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Abstract: This paper aims to summarize the results of several experimental investigations regarding
two-phase liquid–gas flows in radial centrifugal pumps. The main objective is to combine the corre-
sponding experimental results and collect the obtained knowledge to provide a better understanding
of this configuration. The simultaneous transport of the two phases, the phase segregation, and the re-
gions of safe or critical pump performance were described for a wide variety of pump configurations.
This review covers single- and two-phase pumping conditions, performance degradation, pump
breakdown, performance hysteresis, different flow regimes, flow regime maps, flow instabilities, and
surging. This manuscript also considers the influence of employing different pump configurations
on pump performance and flow regimes. This includes comparisons between closed and semi-open
impellers, standard and increased tip clearance gaps, and running the pump with and without an
inducer. Many of the results discussed have been published in a series of research papers. They were
all collected, summarized, and compared systematically in the present review.

Keywords: centrifugal pumps; gas–liquid two-phase flow; flow regimes; tip clearance gap;
pump inducer

1. Introduction

The transport of two-phase liquid–gas flows is relevant for numerous engineering-,
industrial-, and energy-related applications. Such a two-phase flow exists in the pipes
of many solar collectors, chemical reactors, oil wells, membrane processes, refrigeration
devices, energy-storing devices, and heat exchangers [1–4]. Accordingly, to optimize the
operation of these applications, comprehensive investigations for the complex flow of two-
phase mixtures are necessary, given that the behavior of a two-phase flow is significantly
different from that of a single-phase flow. Additionally, numerical studies are only useful
when an appropriate validation against experimental data is first performed.

Centrifugal pumps are utilized in numerous applications, i.e., industrial, engineering,
and domestic, due to their simple and efficient design, as well as their wide flexibility.
For instance, centrifugal pumps provide a very wide operating range, which can be easily
adapted based on the desired conditions. Additionally, these pumps require low mainte-
nance [5,6].

The simultaneous flow of gas and liquid phases in radial centrifugal pumps is also
found in many engineering and industrial applications. For instance, pumping gas–liquid
mixtures is necessary for natural gas and petroleum transportation [7,8], the production
of crude oil, medical systems, the paper-making industry, the treatment of wastewater,
geothermal plants [9], and the cooling pipes of nuclear plants [10,11].
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Centrifugal pumps were initially developed for the transport of pure liquids, and
had excellent properties for this purpose. However, the performance, efficiency, and most
of the flow parameters significantly drop for two-phase flows. This happens because
the gas phase has a very high tendency to accumulate and stay in the impeller channels.
When the flow separates, a big flow recirculation often occurs, which is considered the
primary mechanism for bubble accumulation in two-phase flows [12–14]. Additionally,
the gas and liquid phases are subjected to dissimilar centrifugal and Coriolis forces due to
their density difference. These factors create low-pressure zones, where the lighter phase
accumulates accordingly. In the pump flow, separation and flow recirculations may take
place on the suction or pressure side of the impeller channels or the pump tongue [15–23].
The following is a summary of the results regarding two-phase liquid–gas flow transport
in radial centrifugal pumps, mostly based on our own investigations and with appropriate
connections to the relevant literature.

As already mentioned, transporting gas–liquid mixtures with centrifugal pumps
is a very complex job due to the high tendency of the gas phase to separate and accu-
mulate within the impeller. In this case, the pump works very inefficiently due to gas
locking [7,24], and, in some cases, the pump completely loses its functionality [11,25–27].
This phenomenon is know as pump “breakdown” [28–32]. In the literature, pump break-
down is frequently referred to as “gas locking” [33–35].

The presence of large gas pockets is not only responsible for the dramatic deterioration
of the head and flow but can also lead, under some specific conditions, to severe flow
instabilities and system vibrations. Under these conditions, the continuous formation
and discharge of huge gas pockets occur. This phenomenon is known as pump “surging”,
which corresponds to two different operational points, resulting in strong fluctuations of the
pump performance between two distinct points [36–38]. The two-phase flow pattern in the
impeller is strongly unsteady in this condition, where the gas pockets are characterized by
considerable size changes, large oscillations, and alternating appearing and disappearing
behavior [39,40]. These unsteady characteristics are directly reflected in the flow parameters
and pump delivery.

The pumping performance of a single-stage radial centrifugal pump, transporting
air–water mixtures at suction pressures near atmospheric levels, can be negatively affected
even by a very small amount of gas. Also, levels of air slightly above 1% can adversely
increase the required net positive suction head of the pump NPSHrequired [41]. Usually,
the drop is more apparent away from the nominal flow rate (at partial load or overload
conditions) for gas volume fractions (GVF) lower than 3% [19,28,42,43]. For gas contents
between 4% and 6%, the performance also considerably drops at optimal flow condi-
tions [19,44]. Furthermore, at about 7% to 10% of air content, a complete failure of the
performance (pump breakdown) usually occurs [11,19,28,29,42,44–46]. However, other
impeller designs, e.g., mixed impellers, can handle a higher amount of gas (up to 30%),
as discussed below. Further, helico-axial pumps, which move the fluid along the axial
direction, are broadly utilized for conveying multiphase mixtures. These particular pumps
can handle gas volume fractions ranging from 50% to 80% and are primarily suitable for
low-head applications [47,48]. The present investigations concentrate on evaluating the
performance of single-stage radial centrifugal pumps.

Another problem related to transporting gas–liquid two-phase flows with radial
centrifugal pumps is the hysteresis of the performance. This phenomenon means that
the final pump performance changes according to the steps (history) used to reach the
desired conditions, i.e., the flow rates of both phases. Hysteresis can be seen in a variety of
flow applications, such as the Taylor vortex flow, where the height and number of vortices
strongly depend on how the flow is initiated [49]. Similar to this, for formally identical
operating points, large differences in performance can occur in centrifugal pumps when
reducing the air flow rate from an initially high value or starting from zero and increasing
the air flow rate. This is caused by a previous buildup of large air pockets, which can
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continue along the blades under certain flow conditions, even after the air flow rate is
reduced to levels where smaller or no air accumulations should take place.

The bubble size in the impellers of centrifugal pumps is a critical factor that affects
the performance of the pump [20,34,38,50–53]. It is also an important aspect of the accurate
modeling of the pump performance in numerical studies [54–59]. Previous investigations
revealed that the bubble size is impacted by several parameters, including the inlet gas
volume fraction, the rotational speed, and the liquid flow rate [34,50–52]. The bubble
size typically increases with the increasing inlet gas volume fraction, since the number of
gas bubbles present in the liquid increases and the bubbles start to coalesce and grow in
size [20,51,52]. Further, the increase in the rotational speed decreases the bubble size due
to the higher shear force applied to the bubbles, which leads to a break up of the bubbles
to finer ones [20,32,51–53]. The increase in the liquid flow rate also affects the bubble size.
Usually, when the flow rate increases, more turbulence is generated in the impeller, which
helps break up the bubbles [38,51,53,54]. Still, the bubble size in the impellers of radial
centrifugal pumps is a complex issue. The relationship between the factors affecting the
bubble size is not always straightforward. Additionally, the effect of the impeller design,
the size of the tip clearance gap, and the installation of an inducer on the bubble size
distribution have been not clarified in the literature.

Earlier investigations published in the literature studied the effects of numerous
important flow factors, revealing significant information concerning the research prob-
lem. For instance, higher rotational speeds can enhance the transport of a two-phase
flow [32,34,35,38]. When the rpm is increased, the flow becomes faster in the inlet pipe
and the gas phase becomes more dispersed before entering the impeller. The increased
rotational speed also enhances the shear force and turbulence within the impeller, which
hinders the accumulation of the gas phase and delays flow regime transition [32,38,40,42,60].
Accordingly, the pump maintains a more stable performance under higher gas contents
when running with higher rotational speeds.

The specific speed of a pump (nq) is a parameter that relates the rotational speed, flow
rate, and pressure head of a pump (see, later, Equation (1)). The specific speed can be used
to indicate the geometric type of the impeller. There are generally three main categories of
geometric types: having either an axial, mixed, or radial impeller. Axial impellers typically
fall within the higher specific speed range (140 ≤ nq ≤ 400). Mixed flow impellers have
intermediate specific speeds (40 ≤ nq ≤ 140), with a design combining radial and axial
properties, while radial impellers, similar to those used in the present investigations, have
a low specific speed range (nq ≤ 40).

In the study of Cirilo [46], a radial pump impeller (low specific speed) was compared
to a mixed one (moderate specific speed). It was shown that the mixed impeller could
transport air–water mixtures with air content up to 30%, while the radial one was only able
to pump air content lower than 10%. Similarly, the pumping performance was enhanced
in reference [60] by increasing the specific speed of a radial impeller. However, the perfor-
mance was negatively impacted by rising the specific speed in reference [40]. Gülich [61]
tried to explain this apparent contradiction. The reason for this inconsistency is believed to
be the combined effects of impeller shape and rotational speed, both of which contribute to
the specific speed. As discussed earlier, when the rotational speed increases, i.e., a higher
specific speed, the pumping performance is enhanced. Additionally, increasing the outer
diameter of the impeller at a constant rotational speed decreases the specific speed. This
decreases the blade loading. It also provides extra length for the flow to reattach after
a gas accumulation zone, thereby boosting the two-phase pumping performance [40,61].
However, it is hard to explain in such a simple manner the complex influence of the specific
speed; further investigations are still needed.

According to some studies [62–65], a higher liquid viscosity causes less turbulence,
which promotes gas accumulation and performance degradation. Nevertheless, in similar
studies investigating oil–gas flows, the increase in the viscosity of oil resulted in an im-
provement in the two-phase performance, particularly at overload conditions. The reason
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is that the bubbles are subjected to a higher drag in this case, which slowed down the
segregation of the phases [40].

Several research studies demonstrated that increasing the suction pressure improves
pumping performance by reducing gas volume expansion within the pump and lowering
the liquid-to-gas density ratio, improving, accordingly, the gas handling capacity of the
pump [45,66–68]. An experimental study also demonstrated that injecting a surfactant can
significantly enhance gas–liquid pumping [69]. The interfacial characteristics of the fluids
changed as a result of the injected surfactant (isopropanol IPA). A surfactant leads to drag
reduction. Additionally, it changes the polarity of the bubble interface into a foamy flow
at low-flow conditions and a dispersed bubble flow at high-flow conditions. The sudden
drop in performance could, therefore, be reduced, and the pump could transport more gas
with a lower performance reduction.

