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ABSTRACT

In this study, the performance of a radial-type centrifugal pump was investigated for different single and two-phase flow conditions to
evaluate the influence of the shape of the impeller blade trailing edge. For that purpose, two geometrically similar semi-open impellers
with two common blade trailing edge profiles were manufactured and experimentally compared, considering a round trailing edge (RTE)
and a trimmed trailing edge (TTE). The impellers and pump casing were made of transparent acrylic glass to allow visualization and
recording of the two-phase flow regimes by a high-speed camera. Additionally, 3D URANS numerical single-phase simulations were
performed for the whole pump geometry to understand the performance changes between the two impeller designs. The standard
moving-mesh approach combined with the £ — @ SST turbulence model was used to simulate the pump flow. In the experiments, the
hysteresis effects were studied by incorporating two different procedures to set the desired operating conditions. The pump performance
was measured and analyzed for both constant gas volume fractions and constant air flow rates at the pump inlet. The results show that
the pump with TTE impeller has considerably lower performance compared to the RTE impeller for single-phase as well as most of the
two-phase flow conditions. The reason for this lower performance could be revealed by the numerical simulations, where the interaction
between the TTE impeller and the volute tongue led to a bigger separation. Furthermore, the experiments show that the TTE impeller
has a much larger surging region compared to the RTE impeller. The reason is that the TTE impeller is more prone to gas accumulation
within blade channels at lower gas volume fractions due to its lower performance. This limits its working range further, particularly at
5 % gas volume fraction. Comparing different experimental procedures, hysteresis effects were observed for the RTE impeller only for
gas volume fractions between 4 and 5 %, while the TTE impeller has increased hysteresis effects for gas volume fractions between 3
and 5 %. Finally, two-phase flow regime maps were generated and associated with the pump performance. Based on the results shown
in this study, the round trailing edge is always recommended to ensure higher single and two-phase performances, lower gas
accumulations, and more limited surging and performance hysteresis.

INTRODUCTION

The usage of centrifugal pumps to transport single and two-phase air-water flows is very relevant for numerous industrial and
engineering applications. Primarily, designed to handle single-phase mixtures, many industrial applications now require the same
flexibility, broad applicability, and similar performance for two-phase flow conditions as well. However, while transporting two-phase
mixtures, the pump performance remarkably drops even at low gas volume fractions of about 1 %. The performance reduction occurs
due to the presence of gas accumulation within the impeller channels, which increases as the gas volume fraction is increased [1-7]. The
fundamental reason for this performance degradation being the inability of the pump impeller to efficiently transfer the momentum
energy to the two-phase mixture. This problem is of much concern in various applications, such as petroleum and natural gas production
[1,8], agriculture [7], geothermal power plants [9], refrigeration systems [10], nuclear power plants [4,11,12], chemical processes, paper
industry, and wastewater treatment [13]. This has motivated a large field of research to explore various pump designs and capabilities
to better handle and transport two-phase mixtures with minimum performance deterioration and a wider working range.

Pump operating under two-phase flow conditions can undergo a series of problems when the gas volume fraction at the pump inlet is
increased. This starts with typical pump performance deterioration at low gas volume fraction between 1 % and 3 %. With further
increase in the gas volume fraction, the gas starts to accumulate within the impeller channel starting in most cases from the blade leading
edge, radially growing outwards with the increase of the gas contents, leading to huge pockets on all blades. This phenomenon is
commonly known as “gas locking” [1-6]. Additionally, a severe phenomenon called “pump surging” can occur. During this condition,
rapid and unstable accumulation and discharge of big gas pockets can occur, which leads to strong vibrations and obvious flow
instabilities accompanied by fluctuations in all pump parameters, including for example pump head and flow rate [5,14-19].
Furthermore, as the gas volume fraction is increased to values around 7 % to 10 % in part-load conditions (flow rates lower than the
design flow), the pump can completely stop generating any head, which is known as “pump breakdown”[3-5,13,14].

