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Abstract. Progressing Cavity Pumps (PCP) are widely used in oil artificial lift for low to moderate well depths,
substituting in several cases the traditional reciprocating pumps. The flow characterization within these devices is of
fundamental importance for both, product development and field operation. A successful CFD model for the transient
3D flow within a PCP which includes the relative motion between rotor and stator was recently developed. This work
presents the extension of this model for the case of two-phase, gas-liquid flow, which is a very common situation on
field operation. The governing equations are solved using an element based finite volume method in a moving mesh.
The Eulerian-Eulerian approach is used to model the flow of the gas-liquid mixture. The compressibility of the gas is
considered through an ideal gas state equation, as a first approach. The model is validated against results presented
in literature, for a rigid stator PCP. The effects of the different gas fraction inside the pump on its efficiency were
analyzed, according to the multiphase flow patterns established by the literature.
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1. INTRODUCTION

Different oil lift methods have been studied along last years to increase the system efficiency and avoid loses.
Among all forms of oil extraction, the progressing cavity pumping is one of the most applied for heavy oils in low to
moderate well depths.

The use of Progressing Cavity Pumps (PCPs) has proven to be a good alternative in oil extraction, because of its
ability to pump heavy oils and high gas volume fraction flows. In northern Brazil, the PCPs are applied since de 80’s, in
Fazenda Belém wells, in Ceara, and also in the basin Potiguar wells (Assmann, 2008).

In oil wells, the oil comes most of the time accompanied with gas in the flow, which characterizes a multiphase
flow situation. The multiphase flows were vastly studied and different patterns were established (Collier & Thome,
1935). The patterns change with the fluid mass flow rate, since the bubbly flow (Ekambara et al., 2012), passing
through the slug flow to the annular flow. After extensive research none CFD model for the multiphase flow inside a
PCP was found, which represents an additional challenge to the present work.

The main difficulty to model multiphase flows inside PCPs is in the compressibility of the gas phase. The incoming
mixture in the cavity is determined by the pump suction pressure, but, as the pressure in the discharge section increases,
the mixture is compressed. Experiments ran by Bratu (2005) showed that the disproportional pressure distribution along
the pump may cause thermo-mechanics failures in the pump, which limits the maximum gas volume fraction
permissible inside the PCP.

The computational modeling of a PCP makes possible the knowing of pump’s operational variables in many field
situations, most of the time in cases where the study is only possible with high-cost experimental equipment.

The PCPs were first studied by Moineau (1930), who proposed a model based in the Hagen-Poiseuille flow to
model the flow within the sealing region in the PCP and deduce its discharge pressure. Gamboa et al. (2003) later
introduced effects like the rotor speed and liquid viscosity into an experimental study of the flow within a metallic stator
PCP, where is possible to observe variables like longitudinal pressure distribution and pump power. The first
computational model validated for a metallic stator PCP was developed by Paladino et al. (2011), based on previous
works of Lima et al. (2009), Pessoa (2009) and Almeida (2010). The model was developed using a proprietary mesh
generation methodology, which will be used in this work to model the multiphase flow inside a metallic stator PCP.

This work presents a computational model for multiphase flow inside a metallic stator PCP for unsteady 3D flow.
The gas phase was modeled considering an ideal gas as a first approach, and the bubbly flow pattern inside the cavities
was considered. The model was validated against the experimental results obtained by Gamboa et al. (2002, 2003) and
Olivet (2002) for different gas volume fractions and pressure gradients.
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1.1 PCP operation principle

This section intends to briefly describe the operation principle of a PCP, in order to contribute to the easy
understanding of the multiphase model described in this work.

The Progressing Cavity Pumps (PCPs) are positive displacement pumps whose operation principle is based on the
eccentric motion of the rotor, displacing the fluid contained within its cavities from low to high pressure regions. The
PCPs are constituted by the rotor and the stator, which may be metallic or elastomeric. The center of the rotor is
displaced from stator’s center, which is a geometric variable of the pump recognized as “eccentricity”. For one lobe
pump, the stator pitch is twice the rotor pitch, which form cavities between the rotor and stator, which in turn are
responsible for the pumping action, axially displacing the fluid.

The PCPs are designed in order to pump the mixture from low to high pressures and prevent the counter-flow, also
known as “slippage”. To prevent this slippage, the cavities are dynamically sealed: by mechanic interference between
the rotor and the stator, which require an elastomeric stator; or by hydrodynamic sealing, when there is a fluid film
between these two elements. Figure 1 shows schematics transversal sections of these kinds of PCPs:

(b)

Figure 1. PCP transversal sections. (a) PCP with clearance or negative interference, (b)PCP with positive
interference. (Paladino et al., 2011)

2. COMPUTATIONAL MODEL

This section aims to make a quick review of all the main theoretical concepts applied to the development of present
model.

