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ABSTRACT
Three-dimensional gas-liquid flow simulations of a volute-type centrifugal pump are performed 
with OpenFOAM. The Euler-Euler two-fluid (EE2F) model and the Volume-of-Fluid (VOF) model 
are compared and assessed with recent experimental data. A scale-adaptive turbulence model is 
employed. In the EE2F model simulations, locations of gas accumulation within flow separations at 
the blade suction side are captured, but transport processes at sharp interfaces between accu-
mulated gas and the liquid phase can not be resolved. The VOF simulations are inherently grid-
dependent since the scale of just resolved void structures and gas-liquid interfaces correlates with 
the spatial grid resolution. For the VOF method, the grid size typically employed for centrifugal 
pump flow simulations is too coarse for an adequate interface resolution and a prediction of gas 
accumulations and thus head drop. These results suggest the development of a hybrid multi-phase 
flow solver, which dynamically and locally blends the EE2F with the VOF model what will be the 
subject of future studies.
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NOMENCLATURE
a1 Turbulence model constant (-)
b Blade width (m)
d Diameter (m)
F2 Swichting function (-)
g Gravity (m/s2)
H Pump head (m)
k Turbulence kinetic energy (m2/s2)
ṁ Mass flow rate (kg/s)
n Rotational speed (1/s)
nq Specific speed (1/s)
p Pressure (Pa)
P Pressure sensor (-)
Q Volume flow rate (m3/s)
s Tip gap height (m)
S Scalar invariant of strain rate tensor (1/s)
U Velocity (m/s)
y+w Nondimensional wall distance (-)

yw Wall distance (m)
α Volume fraction (-)
ω Specific dissipation (1/s)
ρ Density (kg/m3)
νt Eddy viscosity (m2/s)
∆ Difference (-)

Subscripts
1 Inlet area
2 Discharge area
a air
B Bubble

dyn Dynamic
opt Best efficiency operating point
pot Potential
rel Relative
tot Total
w Water
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Abbreviations
CFD Computational fluid dynamics
CFL Courant-Friedrich-Lewy num-

ber
EE2F Euler-Euler two-fluid
Exp Experimental result
FS Full scale
G1 & G2 Computational pump grids

MULES Multi-dimensional limiter for explicit solu-
tion

PISO Pressure-implicit with splitting of operators
RD Reading
SAS Scale-adaptive turbulence model
SST Shear stress transport turbulence model
URANS Unsteady Reynolds-averaged Navier-Stokes
VOF Volume-of-Fluid

INTRODUCTION
Centrifugal pumps are employed in a wide range of industrial and engineering applications for the

transport of two-phase mixtures, e.g., liquid and gas. Several examples can be found, e.g., in nuclear
(Chan et al., 1999) and geothermal (Amoresano et al., 2014) power stations, in the chemical industry
(Cappelino et al., 1992), or the petroleum industry for artificial lifting (Monte Verde et al., 2017). The
presence of gas in the pump can cause several problems, including, e.g., performance drop, severe
flow instabilities, strong system vibrations or pump surging (Mansour et al., 2018c,b). Even at gas
volume fractions αa approximately between 5% and 10%, a break-down of efficiency and pump head
is observed. The drop in pump performance is mainly related to the accumulation of the gas phase on
the impeller blades (Sato et al., 1996). The air blocks the blade passage, and the liquid flow guidance
becomes less efficient. In the worst case, the impeller’s positive energy conversion fails, and the pump
delivery breaks down completely. Therefore, the vast potential for design optimization and efficiency
increase is given for two-phase centrifugal pump flows what has not been fully exhausted yet.

In recent experimental studies, Stel et al. (2020b), Mansour et al. (2018b,c), Shao et al. (2018),
and Monte Verde et al. (2017) utilized high-speed imaging techniques to analyze the air-water flow in
centrifugal pumps. Generally, the flow was categorized into five different regimes, i.e., bubbly flow,
agglomerated bubble flow, pocket flow, alternating pocket flow, and segregated flow. These regimes are
ordered by increasing αa and bubble interaction, particularly coalescence effects. Schäfer et al. (2020)
and Neumann et al. (2016) confirmed the existence of gas pockets at the impeller blades by visualizing
the time-averaged and time-dependent void structures inside the pump impeller with X-ray and gamma-
ray tomography. Thus, these experimental studies show a flow morphology change from an essentially
dispersed flow regime at the pump inlet to a flow regime with coherent gas pockets inside the pump
impeller.