Several experimental investigations have been performed using various visualizing techniques to study the complex two-phase flow
patterns and the corresponding flow behavior that affect the pump performance [5,20,21]. Accordingly, the two-phase flow patterns
were classified into bubbly flow (dispersed spherical bubbles) at low gas volume fractions, agglomerated bubble flow (bubble
coalescence together forming agglomerated ones) at low to medium gas volume fractions, alternating pocket flow (gas pockets appear
alternatively on blade suction and/or pressure side) at medium to high gas volume fractions and segregated flow (separated flow due to
large gas accumulation within impeller channels) at very high gas volume fractions [5,14,15,17,20,22].

The presence of large separations in the flow was found to be the main reason for the development of huge gas accumulations in two-
phase flows [14], due to the low-pressure available in the separation zone. Such low-pressure zones can mainly occur in pumps near the
blade suction and/or pressure sides or near the volute tongue [7,23-28]. Several studies have shown that increasing the turbulence levels
can help to disturb these gas accumulations and further enhance mixing between the two phases, boosting the pump performance [14,27].
These have been done by various methods like increasing the impeller blade tip clearance gap [5,27], placing an inducer upstream of
the impeller [5,27], increasing the rotational speeds [14,17,19,29], introducing surfactant within the two-phase flow [8].
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The profiles of the leading and trailing edges of the impeller blade are also very important parameters concerning the pump and the
cavitation performance. Changing the leading edge profile can only slightly affect the pump head, yet it can strongly affect the cavitation
performance [30-32]. On the other hand, the profile of the trailing edge is very influential concerning the pump head since it is directly
related to the distance between the blades and the flow deceleration near the impeller outlet [33]. Additionally, the trailing edge profile
impacts the generated vortex shedding behind it, which changes the flow behavior in the volute and modifies the complex interaction
between the impeller blades and the volute tongue [34-37].

For instance, Gao el. al [34] investigated the influence of five different blade trailing edges on the performance and the pressure
pulsations in a centrifugal pump. It was found that the round (circle) and the ellipse trailing edges have higher pump performance (head
and efficiency) compared to the trimmed (original) trailing edge. Kye et. al [28] used large eddy simulation to numerically simulate the
centrifugal pump and showed that vortex shedding from the blade trailing edge can cause stronger vortices in a wider region inside the
volute. The attempts done in the literature to improve the pump performance by modifying the trailing edge considered also recently
complex profiles, i.e. V-cut [38] and sinusoidal [37] profiles. Warda et al. [38] compared seven different blade trailing edges and
proposed that a V-cut blade trailing edge comparatively provides better efficiency than all other designs at high rotational speeds (6000
rpm). Furthermore, it was shown that the effects of blade trailing edge become even higher at higher rotational speeds.

Although several interesting results could be obtained in the literature, the previous investigations concerning the influence of the trailing
edge profile were only limited to single-phase flow. Thus, the main objective of the present work is to compare two typical types of
blade trailing edges, i.e. round trailing edge (RTE) and trimmed trailing edge (TTE), also for two-phase air-water flow in a centrifugal
pump. The impellers and the pump casing were made of transparent acrylic glass to allow full visualization and recording of the two-
phase flow regimes by a high-speed camera. The pump performance was measured and analyzed for both constant gas volume fractions
and constant air flow rates at the pump inlet. The comparisons cover also the performance deterioration, the flow instabilities, and the
performance hysteresis by applying two different procedures to set the desired operating conditions [5,6]. Additionally, sample single-
phase simulations have been done using the moving-mesh approach and the £ — w SST turbulence model to explain the internal flow
details, complementing the experimental observations. The present analysis provides detailed insights into the pumping performance of
these two blade trailing edges for a variety of two-phase flow conditions.

EXPERIMENTAL TEST-RIG

A view of the pump casing, the two impellers, and the whole loop of the experiments are shown in Figure 1a, 1b, and 1c, respectively.
As mentioned in the introduction, the whole pump casing and the two impellers were made entirely from transparent glass to allow
complete flow visualization. Additionally, the impellers were designed with 6 cylindrical (non-twisted) blades to maximize the flow
visualization. The two-phase flow patterns were recorded by using a high-speed camera with 2016 x 2016 pixels resolution. To illuminate
the flow inside the pump, 4 LED lamps were distributed around the pump casing as shown in Figure la. In this way, the interface
between air and water can be observed. The window where the two-phase flow patterns were observed are indicated by dashed rectangles
in Figure 1a. The (semi-open) impeller is installed with a standard tip-clearance gap (S /b, = 2.5 %), where b, and b, are the impeller
blade inlet and outlet widths. Figure 1b shows the two impellers with either a round trailing edge (RTE) or a trimmed trailing edge
(TTE), while all other geometrical parameters are kept identical. The diameter of the round trailing edge is equal to the blade thickness.

