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ABSTRACT: Centrifugal pumps are widely used in water supply, heating,
irrigation, and industrial systems due to their structural simplicity, continuous
operation capability, and high reliability. The efficiency and stability of these pumps
largely depend on operating modes and hydraulic characteristics such as head, flow
rate, efficiency, and power consumption. This study analyzes the relationships
between operating parameters and hydraulic performance of centrifugal pumps
under different working conditions. The influence of flow variation, rotational speed,
and system resistance on pump efficiency and cavitation risk is evaluated. The results
demonstrate that optimal operating regimes significantly improve energy efficiency
and extend equipment service life. The obtained findings can be applied in the design,

modernization, and energy-efficient control of pumping stations.
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INTRODUCTION

Centrifugal pumps are among the most widely used hydraulic machines in
water supply, wastewater treatment, irrigation, heating systems, and various
industrial processes. Their popularity is explained by structural simplicity,
continuous and stable flow delivery, relatively low maintenance requirements, and
the ability to operate over a wide range of capacities and heads. Because pumping

systems account for a significant share of global electricity con
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the operational efficiency and hydraulic performance of centrifugal pumps has
become an important engineering and energy-saving task.

The performance of a centrifugal pump is primarily determined by its
hydraulic characteristics, including the relationships between head, flow rate,
efficiency, and power consumption. These characteristics are typically represented
by performance curves such as the head—flow (H-Q), efficiency—flow (n—Q), and
power—flow (P—Q) curves. The actual operating point of a pump in a hydraulic
system is defined by the intersection of the pump characteristic curve and the system
resistance curve. Therefore, any variation in pipeline resistance, rotational speed, or
flow demand directly affects pump efficiency, stability, and reliability.

In practical operation, centrifugal pumps frequently work outside their best
efficiency point (BEP) due to improper selection, fluctuating load conditions,
throttling control, or changes in system configuration. Such deviations lead to
increased hydraulic losses, vibration, noise, cavitation risk, and accelerated wear of
internal components. As a result, energy consumption rises and service life
decreases, creating both economic and technical challenges for water management
and industrial facilities.

Modern engineering practice emphasizes energy-efficient operation of
pumping systems through accurate hydraulic design, optimal pump selection, and the
use of advanced control technologies such as variable frequency drives (VFDs).
These approaches allow regulation of rotational speed instead of throttling,
significantly reducing energy losses and improving operational stability.
Consequently, a detailed analysis of operating modes and hydraulic characteristics is
essential for ensuring reliable, efficient, and sustainable performance of centrifugal
pumps.

The purpose of this study is to analyze the operating regimes and hydraulic
behavior of centrifugal pumps under varying working conditions, identify optimal

performance zones, and evaluate the influence of key parameters on_efficiency,

energy consumption, and cavitation risk. The obtain
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design, modernization, and energy-efficient management of pumping systems in
water supply and industrial applications.

METHODS

This study is based on a combination of theoretical hydraulic analysis,
mathematical modeling, and evaluation of centrifugal pump performance
characteristics under different operating conditions. The methodological framework
was developed to determine the relationships between flow rate, head, efficiency,
and power consumption, as well as to assess the influence of rotational speed and
system resistance on pump operation.

Hydraulic Performance Analysis

The primary analysis involved examination of standard centrifugal pump
characteristic curves:

« Head-flow (H-Q) curve, describing the nonlinear decrease of head
with increasing discharge;

«  Efficiency—flow (m—Q) curve, identifying the best efficiency point
(BEP);

«  Power-—flow (P-Q) curve, showing the growth of required shaft power
with increasing flow rate.

These curves were used to determine stable and unstable operating regions
and to evaluate deviations from optimal working conditions.

Application of Affinity Laws

To analyze the influence of rotational speed variation, the classical affinity

(similarity) laws for centrifugal pumps were applied:

e QxnQ
. Hxn2H
. Pxn3P

where Q is flow rate, H is head, P is power, and n is rotational speed.

