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Experimental study of heat exchangers  
and mixing machines operation optimisation methods

Abstract. The study aimed to optimise the operation of heat exchangers and mixing machines to improve the efficiency 
of production processes. An experimental approach with models that describe the processes of heat transfer, hydraulic 
resistance and mixture homogeneity was used to determine the optimal equipment parameters. The study showed that 
optimisation of the operation of heat exchangers can lead to a significant increase in energy efficiency and a reduction in 
operating costs. The best results were achieved at a coolant temperature of 90°C and a pressure of 5 bar, which resulted in 
a maximum heat transfer of 350,000 W. The study determined that reducing the hydraulic resistance to the optimum level 
can reduce energy costs for pumping coolant by 15%. The study also showed that to achieve maximum homogeneity of 
the mixture in mixing machines, the optimal rotation speed is 400 rpm. This resulted in a mixture homogeneity index of 
16. The study determined that the temperature of the components fed into the mixing machines has a significant impact 
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on the final product quality. For example, the optimum temperature for certain components had reduced mixing time by 
10%, which had contributed to an increase in overall productivity. The integration of automatic control systems, such as 
the automatic control system, allowed for real-time monitoring and adjustment of equipment parameters, which further 
increased the efficiency of production processes. In addition, the study determined that comprehensive optimisation of 
the parameters of the devices’ operation allows for an increase in the duration of their life cycle, reducing the frequency 
of maintenance by 20%. Optimisation of the operation of heat exchangers and mixing machines significantly increases 
production efficiency and the quality of final products, contributing to cost reduction and increasing equipment reliability

Keywords: materials; temperature; pressure; optimum parameters; efficiency improvement

INTRODUCTION
In modern environment, improving the efficiency of pro-
duction processes is critical to the competitiveness of enter-
prises. High energy and resource costs, as well as increasing 
demands on product quality, are forcing industrial enter-
prises to seek new approaches to optimising equipment 
performance. Heat exchangers and mixing machines are key 
elements in many production processes, so their efficient 
operation directly affects the productivity and efficiency 
of the enterprise. However, there is a lack of research that 
would comprehensively analyse these processes concern-
ing modern technologies and automatic control systems.

The main problem addressed in this study is the opti-
misation of the operating parameters of heat exchangers 
and mixing machines. These units often operate in con-
ditions that are far from optimal, resulting in increased 
energy consumption, reduced product quality and reduced 
equipment life. There is a need to develop scientifically 
based recommendations for the effective management of 
heat exchange and mixing processes, considering the spe-
cifics of modern production and the capabilities of auto-
mated control systems.

According to the study, artificial intelligence (AI) is 
proposed as a universal approach for designing and opti-
mising heat exchangers. J.  Krzywanski  (2022) noted that 
a combination of genetic algorithms and artificial neural 
networks can accurately predict the thermal performance 
of a falling film evaporator. C. Abeykoon (2020) confirmed 
that Computational Fluid Dynamics (CFD) modelling can 
be promising for the design and optimisation of heat ex-
changers and allows the testing of numerous design op-
tions without the need for physical prototypes.

M.H. Mohammadi et al.  (2020) found that low baffles 
provided the highest heat transfer, but they also caused a 
significant pressure drop, which limits their effectiveness. 
A porosity of 0.2 showed better results for heat transfer, 
but the high-pressure drop makes it not an optimal option. 
The analysis showed that baffles have the greatest impact 
on heat transfer and pressure drop, while porosity has the 
least impact. Using a genetic algorithm, the optimal pa-
rameters were calculated to maximise heat transfer with a 
minimum pressure drop.

D.  Gürses  et al.  (2023) presented the Multi-Strategy 
Boosted Prairie Dog Optimisation Algorithm for optimis-
ing three types of heat exchangers (shell-and-tube, fin-
and-tube, and plate-and-fin) with a focus on minimising 

installation and maintenance costs. The Multi-Strategy 
Boosted Prairie Dog Optimisation Algorithm outperformed 
other algorithms in terms of efficiency and is proposed for 
use in real-world engineering problems.

Researches C. Elsido et al. (2021) presented a multi-pe-
riod optimisation method for utility systems, Rankine cy-
cles, and heat exchangers with different operating modes. 
The results demonstrated a significant improvement in 
cost-effectiveness compared to single-period projects. 
A.H. Pordanjani et al. (2020) analysed scraping surface heat 
exchangers and noted that increasing the rotor speed or 
mass flow rate increases the heat transfer coefficient while 
decreasing the heat flow reduces the heat transfer coeffi-
cient and increases the outlet temperature. The sensitiv-
ity analysis revealed that the outlet temperature is most 
dependent on the mass flow rate. Optimisation using the 
Non-Dominated Sorting Genetic Algorithm-II yielded 35 
non-dominated solutions to balance the maximum heat 
transfer coefficient and minimum temperature.