As shown in Figure 1c, the suction pipe of the pump is connected to a water tank with a total volume of 6.3 m? to provide a closed-loop
operation. The flow rates of both phases are measured separately before being mixed. The water flow rate (Q.) is measured by an
electromagnetic flow meter (with + 0.5 % RD accuracy) and adjusted by a motorized gate valve positioned on the discharge line. The
air mass flow rate () is measured by a mass-flow meter (with £ 0.5 % RD plus = 0.1 % FS accuracy) and regulated by a throttle valve.
The air flow is then mixed with the water phase before entering the pump at the center of the inlet pipe via a gas distribution nozzle as
indicated in Figure 1c. The pressure before (P;) and after (P,) the pump is measured by two absolute pressure sensors (with + 0.25 %
FS accuracy). The flow temperature (T') is monitored by a temperature sensor (with + 0.3 K maximum absolute error) installed near the
air injection. The suction conditions (P; and T') are used to determine the inlet air volume flow rate (Q,) and the inlet air volume fraction
(¢). The suction pressure (P;) was always bounded between 1.28 and 1.14 bar in the experiments, corresponding to the minimum and
the maximum flow rates, respectively.

The pump is driven by a variable speed motor (5.7 kW, with 3000 rpm maximum rotational speed), where the rotational speed (n) is
measured by an analog tachometer (with 1 % RD accuracy). A torque sensor (with = 0.4 % FS accuracy) is installed on the motor shaft
to measure the shaft torque () and obtain the pump efficiency (n). Since the pump components are made of acrylic glass, a low rotational
speed of n = 650 rpm was kept for the present investigations to prevent strong vibrations that occur at higher speeds, which can be
destructive for the pump parts. In this case, the specific speed of the pump is approximately n, =21 (ny = 1084) min™. Further details
regarding the test-rig and the impeller dimensions can be found in our previous publications [5,14,27].
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Figure 1. Details of the experimental test-rig.
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NUMERICAL MODELING
Simulation domain and grid

The details of the simulation domain are shown in Figure 2a. As shown, the simulation domain consists of 3 different parts connected
via in-place interfaces, which are the inlet pipe, the rotating zone (around the impeller), and (3) the volute with the outlet pipe. The
length-to-diameter ratios of the inlet and outlet pipes are approximately 4 and 5, respectively. The pressure is monitored in the
simulations in corresponding locations as the experiments.

The grid used in the present simulations has been adopted from our previous study [27], after performing a grid independence test. A
polyhedral grid was generated for the entire domain with additional refinement within the rotating zone to ensure precise capturing of
the flow within the pump impeller. 8 prism layers were created along all walls to accurately resolve the flow in the boundary layer. The
first layer thickness was kept sufficiently small to keep the average dimensionless wall distance y* always below 1. A view of the final
grid is shown in Figure 2b with a total of 5.11 million cells. Additional details and grid independence data can be found in [27].
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let
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a) Simulation domain. b) Numerical grid.

Figure 2: Details of the simulation domain and the numerical grid.

Model description

3D URANS single-phase simulations were performed to provide internal flow details, in particular the interaction between the impeller
blades and the volute tongue. The k — w shear stress transport (SST) model [39] was employed for turbulence modeling. This model has
been widely used for modeling flow in pumps since it can accurately capture strong pressure gradients and flow separations within the
flow [27,40-44]. A rigid body motion (moving mesh) technique was used to model the transient impeller rotation. A second-order
upwind scheme was applied together with a segregated solver. The continuity and momentum equations are given by Equations (1) and
(2), respectively.