It might be expected that the approach flow may have an impact on the two-phase
pumping performance. However, our preliminary experiments indicated that the approach
flow has almost no effect on the final two-phase pumping performance. In preliminary
tests, no difference in the performance could be seen when changing the diameter of the
inlet pipe, adding a mixer in the inlet pipe, changing the radial and axial locations of gas
injection, changing the size of gas bubbles, or changing the flow regime in the inlet pipe.
Even bubbly and stratified flow regimes in the inlet pipe led to identical performances.
Similar observations were found and discussed in references [39,40,61,70,71]. This confirms
that the performance is mainly dominated by the inlet gas volume fraction and what
happens inside the pump, i.e., impeller geometry and rotational speed, while the approach
flow shows a generally negligible influence.

The fine details of the two-phase flow interactions within the impeller channels were
only investigated in a limited number of experimental studies, even though it was con-
firmed to be directly related to the two-phase pumping performance [9,11,24,72–75]. The
two-phase flow patterns were mainly recognized by making a transparent part (window)
in the pump body or using a transparent pump casing. Nonetheless, some new studies
used a modern non-intrusive method to determine the distribution of gas and liquid in an
opaque industrial pump [76,77]. Still, this new method seems to be very complicated.

Visualization experiments revealed that the formation of gas pockets on the blades,
frequently close to the impeller inlet, is the primary cause of the degradation of the pump
performance [24,38,73,78]. Murakami and Minemura [50] demonstrated that the pump per-
formance discontinuities correlate to changes in the two-phase flow regimes in the impeller
channels when the gas flow rate is increased. According to the results in reference [79],
the pump breakdown takes place when the gas builds up to the outer diameter of the im-
peller. In the literature, several distinct two-phase flow patterns have been noted, including
the following:

• Bubble, agglomerated bubble, gas pocket, and segregated flow in references [35,38].
• Bubble, slug, and pocket flows in reference [79].
• Bubble, unstable pocket, stable pocket, segregated flow in reference [68].
• Isolated bubbles, bubble, gas pocket, and segregated flow in reference [75].

Figure 1 shows sample images and schematic sketches for the various flow patterns
observed in the impeller of the centrifugal pump studied in reference [38]. The reason for
the uneven phase distribution in different impeller channels is the typically non-uniform
pressure distribution surrounding the impeller. Additionally, the unsteady nature of the
two-phase flow and the irregular structures of the gas phase entering from the impeller’s
eye may also contribute to this uneven phase distribution.
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(a) Bubble flow (GVF = 0.57%) (b) Agglomerated bubble flow (GVF = 0.72%)

(c) Gas pocket flow (GVF = 1.1%) (d) Segregated flow (GVF = 2.78%)
Figure 1. Gas–liquid two-phase flow patterns observed in centrifugal impellers at 900 rpm in
reference [38].

There are different observations in the literature about where the first gas accumulation
occurred. The onset was occasionally seen on the blade suction side in some investiga-
tions [11,73,74]. Poullikkas (2003) [11] showed that the gas starts accumulating on the
blade suction side, and near the impeller back plate. Figure 2 describes the three stages
of gas accumulation in the impeller as observed in reference [11] using high-speed video
recordings when the gas content is gradually increased. This behavior might be related
to the considered steam–water two-phase mixture. Nevertheless, a similar behavior was
observed for air–water mixtures in reference [73], where the large gas pockets started from
the blade suction side, near the impeller inlet. Figure 3 shows the progress of the two-phase
flow inside the impeller channels observed in reference [73] for a progressive increase in
the gas percentage.

Gas bubbles at the suction side of 

the blades near the eye diameter

Gas bubbles adjacent to the 

back plate of the impeller

First stage 

Beginning of gas 

accumulation 

Liquid

Liquid

(a) Low gas content

Gas bubbles adjacent to the 
back plate of the impeller

1st stage 
Beginning of gas 

accumulation 

Gas bubbles advancing towards the 

length and width of the impeller passage 

Gas bubbles advancing 

towards the height of the 

blades

Second stage

Further accumulation

Liquid

Liquid

(b) Medium gas content

Passages full of gas

Passages full of gas

Gas

Gas
Gas

Gas

Third stage

Pump breakdown

at 9% gas content

(c) High gas content
Figure 2. Stages of gas accumulation for a steam–water two-phase flow, as observed in reference [11].

(a) GVF = 0.2% (b) GVF = 0.32% (c) GVF = 0.45%
Figure 3. High-speed observations for the air–water flow with a density ratio of 830 inside the
impeller channel at 1200 rpm from reference [73].
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Other studies [7,24,50,75,80] noticed, conversely, the onset of the gas accumulation
close to or on the pressure side of the blades. Figure 4 depicts the flow patterns and
the gradual gas buildup found in reference [24]. The gas pockets are first visible on the
pressure side here. As a result, additional research is necessary because there is still no
widely accepted explanation for the observations. Sato et al. [80] could find a relation
between the incidence angle of the impeller and the location of gas accumulation as
described below. Further, the different flow conditions (part-load, nominal, or overload),
impeller designs (closed, semi-open, or open impeller), and mixture components (air–water
or steam–water) used in the studies all contributed to the distinct conclusions. In addition,
only a very small number of flow regime maps were produced in the literature, as noted
in the references [36,38,68,81], and the maps were frequently not directly related to the
performance curves of the pump. The present review includes this as one of its goals.

A B

Crushed and
uniformly scattered

bubbles

Beginning of air
accumulation near
the pressure side

Rotation Rotation C D

Accumulation of
bubbles at the
impeller inlet

Formation of large
air cavity on the

pressure side

Rotation Rotation

Large air cavity

Figure 4. Gas accumulation and air–water two-phase flow regimes in the radial pump impeller passages
at 2000 rpm, as detected in reference [24]. The amount of gas increases gradually from (A–D).

Sato et al. [80] took into account five various closed impellers. It was found that the
accumulation begins on the blade suction side for the impellers with a high incidence
angle, while it begins on the blade pressure side for the impellers with a low incidence
angle. As discussed before, large separation zones correspond directly to the locations of
gas accumulations in two-phase flows. Due to the very low pressure that is available, and
the zero velocities close to the recirculation core, flow separation creates the ideal space
for the gas phase to accumulate [82]. Since flow separation occurs on the suction side for
high incidence angles and on the pressure side for low incidence angles, the observations
of Sato et al. [80] can be explained, as indicated in Figure 5. However, the accumulation
location also depends on the interaction of several forces, i.e., centrifugal, pressure, drag,
and Coriolis forces, acting on the gas bubbles in the impeller [35,74,83–85].
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H
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Gas Pocket

(a) High-incidence-angle impeller
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w1
Gas  Pocket

(b) Low-incidence-angle impeller

Figure 5. Schematic explanation for the location of gas accumulation according to the incidence angle.

Murakami and Minemura [86], examined the impact of the number of blades when
using semi-open impellers with three, five, or seven blades. The pump performance with a
three-blade impeller for pure liquid was significantly worse than the others due to a lack
of blades; though, for low gas flow rates, the two-phase performance could be slightly
enhanced by using three blades. The five- and seven-blade impellers did not significantly
differ from one another, suggesting that any number of blades between five and seven
would be appropriate for both single- and two-phase transport. Cappellino et al. [45]
also evaluated the performance of two- and five-blade semi-open impellers. It can be
observed that the two-blade impeller can maintain its performance at higher gas flow rates
by increasing the tip clearance gap.
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Semi-open impellers typically exhibit higher resistance to gas accumulation and bet-
ter two-phase pumping capability [45,87–89]. The accumulated gas is disturbed by the
leakage flow that crosses the blades within the tip clearance gap, which improves phase
mixing [20,90]. As a result, the pump performance degradation is postponed and large gas
pockets can only build up at higher gas volume fractions. Up to a gas volume fraction of
about 3–4%, semi-open impellers with standard tip clearance gaps exhibit excellent two-
phase performance. However, for higher gas volume fractions, a sharp decline occurs in the
performance. Single-phase flow and mixtures with low gas contents (1–3%) perform worse
when the tip clearance gap is increased. Nevertheless, for higher gas volume fractions,
a larger gap offers enhanced turbulence and a higher resistance to gas accumulation, which
is advantageous concerning the transport of a two-phase flow [45,84]. Recently, novel front
shrouds with macroscopic grooves were developed and applied to enhance secondary
flow [90]. The use of such grooved shrouds could substantially improve two-phase mixing
and delay gas accumulation. This happens mainly due to the development of an intensified
secondary flow with many small-scale vortices induced by the grooves.

Pump inducers are axial impellers that can be installed before the main pump im-
peller. According to reference [61], inducers typically have two to four blades to avoid
increasing the inlet solidity, which can block the inlet flow. The cavitation characteristics
of pumps and the suction conditions can regularly be improved using inducers. Usually,
inducers are employed for pumps to decrease the required net positive suction head [43,61].
Furthermore, inducers also have beneficial effects on the transport of gas–liquid flows by
centrifugal pumps. This is mostly observed at part-load conditions [20,29,30,45,82,91,92].

Despite the numerous studies on the transport of gas–liquid two-phase flows in radial
centrifugal pumps, the details of the flow features and the two-phase interactions are still
not well described. Furthermore, there are some discrepancies in earlier studies regarding
the influence of various factors on flow and pump performance. The mechanisms causing
performance degradation and the segregation of the phases in the pump are still not fully
explained. The literature only contains a small number of general statements regarding
this complex flow.

This review mainly focuses on the transport of two-phase mixtures, considering
two-component air–water gas–liquid flow by combining and summarizing several recent
successive investigations performed experimentally by the authors to provide further expla-
nations for the scientific gaps found in the literature and to afford a detailed experimental
database for the transport of gas–liquid two-phase flows in radial centrifugal pumps.

Various experimental results for six different pump configurations are considered in
this review. As a result, the specific requirements for the effective transport of two-phase
flows are covered in detail. In Section 2, all details of the employed experimental set-up are
presented. The calculations of the pump parameters are explained in Section 3, followed by
descriptions of the experimental procedures used to measure the two-phase performance
in Section 4. Afterward, Section 5 presents the experimental results with corresponding
discussions, including comparisons of the single-phase performances (Section 5.1), two-
phase performances (Sections 5.2–5.7), performance degradation (Section 5.8), surging and
flow instabilities (Section 5.9), and the performance for constant air flow rates (Section 5.10).
The two-phase flow patterns were detected using a high-speed system and are presented
in Section 5.11. Additionally, flow regime maps were plotted on the pump performance
curves for all the covered pump configurations, which are provided and discussed in
Section 5.12. In this way, the two-phase flow regime can be easily linked to the pumping
behavior. Lastly, Section 5.13 presents measurements of bubble size distributions in the
impeller. The following analysis and comparisons are very beneficial for selecting the best
pump and impeller settings based on the required flow conditions. Similarly, a summary of
the subsequent experimental findings is valuable for developing and validating appropriate
numerical models and methods.
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2. Experimental Set-Up

The details of the pump used are shown in Figure 6. To enhance the visualization of
the flow behavior and regimes, the entire pump casing and a section of the suction pipe
were constructed using transparent acrylic glass, as depicted in Figure 6. All impellers
were fabricated with 6 elliptical, non-twisted blades, as shown in Figure 6a, for maximum
optical accessibility. The blades have a constant thickness (E = 6 mm) and the same inlet
and outlet blade angles (β1 = β2 = 24°). For these fundamental investigations, the selected
blade design is straightforward to manufacture and results in minimal vibrations. The
dashed rectangles shown in Figure 6 indicate the locations where flow regimes and bubble
size distributions were observed. As shown, to illuminate the flow and record the flow
regimes, LED lights were mounted on the pump body.

