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OpenFOAM Simulation and Validation
of Results for Vortex Pumps with Winglets
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This research presents OpenFOAM computational fluid dynamics (CFD) simulations used to investigate flow
phenomena in SuperVortex pumps—vortex pumps equipped with partial impeller channel shrouds (winglets). The

numerical model was developed using the Multiple Reference Frames (MRF) approach combined with the Realizable
k-g turbulence model, which provided the best agreement with experimental data while maintaining reasonable mesh
sizes. A comprehensive mesh sensitivity analysis was conducted to determine the optimal balance between accuracy
and computational cost. Depending on geometric complexity, the computational mesh contained between 8 and 12
million elements. The simulations showed that shrouds on the suction side of the impeller blades significantly reduced
over-fip leakage between impeller channels, thereby enhancing pump performance. At the Best Efficiency Point
(BEP), the deviation from experimental data was particularly low—less than 1% for head and approximately 0.5-1%

for efficiency. Model validation across the full operating range yielded average deviations of 5.8% for head and
8.4% for efficiency compared to experimental measurements.
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W niniejszej pracy przedstawiono symulacje numeryczne przeptywu (CFD) wykonane w programie OpenFOAM,
majqce na celu zbadanie zjawisk przep’fywowych w pompach Super-Vortex — czyli pompach wirowych o swobod-
nym przeplywie, wyposazonych w czeéciowe pokrywy kanatéw wirnika (winglets). Model numeryczny opracowano
z wykorzystaniem metody wielu ukladéw odniesienia (MRF) oraz modelu turbulenciji Realizable k-, ktéry zapewnit
najlepszg zgodno$é z danymi eksperymentalnymi przy zachowaniu rozsqdnych rozmiaréw siatki obllczenlowe| Prze-
prowadzono szczegdtowq analize czutodci siatki w celu okreslenia optymalnego kompromisu miedzy dokfadnoscig

a kosztem obliczeniowym. W zaleznoéci od ztozonosci geometrii siatka obliczeniowa zawierata od 8 do 12 milionéw
elementéw. Symulacje wykazaly, ze zastosowanie winglets od strony ssawnej topatek wirnika znaczqco ogranicza
przeciek migdzykanatowy ponad fopatkami, co przyczynia sie do poprawy wydajnoéci pompy. W punkcie najlepszej
sprawnosci (BEP) odchylenie od danych eksperymentalnych byto szczegdlnie niskie — ponizej 1% dla podnoszenia
oraz okoto 0,5-1% dla sprawnosci. Walidacja modelu w petnym zakresie pracy pompy wykazata $rednie odchylenia
rzedu 5,8% dla podnoszenia i 8,4% dla sprawnosci wzgledem wynikéw pomiaréw eksperymentalnych.

Stowa kluczowe: pompa wirowa o swobodnym przeptywie, winglety, OpenFOAM, CFD

Introduction to Vortex Pumps

Vortex pumps are specialized centrifugal
pumps designed for handling challenging flu-
ids containing solid particles, fibrous materials,
or gas inclusions [1, 2]. Their distinctive design
features significant clearance between the im-
peller and pump casing, creating an unob-
structed flow path from inlet to outlet.

These pumps serve critical functions in
various industries:
® Municipal wastewater management
® Mining and mineral processing
® Food processing and agriculture
® Construction

Despite operating at lower efficiency
(30-55%) compared to conventional cen-
trifugal pumps (70-85%), their superior clog-
ging resistance makes them indispensable
where reliability is paramount [3, 4]. Accord-
ing fo EU projections, the market for vortex

Fig. 1.

Free-flow pumps:

1 - rear disc of the

impeller, 2 - blade,

3 - free space between -

the upper part of the 6

blade and the casing, z
- leading edge,

5 — trailing edge,

6 - hub, 7 - active

surface of the blade,

8 — passive surface of the

blade, 9 - spiral casing

Rys. 1. Pompy

o swobodnym

przeplywie: 1 — tylna tarcza wirnika, 2 — topatka, 3 — wolna przestrzer pomiedzy gérng
czesciq fopatki a obudowq, 4 — krawedz natarcia, 5 — krawedz splywu, 6 — piasta,
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pumps is expected to grow approximately
18% by 2030 [5, 4].