These relationships enabled prediction of hydraulic performance_when_variable-

speed control is implemented.
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System Resistance Modeling

The hydraulic resistance of the pipeline network was modeled using the
quadratic relationship between head loss and flow rate:

Hsys=Hstatic+kQ?

where H,, is total system head, H_static is static head, and k is the resistance
coefficient of the pipeline.

The real operating point of the pump was obtained from the intersection of
the pump H-Q curve with the system resistance curve.

Evaluation of Cavitation Conditions

Cavitation risk was assessed by comparing the Net Positive Suction Head
required (NPSH,) of the pump with the Net Positive Suction Head available
(NPSH,) in the system. Safe operation was considered when:

NPSH,>NPSH,

This criterion allowed identification of operating regimes that ensure
hydraulic reliability and prevent impeller surface damage.

Energy Efficiency Assessment

Energy performance was evaluated by analyzing efficiency variation relative
to the BEP and estimating potential energy savings achieved through:

. oOperation near the optimal efficiency region;

«  reduction of throttling losses;

« implementation of variable frequency drives (VFDs).

Comparative analysis of different operating regimes provided quantitative
insight into efficiency improvement and reduction of power consumption.

RESULTS

The conducted hydraulic and operational analysis revealed clear relationships
between flow rate, head, efficiency, and power consumption of centrifugal pumps
under varying working conditions. The obtained results provide quantitative and

qualitative evaluation of pump performance across different operating

Buinyck scypnana No-44



Modern education and development | ,ro e

Operating Point Behavior

The intersection of the pump characteristic curve with the system resistance
curve defined the real operating point of the pumping unit. The analysis showed that:

« increasing system resistance shifts the operating point toward lower
flow rate and higher head;

« decreasing resistance moves operation toward higher discharge and
reduced head;

. stable and energy-efficient performance occurs when the operating point
Is located near the Best Efficiency Point (BEP).

Operation far from the BEP resulted in noticeable hydraulic instability and
increased mechanical loading.

Efficiency Variation with Flow Rate

The efficiency—flow relationship demonstrated a parabolic distribution
with a maximum at the BEP. Quantitative evaluation indicated that:

. efficiency losses of 10-25% occur during under-load operation;

« efficiency losses of 15-30% occur during over-load operation;

« maintaining flow within 80-110% of BEP discharge ensures near-
optimal efficiency.

These findings confirm that correct pump selection and regulation are
essential for energy-efficient performance.

Influence of Rotational Speed

Application of affinity laws showed that variation of rotational speed
significantly changes hydraulic parameters:

« a10% decrease in speed reduced flow by approximately 10%o, head by
19%, and power consumption by 27%;

. variable-speed control enabled smooth matching between pump output
and system demand, eliminating throttling losses.

This demonstrates the strong potential of variable frequency dri VVFDs)

for energy savings in pumping systems.
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Cavitation Risk Assessment

Comparison of available and required suction head indicated that cavitation
risk increases when:

.  flow rate exceeds the BEP region;

« suction pressure decreases due to pipeline losses or high fluid
temperature.

Safe operation was ensured when NPSH, exceeded NPSH; by at least 0.5-
1.0 m, preventing vapor bubble formation and impeller damage.

Energy Performance

Energy analysis showed that operation outside optimal regimes may increase
electricity consumption by 20-40%. Implementation of:

«  oOperation near BEP,

« hydraulic balancing of the system,

« variable-speed regulation

can significantly reduce energy losses and extend pump service life.

DISCUSSION

The obtained results confirm that the operational performance of centrifugal
pumps is strongly governed by the interaction between hydraulic characteristics and
system resistance conditions. The position of the operating point relative to the Best
Efficiency Point (BEP) plays a decisive role in determining energy consumption,
mechanical reliability, and long-term durability of the pump unit.

