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varying operating conditions. However, cavitation severely
Accepted: 2026/03/10 constrains their performance by inducing dynamic instabilities,
efficiency deterioration, and accelerated wear. This study presents a

Revised: 2026/02/23

Pubhi.h e(f 2026/06/ comprehensive numerical-experimental investigation of transient
online: 2026/06/30 cavitation behavior in a needle-type flow control valve, with
Keywords: emphasis on the coupled influence of hydraulic and geometric
FIOV.V C.O ntrol Valve parameters. A two-phase CFD model was developed using the
Cavitation Schnerr—Sauer cavitation model in conjunction with the k- SST
Two-Phase Flow turbulence closure. The numerical predictions were validated against
Turbulance Model experimental data obtained from a laboratory hydraulic test rig. The
comparison showed that the mean deviation between predicted and
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performed to evaluate the effects of inlet pressure (20, 40, and 60 bar),
seat curvature radius (0—6 mm), and needle lift (0.1-0.6 mm) on flow
structure and cavitation characteristics. Although increasing inlet
pressure and needle lift mitigated cavitation intensity and improved
pressure recovery, seat geometry exerted the dominant influence.
[w] Specifically, implementing a 6 mm curvature radius reduced the
i cavitation index by 91% and increased the flow rate by 23%. Overall,
geometric optimization of the valve seat proved more effective than
operational adjustments for cavitation suppression and performance
enhancement.
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EXTENDED ABSTRACT

Introduction

Cavitation is one of the main causes of
performance degradation, flow instability,
and reduced service life of flow control valves
in hydraulic power transmission systems.
High-velocity flow through throttling orifices
generates local low-pressure regions, leading
to the formation and collapse of vapor
bubbles. This phenomenon results in pressure
fluctuations, vibration, noise, seat erosion,
and reduced system efficiency. These effects
are particularly significant in needle-type
flow control valves due to their specific seat
geometry and complex internal flow patterns,
especially under transient conditions and
rapid variations in valve opening. Recently,
numerous numerical and experimental studies
have investigated cavitation in hydraulic
valves. By employing multiphase flow
models, advanced CFD simulations, high-
speed visualization, and fluid-structure

interaction analyses, the influence of
operating pressure, fluid properties, transient
behavior, internal geometry, and movable
element dynamics on cavitation inception and
development has been examined. These
studies consistently demonstrate that internal
valve geometry plays a decisive role in
cavitation intensity. However, most existing
research has focused on pressure and

directional control valves, while
comprehensive analyses of cavitation in
needle-type flow control valves, particularly
considering the combined effects of seat
geometry and operating conditions, remain
limited. In this study, the effects of different
seat curvature radii and pressure levels at
various  valve  openings on  flow
characteristics and cavitation intensity in
control valves are

needle-type  flow

systematically  investigated. = Numerical
predictions are validated using experimental
data. The results provide practical guidelines
for optimizing design, reducing cavitation,
and improving flow stability in hydraulic
valves used in agricultural and industrial

machinery.

Material and Methods

In this study, the flow behavior and cavitation
characteristics of a needle-type hydraulic
flow control valve were investigated using
combined numerical and experimental
approaches. The numerical simulations were
performed based on a two-phase mixture
model coupled with the Schnerr—Sauer
cavitation model, accounting for slight oil
compressibility. Turbulent flow was modeled
using the k—o SST turbulence model.
Transient simulations were conducted at
different inlet pressures, valve openings, and
seat curvature radii to evaluate their effects on
cavitation development. Cavitation intensity
was quantified using the cavitation number
and vapor volume fraction. Numerical results
were  validated  through  experiments
conducted on a dedicated hydraulic test rig
under controlled operating conditions.

Results and Discussion

The results obtained from numerical and
experimental analyses of the flow through
needle-type control valves demonstrated that
the employed numerical model accurately
predicts both the hydrodynamic behavior and
cavitation phenomena. Comparison of
simulation results with experimental data for
both simple and rounded-seat geometries
(with a 4 mm radius) revealed that the
predicted flow rate differences were generally
below 6%, decreasing further at higher
pressures. This convergence is attributed to
cavitation suppression at elevated pressures
and to the flow approaching a single-phase
regime. Investigation of the inlet pressure

effect indicated that increasing oil pressure
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consistently enhances flow rate; however, the
rate of increase is strongly dependent on the
needle displacement. At small displacements,
the severe constriction and high local pressure
drop make the flow highly sensitive to
pressure fluctuations, leading to intense and

With
constraining

moderate
effect
diminishes, and phenomena such as flow

persistent  cavitation.

displacements, the

separation, turbulence, and partial cavitation

become more prominent. At larger
displacements, the flow transitions to a more
stable regime, reducing the flow rate's
sensitivity to pressure variations. Analysis of
minimum pressure, vapor volume fraction,
cavitation number, and cavitation index
that

particularly  at

revealed higher inlet pressures-

moderate and  large
displacements-lead to increased minimum
pressures, reduced vapor volume, and
improved flow stability. Conversely, at small
displacements, the severe local pressure drops
limit the effectiveness of even high absolute
pressures in suppressing cavitation. This
behavior confirms the nonlinear and
multifactorial nature of cavitation in needle-
type control valves. The effect of seat
geometry was found to be crucial in
enhancing valve performance. Increasing the
seat radius improves the flow profile, reduces
boundary-layer separation, and decreases
local pressure losses, resulting in higher flow
rates, higher minimum pressures, and
substantially lower cavitation intensity. Seats
with radii between 4 and 6 mm not only
increase flow capacity but also significantly
improve cavitation indices and numbers.
highlight the

importance of optimizing seat geometry while

Overall, these findings
accounting for cavitation effects in numerical
modeling of control valves, especially at low

pressure and small openings.

Conclusions
This  study

cavitation behavior in needle control flow

investigated the transient

valves wusing a combined numerical-

experimental approach, analyzing the
simultaneous effects of inlet pressure and seat
geometry on the valves' hydrodynamic
performance. The results demonstrated that
the proposed numerical model exhibits high
accuracy, showing less than 6% deviation
from experimental data. Findings indicate that
although increasing inlet pressure and moving
part displacement generally reduce cavitation
intensity, the influence of seat geometry on
cavitation control is significantly more
pronounced. Optimizing the seat curvature,
particularly with a 6 mm radius, led to a 91%
reduction in the cavitation index and a 23%
increase in flow rate, accompanied by
streamlined flow patterns and reduced local
pressure drops. The study confirms that
modifying seat geometry alone, without
altering operating pressure, can substantially
enhance hydraulic performance, stability, and
service life of the valve. These results provide
a practical and cost-effective design guideline

for hydraulic power transmission systems.
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