A multiphase flow model for a PCP was developed using the commercial software ANSYS-CFX®. The mesh
generation algorithm was implemented based on the model developed in Paladino et al. (2011), Almeida (2010), Pessoa
(2009) and Lima et al. (2009), for a negative interference metallic PCP.

The ANSYS-CFX® solves the flow by the domain discretization into finite volumes using an Element Based Finite
Volume approach (Maliska, 2004) solving the mass and momentum conservation equations in a coupled way. The flow
was solved in isothermal conditions, and to simplify the compressibility effects modeling, the gas phase was modeled
taking into account an ideal gas state, as a first approach.

The gas-liquid mixture was modeled using the Eulerian-Eulerian approach. As bubbly flow pattern is assumed
within the cavities, a continuous-dispersed morphology is considered in the model. The homogeneous and the
inhomogeneous models were considered to compute the flow, and compared in this work.

With these considerations, the equations that have to be solved, considering the inhomogeneous model, are the
mass and momentum equations for each phase in the multiphase mixture,
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where a denotes the phase, r, the volume fraction of phase ¢, p the fluid density, p the fluid dynamic viscosity, I,
the mass flow from phase f to phase a, which is only present if there is phase change, S,,, the momentum source due to
external forces, M, the interfacial forces acting in phase a , also called interfacial momentum transfer term and the term
(I) denotes the momentum transfer due to mass transfer through the interface between phases, which, again, is only
present in the case of phase change.

Equations (1) and (2) are solved for each phase, in the inhomogeneous model. The governing equations for the
homogeneous model are the same presented for the inhomogeneous, however, for the homogeneous model the Egs. (1)
and (2) are solved for the mixture, instead of being solved for each fluid.

The gas volume fraction at the pump entrance is calculated based on the fluid volumetric flow rate of gas (Qgss) and
liquid (Qyig) considering homogeneous model, although within the pump, heterogeneous velocity fields were considered.
Then, the gas volume fraction at the pump entrance is given by,

GVF - o (4)
Qliq + ans

Considering the multiphase flow patterns, the bubbly flow pattern was considered in the PCP flow modeling. This
pattern is characterized by the presence of a phase dispersed in a continuous phase, in form of dispersed bubbles, which
diameter is very small when compared with the rotor diameter. When a continuous-disperse flow is considered, the
bubble diameter is one important parameter in calculating the momentum interfacial transfer. As there is no
experimental information about this parameter in PCPs, or similar devices, usual values for bubbly flow in ducts were
considered, although the specification of this parameter in the flow model needs further investigation. One good
approach was experimentaly tested by Winterton and Munaweera (2000), based on the Nikuradse formula (Schlichting,
1987), giving,

d =0,04D )

where d is the mean bubble diameter and D the duct diameter. The experimental results showed that the bubble size
is smaller than the obtained by Eq. (5), because this formula does not take into account the surface tension effects on the
bubble. As stated, the problem in using Eq. (5) to model the mean bubble diameter for a PCP is that this equation was
obtained for a duct flow. As the rotor makes its eccentric movement, the PCP diameter changes, forming the cavities.
We can approach the PCP as a duct considering the stator diameter or proposing an interpolation between the rotor
diameter and the stator diameter.

The modeling of flows with high gas volume fraction in a PCP is a challenge, as there is no knowledge about the
morphology that phases adopt within the pump. In this work the model was applied for gas volume fraction up to 20%.

Regarding the turbulence model the k-¢ is applied to the continuous phase, and no model is applied to the disperse
phase, i.e., no turbulent stress is considered within dispersed phase.

Behzadi et al. (2003) developed a turbulence model for high gas volume fractions based on the standard Eulerian-
Eulerian approach for multiphase flow. The model was validated against experimental results and is applied for all
range of gas volume fractions. This model could be the alternative for the modeling of high gas volume fraction flow in
the PCP. The implementation of such model for the multiphase flow within PCPs is under investigation.

3. METODOLOGY

This section aims to describe the methodology adopted in the development of this model, which includes the PCP
geometry construction, simplifications and assumptions. The geometry used in the model was based on the metallic
PCP used by Gamboa et al. (2003) and Olivet (2002), with the following parameters (see Fig. 1 for reference):
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Table 1. Geometric parameters of the PCP.