(a) Pump front view

Inlet flow

Outlet 
flow

Suction 
pressure
sensors

Impeller

Acrylic pump 
casing

Pressure 
sensor

Air injection

LED 
lamps

Flow visualization 
window 

Shadowgraphy 
window

(b) Pump casing
Figure 6. Pump details.

As illustrated in Figure 7a,b, the semi-open impeller (with a round trailing edge) and
the closed impeller are geometrically similar. The semi-open impeller was designed with a
front shroud that is identical to the one fixed to the blades of a closed impeller; it is attached
to the pump body to provide comparable flow passages for both cases. By varying some
small shaft rings placed behind the impeller, the tip clearance gap of the semi-open impeller
can be set as indicated in Figure 7b. As mentioned, two different tip clearance gaps were
compared, i.e., a standard gap (S/b2 = 2.5%) and an increased gap (S/b2 = 5%), where
b1 and b2 are the inlet and outlet blade widths, respectively. Additionally, two common
varieties of blade trailing edges, i.e., round trailing edge (RTE) and trimmed trailing edge
(TTE) (see Figure 8) were compared for the semi-open impeller with a standard gap.
The diameter of the round trailing edge is equal to the blade thickness. Two rotational
speeds were also taken into account, i.e., n = 650 rpm and n = 1000 rpm. According to
Equation (1), the specific speed of the pump is approximately nq = 21 min−1, calculated
using the conditions at the best efficiency point, where n, Q, and H are the rotational speed
in rpm, the volume flow rate in m3/s, and the head of the pump in m, respectively.

nq =
n
√

Q
H3/4 (1)

Figure 9 and Table 1 depict the geometrical specifications of the inducer used. Figure 9
presents a 3D view of the inducer along with two sectional views, two developed views
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of the linear cascade, and the geometrical parameters. The suction pipe diameter (Ds) is
used to determine some parameters, as listed in Table 1. By swapping out the impeller nut,
the three-bladed inducer can be installed before the impeller. The employed inducer was
originally optimized for low-flow conditions, achieving its peak efficiency in the Q/Qopt
range of 0.6 to 0.8., where Qopt is the best efficiency flow of the pump. In another study
of our group [92], 9 different inducer geometries with widely different geometrical and
flow conditions were investigated. It was found that most of them have a higher positive
influence on the pump performance at part-load conditions compared to other loading
conditions, as also observed here.

Back
shroud

Front shroud
(Glued on the

blades)

b2

D
2

b1

D
s

D
h

Impeller
nutD

1

(a) Closed impeller

Back
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Pump
body

Front shroud
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pump body)

Gap (S)

b1

b2

D
2

D
s

D
h

Impeller
nutD

1

Adjustable
rings

(b) Semi-open impeller

Figure 7. Geometrical details of the impellers.

Round trailing edge (RTE)

(a) Round trailing edge semi-open impeller

Trimmed trailing edge (TTE)

(b) Trimmed trailing edge semi-open impeller
Figure 8. Details of the considered trailing edges.

i

D
s
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D
s

Figure 9. Inducer geometrical details.
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Table 1. Impeller geometrical dimensions.

Parameter Symbol Value

Impeller outer to inlet diameter ratio D2/D1 2.1

Blade thickness E 6 mm

Blade inlet angle β1 24°

Blade outlet angle β2 24°

Inducer hub to tip diameter ratio Dh/Dt 41.85%

Inducer hub solidity σh = Ch/Ph 2.836

Inducer tip solidity σt = Ct/Pt 1.807

Inducer area solidity σa 23.326%

Inducer hub blade angle θh 58°

Inducer tip blade angle θt 34°

Inducer sweep angle ϕ 29.4°

Inducer hub blade thickness th/Ds 7.26%

Inducer tip blade thickness tt/Ds 6.22%

Inducer blade axial length Lb/Ds 1.0

Standard tip clearance gap to blade outlet width S/b2 2.5%

Increased tip clearance gap to blade outlet width S/b2 5%

Inducer tip clearance gap to blade outlet width Si/b2 12.5%

The test rig loop is shown in Figure 10. To achieve a closed-loop pump operation,
a water tank with a volume of 6.3 m3 is used. The return air phase can exit the tank from a
release pipe attached at the top of the tank. To prevent air carry-under, the returning flow
is injected in the tank from the top side over the free surface of the water, which is 3 m
high above the inlet pipe. As indicated in Figure 6b, the transparent part of the inlet pipe
just before the pump inlet allows for an additional check of the pure water flow. A gate
valve is mounted on the inlet pipe near the tank for maintenance reasons. During the
measurements, this valve was always fully open. An electromagnetic flow meter is used to
determine the water flow rate (±0.5% RD accuracy), which is installed in the suction line
before mixing with air. Please note that the leakage flow rates (internal and external) were
not tracked or measured explicitly in these experiments. On the return line, a motorized
gate valve is set up so that the required water flow rate can be regulated.

A mass flow meter was used to determine the air flow rate. A throttle valve and
an on/off ball valve are also installed on the air line to set the inlet air flow rate. A gas
distribution nozzle (made of pure borosilicate glass) was employed to inject the air into
the inlet pipe to the pump. The porous part of the used distribution nozzle has an inner
diameter of 17 mm, an outer diameter of 34 mm, a length of 85 mm, and a pore size
range of 10 to 16 µm. The static pressure change across the pump was determined using
a differential pressure measuring device. Additionally, the air volume flow rate and the
air volume fraction at the pump inlet were calculated using explicit measurements of
the suction pressure recorded by an absolute pressure sensor. A temperature sensor was
used to measure the flow temperature close to the air injection location. The pump was
operated using an electric motor with variable speed (5.7 kW, max. rpm = 3000). An analog
tachometer was employed to measure the rotational speed, and a frequency controller was
used to control it. A torque transducer was installed on the motor shaft to measure the
shaft power and pump efficiency. Table 2 gives a list of the models and the uncertainties
of the measurement devices. The sequential perturbation method of Moffat [93] was used
to perform an uncertainty analysis on the experimental results. The final uncertainties
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were presented as root mean square values of all data points collected for various pump
configurations. For the specific delivery work Υ, the gas volume fraction (ε), the shaft
power (PSh), and the efficiency (η), the analysis provides values of uncertainty that are
better than 1.45%, 3.2%, 4.7%, and 4.95%. The details of the uncertainty calculations can be
found in reference [82].
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Figure 10. Schematic sketch of the experimental set-up.

Table 2. Measurement instrument specifications and uncertainties.

Device Model Uncertainty

Water volume flow meter Endress+Hauser Promag 30F ±0.5% RD

Air mass flow meter Bronkhorst F-113AC-HD-55-V ±0.5% RD plus ±0.1% FS

Differential pressure sensor Deltabar M PMD55 (−3:+3 bar) ±0.1% FS

Suction pressure sensor Sensotec Z ±0.25% FS

Suction temperature sensor Pt100 Sensor Probe, Class B ±0.3 K (max. absolute error)

Torque transducer HBM T1 ±0.4% FS

Analog tachometer TDP 0.2 LT-4 ±1% RD

Utilizing shadowgraphy measurements, as shown in Figure 11a, some bubble size
distributions were determined. Illuminating LED lamps were installed behind the transpar-
ent pump body facing the camera. The interface between the two phases appears dark in
this way, allowing for the precise determination of the bubble sizes. The same high-speed
camera, used to measure the flow regimes, was used to capture the shadowgraphy im-
ages. A particular window in the impeller channels was chosen to follow the bubbles, as
indicated in Figure 11b (see again Figure 6b). Though the depth of the impeller, in a line
perpendicular to the image plane, is limited, the camera exposure was adjusted so that only
the bubbles passing through a single plane approximately in the middle of the impeller
height appear sharp. Thus, only those sharp bubbles are recognized and processed by the
software, while the bubbles moving in other planes appear blurred and are not recognized.
In this way, the measurements were done in a quasi-2D plane, and the errors that may result
from 3D effects are minimized. The image scale was adjusted and calibrated using a 2D
CAD sketch, as depicted in Figure 11b, to ensure the accurate determination of bubble sizes.
For each measurement, cyclic image recording was performed with the same frequency of
the impeller rotation, always acquiring images of the impeller in the same relative position
(frozen rotor approach). In total, 50 images were taken for each measurement, leading to
determinations of bubble size distributions based on more than 15,000 recognized bubbles
in each case.
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(a) Shadowgraphy set-up. (b) Shadowgraphy window.
Figure 11. Illustration of measurements of the bubble size distribution.

In the following sections, the two-phase flow transport and the characteristics of a
centrifugal pump were compared for various flow conditions, which are based on a series
of publications from our group [20,28–32,82]. Overall, 6 different pump configurations
were compared, as listed in Table 3. Additionally, the performance curves were evaluated
for constant gas volume fractions and constant air flow rates at the pump inlet. By taking a
variety of approaches to set the operating conditions, the potential performance hysteresis
could be studied. Additionally, the behaviors of head deterioration, surging, and flow
instabilities were compared for the different pump configurations considered. Using a
high-speed imaging system, the two-phase flow patterns were recorded and categorized for
each pump configuration. For selected flow conditions, the bubble size distributions were
obtained using shadowgraphy measurements and compared for some pump configurations.
In addition, flow pattern maps were generated and correlated with the performance curves.

Table 3. Details of all considered pump configurations.

# Impeller Type Tip Clearance Gap Blade Trailing Edge With Inducer Rotational Speed

1 Closed No gap Round No 650 rpm

2 Semi-open Standard gap Round No 650 rpm

3 Semi-open Increased gap Round No 650 rpm

4 Semi-open Standard gap Round Yes 650 rpm

5 Semi-open Standard gap Trimmed No 650 rpm

6 Semi-open Standard gap Trimmed No 1000 rpm

3. Pump Performance Calculations

The following is a description of how the pump parameters were calculated. The water
flow rate (Qw) and air mass flow rate (ṁa) are directly quantified as explained above. Using
the universal gas law (Equation (2)), the air density (ρa) can be calculated, where T and
pS are the flow conditions (temperature and pressure, respectively) at the pump suction.
For all different configurations, the suction pressure (pS) was always constrained within
1.06 and 1.28 bar. It should be noted that there is almost no error when calculating the
air compressibility using the universal gas law, i.e., treating the air as an ideal gas. This
is valid up to a pressure of 5 bar. However, the associated error was verified by checking
the resulting density values against those of the models of Soave–Redlich–Kwong [94] and
Peng–Robinson [95]. The difference was always lower than 0.1% and is thus negligible.