3D computational fluid dynamic (CFD) simulations provide a high amount of local flow information.
Two approaches are commonly applied for the simulation of gas-liquid flow in centrifugal pumps, i.e.,
the Euler-Euler two-fluid (EE2F) model and the Volume-of-Fluid (VOF) model. In the former, a dis-
persed bubbly flow, and in the latter, a separated gas and liquid phase is assumed. Regarding the EE2F
model, Stel et al. (2020a) experienced a satisfactory agreement between experimentally and numerically
predicted gas accumulation zones in a centrifugal rotor by coupling an EE2F model and a population
balance method. By employing a polydisperse EE2F model in terms of population balance approach,
He et al. (2020) highlighted the importance of considering the change in the bubble diameters. Yan et al.
(2020) utilized the EE2F model to analyze the bubble size distribution in a multistage centrifugal pump.
Si et al. (2017, 2018, 2020) presented validated numerical results of a 3D-bladed centrifugal pump in
two-phase air-water flow and compared different design considerations. Zhou et al. (2020) investigated
transient characteristics of the radial pump force under two-phase flow conditions. The EE2F model
was also adopted in our previous studies, comparing the influence of a closed and semi-open impeller
(Hundshagen et al., 2019a,b, 2020b).

For the EE2F model, a homogeneous mixture of dispersed bubbles within each computational cell
is assumed. Bubbles are assumed to be significantly smaller than the cell size, which is equivalent to
the assumption that the computational grid does not resolve the bubble-liquid interfaces. Thus, in the
(alternating) pocket flow or segregated flow regimes whose existence in centrifugal pump blade chan-
nels is evident from experimental studies, this assumption does not hold, as discussed by (Hundshagen
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et al., 2019a,b, 2020b). On the one hand, in spite of its limitations, the cited studies have shown that,
in fact, fluid segregation could be captured by the EE2F model and that important mechanisms of pump
performance deterioration could be revealed. On the other hand, it should be pointed out that the pre-
dictive capabilities of the EE2F model seem to be limited due to its crucial assumptions and further
improvements have to be undertaken.

The other multi-phase method in terms of VOF model aims to directly resolve the liquid-gas in-
terface and void structures down to the available grid limit and has rather rarely been employed for
centrifugal pump flow simulations yet. Pineda et al. (2016) and Zhu et al. (2019) used VOF methods for
electrical submersible pumps. Mansour et al. (2020b) and Parikh et al. (2020) employed VOF methods
on a centrifugal research pump, figuring out important physical mechanisms of attenuating pump per-
formance and the beneficial effect of an inducer. However, the main assumption of VOF methods is the
direct resolution of liquid-gas interfaces. It remains unclear what spatial resolution should be employed
to resolve a sufficient amount of small-scale void structures for an adequate prediction of the head drop.

To exploit the benefits of both, EE2F and VOF, several authors suggest a combination of both models
in a kind of hybrid multi-phase approach. Wardle and Weller (2013), Shonibare and Wardle (2015) and
Mathur et al. (2019) developed a multi-phase solver, which switches continuously between the EE2F and
VOF model by dynamically introducing interface compression. Hänsch et al. (2012, 2014) implemented
a hybrid two-phase approach by introducing a mass transfer between a continuous and a dispersed gas
phase. Although it is evident from the above-cited experimental studies of centrifugal pumps that the
flow morphology is changing inside the pump impeller from dispersed to continuous gas flow, such
hybrid multi-phase approaches have not been applied yet for centrifugal pump flows, and an appropriate
switching criterion between EE2F model and VOF model remains unclear.

In this study, a first step to the adoption of these hybrid two-phase models for pump flows is per-
formed. Although the limitations of both, the EE2F as well as VOF model have been discussed in other
papers, a direct comparison has not been presented yet. Furthermore, it is beneficial to use a two-fluid
formulation in terms of the EE2F model as a starting point for the hybrid two-phase model development
(Štrubelj et al., 2009), which has already been shown, e.g., by Shonibare and Wardle (2015) or Meller
et al. (2021). Therefore both, the monodisperse EE2F model as the base model for further code develop-
ment and the VOF model, are utilized separately on a centrifugal research pump in order to elucidate the
space for improvements. For both models, the open-source solver OpenFOAM with in-house extensions
for moving grids is employed, enabling a detailed comparison within the same code infrastructure. A
grid study is performed utilizing the same computational grids for both, EE2F and VOF methods. It
should be noted that from our preceding study (Hundshagen et al., 2020b), it was concluded that rather
the assumption of uniquely dispersed bubbles per se is the key limitation of the EE2F approach than
a monodisperse population. Thus, we omit population balance and bubble interaction modeling and
retain a monodisperse population, enabling direct control of the bubble size. The numerical results are
compared with data from a recent experimental study by Mansour et al. (2020a). The benefits and limi-
tations of both multi-phase methods for predicting the particular flow morphology are presented. Since
the void regions have been found to be highly unsteady (Mansour et al., 2020a), the scale-adaptive tur-
bulence model (SAS) of Egorov and Menter (2008) is employed due to its benefits in highly unsteady
flow fields. We assume that beyond enhanced multi-phase modeling, turbulence modeling is critical for
pump performance prediction. The use of the SAS turbulence model in combination with the detailed
comparison of multi-phase models is an original aspect of our study.