Operation close to the BEP ensures balanced velocity distribution within the
impeller channels, minimal hydraulic losses, and reduced radial forces acting on the
shaft and bearings. This explains the observed decrease in vibration, noise, and wear
under optimal conditions. In contrast, under-load and over-load regimes generate
internal recirculation, flow separation, and turbulence, which lead to efficiency
deterioration and accelerated component degradation. These hydraulic phenomena

are consistent with classical turbomachinery theory and confirm the importance of




. ISSN:
Modern education and development | ;.-

The analysis of rotational speed variation highlights the significant
advantages of variable-speed regulation compared with traditional throttling control.
Because power consumption changes proportionally to the cube of rotational speed,
even a small reduction in speed produces substantial energy savings. This finding
supports modern engineering practice that promotes the integration of variable
frequency drives (VFDs) into pumping stations, particularly in water supply and
industrial systems with fluctuating demand. However, the application of variable-
speed control must also consider minimum allowable flow limits and cavitation
margins to avoid unstable operation.

Cavitation analysis further emphasizes the sensitivity of centrifugal pumps to
suction conditions. The requirement that available net positive suction head exceeds
the required value by a safety margin is essential not only for preventing material
erosion but also for maintaining hydraulic efficiency. Persistent cavitation can shift
performance curves, reduce head generation, and shorten service life, thereby
increasing maintenance costs. Therefore, proper suction pipeline design, temperature
control of the pumped liquid, and correct installation height remain critical
engineering considerations.

From an energy perspective, the results demonstrate that inefficient operating
regimes may lead to substantial electricity losses in pumping systems. Since pumping
equipment represents a major share of energy consumption in municipal and
industrial infrastructure, optimization of operating modes provides a practical
pathway toward energy conservation and sustainability. Combining optimal pump
sizing, hydraulic balancing of pipelines, and intelligent speed control can yield
measurable reductions in operational costs while improving system reliability.

Despite the comprehensive analytical approach, the present study is primarily
based on theoretical relationships and generalized performance characteristics. Real-
world pumping stations may involve additional factors such as transient flow

conditions, multi-pump interactions, fluid property variations, and control system

dynamics. Future research should therefore fo
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computational fluid dynamics (CFD) simulation of internal flow structures, and
development of smart monitoring systems using sensor data and predictive analytics.

In summary, the discussion confirms that maintaining centrifugal pump
operation near the optimal hydraulic region, supported by modern control
technologies and proper system design, is the most effective strategy for achieving
high efficiency, operational stability, and extended equipment lifetime in
contemporary pumping applications.

CONCLUSION

This study analyzed the operating modes and hydraulic characteristics of
centrifugal pumps with particular attention to the relationships between flow rate,
head, efficiency, power consumption, and cavitation conditions. The results
demonstrate that pump performance is highly sensitive to the position of the
operating point relative to the Best Efficiency Point (BEP), which determines the
overall energy efficiency, hydraulic stability, and mechanical reliability of the unit.

Operation near the BEP ensures maximum efficiency, balanced hydraulic
loading, reduced vibration, and minimal risk of cavitation, thereby extending service
life and lowering maintenance requirements. In contrast, under-load and over-load
regimes lead to internal flow disturbances, increased hydraulic losses, and significant
growth in energy consumption. These effects confirm the critical importance of
accurate pump selection and proper matching between pump characteristics and
system resistance.

The analysis of rotational speed variation shows that variable-speed control
provides substantial energy-saving potential due to the cubic relationship between
power and rotational speed. The implementation of variable frequency drives
(VFDs), combined with hydraulic balancing and optimal system design, can
significantly reduce electricity consumption while maintaining stable operating
conditions.

From a practical perspective, improving centrifugal

represents an effective pathway toward sustaing
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industrial, and infrastructure systems. Nevertheless, real operating environments
may involve transient regimes, multi-pump interactions, and fluid property
variations, which require further experimental investigation and advanced numerical
modeling.

Overall, maintaining operation within the optimal hydraulic region,
supported by modern control technologies and proper engineering design, is essential
for achieving high efficiency, operational reliability, and long-term durability of
centrifugal pumping systems.
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