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Mapping the performance of centrifugal pumps under two-phase conditions
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Abstract. Centrifugal pumps are known to show a “surging” behavior at certain conditions of free gas and liquid flow rate at the
intake. In the “surging” region, the head generated by the pump increases with the liquid flow rate, and it is significantly lower
than if the pump were handling a homogeneous mixture. Therefore, to be able to predict the performance of centrifugal pumps under
two-phase conditions, one has to be able to “map” the conditions in which this “surging” behavior occurs. This paper reports on
the results of experimental and theoretical work conducted with the objective of better predicting the gas-liquid performance of
centrifugal pumps under all range of conditions, including those characterized by “surging”. The focus was on small diameter
centrifugal pumps used to produce oil wells. It was observed that, under gas-liquid conditions, two basic two-phase flow regimes
may establish within the pump impeller. The first regime is characterized by small dispersed bubbles flowing throughout the whole
impeller channel. The second regime is characterized by a large stationary gas bubble occupying part of the impeller channel.
Under the first regime, there is little deterioration of the “normal” pump head. Under the second regime, the “surging” behavior is
observed. A new criterion to determine the flow regime at the pump impeller, based on non-dimensional numbers, was developed. A
new mechanistic two-fluid model to calculate the head generated by the pump, under both regimes, was also developed. The
predictions of the model show good agreement with data collected for this study, and with data recently collected by other research
organizations.
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1. Introduction

Centrifugal pumps are commonly used in oil wells, mostly to allow for higher production rates. In these down hole
conditions, associated produced gas often exists, as a free gas phase, at the pump intake. Therefore, to properly select
what type of equipment to use and how to operate it, it is important to understand the performance of these centrifugal
pumps when handling two-phase (gas-liquid) mixtures.

Several investigators have studied, both experimentally and theoretically, the behavior of centrifugal pumps used in
oil wells, and in other applications, when handling two-phase mixtures. The experimental work (Lea & Bearden, 1980,
Cirilo, 1998, Romero, 1999 and Rodrigues 2001) has shown that these pumps can experience a phenomenon that has
been called “surging”. It is characterized by a rapid increase in the pump head with the liquid rate, and it usually occurs
at relatively high (higher than 10%) gas void fractions. The two-phase models developed so far for the pump
performance (Minemura & Murakami, 1974, 1980, Minemura et al, 1985, 1995, Zakem, 1980, Furuya, 1985, Sachdeva
(1988), Gaard et al, 1991, Clarke & Issa, 1995, Noghrehkar at al, 1995, Minemura & Uchiyama, 1993) were usually
based on the assumption of a relatively homogenous gas-liquid mixture (small bubbles dispersed in a continuous liquid
phase) flowing through the impeller channels, and are unable to accurately predict the pump performance under
“surging” conditions. This assumption is likely only valid for very small gas void fractions (lower than 5%). Other
investigators (Minemura & Murakami, 1974, Patel & Runstadler, 1976, Sekoguchi, 1983), for instance, have observed
the presence of elongated stationary bubbles at the entrance of the impeller channels for higher gas fractions, and this
should certainly influence the performance of the pump under these conditions.

To the best knowledge of the authors, until the work reported in this paper, no reliable criteria had been developed
to determine in which conditions the pump may exhibit or not the “surging” phenomenon. This paper reports on the
results of experimental and theoretical work conducted with the objective of better predicting the gas-liquid
performance of centrifugal pumps under all range of conditions, including those characterized by “surging”. A new
criterion to determine the flow regime at the pump impeller, based on non-dimensional numbers, was developed. A new
mechanistic two-fluid model to calculate the head generated by the pump was also developed. The predictions of the
model show good agreement with data collected for this study, and with data recently collected by other research
organizations, in a wide range of flow conditions.