dp .
5 TV (pV)=0 o
DV - I
p—=pG —V-p +uvi-v (2)

where p is the fluid density, V is the flow velocity, g is the gravitational acceleration, p is the pressure, and g is the dynamic viscosity.
Further details can be found in [45]. Water with a density of p = 997.56 kg/m? and a dynamic viscosity of u = 8.887 x 10 Pa-s.
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The time-step was selected after performing a timestep study using three different timesteps in [27]. Finally, a timestep of 1° was chosen,
ensuring negligible changes in all pump parameters. For the applied timestep, the CFL (Courant—Friedrichs—Lewy) number is always
below 1 for all simulations. 25 inner iterations were used to ensure enough convergence for each timestep by a drop of approximately
three magnitudes of the residuals. The physical time of the simulation was kept 0.5 seconds, which corresponds to more than 5 impeller
rotations. All the numerical results were averaged over 1 entire impeller rotations to get stable averaged values. Additional information
concerning the time step independence study can be found in [27].

RESULTS AND DISCUSSION

In the present work, the pump performance is calculated in terms of the specific delivery work (Y), which represents the total pump
power per mass flow rate as defined by Equation (3), assuming an isothermal compression process for the air phase within the pump. In
Equation (3), z is the air mass fraction, p,, is the water density, P; is the suction pressure, P, is the discharge pressure, R is the gas
constant of air, T is the flow temperature, V; is the suction superficial flow velocity, V, is the discharge superficial flow velocity, z; is
the suction elevation and z, is the discharge elevation. The air mass fraction () is defined by Equation (4), where m, and m,, are the
mass flowrates of air and water, respectively and p, is the air density. The superficial velocities in the suction and the delivery pipes (V;
and V) are calculated from Equation (5) and (6), respectively, based on the continuity balance, where A; and A, are the suction and the
discharge areas, respectively. The complete derivation of Equation (3) can be found in our previous study [5]. The performance of the
pump was obtained for different gas volume fractions &, which is defined by Equation (7), representing the fraction of the air volume
flow rate to the total volume flow rate (Q;). Here, Q; is the sum of @, and Q,,, which are the air and water volume flowrates, respectively.
Lastly, the shaft power (Ps;,) and the efficiency (1) are calculated by Equations (8) and (9), respectively.

_ — 4 _ . é l 2 _ 172 _

Y=, =P+ iR TIn(5) 4507 — V) + gz — ) ©)

. ma _ pa Qa
A et 1 DaQat P Qn @
v, = % 5)
vV, = g_: (6)

_Q_ 0
© = 0t 0w @
Ps, = T+ 21n/60 ®)
mY

T ®

Single-phase flow performance

The experimental and the numerical single-phase performance curves, i.e. the normalized specific delivery work (Y /Y,,,;), the efficiency
(n), and the normalized shaft power (Pgp/Psp op¢) Of the two impellers are compared in Figure 3a, b, and ¢, respectively. Here, the
conditions corresponding to the best efficiency point (optimal conditions, Qopr, Yope, and Psy ope) of the RTE impeller is used for
normalization in all figures. As can be seen, the performance of the RTE impeller is always higher than the TTE impeller along the
entire working flow range. This is particularly evident at overload conditions where the normalized specific delivery work of the TTE
impeller drops by about 29 % compared to the RTE impeller while at part-load conditions the drop is approximately 7.5 %. Concerning
the efficiency, only limited changes can be seen between the two impellers at part-load conditions. However, at overload conditions, the
efficiency of the TTE impeller is obviously lower than that of the RTE impeller. Accordingly, when the TTE impeller is used, the peak
point of the efficiency is slightly shifted to a lower volume flow rate compared to the RTE impeller, thereby narrowing the effective
working flow range of the pump. For the RTE profile, the distance between the blades is increased near the impeller outlet compared to
the TTE (non-profiled). In this case, the flow is more effectively decelerated at the impeller outlet, increasing the pump head.
Additionally, the interaction between the impeller blades and the volute tongue is improved in the case of RTE, leading to higher
performance as will be illustrated by the simulations. Comparing the experimental and numerical curves in Figure 3, it can be seen that
the simulations can commonly predict the trends of all pump parameters.
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Figure 3: Comparison of single-phase performance for the round trailing edge (RTE) and the trimmed trailing edge (TTE) impellers.