ρa =
pS
RT

(2)

Using Equations (3) and (4), the air volume flow rate (Qa) and the air (gas) volume
fraction (ε) were calculated, respectively.

Qa =
ṁa

ρa
(3)
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ε =
Qa

Qt
=

Qa

Qa + Qw
(4)

where Qt is the total volume flow rate of the two phases, determined by summing the
air volume flow rate (Qa) and the water volume flow rate (Qw). Equation (5) was used to
determine the water mass flow rate (ṁw) after obtaining the water density (ρw) based on
the temperature (T). The mass fraction of air (µ̇) was then calculated using Equation (6).
This parameter is also called the mixture quality.

ṁw = ρw Qw (5)

µ̇ =
ṁa

ṁt
=

ṁa

ṁa + ṁw
(6)

The ratio of shaft power (PSh) to pumping power (Pp) is the pump efficiency (η),
as provided by Equation (7).

η =
Pp

PSh
=

ṁt Υ
τ ω

(7)

In Equation (7), ṁt is the total mass flow rate of the two fluids (ṁw + ṁa), τ is the shaft
torque, and ω is the angular velocity obtained by Equation (8).

ω =
2πn
60

(8)

Equation (9) was deduced to calculate the specific delivery work (Υ), taking into
account the specific work of the water and the isothermal compression of air.

Υ =
1− µ̇

ρw
(pD − pS) + µ̇RT ln(

pD
pS

) +
1
2
(V2

D −V2
S ) + g(zD − zS) (9)

In Equation (9), VS and VD are the superficial velocities in the inlet and discharge pipes,
respectively. The total superficial velocities can be determined using the total flow rate (Qt)
and the cross-sectional areas of the suction and discharge pipes (AS and AD), as shown in
Equations (10) and (11). The superficial velocity of a specific phase is a hypothetical velocity
of the phase if it alone occupies the entire cross-sectional area of the pipe, while the total
superficial velocity in each pipe is the sum of the individual superficial velocities of each
phase. zS and zD are the static heights of suction and discharge pipes, respectively. g is
the acceleration due to gravity. The rotational Reynolds number (Reω) of the single-phase
flow of water is determined by Equation (12), where µw is the dynamic viscosity of water.
Likewise, the liquid-to-gas density ratio (DR) is determined using Equation (13). Further
details about the calculations can be found in references [29,82]. All the covered flow
conditions are listed in Table 4.

VS =
Qt

AS
(10)

VD =
Qt

AD
(11)

Reω =
ρw ω D2

2

µw
(12)

DR =
ρw

ρa
(13)
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Table 4. Flow conditions of the experiments.

Parameter Range Unit

Normalized water volume flow rate, Qw/Qopt 0.1–1.6 −

Gas volume fraction, ε 0–15 %

Suction pressure, pS 1.06–1.28 bar

Suction temperature, T 299± 3 K

Rotational speed, n 650 & 1000 rpm

Rotational Reynolds number of water at 650 rpm , Reω 9,181,340 −

Rotational Reynolds number of water at 1000 rpm , Reω 14,125,138 −

Density ratio, DR = ρw/ρa 670–810 −

4. Measurements of Two-Phase Pumping Performance

The performance hysteresis was investigated by setting the pump flow conditions
according to three various experimental approaches. As discussed before, significant
performance variations can take place for identical two-phase flow conditions, according to
whether the air flow is set starting from a low value or a high value. The three approaches
are explained in Figure 12 and below:

• First measurement approach (Figure 12a).

1. Full closing of the motorized gate valve.
2. Progressive increasing of the water flow rate by opening the motorized valve.
3. Progressive increasing of the air flow rate until reaching the desired air volume

fraction and recording the measurement points after attaining a steady-state.

• Second measurement approach (Figure 12b).

1. Full opening of the motorized gate valve.
2. Progressive increasing of the air flow rate until reaching the desired air volume

fraction of the first measurement point.
3. Reducing the air flow rate to set the following measurement point.
4. Reducing the water flow rate until attaining the desired gas volume fraction and

recording the measurement points after attaining a steady-state.

• Third measurement approach (Figure 12c).

1. Setting a single-phase water flow and keeping the water gate valve fixed.
2. Progressive increasing of the air flow rate and recording the measurement points

after attaining a steady-state at each air volume fraction.
3. Progressive reducing of the air flow rate and recording the measurement points

again after attaining a steady-state at each air volume fraction.

op
t

optQ/Q

(a) First approach

op
t

optQ/Q

(b) Second approach

op
t

optQ/Q

(c) Third approach
Figure 12. Experimental approaches used for measuring the two-phase flow performance.

Please note that the water (and total) flow rate, and the specific work delivered by the
pump, have an inverse relationship with the air flow rate. As shown in Figure 12, when
increasing or decreasing the air flow rate, the preset water flow rate changes accordingly
due to the change in pumping performance. Therefore, to set the desired conditions of air
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and water, several adjustment steps may be needed. The results of the three approaches are
compared in the upcoming sections for each pump configuration. The first approach was
used as a standard approach, if not mentioned further.

5. Results
5.1. Performance of Single-Phase Flow

The curves for single-phase performance (specific delivery work, pump efficiency,
and shaft power) of the first five pump configurations, i.e., at 650 rpm are shown together
and compared in Figure 13. Here, the curves are normalized with the maximum values
(Qmax, Υmax, and PSh max) to ensure fair comparisons. However, the optimal conditions
(Qopt, Υopt, and PSh opt), which correspond to the maximum efficiency of each case, are
used for normalization when comparing configurations 5 (650 rpm) and 6 (1000 rpm) in
Figure 14, and in the following sections when discussing each pump case individually.
The pump performance was averaged over a period of time to eliminate any possible
error related to flow rate fluctuation, ensuring accurate determination of each data point.
For each measurement, 200 data points were always collected at a frequency of 4 Hz. This
was found to be adequate for no-surging conditions; it was possible to obtain identical data
points by repeating multiple measurements under the same conditions.

Comparing the performance of the single-phase flow of the closed impeller to that of
the semi-open impeller with a standard gap, it can be recognized that the closed impeller
performs slightly better than the semi-open impeller, particularly at overload conditions
(2–4.5% higher). Similarly, the efficiency of the closed impeller is, overall, 1 to 3% higher
than that of the semi-open impeller with a standard gap, due to the volumetric losses that
occur across the tip clearance gap. The losses shift the location of the maximum efficiency
slightly to a higher volume flow rate. Nevertheless, with the increased gap, the volumetric
loss rises considerably, which causes the location of the maximum efficiency to shift back to
a lower volume flow rate and decreases efficiency at overload conditions. When the tip
clearance gap is increased, all curves show a greater drop. Comparing the increased gap to
the standard gap case, reductions of between 1% to 14% in efficiency, 9% to 40% in specific
delivery work, and 7% to 8% in shaft power occur.

The performance of the pump is marginally improved at part-load conditions by
installing the inducer with a standard gap semi-open impeller. However, under overload
conditions, the performance is slightly reduced. This is primarily caused by an increase in
shock losses due to flow separation and the generated axial vortices on the inducer blades
at high flow rates. Additionally, inducers usually have a steep Q-H curve. Accordingly,
a limited improvement in pumping performance is achieved at high flows [20,29,91,96,97]

As can be seen, over the entire working flow range, the round trailing edge (RTE)
impeller (marked as a semi-open impeller with a standard gap) consistently outperforms the
trimmed trailing edge (TTE, i.e., non-profiled) impeller. This is more obvious in overload
conditions, where the normalized specific delivery work of the TTE impeller decreases by
about 29% compared to the RTE impeller, while, in part-load conditions, the drop is limited
to about 7.5%. The efficiency curves of the two designs show only minor variations under
part-load conditions, while the efficiency of the TTE impeller is noticeably lower than that
of the RTE impeller under overload conditions. As a result, the effective working flow
range of the TTE impeller becomes narrower, whereas the maximum efficiency point is
slightly shifted to a lower volume flow rate. Note that the RTE profile has a greater length
between the blades near the outlet diameter of the impeller compared to that of the TTE.
This helps to increase the pressure head since the flow velocity is more efficiently decreased
near the impeller outlet. Furthermore, the RTE design improves the interaction between
the volute tongue and the rotating impeller blades, which boosts performance [31].

When comparing the two rotational speeds for pump configurations 5 and 6, using the
trimmed trailing edge semi-open impeller with a standard gap, as depicted in Figure 14,
the normalized curves are nearly identical for both rotational speeds in the case of a single-
phase flow, as usual. On the non-normalized scales, the effective working flow range of the
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higher rotational speed is, of course, broader (not shown). Overall, to ensure the highest
possible performance for single-phase flow, the closed impeller would be preferred over
the semi-open impeller, the standard gap over the increased gap, and the round (profiled)
trailing edge over the trimmed (non-profiled) trailing edge.
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Figure 13. Comparison of the single-phase performance curves at 650 rpm.
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Figure 14. Comparison of the single-phase performance curves for 650 and 1000 rpm using a semi-
open impeller with trimmed trailing edge.
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5.2. Pump Configuration 1: Closed Impeller

Figure 15a–c, respectively, depict the normalized specific delivery work, efficiency,
and normalized shaft power of the closed impeller. The data points obtained by the
first (black-filled markers) and third experimental approaches are shown concurrently in
Figure 15. For the third method, data points recorded while raising the gas volume fraction
are shown with hatched markers, and data points recorded while lowering the gas volume
fraction are shown with non-filled markers. Additionally, gray markers display the data
points that could be captured during pump surging. Each dotted line represents the trend
line of the data recorded by the first approach for a constant gas volume fraction. The same
annotations are used for the performance curves of all the subsequent pump configurations.

As shown in Figure 15, the pump parameters (Υ, η, and PSh) decrease continuously,
as the air volume flow is increased. In addition, the operating flow range of the pump
becomes gradually narrower. The pump breakdown occurs at part-load for Qt/Qopt
roughly lower than 0.5. Additionally, the maximum pump flow rate steadily decreases as
the air flow increases, which prevents the transfer of kinetic energy.

