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Tribological optimization and simulation of wedge-type gate valves
for industrial use

Optymalizacja tribologiczna i symulacja zasuw klinowych do zastosowan przemystowych

Jamaladdin N. Aslanov, Khalig S. Mammadov
Azerbaijan State Oil and Industry University

ABSTRACT: This study investigates the wear behavior of a wedge-type gate valve under the combined effects of mechanical, thermal,
and turbulent stressors. A detailed SolidWorks model of the valve was developed, and advanced simulations were conducted to analyze
the interaction of hermetic elements with real-world operational conditions. The results indicate that the working surfaces, particularly
the wedge and its seating regions, are prone to wear due to continuous thermal fluctuations, turbulent flow effects, and mechanical
loads. These factors contribute to the uneven expansion of valve components, material degradation, and stress concentration, ultimately
leading to reduced structural integrity and an increased risk of failure over time. The simulations provided an in-depth analysis of wear
mechanisms by visualizing key parameters such as relative pressure, temperature distribution, velocity fields, turbulent viscosity, and
turbulent length scales. Additionally, graphical outputs for dynamic viscosity, specific heat capacity, and thermal conductivity further
illustrated how these parameters influence the rate and severity of wear progression. The findings identified high-stress regions, espe-
cially those experiencing elevated surface temperature, as the most vulnerable to accelerated wear due to the interplay of mechanical
and thermal stresses. To address these challenges, the study recommends the application of temperature-resistant coatings, advanced
surface treatments, and optimization of valve geometry to minimize wear effects. The results emphasize the necessity of using high-
performance materials and structural reinforcements in critical areas to enhance valve longevity and reliability. These insights contribute
to the development of more resilient and efficient gate valve designs, ensuring improved durability under extreme operational conditions.
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STRESZCZENIE: Celem niniejszego badania bylta analiza zuzycia zasuwy klinowej pod wptywem jednoczesnego oddziatywania
obcigzen mechanicznych, termicznych i turbulentnych. Opracowano szczegdétowy model zaworu w programie SolidWorks, a nastepnie
przeprowadzono zaawansowane symulacje w celu przeanalizowania interakcji elementow hermetycznych w rzeczywistych warunkach
eksploatacyjnych. Wyniki wskazuja, ze powierzchnie robocze, w szczegolnosci klin i jego powierzchnie przylgowe, sa wysoce podatne
na zuzycie na skutek cigglych wahan temperatury, oddziatywan turbulentnego przeplywu oraz obcigzen mechanicznych. Czynniki te
powoduja nieréwnomierne rozszerzalnosci cieplne elementéw zaworu, degradacje materiatu i koncentracje naprezen, co w konsekwencji
prowadzi do spadku integralnos$ci strukturalnej i zwigkszonego ryzyka awarii w dtuzszym okresie eksploatacji. Symulacje umozliwity
doglebng analiz¢ mechanizméw zuzycia poprzez wizualizacj¢ kluczowych parametrow, takich jak ci$nienie wzglgdne, rozktad tem-
peratury, pola predkosci, lepkos¢ turbulentna oraz skale dhugosci turbulencji. Dodatkowo, wykresy dotyczace lepkosci dynamicznej,
ciepta wlasciwego oraz przewodnictwa cieplnego ukazaty wptyw tych parametrow na tempo i intensywnosc¢ procesu zuzycia. W wyniku
badan zidentyfikowano obszary wysokich naprezen — zwlaszcza te, w ktorych powierzchnia mocno si¢ nagrzewa — jako najbardziej
podatne na przyspieszone zuzycie w wyniku wspoldziatania czynnikdw mechanicznych i cieplnych. W celu ograniczenia tych zjawisk,
zaleca si¢ stosowanie powtok odpornych na wysokie temperatury, zaawansowanych obrobek powierzchniowych oraz optymalizacj¢
geometrii zaworu. Uzyskane wyniki podkreslaja konieczno$¢ stosowania materiatow wysokowydajnych oraz wzmocnien konstruk-
cyjnych w krytycznych obszarach zaworu, co pozwala na zwigkszenie jego trwatosci i niezawodno$ci. Zdobyta wiedza przyczynia
si¢ do opracowania bardziej wytrzymatych i efektywnych konstrukcji zasuw, zapewniajacych dtugotrwate dziatanie w ekstremalnych
warunkach eksploatacyjnych.

Stowa kluczowe: zuzycie, elementy hermetyczne, przewodnos¢ cieplna, predkosé, lepkosé, tarcie.
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Introduction

Gate valves are essential mechanical components within
fluid handling systems, specifically designed to manage the
flow of liquids or gases by a linear motion mechanism. These
valves are composed of several critical components, each
serving a specific purpose to enable efficient fluid control.
At the heart of the valve lies the gate, a flat or wedge-shaped
disc that moves up and down to control the passage of fluid.
When raised, the gate allows fluid to flow freely through the
valve body; when lowered, it blocks the flow entirely. This
design makes gate valves ideal for applications requiring an
unobstructed flow path, as they offer minimal flow resistance
when fully open.

The gate is connected to the stem, a shaft that transmits the
movement from an external actuator or handwheel to the gate
itself. The valve’s body houses all these components, while
the bonnet covers the internal parts, protecting them from
environmental factors. The valve seats, located on the body,
provide a sealing surface for the gate, ensuring that fluid does
not leak when the valve is in the closed position. Sealing ele-
ments, such as gaskets or O-rings, further enhance the valve’s
ability to contain high-pressure fluids by preventing leakage
along the stem and bonnet.

Gate valves are typically used in systems requiring
a straight, unobstructed flow path, as their design allows for
efficient operation in fully open or fully closed positions.
Unlike throttling valves, which are designed to control flow
at varying degrees of openness, gate valves are intended to
minimize wear by limiting their operational positions. This
functional design has led to their widespread application in
industries where consistent flow control and low-pressure
drop are critical.

Given the demanding environments in which gate valves
often operate, including high-pressure and high-temperature
settings, the importance of tribology cannot be overstated. They
are critical components in industries including oil and gas,
water treatment, and chemical processing, where precise flow
control is essential. However, frequent exposure to fluctuating
pressures and corrosive materials presents unique challenges.