Single-phase flow Visualization

Vorticity visualization from the numerical simulations in the two impellers and the blade trailing edge and volute tongue interaction are
compared for both the impellers in Figure 4. The first and second rows represent the vorticity contours for the RTE and TTE impeller
at part-load (Qw/Qop: = 0.1), optimal (Qw/Qop = 1), and overload (O./Qqp: = 1.6) conditions, respectively. It can be clearly noticed that
as the flow is increased from part-load to overload conditions, flow separation near the volute tongue significantly increases for both
impellers. However, the TTE impeller tends to show more vortices near the volute tongue. Additionally, the blade trailing edge vortex
shedding (just behind the trailing edge) is the least at optimal conditions due to a more streamlined flow along the impeller blades, while,
the blade vortex shedding is obviously higher at part-load and overload conditions. Concerning the vortex shedding for the TTE impeller
at part-load conditions, the vortices tend to be directed within the impeller channels, limiting the head generated. Conversely, the RTE
impeller can direct the flow better along the impeller exit, minimizing the vortices. Note that for the round trailing edge, the distance
between the blades is increased near the impeller outlet compared to the trimmed trailing edge. In this case, the flow is more effectively
decelerated at the impeller outlet, resulting in a higher pump head.

Now to compare the interactions between the blades and the volute tongue as well as the flow separation at the tongue, Figure 5 shows
the 3D vortex structures via Q-criterion visualization at the optimal flow, i.e. O\/Qop = 1. The Q-criterion is a three-dimensional, scalar
indicator that can be used to visualize the vortices and the wakes as spatial regions [46]. A value of Q-criterion = 20000 (1/s) was found
suitable to differentiate the 3D vortex structures between the two considered impellers. Figure 5 confirms that the TTE impeller has a
much bigger separation on the tongue, which is one of the main reasons for the reduced pump performance for this impeller.
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Figure 5: Q-criterion visualization at optimal flow rate (Qw/Qopi= 1).
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Two-phase flow performance
Performance curves of the round trailing edge (RTE) impeller

The normalized specific delivery work (Y/Y,,) of the RTE impeller under two-phase flow conditions is shown in Figure 6. The results
obtained by two different experimental procedures are shown simultaneously, i.e. an increasing approach starting from the minimum
flow to the maximum flow and a decreasing approach starting from the maximum flow to the minimum flow [5,6]. This was done to
examine possible hysteresis effects in the pump performance. The hysteresis is defined as the dependence of the pump performance on
the history of reaching the desired conditions (the flow rates of air and water). Under two-phase pumping, obvious performance changes
can appear for identical operating conditions, if the air flow is either reduced starting from an originally high value or increased starting
from zero. Reducing the air flow from an originally high flow can allow prior accumulations of large air in the impeller, which can
persist along the blades for some flow conditions, even after reducing the air flow rate to lower values, where smaller or even no pockets
at all should appear when the air flow is increased from a zero value [5,6,14].

In Figure 6, the black-filled symbols and the dotted trend lines represent the results obtained by the increasing (first) procedure, while
the empty symbols and the dashed trend lines donate the results recorded by the decreasing (second) procedure. Additionally, gray-filled
symbols indicate the occurrence of strong flow instabilities (pump surging). The data points obtained by the two procedures are at some
conditions clearly different, where a noticeable hysteresis can be seen, particularly at ¢ =4 % and € = 5 % at overload operations.

All negative pump phenomena including pump breakdown, surging, and cavitation are also highlighted in Figure 6. The pump
completely loses its ability to transport the fluid in the breakdown region. Surging indicates the occurrence of strong system vibrations
and large instabilities in the pump delivery, which can be observed near the maximum flow for ¢ =4 % and ¢ = 5 %. Cavitation occurs
only near the maximum flow rate of single-phase conditions, which is quickly damped as soon as a very small amount of air enters the
pump [5,6,47,48]. As shown in Figure 6, by increasing the percentage of entrained air in the flow mixture, the specific delivery work of
the pump (Y) is continuously reduced, and the performance curves get narrower. Up to & = 3 %, the pump parameters are only very
slightly reduced, showing minimal performance degradation. However, starting from & =4 % the performance is strongly decreased due
to the beginning of big accumulations in the impeller, followed by several discontinuities in the pump performance till € = 6 %.
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Figure 6: Normalized specific delivery work of the round trailing edge (RTE) impeller recorded by the first procedure (filled symbols

and dotted curves) and the second procedure (empty symbols and dashed curves).
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Performance curves of the trimmed trailing edge (TTE) impeller

