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Methods of positioning the drive pulley to increase the efficiency  
of the belt transmission mechanism in oil pumping jacks
Metody pozycjonowania koła pasowego napędowego w celu zwiększenia wydajności 
mechanizmu przekładni pasowej w kiwonach

Alesker M. Aliyev

Azerbaijan State Oil and Industry University

ABSTRACT: This study delves into advanced methodologies for optimizing the positioning of the drive pulley to enhance the efficiency, 
reliability, and performance of belt drive mechanisms in oil pumping jacks. Recognizing the critical role of precise pulley placement, 
the research underscores its direct impact on system functionality, operational stability, and energy efficiency, which are essential for 
maintaining seamless industrial operations. The study systematically evaluates key configurations – including upper, lower, and horizontal 
placements – by assessing their influence on mechanical stability, power transmission capacity, and overall energy dynamics within the 
belt drive system. A comprehensive approach combining theoretical modeling with practical experimentation was employed to gain 
a holistic understanding of the operational dynamics associated with each configuration. Analytical models were developed to simulate 
belt tension, torque transmission, and stress distribution, while experimental setups validated these models under real-world conditions. 
Key performance indicators such as: vibration levels, component wear rates, torque transmission efficiency, and energy distribution 
patterns, were meticulously analyzed. The study also considers external factors such as: environmental conditions, load variability, and 
operational cycles, which can affect pulley performance over extended operational periods. The findings reveal that precise alignment 
and strategic positioning of the drive pulley not only enhance the mechanical performance and reliability of oil pumping rigs but also 
contribute to substantial reductions in maintenance costs and operational downtime. Improved energy efficiency and optimized power 
transfer further translate to long-term economic and environmental benefits. This research provides practical guidelines for engineers 
and industry professionals, offering actionable insights into pulley design enhancements that support increased productivity and sus-
tained efficiency of belt drive systems in a wide range of industrial applications. These outcomes highlight the theoretical and practical 
significance of optimal pulley placement in achieving high-performance industrial systems.

Key words: drive pulley positioning, belt drive mechanisms, oil pumping jack, mechanical stability, energy efficiency, power transmission.

STRESZCZENIE: Niniejsze badanie analizuje zaawansowane metody optymalizacji położenia koła pasowego napędowego w celu 
zwiększenia wydajności, niezawodności i skuteczności działania mechanizmów przekładni pasowej w kiwonach stosowanych w przemyśle 
naftowym. Uwzględniając kluczowe znaczenie precyzyjnego rozmieszczenia kół pasowych, badanie podkreśla jego bezpośredni wpływ 
na funkcjonowanie układu, stabilność operacyjną oraz efektywność energetyczną, które są niezbędne dla zapewnienia nieprzerwanego 
działania procesów przemysłowych. W pracy systematycznie oceniono najważniejsze konfiguracje – w tym górne, dolne i poziome 
położenie – poprzez analizę ich wpływu na stabilność mechaniczną, zdolność przenoszenia mocy oraz ogólną dynamikę energetyczną 
w układzie przekładni pasowej. Zastosowano kompleksowe podejście, łączące modelowanie teoretyczne z eksperymentami praktycz-
nymi, w celu uzyskania pełnego zrozumienia dynamiki operacyjnej związanej z każdą z konfiguracji. Opracowano modele analityczne 
służące symulacji napięcia pasa, przenoszenia momentu obrotowego oraz rozkładu naprężeń, natomiast układy eksperymentalne 
potwierdziły poprawność tych modeli w warunkach rzeczywistych. Szczegółowej analizie poddano kluczowe wskaźniki wydajności, 
takie jak: poziomy drgań, tempo zużycia elementów, skuteczność przenoszenia momentu obrotowego oraz schematy rozkładu energii. 
W badaniu uwzględniono również czynniki zewnętrzne, takie jak: warunki środowiskowe, zmienność obciążenia i cykle pracy, które 
mogą wpływać na wydajność pracy koła pasowego w długim okresie eksploatacji. Wyniki badania pokazują, że precyzyjne ustawienie 
i strategiczne rozmieszczenie koła pasowego napędowego nie tylko poprawiają wydajność mechaniczną i niezawodność pomp kiwa-
jących, ale także prowadzą do znacznego obniżenia kosztów ich konserwacji i ograniczenia przestojów operacyjnych. Zwiększona 
efektywność energetyczna oraz zoptymalizowany transfer mocy przekładają się ponadto na długoterminowe korzyści ekonomiczne 
i środowiskowe. Badanie dostarcza praktycznych wskazówek dla inżynierów i specjalistów z branży, oferując użyteczne informacje 
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dotyczące ulepszania konstrukcji kół pasowych, wspierające wzrost produktywności i trwałej efektywności systemów przekładni paso-
wej w szerokim zakresie zastosowań przemysłowych. Uzyskane rezultaty podkreślają zarówno teoretyczne, jak i praktyczne znaczenie 
optymalnego rozmieszczenia kół pasowych dla osiągnięcia wysokowydajnych systemów przemysłowych.

Słowa kluczowe: pozycjonowanie koła pasowego napędowego, mechanizmy przekładni pasowej, kiwon, stabilność mechaniczna, 
efektywność energetyczna, przenoszenie mocy.

Introduction

Belt transmission systems are among the most reliable 
mechanisms for energy transmission in modern technology. 
The efficiency of these systems is influenced by several factors, 
including their design, pulley diameters, material selection, 
and, most importantly, the placement of the pulleys. Widely 
utilized in industries such as transportation, agriculture, oil 
and gas, and energy, belt transmission systems are essential 
for ensuring smooth and reliable operation.