The regions of cavitation, breakdown, and surging, i.e., all critical conditions, are
also indicated in Figure 15a. To identify the cavitation, breakdown, and surging regions,
the pump flow conditions were changed starting from multiple stable points near each
critical region. Subsequently, these critical and undesirable regions were reported based on
their occurrences in the measurements, and their positions were drawn manually onto the
performance curve for each case. This was done to highlight and compare the ranges for
the safe or critical transport of single and two-phase flow by the pump in each case.

Cavitation takes place normally very close to the maximum flow rate for the single-
phase flow. Sometimes, cavitation was observed first near the volute tongue due to the
strong separation that occurs at maximum flow, which allows the pressure to drop below
the vapor pressure of the liquid. When a tiny amount of air enters the impeller, cavitation
can, however, be easily suppressed. Similar observations were reported and discussed
in references [41,78]. In reference [41], it was shown that air contents of 0.3 to 1% can
considerably decrease the suction pressure pulsation due to cavitation by a factor of 5.

In the breakdown conditions, despite the impeller rotation, the pump fails to transport
the flow. In the pump surging zone, intense instabilities in the delivery occur, together
with strong system vibrations. In this instance, the pump swings simultaneously between
two different operational conditions. Pump surging mainly takes place for ε ≥ 6% for the
closed impeller. Under surging conditions, the flow behavior and two-phase interactions
become strongly unstable within the impeller. Additionally, a non-uniform distribution of
the two-phase flow occurs within the volute flow; however, no large gas accumulations are
observed there (in the volute).

Figure 16 compares the data recorded by the first and second approaches. The results
of the first approach are displayed using filled markers and dotted trend lines, while the
results of the second approach are provided using empty markers and dashed trend lines.
When comparing all results from the various approaches, no discernible performance
hysteresis could be seen for the closed impeller.

5.3. Pump Configuration 2: Semi-Open Impeller with a Standard Gap

The performance of the (round trailing edge) semi-open impeller with a standard gap
is presented in Figure 17. Again, the curves become gradually narrower as ε is increased.
Until a 3% gas volume fraction, the variables are only insignificantly affected, performing
better than the closed impeller in this range. Nonetheless, within ε = 4 to 6%, a strong
reduction in the pump performance is observed. The reduction is less evident in the range
of 0.4 ≤ Qt/Qopt ≤ 0.6. Thereafter, for ε > 6%, the semi-open impeller performs marginally
better than the closed impeller.
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Figure 15. Performance of the closed impeller for constant gas volume fractions.
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Figure 17. Performance of the semi-open impeller with a standard gap for constant gas volume fractions.

Strong hysteresis occurs in this pump configuration when comparing the data of the
different measurement approaches. This is happening specifically during air reduction
in the third approach for ε = 4% and ε = 6%. The results of the third approach differ
significantly from those of the first approach. For instance, the specific delivery work
and the pump capacity of the third experimental approach are 20% and 11% lower than
those of the first approach, respectively. When the gas is decreased from a primarily high
value, as carried out in the third approach, a large amount of air enters and accumulates
on the blades before recording the data point. For some data points, it was impossible
to remove the formerly accumulated gas by simply reducing the gas flow rate to lower
values. Consequently, the performance results are obviously lower if recorded using the
third approach compared to the other approaches for the “same” conditions.

As discussed before, the separation of the liquid stream, and the dissimilar centrifugal
and Coriolis forces acting on the phases due to density differences, lead to phase segregation
and large gas accumulations. This creates low-pressure zones, which force the gas bubbles
to accumulate. To clear these gas accumulations, the gas flow rate must be substantially
reduced or high turbulence has to be provided for an adequate time [12,13,82]. Some
hysteresis takes place between the first and the second experimental approaches, as seen
in Figure 18. This is visible at overload for ε = 4% as well as ε = 5%. The instabilities are
mostly lower and less likely to happen in the semi-open impeller (with a standard gap).
Pump surging occurs only for ε = 4–5% near the highest Qt/Qopt, as shown in Figure 17a.

5.4. Pump Configuration 3: Semi-Open Impeller with an Increased Gap

Figure 19 displays the performance of the semi-open impeller with an increased gap.
The performance is, in general, reduced as a result of the higher leakage flow within the
clearance gap for single-phase flow. Nevertheless, the enhanced leakage flow offers much
better gas accumulation resistance. Therefore, very gradual performance degradation is
seen, where the pump could maintain good performance until the gas volume fraction
was 7%.

When Figures 17 and 19 are compared, it can be recognized that the increased gap
helps to improve the performance considerably for 5% ≤ ε ≤ 7%. This happens mainly
due to the improved secondary (leakage) flow over the blades across the tip clearance gap,
which disturbs the gas structures and hinders the big gas accumulations. Accordingly,
the sharp performance loss is delayed. Nonetheless, for high air contents (ε ≥ 9), a similar
performance is provided by either of the two tip clearance gaps.
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Figure 19. Performance of the semi-open impeller with an increased gap for constant gas vol-
ume fractions.

For the increased gap, the performance hysteresis is completely suppressed, as shown
in Figure 19, if the experimental approaches are compared. Similarly, no big changes occur
in the results of the first and the second approaches, as presented in Figure 20, which
compares the normalized specific delivery work for the third pump configuration. The en-
hanced leakage flow hinders gas accumulations within the pump for all the considered
measurement approaches. Further, the use of the increased gap configuration helps to
postpone the beginning of pump surging to elevated gas volume fractions. Yet, the pump
surging zone appears larger. According to these results, the standard gap would only be
preferred for pure liquid flow and ε up to 3% or 4%. On the other hand, the increased gap
would be recommended for ε ≥ 5%, to make use of the various benefits discussed here.
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Figure 20. Normalized specific delivery work of the semi-open impeller with an increased gap recorded
by 1st (filled markers and dotted curves) and 2nd (empty markers and dashed curves) approaches.

5.5. Pump Configuration 4: Semi-Open Impeller with a Standard Gap and Inducer

Figure 21 presents the pump performance after installing the inducer with the semi-
open impeller with a standard gap. The installation of the inducer improves, to some
extent, the transport of the mixture for most flow conditions and especially for ε = 4%
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as well as 5%. A significant enhancement in the curves can be seen at part-load up to
ε = 7%. Still, the curves are only slightly impacted for higher gas volume fractions (ε ≥ 8%).
The installation of the inducer results in two positive effects concerning two-phase pumping.
Firstly, it raises the flow pressure at the impeller inlet, which lowers the volume inhabited by
the air within the passages of the impeller, boosting the performance. Secondly, it delivers a
more homogeneous mixture to the impeller through its rotation; the gas structures become
smaller and better distributed at the impeller’s eye. This inhibits the segregation of air near
the pump inlet.

Here, the used inducer was found effective only at part-load, while, at overload,
no big positive influence takes place. The inducer reduces the gas volume fraction by
approximately 2% to 3% at part-load, so that a gas volume fraction of 6% at the inducer inlet
will be approximately 5.85% at the impeller, which improves the performance. However,
the inducer has a steep Q-H-curve, and, thus, does not improve the pumping performance
at high flow. Additionally, for very high flow (overload), the flow separates on the blades
of the inducer, which creates axially propagating vortices within the inducer, leading to
a sudden drop in the performance of the inducer [20,91]. Similarly, the mixing of the
two phases provided by the inducer was found to be very effective only at part-load, while,
at overload, the flow is very fast, strongly reducing the residence time and the two-phase
mixing of the inducer before entering the impeller inlet [20,91].

Comparing the behavior of the first to that of the second experimental approach, as
shown in Figure 22, merely low hysteresis is visible for ε between 6% and 7%. The in-
ducer could positively restrain the strong hysteresis for the third approach. As shown in
Figures 21a and 22, the use of the inducer could also retard the pump surging to elevated
gas volume fractions. Still, the pump breakdown region is insignificantly impacted by
using the inducer.

5.6. Pump Configuration 5: TTE Semi-Open Impeller with a Standard Gap at 650 Rpm

The two-phase pump performance with the TTE semi-open impeller and a standard
gap is presented in Figure 23. The TTE semi-open impeller performs mostly less than the
RTE impeller for two-phase flow, because its preliminary single-phase performance is also
less than that of the RTE semi-open impeller. Despite this, when compared to the RTE
impeller, the TTE impeller (Figure 23) exhibits a very high gas accumulation resistance and
only a small decrease in the pump performance occurs up to ε = 3%. Then, as for the RTE
impeller, the performance quickly degrades, since large gas pockets start to build up in the
impeller channels.

Comparing the various experimental approaches for the TTE impeller, lower hysteresis
is visible, where no significant changes are visible among the results of the first and
the third approaches, as shown in Figure 23. Nonetheless, some obvious hysteresis is
apparent in Figure 24, which shows a comparison of the first two approaches. Additionally,
the hysteresis begins at lower gas volume fractions (ε = 3%) for the TTE impeller when
compared to the RTE impeller. The pump breakdown and cavitation regions are comparable
among both trailing edge cases. However, the surging conditions taking place in the pump
with the TTE impeller are visibly bigger, limiting the pump stability at overload operation
for ε = 5% at overload.

5.7. Pump Configuration 6: TTE Semi-Open Impeller with a Standard Gap at 1000 Rpm

Figure 25 depicts the pump performance with the trimmed trailing edge semi-open
impeller with a standard gap when the rotational speed is now increased to 1000 rpm.
Note that the rotational speed of all previous pump configurations was set to 650 rpm.
The influence of increasing the rotational speed is discussed by comparing configurations 5
and 6.
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Figure 21. Performance of the semi-open impeller with a standard gap and inducer for constant gas
volume fractions.
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Figure 23. Performance of the semi-open impeller with a standard gap and trimmed trailing edge
(TTE) at 650 rpm for constant gas volume fractions.
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Figure 25. Performance of the semi-open impeller with a standard gap and trimmed trailing edge
(TTE) at 1000 rpm for constant gas volume fractions.

Similar to the lower rotational speed, the pump performance is also lowered by raising
the air amount in the mixture, which also reduces the operating flow range. The perfor-
mance of the higher rpm is generally superior to that of the lower rpm, as can be seen from
Figures 23 and 25. For the higher rpm, there is no noticeable loss in specific work up to
ε = 3% compared to the curve of pure liquid, where the performance reduction is very
slow. This is mainly visible around the optimal conditions and high flow rates. Moreover,
the performance reduction is also restricted until ε = 8%.

The increased mixing between the two-phases due to the higher turbulence levels
available in the flow at an increased rpm is the main reason for the enhanced performance.
These positive effects help to break the big gas accumulations, increasing the ability of
the pump to convey higher gas volume fractions with a lower reduction in performance.
Nonetheless, for ε ≥ 8%, big gas bubbles begin to accumulate in the impeller, degrading
the performance quickly.

