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Abstrakt
Čerpadla s nízkými specifickými otáčkami nacházejí uplatnění v široké škále aplikací,
ale trpí nízkou účinností a rizikem nestability křivky dopravní výšky. Tato disertační
práce pojednává o vylepšení hydraulických parametrů čerpadla se specifickými otáčkami
ns = 32. Práce se zaměřuje na průtok v oběžném kole a ve spirále, které jsou řešeny
pomocí CFD.

Průzkum literatury ukázal, že přidání mezilopatek do průtokového kanálu je účinný
způsob, jak zlepšit neuspokojivé proudění obecně přítomné v oběžných kolech s nízkými
specifickými otáčkami. Byla zkoumána poloha mezilopatky v kanálu a vliv počtu přítom-
ných mezilopatek. Část výsledků je ověřena experimentálně v laboratoři fakulty.

Rovněž je zkoumán tvar spirály a pozornost je věnována numerickému řešení proudění
u stěn a jeho vlivu na simulaci. Po numerických výpočtech na třech různých spirálách
je navržen nový tvar, který zlepšuje vypočtové parametry čerpadla při nízkém i vysokém
průtoku.

Summary
Low specific speed pumps find applications in a broad range of domains, but suffer from
a low efficiency and a risk of head instability close to shut-off. This dissertation discusses
hydraulic performance improvement of a pump with a specific speed ns = 32. The work
focuses on the flow in the impeller passage and the volute and is analyzed by means of
CFD and experiments.

A literature survey showed that the addition of splitter blades in the flow passage is
an efficient way to improve the unsatisfactory flow generally present in low specific speed
impellers. Investigations have been made on the position of a splitter blade in the flow
passage and on the influence of the number of present splitters. Part of the results are
verified experimentally in the laboratory of the faculty.

The design of the volute is also investigated, and attention is paid to the numerical
wall-treatment and its impact on the simulation. After numerical computations on three
different volutes, a new volute design is proposed to improve the performance of the pump
at both low and high flow rates.
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1. Introduction
Pumps are used in a wide range of applications. Cooling water pump, boiler feed

pumps, rocket pumps or medical pumps cover a large area of applications, with power from
a few watts to several megawatts. The centrifugal pump is the most widely used process
pump and accounts for over 95% of all installations on ground and close to 75% of all
developed pumped system for space applications. Centrifugal pumps are universally used
because they are low cost and require low maintenance, they are simple to operate, provide
a wide range of easily controlled, non-pulsating flow, and are suitable for clean, abrasive,
corrosive or non-lubricating fluids. In addition, they are quiet, adaptable to motor, turbine
or engine drive, can be obtained in a wide capacity-head range to handle fluids varying in
temperature and have low space requirements. Designers and researchers are constantly
challenged with specific needs, whether it is a high efficiency, broad operating range,
challenging pressure requirements, need for decades of operations without maintenance
for space applications and more. The design of low specific speed pumps is one of them.

Any pump application is characterized by the flow rate, the head and the rotor speed.
To a large extent these parameters determine which impeller type and pump design to
choose. These three performance parameters are interrelated by the specific speed ns,
which is of great importance for the selection and design of a pump.

ns = 3.65N
Q0.5

H0.75
(1.1)

With N [RPM ] the rotor speed, Q [m3.s−1] the pump flow rate and H [m] the pump
head. Several definitions and notations are used for the specific speed. In Europe, and
for pumps, nq is the most popular. It is related to ns by the relation ns = 3.65nq. In
Czech Republic, the notation ns is used for both pumps and turbines, and is adopted in
this dissertation.

Below ns = 35, the needs are extreme for centrifugal pumps, and a different type of
technology is used, the positive displacement pumps. A positive displacement pump makes
a fluid move by trapping a fixed amount, i.e. geometric volume, and forcing (displacing)
that trapped volume into the discharge pipe. In these pumps, energy is periodically
added by application of force to one or more movable boundaries of any desired number
of enclosed, fluid-containing volumes, resulting in a direct increase in pressure up to the
value required, moving the fluid through valves or ports into the discharge line.

Centrifugal pumps are of rare use at low specific speed, especially below ns = 35. The
primary reason is their low efficiency. However, the centrifugal pump design technology
has crucial advantages in operation compared to positive displacement pumps. They can
be operated at higher speed, the pump design and the components are less complex, hence
a lower failure probability and a lower number of wearing parts. Accordingly, research is
interested in enhancing low specific speed centrifugal pumps performances.

The dissertation is focused on the hydraulic performance improvement of a low-specific
speed pump of ns = 32. The pump is a single-stage volute pump. Historically, the pump
is part of the Viktor Kaplan department of fluid engineering for decades, and a great
number of designs have been tested, see Klas [5, 6, 7]. Although the original pump design
point and reference speed are used in the thesis, new impellers and volute casings have
been tested both numerically and experimentally. It is believed that the results obtained
are applicable for pump with specific speeds ns < 75.
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The work focuses on the flow in the impeller passage and the volute. The sidewall
gaps are considered in calculations, but no special attention is given to their design, i.e.
classic recommendations are used for their design.

The results of the thesis are presented into three separates studies.

• The first study, see section Study 1: Effect of a single splitter variation, deals with
the influence of splitter blades on the performance of the pump. The impeller
has 4 main blades and 4 splitter blades. Eight variations of splitter blades are
tested numerically, three parameters control the position of the splitters. A design
of experiment gives more hindsight about the influence of each parameter. Both
steady and transient simulations are performed. The outcome of this first study is
the suggestion of parameters for the placement of splitter blades into the impeller
channel to aim for a specific goal, whether it favours pressure delivery or head
stability.