Variable Value(mm)
Clearance, w 0,185
Rotor diameter, Dy (=2R) 39,878
Stator diameter, Dy (=2Ry) 40,248
Eccentricity, E 4,039
Stator pitch, Py 119,990

As stated bubbly flow pattern was considered, although the flow configuration within the pump is not known a
priori, this pattern is assumed as low gas volume fraction was considered. Initially a homogenous flow situation was
considered, for its simplicity in solving, and then the inhomogeneous model was employed.

Experimental results for the multiphase flow obtained in Olivet et al. (2002) and Gamboa et al. (2003) considered
air and oil: lubricant oil with dynamic viscosity of 42 cP and density of 868 kg/m? as liquid phase, and air as gas phase.
In this work, the air was modeled as ideal gas, the flow was also considered isothermal with a temperature of 27 °C.

In ANSYS-CFX® the domain was partitioned into four surfaces: inlet, outlet, rotor and stator. The inlet and outlet
regions were modeled as “opening”, to account for the possible counter-flow due to the periodic rotor motion. The rotor
and the stator contours were modeled as “wall” regions. The stator behaves as a static wall, and the rotor as a moving
(translating and rotating) wall. To model the rotor dynamics, the developed moving mesh algorithm (a FORTRAN
subroutine transformed in a dynamic linkage library, dll) was applied to represent the fluid region (see Paladino et al.,
2011; Lima et al., 2009).

Different turbulence models were considered for the homogeneous and inhomogeneous approaches. For the
homogenous multiphase model the eddy viscosity transport model was utilized, and showed good results for low gas
volume fractions, but did not for high gas volume fractions. The EARSM (Explicit Algebraic Reynolds Stress Model)
model, already implemented in ANSYS-CFX®, was tested too. This model, implicit in the k-« model, take into account
secondary flows in rotation systems, which can make a better approach for the PCP flow. Another parameter included
in the model was the turbulence production transfer. In continuous-disperse flows, the disperse particles tend to increase
the continuous phase turbulence, in the phenomenon known as “particle induced turbulence”. To model this effect, the
ANSYS-CFX® has the Sato Enhanced Eddy Viscosity model. The k-o EARSM coupled with the Sato’s model were
applied to the inhomogeneous model.

4. RESULTS AND DISCUSSIONS

This section will show the results obtained for the metallic stator with negative interference PCP in a multiphase
flow condition. All the topics of study were analyzed in order to know the exact influence of each variable in the flow.
The homogeneous and inhomogeneous models were applied considering the turbulence models previously discussed,
and their results were compared to the experiments.

The experimental results obtained by Gamboa et al. (2002), Olivet (2002) and Gamboa et al. (2003) were utilized to
compare results of the present model. The experiments were run with the PCP which geometry is defined by Table 1,
and pressure sensors (named A, B, C, D and E), lagged by 60 mm approximately from the inlet section, were plugged
into it in order to obtain the pressure fields along the PCP.

4.1 Pressure distribution

The pressure distribution was obtained by monitor points included in the CFD model, at the same points of the
experiments.

The turbulence model firstly adopted was the eddy viscosity transport model, and none turbulence production
transfer term was applied.

Figure 2 shows the results for the pressure profile versus the rotor angular position at the five pressure sensors for a
constant rotor velocity of 400 rpm, differential pressure of 113,46 psi and gas volume fraction of 20%:
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Figure 2. Computational pressure profiles obtained with the homogeneous model compared to the experimental
pressure profiles for a rotor velocity of 400 rpm, GVF = 20% and AP = 113,46 psi.

The pressure at different monitor points (pressure sensors A, B, C, D and E) are presented by different colors in
Figure 2, where the lower pressures correspond to the inlet section and the higher pressures to the outlet section of the
PCP. Results compare reasonably well, even considering homogeneous model.

The pressure sensors positioned in the middle of the pump (pressure sensors B and C) presented higher error when
compared to experiments; this can be due to the simplifications adopted (as the compressibility effects, for example), or
due to the mesh used, that may be not appropriate for this flow.

The mesh refinement is an alternative to solve this problem, obtaining a more precise pressure profile, taking into
account the pressure peaks in the middle sections of the pressure sensors. The pressure sensors D and E presented the
best results when compared to the experiments.

For the same pressure gradient, the inhomogeneous model was then applied. The eddy viscosity transport turbulence
model showed some convergence problems for this case. The solution was applying a different turbulence model to it.