EXPERIMENTAL SET-UP AND PUMP CHARACTERISTICS
A brief summary of the measurements is presented here, while details are provided by Mansour

et al. (2020a). A view of the pump test-rig is shown in Figure 1. The whole pump casing and the
impeller are made entirely from transparent acrylic glass to allow complete flow visualization. The
impeller is designed with six cylindrical (non-twisted) blades to maximize the flow visualization. The
two-phase flow patterns are recorded by using a high-speed camera with 2016 x 2016 pixels resolution.
To illuminate the flow inside the pump, four LED lamps are distributed around the pump casing, as
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shown in Figure 1. In this way, the interface between air and water can be observed. The dashed
rectangle in Figure 1 indicates the window where the two-phase flow patterns are observed.

Figure 2 shows a cross-sectional view of the impeller. It should be pointed out that in preceding
experimental (Mansour et al., 2018b,c) and simulation (Hundshagen et al., 2019a,b, 2020b; Parikh et al.,
2020) studies, blades with rounded trailing edge were employed. In the present study, a trimmed trailing
edge is used instead. The front shroud of the impeller is fixed on the pump body, and the semi-open
impeller is installed with a tip-clearance gap of s/b2 = 2.5 %, where b1 and b2 are the impeller blade
inlet and outlet widths as shown in Figure 2. A closed-loop operation is provided in the experiments
by connecting the suction pipe to a water tank with a total volume of 6.3 m3. The water flow rate is
measured before being mixed with air by an electromagnetic flow meter (Endress+Hauser Promag 30F,
with ± 0.5 % RD accuracy) and is controlled by a motorized gate valve mounted on the discharge line.
Air is injected in the inlet pipe through a gas distribution nozzle, as indicated in Figure 1. The air flow
rate is measured individually before injection by a mass-flow meter (Bronkhorst F-113AC-HD-55-V,
with ± 0.5 % RD plus ± 0.1 % FS accuracy) and is controlled by a precise throttle valve installed on
the air inlet line. Two pressure sensors (Sensotec Z, with ± 0.25 % FS accuracy) are installed upstream
and downstream of the pump to measure the suction and discharge pressures, respectively.
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Figure 1: Details of the experimental set-up.
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Figure 2: Sectional view for the impeller.

A temperature sensor (Pt100 Industrial Sensor Probe, Class B, with ± 0.3 K maximum absolute
error) placed near the injected air is used to measure the flow temperature, which is used together with
the suction pressure sensor P1 to calculate the air volume flow rate Qa and the air volume fraction
αa at the pump inlet: Firstly, once temperature and pressure are given, the air density ρa is calculated
assuming ideal gas. Secondly, Qa and αa can readily be evaluated by

Qa =
ṁa

ρa
(1)

αa =
Qa

Qa +Qw

. (2)

The pump is driven by a variable speed electric motor (5.7 kW, with 3000 1/min maximum rotational
speed). The rotational speed is further controlled by a frequency controller and measured by an analog
tachometer (TDP 0.2 LT - 4, with 1% RD accuracy). Since the impeller components are made of
acrylic glass, a low rotational speed of 650 1/min is kept for the present investigations, avoiding strong
vibrations occurring at higher speeds. In this case, the specific speed of the pump is approximately
nq = 21 1/min, calculated by

4



nq =
n
√
Q

H3/4
, (3)

while H is calculated by the static pressure difference ∆p between suction and pressure pipe yielding

H =
∆p

ρg
. (4)

Note that due to only a small difference in diameter of suction and discharge pipe, the contribution of
dynamic pressure to the head is Hdyn/Hopt = 0.03 at highest and, therefore, omitted here. Further note
that the contribution of the potential term is omitted in Eq. 4, since it yields a constant offset of pump
head in terms of Hpot/Hopt = 0.12. Thus, we assume the evaluation of head by the static pressure
difference to be feasible. A torque sensor (Model: HBM T1, with an accuracy of±0.4% FS) is installed
on the motor shaft to measure the shaft torque and obtain the pump efficiency. Further details regarding
the entire pump test-rig and flow loop can be found in Mansour et al. (2018b,c).