• The second study, Study 2: Effect of the addition of 1 and 2 splitters per impeller
passage, also deals with the influence of splitter blades on the performance. Firstly,
the volute has been redesigned compared to Study 1. Secondly, three impellers are
tested. An impeller with 4 blades, a second with 8 blades (4 main blades and 4 long
splitters) and a third impeller with 12 blades (4 main blades, 4 long splitters and 4
short splitters). The principal motivation for this study is to explore the influence of
more splitters because of the lack of impellers with two splitter blades per impeller
passage in the literature. For this reason, the study does not focus on an optimal
placement of splitter blades, but rather aims to discuss the influence of the addition
of splitters on the flow. The main performance curves (head, efficiency and torque)
are validated experimentally for the three tested impellers. Then, a detailed flow
analysis is performed based on the validated numerical results. The hydraulic power
loss per domain is computed for each case to reveal in which regions of the pump
the addition of splitters has a positive or negative impact. The flow at the outlet of
the impeller allows to extract velocity components and evaluate the flow entering
the volute. The development of the local eddy on the pressure side of the impeller is
investigated as a function of the flow rate, and the role of splitters in its suppression
is highlited. The outcome of this second study is a deeper understanding of the
influence of splitters on the flow of low specific speed pumps.

• The third study, Study 3: Volute throat area has two different objectives. The first
part is focused on CFD and more specifically on the influence of the wall-treatment
on the prediction of the main pump characteristics. Recent studies based on the
work of Juckelandt [8] exposed discrepancies between numerical and experimental
results at low specific speed pumps. The conclusions of the author to properly cap-
ture the flow of low specific speed pumps are tested and validated in the first part.
The second part evaluates the influence of the volute throat area on the pump char-
acteristics. The performance of three volute designs with increasing volute throat
area is computed numerically. After finding benefits from smaller and larger volute
on the flow, a different volute design is proposed. The design is unconventional as it
does not respect the rule of conservation of angular momentum for the spiral design
of the casing, and improves the performance of the pumps at low and high flow.
Based on these results, a new, unconventional volute design is proposed.
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The results of the second study are validated experimentally. However, because the
pump design of each study is very similar and the numerical methods used are identical,
the results obtained in the first and third study are presented with confidence.

Numerical simulations, or rather Computational Fluid Dynamics (CFD) is the main
tool used in this thesis. The availability of computing power and software which are
provided to the academics and the industry helps to analyze, predict and improve the
flow behavior. Comparing to the experiments, CFD approach is usually cheaper and can
provide more detailed information about the phenomena that scientists and engineers are
interested in. However a great care has to be given to each computation to avoid inaccu-
racies and wrong conclusions. Coupled with experiments, a cost-efficient analysis can be
performed on a given problem and this is the objective of this thesis. Computations are
performed with the commercial software ANSYS-CFX 19.1 on the cluster thor, property
of the faculty. The computations are used to assess the performance of the pumps and
the flow physics. To validate the calculations, several experiments are performed in the
hydraulic laboratory of the Viktor Kaplan department of fluid engineering.

Figure 1.1 represents the low specific speed pump used in Study 2. The impeller design
is fixed through the three studies, and splitter blades are added in the first two studies.
The volute design differs in all studies.

Volute

Sidewall gap hub

Sidewall gap shroud

Impeller

Sealing Gap

Leading Edge

Flow path

Figure 1.1: Low specific speed impeller meridional section (left) and fluid zone of impeller
and volute (right) used in the thesis.

4



2. State of Art & Methods
2.1. State of Art
The inherent design of low specific speed pump is responsible for their low efficiency.
Pump impellers have a large diameter and a narrow meridional section and volutes have
thin cross-sectional area relatively to their length. Each pump components is negatively
impacted from the hydraulic point of view as a consequence of such a design:

• Impeller: With a large diameter and a narrow meridional section, the equilibrium
of forces in a low specific speed impeller leads to a flow deflection towards the
pressure side of the main blade. As a result, a local eddy develops on the blade
pressure side impairing the flow in the impeller and the discharge flow into the
volute.

• Volute: To accommodate to the large impeller diameter and low flow rate condi-
tions, low specific speed volutes are long and narrow. The friction losses are largely
dominant and contributes to a significant part of the total pump losses.

• Sidewall gaps: Disk friction is the main source of losses in low specific speed
pumps. They can account for more than 50% of the pump losses. The flow in the
gaps is complex and no simple formula can accurately predict the losses. The power
loss in the gaps is largely independent from the flow rate, further aggravating the
impact of the disk friction losses at partload.

• Head curve instability: The inherent design of low specific speed pumps make
them susceptible to partload head instability, i.e. dH/dQ > 0 close to shut-off
conditions.

Over the years, several design solutions have been proposed to overcome the stated
problems.

• Splitter blades: Additional, smaller blades placed in the impeller channel help
breaking the local eddy in the impeller. Additionally, they help raising the pres-
sure developed by the pump without blocking the impeller inlet. This allows for a
reduction in diameter and a diminution of disk friction losses.

• Special designs: Special designs are presented and often side step from classic
impeller design to either ease manufacturing (e.g. pump with drilled holes), suppress
disk friction (e.g. double-acting impeller with straight radial blades) or suppress the
possibility of secondary flow in the impeller (e.g. impeller with thick trailing edge).

• Volute: Circular casing with a constant cross-section has been shown to decrease
losses in the volute, at the expense of the pump stability. The volute at low specific
speed pump has not been heavily investigated.

