.15 8.33-15.34 0-100 19-23.32 This work
Model (N,/hexadecane) 0.34-41.7 313.15-393.15 1.82-7.23 0-95.5 0-35.2 This work
Model (N,/oil) 20 333.15 555107 [45]
Model (CO,/heavy oil) 5.52 323.15 226.8 2.02 [46]
Experiment (CO,/heptane) 7.31 313.15 5.92 [47]
Experiment (CO,/hexadecane) 5.28 298.15 2.64 (48]
Experiment (CO,/hexadecane) 3.46 323.15 3.47 [37]
Model (CO,/Ontario oil) 2.9 298.15 1.14 57 [28]
Model (CO,/Weyburn oil) 0.1-5 300.15 0.47-2.49 0.88-8.41 2368 1
Model (CO,/heavy oil) 3.51 294.15 16.5 <0.6 [20]

an easier diffusion process. Interfacial resistance in N,/hexadecane
system decreases at higher pressure, because gas solubility is im-
proved as pressure increases. Larger amounts of gas dissolved in
the liquid phase result in more liquid viscosity reduction. On the
other hand, at higher pressures there is a lower resistance in inter-
face for gas molecules to pass through it (interfacial resistance graph
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Fig. 6. Interfacial resistance changes with temperature for N,/hexa-
decane system.
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Fig. 7. Interfacial resistance changes with temperature for N,/hep-
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versus pressure for N,/hexadecane system is shown in Fig. S2 of
the Supplementary data) [1,2].

Fig. 7 shows changes of interfacial resistance (1/k) versus tem-
perature for N,/heptane system. In Fig. 7 a similar trend is observed
and interfacial resistance reduces as temperature and pressure in-
crease (interfacial resistance graph versus pressure for N,/heptane
system is shown in Fig. S3 of the Supplementary data).

In general, interfacial resistance in N,/hexadecane system is higher
than in N,/heptane system; because heptane has lower viscosity
than hexadecane, diffusion of N, can occur easier than hexadecane.

Two phenomena, diffusivity and solubility, determine the behav-
ior of interface mass transfer coefficient with temperature. Increas-
ing temperature from one side enhances diffusion process rate; on
the other side it reduces the solubility of gas in liquid phase. Posi-
tive effect of temperature on interface mass transfer coefficient im-
plies that in these systems, the diffusion phenomenon controls the
mass transfer process; it was found that the interfacial resistance
decreases as the temperature increases. Meanwhile, at lower pres-
sure, the slope of the interfacial resistance curves versus tempera-
ture is higher, hence, it can be said that at lower pressures increasing
temperature has remarkable effect on reduction of interfacial resis-
tance.
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Fig. 8. Interfacial resistance changes with temperature for CO,/hexa-
decane system.
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4. Comparison of Interface Mass Transfer Coefficient in N,/Al-
kane and CO,/Alkane Systems

Fig. 8 below shows interfacial resistance as a function of tem-
perature for CO,/hexadecane system.

According to Fig. 8, interfacial resistance reduces monotonically
at low pressures. As the temperature increases, for CO,/hexadec-
ane system, at moderate pressures (from 3.447 to 8.618 MPa), the
interfacial resistance decreases by increasing temperature at the first
step and then increases. In this case, as for N,/hexadecane and N,/
heptane systems, the interactions of diffusion and solubility ulti-
mately determine the behavior of the system by raising tempera-
ture. The temperature increase from one hand improves gas diffusion
process and decreases interfacial resistance; on the other hand, it
reduces solubility of gas in the liquid phase and increases interfa-
cial resistance. In other words, at lower temperatures, with reduc-
tion of interfacial resistance, diffusion controls the process, while at
higher temperatures solubility dominates and interfacial resistance
almost remains constant as the temperature increases. In this system,
like N,/liquid hydrocarbon systems, increasing pressure improves
mass transfer process and interfacial resistance reduces (Interfacial
resistance graph versus pressure for CO,/hexadecane system has
been shown in Fig. $4 of the Supplementary data).

In Fig. 9, interfacial resistance behavior of CO,/heptane system
is illustrated as a function of temperature.

Similar trends are observed in Figs. 8 and 9, for CO,/hexadec-
ane and CO,/heptane systems. For CO,/heptane system, at low to
moderate pressures (from 3.45 to 4.48 MPa), interfacial resistance
decreases first and then increases. It means that, in this case, as for
CO,/hexadecane system, diffusion takes over the negative solubil-
ity effects and increasing temperature causes interfacial resistance
to reduce. However, solubility becomes important and controls the
interfacial resistance behavior at higher temperatures. Interfacial
resistance in CO,/hexadecane systems is generally higher than in
CO,/heptane which is due to higher viscosity of hexadecane rela-
tive to heptane (interfacial resistance curve as a function of pressure
for COy/heptane system has been shown in Fig. S5 of Supplemen-
tary data).

