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Abstract: Gas-lift dual gradient drilling (DGD) is a solution for the complex problems caused by
narrow drilling windows in deepwater drilling. Investigations are lacking on using oil-based drilling
fluid in DGD, which is the principal novel idea of the present study. This research compares the
results obtained from two new models with those of Standing’s correlations for solubility and bubble
point pressure. Nitrogen was selected as the injection gas, then the PVT behavior of drilling fluid
(oil/water /Nitrogen) in gas-lift DGD was evaluated and compared by coding in MATLAB. Then,
these results were used to calculate the bottom hole pressure and finally investigate the optimization
of injected gas flow rate. According to the achieved results, the Standing model has some errors in
evaluating the PVT behavior of “Nitrogen and oil-based drilling fluids” and is not recommended for
the mixtures in the gas-lift DGD. Regarding optimizing gas flow rate, a discrepancy was observed
between pressure values obtained from the new models and the Standing model for the case of high
liquid flow rates at low gas flow rates because of the difference in PVT parameters. The developed
codes are deposited on an online data repository for future users. This study lays the foundation for
better planning of drilling in deepwater drilling projects.

Keywords: deepwater drilling; gas-lift dual gradient drilling; PVT behavior; standing correlations

1. Introduction

As the demand for oil and gas continues to rise, exploration and drilling operations
in deep water are being developed by many companies. In the development of these
areas, the depleted reservoirs have led the drilling industry to encounter new technical
challenges due to the harsh conditions at great depths. Application of conventional drilling
in these situations leads to an increase in NPT (non-production time), the number of casings,
and consequently, the drilling cost. On the other hand, increasing the casing number has
improper impacts on logging, cementing, and perforation operations, and above all, it
could reduce the production rate. Nevertheless, there are some solutions to these kinds
of challenges. The gas lift dual gradient drilling, as a part of managed pressure drilling
(MPD) technology, is one method to overcome the problems met in deep water and also
in the reservoirs with narrow drilling windows, where the pore pressure and fracture
pressure [1,2] are close. The International Association of Drilling Contractors (IADC)
defined dual gradient as “Two or more pressure gradients within selected well sections to manage
the well pressure profile”.

The concept of gas-lift DGD is very similar to the underbalanced drilling (UBD)
technology where Nitrogen or air is injected into the oil-based mud (OBM) to control
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bottom hole pressure (BHP). For several years, great effort has been devoted to the study
of utilizing a mixture of gas and drilling fluid (mud). Wallace and Walker [3] and Rizo
and Cuenca [4] discussed aerated mud in the drilling industry. Guo et al. [5] studied the
optimal air injection rate and the carrying capacity in the aerated drilling fluid. They stated
that the bubbly flow dominates the aerated drilling fluid flow in drilling operations. The
comprehensive feasibility study of the use of gas lift in the marine riser to maintain the
pressure in BOP equal to the hydrostatic pressure of outside seawater was provided by
Lopes and Bourgoyne [6]. In their study, fluid properties were assumed to be known and
constant over the entire system, and solubility and bubble pressure were not considered
in the hydraulic models. Nakagawa et al. [7] described the efforts made by a group of
companies that concentrated on using nitrified fluid in deepwater wells from a semi-
submersible platform. Further, Nakagawa et al. [8] compared two steady-state and two
transient drilling hydraulic simulators for aerated fluids (OBM and WBM) against field
data. In one of the steady-state models, they noticed that the gas solubility was allowed
without explaining the details of solubility models. Furthermore, in transient models, they
just considered the solubility of hydrocarbon gas. Hermann and Shaughnessy [9] proposed
a Nitrogen injection and floating mud cap to achieve the dual gradient. Moreover, they
introduced a new form of riser gas-lift, which used high pressure, smaller and concentric
risers to decrease the injected gas volume in the drilling fluid. They demonstrated that
an injection of Nitrogen into a drilling fluid with a density of 16.2 ppg (pound per gallon)
could achieve what they called “the magic mud weight” about 6.9 ppg above the seafloor.
Perez-Tellez et al. [10] presented an improved mechanistic model for steady-state flows
throughout UBD operations and the model including downward and upward two-phase
flow. Stanislawek [11] and Smith et al. [12] used OLGA and programmed mathematical
models to simulate riser gas lift operations, but they did not consider solubility and
bubble pressure.

Gas-lift DGD implements gasified drilling fluid to reduce the equivalent circulating
density (ECD). Utilizing fluids with varying density can provide the desired annular
pressure by managing ECD, which has such advantages of improving safety and well
performance, as well as reducing the casing sizes and non-productive time [13]. Besides,
the development of deepwater drilling has led to the increase in the application of oil-based
mud (OBM) and synthetic-based drilling fluids. These kinds of drilling fluids have such
characteristics as the high rate of penetration, lubricity, shale inhibition, and low toxicity.
The drilling in deepwater is complex, and in the case of using OBM instead of water-
based mud (WBM), the conditions become more complicated. All these facts highlight
the presence of the well-known question of which model is appropriate for considering
solubility and bubble pressure in the study of gas-lift DGD.

Even though many studies have been carried out on OBM and Hydrocarbon gas
(Methane), a limited number of research works have been reported on investigating the
PVT properties of air or Nitrogen in OBM. A number of researchers have merely mentioned
the usage of the solubility model for Nitrogen and OBM without introducing a model or
data. One of the earlier studies about Nitrogen and mineral oil was carried out by Dilchert
and Kuss [14]. They conducted experiments to determine Nitrogen solubility in mineral
oils at pressures up to 14,500 psi. Rommetveit and Olsen [15] studied Nitrogen solubility
in OBM and fluid density changes. However, they ignored the composition of base oil
and extrapolated PVT data for gas solubility. In Rommetveit and Vefring [16], the data
were available for the Nitrogen solubility in OBM at 68 oF for various pressures. They
used these data to design a kick simulator. Bassani and Piccigallo [17] discussed the effect
of temperature on the solubility of various gases such as Nitrogen, natural gas, air, and
carbon dioxide in mineral oil. In addition, some figures about the solubility of air versus
pressure for several oils such as mineral, Silicone, and Ester are represented in their work.
Tong et al. [18] measured the solubility of Nitrogen in selected n-paraffin hydrocarbons
(Decane, Eicosane, Octacosane, Hexatriacontane) by using a static equilibrium cell over
temperatures from 122 to 302 °F at pressures up to 2610 psi. They also calculated solubility
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values by Soave-Redlich-Kwong and Peng-Robinson equations of state. The interaction
parameter that was used in the equation of state (EOS) was derived from regressing data at
desired temperatures. They observed that solubility (mole fraction of Nitrogen) increased
by increasing temperature and pressure. Furthermore, the solubility of Nitrogen increased
with the chain length of the solvent molecule. Moreover, some studies have been conducted
on gas-lift DGD with water-based mud.

