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ABSTRACT

3D CFD-simulations of a centrifugal research pump in single- and two-phase flow conditions with

closed and semi-open impeller are performed. In single-phase flow, a satisfactory agreement to

experimental data in terms of head prediction is obtained. For two-phase flows, an Eulerian-

Eulerian monodisperse model in combination with a statistical turbulence model is used. A grid

dependency is unavoidable for large bubbles since a bubble diameter exceeding the grid scale lim-

its a further refinement of finite volume grid cells. The air bubble diameter is a key parameter

for pump performance calculation, which can be shown by a bubble size variation, in which the

experimental pump head is captured qualitatively well. Further studies will focus on the improve-

ment of the two-phase model to allow simulations of dense disperse phase and bubble sizes larger

than the grid scale. Enabling polydispersity and bubble interaction are assumed to be essential

for quantitative pump head prediction.
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NOMENCLATURE
Latin characters

D2 Impeller outlet diameter [m]

H Pump head [m]

Q Flow rate [m3/s]
R Residual [diverse]

T Torque [Nm]

V Volume [m3]

b Blade width [m]

cD Nondimensional drag coefficient [-]

d Diameter [m]

g Gravitational constant [m/s2]

n Rotational speed [1/s]

nq Specific speed [1/s]

p Pressure [Pa]

s Tip gap height [m]

y+ Nondimensional wall distance [-]

z Number of blades [-]

Subscripts

1 Inlet area

2 Discharge area

Avg Arithmetic averaged value

B Bubble

Bl Blade

RMS Root mean square

C Computational cell

g Gaseous

i Counter

l Liquid

max Maximum value

min Minimum value

opt Best efficiency operating point

rel Relative

w Water

Greek characters

β1 Blade inlet angle [◦]

β2 Blade outlet angle [◦]

∆ Relative deviation [-]

ηi Inner efficiency [-]

ω Angular velocity [1/s]

ρ Density [kg/m3]
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Abbreviations

CFD Computational fluid dynamics

CFL Courant Number

CI Closed impeller

Coarse Coarse computational grid

Exp Experiment

Fine Fine computational grid

GVF Gas volume fraction

IGVF Inlet gas volume fraction

LED Light-emitting diode

MP Monitor point

OI Semi-open impeller

Sim Simulation

SST Shear stress transport

INTRODUCTION

Centrifugal pumps are employed in many technical applications, especially when reliable and flex-

ible pump performance is needed. Often, their conveying task is not limited to pure liquids, since also

mixtures, e.g. liquid and gas, must be delivered. This is the case when economically expensive phase

separation processes are avoided, e.g. in oil (Caridad et al., 2008) or waste water industry (Cappellino

et al., 1992). However, the transport of liquid-gas mixtures may cause a significant drop of pump head

even at very low inlet gas volume fractions (IGVF) of about 1% (Murakami et al., 1971). This effect is

usually more dominant in part load (flow rate lower than nominal) and overload (flow rate higher than

nominal) than in optimal load (Cappellino et al., 1992).

Several experimental studies pointed out that the drop of pump head is caused by the separation of air

and water in the blade channel (Murakami et al., 1971; Furukawa et al., 1988; Cappellino et al., 1992;

Tillack, 1998). This process is forced by the Coriolis force inside the impeller of centrifugal pumps, the

relative motion between water and air, the pressure gradients in cross-flow direction and the density dif-

ference between the phases (Sato et al., 1996). Monte Verde et al. (2017) and Mansour et al. (2018b,c)

categorized the two-phase air-water flow patterns in centrifugal pumps in four groups, i.e.: bubbly flow,

agglomerated bubble flow, gas pocket flow and segregated flow. These groups are ordered by increasing

IGVF and bubble interaction, particularly coalescence effects.

Air separation processes become stronger with increasing air bubble size. Thus, a reliable two-phase

flow pump performance requires small gas bubbles inside the impeller. This can be forced by employing

semi-open impellers. The leakage flow over the blade tip enforces secondary flow, which breaks-up big

bubbles and flushes the air out of the blade channel (Mansour et al., 2018c).