Notably, the effort has been mainly placed on the impeller component and splitter
blades, which have shown to be an effective solution to improve low specific speed pump
performances. Less efforts have been invested in the volute component and the low flow
instability problem.
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Despite the large amount of research that has already been invested in splitter blades
design, rare are the studies presenting their influence on a pump with a specific speed
as low as ns = 32. The work will be focused on the influence of the position of a single
splitter in a first time, and the addition of a second splitter in the flow passage in a second
time. Then, the volute design will also be investigated based on the volute throat area,
but also inspect the impact of the spiral development on the flow and performances. The
methods used for the described investigation are presented in the next chapter.

2.2. Methods
The tools used in the proposed study are numerical calculations (CFD) and experimental
measurements, to validate the numerical results.

2.2.1. Computational Fluid Dynamics
Computational fluid dynamics softwares help predicting fluid flows in a wide range of
application. ANSYS-CFX is particularly efficient in the field of turbomachinery.

For turbomachinery applications where the specific speed ns > 55, CFD predictions
are often good and lead to a close matching between the simulation and the experiment.
For pumps with specific speed ns < 55, discrepancies are observed and effort has been put
in the last years to accurately describe low specific speed pump performances by means
of CFD. The main actor is Juckelandt [16] and his work will be summarized here.

Juckelandt et al. [8], investigated this particular problem on a pump with a specific
speed ns = 44. He revealed that at high-flow, the flow is choked at the volute throat
area, manifesting by a large zone of attachment and detachment downstream the volute
tongue. This phenomenon is not captured by the wall-function approach. Rather, the
use of the low-Reynolds number treatment at the wall gave accurate results thanks to
its better near-wall flow prediction. The k − ω SST turbulence model coupled with the
low-Reynolds number treatment at the wall is able to accurately describe the flow and
performances of low specific speed pump.

The different pumps modelled include six domains (suction pipe, impeller, volute,
sidewall gap hub side, sidewall gap shroud side, discharge pipe). The inclusion of the
sidewall gaps is necessary not only because the disk friction is responsible for a large part
of the losses, but also because the backflow from the volute to the inlet flows through
the gap shroud side, making each domain dependant of each other. ANSYS-ICEM CFD is
the main pre-processor used. It has high-quality mesh generation capabilities and offers
great control of the quality of the mesh. ANSYS-TurboGrid is also used for impeller mesh
generation. Before a study is performed, a grid sensitivity analysis is performed at the
design point of the pump of interest to ensure that results are independant of the grid. The
boundary conditions are standard for turbomachinery applications. Mass flow is used at
the inlet of the pump and average static pressure at the outlet. The impeller is a rotating
domain. The interface between static domain is treated with the General Grid Interface
(GGI). For transient simulations, the timestep used is 1.72.10−4 s. It corresponds to an
impeller grid rotation of 1.5◦ at 1450 RPM . For accurate results, second order schemes
are selected for advection, turbulence and transient schemes.
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2.3. Experimental approach
Part of the results presented in this dissertation are verified experimentally. The results
correspond to Study 2: Effect of the addition of 1 and 2 splitters per impeller passage.
However it is believed that due to the similarity of pump design and CFD setup in all
studies, the validation presented can also be conclusive for all studies presented.

The laboratory of the Viktor Kaplan department of fluid engineering is equipped with
a pump test bench than can accommodate for a large number of pumps or turbines. A
schematic diagram of the test rig can be seen in Figure 2.1 and a partial view of the
physical test bench in operation in Figure 2.2.
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Main Throttle
Valve

Flowmeter

Motor

T
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qu
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ee
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Water Pipe
Pump Shaft

F

Pressure Control
System

Figure 2.1: Schematic diagram of the test rig.

For cost reduction, the tested pump has been adapted to an existing motor present
in the lab. The motor used is part of the pump BETA12, and a new volute and impeller
were manufactured to fit into its base.

A volute casing, three impellers and other components were manufactured. The vo-
lute casing is made from 2 blocks of Aluminium 5754, a material with a good corrosion
resistance. The centering of the two parts of the casing is done thanks to two tapper
pins M8. Both parts were CNC-machined to ensure smooth surface finishing, essential for
the volute component at low specific speed. A sealing ring made of hard PVC has been
pressed into the casing at the inlet section.

The impellers are 3D printed using the Fused Deposition Modeling (FDM) technology
with Nylon 12 as a single part. This method and material were used for a pump with
comparable specific speed with higher performances by Olimstad [45]. The impellers were
then post-processed at the faculty with a manual lathe to make space for the shaft sleeve
and accurately dimension the sealing gap. Table 2.1 lists all manufactured components,
their material, method of fabrication and provider.
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Figure 2.2: Partial view of the test rig.

Table 2.1: List of manufactured components.

Component Material Method Provider
Casing (part 1) Aluminium 5754 CNC OMOS, s.r.o.
Casing (part 2) Aluminium 5754 CNC OMOS, s.r.o.

Impeller 1 Nylon 12 FDM MCAE Systems, s.r.o.
Impeller 2 Nylon 12 FDM MCAE Systems, s.r.o.
Impeller 3 Nylon 12 FDM MCAE Systems, s.r.o.

Shaft sleeve (x3) Aluminium CNC internal
Shaft nut Aluminium CNC internal
Ring Seal Hard PVC Lathe internal

3. Results
The results of the three performed studies are presented in this section. The design

of the impeller used in each study is the same, as the meridional section and main blade
definition are strictly identical. The number of splitters and their definition in each study
can vary. Study 2, although hydraulically similar, uses a smaller pump scaled by a factor
1/1.6 to fit with the experimental apparatus in the laboratory. The volute casing also
differs in each study. Study 1 uses the BETA14 casing, historically present in the faculty’s
laboratory. Extensive work has been performed by Klas [5, 6] on this design. One of the
objectives of Study 3 is the redesign of a volute casing. Three volute designs are tested in
that study, named V1, V2 and V3. The resulting new volute design of Study 3 is called Vnew
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and used in Study 2. Table 3.1 summarizes the design point of each study, the splitters
added and the volute casing used.