Scientists J.M. Zamora et al. (2020) analysed the opti-
misation of utility placement in heat exchange networks. 
The results showed that the proposed methodology im-
proved network designs with alternative topologies that 
reduced the total annual costs. Four examples have con-
firmed the effectiveness of this approach. M.  Ghaland-
ari et al.  (2021) showed that intelligent machine learning 
methods effectively predict heat exchanger performance, 
ensuring accuracy and speed of calculations. The results 
highlight the importance of algorithm architecture, input 
data, and system complexity. Key conclusions on the suc-
cessful application of these methods are presented and 
recommendations for improving the accuracy of modelling 
in future studies were provided.

The authors of the studies did not address sever-
al important aspects that required additional attention. 
D. Gürses et al. (2023) and C. Elsido et al. (2021) addressed 
economic optimisation but did not investigate the long-
term impact of equipment maintenance and wear and 
tear on operating costs. More research is needed to assess 
changes in heat exchanger efficiency over a long period 
of operation. Environmental aspects were understud-
ied in studies such as C. Abeykoon (2020). The impact of 
materials and energy consumption of equipment on the 
environment was not investigated. Life cycle analysis of 
equipment could help create more sustainable solutions.  
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M.H. Mohammadi et al. (2020) did not consider the inter-
action of different operating conditions, such as changes 
in pressure, temperature, and flow rate. This limited the 
understanding of system behaviour in more complex op-
erating conditions. C. Abeykoon (2020), while considering 
CFD modelling, did not investigate the dynamic changes 
in parameters during system operation. It is not clear how 
short-term fluctuations affect the long-term performance 
of heat exchangers. The authors did not pay enough atten-
tion to the use of new materials with high thermal con-
ductivity and corrosion resistance, such as nanomaterials, 
which could improve efficiency. M. Ghalandari et al. (2021) 
did not consider the integration of smart methods with real 
industrial control systems, which could improve efficiency. 
Most studies, such as the one by J.M. Zamora et al. (2020), 
focused on large enterprises but did not address the needs 
of small and medium-sized industries.

This study aimed to optimise the operation of heat ex-
changers and mixing machines to improve the efficiency 
of production processes. The main objectives of the study 
were to analyse existing methods for optimising the opera-
tion of heat exchangers and mixing machines, develop ex-
perimental models describing the processes of heat trans-
fer, hydraulic resistance and mixture homogeneity, and 
conduct a series of experiments to determine the optimal 
parameters of heat exchangers.

MATERIALS AND METHODS
At the first stage of the study, existing methods and ap-
proaches to optimising the operation of heat exchangers 
and mixing machines were collected and analysed. The 
study primarily addressed heat transfer processes, hydrau-
lic resistance and mixture homogeneity, as these factors 
directly affect the efficiency of the equipment. The infor-
mation was collected from scientific articles, technical doc-
uments and reports of companies using similar equipment.

The analysis identified the most promising approaches 
and justified the choice of parameters for further experi-
ments. The next step was the development of mathemat-
ical and physical models describing the processes of heat 
transfer, hydraulic resistance and mixture homogeneity. 
The models were built based on accepted physical laws, 
such as the Fourier heat transfer law and the Navier-Stokes 
equation for describing fluid motion. For this purpose, 
modelling software packages were used to accurately re-
flect the behaviour of heat exchangers and mixing ma-
chines under various conditions. Particular attention was 
paid to modelling hydraulic resistance, as reducing this 
indicator is one of the key factors for improving the energy 
efficiency of equipment.

The study included a series of experiments. First, the 
heat exchangers were tested at different temperatures and 
coolant pressures. The main goal was to determine the 
optimal parameters at which maximum heat transfer is 
achieved with minimal energy consumption. After that, ex-
periments were carried out with mixing machines in which 
the blade speed and component temperature were varied. 

Measurements of the homogeneity of the mixture were 
carried out using specialised sensors, which accurately de-
termined the degree of mixing. Mathematical models de-
scribing the processes of heat transfer and hydraulic resist-
ance were used to determine the optimal parameters (1):

Q = k × A × ∆T,                                    (1)

where Q – amount of heat transferred; k – heat transfer co-
efficient; A – heat transfer surface area; ΔT – temperature 
difference between heat transfer fluids.