Comparing the measurement approaches for the 1000 rpm, only limited hysteresis
takes place among the data points of the first and the third approaches (Figure 25). Yet,
increased hysteresis takes place among the first and second approaches, as shown in
Figure 26. In this case, performance hysteresis starts even from ε = 2% and reaches up
to ε = 6%. Adversely, bigger changes occur in the performance at the higher rpm for
identical two-phase flow conditions. At overload conditions, the impeller and the volute
are operating beyond their design limits, and flow separation may occur more readily
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on the impeller blades and the volute tongue due to the increased flow. Running at a
higher rotational speed further increases the overloaded flow and pushes the pump even
farther away from its optimal operating range, making the impeller and the volute more
susceptible to flow separation. Accordingly, when doing the measurements with the
second experimental procedure (which starts from the maximum flow), a bigger separation
occurs for the higher rotational speed, allowing more gas to accumulate at these conditions
compared to the lower rotational speed. The increased flow separation occurring in the
impeller passages, when the rotational speed is increased, could be a reason for increased
hysteresis. Additionally, the measurements of the second approach evidently start from
much higher volume flow rates (of liquid and gas) for the higher rpm. Further, the difference
in the centrifugal force acting on the phases increases with rotational speed, which may
intensify phase segregation at such very high flow rates. This increases the possibility for
the gas phase to build up at high flow and impact the performance in the second approach
in spite of the enhanced mixing.
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Figure 26. Normalized specific delivery work of the semi-open impeller with trimmed trailing edge
(TTE), at 1000 rpm, recorded by the first approach (filled markers and dotted curves) and the second
approach (empty markers and dashed curves).

When comparing the behavior of the two rotational speeds, only minor modifications
can be observed in the breakdown region. However, the larger surging region of the
higher rpm substantially impairs the ability of the pump to operate steadily at overload
for ε = 7–8%. Furthermore, cavitation occurs for a wider single-phase flow range for the
increased rpm, as a result of the increased flow velocities within the pump.

5.8. Performance Degradation

The performance degradation of all considered pump configurations is compared in
Figure 27 as a result of increasing the gas volume fraction. As shown in Figure 27a, the
curves of the closed impeller are generally decreasing with a higher slope compared to the
other cases, due to the easier and faster gas accumulation. This happens up to a 6% gas
volume fraction before the onset of pump surging. It can be also noted that the degradation
slope is steeper at overload conditions (Qw/Qopt ≥ 1.0).

Note that some curves are discrete, where a few data points are missing in the mid-
range of Figure 27, due to the occurrence of strong surging and system vibrations. Since they
might harm the acrylic glass and the mechanical components of the pump, the operating
points in surging conditions could not be maintained for a long period of time.
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Figure 27. Degradation of the specific delivery work as a function of gas volume fraction (gray
markers indicate surging conditions). (a) Closed impeller. (b) Semi-open impeller with a standard gap.
(c) Semi-open impeller with an increased gap. (d) Semi-open impeller with a standard gap and inducer.
(e) Semi-open impeller with a standard gap and trimmed trailing edge (TTE) at 650 rpm. (f) Semi-open
impeller with a standard gap and trimmed trailing edge (TTE) at 1000 rpm.

As shown in Figure 27b, for the semi-open impeller with a standard gap, the curves
are nearly unaffected up to a 3% gas volume fraction for different loading conditions.
Here, the performance is very slightly decreased compared to that of the pure liquid
flow, indicating a higher resistance to the formation of big air structures. Nevertheless,
for ε ≥ 4%, a sharp degradation occurs, where the air begins to build up rapidly in the
impeller channels. In this case, the leakage flow across the (standard) gap is not strong
enough to hinder the gas accumulation.

Figure 27c demonstrates that the curves of the semi-open impeller with an increased
gap exhibit more stable behavior until ε = 7% before the occurrence of pump surging.
Again, for ε ≥ 8%, the semi-open impeller shows a slightly better performance than the
closed impeller. This is more evident in the increased gap configuration.

The use of the inducer could retard the intense degradation to approximately ε = 6%
and ε = 5% at optimal and overload conditions, respectively, as presented in Figure 27d.
Furthermore, the performance drop is very gradual until ε = 7% at part-load. Afterward,
a sharp drop takes place at ε ≥ 8%.

For the trimmed trailing edge semi-open impeller with a standard gap shown in
Figure 27e, the curves are almost flat until a gas content of 3%, which can be considered
an as advantage of this impeller design over the round trailing edge one. Nevertheless,
a sharper drop in the performance starts at 4%. Finally, the performance of the increased
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rotational speed (configuration 6) is shown in Figure 27f. Again, it is apparent that the
increased rotational speed improves the performance deterioration due to the increased tur-
bulence. This increases the ability of the pump to resist gas accumulations. In this case, the
performance is similarly flat with negligible degradation until ε = 3–4%. The degradation
becomes a bit steeper between ε = 4% and ε = 8%. Thereafter, surging starts, hindering
the measurements.

Figure 28 compares the degradation of the specific delivery work as a function of
gas volume fraction at Qw/Qopt = 1.0 for all different pump configurations considered.
As shown, in the range of 1% ≤ ε ≤ 3%, all semi-open impeller alternatives exhibit limited
degradation and perform better than the closed impeller. Afterward, the semi-open impeller
with a standard gap shows a steep drop starting from ε = 4%. This can be slightly delayed
to ε = 5% by installing the inducer. Overall, the increased gap and the increased rotational
speed show the softest performance deterioration compared to the other considered pump
configurations. Additionally, the increased gap configuration performs even slightly better
at Qw/Qopt = 1.0.
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Figure 28. Comparison of degradation of the specific delivery work as a function of gas volume
fraction at Qw/Qopt = 1.0 for all different pump configurations considered.

5.9. Intensity of Pump Surging and Instabilities

The flow surging instabilities are now evaluated against the classical turbulence
fluctuations caused by the components installed on the piping system (flanges, valves,
bends, etc.) under normal conditions (no surging) to clarify how strong the instabilities
are. Figure 29 shows the standard deviation of water flow rate Qw, which is used as a
measure of the intensity of instabilities. Some preliminary tests led to the determination
of an appropriate recording time and sample count for computing the standard deviation.
For normal operation (no surging), 200 data points were sufficient to be recorded with a
frequency of 4 Hz. However, under surging conditions, 500 data points were needed to
effectively capture intense and low-frequency fluctuations. Please note that only a limited
number of measurements could be set and recorded under surging because of the strongly
unstable conditions and the accompanying possibility of damage to the pump parts.

Due to turbulence, the standard deviation of Qw is around 0.5 m3/h for normal
operation, as shown for the closed impeller in Figure 29a. As ε increases, the standard
deviation becomes slightly elevated for ε > 4%. For such increased gas volume fraction,
the compressibility of the gas and the unstable phase distribution add a slight contribution
to the fluctuations. Nonetheless, the standard deviation increases sharply to higher than
4.5 m3/h for ε > 5%, due to the onset of surging. This is mainly caused by the unsteady
accumulation and evacuation of gas in the impeller under surging conditions, which causes
the pump to oscillate accordingly between different operating points.

It can be noted in Figure 29 that the intensity of the instabilities is commonly lower
in all the semi-open impeller cases (Figure 29b–f) when compared to the closed impeller
(Figure 29a). Additionally, pump surging is generally less likely to occur in semi-open
impeller cases. For instance, surging occurs in the standard gap configuration only near the
end of the flow range for a limited gas volume fraction range (ε = 4–5%), as illustrated in
Figure 29b. Further, the intensity of surging in all semi-open impeller cases does not exceed
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3 m3/h. Nonetheless, it can take place at lower gas volume fractions when compared to
the closed impeller.
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Figure 29. Standard deviation of Qw as a measure of the intensity of the flow instabilities.
(a) Closed impeller; (b) Semi-open impeller with a standard gap; (c) Semi-open impeller with an
increased gap; (d) Semi-open impeller with a standard gap and inducer; (e) Semi-open impeller with
a standard gap and trimmed trailing edge (TTE); (f) Semi-open impeller with a standard gap and
trimmed trailing edge (TTE) at 1000 rpm.

Pump surging is retarded to ε > 7% for the increased gap, as presented in Figure 29c.
Similarly, by installing the inducer, the possible surging is delayed and strongly dampened
down, as shown in Figure 29d. When the semi-open impeller with a standard gap and
trimmed trailing edge is used (Figure 29e), the observed surging is weaker, as shown in
Figure 29e, compared to the semi-open impeller with a standard gap and round training
edge (Figure 29b). However, it cannot be stated that surging is generally lower when using
a trimmed trailing edge, since the surging conditions are wider compared to the round
training edge impeller (see, again, Figures 18 and 24). Additionally, only a limited number
of data points could be measured and compared in surging conditions, as mentioned above.

Now concerning the influence of the rpm on the intensity of flow instabilities,
Figure 29e,f are compared. For the 650 rpm, the flow instabilities are apparently softer yet
occur at lower air contents (ε ≥ 4%). The reason is the lower resistance to air accumulations
for the low rotational speed. Conversely, surging could be retarded by increasing the rpm
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to 1000 rpm, but it is more intense. Overall, to avoid or limit the occurrence of strong pump
instabilities, the semi-open impeller should be employed. Increasing the gap or adding an
upstream inducer would help to suppress the instabilities even further. The round trailing
edge impeller, as well as the lower rotational speed, are also preferable.

5.10. Performance Curves for Constant Air Flow Rates

Figure 30 compares the specific delivery work for constant gas volume flow rates
among the considered pump configurations. For the closed impeller case shown in
Figure 30a, the curves become much more unstable for Qa = 80 L/min, where the curves
show a strong positive slope at a low flow rate. This can result in system curves with two
different operational points. This strong unstable curve indicates that surging can easily
take place in the closed impeller at high gas contents.
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Figure 30. Normalized specific delivery work for constant air flow rates. (a) Closed impeller; (b) Semi-
open impeller with a standard gap; (c) Semi-open impeller with an increased gap; (d) Semi-open
impeller with a standard gap and inducer; (e) Semi-open impeller with a standard gap and trimmed
trailing edge (TTE); (f) Semi-open impeller with a standard gap and trimmed trailing edge (TTE) at
1000 rpm.

Concerning the semi-open impeller with a standard gap shown in Figure 30b, the curves
show a reversed behavior at high air volume flow rates (Qa = 60–80 L/min). However,
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the behavior is not as unstable as for the closed impeller, which indicates less possibility of
pump surging in the semi-open impeller with a standard gap.

For the increased gap shown in Figure 30c, the pump can transport higher gas contents
with less unstable curves, and the two-phase curves become very comparable to that of
the pure liquid curve (Qa = 0 L/min). In addition, pump surging is positively retarded to
higher gas contents, as mentioned earlier.

