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ABSTRACT :

Centrifugal pumps are among the most widely used mechanical devices for fluid transportation in industrial and commercial applications. Improving their
efficiency has been a major focus of research due to increasing energy demands and operational costs. The advent of Computational Fluid Dynamics (CFD) has
revolutionized the analysis and design of centrifugal pumps by allowing detailed visualization and optimization of complex internal flow behavior. The present
study investigates the effect of the trailing-edge angle of twisted blades in a radial flow impeller on hydraulic performance using three-dimensional steady-state
CFD simulations. Three impeller models with varying trailing-edge angles were developed in ANSYS BladeGen while maintaining a constant blade wrap angle.
The analysis employed the k—¢ turbulence model and the finite volume method to solve the three-dimensional Navier—Stokes equations. The simulated mass flow
rate of 77.8 kg/s closely matched analytical results, validating the accuracy of the model. Results indicate that the impeller side exhibits higher velocity compared
to the discharge side at lower flow rates. Additionally, the total pressure on the pressure side of the blade is significantly greater than that on the suction side, with
the minimum static pressure occurring near the leading edge. The study found that an increase in the blade trailing-edge angle from 16° to 27° resulted in a 4%
rise in impeller head, accompanied by a proportional increase in input power. These findings demonstrate that CFD-based design optimization is an effective

approach for enhancing the hydraulic performance and energy efficiency of centrifugal pumps.
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1. INTRODUCTION

Centrifugal pumps play a crucial role in a wide range of industrial and domestic applications such as water supply systems, irrigation, chemical
processing, and power generation. Their simplicity, reliability, and ability to handle large volumes of fluid make them one of the most commonly used
fluid transport devices. Despite their widespread use, achieving high efficiency and optimal performance remains a major challenge due to the complex
internal flow characteristics and multiple design variables involved. Parameters such as impeller blade geometry, volute casing shape, blade outlet
angle, and flow passage design have a significant impact on the overall hydraulic performance, head, and energy consumption of the pump. Traditional
design methods rely heavily on empirical correlations and experimental testing, which are time-consuming, costly, and often limited in capturing
intricate flow phenomena such as turbulence, recirculation, and cavitation. The advancement of Computational Fluid Dynamics (CFD) has provided an
effective and reliable alternative, enabling engineers to simulate and analyze three-dimensional flow behavior inside pumps with high accuracy. CFD
tools like ANSYS CFX and FLUENT allow detailed examination of pressure distribution, velocity fields, turbulence intensity, and energy losses under
various operating conditions. Recent studies have demonstrated that optimizing impeller design parameters such as trailing-edge angle, wrap angle, and
blade curvature can significantly enhance hydraulic efficiency and operational stability. The use of advanced turbulence models like k—¢ and SST k-®
has improved the predictive capability of CFD analyses, allowing accurate simulation of real-world pump performance. Moreover, CFD-based design
approaches reduce the dependence on physical prototyping, minimizing development time and cost. The present study focuses on the investigation of
design parameters influencing centrifugal pump efficiency using CFD tools. By examining the effect of impeller trailing-edge angle through numerical
simulations, this work aims to provide insights into how subtle geometric variations affect flow characteristics, head generation, and energy
performance. The findings contribute to the ongoing research toward developing more efficient, reliable, and cost-effective centrifugal pumps suitable
for diverse engineering applications.