In gate valves, tribological phenomena significantly im-
pact both functionality and efficiency. Friction, for instance,
influences the force needed to operate the valve, while wear
on the internal surfaces, particularly the sealing components,
can lead to performance issues such as leakage. Additionally,
improper lubrication exacerbates these issues, accelerating wear
and reducing the valve’s effective lifespan. Addressing these
tribological challenges through effective design and material
selection not only ensures smoother operation but also reduces
maintenance demands, offering long-term benefits in terms of
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operational reliability and cost-efficiency. As this article will
demonstrate, a detailed examination of the tribological interac-
tions within gate valves is essential for developing strategies
that enhance their durability and effectiveness in demanding
operational conditions.

The study of tribological interactions within gate valves
has garnered considerable attention due to its importance in
extending valve life, optimizing performance, and reducing
maintenance costs in industrial applications. As gate valves
are subjected to harsh operating conditions — high pressures,
temperature fluctuations, and corrosive environments — the
need for detailed investigations into friction, wear, and lubri-
cation has become apparent. The literature on tribology offers
a broad spectrum of insights into these interactions, spanning
from foundational theories to advanced computational models
and simulation techniques.

One significant area of study has been the analysis of wear
mechanisms in gate valves. Researchers have primarily fo-
cused on abrasive, adhesive, and corrosive wear, each posing
unique challenges to valve durability. In the paper of Hanief
and Charoo (2021), Archard’s wear law has served as a fun-
damental model in understanding material loss due to wear.
Studies utilizing this model have underscored the importance
of factors such as material hardness, load, and sliding distance,
all which impact wear rate. Hanief and Charoo (2021) revisited
Archard’s wear law to enhance the accuracy of wear coefficient
estimation by integrating actual sliding velocity, providing
a more reliable approach to evaluating material degradation
in dynamic valve operations. This foundational concept has
been echoed in recent simulation-based studies, where ac-
curate modeling of wear behavior under varying conditions
has become crucial for improving gate valve performance.
Structural optimization of gate valves has been further explored
by Kansara et al. (2023), who employed finite element analy-
sis (FEA) to enhance mechanical strength and reduce stress
concentrations. Their findings suggest that material selection
and geometric modifications can substantially influence the
wear distribution and stress fields across valve components.

The impact of thermal loading on material degradation
was investigated by Li et al. (2013), who modeled the thermal
shock resistance of protective materials, emphasizing the need
for thermal durability in sealing components. Similarly, ther-
mal influences on valve performance were studied by Ri and
Ripeanu (2021), who analyzed the behavior of valve flanges
under fluctuating temperatures using mechanical modeling.
These insights underscore the importance of choosing materi-
als that maintain dimensional and tribological stability under
thermal cycling. Tribological wear under abrasive and erosive
conditions is a recurring challenge. Ri et al. (2020) modeled
erosion in parallel gate valves, revealing how high-velocity



flows contribute to localized wear. Supporting this, Zhou et al.
(2021) identified wear transitions in rubber/steel seal pairs,
showing that prolonged abrasive exposure alters frictional
behavior and leads to microstructural fatigue. Material degrada-
tion due to corrosion and wear was studied by Ri and Ripeanu
(2022), who tested coated gate valves and demonstrated the
superior performance of surface-engineered layers in resisting
corrosive attack. Complementing this, Savkin et al. (2022)
evaluated composite materials used in pipeline fittings and
confirmed their effectiveness in improving wear resistance
and reducing friction.

Lubrication remains a pivotal factor in managing wear
and friction. Ripeanu et al. (2017) provided an experimental
analysis of stress distribution in sealing materials, emphasiz-
ing how lubrication and preload influence axial and radial
stress development. These insights are essential for designing
stem seal assemblies that maintain tribological integrity over
prolonged service intervals.

Advances in computational fluid dynamics (CFD) have
enabled detailed visualization of flow-induced wear mecha-
nisms. Yang et al. (2011) and Qian et al. (2014) conducted CFD
studies on valve flow behavior, revealing how geometry and
pressure gradients influence localized erosion and seal loading.
Zic et al. (2020) further refined these models by simulating
hydraulic behavior under real operating conditions, providing
a predictive tool for identifying wear-prone areas within the
valve chamber.

Overall, this body of research highlights the critical inter-
play between thermal, mechanical, and tribological factors in
gate valve performance. The integration of simulation tools,
advanced materials, and protective coatings — combined with
precise wear modeling as proposed by Hanief and Charoo
(2021) — forms a comprehensive framework for extending
valve service life and operational reliability in demanding
environments.

Together, these studies underline the growing interest in
and need for specialized materials, coatings, and design tech-
niques to improve the tribological performance of gate valves.
This article builds on these insights by using a combination of
mathematical modeling and simulation to further investigate
friction, wear, and lubrication challenges in gate valves, with
the goal of informing design improvements that extend opera-
tional life and reduce maintenance demands.

Mathematical approach for gate valve applications

Gate valves, widely used in industrial applications, are
subject to various tribological challenges that influence their
durability, efficiency, and operational costs. The most com-
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mon types of wear observed in gate valves include adhesive
wear, abrasive wear, and corrosion, each impacting valve
performance in unique ways. Adhesive wear, a result of ma-
terial transfer between contacting surfaces under load, of-
ten leads to material build-up or loss, potentially compro-
mising seal integrity and causing operational inefficiencies.
Abrasive wear occurs when hard particles or rough surfaces
slide across each other, causing surface degradation and,
over time, leakage. Corrosion, often exacerbated by chemi-
cal exposure and environmental factors, leads to surface
degradation, weakening the valve components and affecting
their longevity.

Several factors contribute to the extent and type of wear in
gate valves. Operating conditions such as pressure, tempera-
ture, and the presence of abrasive particles play a significant
role in determining wear patterns. Material selection for valve
components is also crucial; certain alloys and polymers offer
better resistance to wear and corrosion. Furthermore, the ef-
fectiveness of lubrication plays a critical role in tribological
performance of gate valves. Proper lubrication can reduce fric-
tion and wear by creating a protective layer between moving
surfaces. However, inadequate or ineffective lubrication can
accelerate wear and reduce the valve’s operational life.

The efficient operation and longevity of gate valves depend
significantly on understanding and optimizing their tribological
performance. Mathematics serves as a crucial tool in analyzing
and predicting tribological behaviors, providing the foundation
for designing valves that resist wear, minimize friction, and
operate reliably under challenging conditions. This section
explores key mathematical models and their application to
gate valve tribology.