The k-0 EARSM turbulence model was employed, including the Sato’s turbulence production transfer term. The
bubble mean diameter defined by Eq. (5) was included in this model. The results are shown in Fig. 3:
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Figure 3. Pressure profiles obtained in the inhomogeneous model compared to the experimental results for rotor
speed of 400 rpm and GVF = 20% and 4P = 113,46 psi.
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Pressure peaks diffusion is observed in the case of inhomogeneous model. These errors are under investigation.

4.2 Volumetric flow rate

One of the most important variables when studying pumps is the volumetric flow rate. Figure 4 shows the results for
the pump volumetric flow rate (in barrels per day) versus the differential pressure. To the present case the homogeneous
model was applied. Once again, the results were compared against the experimental results of Gamboa et al. (2002,
2003):
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Figure 4. Volumetric Flow Rate vs. Differential Pressure for a rotor velocity of 400 rpm and GVF = 20%.

The results presented in Fig. 4 are used to validate the present model against the experimental results of Gamboa et
al. (2002, 2003). Despite being simpler than the inhomogeneous model, the homogeneous model showed results very
close to the experimental results. This could be due to the fact that the simpler solution does not require a refined
computational mesh or a complex numerical solution, since only one momentum equation is solved for the mixture.

In this work, cases with gas volume fraction up to 20% were solved. No successful runs were obtained for higher
gas volume fractions with homogeneous or inhomogeneous models. Nevertheless, these results show the accuracy of
the homogeneous model for low gas volume fractions.

4.4 Slippage flow rate

An interesting engineering parameter of positive displacement pumps (which include PCPs) is the slippages flow,
i.e., the difference between the theoretically displaced flow rate, which depends only on pump geometry, rotation
velocity, and the actual pumped flow rate. Olivet (2002) and Gamboa et al. (2002, 2003) obtained experimental results
for the slippage (or counter flow, as defined early in this work). The slippage flow rate is calculated by the following

Eqg. (6):
Squ = Qliq/theoretical _Qliq/CFX (6)

where Sjiq is the slippage flow rate for the liquid phase, Qjigcex the volumetric flow rate of the present model for the
liquid phase and Qjigeoretical the Volumetric flow rate obtained by a zero pressure gradient condition in the CFD model
for the liquid phase. The slippage flow rate values for the homogeneous model calculated by Eq. (6) are shown in Fig.
5:
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Figure 5. Slippage Liquid Flow Rate vs. Differential Pressure for a rotor velocity of 400 rpm and GVF = 20%.

The results presented in Fig. 5 are for the same conditions presented in Fig. 4, for the volumetric flow rate. The
homogeneous model presented good results also for the slippage flow rate, matching the experimental results. It is
noteworthy that the calculation of the slippage flow rate doesn’t include the gas phase. For the calculations the gas
volumetric flow rate was subtracted from the volumetric flow rate (Qr) in order to obtain the slippage flow rate only for
the liquid phase.

4.4 Volumetric efficiency

Another important variable is the volumetric efficiency. For the PCP, as defined by Gamboa et al. (2002), the
volumetric efficiency is calculated as:

— QCFX

n (7

cheoretical

where 7 is the volumetric efficiency, Qcgx the volumetric flow rate of the present model and Quneoreticar the Volumetric
flow rate obtained by a zero pressure gradient condition in the CFD model. Olivet (2002) proposed a different approach
to the theoretical volumetric flow rate, obtaining it by an algebraic equation:

cheoretical =¥-n (8)
where n the rotor velocity and % is the PCP displaced volume, obtained by the following Eq. (9) as the product of

the PCP free area (A) with the stator pitch (Pg):

V- =| 4D, E +8Ew+7(Dyw+Ww) |- P, 9)

-

A

The volumetric flow rate decreases with the increase of differential pressure (Fig. 4), hence the volumetric
efficiency will follow this behavior. To compare both methodologies, the volumetric efficiency obtained by Eq. (7) was
denominated #; and the one considering the theoretical volumetric flow rate obtained by the Eq. (8), #,. In Tab. 2 are

presented the results for the volumetric efficiency, considering different pressure gradients and a gas volume fraction of
20%:
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Table 2. Volumetric efficiency for a GVF = 20% flow.

Differential Pressure (psi) 11 2

55,07 83,83% 74,72%
113,46 59,15% 54,69%
120 56,13% 51,89%
156 33,25% 30,74%
165 27,29% 25,24%

The idea was to check the volumetric efficiency change with the gas volume fraction, but this was not possible
because of the problems with the turbulence model for high gas volume fractions. However, a comparison with the
single-phase flow model can show that the increase of the gas volume fraction, decrease the volumetric efficiency, as
can be found in Olivet (2002):

Table 3. Volumetric efficiency for single-phase flow.