Two of the first numerical investigations of two-phase flow in centrifugal pumps are carried out by Mine-

mura and Uchiyama (1993b) and Pak and Lee (1998). Both studies pointed out that bubbles move to

the blade tip and accumulate on the blade’s suction side. It was proven that the head drop at increasing

IGVF is caused by phase separation and large gas accumulation zones. Müller et al. (2015) employed a

monodisperse Eulerian-Eulerian two-phase model to simulate the head drop in a single channel model

of a centrifugal research pump with IGVF variation. A good agreement with the measured data was

obtained up to IGV F = 3%. At higher IGVF, even a qualitative prediction could not be obtained,

confirming the conclusion of several previous studies (Minemura and Uchiyama, 1993a; Caridad et al.,

2008; Yu et al., 2012, 2013). In addition, a significant influence of the computational grid quality on the

location and size of bubble accumulation was found by Müller et al. (2016).

Recently, numerical studies on electric submersible pumps were carried out to provide a better under-

standing of flow parameters and phase interaction processes (Zhu and Zhang, 2017; Rutter et al., 2017).

Both studies pointed out, that an adjustment of the gaseous phase bubble size at high IGVF has to be

done to capture a realistic flow behavior with increasing IGVF. In addition, Dupoiron (2018) reveals

that the relative magnitude of drag force in submersible pumps is directly influenced by the maximum

bubble diameter. Si et al. (2017) presented experimental and numerical results of a 3D-bladed centrifu-

gal pump in two-phase air/water flow. A further numerical investigation of this topic was undertaken by

Zhang et al. (2017) to enable a pump impeller design optimization. In Zhu and Zhang (2018), a recent

literature review concerning gas-liquid flows in centrifugal pumps is presented that also summarizes the

progress of recent computational fluid dynamics (CFD) efforts.

The aim of this paper is to shed more light on the limitations of CFD in two-phase flow simulation of

2



centrifugal pumps and determine model parameters, which allow an increasing prediction accuracy of

pump head and gas accumulation. Although bubble interaction, i.e. break-up and coalescence, is as-

sumed to influence the air accumulation at the impeller blades and thus the two-phase flow performance

significantly, the present study is confined to a monodisperse two-phase model in order to separately

assess the bubble diameter impact. A further main assumption is the incompressibility of gas, which is

justified by the low head of the research pump and verified in preliminary simulations. A grid study is

performed and the numerical limitations of the disperse two-fluid model regarding computational cell

size are assessed. To investigate the influence of different impellers on the two-phase flow, a semi-open

(OI) and a closed (CI) impeller, whose blades are geometrically identical, are simulated. Integral pump

performance parameters such as pump head and inner efficiency in single- plus two-phase flow are eval-

uated and compared with experimental data that is adopted from Mansour et al. (2018b,c) and extended

for the present study by optical measurements. Gas accumulations inside the impellers are evaluated

by the simulations and are compared to experimental data obtained by the optical measurements.The

assessment of state-of-the-art numerical models is based on the selective designs of the impeller - the

closed and semi-open variant - that are expected to have a definite impact on the two-phase flow per-

formance, which is, together with a critical assessment of the limitations of disperse two-phase model

in pump flows, an original aspect of the simulations. The planar pump design has been optimized for

optical access of the two-phase flow and enables a unique validation data base.

EXPERIMENTAL SET-UP AND PUMP CHARACTERISTICS

In the experiments, the whole pump casing and the impellers are manufactured from acrylic glass

to allow a thorough flow visualization. The flow details are observed and recorded using a high-speed

camera (Model: Imager pro HS 4M CCD) with a resolution of 2016 x 2016 pixels. Four side LED

lamps are installed peripherally around the pump casing to illuminate the flow. By this scattered light

technique, the gas-liquid interfaces appear brighter than the single-phase liquid due to light reflections,

making the bubbles and the accumulated gas clearly observable. To obtain the time-averaged size of the

accumulated gas zones in the impeller passages, cyclic image recording is used with the same frequency

of impeller rotation, acquiring always one image per rotation. Afterwards, an average image is deduced

from 220 instantaneous images of the flow and gas accumulations are captured and colored by a gray

scale analysis of the average image. This averaging technique has been already employed previously

by Mansour et al. (2018a) to analyze the size of the accumulated gas in two-phase air/water flows in a

plane diffuser. For detailed information of the measurement technique of integral pump performance

evaluation, the authors refer to Mansour et al. (2018b,c). The pump front view is shown in Figure 1a.
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Figure 1: Cross section of centrifugal pump and closed and semi-open impeller
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Two different impellers are used, a CI with front shroud (see Figure 1b) and a OI with a standard

clearance gap between blade tip and pump casing (see Figure 1c). Six cylindrical, non-twisted blades,

which are geometrically identical in both impellers, are applied to maximize the flow visualization

ability. Relevant pump data is listed in Table 1. It is noteworthy that the ratio of the bubble diameter and

the impeller outlet diameter dB/D2 in the simulation is in the order of 3.0e− 3.