A prominent application of these systems is found in the oil 
pumping jack, a mechanism extensively used in the oil industry 
to transmit significant mechanical forces. These machines are 
designed to prioritize durability and high energy transmission 
efficiency. The simplicity and operational effectiveness of 
belt transmission systems make them an integral part of oil 
pumping jacks. This study focuses on analyzing the impact 
of different driving pulley placements – horizontal, above, or 
below – on the performance of oil pumping jacks. The goal 
is to investigate the mechanical and mathematical principles 
underlying these configurations and evaluate their respective 
advantages and limitations.

Minimizing energy transmission losses, extending belt 
lifespan, and ensuring efficient load distribution are criti-
cal for optimizing modern technologies. The efficiency and 
durability of belt transmission systems are strongly tied to 
the correct placement of the pulley. Incorrect placement can 
result in increased mechanical loads, accelerated belt wear, 
and unnecessary energy losses. Hence, studying the scientific 
principles of optimal pulley placement is vital.

Improving the energy efficiency of belt transmission mecha-
nisms in oil pumping jacks, ensuring proper pulley placement, 
reducing additional stresses during power transmission, and 
achieving technological optimization are key priorities for 
modern industry.

The operation of pulley blocks relies on the effective trans-
mission of high tensions and significant mechanical forces 
through the belt. The performance of these systems is heav-
ily influenced by the placement of the driving pulley. In this 
study, the mechanical force balance, tension distribution, and 
energy losses associated with horizontal, upper, and lower 
placements of the driving pulley are analyzed using mathemati-
cal modeling. For each configuration, the study evaluates the 

minimum tensions and tensile forces experienced by the belt, 
providing a comprehensive understanding of the factors that 
impact efficiency and durability.

Literature review

Belt transmission systems have been the subject of exten-
sive scientific research, with primary focus areas including 
the development of advanced belt materials, optimization of 
pulley cross-section profiles, and improvements in transmis-
sion efficiency. Numerous international studies have proposed 
innovative models aimed at enhancing the power transmission 
capacity and durability of belt mechanisms.

In recent literature, research on the belt transmission mecha-
nisms of crankcase machines has predominantly focused on 
material optimization and improving mechanical durability 
(Aliverdizade  et al., 1959). While significant progress has 
been made in these areas, comparatively little attention has 
been given to the mechanical effects and dynamic behavior 
associated with pulley placement (Janahmadov et al., 1999).

This study aims to fill this gap by introducing new ap-
proaches tailored to the operational principles of crankcase 
machines, leveraging existing theoretical and experimental 
knowledge. By focusing on the impact of pulley positioning, 
this research contributes to a deeper understanding of the fac-
tors influencing efficiency and reliability in belt transmission 
systems.

Today, oil pumping jacks continue to be indispensable in 
the oil industry, with ongoing innovations aimed at enhancing 
their performance and adaptability to modern challenges (RTM 
3758-19-81, 1981). Modern oil pumping jacks are indispensable 
tools for optimizing production in oil fields. These advanced 
systems are designed to meet the demands of contemporary 
oil extraction processes. Equipped with sophisticated comput-
ers and sensors, modern oil pumping jacks enable continuous 
monitoring and optimization of the production process. These 
systems ensure precise control over operations, improving 
efficiency and reducing downtime. Enhanced balanced mecha-
nisms have significantly reduced energy consumption, making 
modern oil pumping jacks more sustainable and cost-effective. 
The use of advanced materials, such as high-strength steels and 
composites, extends the service life of these systems, ensur-
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ing long-term reliability even under demanding conditions. 
Modern designs prioritize minimizing environmental impact, 
incorporating features that reduce noise, emissions, and poten-
tial leaks during operation. Advantages of oil pumping jacks:
•	 	simple and reliable mechanical structure;
•	 	long service life with minimal maintenance requirements;
•	 	capability for efficient production from deep wells.
Oil pumping jacks are widely used in the following contexts:
•	 	they are highly effective in wells with low production rates, 

offering a cost-efficient extraction solution;
•	 	designed to provide high traction, these systems excel in 

oil extraction from deep reservoirs, ensuring consistent and 
reliable performance;

•	 	when combined with rod pump mechanisms, oil pumping 
jacks serve as an alternative production method, particularly 
in scenarios where gas lift systems may not be feasible.
The introduction and advancement of modern oil pumping 

jack machines have significantly enhanced the productivity 
of the oil industry, reduced operational costs, and minimized 
environmental risks. These innovations have established oil 
pumping jacks as an indispensable technology in contemporary 
oil production.

Extensive scientific research has been conducted on the 
design, material selection, and wear analysis of V-belt trans-
mission mechanisms commonly used in jacking machines. 
Below, some of the most notable contributions in this field are 
highlighted. Several important studies have been conducted 
on the design, material selection, and wear analysis of V-belt 
transmission systems. Feng et al. (2020) provided a compre-
hensive analysis of the design principles and performance 
characteristics of V-belt transmission systems used in oil pump-
ing jacks, offering valuable insights into their application and 
optimization, also compared the mechanical properties, fatigue 
resistance, wear resistance, dimensional stability, processability, 
and environmental factors of different pulley materials. Feng 
et al. (2020) emphasized that materials resistant to high stress, 
fatigue, and wear can significantly enhance the durability of 
V-belt pulleys. Shim and Kim (2008) explored methods to 
increase the durability of V-belt transmission systems through 
optimized pulley design, highlighting the benefits of improved 
geometry and material selection. Ching (2023) modeled the 
stress distribution in pulley systems using the finite element 
method (FEM). Based on the results, the researcher provided 
recommendations for enhancing the structural integrity and 
performance of the design. These studies offer valuable insights 
into pulley design, material selection, and wear analysis, all 
of which play a crucial role in enhancing the efficiency and 
prolonging the service life of V-belt transmission mechanisms in 
oil pumping jacks. Issues related to the influence of mechanical 
and technological factors on the performance and maintenance 

of the service life of pumping jacks were also considered by 
Aliyev and Aliyeva (2023) and Aliyev et al. (2024). Belov 
(2017) developed a mathematical model of a belt drive, allow-
ing theoretical evaluation of the traction capacity of the belt and 
the rational operating mode in the elastic slip zone. The Author 
indicated that the efficiency coefficient reaches its maximum 
at such a load, when the coefficient of adhesion reserve on one 
of the pulleys decreases to the minimum permissible value.