SIMULATION METHOD
The open-source code OpenFOAM1 in version 6 is employed for EE2F model and VOF model

simulations. OpenFOAM is an unstructured finite-volume multi-purpose CFD framework that employs
body-fitted computational grids, features flexible grid topology, and has been programmed in a strongly
object-oriented way. Due to the open-source code, OpenFOAM provides the opportunity for in-house
extension and customized adjustments.

Two-phase modeling
For the EE2F approach, a dispersed bubbly gas phase is assumed to be mixed within a continuous

liquid phase, which means that each computational cell contains a homogeneous mixture of dispersed
bubbles. Bubble interaction is neglected, and a constant bubble diameter is assumed. A separate mo-
mentum balance equation for water and air is solved, yielding a separate velocity field for each phase. A
separate turbulence field is applied for both phases, i.e., balance equations for turbulence kinetic energy
k and turbulence specific dissipation ω are solved for both phases. Both phases share the same pressure
field what means that a single continuity equation in terms of a pressure Poisson equation is solved. The
sets of momentum equations are coupled by interfacial momentum transfer forces. Because the drag
and virtual mass forces are assumed to dominate in centrifugal pump flows, all other interfacial forces
are neglected. The drag coefficient is evaluated according to Schiller and Naumann (1933), and the
virtual mass force coefficient is set constant to 0.5 according to Auton et al. (1988). The EE2F model
simulations are performed by the reactingMultiphaseEulerFoam solver, which we extend with moving
mesh capabilities.

In the VOF approach, one single set of conservation equations (mass and momentum) is solved,
assuming a common velocity and pressure field for both phases in the entire flow domain. The liquid-gas
interface should be sharply resolved to model the phase interaction. Therefore, an interface sharpening
process that counteracts the numerical diffusion is employed by an interface compression in terms of an
artificial velocity. The interface compression is implemented in the volume fraction equation (Wardle
and Weller, 2013). The surface tension force is considered as continuum force according to Brackbill
et al. (1992) with a constant surface tension factor between water and air of 0.07275. Conservation
equations of the VOF method are detailed and discussed, e.g., by Parikh et al. (2020). The VOF model
simulations are performed by the interFoam solver.

Results hardly deviate when the gas phase is treated compressible or incompressible, while the
incompressible modeling leads to a significant stabilization of the CFD solver, which has been shown by
Müller et al. (2015) for the EE2F approach. The omission of compressibility effects is further supported
by the low pump head, i.e., the pressure rise in the impeller is moderate. Therefore, both phases are

1www.openfoam.org
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treated as incompressible fluids with a density of ρw = 998 kg/m3 and ρa = 1.185 kg/m3 for both,
EE2F and VOF model. Of course, compressible effects may become more relevant for pumps with
higher head. The flow is assumed to be isothermal so that a constant temperature of 25◦ C is chosen,
omitting the energy transport equation.

Turbulence modeling
In Hundshagen et al. (2020a), the benefits of the SAS model for pump flow simulations over classical

statistical URANS models have been illustrated even for relatively coarse grids with a typical URANS
resolution, so that the SAS model by Egorov and Menter (2008) is used in this study, which is briefly
outlined here. Further details on the model formulation and its application to pump flows can be found
in the study by Egorov and Menter (2008) and Hundshagen et al. (2020a), respectively. A transport
equation for k and ω is solved, and the eddy viscosity νt is evaluated according to

νt = a1k/max (a1ω, F2S) (5)

with a1 = 0.31. The SAS model is an improved version of the shear stress transport (SST) turbulence
model of Menter (1994) adapting to resolvable turbulent length scales, which is basically achieved
by implementing an additional source term in the ω transport equation. While for the SST model, νt
represents an average of the entire turbulence spectrum, for the SAS model, it may reflect only the
effect of the sub-grid scale turbulent motion. The wall function by Kalitzin et al. (2005) is employed
where U , k, and ω are directly integrated or calculated by the logarithmic wall law depending on the
non-dimensional wall distance y+w . Further details of the wall modeling are given in Casimir et al.
(2020) and the citations therein. It should be noted that for single-phase and VOF simulations, the wall
functions in the original single-fluid formulation are used, while for EE2F model simulations, the wall
functions are adapted to bi-fluid, i.e., applied separately to air and water considering the different density
and viscosity of both phases.