Likewise, the normalized specific delivery work (Y/Y,,,) of the TTE impeller is shown in Figure 7 for different gas volume fractions.
Again, the black-filled symbols and the dotted trend lines represent the results obtained by the first procedure, the empty symbols, and
the dashed trend lines donate the results recorded by the second procedure, and the gray-filled symbols indicate the occurrence of pump
surging. Similar to the RTE impeller, by increasing the percentage of entrained air in the mixture, the pump performance is also reduced,
thereby narrowing the performance curves as the gas volume fraction is increased. Since the initial single-phase performance of the TTE
impeller is lower than that of the RTE impeller, the overall performance of the TTE impeller for all various gas volume fractions is
subsequently lower. Nevertheless, the TTE impeller shows here a very high gas accumulation resistance and a very robust performance
with only insignificant deterioration in the specific work of the pump up to € = 3 % when compared to the single-phase flow. Afterward,
the performance rapidly deteriorates as for the RTE impeller due to the onset of big gas pockets on the blades. The performance
degradation will be better presented in Figure 8 and further discussed.

No significant changes can be seen in the pump break-down and the cavitation regions when the two impellers are compared. However,
the surging region of the TTE impeller is noticeably bigger, restricting the stable pump performance at overload conditions fore =5 %
due to the strong instabilities. Further, the hysteresis effects are moderately higher, starting also from lower gas volume fractions (¢ =3
%), when the data of the two experimental procedures are compared.

1.2
. 0.8
&
Z
p
0.6 Pump E=5%
Break-down
0.4 Surging
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Q/Oopt
® £=0% B  £=1% - Increasing O &=1% - Decreasing ¢  £=2% - Increasing
¢ &=2% - Decreasing A £=3% - Increasing A g=3% - Decreasing = &=4% - Increasing
O g=4% - Decreasing ®  £=5% - Increasing 0 &=5% - Decreasing ® £=6% - Increasing
©  &=6% - Decreasing * &=7% - Increasing & &="7% - Decreasing ®  £=8% - Increasing
8 &=_8% - Decreasing + &=9% - Increasing +  £=9% - Decreasing + &£=13% - Increasing
& &= 13% - Decreasing I &=15% - Increasing 0 &=15% - Decreasing *=+++* Increasing
- - - - Decreasing

Figure 7: Normalized specific delivery work of the trimmed trailing edge (TTE) impeller recorded by the first procedure (filled

symbols and dotted curves) and the second procedure (empty symbols and dashed curves).
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Performance degradation

The degradation behavior of the normalized specific delivery work of the two cases is compared in Figure 8, when the gas volume
fraction is increased. Concerning the RTE impeller performance shown in Figure 8a, the performance degradation is very gradually up
to a gas volume fraction of 3 % for all different flow rates. However, starting from & = 4 %, the pump performance sharply drops, since
big pockets start to form quickly along the blades, reducing the ability of the pump to convey the mixture. Concerning the TTE impeller,
although the values of the normalized specific delivery work are overall lower for single-phase flow, the performance degradation is
negligible up to € = 3 %, in particular for low flow rates. Nevertheless, the performance deteriorates rapidly afterward at higher gas
volume fractions.
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a) Round trailing edge (RTE) impeller. b) Trimmed trailing edge (TTE) impeller.

Figure 8: Degradation of the pump specific work as a function of gas volume fraction (gray symbols indicate surging conditions).
Surging and flow instabilities

Few data points could be recorded under surging conditions for both impellers. Now, the flow instabilities under surging conditions are
compared to typical fluctuations due to turbulence. Figure 9 shows the standard deviation of the water flow for the two impellers. After
some initial tests, it was found that 200 data points recorded at a frequency of 4 Hz are sufficient under normal conditions (no surging)
to achieve a stable average of the pump parameters. While, for surging conditions, 500 data points recorded at the same frequency of 4
Hz are necessary to achieve a stable average and to track the strong, low-frequency flow variations due to surging.