Table 1: Pump data

Parameter Symbol Value

Relative tip gap thickness (OI) s/b2 2.5%

Relative blade outlet width b2/D2 5.8%

Blade number z 6

Blade inlet angle β1 24◦

Blade outlet angle β2 24◦

Specific speed nq 21 (1/min)
Rotational speed n 650 (1/min)

Concerning single-phase measurements, the OI has got a lower pump head compared to the CI,

due to the leakage flow across the tip gap (Mansour et al., 2018c). In two-phase flow, this trend is

partly reversed. Here, the OI shows a better pump performance than the CI between an IGVF of 1%

to 3 % (Mansour et al., 2018c). The experimental data of gas accumulation shows two different trends

analyzing the results of CI and OI. Near optimal flow rate, the air starts to accumulate on the pressure

side of the blade at IGV F = 1% in the CI. Increasing the IGVF, the gas accumulations migrate to the

suction side while their dimension increases. In the OI, up to IGV F = 3% no gas accumulation is

observable, since only an increased bubble density near blade’s suction side is visible and thus a higher

pump head is obtained than with the CI. At IGV F = 5%, a gas accumulation zone at blade’s suction

side appears which causes a significant head drop. These experimental findings are further discussed in

the result section together with the simulation results.

NUMCERICAL METHOD AND SET-UP

The numerical method is described in detail by Müller et al. (2015, 2016) and is briefly summa-

rized here. The commercial CFD-solver ANSYS CFX 18.01 is utilized for the solution of the unsteady

Reynolds-averaged Navier-Stokes equations. The statistical k − ω shear stress transport (SST) turbu-

lence model by Menter (1994) in conjunction with an automatic wall treatment is applied. The wall

treatment blends between a low-Reynolds approach which integrates the governing equations to the

wall and a wall function deduced from the logarithmic wall law depending on the nondimensional wall

distance y+ of the wall-adjacent grid cell (Menter et al., 2003).

An inhomogeneous monodisperse Eulerian-Eulerian two-fluid model, i.e. constant bubble diameter

for the gaseous phase, is chosen. Thus, bubble interaction and bubble size distributions are neglected.

An Eulerian-approach for the disperse phase is preferred to the Langrangian-approach since a more

moderate grid dependence and better statistical convergence of the Eulerian-approach is expected. Pre-

liminary tests showed that the results hardly deviate when using a compressible or incompressible mod-

eling of gaseous and liquid phase. Therefore, both phases are treated as incompressible, which leads to

a significant stabilization of the CFD-solver (Müller et al., 2015). To enable phase separation, a separate

momentum balance equation for each phase, water and air, is solved and yields a separate velocity field

for each phase. Preliminary simulations showed that a homogenous treatment of turbulence and pressure

fields, i.e. both phases share the same fields, is sufficiently accurate and at the same time numerically

stable, so that the homogenous treatment of turbulence equations in terms of turbulence kinetic energy

and turbulence dissipation rate as well as pressure is preferred in the present study. Double precision

accuracy of floating point numbers and second order discretization in space and time is applied. Mo-

mentum and continuity equations are solved with a coupled procedure. The volume fraction equation

is solved in segregated manner for both phases, due to a better convergence than with coupled volume

1https://www.ansys.com
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Table 2: Summary of the numerical setup

Parameter Single-phase flow Two-phase flow

Fluid Water (ρl = 997 kg/m3)
Water (ρl = 997 kg/m3),

air (ρg = 1.185 kg/m3, dB = 0.5 · · · 2.0mm)

Morphology Continuous Water: continuous, air: monodisperse

Turbulence model k− ω SST with automatic wall treatment

Inlet boundary Water mass flow rate Total mass flow rate and IGVF

Outlet boundary Static pressure

Wall boundary Adiabatic, smooth, no slip

Domain Interface Transient rotor-stator coupling

(suction pipe ↔ impeller, impeller ↔ volute)

Simulation type Transient, time step size corresponds to 1◦ (Coarse) and 0.5◦ (Fine), max.