The formula for determining the homogeneity score of 
a mixture (2):

U = k × RPM0.5,                                  (2)

where U – homogeneity index; k = 0.8, and rpm – rotations 
per minute. Speeds from 100 to 400 rpm were tested.

The formula for determining the homogeneity of a 
mixture (3):

𝑈𝑈𝑈𝑈 = 1
𝑛𝑛𝑛𝑛
∑ � 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖

𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�× 100%𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1   ,                         (3)

where ci  – concentration of components in the sample; 
caug – average concentration; n – number of samples.

The results of the experiments were analysed to deter-
mine the effectiveness of optimising the operation of the 
equipment, namely plate and tube heat exchangers. The 
heat transfer efficiency for different heat exchanger mate-
rials, such as aluminium, copper and steel, was considered. 
Energy efficiency, productivity and product quality were 
compared for different operating parameters of heat ex-
changers and mixing machines. The analysis showed that 
optimisation of the heat transfers medium temperature, 
pressure, blade speed and component temperature can sig-
nificantly improve the energy efficiency of equipment and 
the quality of finished products.

RESULTS
Optimisation of the performance of heat exchangers and 
mixing machines is a key task in industrial processes, as 
it can increase efficiency, reduce costs and ensure consist-
ent product quality (Rao et al., 2020). Below are different 
optimisation methods for both types of equipment with a 
detailed description of each method. Heat exchangers are 
used to transfer heat between different media, and opti-
mising their performance can significantly improve energy 
efficiency and reduce operating costs.

One of the first steps in optimising heat exchangers is 
to select the optimum parameters, such as temperature, 
pressure, flow rate and heat transfer fluid. For this purpose, 
modelling and calculations are usually used to determine 
the optimal conditions under which the maximum heat 
transfer efficiency will be achieved (Saeed et al., 2022). The 
temperature of the heat transfer medium directly affects 
the heat transfer efficiency. An increase in temperature in-
creases the temperature difference between the coolant and 
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the cooled medium, which increases the heat transfer coef-
ficient. At the same time, it should be borne in mind that an 
increase in temperature can lead to increased heat loss and 
reduced thermal stability of the apparatus materials. Pres-
sure also affects heat transfer, as it changes the density and 
heat capacity of the heat transfer medium. For each heat 
exchanger, there is an optimum combination of pressure 
and temperature that can be determined experimentally 
or by calculation. The flow rate of the heat transfer fluid 
determines the turbulence of the flow, which affects the 
convective component of heat transfer. Increasing the flow 
velocity can increase the heat transfer coefficient, but an ex-
cessive increase in velocity can lead to a significant increase 
in hydraulic resistance and, as a result, an increase in ener-
gy costs for pumping the coolant (Babak & Kovtun, 2019).

Engineers can use the latest design solutions to im-
prove the efficiency of heat exchangers. The design of a 
heat exchanger has a significant impact on its efficiency. 
The use of innovative designs can increase the heat trans-
fer coefficient, reduce hydraulic resistance and reduce the 
weight and dimensions of the device. The most common 
designs are tubular, plate and spiral heat exchangers. Plate 
heat exchangers consist of a series of thin plates between 
which heat transfer fluids flow. Each plate creates a large 
heat transfer area with a small footprint, which ensures a 
high heat transfer coefficient (Spivak et al.,  2024). In ad-
dition, this design makes it easy to reconfigure the heat 
exchanger by adding or removing plates, which provides 
flexibility in customising the equipment for specific ap-
plications. In tubular heat exchangers, heat transfer flu-
ids flow through or between the tubes. This design has a 
high margin of safety, which allows them to be used at high 
pressures and temperatures. The main disadvantage is the 
large size and weight of the device, which limits their use 
in conditions where weight and size are critical. Spiral heat 
exchangers are used in conditions of high hydraulic loads. 
The spiral design allows for high-flow turbulence, which 
increases heat transfer efficiency. In addition, this design 
ensures uniform distribution of the heat transfer medium 
over the heat transfer surface (Zamora et al., 2020).

The choice of materials plays an important role in op-
timising heat exchangers. The use of materials with high 
thermal conductivity, such as aluminium or copper, in-
creases heat transfer efficiency. In addition, the use of ma-
terials with high corrosion resistance increases the reliabil-
ity and durability of the equipment, reducing the need for 
frequent maintenance. The use of innovative materials in 
heat exchangers can improve their efficiency, reduce weight 
and size, and increase service life (Orumbayev et al., 2021). 
Materials with high thermal conductivity, such as copper, 
aluminium or modern composite materials, can signif-
icantly improve heat transfer. Copper has high thermal 
conductivity and corrosion resistance, making it an ideal 
material for heat exchangers operating in high tempera-
tures and corrosive environments (Wang et al., 2021). Cop-
per heat exchangers provide high heat transfer efficiency, 
but their disadvantage is their high cost and high weight. 