The key operating principle of vorfex
pumps (Figure 1) involves the semi-open im-

peller creating strong rotational flow in the
space between impeller and pump casing,
generating a pressure gradient that transports
fluid and solids through the volute [7, 8]. This
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indirect energy transfer mechanism trades
efficiency for superior handling of challeng-
ing media.

The primary design challenge lies in bal-
ancing free passage for solid handling with
energy efficiency [9]. Recent developments
include the SuperVortex concept with partial
channel shrouds (winglets) aimed at reduc-
ing over-blade flow energy losses while
maintaining adequate passage [10].

Computational Methodology

Numerical simulations were performed
using OpenFOAM fo investigate flow behav-
ior in vortex pumps equipped with different
winglet configurations. A detailed three-di-
mensional model was constructed, comprising
rotating (impeller) and stationary (volute and
pipe sections) domains, representing realisfic
pump operating conditions (Figure 2).
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Computational model of vortex pump showing
boundary conditions and domain divisions

Rys. 2. Model obliczeniowy pompy wirowej
o swobodnym przeplywie z zaznaczonymi
warunkami brzegowymi i podziatem obszaru
obliczeniowego

Simplifications were infroduced to re-
duce geometric complexity while preserving
hydraulic accuracy:
® The impeller fastening screw was re-

placed by a streamlined fairing.
® The clearance between the rear impeller

disk and pump casing was omitted, as it
mainly affects mechanical rather than
hydraulic losses.

Inlet and outlet pipes, each four diame-
ters long, ensured fully developed velocity
profiles and minimized boundary condition
effects.

The computational domain was divided
into:
® A rotafing zone containing the impeller.
® A stationary zone including the volute

and connected pipes.

The interface between these zones was
positioned near the pump suction side, fol-
lowing the guidance of Krishtop et al. [11],
enhancing accuracy in pumps with large im-
peller-to-casing clearances.

All simulafions used the steady-state Mul-
tiple Reference Frame (MRF) method, imple-
mented through the modified MRFSimple-
Foam solver, which is based on the SIMPLE
algorithm. This approach captures rotational
effects without resorting to transient modeling,
offering a good balance between accuracy
and computational cost.

Water was used as the working fluid, with
a density p = 998.2 kg/m? and dynamic

viscosity it = 0.001003 Pars. Wall roughness

was neglected, as its influence is minimal in

vortex pumps with significant clearance.
Boundary conditions:

® Inlet: Uniform velocity, 5% turbulence

intensity.

Ovutlet: Fixed static pressure (O Pa gauge).

Rotating region: 2890 rpm.

Walls: No-slip.

Interface: Conservative flux interpolation.

Convergence was assessed by stabiliza-

tion of total pressure, flow rate, and torque

over at least 2000 iterations with residuals

below 1074,

Results and Discussion

Mesh Generation and
Independence Study

The computational grid was generated
using OpenFOAM's SnappyHexMesh utility.
It consisted predominantly of hexahedral
and polyhedral elements in central flow re-
gions, with refined tetrahedral and prismatic
layers adjacent to walls to accurately capture
boundary layer effects.

A thorough mesh sensitivity analysis was
conducted to defermine mesh indepen-
dence, assessing stability of key perfor-
mance parameters (head, efficiency) for
meshes ranging from 0.5 to 14 million cells.
Results were compared with experimental
data obtained from our specialized test rig
[12], demonstrating that approximately 6
million cells achieved mesh independence,
with relative errors below 0.5% for head and
approximately 4% for efficiency (Figure 3).

Final simulations used meshes ranging
from 8-12 million cells depending on geom-
etry complexity, representing a compromise
between precision and computational effort.
Mesh quality metrics were carefully moni-
tored throughout the domain to ensure simu-
lation stability and accuracy. The maximum
orthogonality was maintained below 75,
minimum volume rafio was kept above 0.01,
and maximum skewness remained under 4,
adhering to OpenFOAM's best practices for
complex turbomachinery simulations.
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Fig. 3.