2. Experimental Work
Initially, with the objective of visualizing the main two-phase phenomena occurring inside an impeller, an

experimental apparatus was built in which the main component was a scaled up stage made of acrylic. Figures 1, 2 and
3 illustrate what was observed: under certain conditions, a relatively large stationary bubble is formed at the entrance of
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the impeller channel, and the liquid phase occupies only a small portion of the channel flow area. Downstream of the
gas bubble, however, a relatively homogeneous flow develops, in which small gas bubbles are dispersed in the liquid
phase, which occupies the whole channel flow area. What happens is that small dispersed bubbles coalesce into the
large bubble at the rotor entrance but are again formed at its tail by the action of a liquid jet. This assures the steady-
state of the two-phase flow.
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Figure 3. Graphical representation of the observed phenomena — vertical and horizontal cross sections

A second experimental apparatus was then built, to quantitatively measure the pump performance. This apparatus,
shown in Figure 4, incorporated two stages of a commercial available pump. These stages were instrumented so that
the pressure at the entrance and at the exit of each stage could be measured. A torque meter was included between the
pump and the motor, to allow for the calculation of the pump efficiency. The gas fraction at the pump intake was also
measured for each test performed, as well as the mean bubble diameter (dj,,) for the flow in the inlet pipe, for each test
performed.

A similarity analysis can show that such pump, when operating at 800 RPM, has a similar behavior as a pump
commonly used in the oil industry (Schlumberger-Reda DN-280), when operating at 3,500 RPM (normal operating
speed for these pumps). Further details of the pump stage geometry are given by Estevam (2002).

Experiments were conducted at several levels of liquid flow rate (5-30m’/day), gas fraction at intake (0-15%) and
RPM (400-1000). Figure 5 illustrates some of the experimental results obtained. The figure shows non-dimensional
head versus non-dimensional liquid flow rate for several levels of gas void fraction at intake. One can notice three
distinguished regimes: (1) the pump behaves similarly to when handling single-phase liquid; (2) the “surging”
phenomena is observed; and (3) the pump “gas locks” and practically no head is delivered.

3. Theoretical Modeling Work

The modeling work was based on our understanding of the physical mechanisms involved in the flow of the two-
phase mixture through the impeller channel. When the pump rotates at a high RPM, a strong centrifugal field is
generated, which acts to hold back the small gas bubbles that are dispersed in the liquid phase. Note that, within the
impeller channel, the pressure increases in the direction of the flow. Depending on the circumstances, the small bubbles
can coalesce close to the entrance of the impeller, thus forming the elongated bubble. On the other hand, the liquid tends
to drag the small bubbles in the direction of the flow. Therefore, the balance between centrifugal and drag forces acting
on the bubbles is what likely determines the type of flow regime established in the flow channel. .

Thus, a Two-Fluid Model was developed for the flow inside the rotor of the pump, which takes into account the
above mentioned force balance. The final momentum equations, for the gas and liquid phases respectively, are:
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Additional details are provided by Estevam (2002).

The effects of the centrifugal field and of the liquid drag can be clearly noticed in Equation (1). If this equation is
integrated between the entrance and the exit of the impeller, the following equation results:
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This equation can then be put in a non-dimensional form:
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The “surging indicator” parameter I represents the ratio between the liquid drag and the centrifugal forces acting
on the gas bubbles. Note that it is a function of the mean bubble diameter (d,). The smaller the bubble, the easier it
can be dragged by the liquid against the centrifugal field, as the centrifugal force depends on the third power of the
bubble diameter and the drag force depends on the second power. The pump stages therefore work as a “bubble filter”
in which only bubbles smaller than a certain diameter are able to proceed to the next stage.



4. Mapping the flow regimes inside the impeller

Given Equation (4), an investigation was conducted to see if there could be a relationship between the flow regimes
developed inside the impeller and the non-dimensional parameters /g and (/- ).

Based on the experimental data collected points (i.e., values of liquid rate, gas void fraction, RPM and flow pictures
of the inlet pipe) were identified that corresponded to the transition from a “normal” behavior (i.e., decrease in head
with increase in flow rate) to a “surging” behavior (i.e., increase in head with increase in flow rate). When values for /g
and (/-) were plotted for those conditions, a strong correlation was found (Figure 6).

The process was then repeated for the on set of “gas-lock”. This “gas-lock” condition was arbitrarily selected based
on a total head of 20% of the expected value under single-phase liquid flow conditions. Values for /s were calculated
assuming that 80% of the channel was occupied by the stationary gas bubble and only 20% was actually contributing to
generating head (i.e., assuming that r; =1, ). Again, when values for /s and (/-a) were plotted for those conditions, a
strong correlation was found (Figure 6).