Kulikov and Sinyavskiy (2011) noted that power losses 
in belt drives can be divided into two categories: torque and 
speed losses. The former arises from energy losses due to the 
bending of the belt around the pulley, which means that the 
more force is expended to bend the belt, the greater the power 
loss. Speed losses arise due to belt slippage. Accordingly, power 
losses can be avoided by increasing the coefficient of friction 
between the V-belt and the pulley.

A three-dimensional dynamic finite element model was built 
to study the stress distribution in V-ribbed belts. The stress at 
the belt rib tips depends on tension in the belt, pulley contact 
friction coefficients, rib rubber properties, pulley diameter 
and belt wrap angle. Finite element modeling was used to 
determine the stress dependence on these parameters. Results 
from the analysis are used to adjust drive system parameters, 
belt tension, and wrap angle to reduce belt wear and increase 
fatigue life. This model can also be used to evaluate other 
factors in the drive system, including belt strength and slip 
(Shen et al., 2002).

The work by Mamatova and Djuraev (2019) presents ways 
of the wide use of belt drives with variable and toothed gear ra-
tios in drive mechanisms of technological machines. Analytical 
methods for determining the rigidity of the elastic elements 
of the driven pulley and tension roller are given. Based on the 
analysis of the constructed dependencies, the recommended 
values of the parameters of the considered belt drive for drives 
of technological machines are substantiated.

Ideally, the maximum force to be transmitted corresponds to 
the maximum static friction force acting between the belt and 
pulley. If the force to be transmitted is greater than the static 
friction force, the belt slips over the pulley and only the lower 
sliding friction force is effective (called sliding slip). Because 
of the relative motion between belt and pulley, the belt wears 
very heavily and becomes unusable in a very short time. Using 
the response curve, one may estimate the degree of speed 
loss for similar belt-drives with operating conditions within 
the range considered in the present study (Balta et al., 2015).

Traditional reliability models of belt drive systems in fatigue 
failure mode are mainly based on the static stress-strength inter-
ference model and its extended models, which cannot take into 
account the dynamic factors in the service life and be used for 
further availability analysis. Time-dependent reliability models, 
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failure rate models, and availability models of belt drive sys-
tems are developed based on the system dynamics equations, 
taking into account dynamic stress and material degradation. 
The proposed models take into account the dynamic failure 
dependence and imperfect maintenance (Gao et al., 2019).

In most modern pumping units, a four-link articulated crank 
mechanism is used as a converting mechanism, driven by an 
asynchronous motor via a V-belt transmission. The greatest 
energy losses occur due to belt slippage caused by weakening 
of their tension. To maintain stable and efficient operation of 
the drive, periodic monitoring and adjustment of belt tension 
is required (Urazakov et al., 2018). Belov (2017) developed a 
mathematical model of a belt drive, which is based on a newly 
obtained equation of the relationship between the speeds of 
the points of the leading and driven branches of the belt and 
the equations of motion of the belt as a continuous medium.

Methods

The selection of the pulley placement – horizontal, above, 
or below – in the belt drive system of an oil-pumping jack is 
governed by a combination of engineering and physical prin-
ciples. These principles are designed to optimize the energy 
efficiency, transmission stability, wear rate, and overall reli-
ability of the system.

The minimum additional tension in the belt drive is pri-
marily influenced by factors such as belt tension, pulley radii, 
transmitted power, and rotational speed. This tension is de-
termined by the differences in belt tension and the centrifugal 
forces generated during pulley rotation. Properly accounting for 
these factors ensures optimal performance and longevity of the 
system. Here is a clear and precise version of the mathematical 
expression for determining tensions in the belt drive system:

Tensions in the belt strands (T1 and T2)
The tensions in the driving (T1) and driven (T2) sides of the 

belt are given by the following equation:
	 T1 – T2 = P/v	 (1)
where:
P – the transmitted mechanical power,
v – the linear speed of the belt (v = ωR, where: ω – the 

angular velocity of the pulley and R – the radius of the 
pulley).

Tension ratio in the belt strands
The ratio of the tensions in the driving (T1) and driven 

(T2) sides of the belt is a function of the coefficient of friction 
between the pulley and the belt, as well as the angle of contact:
	 T1 /T2 = eμφ	 (2)

where:
μ – the coefficient of friction,
φ – the angle of contact between the belt and the pulley,
e – the base of the natural logarithm.

Centrifugal force-induced tension
When the belt moves at high angular speed, the centrifugal 

force generates additional tension. This tension depends on the 
mass of the belt material:
	 Fc = ρv2/g	 (3)
where:
Fc – the additional tension caused by the centrifugal force,
ρ – the mass density of the belt,
v – the linear speed of the belt,
g – the acceleration due to gravity.

Total tension
The tension in the driving side (T1) and the driven side (T2) 

of the belt, considering the additional tension caused by the 
centrifugal force, are expressed as follows:
	 T1 = F0 + Fc	 (4)
	 T2 = F0 – P/v	 (5)
where:
F0 – the initial tension of the belt at installation (the adjusta-

ble tension of the belt),
Fc – the additional tension caused by centrifugal force,
P – the transmitted power.

Wear and losses should be minimized by selecting materials 
with a higher coefficient of friction; the difference between 
T1 and T2 can be reduced, improving the efficiency of power 
transmission. When construction constraints allow, using pul-
leys with larger radii can reduce the centrifugal force acting on 
the belt, thereby minimizing additional stresses. Excessively 
high linear speeds (v) increase the centrifugal force, which can 
lead to additional wear and energy losses. Medium speeds are 
more suitable for efficient torque transmission.