Mesh sensitivity analysis demonstrating inde-
pendence for head and efficiency

Rys. 3. Andliza czulosci siatki wykazujgcea nie-
zaleznosé wynikéw wysokosci podnoszenia
i sprawnosci od liczby elementéw siatki

Turbulence Model Selection
and Validation

Three RANS turbulence models were
evaluated: Standard k-¢, Redlizable k-g,
and k-o SST. The Realizable k—-& model
demonstrated the best agreement with ex-
perimental data, particularly near the Best
Efficiency Point (BEP), as illustrated in Fig. 4.
This model was especially advantageous for
the current application because maintaining
y+ values close to 1 throughout the enfire
domain proved challenging with the com-
plex pump geometry when using Snappy-
HexMesh. The Realizable k—& model’s wall
functions provided more consistent results in
these conditions compared to the k- SST
model, which typically requires finer near-
wall resolution.

Comparative analysis revealed that the
Realizable k-& model achieved deviations
below 1% for head and efficiency at BEP
conditions, while Standard k-¢ showed de-
viations of approximately 3.2% for head and
4.5% for efficiency. The k—-m SST model per-
formed intermediately with deviations of
2.1% for head and 3.2% for efficiency. As
shown in Fig. 4q, larger discrepancies ap-
peared at flow rates far from optimal points,
especially at low flows—a common issue in
CFD pump modeling. The efficiency predic-
tions followed similar trends (Fig. 4b), with all
models showing greater deviation at the ex-
tremes of the operating range.
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Fig.4.

Comparison between experimental measurements and CFD predictions using different turbulence

models: (a) Relative head curves (H/H opt VS+ Q/ Qopf); (b) Efficiency curves (1 vs. Q/Q

of)

Rys. 4. Poréwnanie wynikéw pomiaréw eksperymentalnych i predykcji CFD przy uzyciu réznych

modeli turbulenciji: (a) Krzywe wzglednej wysokosci podnoszenia (H/H,

(b) Krzywe sprawnosci (1 wzgledem Q/Q, p,)

opt wzgledem Q/ QOP,);



This validated numerical model ensured
accurate predictions of pump performance
within the recommended operating range
(0.8Qto 1.2Q), providing a reliable founda-
tion for analyzing flow phenomena in vorfex
pumps with various winglet configurations.
Given its minimal deviation at BEP and ac-
ceptable accuracy across the range, the Re-
alizable k-& model was deemed sufficiently
reliable for further analysis.

Flow Structure Analysis

The validated CFD model revealed key
flow patterns explaining performance differ-
ences between standard and SuperVortex
impellers. Two representative cases were
analyzed: the reference impeller without
winglets and the optimized impeller with suc-
tion side winglets.

In the reference impeller without winglets
(Fig. 5), fluid flows substantially over blade
tips from pressure to suction side of adjacent
channels. This cross-channel leakage causes
significant energy losses as demonstrated by
Gerlach [14], resulting in reduced head gen-
eration and lower hydraulic efficiency.

(36.1%), while dual-sided winglets showed
only moderate improvement (42.8%).

These flow structures align with theoreti-
cal descriptions in literature [13, 14, 10],
confirming that suction side winglets provide
the optimal balance between maintaining
solid-handling capabilities while mitigating
efficiency disadvantages inherent to vortex
pump designs.

Conclusions

This study demonstrated that Open-
FOAM provides an effective framework for
simulating complex flow phenomena in vor-
tex pumps with winglets. The following con-
clusions can be drawn:

1. The Realizable k-g¢ turbulence model
achieved sufficient accuracy for captur-
ing the dominant vorfical structures in
SuperVortex pumps, with deviations be-
low 1% for head and efficiency at BEP
conditions.

2. Mesh sensitivity analysis established that
approximately 8-12 million elements
provide an optimal balance between

Fig. 5.

Streamlines in reference
impeller without winglets
Rys. 5. Linie prqgdu w wirni-
ku referencyjnym bez win-
gletéw

Fig. 6.
Streamlines in impeller
with suction side winglets
Rys. 6. Linie prqdu w wirni-
ku z wingletami po stronie
ssawnej

The impeller with suction side winglets
(Fig. 6) effectively reduces this cross-channel
flow, directing more energy into useful work.
The winglets create a partial barrier that
guides flow through the intended path while
maintaining adequate clearance for solid
particles, intercepting leakage flow without
compromising the pump’s solid-handling ca-
pabilities.