2. PROBLEM IDENTIFICATION

Centrifugal pumps are extensively used in industrial and domestic fluid transport systems due to their simple construction, continuous flow capability,
and ease of maintenance. However, the efficiency of these pumps is often compromised by improper design parameters, flow separation, turbulence
losses, and cavitation phenomena within the impeller and volute casing. The impeller, being the most critical component responsible for energy
conversion from mechanical to hydraulic form, plays a vital role in determining the overall performance of the pump. Small variations in impeller
geometry such as blade angle, blade thickness, outlet width, and trailing-edge configuration can significantly influence the flow behavior and energy
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efficiency. In most conventional design practices, empirical methods and prototype testing are used for performance evaluation. These approaches,
while reliable, are costly, time-consuming, and limited in predicting complex three-dimensional flow characteristics. With the advancement of
Computational Fluid Dynamics (CFD), designers can now analyze internal flow patterns and optimize pump geometry virtually, thereby reducing
experimental costs and enhancing design accuracy. The present work mainly focuses on the performance improvement of a centrifugal pump through
the design modification of its impeller. Pump impeller models are developed by varying critical design parameters such as the trailing-edge angle while
keeping other geometric parameters constant. This enables the evaluation of their influence on hydraulic performance parameters like head, flow rate,
and efficiency using ANSYS CFX simulation tools. Based on the above observations, the following problem statement has been formulated. Design
and Development of a Centrifugal Pump with Emphasis on Factors Affecting Efficiency Using ANSYS CFX.

3. RESEARCH OBJECTIVES

The performance of a centrifugal pump largely depends on its impeller design, which governs the conversion of mechanical energy from the shaft into
hydraulic energy of the fluid. The flow inside the impeller is inherently three-dimensional, turbulent, and complex, making its prediction and
optimization challenging through analytical or experimental methods alone. To overcome these limitations, Computational Fluid Dynamics (CFD) has
become a powerful tool for accurately analyzing internal flow behavior and evaluating the influence of geometric parameters on pump performance.
In this study, the vane profile of the impeller is analyzed using the Navier—Stokes equations with a modified k—¢ turbulence model to simulate realistic
flow conditions. The parameters of primary interest include head, power, and efficiency, which are key indicators of pump performance. The impeller
vane profile is generated using both the circular arc and point-by-point methods, and CFD analysis is conducted using ANSYS CFX to determine the
impact of design variations. The head developed by the pump is primarily determined by the impeller’s outer diameter and shaft speed, whereas power
and efficiency depend on the interaction between blade geometry and flow dynamics.
1. To conduct a detailed study of the centrifugal pump model to identify and analyze complex internal flow patterns within the impeller,
thereby enhancing understanding of its hydraulic behavior.
2.  To design impeller blades by varying the leading and trailing edge angles in order to improve head, efficiency, and overall hydraulic
performance.
3.  To examine the variations in impeller head and relative flow angles at the outlet under different geometric configurations.
4.  To design and develop a modified impeller blade by applying equal divisions and varying vane inlet angles from hub to shroud for smoother
flow transition.
5. To implement and validate minor modifications in the flow passage design that significantly affects the overall flow field and pump
performance.

4. RESEARCH METHODOLOGY

The present research focuses on the investigation of design parameters influencing centrifugal pump efficiency using Computational Fluid Dynamics
(CFD) tools. The methodology adopted in this study involves a systematic approach consisting of model development, meshing, simulation setup, and
performance analysis using ANSYS CFX. The steps followed in the methodology are described below:

1.  Problem Definition and Objective Formulation: The study begins by defining the problem of low efficiency and energy losses in centrifugal
pumps caused by improper impeller geometry. The main objective is to optimize the impeller design parameters—particularly the leading
and trailing edge angles—to enhance the hydraulic efficiency, head, and overall performance of the pump using CFD analysis.

2.  Geometrical Modeling:- The 3D geometry of the centrifugal pump impeller is created using the ANSYS BladeGen module. Multiple
impeller models are generated by varying the trailing-edge angles while keeping the blade wrap angle constant. The circular arc and point-
by-point methods are used to generate the vane profile for each impeller design. The volute casing is modeled based on standard dimensions
corresponding to the impeller outlet diameter to ensure proper fluid guidance.

3. Meshing and Grid Independence Test:- The generated impeller geometry is imported into ANSYS TurboGrid for high-quality meshing. A
fine mesh is created near the blade surfaces and hub—shroud regions to accurately capture boundary layer effects. A grid independence study
is performed to ensure that further refinement of the mesh does not significantly affect the simulation results, thereby achieving a balance
between computational cost and accuracy.