Table 3.1: Parameters of each studied pump.

Parameter Study 1 Study 2 Study 3
N [RPM ] 1450 1450 1450
Q [l/s] 6.9 1.7 6.9
H [m] 32 12.5 32
ns [−] 32 32 32

Splitters added 1 (variable def.) 1 and 2 None
Volute casing BETA14 Vnew V1, V2 and V3

3.1. Study 1: Effect of a single splitter variation
The objective of this study is the analysis of the influence of a splitter blade position in
the passage of a given impeller design. The effect on the main parameters (head, efficiency
and head stability) are of interest.

3.1.1. Design of Experiments
A design of experiment is performed to evaluate the influence of the different parameters
on the head, efficiency and a parameter measuring the torque of the splitter blade (Tsp)
relatively to the main blade torque (Tmain) called the relative splitter blade torque (Tsp,rel).

Tsp,rel =
Tsp

Tsp + Tmain

(3.1)

A full factorial experiment with three parameters and two levels (23) is realized, leading
to 8 designs tested. The different levels and parameters can be observed in Table 3.2. The
parameter are called a, θ and αsp. The parameter a controls the leading edge diameter
and results in a splitter blade leading edge placed at 0.54 d2 for the lower level and 0.77
d2 for the higher level. The offset pitch fraction θ controls the circumferential position
of the splitter in the passage and takes values of θ = 0.3 (splitter close to suction side
of the main blade) and θ = 0.5 (splitter placed in the middle of the passage). The
deflection angle of the splitter blades αsp measures the difference in outlet blade angle
between the main blade and the splitter blade. At the low level, αsp = −5◦, so the outlet
blade angle of the splitter is smaller than the main blade. At the higher level, αsp = 10◦.
The combination of the three parameters allows us to investigate the splitter’s length,
circumferential position in the channel, and relative outlet blade angle relatively to the
main blade. Figure 3.1 shows the splitter blades parameters and figure 3.2 shows the eight
splitter blade configurations tested.

The graph of main effects and interactions, figure 3.3, tells us about the impacts of
the different parameters on the head and the relative splitter blade torque. The graph is
not plotted for the efficiency as this parameter is weakly influenced by the tested designs.
The maximum change over the 8 tested design is about 2%.
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Main blade

Splitter blade

dsp(a)

θ

β2B, splitter

Figure 3.1: Splitter blades parameters.

Table 3.2: Parameters and levels of the design of experiments.

Factors a (−) θ (◦) αsp (◦)

Level -1 0.4 0.3 -5
1 0.7 0.5 10

Figure 3.2: Positions of each splitter blade configuration tested.

The following conclusions can be made about the influence of the parameters on the
head at the designed point:
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• Main effects

– The value of −0.48 indicates that when the parameter a (related to the inlet
diameter) raises, there is a head loss of 0.48 m. A raise of a indicates smaller
splitters. Accordingly, longer splitter blades enhance the head.

– The head is higher when θ = 0.5. Splitters placed in the middle of the channel
enhances the head, for the configurations tested.

– The relative splitter angle αsp does not have any direct impacts on the head
here, although it is expected to have a positive impact on the head, because
the head rises with the outlet blade angle.

• Interactions

– The main interaction is between (θ, αsp). High levels for both parameters place
the splitter in the middle of the channel, with a high blade outlet angles (Case
4, 8). The two highest head computed are for these two designs.
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Figure 3.3: Main effects and interactions of the DOE for the Head and Relative Splitter
Blade Torque.

In previous studies (in the state of art), higher outlet blade angles for splitter were
seen to always rise the head of the pump. Here, it is not directly observed. It is due to
Cases 2 and 6, where the upper level for the factor αsp is used, coupled with the lower
factor for θ. The resulting position of the splitters is too close to the suction side of the
main blades, impairing the work done by the splitters.

For Tsp,rel, only a and αsp have a relevant effect. As for the head, longer splitter
enhances Tsp,rel. αsp has a positive effect here, indicating that splitters with higher outlet
blade angles lead to a higher relative splitter blade torque. These two conclusions follow
classic blades’ design expectations.

3.1.2. Transient simulations
To understand the influence of splitter blades on the whole characteristic curves, and give
information about the stability at low flow, transient simulations are performed for Cases
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4 and 5, two opposite cases relatively to the investigated parameters. Case 5 has short
splitters, closer to the suction side of the main blade, with a smaller outlet blade angle.
Case 4 has long splitters, in the middle of the channel, with a larger outlet blade angle.
The reference case, with no splitter blades is also computed.
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No splitters

0.0

0.1

0.2

0.3

0.4

0.5
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η
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Figure 3.4: Head and efficiency curve characteristics, unsteady simulations.

For both cases, the head curve largely flattens comparing to the impeller without
splitters. At part load, instability is shown for both cases despite the fact that the
splitter angle is small and short for Case 5. The evolution of the efficiency is almost
exactly similar for all cases, showing that the splitters do not affect this parameter in this
study. In addition, it is clear that the best efficiency point has not been reached, indicating
that the computed pumps operates at part-load. This is due to the BETA14 volute casing
used in this study. The actual throat area is close to 2.5 times the recommended one at
this specific speed and according to design theory fits a pump with a larger specific speed
of ns = 82.