As can be seen from the above-mentioned studies, there is no particular study on
gas-lift DGD with oil-based mud. In the present study, white mineral oil (#5) as liquid phase
(OBM) and Nitrogen as the gas phase were investigated in gas-lift dual gradient drilling
technology. In the case of using an oil-based drilling fluid instead of a water-based one,
drilling situations become more complicated. This is because, at the same pressure and the
same temperature, the solubility of the gas in an oil-based drilling fluid (OBDF) would be
10-100 times greater than in water-based drilling fluids [19], and OBM is more compressible
than WBM. The solubility influences other properties such as density, viscosity, oil volume
factor, etc. Therefore, the PVT behavior of gas and OBDF must be understood for calculating
pressure, equivalent circulating density, and well control issues. In addition, the bubble
pressure in two-phase OBDF is important because density, viscosity, oil volume factor, and
other parameters would be different below and above the bubble point pressure (saturated
and under-saturated mixture). The solubility of the gas in the OBDF determines the phase
behavior of gas in the wellbore. After all, for steady-state wellbore pressure calculations,
the solubility and the bubble pressure models are necessary to determine the density, oil
volume factor, and viscosity of drilling fluid and eventually calculate the pressure at any
position in the annulus.

There are some correlations (equations or relations) for calculating the solubility and
bubble point pressure. Thomas et al. [20] stated that “an oil-based mud is treated as an
oil with properties as calculated from the Standing correlations”. Therefore, Standing’s
work [21] is perhaps the most widely used tool [22]. The Standing model is one of the
conventional Black oil models. Nonetheless, an important question is whether the Standing
model is proper for calculating the solubility of Nitrogen in white mineral oil or not. In
the case of using the Standing model for the solubility, how much error would happen to
the other PVT parameters? Therefore, Negahban et al. [23] conducted some experiments
for finding solubility and bubble point of Nitrogen and white mineral oil for temperatures
and pressures of deepwater reservoirs in the South China Sea. They used the Constant
Composition Expansion (CCE) method for evaluating solubility and bubble pressure of the
mixture at mentioned conditions. They finally proposed two equations for solubility and
bubble pressure and also found that the Standing model underestimates bubble pressure
and overestimates solubility for the mixture of Nitrogen in white mineral oil [23].

With this in mind, in the present study, the two new models of Negahban et al. [23], i.e.,
the solubility equation and bubble point equation as presented in the upcoming sections,
were selected as the starting point of the research. The gap felt in the existing knowledge is
the application of these two models to gas-lift dual gradient drilling, examining their effect
on the thermodynamic properties of the injected gas and the drilling fluid and comparing
the obtained results with the case of using the Standing correlations for solubility and
bubble pressure. The studied PVT parameters included formation volume factor, mixture
density, volumetric flow rate, mixture velocity and void fraction, mixture viscosity, and
mixture friction factor, which are a prerequisite for calculating the bottom hole pressure.
It is worth noting that this study focused on the feasibility of implementing oil-based
drilling fluid in the gas-lift dual gradient drilling (DGD) in the South China Sea. The main
objective of this study is to understand the PVT behavior of Nitrogen, as injected gas,
and white mineral oil (#5) as liquid phase, in the case of using the two new models and
the Standing model for solubility and bubble pressure. Consequently, this study aims to
apply these PVT parameters for calculating bottom hole pressure and, most importantly,
evaluate the impact of different models on optimizing the rate of injected gas. Accordingly,
the bottom hole pressure was calculated for two new models and the Standing model.
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Finally, the optimum amount of injected gas in liquid was evaluated and compared using
different models, and the results were discussed. The calculation of the PVT parameters
was conducted through coding in MATLAB, which included more than ten different codes.
For the reader’s reference, the developed codes are deposited online on the Mendeley
data repository and could be found at https://data.mendeley.com/datasets/rzf53yzvm3/1
(accessed on 26 October 2021) [24].

2. Study Area

The current study was carried out to overcome part of the challenges confronted in
the gas-lift dual gradient deepwater drilling in the South China Sea. Figure 1 shows the
geological location of the South China Sea and the major geological provinces and countries
adjacent to it. With regard to the drilling activity in the area, in the drilling location where
the dual gradient drilling was implemented, the water depth, the true vertical depth of
the well, and the measured depth before the horizontal section drilling were 339.7 m,
1222 m, and 5452 m, respectively [25,26]. Moreover, the density of the seawater, density of
drilling fluid, cuttings density, and the density of the drilled formation were 1.03 g/cm?,
1.11g/cm3,2.5 g/cm?, and 2.18 g/cm?, respectively [25,26]. The liquidity index was 0.5885,
the consistency coefficient was 0.7565 Pa.s", the rate of penetration was 8 m/h, and the
flow rate of the drilling fluid was 40 L/s. While the bearing capacity equivalent to the
offshore drilling method was implemented, the well’s extended-reach limit was 8261 m
which became greater when the dual gradient method was applied [25,26].
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Figure 1. Geological map of the study area modified after Shen et al. [27]. The map shows the major
geological provinces and countries nearby the South China Sea.

3. Materials and Methods: PVT of Two-Phase Flow

Various types of dual gradient drilling (DGD) techniques are available nowadays.
Figure 2 illustrates the DGD methods in the pre-BOP (before installing blowout preventer)
and post-BOP (after installing blowout preventer) stages. Estimation of dynamic riser and
wellbore pressures during drilling operation depends on such parameters as mud weight,
the height of mud column, well and riser geometry, mud viscosity, temperature, etc. In the
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case of injecting Nitrogen in the riser, single flow pressure estimation changes to multi-flow
pressure estimation, and this kind of calculation is more complicated. Figure 3a illustrates
fluid flow paths for a gas-lift dual gradient system.