By comparison of Figs. 6 to 9, it is concluded that in the systems
which contained N, as the gas phase, interfacial resistance is gen-
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Fig. 9. Interfacial resistance changes with temperature for CO,/hep-
tane system.

erally higher than in CO,/alkane systems, because miscibility pres-
sure of N,/alkane mixtures is significantly higher than CO,/alkanes.
However, in systems in which heptane is employed as the liquid
phase, interfacial resistance has less value than those which con-
tain hexadecane. This issue can be attributed to the fact that lower
viscosity of heptane compared to hexadecane makes it easier for
gas molecules to diffuse. However, in N,/liquid hydrocarbon mix-
tures, at all studied temperatures and pressures, increasing the tem-
perature decreases the interfacial resistance; therefore, for all tem-
peratures and pressures studied in this paper for N,/hexadecane
and N,/heptane systems, the diffusion mechanism is the govern-
ing mass transfer mechanism.
5. Application of the Results in Petroleum Industry

Gas injection is considered as one of the most promising meth-
ods among the enhanced oil recovery (EOR) techniques [49-51].
Molecular diffusion plays an important role in chemical and petro-
leum engineering and is described as the predominant mass trans-
fer mechanism in miscible or immiscible gas injection processes
[20,22]. In particular, accurate estimation of interfacial resistance
and diffusion parameters is of great importance for designing and
improving gas injection techniques for enhanced oil recovery. Ac-
cording to the results of this study; N, injection improves by increas-
ing pressure and temperature; therefore, it can be considered as an
effective EOR technique for hydrocarbon reservoirs at high pres-
sure and temperature. However, interfacial resistance estimation
shows that CO, injection is regarded as appropriate at optimized
temperature and high pressure conditions. Meanwhile, because of
higher interfacial resistance of N,/ alkane systems, N, injection is
more suitable for light hydrocarbon reservoirs, while CO, injection
can be used to enhance oil recovery in light to medium hydrocar-
bon reservoirs.

CONCLUSIONS

Interfacial resistance was examined to confirm the importance
of this resistance during th mass transfer process. For estimating
the interfacial resistance, interfacial mass transfer coefficients were
evaluated as a function of pressure and temperature. The gas-oil
systems used here consist of N,/hexadecane and Ny/heptane sys-
tems, and the obtained results were compared with those of CO,/
hexadecane and CO,/heptane systems. Experiments were carried
out at different temperatures and pressures to measure dynamic
and equilibrium IFT data for gas-liquid systems. IFT experiments
were carried out utilizing pendant drop method at high pressures
and temperatures. The mass transfer process was modeled and the
mass transfer coefficients were evaluated at five different tempera-
tures (from 313.15 to 393.15 K with an interval of twenty-fold) and
pressure range of 0.34 to 41.7 MPa.

Results showed that interfacial resistance in the systems in which
N, acts as gas phase is greater than in CO, systems. Moreovetr, sys-
tems with lighter paraffinic liquid phase have lower interfacial re-
sistance.

For N,/hexadecane and N,/heptane systems, in all studied ranges
of pressure and temperature, interfacial resistance decreases as the
temperature and pressure increase, and this issue demonstrates
diffusion dominates the solubility. In contrast, in CO,/hexadecane

Korean J. Chem. Eng.(Vol. 32, No. 2)
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and CO,/heptane, the interfacial resistance is reduced initially as
the temperature increases and then it starts to increase in most cases.
Hence, it is concluded that, in the first stage, the diffusion mecha-
nism controls the process and then solubility governs the gas lig-
uid mass transfer process. However, in both CO,/alkane and N,/
alkane systems the interfacial resistance declines as the pressure
increase for the whole study. These results could be extended to
the systems of non-hydrocarbon gas and crude oil systems for en-
hancing oil recovery.
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NOMENCLATURE

: inner radius of needle [m]

: time [s]

: boundaries between liquid and impermeable surfaces
: boundaries between liquid and gas

: gas concentration in liquid phase [mol/m’]

: diffusion coefficient [m?/s]

: direction cosine

: direction cosine

: interface mass transfer coefficient [m/s]

: equilibrium concentration of gas in liquid [mol/m’]
: dimensionless gas concentration

: radial coordinate

: axial coordinate

:mass transfer Biot number

: objective function

IFT,,, : experimental interfacial tension [mN/m]

IFT,, : estimated interfacial tension [mN/m]
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@  :physical domain

7 :dimensionless time

6  :computational domain
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Fig. S1. Experimental measurement of dynamic IFT for CO,/ hexa-
decane system at 6.89 MPa and different temperatures.
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Fig. S3. Interfacial resistance changes with pressure for N,/heptane
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