As a conclusion, the following statements can be made about the effect of splitter
blades on a low specific speed pump:

• Splitter blades, in all configurations, will enhance the head and introduce a flattening
or even instability of the head characteristic.

• Longer splitter blades with high outlet blade angles show the strongest instability
(Case 4), as the head at the designed flow rate (1.0Qdesign) is higher than the head
at part-load (0.3Qdesign).

• The circumferential position of the splitter in the channel has a smaller impact than
the other 2 parameters studied, although a placement closer to the suction side of
the main blade is shown to be favorable for stability purposes.

• The combination of high outlet splitter blade angles close to the suction side of the
main blades lead to ineffective splitter as the head is poorly improved, due to flow
blockage in the impeller channel (Case 2 and 6).
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3.2. Study 2: Effect of the addition of 1 and 2 splitters
per impeller passage

The objective of this study is the analysis of the influence of the addition of one and two
splitter blades per impeller passage. The difference with the previous study lies in the fact
that the optimal placement of a single splitter is not of interest here. Rather, the general
influence of the addition of a second splitter on the main flow features is the target of the
study.

3.2.1. Experimental validation
The pump studied differs from the previous one. First, the volute design has been changed
to a more appropriate one at this specific speed with a smaller volute throat area, although
the BEP is still located at higher flowrate than the design point. The pump is scaled by
a ratio 1/1.6 compared to the previous study. The impeller diameter is reduced from 320
mm to 200 mm. That modification is made to reduce the cost of the experiment used to
validate the numerical results of this study. The main parameters of the pump are also
scaled using the affinity laws for a constant rotor speed and a different diameter.

Three impellers are designed. The first impeller has 4 main blades. The second
impeller has 8 total blades (4 main blades and 4 long splitters) and the third impeller has
12 total blades (4 main blades, 4 long splitters and 4 short splitters). The three impeller
meshes can be seen in figure 3.5.

Figure 3.5: View of the grid for Case 0sp, Case 1sp and Case 2sp.

The validation of the numerical results is done for the three impellers. Figure 3.6 shows
the results for the head and the hydraulic efficiency for Case 0sp. The standard deviation
for each measurement is shown in the grey band. The experimental and numerical results
are in good agreement for the head especially. For the hydraulic efficiency, a discrepancy
is observed for all cases. The main cause for hydraulic efficiency discrepancies certainly
resides in the fact that the impellers are 3D printed, and so their surface roughness
influences the torque produced.
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Figure 3.6: Head and efficiency as a function of the flow rate for Case 0sp.

3.2.2. Results and Discussion
Comments on the integral results (head, hydraulic efficiency) are based directly on the
experimental values. Comments on flow features and loss analysis are based on CFD
results. All results are time-averaged.

Integral parameters

The integral results showing the head and the efficiency on a single graph for all cases
are plotted in Figure 3.7. The first noticeable point is that the head increases with the
addition of splitters. At the design point, the increase in head relative to Case 0sp is
8.2% and 11.3% higher for Case 1sp and Case 2sp, respectively. The hydraulic efficiency
shows a different trend based on the case. At low flow, it is Case 0sp, without splitters,
that presents the highest efficiency. This trend is reversed at high flow. The maximum
hydraulic efficiency for each case is similar at 52%, but is always located at higher flow
rates than the design point. The BEP is located at values Q/Qd of 1.24, 1.30 and 1.34 for
Case 0sp, Case 1sp and Case 2sp, respectively, showing that the introduction of splitters
displaces the BEP to higher flow rates. It is clear that the introduction of splitters in
impeller passages has a negative impact on the stability of the head curve at low flow. The
head is stable for Case 0sp, strictly flat for Case 1sp and raises slowly from the shut-off
point for Case 2sp until Q/Qd = 0.37.

Loss analysis

To better understand the influence of splitter blades on the pump performance, a power
loss analysis is performed in each numerical domain. For a domain i, the formula to
calculate the power loss in the domain PL,i is given by Equation (3.2).

PL,i =
∑

Pτ,i + Pin/out,i (3.2)
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Figure 3.7: Experimental results for the 3 tested impellers.

Pτ = ωτ is the power transferred to the fluid measured at rotating walls, where ω
is the rotating speed of the wall in rad/s and τ the torque in Nm. The second part
Pin/out =

∫
pT
ρ
dṁ measures the power entering and leaving a domain. Essentially, this

formula is related to the total pressure loss in each numerical domain. All losses are scaled
by the shaft power at the design point for each respective case, to allow for a comparison
of relative losses. The numerical domains investigated are the impeller, the volute and
the sidewall gaps (shroud and hub side separately). The losses in the suction pipe are
not considered because very low.

The detail of relative losses per domain can be seen in Figure 3.8. The impeller relative
losses are similar over the whole range of flow rates. Despite the addition of splitter blades
and absolute increase of power losses (skin friction of additional blades and shock loss at
the leading edges), the impeller relative losses are not impacted. Gülich [1] suggests that
the introduction of disruptive elements in the flow passages of low specific speed impellers
implies virtually no loss due to the transfer of energy which is mostly centrifugal. The
relative losses in the sidewall gaps (both hub and shroud side) are higher for Case 0sp.
The losses in the gaps are mainly a function of the impeller diameter and the rotor speed,
so the absolute losses for all cases are similar. Because Case 0sp develops less power (due
to lower blade number), the relative power dissipation in the gaps is higher. The volute
is the domain where Case 1sp and Case 2sp have significantly higher relative losses than
Case 0sp. At the design point, the relative losses are 21% and 17% higher for Case 2sp
and Case 1sp, respectively, compared to Case 0sp.