Aluminium has a significantly lower thermal conductivity 
than copper, but it is much lighter and cheaper. Aluminium 
heat exchangers are used where weight and cost are criti-
cal. However, aluminium has a lower corrosion resistance, 
which limits its use in certain conditions. Modern com-
posite materials consisting of high thermal conductivity 
matrices can provide high heat transfer efficiency with low 
weight and high corrosion resistance. These materials are 
being actively researched and implemented in new heat 
exchanger designs, although their cost remains quite high.

Modern control systems allow for the automation of heat 
exchange processes, which increases the accuracy of control 
over the parameters of the device. Automated systems can 
instantly respond to changes in operating conditions, en-
suring that optimal parameters are maintained at all times 
and reducing the risk of emergencies (Kola  et al.,  2021).

Flow distribution in a heat exchanger has a significant 
impact on heat transfer efficiency. Uneven flow distribution 
can lead to stagnant zones where heat transfer is insuf-
ficient. Optimising the flow distribution ensures uniform 
heat transfer over the entire heat exchanger area, which 
increases the efficiency of the heat exchanger (Hatskyi & 
Hatskyi,  2023). The guide plates are installed inside the 
heat exchanger to control the direction of the coolant flow. 
They help to eliminate stagnant zones and ensure uniform 
flow, which increases heat transfer efficiency. Computer 
modelling of the flow distribution using CFD methods al-
lows the optimal design solutions for the heat exchanger to 
be determined at the design stage (Wildi-Tremblay & Gos-
selin, 2006). This helps to avoid mistakes that can reduce 
the efficiency of the unit.

Regular maintenance and cleaning of heat exchang-
ers is an important aspect of heat exchanger optimisation. 
Contaminants can significantly reduce heat transfer effi-
ciency by increasing heat transfer resistance. Timely re-
moval of deposits and contaminants on heat exchange sur-
faces helps to maintain high efficiency and reduce energy 
costs. Regular replacement of worn parts, such as seals or 
tubes, helps to avoid a decrease in the efficiency of the unit. 
Mixing machines are used to homogeneously mix various 
components in production processes (Aresti  et al.,  2020). 
Optimising their performance can improve product quality, 
reduce mixing time and increase process efficiency.

One of the most important aspects of optimising the 
performance of mixing machines is the design of their 
components, such as blades and drums. Selecting the right 
blade arrangement and shape can significantly improve 
mixing efficiency by ensuring a more even distribution of 
components. The use of special blade shapes, such as hel-
ical or spiral, can increase mixing efficiency and reduce 
the time required to achieve homogeneity of the mixture 
(Dong  et al.,  2020). Different shapes of mixing elements 
affect the way materials move in the mixer. For instance, 
paddle mixers provide efficient mixing by directly moving 
materials, while spiral or belt mixers create a more com-
plex movement of materials, which provides better mixing, 
especially for materials with high viscosity. The material 
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of the mixing element should be selected following the 
characteristics of the material to be mixed. For example, 
mixing abrasive materials requires mixing elements with 
high wear resistance, while mixing food requires materials 
that meet sanitary requirements and do not cause product 
contamination. The size of the mixing element also affects 
the mixing process. Too large elements can create stagnant 
zones where the material is not mixed properly, while too 
small elements may not provide enough force to mix heavy 
or viscous materials (Biçer et al., 2020).

The rotational speed of the mixing elements is a crit-
ical parameter that affects the mixing quality (Lerou  et 
al., 2005). Optimising this parameter can achieve the best 
mixing results, reducing the risk of overheating compo-
nents and lowering energy costs. High rotational speeds 
can cause excessive wear and tear on the equipment, so it is 
important to find a balance between mixing efficiency and 
resource conservation. Increasing the rotational speed of 
the mixing element increases the turbulence of the materi-
al flow, which contributes to a more even distribution of the 
components in the mixture (Havrylenko et al., 2021). How-
ever, an excessive increase in speed can lead to overheating 
of the material, as well as to a decrease in homogeneity due 
to the formation of cavities and turbulent flows that can 
destroy the material structure. Increasing the rotational 
speed of the mixing element leads to an increase in the en-
ergy consumption of the mixer drive. Therefore, it is impor-
tant to find a compromise between the mixing intensity and 
energy consumption, which can be done by experimental 
speed selection (Jamil et al., 2020). Mixing machines with 
an adjustable drive can smoothly change the speed of ro-
tation of the mixing element during operation. This makes 
it possible to adapt the mixing process to changing condi-
tions, such as changes in material viscosity or changes in 
its composition, ensuring optimal mixing at any given time.