Gas Lift
Liquid Lift
Hollow Sphere

Figure 2. Classification of various dual gradient drilling methods before and after installing
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blowout preventer.
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Figure 3. (a) Schematic representation of the gas-lift DGD, (b) Workflow of the current research.
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First of all, the PVT behavior of the mixture (injected gas plus drilling fluid) should be
evaluated precisely by calculating the PVT parameters. As mentioned above, in the present
study, the injected gas was Nitrogen, and the drilling fluid was white mineral oil (#5).
Therefore, significant PVT properties were evaluated and compared in the cases of using
the two new models and using the Standing correlations at specific temperatures. The two
new models are the solubility equation as expressed in relation (1) and the bubble point
equation as expressed in relation (2). The calculations were performed through coding in
the MATLAB environment, and the corresponding codes are provided for the future reader
at the above-mentioned online data repository. Figure 3b represents the workflow adopted
in the current research study, and Figure 4 shows the detailed workflow that was adopted
for coding the calculations in MATLAB.

Rs(P,T) =3.084 x 1072P —7.231 x 10 73T + 1.964 x 10 °P? 4-4.003 x 10 °PT +1.245 x 10 °T> +1.62 (1)

Py(Rs, T) = 30.12R; — 0.21731T — 0.02907Rs% — 0.02113RsT + 7.046 x 10~4T% — 5.275 2)

where R; is the solution gas-oil ratio (scf/STB), P is the pressure (psi), T is the temperature
(°F), and P}, indicates the bubble point pressure (psi). These two models, with all their
technical details, have already been discussed in the published literature and would be
found at Negahban et al. [23]. Nonetheless, the experimental procedure is briefly described
as follows. A 370 cm? single-window PVT cell encased in a heating jacket was used as
the experimental cell. The pressure and temperature of this cell could be changed from
“atmospheric pressure to 3600 psi” and “ambient temperature to 248 °F”, respectively. The
PVT cell and the connections were cleaned properly before conducting the experiment,
and the experimental method was constant composition expansion. First of all, the desired
amount of 205 cm® sample oil was charged into the experimental cell as the standard
condition, which was followed by gas injection using a precise device. The gas injection
device could monitor the temperature of the gas and was appropriately evaluated for its
accuracy before the experiment. The oil-Nitrogen mixture was compressed to 3600 psi
which made the mixture a single-phase fluid. After several hours, no changes in the
equilibrium were observed, indicating that the mixture was fully sutured with Nitrogen
gas. At this point, the pressure was slowly decreased until the two-phase mixture was
obtained and the bubble point pressure was determined. The experiment ended when the
clear bubbles were observed. Herein, the visual observation was adopted for analyzing
the bubble pressure, which corresponds to the breakage in the pressure-volume curve. It
is worth noting that the stated purity of Nitrogen gas was 99.99+ mol%, and C14, C15,
and C16 were the main components of the white mineral oil (#5), which had a density
of 816 kg/m?3 at standard conditions. Appendix A section provides further experimental
details and the obtained data.

The application of Nitrogen in dual gradient drilling has been reported in previous
studies extensively [28-33]. A review of the existing literature reveals that Nitrogen is an
inert gas and could be used in the riser for enhancing security, i.e., decreasing the risk of
methane explosions in dual gradient drilling [33]. Nitrogen could also be used to reduce the
weight of the mud in the riser [31,32], and most considerably, it could be accessed easily for
laboratory and field-scale practices because Nitrogen Generation Units (NGU) or Nitrogen
Production Units (NPU) produce it from the air using a filtering process. In addition, the
solubility of Nitrogen in oil is lower than air and also lower than natural gas. Moreover,
the Nitrogen pumpers are gas compressors, and liquid Nitrogen has been implemented in
the offshore underbalanced drillings as well [30].
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Figure 4. Coding workflow inside MATLAB environment for calculating various PVT properties.

3.1. Two-Phase Flow Pressure

Essentially, the Equations (3)—(6) express the steady-state pressure gradient equations
for multiple flows, which were derived from conservation of mass and momentum [34]:

()™ () et (), ()
dz Total dz Elevation dz Friction dz Acceleration

() g
dz Elevation "

®)

(4)
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d u?
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Fricton h
dp) duy,
ap = Ot ©)
<dz Accleration Pmtim dz

where p: pressure (psi); z: distance (ft), p,,: mixture density (Ibm/ft%), f,,: mixture friction
factor, u,,: mixture velocity (ft/s), and Dj: hydraulic diameter (ft), and g: gravitational
acceleration constant equal to 32.17 ft/ s2.

In the case of using OBM and Nitrogen mixture as drilling fluid or mud in the drilling
well, for evaluating pressure gradient equations” accurately, mixture density (o), mixture
velocity (u,,), and friction factor should be calculated considering the solubility and bubble
point pressure. In the following sections, the effect of the Standing correlations and the
new solubility and bubble pressure models on the calculation of these thermodynamic
properties will be discussed. Table 1 indicates the constant values used in the calculations
of the present study.

Table 1. Values of the constant parameters in the calculation of the different PVT values.

Input Parameter Value

Riser depth 6000 ft
Surface temperature 68 (°F)
Temperature gradient 1.6 (°F/100 ft)
Surface (back) pressure 200 (psi)
Base oil density 41 (API)
Base oil viscosity 5.34 (MPa.s)
Producing gas-liquid ratio 300 (scf/stb)
Water cut 20 (%)
Drill-string outer diameter 5.5 (inch)
Riser inner diameter 17.5 (inch)
Liquid flow rate at standard condition 500 gpm

Oil flow rate at standard condition gpm
Gravitational acceleration constant 32.17 ft/s?

3.2. Determination of Formation Volume Factor (FVF)

Some PVT properties depend on gas and liquid formation volume factor (FVF). After
evaluating the gas compressibility factor (Z), solubility and bubble pressure, the gas and
liquid FVF are prerequisite parameters that should be calculated. Gas formation volume
factor (cuft/scf) (cubic feet/standard cubic feet) has the following form:

_ PuT,  147(T +459.67)

By = PT,.” P519.67

@)
where Bg: gas formation volume factor (ft3/scf), Psc: standard pressure (psi), Ts.: standard
temperature (°R), and Z: gas compressibility factor.

The gas compressibility factor, Z, must be known in Equation (7). Among the available
empirical correlations to determine gas compressibility factor, the Dranchuk and Abou-
Kassem [35] correlation is more popular in drilling.