The reason for the increased volute losses is not straightforward, as the splitter blades’
role is also to provide a better flow guidance and output a more uniform flow into the
volute, with a higher absolute velocity. But, this leads to higher wall friction losses in the
volute. This can be seen in the wall shear stress at the volute wall. Figure 3.9 represents
the ratio of the wall shear stress on the volute wall between the Case 2sp and the Case
0sp. The wall friction is higher in the whole spiral section of the volute. Large ratio is
observed in the diffusing part due to small values of the absolute wall shear stress in that
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Figure 3.8: Scaled relative losses per domain.

region. On average, the wall shear stresses at the volute wall for Case 2sp and Case 1sp
are 21% and 15% higher than Case 0sp.

Flow in the impeller

The influence of the splitters on the impeller flow and especially the local eddy is inves-
tigated. Figure 3.10 shows the time-averaged streamlines in the impeller at flow rates
10%Qd, 30%Qd and 60%Qd.

Starting from the lowest flow rate at 10%Qd, the influence of splitters on the flow is
already clear. For Case 0sp, three large eddies are present on the pressure side of the main
blade, leaving approximately half the impeller channel for healthy streamlines to develop.
The fact that the streamlines displayed are time-averaged shows that these eddies rotate
with the impeller and are not appearing and disappearing at a certain frequency. For
Case 1sp, the flow is already enhanced and a single large eddy is present on the main
blade pressure side. A small eddy is also present on the splitter pressure side. For Case
2sp, the large eddy on the pressure side is suppressed as the short splitter does not leave
enough space for the eddy to develop. It seems that the flow is improved on the pressure
side of the main blade and that as a result, the flow rate is smaller on the suction side of
the main blade, leading to a small eddy development there. Eddies are also present on
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Figure 3.9: Volute Wall Shear Stress ratio (Case 2sp relative to Case 0sp) at design point.

the pressure side of both splitters. At 30%Qd, a large eddy remains on the pressure side
of the main blade for Case 0sp. The streamlines go around the eddy and get closer to
the trailing edge on the pressure side. These streamlines have a flow angle close to zero
degree. Case 1sp shows a great improvement of the streamlines as only two small eddies
are present on the pressure side of the main blade. The flow close to the suction side is
relatively well. For Case 2sp, no local eddies are present on the pressure side of the main
blade at all and a small eddy is present on the suction side, as for the previous flow rate.
At 60%Qd, Case 0sp presents the same flow features as the precedent flow rate, simply
with a smaller local eddy. The deflection of the streamlines compared to the blade angles
remains important. For Case 1sp and Case 2sp, the local eddies are totally suppressed
and the flow is adequate for the most part. A large flow deflection is observed for Case
1sp between the main blade pressure side and the splitter, that is less apparent for Case
2sp. The splitters do not give enough space to the flow for being highly deflected. At high
flow rates (100%Qd, 130%Qd and 160%Qd), the local eddy finally disappears and the flow
improves in all impellers.

3.3. Study 3: Volute throat area
This study is focused on the volute component and has two objectives. The first is related
to the recent state-of-art (Juckelandt, 2016 [16]) which revealed that when using RANS
models to simulate low specific speed pumps, the wall function approach overestimates
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Figure 3.10: Streamlines of time-averaged flow. From left to right: Case 0sp, Case 1sp,
Case 2sp. From top to bottom: Q = 10%Qd, Q = 30%Qd, Q = 60%Qd.

the head and the efficiency, especially at overload. The first part of the study is focused on
validating this statement by comparing the influence of different wall-treatment methods
on the pump performances and validating the statements made by the author. The second
objective is to evaluate the influence of the volute throat area on the pump characteristics.
Three volutes of different sizes are computed numerically. After finding benefits from
smaller and larger volute on the flow, a different volute design is proposed to deliver
higher performance at all flow rates.

Three volutes are designed, named V1, V2 and V3. From design V1 to V3, the throat
area Avs of each volute is increased. The volute development is constructed based on
the classic rule of the conservation of angular momentum. The other volute parameters,
such as the volute inlet width, tongue position and diameter, are calculated from Gulich
recommendations [1], and kept constant for the three designs, so that only volute area
development and the volute throat area are changed between the three designs.

The pump is modelled with a mesh adopting the Low-Reynolds number method (LR)
to resolve the boundary layer, and a mesh modelling the boundary layer with the wall

18



function approach (WF). For a given wall treatment method, only the volute geometry and
mesh are changed. With 3 volute geometries (V1, V2, V3) and 2 different wall treatment
methods (WF, LR), a total of 6 cases are made, and noted V1,WF , V1,LR, V2,WF , V2,LR,
V3,WF , V3,LR. The meshes using the Low-Reynolds number method have a total of 17
millions hexahedral cells, while only 4 millions cells are needed for the meshes using the
wall function approach.

3.3.1. Wall functions vs. Low-Reynolds number approach for wall
treatment

A comparison between the two wall treatment methods is performed. The head and
efficiency are plotted in figure 3.11 for the volute design V1. This design shows the biggest
discrepancies between the two methods. At partload, the difference between the two wall
treatment methods is reasonably low as both the head and the efficiency are similar. At
the design point, the difference in performance prediction increases and rises to more than
20% for both evaluated variables. At the highest flow rate computed, a 40% difference
is observed for both the head and the efficiency. The BEP is clearly displaced to higher
flow rates with the WF approach, which tends to overestimates the performances at high
flow rate. The same behaviour appears for designs V2 and V3, at a lower scale.