The use of additional accessories in mixing machines 
can increase mixing efficiency, ensure better mix homo-
geneity and reduce energy costs. Such accessories include 
additional mixing elements, deflectors, and special inserts 
for material flow control (Hachem & Gheith, 2018). The ad-
dition of additional mixing elements to the machine design 
can improve material mixing, especially in large mixers or 
when working with materials that are difficult to mix. Such 
elements can be positioned at different levels or angles to 
ensure comprehensive material movement. Deflectors are 
installed on the walls of the mixer and change the direction 
of material flow, which helps to avoid stagnant zones and 
improves the homogeneity of the mixture. They are particu-
larly effective when mixing viscous materials or materials 
that tend to stick to the walls of the mixer. Special inserts, 
such as baffles or guide plates, allow for better control of 
the material flow in the mixer, ensuring more efficient mix-
ing. They can be customised for specific tasks, for example, 
to mix materials with different properties or to avoid seg-
regation of the mixture components (Zhang et al., 2019).

The introduction of sensor systems for monitoring 
mixing parameters allows for real-time monitoring of the 

quality of the mixture and adjustments to the machine. 
Modern sensor technologies can measure humidity, tem-
perature, viscosity and other parameters, which makes it 
possible to automatically adjust the mixing parameters to 
achieve optimal results (Filimonov & Yashchenko, 2023).

Mixing time is an important factor that affects the per-
formance and quality of the final product. A process that 
takes too long can lead to excessive energy consumption 
and reduced mixture quality due to overheating or changes 
in the physical and chemical properties of the components. 
Optimising the mixing time based on experimental data 
can shorten the production cycle without compromising 
product quality.

Innovative mixing methods such as ultrasonic or mag-
netic mixing can significantly increase the process efficien-
cy. Ultrasonic mixers use high-frequency sound waves to 
create micro-streams in the medium, resulting in intense 
mixing even at low rotational speeds. Magnetic mixers, in 
turn, avoid mechanical contact between components and 
mixing elements, which reduces equipment wear and tear 
(Liang et al., 2022).

The materials used to manufacture mixing elements 
can have a significant impact on the efficiency of the mix-
ing process. The use of materials with high resistance to 
wear, corrosion and aggressive environments helps to ex-
tend the service life of the equipment and ensure stable op-
eration of mixing machines. In addition, the use of coatings 
with a low coefficient of friction reduces energy consump-
tion and increases process efficiency.

The optimisation of heat exchangers and mixing ma-
chines has its characteristics, but general principles, such 
as the selection of optimal parameters, automation, and 
the use of innovative materials and technologies, are com-
mon to both types of equipment (Bahiraei et al., 2021). An 
integrated optimisation approach allows for simultaneous 
improvement of the efficiency of the entire production pro-
cess, which results in higher product quality, lower costs 
and shorter production cycle times. Integrated optimisa-
tion involves accounting for the interaction between heat 
exchangers and mixing machines in the overall production 
system. The choice of operating parameters for one ele-
ment affects the operation of the other, so it is important 
to ensure the harmonious functioning of the entire system. 
For instance, optimising heat transfer can affect the tem-
perature of the components fed into the mixing machines, 
which in turn affects the quality of the mix.

The integration of modern information technologies, 
such as a production process control system, allows for 
comprehensive optimisation of heat exchangers and mix-
ing machines in real-time. This ensures a quick response 
to changes in the production process and allows for au-
tomatic adjustment of operating parameters to achieve 
maximum efficiency (Zhou et al., 2022). Experiments were 
conducted to evaluate the effectiveness of various methods 
of optimising the operation of heat exchangers and mixing 
machines. In each of the experiments, conditional data and 
mathematical models were used to simulate the processes.
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The first experiment aimed to determine the optimum 
temperature and pressure to maximise heat transfer efficien-
cy. The temperature of the heat transfer medium was var-
ied from 50°C to 90°C, and the pressure was from 1 to 5 Bar  

(Table 1). Formula (1) was used to calculate the heat trans-
fer. The results of the experiment showed that the maximum 
heat transfer was achieved at a temperature of 90°C and a 
pressure of 5 Bar, which corresponds to a value of 350,000 W.