Solution algorithm
The unsteady Reynolds-averaged Navier-Stokes equations are solved by the PISO (pressure-implicit

with splitting of operators) algorithm (Issa, 1986). In this algorithm, outer iteration loops of the pressure-
based predictor-corrector method are omitted so that it works in a quasi-explicit way. The PISO solver
requires small computational time steps so that the convective Courant-Friedrich-Lewy number (CFL)
must not exceed one. In the VOF solver, one volume fraction equation and one set of momentum
equations are solved to calculate a common velocity field for both phases. In the EE2F solver, two
volume fraction equations and two sets of momentum equations are solved, yielding a separate velocity
field for each phase. In both solvers, the volume fraction equations are solved by the multi-dimensional
limiter for explicit solution (MULES) algorithm (Deshpande et al., 2012). The convergence per time
step is ensured by a drop of normalized residuals of linear solvers below 10−10 for the pressure loops and
below 10−8 for momentum and turbulence equations. The time discretization is undertaken by a first-
order backward Euler scheme what is assumed appropriate due to very small time steps. By the SAS
model, a portion of the turbulent spectrum is directly resolved down to the available grid limit, which
requires a low diffusion discretization scheme for convective terms of momentum equations. Therefore,
the blending scheme of Strelets (2001) is used to continuously blend between a second-order upwind
scheme of Warming and Beam (1976) and a central differencing scheme as described in Hundshagen
et al. (2020a). The convective terms of the transport equations for k and ω are discretized by a first-order
upwind scheme.

Simulation set-up
The whole pump geometry, including 360◦ impeller, suction and pressure pipe, volute casing, and

side chamber is considered in the computational domain, which is illustrated in Figure 3 a). According
to the experiments, a semi-open impeller with a tip clearance gap of s/b2 = 2.5 % is applied, with a ro-
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Figure 3: (a) Computational domain of the investigated centrifugal pump in explosion view. (b)
Detailed view of the impeller mesh near the trailing edge for grid G1.

tational speed of 650 1/min. We assume that the flow field may be significantly affected by unsteadiness
and particularly by impeller – volute tongue interaction. Therefore, fully-transient pump simulations in
the absolute frame of reference are performed. Stationary and rotating parts of the pump are connected
by an arbitrary mesh interface of Farrell and Maddison (2011). A Dirichlet inlet boundary condition is
set for velocity according to measured flow rate, together with a Neumann boundary condition for static
pressure. A Neumann boundary condition is set for velocity, and a Dirichlet boundary condition for
static pressure at the volute discharge. The volume fraction α is set at the inlet as Dirichlet boundary
condition and at the outlet as Neumann boundary condition. The α inlet boundary condition differs for
the EE2F and VOF model to reflect their different assumptions on fluid mixture: For EE2F simulations,
a homogeneous distribution of α is set over the whole inlet considering the assumption of homoge-
nously distributed bubbles within each computational cell. For the VOF simulations, the air is injected
by a tiny pipe located central in the suction pipe, according to the experiments. Within this injection
pipe, the air volume fraction is set to αa = 1, while outside to αa = 0. This introduces a sharp interface
between both phases, which meets the VOF assumption of separated phases. Both, air and water flow
have the same inlet velocity. It might be noteworthy that preliminary experimental tests showed hardly
any difference in pump performance when changing the flow regime in the suction pipe, e.g., by rising
the axial distance of air injection and thus promoting the development of a stratified flow regime, which
is assumed to be reasoned by the dominant homogenizing effect of the impeller rotation. It is also note-
worthy that the two-phase simulations became unstable in terms of diverging residua when boundary
conditions were interchanged, which underlines the clear assumptions made on flow morphology by the
respective model class.

Two hexahedral grids, G1 and G2, are generated as summarized in Table 1. The dimensional and
nondimensional wall distance values yw and y+w have been averaged over the blade and volute surfaces,
respectively, and correspond to single-phase, i.e., water flow. The nondimensional grid quality criteria
in terms of maximum cell skewness and minimum face volume ratio are adopted from the OpenFOAM
nomenclature (Jasak, 1996) and indicate a fairly high quality for centrifugal pump grids. Grid G1 is
successively refined by bisected node distances in all three spatial directions to obtain G2. A detailed
view near the blade trailing edge is illustrated in Figure 3 b) for G1.