Tribological phenomena such as wear, friction, and lubrica-
tion are inherently complex, influenced by multiple interacting
variables, including material properties, operating conditions,
and fluid dynamics. Mathematical models help quantify these
interactions, enabling engineers to predict and mitigate potential
performance issues.

Wear in gate valves is a critical factor that influences their
operational life and efficiency. Archard’s wear equation is
among the most widely used models in tribology, which re-
lates wear volume to the applied load, sliding distance, and
material hardness:

(M

where:

V — wear volume [mm?],

K — dimensionless wear coefficient,

F — applied normal load [N],

s — sliding distance [m],

H — hardness of the softer material [Pa].
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In gate valves, equation (1) is instrumental in estimating
material loss from sealing surfaces and contact interfaces. By
adjusting parameters such as material hardness (H) or reducing
the sliding distance (s), engineers can minimize wear rates.
For example, the selection of high-hardness alloys for the gate
and seat surfaces can significantly reduce material loss under
high-pressure conditions.

Friction is another critical tribological phenomenon, di-
rectly influencing the operational efficiency of gate valves.
The force required to open or close the valve is dictated by
the frictional resistance between moving parts, which can be
modeled as follows:

Fy=u-N @)
where:
F,— frictional force [N],
1 — coefficient of friction,
N —normal force [N].

In the context of gate valves, the normal force often cor-
responds to the pressure exerted by the fluid on the sealing
surfaces. As surfaces wear over time, changes in roughness
can alter the coefficient of friction, thereby increasing the
force needed for operation. This highlights the importance of
minimizing friction through design improvements, material
enhancements, or effective lubrication strategies.

Lubrication plays a pivotal role in reducing both wear and
friction in gate valves by forming a protective film between
contacting surfaces. The effectiveness of this film depends on
factors such as its thickness, viscosity, and the operating pres-
sure. A commonly used parameter in lubrication theory is the
dimensionless Sommerfeld number, which evaluates the regime
of lubrication — whether boundary, mixed, or hydrodynamic.
High values of the Sommerfeld number indicate a hydrodynamic
regime, where the surfaces are fully separated by the lubricant,
resulting in minimal wear. Conversely, lower values correspond
to boundary lubrication, where direct surface contact leads to
increased friction and accelerated wear. Understanding these
dynamics enables engineers to select appropriate lubricants
and operating conditions to enhance tribological performance.

The distribution of stresses within gate valve components is
another crucial factor, particularly at contact interfaces where
wear is most pronounced. Hertzian contact theory provides
a framework for analyzing stress concentrations, offering
insights into potential failure points. The maximum contact
pressure (P,

max.

) in a circular contact area can be calculated using:

3F
Fonax = 2ra’ ®)

where:
F —normal load [N],
o — radius of the contact area [m].
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By optimizing the design to distribute the load more evenly,
engineers can reduce peak stresses thus mitigating the risk of
material failure and extending valve life.

Tribological and heat transfer analysis of a wedge-type
gate valve

The simulation and analysis of the wedge-type gate valve
begin with defining an accurate 3D model and setting up ap-
propriate boundary conditions to reflect the operational environ-
ment. This section provides details on the design, construction,
mesh refinement, and boundary conditions essential for accurate
simulation results.

The wedge gate valve model was developed using
SolidWorks 2021 SP 4.1, a powerful computer-aided design
(CAD) software. The design follows dimensions commonly
employed in industrial applications to ensure real-world rel-
evance. Key components of the model include the wedge,
valve seats, bonnet, and body, each designed to simulate the
conditions experienced during the valve's operation.

The wedge, a critical component, was designed with a dual-
-tapered surface to facilitate tight sealing against the valve
seats when the valve is closed. Its movement is guided verti-
cally by a stem, ensuring consistent linear motion. To analyze
the valve’s performance under various operational conditions,
the wedge was simulated in following three distinct positions:
a) Open Position: Full alignment of the wedge with the valve

body, allowing unrestricted flow through the valve.

b) Closed Position: The wedge is firmly pressed against the
valve seats, completely halting the fluid flow.

¢) Semi-Open Position: The wedge is partially aligned, creat-
ing a restricted flow pathway. This position often results in
unique flow dynamics and turbulence, critical for analysis.

The hermetic sealing elements, designed to withstand high-
pressure environments, are integrated into the valve construc-
tion. These elements play a pivotal role in maintaining opera-
tional integrity by preventing fluid leakage even under extreme
conditions. The model incorporates realistic material properties
and geometric tolerances, ensuring fidelity in simulating wear,
thermal expansion, and pressure effects.

To achieve accurate simulation results, a fine mesh was ap-
plied to the critical regions of the valve, including the wedge,
valve seats, and hermetic sealing elements. Mesh refinement
allows for detailed resolution of flow dynamics, particularly
in areas prone to high stress or turbulence. The mesh density
was optimized to balance computational efficiency with preci-
sion, focusing on regions where the wedge interacts with the
valve seats and body.

Boundary conditions were carefully defined to simulate the
valve's operational environment accurately. The wall condi-
tion of the valve body was set to adiabatic, ensuring no heat



transfer through the external walls, which isolates the effects

of internal flow and thermal dynamics. The wedge and valve

seats were assigned thermally conductive properties to account
for heat transfer within the valve during operation.

The following parameters were established as initial condi-
tions for the simulation:

+ inlet pressure: 70 MPa, representing a high-pressure input
typical in industrial pipelines;

» outlet pressure: atmospheric pressure (0 MPa), simulating
standard discharge conditions;

+ fluid velocity: 5 m/s, indicative of typical flow rates in
industrial applications;

» temperature: 293 K (20°C), a baseline temperature for fluid
entering the valve;

» material: ST 20 (GOST4543-71), a standard material for
high-pressure valve components with suitable thermal and
mechanical properties.

Particular focus was placed on turbulence modeling, espe-
cially in the semi-open position where flow behavior becomes
more complex. Two key turbulence parameters were included.
Turbulence intensity, which is set at 2%, reflects the level of
chaotic fluctuations in the fluid flow. It is a critical factor in
determining the wear patterns on the valve's internal surfaces.
The second parameter is the turbulence length scale, which
was assigned a value of 0.002 m. This parameter represents
the scale of the largest turbulent eddies in the flow. Turbulence
at this scale significantly impacts the pressure and velocity
distribution across the valve.
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The simulation used a two-dimensional projection of the
wedge geometry to analyze stress distribution under typical
operating conditions. The wedge was subjected to mechanical
stresses induced by a 70 MPa applied pressure, representing
the operational load experienced at the wedge-seat interface.
This pressure, which ensures tight sealing, results in significant
contact forces, particularly in the central region of the wedge
where it interacts most directly with the valve seats. Alongside
this, thermal stresses were simulated based on temperature
variations arising from fluid flow through the valve. The tem-
perature profile was modeled with a baseline inlet temperature
of 293 K, increasing by up to 20 K across the wedge, mimicking
the thermal gradients encountered during operation.