Differential Pressure (psi) N1 N2
55,07 84,73% 78,48%
156 36,80% 34,02%

Comparing Tabs. 2 and 3, the single-phase flow presented a higher volumetric efficiency than the multiphase flow
as predicted by Gamboa et al. (2002, 2003) and Olivet (2002). The single-phase flow was solved taking into account the
multiphase flow model, developed in the present work, but with a gas volume fraction of 0%, i.e., the Egs. (1) and (2)
were also solved to this model, considering the homogeneous model.

The difference between both approaches for the volumetric efficiency is noteworthy, with differences around 5%. In
order to compare both results, to the single-phase case, considering Qcgx as the theoretical volumetric flow rate from 7,
model (270 bpd, value from CFX), and Quneoreticar @S the theoretical volumetric flow rate from #, model (293 bpd, value
from Eq. (8)), according to Eq. (7) a volumetric efficiency of 92,15 % would be present in the flow, where the expected
was a 100 % volumetric efficiency.

In order to analyze the influence of the rotor velocity in the volumetric efficiency. Simulations considering the
homogeneous model with rotor velocities of 400, 300 and 200 rpm were run, maintaining the same gas volume fraction.
The results obtained and compared to the experimental results of Olivet (2002) are presented in Fig. 6:

50 =

Olivet (2002): Experimental

Volumetric Efficiency - », [%0]

O O O 40 rpm
A A AD0rpm
1 O O Oxorpm
& @ @ 00rpm:PresentWork
® O © 20 rpm:PresentWork
A A A 200rpm:PresentWork
0 1T v 17T T T T YT T TT YT

0 20 40 60 80 100 120 140 160 180
Differential Pressure - AP [psi]

Figure 6. Volumetric Efficiency vs. Differential Pressure for different rotor velocities.
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The results showed the accuracy of the homogeneous model applied to the PCP. As can be viewed, when the rotor
velocity decreases, the volumetric efficiency also decreases. In other words, there’s a decrease in the theoretical flow
rate, accompanied by a volumetric flow decrease due to the differential pressure increasing, sharper as the rotor velocity
decreases. For both rotor velocities the results were satisfactory, showing precisely the decreasing in the volumetric
efficiency with the differential pressure increasing.

5. CONCLUSIONS

A multiphase flow model for a metallic stator PCP was developed and the results were validated against
experimental results. The complexity of solving such flow was detailed. The Eulerian-Eulerian approach was used and
the results for the homogeneous and inhomogeneous models were compared, showing the advantages and disadvantages
of both models in the multiphase flow modeling. The role of the turbulence model was made clear and this will be an
important point for further development of the model, to account for higher gas volume fractions.

Even with the difficulty to model the high gas volume fraction flows, this situation is barely found in oil fields
operations when using PCP as artificial lift method. Flows with gas volume fraction of 20% are considered to be “high
gas” flows.

The homogeneous model was successfully applied to solve the flow inside the PCP with volume fraction of 20%
and validated results were obtained for the pressure profile, for the volumetric flow rate, for the slippage flow rate and
for the volumetric efficiency. The inhomogeneous model showed some errors in the same conditions, which makes us
conclude that a more complex turbulence model have to be applied to it. Further investigation on this point is under run.

The PCP volumetric flow rate and slippage flow rate were correctly modeled for the homogeneous model. The
results obtained showed a small difference when compared to the experimental results for gas volume fractions of 20%.
The variations in the volumetric flow rate with the rotor velocity were analyzed and the results validated
experimentally.

The volumetric efficiency results, even for the homogeneous model, confirmed the statements of Gamboa et al.
(2002) and Olivet (2002), which the volumetric efficiency decreases with the increasing of gas volume fraction and
with the decreasing of the rotor velocity. The results were validated for rotor velocities of 200, 300 and 400 rpm.

The present model is the first attempt, after research in the literature, to model the multiphase flow for a metallic
stator PCP, and means the first step in the multiphase computational modeling of this artificial lift method, that is being
increasingly applied in onshore wells.

For future works we suggest developing a multiphase flow model for gas volume fractions of 50% and 80%, as
experimentally tested by Gamboa et al. (2002, 2003) and Olivet (2002). Hence, appropriate models for turbulence and
interfacial momentum transfer have to be implemented, in order to be applied to all range of gas volume fractions.

The present model can be extended for a positive interference PCP, to study the interactions between the elastomeric
stator and the multiphase flow. The effects of the heat transfer can be also included in the computational model and the
damages to the PCP caused by the heat can be studied.
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