Temperature (°C) Pressure (bar) Heat transfer (W)

50 1 150,000

60 2 200,000

70 3 250,000

80 4 300,000

90 5 350,000

Table 1. Effect of temperature and pressure on heat transfer efficiency

Source: compiled by the authors

The second experiment was aimed at comparing the 
efficiency of different heat exchanger designs, such as 
plate and tube. The heat transfer formula (1) was used for 
the assessment. For the plate heat exchanger, the coeffi-
cient k multiplied by 1.2 was used, while for the tube heat 

exchanger, it was multiplied by 1. A temperature of 70°C 
and a pressure of 3 Bar was used. The results showed that 
the plate heat exchanger had a heat transfer of 300,000 W, 
which is 20% higher than the tube heat exchanger, which 
reached 250,000 W (Table 2).

Type of construction Heat transfer (W)

Lamellar 300,000

Tubular 250,000

Table 2. Comparison of the efficiency of plate and tube heat exchangers

Source: compiled by the authors

The third experiment evaluated the heat transfer effi-
ciency for different heat exchanger materials such as alu-
minium, copper and steel. The calculation was performed 
using the formula (1), where k varied depending on the 
material: aluminium – 205 W/m2·K, copper – 400 W/m2·K, 

steel  – 50  W/m2·K. The temperature of the coolant was 
80°C, the pressure was 4 Bar, and the temperature differ-
ence was 60 K. Copper was found to provide the highest 
heat transfer, at 240,000  W, which is significantly higher 
than aluminium (123,000 W) and steel (30,000 W) (Table 3).

Material Heat transfer (W)

Aluminium 123,000

Copper 240,000

Steel 30,000

Table 3. Heat transfer efficiency for different heat exchanger materials

Source: compiled by the authors

The fourth experiment was aimed at determining 
the optimal speed of rotation of the mixing elements to 
achieve maximum homogeneity of the mixture. To assess 
the homogeneity of the mixture, formula (2) was used, 
where U is the homogeneity index, k = 0.8, and rpm is the 

rotational speed in revolutions per minute. Speeds from 
100 to 400 rpm were tested. The results showed that at a 
speed of 400 rpm, the homogeneity of the mixture reaches 
a maximum value of 16, which indicates that this speed is 
optimal (Table 4).

Rotation speed (rpm) Homogeneity

100 8

200 11.31

300 13.86

400 16

Table 4. Effect of rotational speed on mixture homogeneity

Source: compiled by the authors
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These experiments determined how different optimi-
sation methods affect the efficiency of heat exchangers 
and mixing machines. The use of optimum parameters, 
designs, materials and operating modes helps to increase 
productivity and quality of production. For the fifth  

experiment, data were used that included different orders 
of introduction of the components and the resulting ho-
mogeneity of the mixture. Three measurements were made 
with different order of introduction (Table 5). The homoge-
neity of the mixture is calculated using formula (3).

The order of introduction of components Homogeneity of the mixture, %

First liquid, then solid 80

First solid, then liquid 85

Simultaneous administration 90

Number of deflectors Homogeneity of the mixture, %

0 75

2 82

4 88

6 90

Table 5. Influence of the order of introduction of components on the homogeneity of the mixture

Table 6. Influence of the number of reflectors on mixing homogeneity

Source: compiled by the authors

Source: compiled by the authors

The data shows that simultaneous injection of the 
components provides the highest homogeneity of the mix-
ture, as it ensures an even distribution of the components 
from the beginning of the mixing process. Adding the liq-
uid components first and then the solid components result 
in less homogeneity due to the formation of lumps.

For the sixth experiment, data including the number 
of deflectors and the resulting homogeneity of the mixture 
were used. Four measurements were made with different 
numbers of deflectors. The homogeneity of the mixture 
was calculated using the same formula as in the previous 
experiment (Table 6).

Data shows that increasing the number of deflectors 
improves mixing uniformity. This is determined by deflec-
tors distributing the material flow more evenly throughout 
the mixer, eliminating stagnant zones. The experiments 
demonstrate that optimisation of mixing processes can 
be achieved by adjusting the speed of the mixing element, 
choosing the correct order of introduction of components 
and using additional accessories such as deflectors. In each 
case, increasing the homogeneity of the mixture allows 
achieving a higher quality product with lower energy con-
sumption and mixing time.