The McCain correlation [36] was used to estimate the water formation volume factor
(Bw) at different pressures and temperatures as:

By = (1+ AVwp)(1+ AVwr) (8a)
where By, indicates the water formation volume factor (bbl/STB) and:

AViyp = —1.0001 x 1072 4 1.33391 x 10~*T 4 5.50654 x 10~ x T? (8b)
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AViyp = —1.95301 x 1077PT — 1.72834 x 10~ 13 P?>T — 3.58922 x 10~/ x P —2.25341 x 10~ 10p? (8c)

The oil formation volume factor could be determined by experiment or could be
estimated by the available Black oil models. Below the bubble point pressure (saturated
FVF), the equation has the following form [21]:

05 1.175
Bo = 0.972 + 0.000147(R <7g> +1.257) )

Yo

where B,: oil formation volume factor (bbl/STB), 7,: Specific gravity of the stock-tank oil,
60°/60°, and 7y,: specific gravity of the solution gas.
The general equation for oil FVF above bubble point (undersaturated FVF) is:

Bo = By, exp(Co(P — Py)) (10)

where B,,: formation volume factor at bubble point (bbl/STB), Cp: oil compressibility
(psi’l), and the Elsharkawy correlation (Equation (11)) can be used as the oil compressibility
(Co) [37]:
_ —27321+33.784 Rg+238.81 T
N 106P

Therefore, the oil FVF is a function of pressure, temperature, solubility and, bubble
point pressure. Figure 5 shows the calculated oil FVF at three temperatures and different
pressures for the new models and the Standing model solubility and bubble point pressure.
It is worth mentioning that the shrinkage and swelling of the oil (the main component
of oil-based drilling fluid) was considered in the oil formation volume factor (B,). The
formation volume factor (FVF) (oil FVF, gas FVF, and Total FVF) is one of the important
parameters when calculating the PVT characteristics of two-phase flow.

Co (11)

13 I I
.......... Standing @68 °F
— — — Standing @122 °F
~ Standing @176 °F
ey I | N | | N j=s=re= New mml@ﬁs °F
_____ New model @122 °F
- N mm|@1?5 'F
'@- / e —
B 12} _‘_/ T Sa——— .
= /
2 /S T
: | T
o /
S qasf /)¢
R 4 3
s /
E y Is
E VW&
‘_g /', A
111 777 i
E /_/ / 2 e i | e e
- R S i R e | [
© P / ity [ | I e oot
g P o el [ (Frpeene
] R e e S
- R e e [ [
5 B A s i [ (N—
B PR i
0.95 ‘ I I I I
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Figure 5. Oil FVF as a function of Standing oil and the new correlations.

In Figure 5, the upper three curves show the results obtained by using the Standing
model, and the lower three ones indicate the result obtained by the new models. The
inclination point (sudden break in the curves) indicates the bubble point pressure, which
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occurred at the range of (700-1000) psi for three studied temperatures of 68, 122, and 176 °F.
However, the bubble point pressure did not appear on the resultant curves of the new
models even before a pressure value as high as 3000 psi. This is because the Standing model
underestimates the bubble point pressure for the particular mixture of “Nitrogen and white
mineral oil (#5)” examined in the present study and yields a smaller value than the one ob-
tained with the new model (Equation (2)). Meanwhile, according to Equations (9) and (10),
the formation volume factor of oil (B,) is a function of solubility and bubble point pressure.

3.3. Determination of Mixture Density

Equation (12) represents gas (Nitrogen) and liquid (mineral oil and water) mixture
density [38]:
pm = prHL + pg(1—Hy) (12)

where H: liquid holdup, py;: mixture density (Ibm/ft%), p;.: liquid density (Ibm/ft?), and
pg: gas density (Ibm/ft%).
The gas density is a function of gas FVF, and the liquid density (pl) and is defined
as [38]:
P1 = fopo + fwPw (13)

where f, and f;, are the oil, and water volume fractions, respectively. Equations (14) and (15)
represent water and oil density at different pressures and temperatures [38]:

0.07647(50) Rs(p,1)
_ 62’4’)/0(SC) + —Fe5

14
Po BO(P,T,RS) ( )
62.47,
Pw = B Tl (15)
w(P,T,)

where p,: oil density (Ibm/ft?), p,,: water density (Ibm/ft3), Yo(sc): Specific gravity of oil at
standard condition, 7y, ): specific gravity of the solution gas at standard condition, and
Yuw(sc): specific gravity of water at standard condition.

The mixture density is a function of oil density, and according to Equation (14), oil
density depends on oil and gas gravity at standard condition, solubility, and oil FVF.
Figure 6 indicates the oil density as a function of Black oil and the new models.

Again, as can be seen from Figure 6, since the bubble point pressure obtained from the
Standing model is underestimated for the studied mixture of Nitrogen and white mineral
oil (#5), the breakage in the curves resulting from the Standing model could be observed at
the range of (700-1000) psi for three studied temperatures of 68, 122, and 176 °F while it
did not happen for the pressures obtained from the new models in less than 3000 psi.

3.4. Determination of Volumetric Flow Rate

The Equations (16) and (17) represent the in-situ gas and liquid flow rate, respec-
tively [38]:
dg(sc) (GOR - RS)Bg

I8 = 72600 x 24
41 = qo + quw = 6.49 X 10_5(q0(SC)B0 + QW(sc)Bw) (17)

(16)

where: GOR: gas-liquid ratio (scf/STB), Ag(sc): 8as flow rate at standard condition (scf/s)

fo(sc): 0il flow rate at standard condition (scf/s), 4,(sc): water flow rate at standard
condition (scf/s)

qu: in-situ water flow rate (ft®/s), g;: in-situ liquid flow rate (ft3/s), qg: in-situ gas flow
rate (ft3/s), and

qo: in-situ oil flow rate (ft>/s).

According to these relations, the oil flow rate is a function of oil FVF directly. Since the
oil FVF depends on the bubble point and solubility, therefore, the oil flow rate also depends
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on solubility and bubble point. Figure 7 compares oil flow rate in the case of using the new
models versus using the Standing model for solubility and bubble pressure.

70 ; ' ' ' '
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Figure 6. Oil density as a function of Black oil and the new correlations.
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Figure 7. Oil flow rate as a function of Black oil and the new correlations.