Quantitative analysis confirmed this ob-
servation. The internal flow coefficient (rafio
of pump outlet flow to impeller outlet flow)
increased from 39.2% for the reference im-
peller to 52.6% for the optimized winglet
design, indicating reduced recirculation loss-
es. Pressure side winglets proved ineffective
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computational cost and solution accura-
cy, with relative errors stabilizing below
0.5% for head and approximately 4%
for efficiency.

3. Steady-state MRF simulations proved
adequate for comparative analysis,
though fransient approaches could offer
higher fidelity for time-dependent phe-
nomena as noted by Krishtop et al. [11].

4. Quantitative flow analysis confirmed ex-
perimental findings, revealing that the
internal flow coefficient (ratio of pump
outlet flow to impeller outlet flow) in-
creased from 39.2% for the reference
impeller to 52.6% for the optimized suc-
tion-side winglet design.
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5. Flow visudlizations clearly demonstrated
that winglets on the suction side effec-
tively reduce cross-channel flow, while
pressure-side winglets proved ineffective
(36.1% internal flow coefficient) and
dual-sided winglets showed only moder-
ate improvement (42.8%).

The developed numerical methodology
provides a reliable foundation for future opti-
mization studies. Potential directions for future
work include: (1) transient simulations to
capture time-dependent vortical structures,
(2) integration of automatic optimization al-
gorithms for winglet geometry, (3) extension
to two-phase flow modeling for realistic sol-
id-liquid mixtures, and (4) investigation of
scale effects for industrial applications. The
present work confirms that computational ap-
proaches can effectively guide the design of
more efficient vortex pumps while maintain-
ing their critical solid-handling capabilities.

BIBLIOGRAPHY

[1]  Machalski, A.: Badanie i analiza zjawisk prze-
plywowych zachodzqcych w pompie o swo-
bodnym przeptywie z przesfong czotowq. PhD
Thesis, Wroctaw University of Science and
Technology (2022)

[2] Varchola, M.: Specidlne hydrodynamické er-
padlé. Vydavatelstvo STU, Bratystawa (2017)

[3] Gilich, J.F: Centrifugal Pumps. Springer
(2010)

[4] Korczak, A., Rokita, J.: Pompy i uklady pompo-
we — obliczenia i projektowanie. Wydawnic-
two Politechniki Slgskiej (1998)

[5] Mudga, S. etal.: Ener lot 28 — pumps for priva-
te and public wastewater and for fluids with
high solids content. Technical report. Bio by
Deloitte (2014)

[6] Prado, T. et al.: Ener lot 29 — pumps for private
and public swimming pools, ponds, fountains,
and aquariums. Technical report, Bio by Deloit-
te (2014)

[71 German, V.F, Kowalow, LA, Kotenko, All:
Vortex pump. Sumy: SSU (2013)

[8] Ritschi, K.: Die arbeitsweise von freistrompum-
pen. Schweizerische Bauzeitung (1968)

[?] Commission Regulation (EU) No 547,/2012 of
25 June 2012 implementing Directive
2009/125/EC of the European Parliament
and of the Council with regard to ecodesign
requirements for water pumps. Official Journal
of the European Union (2012)

[10] Jiang, D., L&, J., Dai, L., Su, B.: Numerical simu-
lation of and experimental research on optimum
efficiency of vortex pumps. Chin. Agric.
Hydraul. Power (2012)

[N] Krishtop, I, German, V., Gusak, O., Lugova, S.,

Kochevsky, A.: Numerical Approach for Simula-

tion of Fluid Flow in Torque Flow Pumps. Applied

Mechanics and Materials 630, 43-51 (2014)

Machalski, A., Skrzypacz, J., Szule, P, Blorski,

D.: Experimental and numerical research on

influence of winglets arrangement on vortex

pump performance. J. Phys.: Conf. Ser. (2021).

doi:10.1088/1742-6596 /1741 /1 /012019

Gerlach, A, Thamsen, PU., Wulff, S., Jacob-

sen, C.B.: Design parameters of vortex pumps:

a meta-analysis of experimental studies. Ener-

gies (2017). doi:10.3390/en10010058

Gerlach, A.: The Influence of Impeller Designs

on the Performance of a Vortex Pump. Berlin

(2018)

[12]

[13]

[14]

o
1
=]
2
<}
£
=
=
N
o
£
[

o

45