Table 1: Computational grid data.
Name # of cells

(1e6)
# of tip
gap cells

y+w,Blade y+w,Volute yw,Blade

(m)
Skewness Face volume

ratio
G1 1.2 5 22 119 1.5e-4 < 2.1

> 0.033
G2 9.6 10 12 59 7.5e-5 < 2.3
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The single-phase simulation set-up is adopted from Hundshagen et al. (2020a). A grid study is
performed for single-phase flow. The time step corresponds to 0.05◦ impeller rotation on G1 and 0.025◦

impeller rotation on G2, which yield a maximum CFL number of approximately one for both grids.
In Figure 4, the time-averaged head H , normalized to its measured best-efficiency value is presented
versus normalized flow rate Q/Qopt. Statistical convergence is ensured by time-averaging the last three
impeller revolutions in the simulations, while the experimental data were averaged over a period of 50
seconds.
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Figure 4: Time-averaged single-phase flow pump head for sim-
ulations on grids G1 and G2, and experimental results.

A moderate grid dependence and
a good agreement to measurement
data are observed for the entire
operation range yielding a relative
deviation to measurement data of
2.5 % for part-load and nominal
load, while for overload, the ex-
perimental data is under-predicted
by 9 % on G1 and by 6 % on
G2. These remaining differences
towards overload can be traced
back to a volute-tongue separa-
tion whose extent is only approxi-
mately captured by the wall func-
tion (Casimir et al., 2020). It
is concluded that for single-phase
flow, simulation results are essentially grid-independent even on grid G1, and the SAS turbulence model
can well reproduce the measured H-Q characteristics. Please note that the same conclusion can be
drawn from efficiency and total pressure head so that they are left out here for the sake of clarity.

RESULTS
For the assessment of multi-phase flow methods, one example operation point is considered, which

is defined by a total flow rate of Qtot/Qopt = 0.84 and an inlet gas volume fraction of αinlet = 5 %
and corresponds to an inlet velocity of 1.42 m/s for air and water. According to Mansour et al. (2020a),
this operation point belongs to the pocket flow regime so that a coherent gas accumulation is present in
the impeller channels, which makes this operation point particularly challenging for pump flow simu-
lations. It was ensured by a careful increase of air flow rate in the experimental procedure that the gas
percentage was not exceeding the final desired value to avoid possible bigger accumulations influencing
the pump performance. This procedure is comparable to the initial simulation conditions and ensures
that hysteresis effects do not affect the interpretation of experiments and simulations.

EE2F monodisperse simulation
According to Hundshagen et al. (2019b, 2020b), the EE2F approach prohibits the use of fine com-

putational grids, particularly for large bubbles in the disperse phase. We assume that this effect is less
pronounced on G1 than on G2 so that only G1 is applied for the EE2F simulations. Compared to the
single-phase flow simulations, the time step is further reduced and corresponds to 0.0125◦ impeller ro-
tation. Three monodisperse bubble diameters in terms of 0.1 mm, 0.5 mm, and 1.0 mm are investigated,
which cover the range of bubble diameters suggested by Barrios and Prado (2011) for submersible
pumps. In Table 2, the head is summarized for these three diameters, together with the measured head.

Table 2: Time-averaged head for EE2F model simulations and experiment.
Simulations Experiment

Bubble diameter, dB (mm) 0.1 0.5 1.0
Two-phase head, H/Hopt (-) 1.05 1.03 0.97 0.82
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dB = 0.1 mm dB = 1.0 mm

c)a)

Experiment

d)

dB = 0.5 mm

b)

Gas accumulationGas film

Figure 5: Time-averaged isovolumes for αa > 0.5 from simulations with the EE2F model and
bubble diameter of dB = 0.1mm (a), dB = 0.5mm (b), and dB = 1.0mm (c) and corre-
sponding ensemble-averaged measurement data (d). In the experiment, gas zones are colored by
a greyscale analysis, and gas pockets at the impeller blade are reddishly marked by an arbitrary
value of the greyscale.

The simulations substantially overestimate the measurement data, while an increase of dB leads to lower
values of H and thus reduces the overestimation. This reduction of H is indeed an indication that the
accumulations in the impeller grow with increasing bubble diameter, which has also been observed by
Hundshagen et al. (2019b, 2020b).