With regard to Figure 7, it should be noted that as mentioned inside Equation (17),
in-situ oil flow rate (g,) is a function of oil flow rate at standard condition (q,(s)) multiplied
by the oil formation volume factor (B,). The oil formation volume factor was presented
and discussed in Figure 5, and therefore, the same phenomenon of underestimating the
bubble point pressure for the studied mixture of Nitrogen and white mineral oil (#5) by the
Standing model is observed.
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3.5. Determination of Mixture Velocity and Void Fraction

Estimation of liquid and gas mixture velocity and void fraction are crucial steps
in the multiphase flow pressure calculation. In addition, according to relations (5) and
(6), the friction pressure and acceleration pressure directly depend on mixture velocity.
Moreover, the void fraction («) or its corresponding parameter liquid-holdup (1 — «) are
applicable in some PVT parameters estimation. There are a lot of methods or theories for
finding these two parameters, among which the Drift Flux theory is a very appropriate
method. This theory was stated by Zuber and Findlay [39]. Drift Flux calculations are
faster than the mechanical model, and its results are more accurate than the homogenous
model (phases with the same velocity). In this study, two important parameters of Drift
Flux, that is, the distribution parameter (cy) and the drift velocity (vp), were selected as
Equations (18) and (19) [40]:

co=12 (18)

Vp = (0.345+0.1D;/Dy)+/8 (01 — pg) Do/ pi (19)

where cg: distribution parameter, vp: drift velocity (ft/s), D;: well internal diameter (inch),
and D,: drill-string outer diameter (inch). Finally, by using the above relations, the mixture
velocity and void fraction could be calculated by Equations (20) and (21):

Usg
=(1-H)=—% 2
g = L) (co+vm) + vy (20)
Z)mzvsg-i-vslzqu-f—ﬂ (21)

A A
where ag: void fraction, V,: gas superficial velocity (ft/s), V;;: liquid superficial velocity
(ft/s), and A: cross-sectional area of the flow (ft?). The void fraction, liquid holdup, and mix-
ture velocity are a function of flow rate. Furthermore, as represented in Equations (17) and (18),
the flow rate depends on bubble pressure and solubility. For instance, the void fractions at
different depths are depicted in Figure 8.

Gas Holdup
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Figure 8. Gas holdup versus depth, as a function of Standing and the new correlations.
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3.6. Determination of Mixture Viscosity

The first step in calculating mixture viscosity is determining the gas viscosity and
the liquid (oil and gas mixture) viscosity. The Lee correlation is popular for finding gas
viscosity [41]. Nevertheless, the liquid phase viscosity could be obtained from Equation (22).

M1 = foto + fwlw (22)

where p,: oil viscosity (cp), pw: water viscosity (cp), and p;: liquid viscosity (cp).
Therefore, the water and oil viscosity should be calculated. Since the viscosity mostly
depends on temperature than pressure variations, the relation (23) represents the water
viscosity [42].
to = exp(1.003 — 1.479 x 1072T +1.982 x 10°T?) (23)

There are some correlations such as the Black oil model for calculating the oil viscosity
in which oil viscosity is significantly different below and above the bubble pressure. In
relation (24a) to (24d), Beggs and Robinson proposed a model for calculating saturated oil
viscosity (at pressures below bubble point) [42].

Ho(P<Py)=A(10~1.0)® (24a)
where:
x = T 1163 exp (6.9824 — 0.04658( API) — 1.0)° (24b)
A =10.715(R, + 100) 1 (24¢)
B = 5.44(R, + 100) "% (24d)

In Figure 8, an important concept in drilling, the “bubble point depth”, could be
observed and evaluated. The bubble point depth has been reported in a very limited
number of studies. It is the specific depth during drilling in which the first bubble comes
out from drilling fluid; therefore, the mud below this point is one-phase (liquid) which
solves the gas as much as possible, and the mud above this point is a mixture of liquid and
gas bubbles. Consequently, selecting proper bubble pressure and solubility model plays a
crucial role in finding the bubble point depth in drilling engineering. Herein, the bubble
point depth obtained with the Standing model is ~2200 ft, but the one obtained with the
new model (relation (2)) would be at depths higher than 3000 ft, which is also caused by
the underestimation of the bubble point pressure for the particular mixture of “Nitrogen
and white mineral oil (#5)” by the Standing model.

Moreover, while estimating the pressure of the two-phase flow, the liquid holdup
(or void fraction) is a crucial parameter according to relations (4) and (12). On the other
hand, the mixture density (o) is a function of liquid holdup and the void fraction (rela-
tion (12)). As the void fraction increases, the liquid holdup and mixture density decrease.
Consequently, according to relation (4), as the mixture density (o;) decreases, the elevation
pressure decreases as well. Since the major part of the total pressure (about 80%) is due to
the elevation pressure, the total pressure decreases significantly.

Equation (25a,b) expresses the undersaturated oil viscosity (at pressures above the
bubble point) [43].

P m
Ho(Pyp,) = Ho(P(P,) X (Pb) (25a)

where:
m = 2.6P117 exp(—11.513 — (8.98 x 107°)P) (25b)

In addition, with the assumption of homogenous and nonhomogeneous, the mixture
viscosity is divided into two groups, respectively being “no-slip viscosity for same phase ve-
locity” (Equation (27)) and “slip viscosity for phase with different viscosity (Equation (26))”:

pe = w4 pg™s (26)
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Hn = Aipy + Aghig (27)

where pis: slip viscosity (cp), pn: no-slip viscosity (cp), Hy: gas holdup, A;: no-slip liquid
holdup, and A: no-slip gas holdup.

According to preceding relations for viscosity, the oil viscosity is a function of bubble
point and solubility of the gas in the oil. Figure 9 shows the oil viscosity as a function of the
Standing correlations and the two new models.

Oil viscosity (cp)

500 |- - -~

— New model

/ — — — Standing

1000 | /

Depth (ft}
@
=]
[=]

2000 j

2500 1

3000 1 i 1 1 1 1 1

Figure 9. Oil viscosity as a function of Standing model and the new correlations.

As can be seen from Figure 9, a difference of about 2—4 cp is observed for oil viscosity
at different sections of the two curves obtained using the Standing model and the new
models. It should be mentioned that this much difference is not too much for a drilling fluid
property, and this discrepancy is the due effect of solubility in viscosity calculations. The
solubility has a reverse effect on viscosity (by increasing solubility, the viscosity decreases
as expressed in Equation (24)). Since the Standing model overestimates the solubility of the
gas in the oil, as mentioned earlier, the oil viscosity has a lower valve in the case of using
Standing correlation for solubility in Equation (24).