Similarly, when the inducer is used with the semi-open impeller with a standard
gap, the stability of most curves is improved, as seen in Figure 30d, compared to the case
without the inducer (Figure 30b). Still, for very high air flow rates (Qa = 80 L/min),
the improvement of the performance is negligible.

Now, for the semi-open impeller with a standard gap and trimmed tailing edge pre-
sented in Figure 30e, only very low performance reduction takes place up to Qa = 30 L/min.
This confirms the high resistance to gas accumulation at low gas flow rates. Nonetheless,
the degradation is obviously bigger up to Qa = 50 L/min. Afterward, the specific delivery
work becomes very limited starting from Qa = 60 L/min.

For 1000 rpm, the specific delivery work is strongly improved, as shown in Figure 30f.
In this case, the performance degradation is very gradual until Qa = 100 L/min. This
confirms the enhanced ability of the pump to transport mixtures with higher gas contents.
However, the curves become narrower as the gas contents increase. Overall, the increased
gap and the high rotational speed appear to be the best solutions concerning the pump
operation with constant gas volume flow rates.

5.11. Visualization of Flow Regimes

The two-phase flow details were visualized via the thoroughly transparent pump
casing and photographed using a high-speed camera (Imager pro-HS 4M CCD) with
a resolution of 2016 × 2016 pixels and LED lighting to illuminate the flow (see, again,
Figure 6b). Additionally, for maximum optical accessibility from the front side of the
pump, all impellers were designed with six non-twisted blades. Further, for the accurate
identification of the different flow regimes, 220 images were recorded using a high-speed
time-resolved recording with a 1 kHz acquisition rate for each data point. All details can be
seen by playing these time-resolved images in slow motion. For some data points near flow
regime transitions, a cyclic recording was also needed to confirm the decision regarding the
flow regime, where the images have been acquired with the same frequency of the impeller
revolution, always keeping the impeller blades in place (frozen impeller), which helps to
only show the oscillations and changes of the two-phase flow patterns.

Considering all the pump configurations, the flow regimes were categorized into five
different categories following the literature. The various regimes observed are bubbly flow,
agglomerated bubbles, pocket flow, alternating pocket, and segregated flow. Note that some
flow regimes were not observed for specific pump configurations. Figures 31–36 show
sample instantaneous images for each observed flow regime separately for the different
pump configurations considered. The important characteristics of each flow regime are
explained below:

• Bubbly regime—Gas bubbles are distributed nearly all over the impeller without
considerable agglomerations between them. In the majority of cases, more bubbles
appear closer to the suction side of the blades (see, for example, Figure 33a).

• Agglomerated bubbles regime—Interactions and agglomerations take place between
the bubbles. Accordingly, bigger bubbles and gas structures are observed. Again,
the gas can be denser near the suction side (Figures 31b, 32b, 33b, 34b, 35b and 36b).

• Pocket regime—Large air pockets steadily stand on the suction side of all impeller
blades. These pockets are characterized by only a slight variation in size.

• Alternating pocket regime—Large air pockets stand close to the blade inlet and mostly
on the suction surface with unstable characteristics (appearing, disappearing, and large
fluctuations in size).
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• Segregated regime—The air pockets spread over the whole length of the blades until
the impeller outlet. This was only found in the closed impeller and it did not take
place in the semi-open impeller cases. Sometimes, an asymmetric air ring forms in
front of the (closed) impeller, as shown in Figure 31e. A. Poullikkas [11] observed a
similar asymmetric gas ring.
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= 1.5 ε = 2%, Qt
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(e) Segregated

Figure 31. Regimes observed in the closed impeller.
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(a) Bubbly (b) Agglomerated (c) Pocket (d) Alternating
Figure 32. Regimes observed in the semi-open impeller with the standard gap.
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Figure 33. Regimes observed in the semi-open impeller with an increased gap.
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Figure 34. Regimes observed in the semi-open impeller with a standard gap and inducer.
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Figure 35. Regimes observed in the trimmed trailing edge semi-open impeller with a standard gap.



Int. J. Turbomach. Propuls. Power 2023, 8, 42 37 of 49

ε = 1%, Qt
Qopt

= 1.5 ε = 2%, Qt
Qopt

= 0.6 ε = 5%, Qt
Qopt

= 0.8 ε = 3%, Qt
Qopt

= 0.31

(a) Bubbly (b) Agglomerated (c) Pocket (d) Alternating

Figure 36. Regimes observed in the semi-open impeller with a standard gap and trimmed trailing
edge (TTE) at 1000 rpm.

Figures 31–36 compare sample images for all the possible flow regimes in each pump
configuration. The sample images are shown at comparable flow conditions whenever
possible. Generally, the interaction between the liquid and gas phases, as well as the
appearance of accumulated gas, vary for different pump configurations. The increased
resistance to gas accumulation of the semi-open impeller can be noted when comparing the
images. For instance, the bubbly flow regime of most semi-open impeller cases (Figures 32a,
33a, 34a, 35a and 36a) are more homogeneous, and the bubbles are almost spread all over in
the pump. This effect is more apparent when increasing the gap (Figure 33a), installing the
inducer (Figure 34a), and increasing the rotational speed (Figure 36a). Similar observations
are visible for the agglomerated bubbles and the pocket flow regimes. Furthermore, the gas
pockets at increased rotational speed (Figure 36c) are slightly smaller compared to the
bubbles in the same impeller at lower rpm (Figure 35c) under identical flow conditions.
This confirms the enhanced phase mixing associated with higher rotational speeds.

5.12. Flow Regime Maps

Figure 37 shows detailed flow regime maps on the performance curves of each con-
sidered pump configuration. The zones of pump breakdown, surging, and cavitation
are also indicated. In this way, the behavior of the pump and the discontinuities of the
performance can be better illustrated. The shown maps share several similarities. For
instance, the bubbly flow regime appears, in most cases, principally at overload conditions
and low gas contents (ε < 2%). However, the region of the bubbly flow regime is very
limited in the closed impeller (Figure 37a) due to the lower shear rates and the absence of
the leakage flow (no tip clearance gap).

The alternating pocket flow regimes appear, in most cases, at part-load and overload
conditions. Nevertheless, due to the decreased resistance to gas accumulation, it is appar-
ently bigger for the closed impeller. This confirms the higher flow instabilities in the closed
impeller, as presented and discussed before.
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Figure 37. Detailed maps for the two-phase flow regimes in each pump configuration.
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When comparing the map of the closed impeller (Figure 37a) with the semi-open
impeller with a standard gap (Figure 37b), it can be noted that the agglomerated bubbles
regime takes place within wider flow conditions in the closed impeller. Similarly, the pocket
flow regime appears earlier in the closed impeller, starting from ε ≈ 3% with no remarkable
discontinuities in the performance curves. This is not the case for the semi-open impeller
with a standard gap, where the pocket flow regime starts later at ε ≈ 4%, leading to a
sharp and significant drop in performance. Additionally, for ε = 4 to 7%, the semi-open
impeller with standard gap experiences quite a lot of significant reductions in performance
in the pocket flow regime. As shown, the segregated flow regime appears only in the
closed impeller (Figure 37a) for ε ≥ 9%, where the gas pockets become very long, covering
the entire blade length until the outer diameter of the closed impeller (Figure 31e). This
two-phase flow pattern was not observed in all the other pump configurations when using
semi-open impellers, due to the strong bubble break-up in such cases.

As shown in Figure 37c, the use of a semi-open impeller with an increased gap results
in considerable variations in the flow regime map. Unlike the standard gap case, a larger
bubbly flow regime and agglomerated bubbles flow regime are observed along the whole
flow rate range due to the increased secondary flow which hinders gas accumulation.
Thereafter, the pocket flow regime does not appear until a gas volume fraction of ε = 6% is
reached. Further, the alternating pocket flow regime was not observed for the semi-open
impeller with the increased gap due to improved phase mixing in this case. Surging occurs
only for gas volume fractions between ε = 7% and ε = 9%. Still, the pump breakdown
region becomes bigger for the increased gap (Figure 37c) compared to that of the standard
gap case (Figure 37b).

To clarify the effect of installing the inducer, Figure 37d and Figure 37b are compared.
As shown, the installation of the inducer does not lead to important differences in the
location or the size of the flow regimes and the other phenomena of the semi-open impeller
with the standard gap. A single exception is that the agglomerated flow regime spreads
now along the whole flow range until overload conditions after installing the inducer. This
happens because of the slightly reduced performance at overload conditions when the
inducer is installed. Similarly, the flow regime maps of the semi-open impeller with a
standard gap with either a round trailing edge (Figure 37b) or a trimmed trailing edge
(Figure 37e) are very comparable. However, the alternating pocket flow regime appears
within more restricted flow conditions for the trimmed trailing edge impeller. Further,
at overload conditions, a small portion of the bubbly flow regime is transformed to the
agglomerated bubbles flow regime for the trimmed trailing edge, due to the lower perfor-
mance. Finally, by increasing the rotational speed to 1000 rpm (Figure 37f), the alternating
pocket flow regimes increase in size again when compared to the same impeller with lower
rpm (Figure 37e) due to the increased turbulence and instabilities. Otherwise, only minor
differences can be seen between the two maps.

5.13. Bubble Size Distribution

This section compares the bubble size distributions (BSD) for four of the pump con-
figurations that were taken into consideration (configurations 1 through 4, i.e., closed
impeller, semi-open impeller with the standard gap, semi-open impeller with the increased
gap, and semi-open impeller with standard gap and inducer). Two values of gas vol-
ume fraction (ε = 0.25% and 0.5%) at overload conditions (Qw = 105 m3/h) were taken
into consideration for the comparison of the bubble size distributions between the four
pump configurations. The acquired bubble size distributions are all displayed in Figure 38.
As shown, increasing the gas volume fraction from ε = 0.25% to ε = 0.5% results in an
increase in the median diameter (Dmedian), the Sauter mean diameter (D32), and the BSD
standard deviation (σ) for all configurations. Additionally, the BSD of the closed impeller
is generally wider with higher median diameters compared to the other three cases of the
semi-open impeller. Figure 39 displays precise comparisons between the four configura-
tions. Once more, the bubble sizes found in the semi-open impeller are typically smaller
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than those in the impeller that is closed. This happens because the blades of the semi-open
impeller are subjected to greater shear rates. The increase of the tip clearance gap produces
slightly smaller median diameters and more uniform distributions (lower standard de-
viations), as seen in Figure 39b. When the upstream inducer is employed, a comparable
effect takes place. Overall, the semi-open impeller with an inducer has the narrowest
BSD compared to the other configurations, with very small standard deviations. In this
configuration, the phase mixing is enhanced and the uniformity of the BSD is increased
through the additional rotary action offered by the inducer before the main impeller. The
influence of changing the rotational speed from 600 rpm to 900 rpm on the bubble size was
considered in reference [51], using an inlet gas volume faction of 1.1–1.3%. It was shown
that the average bubble size is approximately 0.5 mm for 600 rpm, while the average bubble
size typically decreases to approximately 0.4 mm for 900 rpm. Additionally, the distribution
of bubbles within the impeller channels becomes more homogeneous for the higher rpm.
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Figure 38. Bubble size distributions for different pump configurations. (a) Closed impeller, ε = 0.25%.
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(b) Closed impeller, ε = 0.5%. (c) Semi-open impeller with the standard gap, ε = 0.25%. (d) Semi-open
impeller with a standard gap, ε = 0.5%. (e) Semi-open impeller with an increased gap, ε = 0.25%.
(f) Semi-open impeller with an increased gap, ε = 0.5%. (g) Semi-open impeller with a standard gap
and inducer, ε = 0.25%. (h) Semi-open impeller with a standard gap and inducer, ε = 0.5%.
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Figure 39. Comparison of bubble size distributions.

