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ABSTRACT

This study investigates the effect of blade outlet angle on the inverse design of centrifugal pump impellers
using CFD simulations. Three outlet angles (—45°, 0°, and +45°) were evaluated under identical operating
conditions. The results indicate that the —45° configuration provides the highest hydraulic efficiency and pump
head by reducing secondary-flow<osses. These findings demonstrate the importance of blade outlet angle in
improving centrifugal pump performance.
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1. Introduction

Centrifugal pumps are vital for fluid transfer across
various industries. Because they consume significant
industrial energy, improving their hydraulic efficiency
is7a priority. The impeller’s geometry is crucial to this
efficiency, ‘as it dictates energy exchange, energy loss,
and stable performance. Since the 1970s, numerical
methods_like “sthe inverse design approach and
Computational Fluid Dynamics (CFD) have become
essential for optimization [1]. Unlike traditional design,
the inverse method<defines desired flow parameters first
to extract the optimal geometry. Research, notably by
Zangeneh et al., confirms that this method enables
better control aver flow fields, reduces secondary flow
losses, and ensuressmore,uniformepressure and velocity
distribution [2]. Ultimately, meodifying pressure
distribution through inverse design proves to be an
effective strategy for increasing overall pump efficiency
and extending its operational range.

Beyond pressure distribution “controliy, blade
geometry parameters—specifically the.number of
blades, blade thickness, and the discharge angle—
remain crucial to impeller performance. While the
inverse design method accounts for thesevas“boundary
conditions, the discharge angle holds special importance
as it directly influences flow slip, velocity components,
and the generated head. Since actual flow deviatesfrom
Euler’s theory, the relationship between the discharge
angle and pump performance cannot be determined by
simple geometry alone. Research by Wang and Li, as
well as Bellary et al., confirms that the discharge angle
significantly dictates the internal hydrodynamic
structure, including pressure and velocity distributions.
Their findings highlight that optimizing this angle is
essential to minimizing vortex formation, reducing
hydraulic losses, and maximizing overall pump
efficiency [3].

Literature shows that while inverse design,
geometric optimization, and flow analysis are well-
studied individually, the specific interaction between the
discharge angle and the inverse design process remains
underexplored. Previous research has not fully clarified
how varying this angle influences the resulting blade
geometry when using inverse design. Consequently, this
study systematically investigates this relationship to
determine how the discharge angle affects flow field
structures, energy dissipation, and overall hydraulic
efficiency in inverse-designed impellers.

2. Inverse Design Method

Research identifies vorticity as a primary driver of
secondary flows, which cause energy losses and

reduced efficiency in turbomachinery due to pressure
gradients and viscous effects. Zangeneh et al.
established that managing vorticity and pressure
distribution—often  through inverse design—can
mitigate these secondary flows. Building on this, the
current study integrates vorticity control with inviscid
flow analysis to optimize blade geometry. By modeling
blades as vorticity sheets dependent on circulation
functions, this approach aims to design impeller shapes
that effectively minimize secondary flows and enhance
overall hydraulic performance [4].

This  methodology employs a  simplified
computational approach to determine blade geometry. It
begins by accounting for blade blockage in the
continuity equation and utilizing one-dimensional
estimates (neglecting viscosity and turbulence) to find
meridional velocities. The process focuses on radial and
axial components, omitting tangential velocity in the
meridional plane. By applying the inviscid slip
condition and solving first-order hyperbolic partial
differential equations for both mean and periodic flows,
the complex 3D flow field is mathematically reduced to
a manageable 2D form through Fourier expansion in the
tangential direction.

3. Secondary Flows

The stable operating range of centrifugal impellers is
heavily dependent on flow uniformity at the outlet,
where the “Jet-Wake” phenomenon—the mixing of
high-energy jets with low-energy wakes—induces
significant hydraulic losses and potential instabilities
[5],:[6]. Theseslosses are primarily driven by secondary
flows, which displace low-energy fluid from the
boundary layers of blades and walls toward regions of
lower static’ pressure[7]. Specifically, the combination
of flow curvature and Coriolis acceleration generates
secondary ‘flows that move low-energy fluid toward the
low-pressure corner of thefshroud. Because boundary
layer thickness.is greater onwthe suction side, these
secondary flows ‘significantly impact the meridional
flow field, ultimately creating the low-energy zones
characteristic of jet-wake profiles atthe.impeller exit.

4. Case Study

To investigate the impactiof outlet<trailing edge
angles using the inverse design method, three different
impeller configurations (with outlet angles of 0o, 450,
and —450) were designed and analyzed for a centrifugal
pump equipped with a volute collector. The impeller’s
primary dimensions, including outlet diameterand
width, eye diameter, and hub/shroud curvatures, were
determined using CFTurbo. The blade profiles were



designed via a loading distribution method across three
distinct regions: the hub, the shroud, and the mid-span.
Blade profiles were calculated by integrating the
velocity components in the r and z directions—derived
from.the meridional flow angle.