To calculate the total stress, mechanical and thermal contri-
butions were combined, capturing the full scope of the physi-
cal forces acting on the wedge. Mechanical stress, driven by
the applied pressure, was concentrated in the central portion
of the wedge. In contrast, thermal stress arose due to uneven
temperature increases, resulting in localized expansion and
stress concentrations at the edges and corners. The stress map
generated from the simulation revealed how these two factors
interact, creating a comprehensive view of the wedge’s stress
profile under operating conditions.

Figure 1 illustrates distinct high-stress zones, particularly in
the central region of the wedge. This area experiences the great-
est mechanical load due to its contact with the valve seats, which
ensures the required sealing pressure. The edges of the wedge,

The semi-open position of the valve is par-
ticularly challenging to model, as it introduces
complex interactions between pressure, velocity,
and turbulence. By incorporating detailed mesh
refinement and precise boundary conditions, the
simulation captures these dynamics effectively.

The initial conditions also consider the lami-
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nar nature of the flow in the fully open and closed

positions. However, in the semi-open position,
localized turbulence develops due to sudden
changes in flow direction and velocity. This tur-
bulence is expected to affect the valve's internal
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work for analyzing pressure distribution, heat
transfer, and turbulence effects, which are critical
to understanding and mitigating wear in indus-
trial valves.

Figure 1. Simulation of stress distribution on wedge type of gate valve’s element
in closed position

Rysunek 1. Symulacja rozktadu naprezen na klinowym elemencie zasuwy
W pozycji zamknigtej
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especially near the bottom corners, also showed elevated stress
levels. These regions were significantly affected by thermal
gradients, as the material expands unevenly in response to the
temperature increase. The combined effect of mechanical and
thermal stresses in these areas makes them critical zones for
wear and potential failure. The thermal stress contribution was
particularly notable near the outer edges of the wedge, where
the steepest temperature gradients were observed. This demon-
strates the importance of managing thermal effects, particularly
in high-temperature applications where thermal expansion can
exacerbate existing mechanical stresses. While the stress was
relatively uniform across the midsection of the wedge, a sharp
increase was observed toward the edges, highlighting areas that
require special attention during design and material selection.

The implications of this simulation for the performance and
longevity of the wedge are significant. The high-stress regions
identified in the analysis correspond to areas most prone to wear
and failure during operation. Reinforcing these zones through
the application of wear-resistant coatings or thermal barriers
could significantly enhance the wedge’s durability. Additionally,
the choice of materials plays a crucial role in managing these
stresses. The standard material used in the simulation, ST 20,
must possess high mechanical strength and thermal stability
to withstand the combined stresses over prolonged use. For
more demanding applications, materials such as stainless-steel
alloys or specialized composites with lower thermal expansion
coefficients may provide improved performance. The results
also point to potential design optimizations to reduce stress
concentrations. For instance, altering the wedge geometry by
incorporating curved surfaces or adjusting the wedge angle
could help distribute stresses more evenly, thereby reducing
the likelihood of localized wear or failure. Such modifications
would be particularly effective in addressing the stress spikes
observed at the corners and edges of the wedge.

In terms of operational implications, the high-stress zones
identified in the simulation should be prioritized during main-
tenance and inspection routines. Regular monitoring of these
areas for signs of wear or cracking can help prevent catastrophic
valve failures and reduce unplanned downtime. Furthermore,
the insights from this simulation can inform the development
of maintenance schedules that account for the combined effects
of mechanical and thermal stresses over time.

Thermal stresses also play a pivotal role in the performance
and reliability of wedge-type gate valves, especially when oper-
ating in high-temperature environments. The wedge, being the
central sealing component, is subjected to significant thermal
gradients due to heat transfer from the flowing medium. These
gradients lead to uneven expansion within the wedge material,
inducing stresses that, when combined with mechanical load-
ing, can cause deformation, wear, and even failure over time.
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To explore this phenomenon, a thermal stress simulation was
conducted to assess the distribution and intensity of stresses
across the wedge under typical operational conditions. The
simulation began with a baseline temperature of 293 K at the
valve's inlet, which is representative of ambient temperature.
As the fluid flows through the valve, the temperature rises due
to operational heat transfer, with a modeled increase of up to
20 K across the wedge. This temperature gradient mimics
the real-world scenario where the fluid's thermal energy is
conducted into the valve's metallic components. The wedge
material, modeled as ST 20 steel, exhibits a thermal expansion
coefficient of 1.2x10° K!, which was used to calculate the
stress induced by thermal expansion.

The thermal stress distribution was obtained by correlat-
ing the temperature increase with material expansion and the
constraints imposed by the wedge-seat interface. The Young’s
modulus of steel (210 GPa) was incorporated into the calcula-
tions to quantify the material's resistance to deformation under
thermal loading. The simulation revealed that thermal stresses
were not uniformly distributed, but instead concentrated in
specific regions of the wedge. The results highlighted that
the outer edges of the wedge experienced the highest thermal
stresses. This was attributed to the steep temperature gradients
in these regions, which caused greater differential expansion.
The corners of the wedge, where the material transitions from
flat surfaces to tapered edges, showed particularly high stress
concentrations. These areas are critical because the combined
effects of thermal expansion and mechanical loads are most
likely to cause localized material fatigue or cracking.

In Figure 2, the central portion of the wedge, while still ex-
periencing thermal stress, exhibited comparatively lower levels
due to more uniform expansion. However, this region remains
significant because it is also subject to direct mechanical pres-
sure from the fluid and valve seats. The interaction between
thermal and mechanical stresses in this region is a key factor
in determining the valve's overall performance and durabil-
ity. Thermal stress not only impacts the structural integrity of
the wedge but also affects its sealing performance. Uneven
expansion can lead to misalignment between the wedge and
the valve seats, potentially compromising the seal and allow-
ing leakage. In high-pressure systems, even minor leakage can
result in substantial operational inefficiencies and safety risks.
Therefore, understanding and mitigating thermal stresses is
essential for maintaining the functionality of the wedge and
the valve as a whole.