To understand the reason behind the large discrepancies at high-flow, the power losses
PL,i in each domain i are computed, in a similar manner as in the previous study. The
results are presented at high-flow, at Q/Qd = 1.6 in figure 3.12. The domains are the im-
peller, the sidewall gaps (abbreviated SG) and the volute. For the three designs, the losses
are usually slightly higher in every domain for LR cases. However, the main differences
between the two wall-treatment methods WF and LR is located in the volute where losses
using the LR methods are significantly higher than when using the WF methods. This
is true for case V1 in particular. According to Juckelandt [8], this difference is explained
by a detachment zone downstream the tongue not captured when using wall-functions.

(−
)

Figure 3.11: Head and efficiency of the cases V1,WF and V1,LR.
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Figure 3.12: Relative losses per domain and per case at Q/Qd = 1.6.

3.3.2. Volute throat area influence on the pump performance
In this section, only the results obtained with the Low-Reynolds number approach are
discussed. The head and efficiency for the 3 cases are presented in figure 3.13. As the
volute dimension increases, the head at low-flow diminishes, and the head at high-flow
increases, leading to a flattening of the head curve. For bigger volutes, the efficiency
is slightly lower at low-flow and the BEP is displaced to higher flow rates. The volute
enlargement is beneficial at the design point and at high-flow, where both the head and the
efficiency are improved. The physics for such performance improvement were discussed
in the previous section: a larger volute, in particular a large volute throat area, reduces
the detachment zone downstream the tongue, because the flow is not choked.

At low-flow, the head is seen to flatten when increasing the volute throat area. The
flattening of the head curve indicates more pump losses when a bigger volute is used.
When using an impeller with a higher number of blades, higher blade outlet angle or
higher outlet width, the head curve might be unstable. The study of the flow close to
shut-off is thus of interest.

The focus is placed on the flow transfer among several planes, visualized in figure 3.14.
The figure describes the time-averaged normal velocity vn at three planes. The velocity
is scaled by the averaged meridional inlet velocity at the impeller suction vm1. The three
planes are located in the side wall gap (hub side), at the outlet of the impeller and at
the sidewall gap (shroud side). The velocity vn is positive when the fluid flows into the
volute, as depicted by an arrow and plus sign in geometry scheme of Figure 3.14, and
negative when it flows out. For the sidewall gap (hub side), between 0 and 90 degrees,
the exchange is at equilibrium, and vn is close to zero. Between 90 and 250, there is a
net flow from the sidewall gap into the volute. Between 250 and 360 degrees, the flow
exits the volute at large speed. The last portion of the volute has a higher pressure, and
drives the flow back to the suction. Additionally, with the impeller blade approaching the
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Figure 3.13: Head and Efficiency calculated by CFD for Low-Reynolds number meshes.

tongue, the flow is pushed into the gaps, leaving the volute. The averaged velocity vn is
negative, as the fluid flows back to the inlet of the impeller.

For the impeller, the process is cyclic, governed by blade passage. The large peak
every 90 degrees shows that the flow exits the impeller on the pressure side. A backflow
is clearly visible right after. Finally, there is no net flow exchange from the middle of the
impeller to the suction side of the blade.

For the sidewall gap (shroud side), the averaged total flow is zero as it is a closed
computational domain. From 0 to 180 degrees, the fluid flows from the gap into the
volute. The flow is then close to 0 until about 250 degrees, and the fluid again exits the
volute at high speed between 250 and 360 degrees.

The flow patterns are very similar for all volutes, but the exchange is stronger with
bigger volute. The value of |vn| is higher for V3,LR. In other words, the curve for V3,LR

is always higher in the positive velocity region and always lower in the negative region.
A bigger volute thus leads to a higher flow exchange between domains, and consequently
higher losses, leading to a flatter head at low-flow.

Low-flow and high-flow phenomena have been investigated for different volute sizes at
low specific speed. Two statements can be made about the analysis:

• At low flow, the small volute V1 presents better performances due to a limited
exchange of momentum between domains, thanks to a smaller cross section. This
takes place is the spiral part of the volute.

• At high flow, the large volute V3 presents better performances due a large throat
area that allows the flow not to be choked. This takes place at the throat of the
volute.

Because these two mechanisms occur in distinct parts of the volute, it is possible to
design a volute benefiting from both. A new design uses the cross-section of the volute V1

for the major part of the circumference, and rapidly increases the area close to the tongue
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Figure 3.14: Illustrated circulation at different sections of the pump at Q/Qd = 0.1.

to obtain the throat area of volute V3. This new design is non-conventional in the way that
it does not respect the design rule of conservation of angular momentum, governing the
evolution of the volute cross-section over the circumference. The new volute design Vnew is
evaluated by means of CFD simulation and compared with the designs V1 and V3 in figure
3.15. From the figures, it is clear that the new design Vnew offers better performances
at low and high flow. The head and efficiency at low flow match the performances of
volute V1, while they match the performances of volute V3 at high flow. The new design is
advantageous and confirms that the flow phenomena in the spiral parts and downstream
the tongue are for the most part independent from one another. This volute design has
been manufactured and used in the experimental part of Study 2: Effect of the addition
of 1 and 2 splitters per impeller passage.

Additional 
area for Vnew

Current volute V1

Figure 3.15: New volute section compared with volute V1.

22



4. Conclusions and perspectives
4.1. Conclusions
The thesis aims to contribute to the improvement of hydraulic performances of a low-
specific speed pump of ns = 32. CFD tools have been used in the presented work to
predict and analyze the flow in low-specific speed pumps. Experiments have been done
with three impellers to validate part of the obtained numerical results. The main outcome
of the thesis are the following:

• Numerical simulations: The recent state of art concerning the simulations of
low specific speed pumps revealed discrepancies between predicted numerical perfor-
mances and experiments. Juckelandt [16] suggested that the wall-functions method
is unable to predict flow separation downstream the tongue at overload, source of
major losses. The use of the low-Reynolds number method would tackle this prob-
lem for a greater computational costs. This assessment was verified on the pump
geometry used in this dissertation.