To ensure a valid comparison with experimental
data, both the impeller and the volute collector were
simulated:” The volute geometry was mapped from the
original specimen’and added as a three-dimensional
component followingathe impeller, with no geometric
modifications made to. the collector to maintain
consistency across:all three outlet angles. The impeller
mesh was generated using” Software TurboGrid with a
boundary layer-resolved mesh approach, while the flow
field in the volute” and the<exit<nozzle were meshed
using ANSYS ICEM and ANSY'S CEX, respectively.

5. Results Analysis

The CFD results clearly indicate, that blade outlet
angle has a significant influence on flow characteristics
inside the impeller. Among the three<investigated
configurations, the —45° outlet angle produces the v
uniform velocity distribution at the impeller exit/wt
effectively suppressing secondary vortices‘and’jet—w

gradients decreases the transport of low-energy fluid
toward the suction side of the blade, resulting indower
hydraulic losses and a more homogeneous outlet flow
field. Consequently, both pump head and hydraulic
efficiency increase noticeably.

In contrast, the +45° outlet angle intensifies
secondary flows, increases pressure non-uniformity, and
strengthens jet-wake structures near the impeller outlet.
These phenomena increase hydraulic losses and reduce
the overall pump performance. The impeller with 0°
outlet angle exhibits intermediate behavior between the
two extreme cases. At the design operating condition,
the —45° configuration increases hydraulic efficiency by
approximately 8.5% and improves the pump head by
about 3.2 m compared with the reference design.
Furthermore, numerical predictions agree well with the
experimental performance curves, confirming the
reliability of the inverse design methodology and CFD
model.

Figure 1 compares the head curves obtained for the
three outlet-angle configurations together with the
experimental measurements. The —45° impeller
consistently demonstrates the highest hydraulic
performance.
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Figure 1. Comparison of the pump head at three angles (0°,
45°, and -45°) with experimental results

Figure 2 illustrates the outlet static pressure contours.
Compared with the other configurations, the negative
outlet angle generates a considerably more uniform
pressure distribution and suppresses secondary-flow
structures, thereby reducing hydraulic losses.

flow structures. The reduction in tangential press ,,..‘,

-
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Figure 2. Static pressure contour in the impeller in
three angle positions (0°, 45°, and -45°)

6.-Conclusion

This study demonstrates that blade outlet angle is
one of the _most influential parameters in the inverse
design of centrifugal pump impellers. While inverse
design effectively controls blade loading and improves
flow characteristics, selecting an appropriate outlet
angle is/ sessential for maximizing hydraulic
performance.

Among the investigated sconfigurations, the —45°
blade outlet angle provides the best overall performance
by reducing tangential pressure gradients, suppressing
secondary flows, improving outlet™flow uniformity,
increasing hydraulic efficiency by approximately 8.5%,
and enhancing the pump head by about 3.2 m. The
results confirm that combining, inverse designiwith an
appropriate outlet-angle selection offers an efficient
strategy for developing high-performance“centrifugal
pumps with improved energy efficiency and operational
stability.
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Figure 3: Meridioal and tangtional coordinate in centrifugal pump impeller
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Figure 9: Comparison of the pump head at three angles (0°, 45°, and -45°) with experimental results
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Figure 10: Comparison of the pump efficiency at three angles (0°, 45°, and -45°) with experimental results
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Table 3: Head and Efficiency at Design Flow Rate for Different Blade Exit Angles
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Figure 11: Streamlines in the impeller outlet section at-three'angles positions (0°, 45°, and -45°)
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Figure 12: Static pressure contour in the impeller in three angle positions (0°, 45°, and -45°)
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Influence of Blade Outlet Angle on the Inverse Design
Method for Centrifugal Pump Impellers
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ABSTRACT
This research explores theimpact of blade outlet angle on the inverse design methodology of centrifugal pump

impellers, aimingt0 enhance’hydraulic performance through improved flow control and reduced secondary losses.
The inverse design approach isfemployed to regulate blade loading and achieve a more uniform pressure
distribution at the impellerfoutlet, thereby optimizing efficiency and head generation. Blade geometries were
generated using vorticity-based modeling combined with inviscid slip boundary conditions to minimize tangential
pressure gradients and suppress secondary flow structures. Three outlet angles—0°, +45°, and —-45°—were
imposed as boundary conditions. The resulting impeller configurations were evaluated using computational fluid
dynamics (CFD) simulations and validated against experimental data. The results demonstrate that a negative
outlet angle (-45°) significantly improves flow uniformity, reduces tangential pressure gradients, and weakens
secondary vortices, leading to a hydraulic efficiencysincrease of up to 8.5% and a head rise of approximately 3.2
meters. These findings highlight the critical role of outlet angle selection in inverse blade design and its potential
to improve turbomachinery performance, offering-practical insights for engineers seeking to enhance energy

efficiency and operational reliability in fluid transport systems.

Keywords: Inverse Design, Centrifugal Pump, Computational Fluid Dynamics (CFD), Secondary Flows, Blade Outlet

Angle
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