3.7. Determination of Mixture Friction Factor

For determining the mixture friction factor, various correlations and approaches are
available in multiphase flow. The Beggs and Brill models, which were modified for non-
Newtonian fluid, are conventional for calculating frictional pressure drop and friction
factor in the multiphase flow of drilling fluids [44]. Accordingly, Equations (28), (29) and
(31) were respectively used for finding friction pressure drop, no-slip Reynolds Number,
and friction factor for the mixture of liquid and gas [44].

dP) finrtiz,
ap — JmPntm (28)
(dz Fricton 2Dy,

Pntm Dy

N = 1488
Res AMptg 4 (1= Ap)pg

(29)
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1
fn = 1488 " 5 (30)
(21081 (55533 1og10(11{5{:e,,1)73.8215 )
on = P1A1 + pg (1 —Ap) (31a)
where:
pn: no-slip density (Ibm/ft®), and Nge,,: no-slip Reynolds number, and
M
=— 1b
31c
y1 = In(y) 1o
If 1 <y <1.2 then
S5=In(2.2y—1.2) (31d)
Else: y
S = L 31
—0.523 4 3.182y1 —0.8725y,2+0.01853y 4 (Sle)
fm = fi ne’ (32)

where f,; indicates the mixture friction factor.

These relations representing friction factor and friction pressure drop are a function
of the liquid and gas phase’s velocity, viscosity, and liquid holdup (or void fraction). As
mentioned before, these parameters depend on the solubility of the gas in oil and the
bubble pressure. Accordingly, similar to the parameters in the previous sections, choosing
the proper model for solubility and bubble point has obtained a direct effect on friction
factor and friction pressure drop.

After finding all PVT properties, by using Equation (3), the total pressure was calcu-
lated in MATLAB.

3.8. Optimizing Flow Rate of Injected Gas

In conventional drilling, the limitations of feasibilities as well as the capacity of
removing cuttings determine the lower boundary or minimum value of liquid rate. On
the other hand, the upper boundary is regulated by equivalent circulating density (ECD).
Besides considering facilities limitations in drilling operation, the hole cleaning is the lower
limit for liquid injection rate, and the maximum ECD which can cause circulation loss is
the upper limit for liquid injection rate. These ideas are graphically illustrated in Figure 10,
where the upper and lower limits for liquid flow rate are shown.

One of the important issues in designing the aerated drilling operations and gas-lift
dual gradient drilling is determining the optimum gas injection rate, i.e., optimizing the
flow rate of the injected gas. The steady-state model can predict hydrostatic-dominated
and friction-dominated areas in the well. The optimum gas injection rate lies within the
boundaries between these two domains. The hydrostatic dominated area occurs when
the gas is injected into drilling fluid, and bottom-hole pressure rapidly decreases; while
the gas injecting rate increases more, the friction pressure becomes more than hydrostatic
pressure, and this region is called the friction-dominated area. Besides, in gas lift dual
gradient drilling, optimizing the flow rate of injected gas is a key parameter for controlling
the loss or kick problems. The effect of new models and the Standing correlations on the
optimum gas injection rate is shown in Figure 11 for 5000 and 20,000 standard barrels per
day (146 and 583 gpm).
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Figure 10. Schematic illustration of the optimal gas injection rate limits. The green area shows the
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Figure 11. Simulation of bottom hole pressure versus gas injection rate for the new models and the
Standing correlations.

There are three parameters represented in Figure 11, and their interconnection needs
to be clearly understood in order to better comprehend the phenomena observed in this
figure. They are bottom hole pressure on the Y-axis, gas injection rate on the X-axis, and
liquid flow rate, which has two forms of low (5000 stb/day) and high (20,000 stb/day).
The low fluid flow rate is indicated by the solid red and dashed blued curves, and the high
liquid flow rate is indicated by the dotted black and dash-dotted green curves. Therefore,



Energies 2022, 15,1212

17 of 25

taking the liquid flow rate as the base of interpretation, we will interpret the changes in
pressure based on the changes of gas injection rate. As can be seen from this figure, the
hydrostatic-dominated area falls in the range of about (0—40) MMSCF/day of gas injection,
and the friction-dominated areas fall in the range of more than 40 MMSCF/day of gas
injection. There is a good agreement between the results obtained from the Standing model
and the new models in the friction-dominated area at both low and high liquid flow rates.
In the hydrostatic-dominated area, there is also a good agreement between the results
obtained from the Standing model and the new model at low liquid flow rates. However, in
this domain, some difference is observed between the two models at high liquid flow rates,
for which the underlying facts are as follows. At high liquid flow rates in the hydrostatic-
dominated area, the Standing model yields higher pressure values compared to the new
model. The reason for this phenomenon is that at a high liquid flow rate (20,000 stb/day
compared to 5000 stb/day), the solubility of the gas in liquid plays a much more significant
role and shows a more obvious impact on the obtained pressure value. Since the solubility
obtained by the Standing model is different from that of the new model for the studied
mixture, the two curves tend to show different values of pressure. The difference in
pressure values of the two models is because of the difference in the PVT parameters
calculation. And since the PVT parameters for the new models were specifically studied for
a particular mixture in this study, i.e., “Nitrogen and white mineral oil (#5)”, the resultant
values are different as expected. We do believe that since all the fundamental calculations
conducted in the present study were particularly for the mentioned fluid mixture, the
new model would be more reliable in the case of using this mixture as the drilling fluid.
Furthermore, according to Figure 7, the value of the void fraction (gas holdup) obtained
from the Standing model is smaller than the void fraction obtained from the new model.
As standing underestimates void fraction for the studied mixture of “Nitrogen and white
mineral oil (#5)”, mixture density obtained from the Standing model is more than that
obtained from the new models. A higher mixture density would lead to a higher bottom
hole pressure, as follows from this figure.