These principles form the basis of a mathematical approach 
to evaluating and minimizing additional tension in belt trans-
mission systems. Additionally, dividing the acting forces by 
the belt's cross-sectional area provides corresponding stress 
values for more precise analysis. Finally, the placement of the 
pulleys – whether the line connecting their centers is horizontal, 
vertical, or inclined downward – should be carefully considered 
for optimal system performance.

Let's consider the horizontal arrangement of the drive pulley.

Scientific Basis
In a horizontal configuration, the weight of the belt is evenly 

distributed, resulting in minimal additional tension. This ar-
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rangement stabilizes tension distribution within the belt and 
ensures minimal wear, enhancing the system's efficiency and 
longevity (Figure 1).

Application benefits
Placing both pulleys at the same height prevents the belt 

from deviating from its central alignment, reducing vibrations 
and instability. This configuration ensures long-term reliability 
and smooth operation.

The scientific and mathematical justification for the hori-
zontal placement of the driving pulley is based on the balance 
of forces, the effects of centrifugal forces, and the impact of 
weight within the belt transmission mechanism. This arrange-
ment is recognized as an optimal solution to enhance system 
efficiency and minimize wear.

Here’s the refined version of the mathematical justification 
for horizontal placement:
1.	 	Tension distribution in the belt

The tension difference in the belt is influenced by the po-
sition of the driving pulley. In the horizontal configura-
tion, the weight is evenly distributed on both sides of the 
belt, minimizing the tension difference. The ratio of belt 
tensions is given by equation (2). In the horizontal posi-
tion, the contact angle (θ) between the pulley and the belt 
is maximized. This leads to a greater frictional force and 
ensures a more stable tension distribution across the belt.

2.	 	Effect of centrifugal forces
When the drive pulley rotates, a centrifugal force is gen-
erated in the belt. This force can cause the belt to deviate 
from its trajectory and cause uneven tension distribution:

	 Fc = (mv2)/R	 (6)
where:
Fc – the centrifugal force,
m – the mass of the belt,
v –  the linear velocity of the belt, 
R – the radius of the pulley.

In the case of horizontal placement, there is no additional 
force due to weight (compared to vertical placement), and 

the effects caused by centrifugal force are minimal. This 
ensures an even distribution of tension in the belt.

3.	 	Weight effect and pulley placement
In vertical or inclined configurations, the weight of the 
belt contributes additional tension, expressed as:

	 Fa = mg	 (7)
where:
Fa – additional tension caused by the weight.

In the case of horizontal placement, the line connecting 
the centers of the pulleys aligns with the horizontal axis, 
making sinθ = 0. As a result, the tension caused by the 
belt’s weight is uniformly distributed and minimal. This 
reduces the overall stress on the system, leading to lower 
wear and tear, and enhances the longevity and efficiency 
of the mechanism.

4.	 	Mathematical expression of minimum additional tension
In the horizontal configuration, the additional tension in 
the belt is minimized and can be expressed as:

	 Fadd = (ρv2)/g + Fa	 (8)
where:
Fadd – total additional tension in the belt.

In the horizontal position, it remains constant because the 
pulley distributes the weight evenly along the belt. Thus, the hor-
izontal placement of the driving pulley offers several advantages:
•	 	it minimizes additional tension caused by weight,
•	 	it reduces the impact of centrifugal forces, ensuring a uni-

form tension distribution,
•	 	it decreases wear and energy losses, improving the efficiency 

and durability of the system.
The mathematical analysis demonstrates that horizontal 

placement is the optimal configuration for enhancing the per-
formance of the belt transmission mechanism. 

Let's look at the case where the drive pulley is placed at 
the top.

Scientific Basis
Positioning the driving pulley above utilizes the additional 

forces generated by the weight of the belt, creating a natural 
tensile effect on the system. This configuration can be particu-
larly advantageous for systems requiring high transmission 
power, as it enhances the driving force applied to the belt.

Application benefits
Placing the heavier driven pulley below provides improved 

mechanical stability, reducing the chances of system imbal-
ance. Additionally, the upper placement of the driving pulley 
allows the system to harness the forces arising from the belt’s 
weight to enhance power transmission efficiency. This makes 

Figure 1. Horizontal placement of pulleys
Rysunek 1. Poziome rozmieszczenie kół pasowych



NAFTA-GAZ

610

NAFTA-GAZ

610

the arrangement suitable for heavy-duty applications where 
higher transmission power is necessary (Figure 2).

The mathematical justification for such a solution is mainly 
based on the balance of force effects and belt tension.
1.	 	Belt tension balance

When the driving pulley is placed at the top, the weight 
of the belt acts as an additional tension force, effectively 
enhancing the overall tension stability of the system. The 
tension balance in this configuration is governed by the 
relationship expressed in equation (2). In this scenario, 
the weight contributes to stabilizing the slack side tension 
(T2), preventing it from increasing significantly, while 
maintaining greater stability for the tight side tension 
(T1). This stability ensures higher transmission power and 
allows the system to operate efficiently under increased 
load conditions.
The added force from the belt's weight effectively as-
sists in maintaining optimal tension distribution, reducing 
slippage, and maximizing power transfer efficiency. This 
makes the upper placement of the driving pulley particu-
larly advantageous for systems requiring robust perfor-
mance and high-power transmission.

2.	 	Additional effect of weight
When the driving pulley is placed at the top, the weight of 
the belt acts as an auxiliary force aligned with the direc-
tion of belt movement. This effect can be quantified as:

	 Fweight = mg sin θ	 (9)
where:
Fweight – the force due to the weight component,
θ – the angle of inclination of the belt with respect to the 
horizontal.