Usually, the standard deviation of the water flow due to turbulence (no surging) is around 0.5 m/h for all cases. However, the standard
deviations increase approximately to 1.5 to 3 m*h and to 1 m*h in the RTE and the TTE impellers, respectively. This change in the
standard deviations indicates the occurrence of pump surging. It can be seen that surging occurs for both impellers for gas volume
fractions higher than 3 % and mostly at overload conditions. Although the standard deviation of the water flow under surging conditions
are weaker for the TTE impeller, it cannot be concluded that surging is generally damped in the TTE impeller since the surging region
is still bigger compared to the RTE impeller and only a few data points could be recorded and compared. Overall, the RTE impeller is
nonetheless recommended to ensure a limited occurrence of surging.
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Figure 9: Representation of the flow instabilities by the standard deviation of the water flow rate.
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Performance Curves for Constant Air Flow Rates

Figure 10 shows the pump performance curves obtained for constant volume flow rates of inlet air for both impellers. Again, the overall
performance of the RTE impellers shown in Figure 10a is higher than that of the TTE impeller shown in Figure 10b. As shown for both
cases, the reduction of the specific work is normally lower for higher flow rates of water since the gas volume fraction is correspondingly
decreased. The deterioration is very limited up to Q, = 30 L/min for both cases. Additionally, the performance curves are even
overlapping for the TTE impeller for Q, < 30 L/min, indicating very high gas accumulation resistance negligible changes compared to
the single-phase performance in this range. Nevertheless, the gas accumulation resistance of the TTE impeller becomes weaker for the
higher air flow rates compared to that of the RTE impeller.

The performance curves of the RTE impeller becomes slightly unstable for O, = 50 L/min. However, stronger instabilities can be seen
for the TTE impeller at Q,= 60 L/min. Furthermore, the working range of the pump becomes obviously narrower for the TTE impeller
for O, > 50 L/min compared to the RTE impeller. Accordingly, the RTE impeller would be also recommended for constant air pump
operation.
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Figure 10: Performance curves for constant flow rates of inlet air.

Two-phase flow regimes

A high-speed camera with a resolution of 2016 x 2016 pixels was used to observe the flow patterns. The flow is illuminated by four
high-intensity LED lamps installed periphery around the pump casing (see again Figure 1a), to make the gas-liquid interface bright and
visible. The two-phase flow regimes were classified according to previous studies as listed below. Sample images of all possible flow
regimes in the present work are shown in Figure 11.

1. Bubbly flow: The gas bubbles are dispersed almost everywhere in the impeller without significant interaction between them (Figure
11a).

2. Agglomerated bubbles flow: Bigger bubbles and gas pockets appear due to the coalescence of several small bubbles. This occurs
near both sides of the blades with higher density on the suction side, as shown in Figure 11b.

3. Alternating pocket flow: Large (unstable) gas pockets appear mostly on the blade suction side but also and the pressure side. The
pockets are characterized by strong unsteady size and location. The pockets do not appear on all blades (Figure 11c).

4. Pocket flow: Stable gas pockets appear on the suction side of all blades, with limited changes in size and location (Figure 11d).

5. Segregated flow: The gas pocket totally covers the suction side of all blades. Note that this regime could not be observed in present
investigations when using semi-open impellers. It could be observed only in closed impellers.

Comparing the two cases shown in Figure 11, it can be seen that the phase interaction and the behavior of the gas accumulation are
overall comparable.
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Round trailing edge (RTE) impeller

Trimmed trailing edge (TTE) impeller

a) Bubbly b) Agglomerated bubbles ¢) Alternating pocket flow d) Pocket flow
(e=1%, 0:/Qop=1.5) (=2 %, 0:/Q0p: =0.9) (=2 %, O /Qop = 0.25) (=6 %, O:/Qop: = 0.8)

Figure 11: Sample images for the observed flow regimes in the pump.