4. Discussion

Based on the calculated values of oil FVF at temperatures of 68, 122, and 176 °F,
and different pressures for the Standing and the new models for solubility and bubble
point pressure, in GOR = 300 (scf/stb) the Standing model predicts different values of
Pb at different temperatures, and the trends of calculated oil FVF is changed at these
bubble pressures. However, the calculated value of Pb by Equation (2) for the same
temperature is more than 3000 psi. Therefore, the new model and the Standing model
result in different values. In addition, as stated in Equations (8)—(10), solubility and bubble
pressure influence oil FVF as well. Figure 6 shows that the calculated oil density for
the two models significantly depends on bubble pressure. The values for Pb in the two
models are similar to Figure 6. Below the bubble pressure, when pressure increases, oil
density decreases, and above the bubble pressure, oil density increases with increasing
pressure, and the minimum value for oil density occurs at the bubble point. This is
remarkable considering that the mixture density is a substantial parameter in pressure
calculations. Evaluation of mixture density, no-slip and slip holdup, and in-situ velocities
strongly depend on the volumetric flow rate of phases. Figure 7 compares the calculated
oil flow rate in the case of using the new models and the Standing model. The results
are significantly different. Furthermore, the maximum value for oil flow rate occurs at
bubble point just in the case of using the Standing equation. Consequently, using Standing
solubility and bubble pressure for calculating oil flow rate led to the overestimation of the
oil flow rate. Figure 8 shows that the void fraction is lower in the case of using the new
models compared to the case of using the Standing model. Figure 9 illustrates the effect of
using the new equations versus the Standing correlations for bubble point and solubility
in viscosity calculations. It could be seen that the viscosity obtained from the Standing is
lower than the one obtained from the new relations. Since the viscosity has a direct relation
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with pressure drop and friction factor in flowing fluid at the pipe and well, finding the
precise amount of this parameter is important in dual gradient drilling technology.

From equations in Section 3.7 and the preceding equations, it can be seen that the Rs
and Pb models affect viscosity, velocity, no-slip density (o), and liquid holdup in Reynolds
number and consequently, the friction factor. Therefore, using proper solubility and bubble
pressure models, such as the new models for Nitrogen and white oil mixture in dual
gradient drilling, plays a crucial role in finding the accurate amount of Reynolds number
and friction factor. As discussed in previous sections, all mentioned PVT parameters such
as formation volume factor, flow rate, density, viscosity, velocity, holdup, and friction factor
strongly depend on the solubility and bubble pressure. Consequently, the total pressure
(same as bottom hole pressure in the bottom of the well) strongly relies on bubble pressure
and solubility of gas and liquid mixture.

After calculating PVT parameters, another important issue in dual gradient drilling
technology, same as in underbalanced drilling, is optimizing the flow rate of the injected gas.
During the application of both these technologies, a gas (such as Nitrogen) is injected into a
liquid (such as gasoline or oil). Therefore, evaluating the gas flow rate versus bottom hole
pressure is of crucial importance. Gas injection implies the idea that how much gas should
be injected into the liquid to decrease the bottom hole pressure to the desired amount.
Furthermore, the solubility and bubble pressure models affect choosing the optimum gas
injection rate. It was found that in the case of using new relations of bubble point and
solubility instead of Standing bubble point and solubility model, the bottom hole pressures
decrease especially at higher liquid (oil and water mixture) flow rates and also at lower
gas flow rates. The discrepancy between pressures for the new models and the Standing
model in the hydrostatic-dominated area is higher at the lower gas flow rate. One reason
for this difference is that in lower gas flow rates, the solubility and bubble pressure is more
important in comparison to higher gas flow rates. In addition, the difference between
pressures for the new models and the Standing model in the hydrostatic-dominated area is
larger at higher liquid flow rates. This difference is because, in high liquid rates, there is
more gas that can be dissolved in the oil-based drilling fluids and the solubility and bubble
pressure model become more influential in comparison to the lower liquid flow rate at low
gas flow rates. In a higher gas flow rate (frictional-dominated area), the resultant pressure
has no big differences for low and high liquid flow rates.

After all, it should be mentioned that the Standing model has already proved very
effective for reservoir engineering tasks, but to the authors’ best knowledge, it has not been
particularly optimized or altered considering the specific properties of the drilling fluid.
The standing model is based on natural gases such as methane, ethane etc., but has not
been particularly improved for drilling where Nitrogen and oil, and in particular “Nitrogen
and white mineral oil (#5)” as adopted in this study, are used together.

5. Limitations and Future Extensions

The most noticeable limitation of the present study and the developed new models
is that the adopted methods are rather conventional and require traditional experimental
procedures. The requirement for the precise setting of the experimental apparatus as well
as precise control of the experimental procedure is also laborious and time-consuming,.
Moreover, these new models are also developed in the laboratory-based on a limited
number of experiments and for a particular type of mixture, i.e., “Nitrogen and white
mineral oil (#5)”. Therefore, the generalization of these basic models requires further
investigation and improvements. Moreover, we only implemented the Drift Flux model
for calculating pressure while other models such as Lattice Boltzmann [45], mechanical
methods, or computational fluid dynamic (CFD) could also be used. There have been
many studies on various methods for obtaining the bubble point pressure in the published
literature, but there has not been an organized study on “comparing the performance
of various models in obtaining the bubble point pressure in dual gradient gas drilling”,
and therefore, it would be suggested as a topic for future research. The aforementioned
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existing studies have covered such aspects as reviewing the correlations of the bubble point
pressure and oil formation volume factor [46], novel empirical correlations for estimation
of bubble point pressure [47], prediction of bubble point pressure, and bubble point oil
formation volume factor in the absence of PVT analysis [48], comparing bubble point
pressure of irreverent, crude oils [49], application of artificial intelligence techniques [50],
and adopting the technique of Boosting ensembles [51]. However, the reason for selecting
the Drift Flux model in the present study was that it is one of the widely-used models
in two-phase drilling projects and enables obtaining a high calculation speed and a high
precision. Finally, for calculating the distribution parameter (co) and the drift velocity
(vp) as in Equations (18) and (19), methods other than the one used in the present study
are also applicable. Nevertheless, future extensions to the current study would include
investigating the application of the synthetic oil-based mud instead of the white mineral
oil used in the present research. Besides, there are still many unknown aspects of applying
the new interdisciplinary investigation techniques in assessing the gas solubility, bubble
point pressure, bottom hole pressure or temperature, gas injection rate, etc., throughout
dual gradient drilling or other deepwater drilling tasks. These techniques include fractal
geometry theory [52-55], digital rock technology [56-58], one-dimensional [59-62] and
two-dimensional nuclear magnetic resonance [63,64], numerical methods [65-67], artificial
intelligence [68-72] especially the deep learning technique [73-75], which could be used
individually or in a joint manner during well planning, design, engineering, operations,
and technology application, etc. This wide range of topics is suggested as the potential
areas of future research. Figure 12 summarizes the general advantages, limitations, and
also future extensions of the present study in a concise form.
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Figure 12. A detailed look into the limitations as well as possible future extensions to the present study.
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6. Conclusions