• Impeller: A careful review of the state of art revealed that the use of splitter
blades is a typical solution to tackle problems of low specific speed pumps. Due to
the lack of studies present at such a low specific speed, the first part of the results
are focused on the use of the splitter blade technology to improve the flow of low
specific speed pumps. The conclusion stated that a head raise from 10 to 15% can
be expected thanks to splitter blades without impairing the efficiency. The stability
of the head curve however is always negatively affected, even with splitters with
lower outlet blade angles than the main blades. This statement is also true when
a second splitter is added in the impeller passage. A detailed flow analysis in the
pump revealed that thanks to splitter blades, the losses (relative to the shaft power)
in the pump are smaller in the impeller and the sidewall gaps, but higher in the
volute. The flow improvement at the outlet of the impeller leads to a flow with
higher absolute velocity at the volute inlet. As a result, friction losses increase in
the volute and counterbalances the improvements in other flow domains. The local
eddy typically present on the pressure side of blades of low specific speed impeller
cannot develop with the presence of splitters. When two additional splitters are
used in the flow passage, the large eddy is not present even at 10% of the design
flow rate.

• Volute: The second part of the results, focused on the volute component, reflects
the importance of the throat area on the flow. Tests on three different volutes
confirmed that the volute throat area is the main factor in determining the position
of the best efficiency point. It was shown that a small volute has benefits at low flow
(spiral section) and a bigger volute has benefits at high flow (large volute throat
area). A new, unconventional design is proposed, based on these results. The
characteristic of this new design is a narrow spiral section and a large volute throat
area. After showing high performances at both low and high flow, the design was
manufactured and tested experimentally.
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• Head curve stability: Adding splitter blades and using large volute impair the
stability of the head curve at low flow. It was stated that the added flow exchange
between the domains (with splitters and large volute) is responsible for pressure
dissipation at low flow, eventually leading to instability. The use of the said uncon-
ventional volute design limits this low-flow recirculation. The narrow spiral section
limits the adverse pressure gradient driving the fluid back to the impeller and to
the sidewall gaps.

The results of the thesis have been supported with a presentation at the conference
Experimental Fluid Mechanics 2019, at the online conference IAHR 2020 with a publica-
tion [50] and in the journal Energies [51]. An experimental campaign has been performed
to validate part of the obtained results. Three different impellers were tested and an
excellent agreement with the numerical simulations were obtained for each of them. The
results are presumably valid for low specific speed pumps with a specific speed below
ns = 75.

4.2. A few design recommendations
Based on the and experience accumulated during the work on this thesis, a few design
recommendations can be made aimed to the hydraulic designer in need of a low specific
speed pump. The main impeller parameters, i.e. outer diameter d2, outlet width b2 and
outlet blade angle β2B are at the discretion of the hydraulic designer as their influence on
the pump characteristics is similar as with more classic specific speed pumps.

For a given design, a strategy to obtain a pump with a greater efficiency and head
is to raise the specific speed. The Best Efficiency Point is displaced towards higher flow
rates, but the efficiency at the design point is also raised. This was done in two ways in
this thesis:

• An increase of the volute throat area.

• The addition of splitter blades.

Both suggestions will have a negative impact on the pump stability. The negative
impact can be totally controlled in the volute with the unconventional design proposed:
the use of a spiral section fitting the design specific speed coupled with a larger throat
area (1.5 to 2 times the design throat area). This strategy seems to not have drawbacks
as both the efficiency and head are raised without impairing the pump stability. In the
impeller, the addition of splitters will raise the head without impairing the efficiency but
inevitably impair the stability of the head. The pressure and hydraulic force pulsations
are also reduced. Based on this trade-off, the designer can decide if no splitters, or the
use of one splitter or more per passage is most beneficial for its own case.

4.3. Perspectives
Splitter blades offer a clear benefit in the design of low specific speed pumps as they
increase the head and have a small to no effect on the efficiency, even sometimes raising
it also. In this thesis, at ns = 32, impellers with 4, 8 (4 main blades, 4 long splitters) and
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12 blades (4 main blades, 4 long splitters, 4 short splitters) were tested and performance
improvements were shown with each new addition of splitters. The number of splitters
can be raised until a performance drop in either head, or efficiency is observed. Up to 24
blades (4 main blades and 20 splitters) were proven to be beneficial for both head and
efficiency at ns = 25 [24].

The importance of the volute, and the importance of the throat area especially is
maximal at low specific speed. We saw that a combination of a tight spiral and a large
throat area is beneficial for allowing high performance in a high range of flow rates.
Due to the importance of volute friction, a concentric volute with a large cross-section is
beneficial from an efficiency and head point of view, although the stability of the head-
curve is impacted.

To reduce the disk friction, the use of semi-open impeller may be beneficial at low
specific speed, as the disk friction losses would be reduced by a factor of 2. Additional
losses and constraints would be added due to the gap between the blades and casing that
needs to be small to ensure high efficiency. The axial force would greatly raise and axial
force reduction system such as balance holes or back-vanes should be used.

The thesis also made use of rapid prototyping using FDM for impeller manufacturing
and testing. Considering the success of the experiment, new designs can be tested rapidly
and for a convenient price.

From the numerical simulations point of view, we confirmed that the simulation of the
whole pump (especially including the sidewall gaps) is necessary.
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