5 outer iteration per timestep

Time discretization Second-order backward Euler

Courant Number CFLRMS ≈ 0.5, CFLMax ≈ 10.0
Spatial discretization High Resolution, i.e. second-order upwind scheme

Convergence criteria Momentum: RRMS < 1 · 10−5, volume fraction: RRMS < 1 · 10−4,

imbalances < 1%, stability of integral values (e.g. pump head)

fraction solution procedure (Müller et al., 2015). Because the drag force dominates all other interfacial

forces, all non-drag forces are neglected. The drag between the disperse air and the continuous water

is calculated by the nondimensional drag coefficient cD, which is modeled by the Schiller-Naumann

drag law (Schiller and Naumann, 1933). This drag model is valid for perfectly spherical bubbles, an

assumption which is valid for the bubble size range investigated in this study. The numerical setup is

summarized in Table 2.

The geometrical model contains the whole pump geometry including pressure and suction pipe, side

chambers, 360◦-impeller and volute, since no rotation-symmetrical impeller discharge is present (see

Figure 2a).
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Figure 2: Explosion-view of computational domain for closed impeller with a detailed view of

geometry at blade’s trailing edge (a) and mesh at the blade trailing edge for both grid refinements

(b,c)

The computational grids are generated with the commercial software ICEM CFD 18.02. A pure

hexahedral mesh with one-to-one grid connection within each reference frame domains and good grid

quality parameters according to Müller et al. (2016), e.g. minimum cell face angle, is used (see Table 3).

2https://www.ansys.com
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Two different grid refinement levels are applied: a coarse grid (named Coarse) and a fine grid (named

Fine) with bisected node distance in all three space directions compared to the coarse grid.

Table 3: Computational grid data for both impellers

Parameter Coarse Fine

Nodes ≈ 700,000 ≈ 5,600,000
Cells in tip gap (OI) 2 4

Determinant > 0.50 > 0.70
Avg. Face Angle 76◦ 77◦

Min. Face Angle 22◦ 22◦

y+Bl,Avg 115 66

y+Bl,Min 19 10

y+Bl,Max 241 221

In the impeller geometry, rounded blade trailing edges are ending flush at the circular impeller outlet

area. Hence, two concentric circles appear in the blocking of the impeller geometry, which would

produce zero-angled computational cells (see detailed view in Figure 2a). Therefore, the trailing edge

must be cut artificially by a linear approximation, which leads to a geometry simplification (see Figure

2b and c). We assume that the influence of this simplification on the simulation results has a minor

effect on gas accumulation that is primary expected upstream of the trailing edge. Nevertheless, in

further studies a verification of the slight geometry simplification e.g. by unstructured tetrahedral grids

is envisaged.

All two-phase simulations are started from scratch, i.e. with velocity- and gas volume fraction (GVF)-

fields initialized by zero, respectively, to emulate a pump starting process and prohibit influences of

the initial solution. Time-averaged values of pump head and inner efficiency of the last revolution are

evaluated after it has been ensured that the time-average of pump head and impeller momentum deviate

by less than 1% over the last three revolutions.This results in approximately 20-25 revolutions for each

simulation run. We assume that the combination of the residual drop (see Table 2) with the temporal

convergence represents a criterion to ensure an utmost quality of the numerical solution.

The pump head (H) is calculated in the same way as in the measurements (Mansour et al., 2018c). The

static pressure is determined by the arithmetic average of four pressure probes at suction side location

and at the discharge side location, respectively. Therefore, the pump head is calculated by Equation 1.

H =

∑
4

i=1
p2,i

4
−

∑
4

i=1
p1,i

4

gρl
(1)

The inner efficiency is then calculated by Equation 2.

ηi =
QlρlgH∑

T · ω
(2)

GRID CONVERGENCE STUDY

The simulation results of single-phase flow are compared to experimental data of Mansour et al.

(2018c) in Figure 3 in terms of pump head.

For the CI, only small deviations of the results between coarse and fine grid are observed, which are

more pronounced towards overload. Since the grid dependence is smaller than the difference between

simulation and measurement data, the numerical solution is assumed to be sufficiently grid-independent.