This suggested that a mapping of the flow regime inside the impeller, based on the non-dimensional parameters /g
and (/-@). and (/-a) was possible, as illustrated in Figure 7. As expected, for a certain value of the gas void fraction,
the higher the value for the non-dimensional parameter I ,the higher the liquid drag force as compared to the
centrifugal force, and the higher the chance for the pump to exhibit a “normal” behavior.
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Figure 6. Onset of surging and gas-lock conditions Figure 7. Mapping of the flow regime inside the impeller

To verify if the correlations found for the pump used in this experimental work would also apply to other pump
models, the experimental results obtained by Rodrigues (2001) with a different pump (Baker-Hughes Centrilift GC
6,100) were used. Figure 8 shows calculated values for /g and (/-&) for a number of these experiments, and the flow
regimes they correspond to. Figure 9 shows values corresponding to the onset of “surging” conditions for this different
pump, along with the correlation found based on the pump used in this experimental work. As it can be seen from these
figures, apparently, the correlations found in this study apply to other models of pumps as well.
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5. Calculating the head generated by the pump

It is speculated that the pump exhibits a “normal” behavior if all the bubbles are small enough that they can be
dragged by the liquid against the centrifugal field. When a stationary bubble starts forming at the entrance of the
impeller channel, because a few larger bubbles cannot be dragged by the liquid anymore, the “surging” behavior is
experienced. Under these conditions, only part of the impeller channel contributes to generate head. The bigger the
stationary bubble, the less head is generated. At a certain point, the pump is not able to generate any significant head
anymore, and it “gas-locks”

Calculating the head under the dispersed bubble, regime is relatively straightforward, because the pump exhibits a
normal behavior, and equations developed for single-phase flow can be used (with the appropriate corrections). The
same equations can be adapted to be used for the “surging” regime. The main difference is that one must only take into
account the portion of the impeller channel, which is effectively contributing to generating head (i.e. the portion which
is not occupied by the stationary gas bubble at the entrance). Thus, the experimental data was used again, to develop
relatively simple correlations that allow for the determination of the active part of the rotor, given a set of conditions.
Further details are provided by Estevam (2002). Figures 10 and 11 show the good agreement between the predictions of
the model, using this approach, and the experimental results obtained by Rodrigues (2001), under both regimes.
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6. Conclusions

An experimental apparatus built to visualize the two-phase flow inside the pump revealed that under certain
conditions, a relatively large stationary bubble is formed at the entrance of the impeller channel, and the liquid phase
occupies only a small portion of the channel flow area. Downstream of the gas bubble, however, a relatively
homogeneous flow develops, in which small gas bubbles are dispersed in the liquid phase, which occupies the whole
channel flow area. When the pump rotates at a high RPM, a strong centrifugal field is generated, which acts to hold
back the small gas bubbles that are dispersed in the liquid phase.

Depending on the operational conditions, the small bubbles can coalesce close to the entrance of the impeller, thus
forming the elongated bubble. On the other hand, the liquid tends to drag the small bubbles in the direction of the flow.
The balance between centrifugal and drag forces acting on the gas bubbles likely determines the type of flow regime
established in the impeller channel. The smaller the bubble, the easier it can be dragged by the liquid against the
centrifugal field. The pump stages therefore act as a “bubble filter” in which only bubbles smaller than a certain
diameter are able to proceed to the next stage.

A theoretical two-fluid model has been developed, giving rise to a non-dimensional parameter, named the “surging
indicator (I5)”. The parameter is a representation of the ratio between the liquid drag and the centrifugal forces acting on
the gas bubbles, and it is a function of the mean bubble diameter. The analysis of the experimental data collected
disclosed that there exists a strong correlation between the “surging indicator” parameter and the gas void fraction at the
intake for the conditions representing the onset of the “surging” and the “gas-lock” phenomena.

A map for the flow regime inside the impeller was proposed, based on the non-dimensional “surging indicator”
parameter /s and the liquid fraction at the impeller intake (1-ot). Apparently, the correlations found in this study apply to
other models of pump as well.



7. Nomenclature

Cp drag coefficient
dbm mean bubble diameter
Dy hydraulic diameter (impeller channel)
Fro centrifugal Froude number
fpo friction factor corrected for bent and rotation
H* non-dimensional Head
Is non-dimensional parameter - surging indicator
Q* non-dimensional flow rate
r radial length of the rotor
s length
Vis bubble relative velocity (S direction)
Vis liquid velocity (S direction)
o} gas void fraction
B flow angle
p density
® angular velocity
Ap pressure
Subscripts
gas phase
liquid phase

tail of the stationary bubble
channel entrance
channel exit
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