In this configuration, the weight component, Fweight, pro-
vides additional assistance to the belt movement, effec-
tively reducing the energy input required to maintain the 
system’s operation. This auxiliary force enhances the 
overall energy efficiency of the transmission mechanism 
and reduces the mechanical strain on the driving pulley. 
By leveraging this natural force, the system achieves 
smoother operation with potentially less wear on critical 
components, making the upper placement of the driving 
pulley particularly advantageous in systems designed for 
high-efficiency performance.

3.	 	Effect of centrifugal forces
Centrifugal force, expressed by equation (6), plays a sig-
nificant role in the rotational dynamics of the belt. When 
the driving pulley is positioned at the top, the weight of 
the belt acts in the same direction as the centrifugal force. 
This alignment provides additional stability by reducing 
fluctuations caused by dynamic forces. At higher rota-
tional speeds, the combined effect of the belt’s weight 
and centrifugal force ensures a more consistent and stable 
belt trajectory. This stability minimizes the risk of slip-
page, reduces vibration, and enhances the reliability of the 
transmission system.
The upper placement of the driving pulley is particularly 
advantageous for applications requiring high-speed oper-
ation, as it utilizes natural forces to maintain balance and 
reduce wear on the belt and pulley system.

4.	 	High transmission power
When the driving pulley is placed in the upper position, 
the effect of the belt's weight contributes to the tension in 
the leading arm (T1) while maintaining the stability of the 
tension in the following arm (T2). This configuration sup-
ports higher transmission power. The transmission power 
is given by:

	 P = T1 v	 (10)
In the upper placement configuration, the additional 
force resulting from the belt’s weight increases T1. Con-
sequently, the system’s capacity to transmit power also 
increases. This arrangement is particularly beneficial for 
applications requiring higher power transmission, as it ef-
fectively utilizes the weight-induced forces to enhance the 
system’s efficiency and performance. Furthermore, the in-
creased T1 ensures that the belt remains securely engaged 
with the pulley, reducing the likelihood of slippage and 
ensuring consistent energy transfer.

5.	 	Energy efficiency and high-power transmission
Placing the drive pulley at the top leverages the belt's 
weight as an additional force to facilitate its motion. This 
configuration maintains higher tension on the leading side 
(T1), while ensuring minimal increase in the tension on the 

Figure 2. Positioning the drive pulley at the top 
Rysunek 2. Umieszczenie koła pasowego napędowego na górze
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following side (T2). As a result:
•	 	Wear is minimized: By avoiding excessive tension in T2, 

the belt experiences reduced stress and wear.
•	 	Higher transmission power is maintained: The increased 

T1 supports more efficient power transfer as expressed by 
equation (10).
The upper placement enables the system to utilize the 

gravitational force effectively, thereby improving power ef-
ficiency. This configuration is particularly advantageous for:
•	 	Heavy-duty applications: Where high loads and transmis-

sion power are required.
•	 	Mechanisms with high loads: As the additional forces from 

weight enhance stability and energy efficiency.
Thus, positioning the drive pulley at the top can be an opti-

mal solution for maximizing power transmission and improving 
energy efficiency in systems subjected to heavy operational 
demands.

Finally, let's look at the case of lowering the drive pulley.

Scientific basis
Lowering the drive pulley creates a balanced interaction 

between the belt's motion and its weight. This configuration is 
particularly beneficial for systems that require the transmission 
of large forces and need enhanced stability during operation. 
By positioning the drive pulley at the bottom, the weight of 
the belt acts against the direction of movement, introducing 
a damping effect that can improve operational stability.

Benefits of the application:
1.	 	Reduced tension on the belt: When the belt rotates from 

bottom to top, the lower weight of the belt operates under 
minimal tension. This helps in maintaining consistent per-
formance without overloading the system.

2.	 	Increased belt life: The reduced tension decreases the stress 
on the belt, significantly extending its operational life and 
minimizing maintenance requirements.

3.	 	Noise reduction: The damping effect created by the belt's 
weight reduces vibrations and noise during operation, mak-
ing the system quieter.

4.	 	Stable operation: The configuration enhances system stabil-
ity by balancing the forces involved, reducing the risk of 
misalignment and wear on critical components.
This arrangement is particularly suitable for mechanisms 

that prioritize durability and steady, reliable operation in heavy-
duty environments.

The lower location of the drive pulley is intended for sta-
ble balance and efficient power transmission in mechanical 
systems. This mainly minimizes the effect of the weight and 
movement of the belt on the tension balance and ensures high 
power transmission (Figure 3).

The mathematical justification for this is based on the fol-
lowing principles:
1.	 	Tension balance

Tension balance in belt systems is expressed by equation 
(2). When the drive pulley is placed at the bottom, the 
forces exerted by the weight (mg) are distributed equal-
ly on both sides of the belt. This maintains balance with 
minimal increase in T2 and increases the power transmis-
sion efficiency of the system.

2.	 	Balance of forces due to weight
When the drive pulley is located at the bottom, the weight 
of the belt acts equally on both sides, and this force cre-
ates minimal imbalance. This arrangement reduces en-
ergy losses when transmitting large forces, as it creates 
a stable balance in the direction of movement of the belt.

3.	 	Centrifugal forces of the belt
During the rotation movement, the belt is subjected to 
centrifugal forces. When the drive pulley is placed at the 
bottom, the centrifugal forces act in opposition to the 
gravitational forces exerted by the weight of the belt. This 
opposition creates a natural balance, minimizing tension 
fluctuations and stabilizing the belt's motion. As a result, 
the system operates more smoothly, reducing vibrations 
and mechanical wear. This configuration is particularly 
advantageous in systems operating at high speeds, as the 
balance between centrifugal and gravitational forces re-
duces the overall load on the pulley and enhances the du-
rability of the belt transmission mechanism.

4.	 	Energy efficiency
When the drive pulley is positioned at the bottom, the 
forces arising from the weight of the belt contribute posi-

Figure 3. Positioning the drive pulley below 
Rysunek 3. Umieszczenie koła pasowego napędowego na dole
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tively to the system's overall energy dynamics, without 
causing imbalance. In terms of energy, the system effi-
ciency can be expressed as:

	 E = T1 v – Fweight v	 (11)
where:
E – the energy consumed during transmission.