Figure 12 presents detailed maps for the flow regimes and all negative phenomena associated with the performance curves of each
impeller. Consequently, the behavior of the performance curves can be better understood, as a function of the existing flow regime in
the impeller. Some similarities and general observations can be seen when the two maps are compared. For example, it can be seen that
the bubbly flow regime occurs mainly at high flow and quite low gas volume fraction (¢ <3 %). A transition occurs to the agglomerated
bubbles flow regime, when either the total flow is reduced, or the gas volume fraction is increased. Further, the dominant flow regime
that occupies most of the performance curve is the pocket flow regime, which appears mostly starting from ¢ = 4 %. The onset of the
pocket flow regime is accompanied by a remarkable drop in the performance, which is more significant at higher flows. The alternating
pocket flow regime appears in part-load as well as in overload flow conditions. However, it occurs within more limited conditions for
the TTE impeller. This is maybe due to the increased turbulence in this impeller which improves phase mixing. A remarkable difference
between the two maps is that part of the bubbly flow regime is converted to agglomerated bubbles flow regime at overload conditions
when the TTE impeller is used, due to the reduced performance. Additionally, as the gas volume fraction is increased in the pocket flow
regime, the performance deterioration is worse in the TTE impeller. By comparing the two impellers further, only limited changes can
be seen in the location and the size of the different flow regimes.
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Figure 12: Flow regimes of the two-phase flow in the impeller.
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CONCLUSIONS

The performance of a radial centrifugal pump was studied experimentally for gas/liquid two-phase flows, considering either a round
trailing edge impeller (RTE) or a geometrically similar trimmed trailing edge impeller (TTE). The two impellers and the pump casing
were all made of a transparent material to allow flow visualization. The two-phase flow regimes were recorded by a high-speed camera.
The possible performance hysteresis was studied by applying two different experimental procedures to set the desired operating
conditions, i.e. the flow rates of both phases. Additionally, to understand the performance changes between the two impellers, 3D
URANS numerical single-phase simulations were performed. The main observations can be summarized as follows:

The single-phase specific delivery work of the TTE impeller is about 7.5 to 29 % lower than that of the RTE impeller along
the performance curve.

Accordingly, for two-phase flow conditions, the overall performance and the working range of the RTE impeller is higher than
for the TTE impeller.

The numerical simulations revealed the increased flow instabilities due to the worsened blade-volute tongue interactions in the
TTE impeller, compared to those of the RTE impeller.

The simulation revealed also a noticeably bigger separation on the pump tongue for the TTE impeller compared to that of the
RTE impeller at the same flow.

Setting the desired conditions by different experimental procedures, performance hysteresis occurs in a wider range of gas
volume fractions in the TTE impeller, i.e. ¢ =3 — 5 %, compared to e =4 — 5 % in the RTE impeller.

Although for a few measured points, the flow fluctuations of the TTE impeller were lower than those of the RTE impeller, the
TTE impeller has a larger surging region and generally higher flow instabilities.

The comparison of the two-phase regime maps described the location of each flow regime and justified the behavior of the
behavior and the discontinuities in the pump behavior in both impellers.

The two-phase regime maps confirmed that the TTE impeller is more prone to gas accumulation due to its lower performance.

According to those observations, the round trailing edge would be always preferred over the trimmed trailing edge for both single and
two-phase flow performances.

NOMENCLATURE

Ay = Suction cross-sectional area (L?)

A, = Discharge cross-sectional area (L?

b; = Blade inlet width L)

bs = Blade outlet width (L)

g = Gravitational acceleration (LT?

Mg = Mass flowrate of air MTHhH
my, = Mass flowrate of water MTH

n = Rotational speed (Th

ng = Specific speed (m?/s, m, rpm) (ThH

ng = Specific speed (USGPM, ft, rpm)  (T)

P, = Pump suction pressure (ML'T?)
P, = Pump discharge pressure (M LT3
Pgy, = Shaft power (M L2 T
0. = Air volume flowrate (LT
Oopt = Optimal volume flowrate L3TH

O = Total volume flowrate (LT
O = Water volume flowrate (L3TH

R = Gas constant of air (L*’T20™
S = Impeller tip-clearance gap L)

T = Flow temperature (©)

Vi = Suction velocity (LTYH

Vs = Discharge velocity (LTH

zZ; = Suction elevation L)

Z, = Discharge elevation @)

& = Gas volume fraction )

Y] = Gas mass fraction )
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Pa = Density of air (M L%

DPw = Density of water (M L3

Y = Specific delivery work (L2 T?)

Yopt = Optimal specific delivery work (L2 T?)

CFD = Computational fluid dynamics

CFL = Courant—Friedrichs—Lewy number

FS = Accuracy in percentage of full scale

RD = Accuracy in percentage of reading
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