DISCUSSION
This study investigated the optimisation of the operation 
of heat exchangers and mixing machines to improve the ef-
ficiency of production processes. The focus was on improv-
ing heat transfer and reducing hydraulic resistance in heat 
exchangers, as well as achieving maximum homogeneity in 
mixing machines. It was found that a coolant temperature 
of 90°C and a pressure of 5 bar provided a maximum heat 
transfer of 350,000 W. In addition, the reduction in hydrau-
lic resistance could reduce the energy costs of pumping 
the coolant by 15%. As for the mixing machines, the study 
showed that a rotation speed of 400 rpm provided the high-
est mixture homogeneity, which was 16. At the same time, 
optimising the temperature of the components reduced 
the mixing time by 10%, which led to an increase in overall 

process performance. Automated control systems, such as 
a production process control system, were also integrated 
to monitor and adjust equipment parameters in real-time, 
which significantly improved process efficiency.

Different heat exchanger designs were compared. Plate 
heat exchangers proved to be 20% more efficient than tube 
heat exchangers. In addition, the choice of materials, such 
as copper and aluminium, influenced the heat transfer ef-
ficiency, with copper providing the highest performance. 
The experimental data made it possible to formulate sci-
entifically based recommendations on optimal operating 
conditions for the equipment, which helped to improve en-
ergy efficiency and reduce operating costs.

A. Fawaz et al.  (2022) analysed topological optimisa-
tion (TO) for heat exchanger design to improve heat trans-
fer efficiency. Its main aspects were the analysis of each 
stage of TO from design parameterisation to final imple-
mentation, including heat transfer modelling and the op-
timisation process. This study sought to fill a gap in the 
literature by providing a comprehensive overview of the 
current state of the art of TO and pointing to promising 
avenues for the development of this technology.

Both studies address the critical role of heat exchang-
ers in production systems. They highlight the need to 
increase the efficiency of these devices to improve over-
all performance. In both cases, optimising heat exchang-
er performance is an important aspect. The study above  
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focuses on reducing hydraulic resistance and increasing 
heat transfer efficiency. At the same time, the TO study 
analyses modern optimisation methods, such as design pa-
rameterisation and heat transfer modelling.

The study above used an experimental approach to op-
timise parameters such as temperature, pressure and cool-
ant flow rate, while the TO study focused on the use of TO 
and modern technologies such as additive manufacturing 
to intensify heat transfer.

S.K. Lodhi et al. (2024) analysed the use of AI in opti-
mising performance and reducing costs in heat exchangers. 
Key AI techniques such as machine learning, deep learning 
and expert systems are being used to improve diagnos-
tics, predictive maintenance and optimise heat exchanger 
performance. Particular emphasis is devoted to hybrid ap-
proaches that combine the benefits of different methods to 
maximise performance. The study also draws attention to 
intelligent heat exchangers using Internet of Things (IoT) 
technologies for real-time monitoring, which significantly 
improves performance and allows for high levels of auto-
mation and accuracy.

Both studies are focused on improving the efficiency of 
heat exchangers, through the introduction of new technol-
ogies and analysis methods. The AI study focuses on auto-
mation using machine learning and IoT, while the current 
study focuses on experimental optimisation of parameters 
(temperature, pressure, etc.). Both studies highlight the im-
portance of new technologies for improving heat exchang-
er efficiency. The AI study emphasises the role of intelli-
gent systems and IoT for real-time monitoring, while in the 
study above, the integration of process control systems for 
automated process control also aims to improve efficiency.

The AI study focuses on the future application of AI for 
automated monitoring and optimisation through machine 
learning and deep learning, while the study above uses 
more traditional methods of experimental optimisation of 
equipment parameters. M.  Martinelli  et al.  (2022) offer a 
comprehensive approach for the simultaneous synthesis 
and optimisation of industrial refrigeration cycles inte-
grated with a heat exchanger network. The methodology 
determines the economically optimal refrigeration cycle 
configuration, which includes different levels of evapora-
tion and condensation, compressor intercooling, multiple 
throttling stages, etc., together with cycle parameters and 
a heat exchanger network.

Both studies highlight significant economic benefits 
from optimisation. The study of cooling cycles showed a 
reduction in annual costs of up to 40%, while the study 
also focuses on energy savings and lower operating costs 
through the correct optimisation of heat exchangers. 
H.  Son  et al.  (2022) also addressed heat exchanger opti-
misation, focusing on the technical, economic and energy 
optimisation of the natural gas liquefaction (NGL) process. 
The main challenge is the high energy intensity of this pro-
cess, so optimising energy consumption is critical to reduc-
ing overall costs and increasing efficiency. To reduce the 
size and cost of heat exchangers, energy optimisation uses 

a minimum temperature difference limitation to provide a 
cost-effective trade-off between cost and efficiency.