6. Conclusions

In this paper, experimental investigations of two-phase gas–liquid pumping in a radial
centrifugal pump were reviewed and discussed, considering various single-phase and
two-phase conditions. Comparisons were carried out for various pump configurations,
i.e., closed versus semi-open impellers, standard versus increased tip clearance gaps, oper-
ating with versus without inducer, round (profiled) versus trimmed (non-profiled) trailing
edge semi-open impellers, and low (650 rpm) versus high rotational speeds (1000 rpm).
The performance degradation, pump breakdown, performance hysteresis, two-phase flow
regimes, flow pattern maps, flow instabilities (pump surging), and sample bubble size
distributions were covered in the comparisons. All employed impellers, the pump body,
and part of the suction pipe were made of transparent materials to allow flow visualiza-
tion. For each pump configuration, the two-phase flow patterns were measured using a
high-speed system. The main conclusions can be listed as follows:

• The single-phase flow performance of the closed impeller is slightly higher than that
of the semi-open impeller with the standard gap due to the leakage flow. A substantial
reduction in the single-phase performance happens in the semi-open impeller when
the gap is increased. Quantitatively, a drop of 9% to 40% in specific delivery work
takes place from part-load to overload, respectively. On the other hand, the installation
of the inducer does not lead to important variations in the single-phase performance.
The use of the trimmed trailing edge semi-open impeller causes a drop of about 7
to 28% in the specific delivery work compared to the same impeller with a round
trailing edge. The two considered rotational speeds typically show very comparable
single-phase performance on normalized scales. Accordingly, for achieving the highest
possible single-phase performance, the closed impeller is recommended over the semi-
open impeller, the standard gap over the increased gap, and the round trailing edge
over the trimmed trailing edge.

• No significant hysteresis occurs in the closed impeller, while, in the semi-open impeller
with a standard gap, strong hysteresis is visible between ε = 4% and ε = 6%, due to
the former gas accumulations on the blades. However, increasing the tip clearance
gap could beneficially prevent hysteresis among different experimental approaches.
Likewise, the use of the inducer before the semi-open impeller could strongly decrease
the performance hysteresis. When the first two experimental approaches are compared,
performance hysteresis takes place within a wider range of gas volume fractions
with the trimmed trailing edge semi-open impeller (configuration 5), i.e., ε = 3–5%,
compared to ε = 4–5% in the round trailing edge semi-open impeller (configuration 2).
Nevertheless, the hysteresis is lower in the trimmed trailing edge semi-open impeller
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compared to that of the round trailing edge semi-open impeller when the first and
third approaches are compared. When the rotational speed is increased to 1000 rpm,
the performance hysteresis increases remarkably and occurs within a wider range of
gas volume fraction, i.e., ε = 2–6% compared to ε = 3–5% in the lower rotational speed
(650 rpm) when comparing the results of the first and second approaches.

• For two-phase pumping performance, the degradation is much lower in the semi-
open impeller with the standard gap compared to that of the closed impeller for
1% ≤ ε ≤ 3%. However, for 4% ≤ ε ≤ 6% the behavior is reversed, where the perfor-
mance of the semi-open impeller with a standard gap drops significantly compared to
that of the closed impeller. This is mainly apparent at overload flow. Increasing the gap
of the semi-open impeller could positively shift the sharp performance drop, allowing
very solid pumping until ε = 7%, followed by pump surging. Further, adding the
inducer to the semi-open impeller with a standard gap enhances the part-load per-
formance within the range of ε = 4% to 7% and overload performance within ε = 4%
to 5%. The two-phase performance and the effective operating range of the round
trailing edge semi-open impeller were found to be better than those of the trimmed
trailing edge semi-open impeller. Similarly, the overall two-phase performance and
the working range of the increased rpm are improved compared to the lower rpm as
a result of the enhanced phase mixing, where the abrupt performance reduction is
shifted to ε > 8%.

• Regarding the performance curves of constant air flow inlet, the closed impeller
exhibits strongly unstable curves compared to most of the semi-open impeller cases.
Consequently, the flow instabilities were found to be stronger in the closed impeller.
Additionally, pump surging takes place in a wider range of flow conditions in the
closed impeller. Increasing the tip clearance gap of the semi-open impeller could
strongly decrease the instabilities when compared to those of the semi-open impeller
with a standard gap. Similarly, the use of the inducer could diminish the instabilities
and reduce the surging region of the semi-open impeller. Comparing the performance
curves of the constant air flow inlet, the trimmed trailing edge semi-open impeller
shows higher instabilities compared to the round trailing edge semi-open impeller.
The intensity of pump surging in the trimmed trailing edge semi-open impeller was
found to be lower than that of the round trailing edge semi-open impeller. However,
only a low number of data points could be measured and compared under surging
conditions. Additionally, the surging region of the trimmed trailing edge semi-open
impeller is larger than that of the round trailing edge semi-open impeller. The increase
of the rotational speed increases the flow rate and the occurrence of pump surging.

• The transitions between different two-phase flow patterns on the two-phase perfor-
mance maps explain the location of each flow regime, and the sudden variations
and discontinuities of the performance in each pump configuration. Further, the maps
reveal the improved gas accumulation resistance of the semi-open impeller with a
standard gap compared to the closed impeller. The resistance to gas accumulation in-
creases with increasing the tip clearance gap. Still, the inducer has only a slight impact
on the flow regime map of the semi-open impeller. Additionally, gas accumulations
take place easier in the trimmed trailing edge impeller due to its lower performance
compared to the round trailing edge semi-open impeller.

• The comparisons of sample bubble size distributions showed that the curves of the
closed impeller are generally wider with higher median diameters compared to the
other pump configurations using semi-open impellers. When the tip clearance gap is
increased or the inducer is installed, the bubble size distributions become narrower,
with somewhat lower median diameters.

Based on the experimental observations:

– The closed impeller is suitable only for single-phase flow.
– The semi-open impeller with a standard gap is recommended for gas volume fractions

between 1% and 3%.
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– Installing the inducer is advised for gas volume fractions between 3% and 4%.
– For gas volume fractions between 5% and 7%, a larger tip clearance gap is preferred.
– The round trailing edge (profiled) is always a better choice compared to the trimmed

trailing edge (non-profiled).
– In general, a higher rotational speed is preferred over a lower one, even at the cost of

some increased instabilities.

In future work, the investigations can be extended to include the effect of increased
suction pressure, other types of two-phase mixtures (e.g., with different density ratios),
other types of impellers (e.g., with twisted blades), and other types of pumps, which have
not been considered in the present study.
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Nomenclatures
The following nomenclatures and abbreviations are used in this manuscript:

Roman characters
AD Cross-sectional area of discharge line (m2)
AS Cross-sectional area of suction line (m2)
b1 Blade inlet width (m)
b2 Blade outlet width (m)
Ch Chord length at inducer blade hub (m)
Ct Chord length at inducer blade tip (m)
D1 Impeller blade inlet diameter (m)
D2 Impeller blade outlet diameter (m)
D32 The Sauter mean diameter of bubbles (m)
Dmedian Median bubble diameter (m)
DR Liquid-to-gas density ratio (-)
DS Diameter of suction pipe (m)
E Blade thickness (m)
g Gravitational acceleration (m/s2)
H Pump head (m)
ṁ Mass flow rate of the fluid (kg/s)
ṁa Air mass flow rate (kg/s)
ṁw Water mass flow rate (kg/s)
ṁt Total mass flow rate (ṁa + ṁw) (kg/s)
n Rotational speed (rpm)
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nq Specific speed (rpm)
pD Discharge static pressure (Pa)
Ph Pitch at inducer blade hub (m)
PP Pump useful power (W)
pS Suction static pressure (Pa)
PSh Shaft power (W)
PSh max Maximum shaft power (W)
PSh opt Shaft power at optimal conditions (W)
Pt Pitch at inducer blade tip (m)
Q Volume flow rate (m3/s)
Qa Air volume flow rate (m3/s)
Qmax Maximum flow rate (m3/s)
Qopt Optimal (nominal) flow rate (m3/s)
Qw Water volume flow rate (m3/s)
Qt Total volume flow rate (Qa + Qw) (m3/s)
R Gas constant of air (J/kg ·K)
Reω Rotational Reynolds number of water (-)
S Impeller tip clearance gap (m)
Si Inducer tip clearance gap (m)
T Flow temperature (K)
zs Suction elevation (m)
zD Delivery elevation (m)
Greek characters
β1 Blade inlet angle (°)
β2 Blade outlet angle (°)
ε (Inlet) Gas volume fraction (%)
η Pump efficiency (%)
µw Water dynamic viscosity (Pa · s)
µ̇ Gas mass fraction (%)
ω Angular speed (rad/s)
ρ Fluid density (kg/m3)
ρa Air density (kg/m3)
ρw Water density (kg/m3)
σ Standard deviation of the bubble size distribution (m)
σa Inducer area solidity (-)
σh Inducer hub solidity (-)
σt Inducer tip solidity (-)
τ Torque (N ·m)
Υ Specific delivery work (m2/s2)
Υmax Maximum specific delivery work (m2/s2)
Υopt Optimal specific delivery work (m2/s2)
Subscripts
1 Inlet
2 Outlet
a Air phase
D Discharge
i Inducer
opt Optimal conditions of the pump (conditions at maximum efficiency)
max Maximum values
S Suction
Sh Shaft (power)
t Total parameters
w Water phase
Abbreviations
% FS Percentage of full scale (Quantification of accuracy)
% RD Percentage of reading (Quantification of accuracy)
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BSD Bubble size distribution
CFD Computational fluid dynamics
GVF Gas volume fraction
HireCT High-resolution gamma-ray-computed tomography
LED Light-emitting diodes
NPSH Net positive suction head (m)
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