In Figure 5, the gas accumulations inside the impeller are illustrated by time-averaged isovolumes
for αa > 0.5 together with ensemble-averaged measurement data. While for the simulation results,
isovolumes of the volume fraction are used to visualize the accumulation zones, in the experiments, gas
zones are colored by a greyscale analysis, which has also been previously applied by Mansour et al.
(2018a) and Hundshagen et al. (2019b, 2020b). Gas pockets at the impeller blade are reddishly marked
by an arbitrary value of the greyscale. It is noteworthy that the impeller nut is out of the field of view in
the experimental image in Figure 5 d), and by a visual inspection during the measurements runs, no gas
accumulation was observed on the impeller nut. For dB = 0.1 mm (Figure 5 a), no gas accumulation
is observable, which yields the largest value of H listed in Table 2. Increasing the bubble diameter to
dB = 0.5 mm (Figure 5 b), small gas accumulation zones on the blade pressure side near the shroud and
at the trailing edge appear, yielding a slight drop of H compared to the simulation with dB = 0.1 mm.
It should be pointed out that the gas accumulation at the pressure side is restricted to the immediate hub
proximity and thus corresponds to a thin gas film. This gas film may also exist in the experiment, and it
could be assumed that it is not detected by the measurement technique, which is, of course, speculative.
It is, on the other hand, evident that the pronounced coherent gas accumulation at the suction side that is
observed in the experiment over the entire span is absent in the simulation results for dB < 0.5 mm. For
dB = 1.0 mm (Figure 5 c), a gas accumulation also on the blade suction side occurs, whose location and
extent in span-wise direction is in accordance with the measurement data in Figure 5 d), but whose size
is still significantly underpredicted in the simulations, leading to the remaining overprediction of H in
Table 2. This correlation of bubble diameter with gas accumulation size and head drop has already been
observed in other studies, e.g., (Dupoiron, 2018; Rutter et al., 2017; Hundshagen et al., 2020b), and
suggests that the bubble diameter may be considered as a kind of tuning parameter. It might be alluring
to increase dB as long as the measured head is matched, what may at a first glance seem to mimic a gas
accumulation by, particularly, large bubbles. However, the main assumption of the EE2F model is that
small bubbles are dispersed in a continuous water phase, and this assumption is clearly more and more
violated by increasing the bubble size. Therefore, this procedure is considered unphysical what may
be overcome by a sharp resolution of the liquid-gas interface and continuous treatment of the coherent
gas pocket, as will be discussed further below by the VOF method. Nevertheless, since the location of
gas accumulation is well captured, the mechanisms of gas accumulation are further investigated by the
EE2F method in what follows.

In Figure 6, contour plots on mid-span in any flow channel are shown, illustrating the instantaneous
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Figure 6: Contour plots on midspan for instantaneous relative velocity in the impeller domain
(top row) and gas volume fraction (bottom row) for single-phase flow (a), and EE2F model with
dB = 0.1mm (b), and dB = 1.0mm (c).

relative water velocity Uw,rel in the top row and the αa in the bottom row. In Figure 6 a), single-phase
flow results, and in Figure 6 b) and c), results for dB = 0.1 mm and 1.0 mm are shown, respectively. The
positive incidence flow at the blade leading edge with a stagnation point on the pressure side leads to
flow separation on the suction side of the blade for both, single-phase flow and EE2F model simulations,
irrespective of the bubble diameter. The size of the separation zone is the smallest in single-phase flow
simulations and is enhanced due to the presence of air. For dB = 0.1 mm, no gas accumulation at blade
suction side occurs, as shown in Figure 5 b) bottom row. The higher the bubble diameter, the greater is
the slip velocity between both phases (Dupoiron, 2018). Thus, air segregation from water is enhanced
for dB = 1.0 mm, filling out the flow separation with air (Figure 5 c bottom row). An inspection of the
flow field (not shown here) reveals that the flow separation leads to a pressure decrease amplifying the
convective transport of air inside the separation zone. Therefore, it is concluded that flow separation is
an enhancing mechanism for gas accumulations inside the pump impeller, which is in accordance with
findings of Mansour et al. (2018a) and Kopparthy et al. (2020) for a horizontal diffuser flow.

VOF simulation
Table 3: Time-averaged head
for VOF model simulations
and experiment.
Experiments G1 G2

0.82 1.00 0.97

The VOF simulations are conducted on grids G1 and G2 with a
time step corresponding to 0.0125◦ and 0.00625◦ impeller rotation. In
Table 3, the head is summarized for the VOF results on both grids,
together with the measured head. The grid dependence is moderate,
and the measured head is substantially overestimated, what means that
a too weak head drop is predicted, which is in accordance with results
of Parikh et al. (2020). The calculated head is in the range of the EE2F model result for dB = 1.0 mm,
as a cross-check to Table 2 shows. Grid dependence is inherent for the VOF method since with a finer
grid, smaller void structures are captured, and particularly, liquid-gas interfaces on a smaller scale are
resolved. Since according to Table 3, the approach of H to measurement data is only minor with grid
refinement, it can be assumed that even with grid G2, we are still far away from an adequate resolution
of all relevant scales.