In the current study, the effect of using two new models, namely the solubility equa-
tion and the bubble point equation, on PVT parameters was compared with the case of
using Standing correlations for solubility and bubble pressure. Accordingly, the bottom
hole pressure was calculated for the two new models and the Standing model. Finally,
the influence of different models on the optimum amount of injected gas in liquid was
examined, and then, different results were discussed. After all, it could be concluded that
the gas-lift dual gradient drilling is an applicable drilling method in deepwater drilling.
Inside the deep wells, the temperature and pressure are variable; therefore, their effects on
PVT properties of drilling fluid should be considered during gas-lift DGD. In addition, the
effect of solubility and bubble point should be investigated carefully while OBM is applied
as the drilling fluid. Based on the obtained results, it can be concluded that when using the
Standing solubility and bubble pressure models instead of the new models, the oil FVF and
the oil flow rate are overestimated; and at higher pressures, the oil density is overestimated
as well. Besides, the void fraction and oil viscosity are underestimated when Standing
correlations are used. Consequently, when using Nitrogen and white oil (or similar oil-
based muds) in gas-lift dual gradient drilling, applying the Standing solubility and bubble
point models (or the other Black oil models) leads to overestimation or underestimation
of some important PVT parameters, which is not recommended; but the new models are
reliable for these kinds of calculations. Moreover, for optimizing injected gas rate design,
at the low liquid (oil and water mixture) flow rates, the results of bottom hole pressures
are not sensitive to solubility and bubble point model. Nevertheless, at the high liquid (oil
and water mixture) rates, the bottom hole pressure values are sensitive to solubility and
bubble point models, especially for low injected gas rates; because bottom hole pressure
was overestimated whilst using the Standing correlations for bubble point pressure and
solubility instead of the new equations.
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Nomenclature

Rs Solution gas—oil ratio scf/STB
P Pressure Psi

T Temperature °F

Py Bubble point pressure Psi

Tsc Standard temperature °R

z Distance ft

Om Mixture density Ibm /ft3
fm Mixture friction factor -

Uy, Mixture velocity ft/s

Dy, Hydraulic diameter ft

g Gravitational acceleration constant ft/s?

On No-slip density Ibm/ft3
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Appendix A. Further Experimental Details
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Nitrogen and white mineral oil (#5) were supplied from the market. The oil was tested
on a gas-chromatograph/flame-ionization detector (GC/FID) to analyze the components
and on a pycnometer for obtaining density. Table A1 represents the composition of the
white mineral oil (#5).
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Table A1. Composition of white mineral oil (#5).

Component Weight %
<nC13 00.51
nC13 00.81
vIso paraffin nC13-nC14 20.75
nC14 13.60
Iso paraffin nC14-nC15 32.72
nC15 15.30
Iso paraffin nC15-nC16 14.82
nCl16 < 01.05

At first, the test was conducted at 68 °F. Since it was difficult to identify the single
and two-phase regions in the P-V diagram especially, at high temperatures, the visual
observation was used to analyze the bubble pressure, which offered the feasibility of
observing the bubble stability. After the mixture became saturated and clear bubbles were
observed, the experiment for the desired temperature was finished. For the same volume of
liquid and gas, the temperature of the mixture was set to 122 °F, and another CCE test was
performed. When experiments were conducted at 68, 122, and 176 °F for the desired gas
and liquid volume, the next designed gas volume was introduced to the free-gas oil sample,
and the test was repeated at 68, 122, and 176 °F again. Table A2 includes the designed
liquid and gas volumes at different temperatures. This table represents 18 designed tests
that were selected for 6 different molar fractions of Nitrogen at temperatures of 68, 122,
and 176 °F. It is worth mentioning that some tests were repeated to increase the accuracy
of the models. When the solubility of Nitrogen in white mineral oil at temperatures of 68,
122, and 176 °F was plotted, it turned out to increase at various saturation pressures as the
temperature increased. Table A2 represents the final results of selected experiments. This
table was used in MATLAB for finding solubility and bubble pressure of white mineral
oil and Nitrogen at different pressures and temperatures (the new models). The behavior
of Nitrogen in the n-paraffin (Decane) [18] and the solubility at various temperatures in
the experiments were considerably consistent, and the major trends were the same as the
results of Tong et al. [18]. It must be mentioned that for the constant molar fraction of
Nitrogen, at higher temperatures, saturation pressure (bubble pressure) decreased, i.e.,
solubility was increased. The measured solubility in the experiment was quite compatible
with data from Rommetveit and Vefring [16] for the Nitrogen solubility in OBDF at 68 °F,
and the trends were similar. The slight difference could be due to the different types of
oil-based drilling fluid.

Table A2. Details of experiments and the obtained data.

The Designed Liquid and Gas Volume Final Results of PVT Experiment
Gas Volume (mL) at Gas Mole Fraction Temperature Nitrogen o P,
Test Standard Condition in Mixture 1(3"F) Mole Fr§ction Rs (scfistb) TCH (psi)
1 540 0.024 68 0.024 14.80 68 406.11
2 975 0.043 68 0.043 26.73 68 725.19
3 1900 0.081 68 0.081 52.09 68 1406.87
4 2530 0.105 68 0.105 69.36 68 1812.97
5 2805 0.116 68 0.116 76.90 68 2005.87
6 3415 0.137 68 0.137 93.62 68 2436.63
7 540 0.024 122 0.024 14.80 122 394.50
8 975 0.043 122 0.043 26.73 122 671.52
9 1900 0.081 122 0.081 52.09 122 1359.00
10 2530 0.105 122 0.105 69.36 122 1740.45
11 2805 0.116 122 0.116 76.90 122 1929.00
12 3415 0.137 122 0.137 93.62 122 2291.60
13 540 0.024 176 0.024 14.80 176 364.04
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Table A2. Cont.

The Designed Liquid and Gas Volume Final Results of PVT Experiment
T Golmembar Guleeincion Temgmuwe | Neww e 1o D
14 975 0.043 176 0.043 26.73 176 646.87
15 1900 0.081 176 0.081 52.09 176 1292.29
16 2530 0.105 176 0.105 69.36 176 1667.93
17 2805 0.116 176 0.116 76.90 176 1841.98
18 3415 0.137 176 0.137 93.62 176 2190.07
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