In this configuration, the weight of the belt reduces the 
overall tension required in the system by naturally balanc-
ing some of the forces. This leads to:
•	 	lower energy losses, as less additional tension is needed 

to overcome the weight effect;
•	 	improved energy efficiency, as the gravitational force 

aids in maintaining belt movement, reducing the load 
on the driving pulley.

By minimizing unnecessary energy expenditure and 
maintaining stable motion, the lower placement of the 
drive pulley enhances the system’s operational perfor-
mance and contributes to longer service life for the belt 
transmission mechanism.

5.	 	High power transmission capability
During the transmission of large forces, the tension bal-
ance in the system is expressed by the following equation:

	 P = T1 	 (12)
When the drive pulley is placed at the bottom, the differ-

ence between T1 and T2 is minimized. This reduces the risk 
of belt slippage or breakage, ensuring stable transmission  
of power.

The lower placement of the drive pulley provides the fol-
lowing benefits:
•	 	Balanced weight distribution: The weight of the belt is 

evenly distributed, which enhances system stability.
•	 	Reduced tension difference: A minimized difference in 

tension decreases the likelihood of mechanical failures.
•	 	Lower energy losses: The balanced forces reduce strain  

on the system, resulting in more efficient power transmis-
sion.
This configuration demonstrates that placing the drive pulley 

at the bottom ensures stability by balancing the belt's weight, 
minimizing tension differences, and reducing energy losses. 
These advantages make it an optimal solution for mechanisms 
that require high power transmission, providing a stable and 
efficient energy transfer system.

Considering belt slippage and stretching

In belt transmission systems, the primary energy losses 
occur due to slippage on the pulley surface and stretching 
of the belt. Proper alignment between the driving and driv-

en pulleys minimizes slippage and ensures efficient power  
transmission.

Correct placement of the pulleys contributes to the fol-
lowing benefits:
•	 	Reduced slippage: Optimized placement decreases the 

chance of the belt slipping on the pulley surface, which 
improves the transmission efficiency.

•	 	Consistent central alignment: Proper alignment ensures that 
the belt's central line remains straight, avoiding deviations 
that can lead to inefficiencies and wear.

•	 	Stable operational regime: Maintaining a stable belt path 
prevents oscillations and irregularities, enabling smoother 
and more reliable operation.
By addressing slippage and stretching, the system operates 

more efficiently, with reduced energy losses and longer belt 
service life. Proper pulley placement is essential to achieving 
these goals, ensuring minimal energy dissipation and stable 
functionality.

Force distribution and system balance

The distribution of rotational forces is a critical factor when 
choosing between upper, lower, or horizontal placement of the 
pulleys in belt transmission systems.

Horizontal arrangement
In high-speed belt transmissions, a horizontal configuration 

is often preferred. This setup prevents the centrifugal forces 
generated during rotation from disrupting the belt's central 
alignment, ensuring that the belt remains balanced and stable 
throughout operation.

Vertical or inclined arrangements
In systems requiring high power transmission or where 

weight distribution is advantageous, vertical or inclined place-
ments may be considered. However, these arrangements must 
compensate for additional imbalances caused by gravitational 
forces acting on the belt.

By carefully evaluating the placement of the drive and 
driven pulleys, the system achieves optimal balance and force 
distribution, minimizing energy losses and mechanical wear 
while ensuring reliable operation.

Practical applications

Horizontal placement
Horizontal placement is ideal for systems with light loads 

where stable and consistent operation is required. This con-
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figuration minimizes additional tension and ensures balanced 
force distribution, making it suitable for precision mechanisms 
and small-scale applications.

Placement of the driving pulley at the top
This placement is used in systems with higher weight and 

torque requirements. The additional force generated by the 
weight of the belt enhances tension on the driving side, increas-
ing power transmission capacity. This placement is commonly 
found in heavy-duty machinery and high-torque applications.

Placement of the driving pulley at the bottom
This placement is suitable for scenarios where the belt’s 

weight is significant and system stability is critical. This con-
figuration ensures balanced weight distribution, reduces wear 
and tear, and improves operational reliability. It is often em-
ployed in large-scale or high-power systems where durability 
is a priority.

Let's consider the belt drive of a converter mechanism used 
in the oil industry.

Many industrial machines and mechanisms utilize the 
configuration illustrated in Figure 4. This arrangement offers 
significant advantages in terms of belt drive positioning and 
optimal tension management.

This approach minimizes the risk of belt slippage, reduces 
energy losses, and enhances the reliability of machinery.

The placement of pulleys in pump jack machines is designed 
to optimize mechanical power transmission and ensure the 
proper functioning of the system. The main advantages of this 
configuration are as follows:
1.	 	Transmission of Torque: The pulleys transfer power from 

the motor to other mechanical components via the belt. This 
specific arrangement ensures stable and efficient torque 
transmission. It aids in the proper distribution of tension 
within the system and prevents belt slippage.

2.	 	Alignment of the Motor and Mechanism: There may be 
height and angle differences between the motor and the main 
mechanism. The pulleys compensate for these differences, 
creating a proper linear transmission path and maintaining 
system efficiency.

3.	 	Management of Belt Tension: By positioning the pulleys in 
this manner, appropriate tension is applied to the belt. Proper 
tensioning minimizes transmission losses and enhances the 
system’s stability and reliability during operation.

4.	 	Reduction of Vibration and Mechanical Stress: The stra-
tegic placement of pulleys at optimal angles and distances 
reduces vibration and mechanical stress. This contributes 
to the machine’s longevity and ensures smooth operation 
over extended periods.