Figure 7 shows instantaneous void structures inside the pump impeller for G1 (a) and G2 (b) by visu-
alizing the isovolumes for αa > 0.5, and measurements results (c). Smaller structures are discernible on
the finer grid. In the measurement results, even much smaller scales are present than the scales covered
by the grid cell sizes of grid G2. The time-averaged illustration in Figure 8 shows that by grid refine-
ment, the extent of gaseous regions significantly grows. However, still on G2, no gas accumulation is
observable on the suction side as in the experiment, although an inspection of the flow field, depicted,
e.g., on midspan in Figure 9, reveals that the velocity field of VOF simulations is in good agreement
with the single-phase flow and EE2F model simulations (Figure 6) and a flow separation is present at
the blade suction side.
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Figure 7: Instantaneous isovolumes for αa > 0.5 from VOF simulations on grid G1 (a) and G2
(b) and corresponding measurement data (c).
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Figure 8: Time-averaged isovolumes for αa > 0.5 from VOF simulations on grid G1 (a) and G2
(b) and corresponding ensemble-averaged measurement data (c). In the experiment, gas zones are
colored by a greyscale analysis, and gas pockets at the impeller blade are reddishly marked by an
arbitrary value of the greyscale.
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Figure 9: Contour plots on midspan for
instantaneous relative velocity in the
impeller domain for the VOF model
and grids G1 and G2.

A closer inspection of the flow field (not shown here)
revealed that the flow separation is smallest on the impeller
hub and increases in size towards the shroud, where the sep-
aration interacts with the tip leakage flow of the semi-open
impeller, enhancing the secondary flow inside the blade pas-
sage. By amplifying bubble breakup, this secondary flow
may potentially mitigate gas accumulations at the impeller
blades. However, gas accumulations were not captured by
the VOF simulations. Thus, an inspection of the EE2F re-
sults in fact revealed that the accumulation zone essentially
vanishes at the shroud. The mechanism of gas accumula-
tion is clearly limited by the inappropriate resolution of void
structures in our VOF simulations so that our assumption is
substantiated that an even significantly higher spatial resolution than provided by G2 is required.

CONCLUSIONS
It could be shown that flow separation within the flow channel enhances coherent gas accumulation

by decreasing the pressure in separation regions and amplifying the convective transport of gas, which
seems to be the origin of the pocket flow regime. The location of these accumulated gas pockets seems
to be captured with the EE2F approach generally, but the extent of the gas pockets directly correlates
with the prescribed bubble diameter. While it might be possible to overcome this uncertainty by the
utilization of a polydisperse bubble size distribution and bubble-interaction models for coalescence and
break-up, an adequately sharp resolution of the liquid-gas interface is inherently impossible by the EE2F
method. In preceding studies (Hundshagen et al., 2019b, 2020b), it could furthermore be shown that
solver convergence issues may arise when large coherent gas regions are treated by the EE2F model.
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Thus, a VOF approach is appropriate to resolve the liquid-gas interface and the coherent gas aggregation.
However, we could also show that with the employed grids corresponding to a common pump flow
resolution, we are far away from an adequate resolution that enables a prediction of gas accumulations
and the proper head drop. The refinement of the grid has been simply based on the bisection of the node
numbers in each spatial direction, which exponentially increases the number of nodes without achieving
significant improvements in the result accuracy. A locally refined grid including y+w levels towards a
resolution of the viscous sublayer and a local application of the VOF method is considered a more
appropriate way to circumvent the tremendous resolution requirements of the VOF method. However,
the location of a static local grid refinement, as well as the adaption criteria of dynamically refined grids,
may immediately affect the simulation results in terms of a kind of self-fulfilling prophecy. Nevertheless,
in a first step, we will place additional nodes in areas expected to be relevant for gas accumulations,
which are known from experiments. In a second step, the predictive character of the simulation should
be retained, and a local blending of the EE2F and VOF method in terms of the interface compression as
proposed, e.g., by Wardle and Weller (2013), Shonibare and Wardle (2015) and Mathur et al. (2019) is
considered viable. The key problem is the elaboration of appropriate local blending criteria, which will
be the subject of our further studies.
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Mansour, M., Kováts, P., Wunderlich, B. and Thévenin, D. (2018a). Experimental investigations of a
two-phase gas/liquid flow in a diverging horizontal channel. Exp. Therm. Fluid Sci., 93, 210–217.
doi:10.1016/j.expthermflusci.2017.12.033.
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