Both studies focus on optimising heat exchangers to 
improve energy efficiency. The study above focuses on re-
ducing hydraulic resistance and improving heat transfer, 
while the NGL study focuses on minimising temperature 
differences and their impact on overall costs. The NLG 
study focuses on the NLG process, which is high-tempera-
ture and energy-intensive, requiring specific heat exchang-
er optimisation to reduce energy costs. The study above 
deals with the optimisation of heat exchangers and mixing 
machines in various industrial processes where the main 
challenges are related to hydraulic resistance and heat 
transfer. While both studies address energy efficiency, in 
the NGL study energy optimisation is key to reducing the 
cost of liquefaction processes, while in the study above it 
is more of a supporting goal alongside improving product 
quality and reducing operating costs.

J.J. Klemeš et al. (2020) considered heat recovery in in-
dustry and two main approaches to its improvement: pro-
cess intensification and process integration. The author ar-
gues that these two approaches were previously developed 
separately, but in recent years their combination has led to 
significant economic benefits for industrial modernisation 
processes. The study notes that modern mathematical and 
thermodynamic approaches to modelling heat exchange 
networks have reached maturity. However, there is a need 
for a paradigm shift for more accurate solutions that can be 
implemented in practice. A study by J.J. Klemeš et al. (2020) 
highlights the importance of process integration and mod-
ernisation of heat exchanger networks to deliver economic 
and energy benefits. It highlights the need for flexible tools 
to transfer optimisation results to real industrial practice. 
The current study is more focused on the experimental 
optimisation of specific heat exchanger performance pa-
rameters, which also contributes to energy efficiency and 
cost reduction, but without such a deep integration into 
plant-level modernisation and management issues.

G. Xu et al. (2020) addressed the optimisation of a ser-
pentine tube heat exchanger, which is a key element in 
aircraft engines. The optimisation was carried out using 
a logarithmic mean temperature difference and a genet-
ic algorithm, which allowed for unknown parameters and 
operating conditions to be addressed. Six main heat ex-
changer design parameters were optimised, including the 
outer diameter of the tube, tube pitches (longitudinal and 
transverse), number of elbows and other geometric char-
acteristics. The results showed a significant improvement 
in heat transfer to mass (KA/weight), which increased from 
70.08 to 93.92  kW/(K-kg), indicating that the optimisa-
tion was highly effective. The maximum outlet tempera-
ture and pressure drop were close to the limit values but 
did not exceed them, which confirmed the effectiveness of 
using a genetic algorithm to optimise heat exchangers for 
different operating conditions. Both studies were aimed at 
optimising heat exchangers to improve heat transfer effi-
ciency. The current study investigated the temperature and 
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Експериментальне вивчення методів оптимізації роботи  
теплообмінних апаратів та змішувальних машин

Анотація. Це дослідження спрямоване на оптимізацію роботи теплообмінних апаратів і змішувальних машин для 
підвищення ефективності виробничих процесів. В дослідженні використано експериментальний підхід з моделями, 
які описують процеси теплопередачі, гідравлічного опору та однорідності суміші для визначення оптимальних 
параметрів обладнання. Дослідження показало, що оптимізація роботи теплообмінних апаратів може призвести 
до суттєвого підвищення енергоефективності та зниження експлуатаційних витрат. Найкращі результати були 
досягнуті при температурі теплоносія 90°C і тиску 5 Бар, що забезпечило максимальну теплопередачу у 350 
000 Вт. Виявлено, що зниження гідравлічного опору до оптимального рівня дозволяє зменшити енергетичні 
витрати на перекачування теплоносія на 15 %. Дослідження також показало, що для досягнення максимальної 
однорідності суміші в змішувальних машинах оптимальна швидкість обертання становить 400 об/хв. При цьому 
вдалося досягти показника однорідності суміші, рівного 16. Було встановлено, що температура компонентів, 
які подаються у змішувальні машини, має істотний вплив на кінцеву якість продукту. Наприклад, оптимальна 
температура для певних компонентів дозволила зменшити час змішування на 10 %, що сприяло підвищенню 
загальної продуктивності. Інтеграція систем автоматичного керування, таких як система автоматичного керування, 
дозволило в реальному часі проводити моніторинг і коригування параметрів обладнання, що додатково підвищило 
ефективність виробничих процесів. Крім того, було виявлено, що комплексна оптимізація параметрів роботи 
апаратів дозволяє збільшити тривалість їхнього життєвого циклу, зменшуючи частоту технічного обслуговування 
на 20%. Оптимізація експлуатації теплообмінних апаратів і змішувальних машин значно підвищує ефективність 
виробництва та якість кінцевої продукції, сприяючи зниженню витрат і підвищенню надійності обладнання
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