5.	 	System Balance: Such an arrangement ensures the me-
chanical system operates in a balanced manner, preventing  
undue stress on components and improving overall per-
formance.
This configuration is specifically chosen to enhance ef-

ficiency, minimize wear and tear, and provide reliable op-
eration in industrial applications like pump jack machines. 
Depending on the value of θ \ theta θ, various implementations 
can be adopted. For the constructions presented in Figure 5,  
the selection of θ comes with a number of advantages and 
disadvantages.

Advantages
1.	 	Improved Power Transmission: Optimal θ values increase 

the contact angle between the belt and the pulley, which 
enhances friction and reduces slippage.

2.	 	Stable Operation: Proper θ selection ensures balanced ten-
sion distribution, minimizing vibrations and mechanical 
stress on the system.

3.	 	Energy Efficiency: Larger θ values allow for more efficient 
power transmission, as there is less energy lost to heat and 
mechanical inefficiency.

Disadvantages
1.	 	Complexity in design: Larger θ values might require ad-

ditional space or adjustments to pulley placement, compli-
cating the system design.

Figure 4. Positioning the drive pulley at the bottom
Rysunek 4. Umieszczenie koła pasowego napędowego u dołu
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2.	 	Increased wear: Overly large θ values can cause excessive 
belt tension, leading to faster wear and tear on the belt and 
pulleys.

3.	 	Mechanical limitations: For certain materials and belt types, 
achieving high θ values may not be feasible without com-
promising the system's durability.
This approach allows for efficient and customizable power 

transmission solutions, taking into account the specific require-
ments of the mechanism and operational conditions. In a belt 
drive system, the optimal angle between the line connecting the 
centers of the pulleys and the horizontal typically ranges from 
0° to 30° (Figure 5a). This angle improves belt efficiency and re-
duces frictional losses. Slippage in the belt system—particularly 
in areas marked by yellow arrows (Figure 5b)—is primarily 
caused by improper belt tension, installation errors, mechanical 
faults, or surface contamination. Insufficient tension reduces 
the frictional force between the belt and the pulleys, resulting 
in slippage and decreased power transmission efficiency. This 
is especially critical in high-speed machinery, where a loosely 
tensioned belt significantly amplifies slippage. Over time, belts 
lose elasticity and their ability to stretch, which can also lead 
to slippage. Additionally, wear on the belt or pulley surface, or 
the presence of contaminants, can reduce friction and impair 
proper contact, further increasing the risk of slippage. While 
low tension is a common cause of belt slipping, excessive 
tension can introduce uneven stress along the belt, potentially 
leading to unstable system operation.

The length of the belt and tension parameters must be 
considered. For long belts, a horizontal arrangement is more 
suitable, while for short belts, a vertical arrangement is prefer-
able. Placing the pulleys at an angle to each other can increase 
losses during rotational motion and reduce the lifespan of the 
belt. The simulation results are shown in Figure 6: torque: 
127.32 Nm; belt speed: 18.06 m/s. Figure 6 shows the distri-
bution of tensions along the belt. These results can be used 

Figure 5. Positioning the guide pulley at an angle θ below the horizontal line
Rysunek 5. Umieszczenie koła pasowego prowadzącego pod kątem θ poniżej linii poziomej

Figure 6. Transition graph from T1 to T2 for a single belt
Rysunek 6. Wykres przejścia od T1 do T2 dla pojedynczego pasa

Figure 7. Transition graph from T1 to T2 for three belts (z = 3)
Rysunek 7. Wykres przejścia od T1 do T2 dla trzech pasów (z = 3)

to evaluate the power transmission quality of the mechanism 
and to ensure the durability of the mechanical components. If 
the number of belts is assumed to be z = 3, this situation will 
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affect the torque of the mechanical system, the distribution of 
tension, and energy transmission (Figure 7).

The simulation results indicate that as the number of belts z 
increases, both the tension T1 on the driving side and T2 on 
the driven side decrease. This demonstrates that an increased 
number of belts provides a more balanced load distribution. 
As the number of belts increases, the efficiency of the system 
improves, as each belt carries less load and energy losses are 
reduced. In belt transmission systems, the tension in the belt 
arms depends on the design parameters of the system, the load, 
and the number of belts. The dependency on the number of 
belts can be mathematically expressed. The total tension in 
the belt arms is given by:

	 Ttotal = z ∙ Tsingle belt	 (13)

The tension in the arms of each belt is calculated using the 
following formula:
	 Tsingle belt = P/(v ∙ z)	 (14)
where: 
P – the power transmitted by the system, 
v – the speed of the belt.

Taking frictional forces into account, the maximum power 
(P) that can be transmitted by the pulley is defined as:
	 P = (T1 – T2) ∙ v	 (15)

Simulation results for power transmission, torque, and 
energy losses in a crank system for cases where the driving 
pulley is located above, horizontal, and below will be presented 
using follwing parameters: transmitted power 20 kW, motor 
shaft speed 1500 rpm, center-to-center distance 2160 mm, pul-
ley diameters: D1 = 230 mm, D2 = 430 mm.

Simulation process
The force balance and torque for each mechanism were 

calculated for three different positions of the driving pulley 
(above, horizontal, below). For each case, energy efficiency 
and belt tension were analyzed.

Results

The results regarding energy efficiency are shown on Figure 8.
•	 	In the above position, energy losses are minimal because 

the weight and tension of the belt are well-balanced.
•	 	In the horizontal position, energy losses are moderate.
•	 	In the below position, the weight of the belt adds extra 

tension, reducing energy efficiency.
1.	 	Tension distribution

Tensions along the belt vary for each case, with the fol-
lowing position showing the highest tension.

2.	 	Variation in torque
The output torque changes based on the position of the 
driving pulley, with the above position yielding optimal 
results.
The graphs (Figure 8) illustrate that the belt tension and 
the overall efficiency of the system in a crank mechanism 
vary based on the position of the driving pulley.
The tensions T1 (tight side) and T2 (slack side) change 
depending on the pulley position.
•	 	when the pulley is positioned above, gravitational force 

increases T1 but has less impact on T1;
•	 	when the pulley is positioned below, gravitational force 

reduces T1 and creates higher tension in T1.