4.  Boundary Conditions and Solver Setup:- The computational domain is defined with appropriate inlet and outlet boundary conditions. The
inlet is specified with a uniform velocity or mass flow rate, and the outlet is defined with static pressure conditions. The working fluid is
assumed to be water at standard atmospheric pressure. The steady-state, incompressible, and turbulent flow conditions are modeled using the
Reynolds-Averaged Navier—Stokes (RANS) equations. The k—¢ turbulence model is employed for its robustness and accuracy in predicting
flow characteristics in rotating machinery.

5.  Simulation in ANSYS CFX:-The CFD simulations are performed using ANSYS CFX solver. Convergence criteria are set based on the
residual values of continuity and momentum equations, typically below 107°. The simulations are run until a stable solution is achieved for
all design cases. Key performance parameters such as head, efficiency, velocity distribution, and pressure variation across the impeller are
extracted for analysis.

6.  Post-Processing and Result Analysis:- The results obtained from the simulations are analyzed using ANSYS CFD-Post. Flow visualization
is carried out to observe velocity vectors, pressure contours, and streamline patterns within the impeller. The effect of varying the trailing-
edge angle on hydraulic performance is compared for each impeller design. The simulation results are also validated with analytical
calculations to ensure reliability.
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7. Performance Evaluation and Optimization:- The performance parameters—such as total head, hydraulic efficiency, and input power—are
calculated and compared for all design variants. The optimal impeller configuration is identified based on the highest efficiency and
smoothest flow characteristics. Observations from the study are then used to propose design recommendations for performance

improvement.

8.  Validation and Conclusion:- The CFD results are compared with theoretical performance data or available experimental results to validate
the numerical accuracy. The validated model helps in establishing a relationship between impeller geometric parameters and centrifugal

pump efficiency, thereby forming the basis for future design optimization and prototype development.

5. BLADE LOADING CHART

The blade loading distribution for 20%, 50%, and 80% span positions is illustrated below. It can be clearly observed that pressure fluctuations are
significantly higher at the 80% span compared to the 20% and 50% spans. Moreover, only a slight variation in pressure is noticed between the first and

second charts.

Chart 1. Blade Loading at 20% Span
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Chart 2. Blade Loading at 50% Span

Blade Loading at 50% Span
200,000 i i

150,000 -]
100,000 ]

50,000 -

0 0.2 04 0.6 0.8 1
Streamwise (0-1)

6. STREAMWISE CHART

The stream wise distribution for total pressure (Pt) and static pressure (Ps) is illustrated in Chart 4. The results indicate that the total pressure reaches
approximately 215,000 Pa, while the static pressure rises up to about 170,000 Pa. As shown in Chart 5, a sudden drop in the value of coefficient C is
observed around the 0.8 stream wise location, attributed to pressure fluctuations. Charts 6 and 7 depict the stream wise variations of the relative

velocity (W) and the flow angle, respectively.
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Chart 4. Streamwise Plot of Pt and Ps Chart 5. Streamwise Plot of C
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6. CONCLUSION

Centrifugal pumps are widely used due to their simple design, high efficiency, smooth operation, and ease of maintenance. They work on the principle
of centrifugal force, converting mechanical energy from a prime mover (motor or turbine) into hydraulic energy to transport fluids. Traditional design
methods are time-consuming and costly, whereas Computational Fluid Dynamics (CFD) enables detailed analysis of complex internal flow behavior
within the pump.
CFD simulations reveal that surface roughness affects pump performance — increasing roughness reduces head and efficiency but keeps power
consumption nearly constant. Results also show that total pressure on the pressure side of the blade is higher than on the suction side, with minimum
static pressure occurring near the blade’s leading edge. The study concludes that:

1.  Pressure rises gradually from suction to leading edge.

2.  Vorticity and helicity vary with flow rate and rotational speed.

3. Increased rotational speed lowers suction-side pressure.

4.  Excessive speed may cause cavitation due to pressure dropping below vaporization limits.
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