From a design perspective, the simulation underscores the
importance of accounting for thermal effects when selecting
materials and constructing the wedge. Materials with lower
thermal expansion coefficients and higher thermal conductivity,
such as specialized steel alloys or composites, could reduce
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DSimuIated thermal stress distribution on wedge-type gate valve
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indicate areas of shear stress and potential flow
separation. These perturbations could escalate
under less favorable operating conditions, such
as partial obstructions or turbulent influences.
The spatial distribution of velocity empha-
sizes the impact of the wedge geometry on the
flow. The gradual taper of the wedge ensures
a streamlined path for the fluid, minimizing re-
sistance and maintaining efficient flow dynamics.
The velocity decreases progressively toward the
edges of the valve, indicating how the energy of

Thermal stress [MPa]

the fluid dissipates as it flows through the larger
cross-sectional area. This behavior underscores
the importance of precise wedge design in main-
taining efficient flow, particularly under varying
operational pressures.

The velocity concentration along the cen-
tral region signifies areas prone to higher shear

Figure 2. Simulation of thermal stress distribution on wedge-type gate valve’s

element in the closed position

Rysunek 2. Symulacja rozktadu naprezen termicznych na elemencie zasuwy

klinowej w pozycji zamkni¢tej

the magnitude of thermal stresses. Additionally, implementing
thermal barriers or coatings on the wedge surface may help to
dissipate heat more evenly, minimizing temperature gradients.
The findings also have implications for valve operation and
maintenance. Operating the valve within a controlled tem-
perature range can limit the thermal stresses imposed on the
wedge, extending its service life. Regular inspections of the
high-stress regions identified in the simulation, particularly the
edges and corners, are recommended to detect early signs of
wear or cracking. Proactive measures, such as applying wear-
resistant coatings or replacing the wedge before significant
damage occurs, can prevent costly failures.

To better understand the fluid movement over the gate, the
simulation was set up to analyze the fluid’s characteristics and
evaluate its tribological effects. The simulation of the velocity
field at time step 75 provides a snapshot of fluid flow dynam-
ics during a transient operational cycle of a wedge-type gate
valve. This phase represents a critical point at which the fluid
velocity has transitioned to one of the higher values within
the periodic cycle, highlighting the changes in flow behavior
influenced by both geometry and transient conditions.

At this time step, the velocity field exhibits its characteristic
distribution, with the highest velocities concentrated near the
central axis of the valve, where the fluid interacts most directly
with the wedge’s surface (Figure 3). The laminar flow profile
ensures a smooth transition of velocity across the valve’s
width. However, slight perturbations at the edges of the wedge

stresses, which can contribute to localized wear
and erosion over time. For fluids containing
abrasive particles, this high-velocity zone poses
a significant risk, as the impact of particles on
the wedge surface will be most intense in these
regions. This insight informs the need for durable materials
and erosion-resistant coatings for the wedge, especially in
high-velocity applications.

Additionally, the transient increase in velocity at this phase
of the cycle could introduce minor vibrations within the valve
structure. While these vibrations are not typically harmful under
normal conditions, they can exacerbate wear and fatigue if com-
bined with other dynamic forces or prolonged cyclic loading.

The transient streamline plot at time step 50 offers a de-
tailed visualization of the fluid flow path as it interacts with the
wedge valve (Figure 4). This time step represents a midpoint
in the cycle, where flow velocity is neither at its maximum nor
minimum, providing an ideal scenario to study the stability
and directionality of the flow.

The streamlines demonstrate a largely laminar flow pat-
tern around the wedge, with smooth transitions and minimal
disruption. This behavior is indicative of an optimized valve
design, where the fluid follows a predictable path with low
energy loss. The spacing of the streamlines reflects the veloc-
ity gradients in the fluid, with closer spacing near the central
region corresponding to higher velocities. Near the edges of the
wedge, the streamlines begin to curve slightly, indicating areas
of increased shear as the fluid navigates the wedge geometry.
These curved paths suggest regions where the fluid experiences
changes in direction and velocity, which can lead to localized
increases in pressure and potential turbulence under different
operating conditions.
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Velocity field at time step O
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Figure 3. Velocity field distribution over the wedge element

Rysunek 3. Rozktad pola predkosci nad elementem klinowym

Transient streamlines at time step 50
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face. At time step 50, the streamlines reflect a balanced
state, where the fluid flow is stable yet responsive to
the ongoing velocity transitions. This balance is critical
for maintaining the valve’s efficiency and preventing
irregular wear patterns. The streamline behavior high-
lights the importance of maintaining a smooth fluid path
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to minimize energy loss and wear. The gradual taper
of the wedge and its streamlined design contribute to
this goal by reducing flow resistance and maintaining
stable fluid dynamics. However, the minor curvatures
12| observed at the edges suggest opportunities for further
optimization. Adjustments to the wedge angle or the

Figure 4. Transient streamlines for the wedge element
Rysunek 4. Przejsciowe linie pradu dla elementu klinowego

The transient nature of the flow adds an additional layer of
complexity to the streamline behavior. As the velocity fluctu-
ates throughout the cycle, the flow path dynamically adjusts,
altering the interaction between the fluid and the wedge sur-
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incorporation of rounded edges could reduce shear stress

and enhance the overall flow uniformity. The transient

effects also underscore the importance of material flex-
ibility and structural resilience in valve design. As the fluid
dynamics fluctuate throughout the cycle, the valve components
must accommodate these changes without compromising their
structural integrity or performance.
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Simulated streamlines of fluid flow around wedge walve

The simulated streamlines provide an insightful

&

visualization of fluid behavior as it navigates through
the semi-open position of a wedge-type gate valve
(Figure 5). These streamlines illustrate how the valve’s
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geometry affects fluid dynamics, shedding light on criti-
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cal areas of shear stress, turbulence, and potential inef-

ficiencies in flow. Understanding these patterns is crucial
for optimizing valve design and ensuring durability under
operational conditions.

The central region of the valve shows the most con-
centrated streamlines, reflecting the highest fluid veloc-
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ity. This is a direct result of the semi-open position,

where the wedge narrows the flow path, accelerating Figure 5. Transient streamlines of fluid flow around the wedge of the

the fluid as it passes through the valve. The alignment valve at semi-open position

of the streamlines in this region is smooth, indicating
efficient fluid flow with minimal resistance. However,

Rysunek 5. Przejsciowe linie pradu ptynacego wokét klina zaworu
W pozycji pototwartej

the close spacing of these streamlines also highlights

the increased shear stress acting on the wedge’s surface. This
shear stress is significant because it can lead to wear and ero-
sion over time, particularly in applications where the fluid
contains abrasive particles.