Figure 8. Belt tensions and energy efficiency in all three positions
Rysunek 8. Napięcia pasa i efektywność energetyczna we wszyst-
kich trzech pozycjach

Figure 9. Dependence of the tension in the belt arms on their 
number
Rysunek 9. Zależność napięcia w ramionach pasa od ich liczby
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Efficiency varies with pulley positioning, as tension dif-
ferences influence energy losses.
•	 	the horizontal position allows for stable efficiency since 

the effect of gravitational force is minimized.
The dependency of belt tensions on the number of belts 

is depicted in Figure 9. The graph (Figure 9) shows that as 
the number of belts increases, the tensions on both sides, T1 
(tensioned side) and T2 (idle side), decrease.

This means that:
•	 	T1: Tensions on the tensioned side decrease significantly 

as the number of belts increases. This indicates that each 
belt provides a more balanced load distribution.

•	 	T2: Tensions on the idle side decrease less, but again, in-
creasing the number of belts improves load distribution.
As can be seen from the Figure 9, increasing the number of 

belts improves the overall tension balance of the mechanism 
and makes the system work more efficiently.

Efficiency is not usually directly dependent on the number 
of belts. Efficiency is more influenced by the overall design of 
the mechanism, friction, material quality, and proper adjust-
ment. While an increase in the number of belts generally helps 
with more even power distribution and increased stability,  
it may not result in significant changes in efficiency.

Depending on the material, when the number of belts in-
creases, elastic deformation can be distributed more evenly. 
This can reduce energy loss and improve efficiency. If the 
number of belts is low, slippage may be more pronounced, 
which increases losses. As the number of belts increases, slip-
page decreases, thereby slightly improving efficiency.

The overall formula for efficiency should indeed take into 
account various influencing factors:

	 η = = −
Useful Power
Input Power

Losses
Input Power

1

Friction losses are only one component. Losses can consist 
of multiple factors, such as:
•	 	Mechanical losses: friction; losses due to elastic deformation 

of the belt; vibrations in the pulleys, and material wear.
•	 	Aerodynamic or environmental losses: air resistance; ad-

ditional internal frictions within the system.
•	 	Dynamic loads: uneven tensioning of the belt (variability 

in load); uneven distribution of energy changes.

Discussion

The positioning of driving pulleys in various orientations 
relative to the driven pulley in pulley systems is critical for 
the efficiency and effectiveness of belt transmission systems. 
Research indicates that each configuration – driving pulleys 

positioned above, below, or horizontally – offers unique ad-
vantages and applications.

Advantages of upper positioning
Driving pulleys located above effectively utilize the forces 

generated by gravity, enhancing the power transmission of the 
system. This configuration is particularly efficient in high-
power-demand systems, especially in the oil and gas industry. 
It increases mechanical stability in heavy systems, ensuring 
the reliability and durability of the system.

Benefits of lower positioning
Driving pulleys positioned below ensure an even distribution 

of the belt's weight, which reduces energy losses and increases 
system efficiency. This is crucial for stable and reliable power 
transmission. This configuration is more effective in systems 
that require the transmission of large powers, as it minimizes 
the risk of belt slippage and breakage.

Importance of horizontal arrangement
Horizontal positioning provides stable operation in systems 

that work with lighter loads. This arrangement ensures the 
proper distribution of centrifugal forces during rotation, which 
increases the system’s efficiency.

Practical application and selection
The choice of each positioning configuration should be 

based on the system's requirements, the type of load, and the 
operating conditions. Each of the upper, lower, and horizon-
tal arrangements is designed for specific application areas,  
and their use significantly impacts the performance of the 
system.

In summary, understanding the nuances of each configura-
tion allows for optimized design and improved performance 
in belt transmission systems.

The proper placement of driving pulleys significantly en-
hances the power transmission efficiency and overall per-
formance of pulley systems in machinery. Future research 
could focus on further optimizing these configurations and 
the application of new technologies. Studies should aim to 
develop design principles that ensure the efficient operation 
of mechanisms while minimizing energy losses, thereby fa-
cilitating more efficient resource utilization. This will not only 
improve the effectiveness of manufacturing processes but also 
stimulate the advancement of modern technologies.

The rational placement of belt transmission mechanisms 
plays a critical role in enhancing power transmission effi-
ciency, particularly in agricultural machinery such as grain 
harvesters, cotton pickers, and similar equipment. Given the  
widespread use of belt drives in these systems, the proper 
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alignment and positioning of transmission components directly 
influence overall operational performance, vibration levels, 
and wear rates.

Conclusions

1.	 	The configurations of horizontal, upper, and lower place-
ments directly impact the energy efficiency of the mecha-
nism and the distribution of mechanical tensions. Horizontal 
placement reduces friction losses, while upper and lower 
placements help regulate energy consumption due to gravi-
tational effects.

2.	 	Accurately calculating the minimum tensions on the belt 
extends its lifespan and enhances the stability of the mecha-
nism. Maintaining the difference between tensions T1 and 
T2 at a minimum level ensures optimal operation of the 
system.

3.	 	Proper angular and distance placement of pulleys reduces 
mechanical vibrations, ensures system stability, and mini-
mizes energy losses.

4.	 	In belt transmission systems, the optimal angle formed by 
the line connecting the centers of the pulleys with the hori-
zontal line should be between 0° and 30°. This configuration 
enhances the efficiency of the system and reduces power 
transmission losses.

5.	 	Increasing the number of belts and optimizing the design 
of mechanical components contributes to improved power 
transmission efficiency and long-term sustainability of the 
mechanism.
These summarizations provide significant recommendations 

for engineers aimed at designing more efficient mechanical 
systems.
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