The simulation results show a good qualitative prediction of the measurement data in terms of single-

phase pump head, although the experimental data is underestimated. This underestimation is at the first

glance unexpected, since several authors experienced an overprediction of pump head in the simulation

of centrifugal pumps, see e.g. Melzer et al. (2018), Limbach and Skoda (2017) and Barrio et al. (2010),

which is assumed to be attributed to the neglect of roughness effects in the simulation or the simula-

tion’s limitation of resolving secondary flows, e.g. flow separation. However, in other studies also an
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Figure 3: Calculated single-phase relative pump head H/Hopt compared to experimental data of

Mansour et al. (2018c)

underestimation of experimental data is observed, which is assumed to occur mainly due to limitations

of both the numerical grid and the turbulence model, see e.g. Perissinotto et al. (2019) and Zhang et al.

(2018). In our case, we assume that particularly the round trailing edge geometry and its complex mesh-

ing contributes to the mismatch of data.

The results of OI simulations show a higher grid sensitivity than the CI simulations (see Figure 3b),

especially at part- and overload operation, where secondary flow and the leakage flow over the blade

tips become more dominant. Since also for the semi-open impeller the grid dependence is smaller than

the difference between simulation and measurement data, the deviation between both grids is assumed

to be in an acceptable range, and the fine grid solution is assumed to be sufficiently grid-independent.
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Figure 4: Relative deviation between coarse and fine grid for pump head and inner efficiency near

nominal flow rate at various IGVF with closed (CI) and semi-open (OI) impeller

A grid sensitivity study for two-phase flow is presented in Figure 4 in terms of pump head and inner

efficiency considering different air bubble diameters. Simulations are performed on the coarse and fine

grid. An air bubble diameter of 0.5 mm in the range of IGV F = 1% · · · 5% is applied. Since the
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residuals fail to drop sufficiently with an air bubble diameter of 2.0 mm in combination with IGV F >
1% on the fine grid, a grid study for the large diameter is only performed at IGV F = 1%. Figure

4 shows the relative deviation ∆ of calculated pump head and inner efficiency between the results of

coarse and fine grid for both impellers and different IGVF near optimal flow rate. For the CI and

a bubble diameter of 0.5 mm, the deviation of both pump head and inner efficiency and so the grid

dependence increases with rising IGVF. The OI follows at inner efficiency the same trend as the CI, but

less pronounced. At pump head, a nearly constant deviation occurs for the OI.

Increasing the bubble diameter to 2.0 mm, the deviation between both grids becomes more pronounced.

Here, the CI shows a slightly higher deviation than with dB = 0.5mm. With OI, the deviation extends

further. This higher deviation is assumed to be attributed not only to numerical errors, but also to

model errors by exceeding the limits of validity of the disperse two-phase model as discussed further

below in this section. For both grids, the residuals in simulations with bubble diameter of 2.0 mm

are approximately two times higher than in simulations with bubble diameter of 0.5 mm, which is an

indication for increasing model errors.

The validity of the Eulerian-Eulerian disperse two-phase model is limited to a dilute disperse phase and

to a bubble size which does not exceed the grid scale, see e.g. Marschall (2011). This model limitation

is caused by a degeneration of the drag force modeling between liquid and gas, which is based on the

disperse assumptions mentioned above. If the volume fraction exceeds a certain limit (a usual value

in literature is 0.25-0.35) or the bubble diameter becomes greater than the surrounding cell size, the

disperse model starts to fail, which leads to higher discrepancies between two grid refinement levels.

This issue is considered e.g. in Hänsch et al. (2012). Table 4 shows the ratio between the average cell

volume of the OI’s grid VC,Avg and the volume of three different bubble diameters VB . This ratio must

be < 1 for a valid disperse model. In the investigated bubble size range, it is clear that a diameter

of 2.0 mm is not feasible for the fine grid, since it significantly exceeds the grid scale. A further grid

refinement with bisected node distances is therefore for the same reason not feasible for all investigated

bubble diameters.