Near the edges of the wedge, the streamlines begin to di-
verge, indicating a reduction in fluid velocity as the flow transi-
tions to areas with lower pressure and greater cross-sectional
area. This divergence is expected in the semi-open position,
but it introduces additional complexity to the flow dynamics.
Although the velocity decreases, minor curvatures in the stream-
lines near the edges suggest localized shear forces that may
contribute to material wear. These curved patterns hint at the
potential for increased surface interactions, which could affect
the longevity of the valve’s sealing elements. In some regions
near the wedge’s corners, subtle separations in the streamline
alignment can be observed. These separations are indicative of
shear layers, where the gradient of fluid velocity is particularly
steep. Such shear layers are a common occurrence in semi-open
positions, and their presence can lead to localized turbulence.
While the overall flow remains largely laminar in this simula-
tion, the signs of flow separation highlight the importance of
addressing these regions in the valve’s design. If left unopti-
mized, these areas could become focal points for turbulence,
leading to energy dissipation, noise, and vibrations that reduce
the valve’s efficiency and increase operational challenges. The
streamline patterns also provide insight into the valve’s energy
efficiency. The smooth alignment of streamlines in the central
region indicates that the valve effectively maintains fluid flow
without excessive resistance. However, the slight disturbances
and divergences near the edges point to the need for improve-
ment. Design modifications, such as adjusting the wedge’s
angle or adding curved surfaces to its edges, could reduce flow
disturbances and enhance overall efficiency.

In terms of material performance, the central region of the
wedge faces the most significant wear risks due to the high fluid
velocity and associated shear stress. This region is particularly
vulnerable in systems where the fluid carries abrasive particles,
which can exacerbate surface degradation. Reinforcing this
area with erosion-resistant materials or protective coatings is
essential to mitigate wear and extend the valve’s operational
life. Similarly, the edges of the wedge, where localized shear
forces are observed, should also be considered for material
enhancements to withstand prolonged exposure to fluctuating
flow conditions. The transient nature of the flow through a semi-
open wedge valve adds further complexity to the analysis. As
the velocity fluctuates during operation, the streamline patterns
dynamically adjust, altering the stress distribution across the
valve’s surfaces. This behavior underscores the importance of
selecting materials and designs that can accommodate these
changes without compromising performance. For instance, in-
corporating flexible or self-healing materials could help absorb
the impact of dynamic stresses and reduce long-term damage.

The simulated streamlines emphasize the intricate relation-
ship between valve geometry and fluid dynamics. By carefully
analyzing these patterns, engineers can identify critical zones
for optimization and implement strategies to improve both
efficiency and durability. Future studies could extend this
analysis to three-dimensional simulations or explore the effects
of varying flow rates and fluid properties to provide a more
comprehensive understanding of the valve’s performance under
diverse conditions. Through such efforts, the wedge-type gate
valve can be refined to meet the demands of modern industrial
systems while minimizing maintenance and operational costs.

The simulation of turbulent viscosity distribution (Figure 6)
at the semi-open position of a wedge-type gate valve reveals
critical insights into how turbulence affects fluid dynamics and
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Simulated turbulent viscosity distribution at semi-open position
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viscosity downstream. Flow
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and its material durability.
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Figure 6. Turbulent viscosity distribution at semi open position of gate valve

Rysunek 6. Rozktad lepkosci turbulentnej w pozycji pototwartej zaworu zasuwowego

the valve's performance. Turbulent viscosity is a measure of the
fluid’s resistance to deformation due to turbulent eddies, and
it provides a quantitative understanding of energy dissipation
and shear forces within the flow. In the semi-open position, the
interaction between the fluid and the valve geometry creates
a complex flow environment where turbulent viscosity plays
a crucial role.

The simulated distribution highlights areas of high and low
turbulent viscosity within the valve. In the central region of
the valve, where the fluid accelerates through the narrowest
passage created by the semi-open wedge, turbulent viscosity
is elevated. This increase is due to the intensified interaction
of fluid layers, which creates larger eddies and higher energy
dissipation rates. The high turbulent viscosity in this region
correlates with higher shear stress and increased wear potential
on the valve surfaces.

Towards the edges of the wedge, the turbulent viscosity
decreases as the flow transitions into areas of lower velocity
and reduced turbulence intensity. However, localized peaks in
turbulent viscosity are observed near the wedge edges, where
flow separation and eddy formation occur. These localized
increases are significant because they indicate regions where
turbulence causes irregular forces that can contribute to wear
and erosion over time. The semi-open position amplifies turbu-
lence due to the sharp constriction and subsequent expansion
of the fluid flow. The wedge geometry plays a critical role in
shaping the turbulent viscosity distribution. As the fluid enters
the narrow passage, the velocity gradient between the faster
central flow and the slower layers near the wedge surface
intensifies, leading to higher turbulent viscosity. Once the
fluid exits the constriction, the turbulence dissipates more
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The distribution of turbulent
viscosity has direct implications
for the valve's performance and
longevity. High turbulent vis-
cosity in the central region of the wedge indicates zones of
significant energy dissipation, which can lead to efficiency
losses. These areas also experience higher shear stresses, in-
creasing the risk of wear and erosion. The localized peaks near
the wedge edges are particularly concerning, as they represent
areas where turbulent forces may cause fatigue and material
degradation over time (Figure 7).

The turbulent viscosity distribution also highlights potential
challenges related to fluid-structure interaction. In regions with
elevated turbulent viscosity, the irregular forces exerted by
the fluid can induce vibrations in the valve components. Over
prolonged operation, these vibrations can contribute to material
fatigue, further compromising the valve’s structural integrity.
The simulation of the turbulent velocity field at the semi-open
position of a wedge-type gate valve provides a detailed view
of the fluid dynamics under turbulent flow conditions. This
analysis captures the fluctuations in velocity caused by the
interaction of the fluid with the wedge geometry, highlighting
regions of high energy dissipation and irregular flow patterns.
In the central region of the valve, the velocity is highest due to
the constriction created by the semi-open wedge. The turbulent
velocity field in this area exhibits significant fluctuations, as
the fluid is forced through the narrow passage, accelerating
and creating shear layers between faster-moving central flow
and slower-moving boundary layers near the wedge surfaces.
These fluctuations increase shear stress and contribute to wear
on the wedge and adjacent valve surfaces.

Near the edges of the wedge, the flow becomes more com-
plex. The sharp transitions at the edges cause flow separation,
leading to the formation of recirculation zones and turbulent
eddies. These areas show heightened velocity fluctuations,
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Figure 7. Turbulent velocity distribution at semi-open position of gate valve

Rysunek 7. Rozktad predkosci turbulencji w pozycji polotwartej zaworu zasuwowego

indicating localized turbulence. These recirculation zones are
critical, as they represent regions where the fluid's irregular
forces exert stress on the valve, potentially causing material
fatigue and erosion over time.

The semi-open position of the valve amplifies these effects
by creating a sharp gradient between high-velocity central
regions and low-velocity zones near the walls. This gradient
contributes to turbulent mixing, which increases energy dis-
sipation and reduces flow efficiency. These dynamics high-
light the importance of wedge geometry in shaping the flow
characteristics and mitigating turbulence. The simulation re-
sults emphasize the need for careful material selection and
design optimization to reduce the impact of turbulent velocity
fluctuations. High-risk areas, such as the central region and
wedge edges, should be reinforced with materials capable of
withstanding shear stresses and erosion. Additionally, design
adjustments to minimize flow separation and turbulence could
further enhance the valve's performance and longevity.

Results and discussion

The simulation results provide an in-depth understanding
of the tribological behavior of wedge-type gate valves under
various operational conditions, including thermal, mechani-
cal, and turbulent stress effects. Comparison of simulation
outcomes yields critical insights into the performance, durabil-
ity, and potential failure points of the valve components. The
simulations revealed that the working surfaces of the valve,
particularly the wedge and its seating areas, are highly sensi-
tive to operational stressors. Temperature-induced represents
a significant challenge, as changes in temperature affect the

contact pressure from the valve seats,
ensuring a tight seal under operational
pressure. On the other hand, thermal
stresses were most prominent near the edges, caused by steep
temperature gradients resulting from heat transfer within the
valve. These stress concentrations indicate areas prone to wear,
cracking, and eventual failure.

Comparatively, the thermal stress simulation highlighted
the role of temperature differentials in exacerbating wear, par-
ticularly at the wedge's edges and corners. Unlike mechanical
stress, which remained relatively uniform across the midsection,
thermal stress was more localized, highlighting the need for
thermally stable materials in critical zones. The interplay of
thermal and mechanical stresses underscores the importance
of optimizing both the material composition and the valve
design to mitigate wear.

The velocity field simulations at different time steps pro-
vided a clear view of the fluid dynamics within the valve,
particularly in its semi-open position. The transient velocity
analysis showed peak velocities near the central axis, corre-
sponding to areas where the fluid interacts most directly with
the wedge surface. These high-velocity zones were associated
with elevated shear stresses and increased wear potential,
particularly for fluids containing abrasive particles. The ve-
locity field also demonstrated smooth transitions across the
valve’s width, indicating effective flow management, though
perturbations near the wedge edges suggested opportunities
for design improvements to reduce turbulence. The streamline
simulations further highlighted the interaction between the fluid
and the valve geometry. The streamlines near the edges of the
wedge exhibited curvature and separation, suggesting local-
ized shear layers and potential turbulence. These effects were
more pronounced during transient flow, where fluctuations in
velocity dynamically adjusted the flow path, causing irregular
wear patterns on the wedge surface. This emphasizes the im-
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portance of maintaining a streamlined geometry to minimize
energy dissipation and wear.

The simulation of turbulent viscosity and velocity distribu-
tion at the semi-open position revealed the complexity of flow
behavior under turbulent conditions. The central region of the
valve experienced elevated turbulent viscosity, driven by intense
interaction of fluid layers and high energy dissipation. These
areas were also linked to higher shear stresses and wear risks.
Towards the edges, localized peaks in turbulent viscosity were
observed due to flow separation and eddy formation. These
regions are critical for maintenance and material reinforcement,
as they are likely to experience accelerated wear. The turbulent
velocity distribution mirrored these findings, with significant
fluctuations in velocity near the central axis and edges of the
wedge. These fluctuations are particularly detrimental when
combined with abrasive particles in the fluid, leading to erosive
wear. The sharp gradients between high-velocity and low-
velocity zones further highlight the need for precise design and
material enhancements to withstand turbulent forces.

The combined results from these simulations emphasize
the importance of material selection and valve design in miti-
gating tribological challenges. High-wear zones, identified in
both the stress and turbulence analyses, should be reinforced
with erosion-resistant coatings or advanced alloys capable
of withstanding mechanical, thermal, and turbulent stresses.
Adjustments to the wedge geometry, such as incorporating
curved surfaces or optimizing the wedge angle, could reduce
stress concentrations and improve flow uniformity, enhancing
overall efficiency and durability.

Conclusion

In this paper, the authors have examined the wear behavior
of'a wedge-type gate valve under the influence of mechanical,
thermal, and turbulent stressors. A SolidWorks model of the
valve was constructed, and a comprehensive simulation-based
review was performed on the hermetic elements and their
interaction with operational conditions. The study demon-
strated that the valve’s working surfaces, especially the wedge
and its seating regions, are prone to wear caused by thermal
disturbances and turbulent flow conditions. These stressors
significantly affect the expansion of the valve components
and the internal structure of the materials, leading to uneven
distributions of internal stresses. As a result, the structural
integrity of the valve is compromised over time, reducing its
operational reliability.

The interaction of the valve’s materials with wear mecha-
nisms under fluctuating temperature and flow dynamics was
analyzed through detailed simulations. The results included
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visual representations of relative pressure, temperature, veloc-
ity fields, turbulent viscosity, and turbulent length scales over
the hermetic elements in a semi-open position. Additionally,
graphical outputs for parameters such as dynamic viscosity,
specific heat, and thermal conductivity provided a deeper
understanding of how these factors contribute to wear. The
findings indicated that wear occurs more rapidly in high-stress
regions, particularly at critical points of surface temperature
thickening, where the interaction between thermal and me-
chanical stresses is most intense.