Table 4: Comparison of semi-open impeller’s average cell volume and bubble volume of disperse

phase

dB [mm] 0.5 1.0 2.0

VB/VC,Avg [%]

Coarse 0.53 4.26 34.12

Fine 4.14 33.10 264.79

Potential next refinement 33.10 264.79 2118.32

To conclude, the two-phase grid study shows a certain grid dependence of the simulation. Since

the disperse two-phase model prohibits the use of the fine grid for large bubble diameters and prevents

a further grid refinement, the utilization of the coarse grid for further investigations presented in this

study is preferred. Subsequent studies will focus on the improvement of the two-phase model even for

simulations in which the size of the disperse phase bubbles exceeds the grid scale.

NUMERICAL RESULTS

The numerical results of air bubble diameter variation for various IGVF are presented and compared

against measurement data of Mansour et al. (2018c) in Figure 5. The operation points are matched to

the measurement conditions in terms of flow rate, so that the relative flow rate Qrel = Qtot/Qopt varies

from 0.986 for IGV F = 1% via 0.936 for IGV F = 3% to 0.870 for IGV F = 5%. The relative flow

rate is defined as ratio between the total flow rate Qtot and the nominal flow rate Qopt of the CI. The

investigated two-phase operation points are close to the nominal flow rate. Therefore, the flow is not

dominated by incidence effects. Off-design operation points are planned to be investigated in future

studies. As explained in the preceding section, the simulation results are obtained on the coarse grid,

which is assumed to be valid for a qualitative assessment of the influence of bubble diameter variation.

The bubble diameter has got a significant influence on pump head and on the IGVF-level where the

head breaks down. For an air bubble diameter of dB = 0.5mm, which is a good guess for centrifugal
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pumps according to Minemura et al. (1985), the simulations of both impellers predict only a small drop

of pump head in the investigated IGVF range up to 5%.
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compared to experimental data of Mansour et al. (2018c)

Thus, a lower head drop than in the measurements is predicted. Increasing the air bubble diam-

eter to 1.0 mm decreases the pump head only slightly, except for the CI and IGV F = 5%, where a

significant head drop occurs. This is caused by a different gas accumulation size between both im-

pellers in this operating point, which will be discussed later in this section. Thus, IGV F = 5% and

dB = 1.0mm is the only operation point in the simulations where the OI is advantageous to the CI.

Figure 6: Instan-

taneous measured

bubble field, CI

IGV F = 1%
Qrel = 0.986

In the measurement, however, this advantage is only visible between IGV F =
1% to 4% so that the superior behavior of the OI is predicted at a too high IGVF.

For the other bubble diameters, no advantage of the OI is present in the simu-

lation results in contrast to the measurement data. The results with 2.0 mm air

bubble diameter underestimate the experimental pump head and overestimate the

head break-down significantly for the investigated gas loadings, IGV F <= 5%.

The results prove that the mean bubble diameter has a significant influence on

pump head. Nevertheless, in reality the bubble diameter is changing through the

impeller passage since strong bubble interaction occurs. Neglecting this effect

is a significant model simplification. The influence of this polydisperse effects

will be subjects of future works. In addition, the bubble diameter is certainly

not the only parameter affecting the pump performance, but a significant one.

Preliminary investigations showed, that also e.g. the turbulence model has a sig-

nificant influence on two-phase flow conditions, whose improvement will be also

addressed in future works.

Figure 7 shows 2D-contour plots of instantaneous GVF at closed and semi-

open impeller’s mid span and compares it to the time-averaged measurement

data. The operation points are the same as in Figure 5 and explained above in

this subsection. The usage of instantaneous images for the simulation is feasible since, due to only low

temporal fluctuations of the gaseous zones, they hardly deviate from the time-averaged solution, a fact

that has been verified in preliminary tests. In the experiments, the air accumulation size is observed in

front view by scattered light measurements. It is visually ensured that the accumulation is spread over

the whole blade height. Therefore, we assume that a comparison of midspan results in the simulation

with experimental scattered light results is justified. Regions in the experimental data, where higher

bubble densities are observable but are not highlighted in red, represent zones of unsteady dense bubble

motions, see Figure 6. Therefore, only stable i.e. essentially steady gas cavities are compared between

experimental data and simulation results.
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mental data in front view
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For all investigated IGVF and both impellers, gas accumulations grow with increasing dB and increasing

IGVF (see Figure 7a to d). For the CI at IGV F = 1% (Figure 7a), the gas accumulation is predicted

at the pressure side as in the experiment, albeit too close to the leading edge. Regarding the size of

the accumulation region, the simulation result with dB = 0.5mm seems to fit the experimental data

best. Also for the OI and IGV F = 5% (Figure 7d), the accumulation region is essentially at the

correct location, i.e. suction side, and its size fits to measurement data best for a bubble diameter of

about dB = 2.0mm. Thus, different bubble diameters need to be chosen for different operation points

and different impeller variants - CI or OI. This observation is in agreement with findings by (Zhu and

Zhang, 2017; Rutter et al., 2017; Dupoiron, 2018) who observed that the best choice of the bubble

diameter depends on the operation point of submersible pumps.

For the CI at higher IGVFs, even a qualitative mismatch of the gas accumulation to experimental data

is observed. At IGV F = 3% and 5% (Figure 7b and c), the simulation predicts a quite pronounced gas

accumulation at the pressure side and a smaller one at the suction side in contrast to the measured result.

In the experiment, only at the suction side a steady gas accumulation is observed. Obviously, none of

the bubble diameters fit well the experimental data. If we consider only the suction side accumulation

region, maybe a diameter of about dB = 2.0mm can be assumed to capture the accumulation size, but

the simulation result is of course even qualitatively mismatching the measurement due to the erroneous

pressure side gas accumulation. An important observation is that the bubble diameter has a significant

influence on the gas accumulations size, but has only a subordinate influence on the location of gas

accumulation.

At IGV F = 5% and dB = 1.0mm, a more detailed analysis of the OI simulation results reveals that

gas zones at the pressure side are flushed away by the secondary gap flow of the OI, so that only gas

accumulation at the suction side is present, in accordance to the measurement data, see Figure 7d. For

the CI, also gas accumulations at the pressure side are present in contrast to measurement data, see

Figure 7c, which even leads to a qualitative wrong prediction of gas accumulation. The in total smaller

gas accumulation volume for the OI in the simulation leads to a higher pump head compared to the CI

(see Figure 7b, IGV F = 5%), also in mismatch to the measurements.

Summarizing, the choice of the bubble diameter in the monodisperse approach has a decisive effect

on the head drop. At best, qualitative trends can be captured regarding the size of the gas accumulation

and a successive head drop with increasing IGVF. Regarding the location of gas accumulation, even a

qualitative mismatch to measurement data is observed.

CONCLUSIONS

For single phase flow, an underprediction of pump head is observed, possibly intensified by geom-

etry simplifications at the trailing edge. The grid sensitivity is lower than the difference of simulation

results to measurement data. Since a higher pump head for the CI than OI is predicted in accordance to

measurements and the trailing edge is assumed to have a minor influence of the upstream gas accumu-

lation, qualitative conclusions for two-phase flow are assumed to be feasible. In two-phase flow, a grid

study is degenerated by limitations of the disperse model because the bubble size exceeds the grid length

scale. Therefore, grid independence of the two-phase flow results can only approximately be evaluated,

and a limited grid resolution in terms of the ”coarse grid” has been utilized for two-phase flow simula-

tions. The choice of the bubble diameter in the monodisperse approach has a decisive effect on the head

drop. At best, qualitative trends of head drop can be captured with a monodisperse bubble distribution.

Values of dB > 1.0mm seem to be necessary for a realistic head drop prediction, which is in contrast to

the choice dB = 0.5mm by Minemura et al. (1985). The best choice of dB is operation and IGVF de-

pendent. The reverse conclusion can be drawn that a strongly polydisperse bubble population is present

in gas-laden pump flow. Thus, the value of dB must be adjusted operation point dependent for a realistic

prediction of head drop. This conclusion is in accordance with the results by Zhu and Zhang (2017) and

Rutter et al. (2017) for submersible pumps. Polydisperse bubble population models with bubble inter-

action approaches for bubble break-up and coalescence that are utilized e.g. for disperse bubbly flows

in bubble columns (Krepper et al., 2008) seem to be indispensable also for gas-laden pump flows, after
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an adjustment of model parameters to the flow conditions within pump impellers, i.e. strong streamline

curvature and high Coriolis forces. A significant difficulty arises on fine computational grids where the

bubble volume exceeds the volume of the computational cell and the disperse approach looses validity.

A bubble interface resolving volume-of-fluid approach, see e.g. Wardle and Weller (2013), together

with scale-resolving turbulence models will be the subject of further studies on finer grids.
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