To address these issues, the study recommends the applica-
tion of temperature-resistant coatings and the optimization of
valve geometry to mitigate wear effects. The results underscore
the importance of improved material properties and structural
reinforcements in high-risk zones. Based on the conclusions,
further studies should focus on validating these findings through
physical experiments and investigating advanced methods for
surface reinforcement to extend the lifespan and improve the
reliability of wedge-type gate valves.

Nomenclatures

F —normal load [N]

F —applied normal load [N]

F, — frictional force [N]

H — hardness of the softer material [Pa]
K —dimensionless wear coefficient
N —normal force [N]

S —sliding distance [m]

V — wear volume [mm’]

u — coefficient of friction

o —radius of the contact area [m].

References

Hanief M., Charoo M.S., 2021. Archard’s wear law revisited to
measure accurate wear coefficient considering actual sliding
velocity. Materials Today Proceedings, 47(3). DOI: 10.1016/
j-matpr.2021.03.475.

Kansara P., Indrodia A., Diwan M., Raval J., Yadav N., Oza A.D.,
Kumar M., Shinde S.M., Parvez A., Makwana M., 2023.
Optimization of gate valve structure based on strength parameters
using finite element analysis. International Journal on Interactive
Design and Manufacturing, 17(8): 2541-2549. DOI: 10.1007/
$12008-022-01052-3.

Li W, LiD., Wang R., Fang D., 2013. Numerical simulation for ther-
mal shock resistance of thermal protection materials considering
different operating environments. The Scientific World Journal,
2013(11): 324186. DOI: 10.1155/2013/324186.

QianJ., Wei L., Jin Z., Wang J., Zhang H., Lu A., 2014. CFD analysis
on the dynamic flow characteristics of the pilot-control globe
valve. Energy Conversion and Management, 87: 220-226. DOI:
10.1016/j.enconman.2014.07.018.

Ri J.H., Ripeanu R.G., 2021. Modeling analysis of the valve flange
with octagonal ring gasket under the influence of temperature.
Scientific Bulletin of the University Politehnica of Bucharest,
Series D: Mechanical Engineering, 83(4): 239-252.



Ri J.H., Ripeanu R.G., 2022. Evaluation of the wear and corrosion
resistance of coated parallel gate valve. Tribology and Materials,
1(1): 11-20. DOI: 10.46793/tribomat.2022.002.

RiJ.H., Ripeanu R.G., Dinita A., 2020. Erosion modeling in parallel
gate valve. FME Transactions, 48(4): 808-815. DOI: 10.5937/
fme2004808H.

Ripeanu R.G., Ispas A., Ispas D., 2017. Experimental analysis of
axial and radial stress distribution in soft materials used for
petrochemical valve stem sealing package. IOP Conference
Series: Materials Science and Engineering, 174: 012004. DOI:
10.1088/1757-899X/174/1/012004.

Savkin A.A., Yatskikh I.A., Arinichev A.V., 2022. Tribological charac-
teristics of gas pipeline fittings with composite materials. Tribology
in Industry, 44(1): 87-95.

Yang Q., Zhang Z., Liu M., Hu J., 2011. Numerical simulation of
fluid flow inside the valve. Procedia Engineering, 23(2): 543-550.
DOI: 10.1016/j.proeng.2011.11.2545.

Zhou Q., Li S., Zhang K., Qin K., Lv M., Sun W., Yuan T., 2021.
Transitions of wear characteristics for rubber/steel seal pairs during
the abrasive wear process. Research Square, 1-27. DOI: 10.21203/
1s.3.15-260400/v1.

Zic E., Banko P., Lesnik L., 2020. Hydraulic analysis of gate valve
using computational fluid dynamics (CFD). Scientific Review

OFERTA BADAWCZA ZAKtADU

09/2025

Engineering and Environmental Sciences, 29(3): 275-288. DOI:
10.22630/PNIKS.2020.29.3.23.

Legislative acts and normative documents

GOST 4543-71, 1971. Alloyed Constructional Steels. Grades. State
Committee of Standards.

Jamaladdin Nuraddin ASLANOV, Ph.D.
Associate Professor at the Department of Industrial
Machines

Azerbaijan State Oil and Industry University

16/21 Azadliq Ave., AZ1010 Baku, Azerbaijan
E-mail: tribo72@mail.ru

=
l-A.

Khalig Sadig MAMMADOYV, M.Sc.

Doctoral student at the Department of Industrial
Machines

Azerbaijan State Oil and Industry University
16/21 Azadliq Ave, AZ1010, Baku, Azerbaijan
E-mail: khaligmammadov1993@gmail.com

OLEJOW, SRODKOW SMAROWYCH | ASFALTOW

opracowywanie i modyfikacja technologii wytwarzania:

» olejow podstawowych (bazowych), plastyfikatorow naftowych,

»

skowych,

oraz inhibitoréw oporéw przeptywu ropy naftowej,

» asfaltow drogowych i przemystowych,

»

»

innych specyfikéw asfaltowych;

opracowywanie zagadnieri zwiazanych z gospodarka olejami odpadowymi i odpadami rafineryjnymi;
sporzadzanie ekobilanséw proceséw technologicznych metoda Oceny Cyklu Zycia.

srodkéw smarowych: olejéw przemystowych i smaréw plastycznych,
woskow naftowych (parafin i mikrowoskéw), woskéw i kompozyciji specjalnych oraz emulsji wo-

dodatkéw stosowanych podczas wydobycia i transportu ropy naftowej i gazu ziemnego: inhibitoréw
korazji, inhibitoréw parafin, inhibitoréw hydratéw, inhibitoréw hydratéw i korozji, deemulgatoréw

olejéw technologicznych do obrébki metali: emulgujgcych i nieemulgujacych,

niskokrzepnacych ptynéw do chtodnic samochodowych i spryskiwaczy samochodowych;
specjalistyczne badania oraz ocena wtasciwosci fizykochemicznych i uzytkowych:

» grodkéw smarowych, smaréw plastycznych i olejéw przemystowych, silnikowych,

» woskow naftowych, woskéw specjalnych oraz kompozyciji i emulsji woskowych,

» asfaltéw drogowych i przemystowych oraz emulsji asfaltowych, roztworéw i mas asfaltowych oraz

Kierownik: dr inz. Stefan Ptak

Adres: ul. tukasiewicza 1, 31-429 Krakdw
Telefon: 12 617 7574  Faks: 12 617 7522  E- mail: stefan.ptak@inig.pl

N INSTYTUT NAFTY 1 GAZU
in — Panstwowy Instytut Badawczy

637



