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Abstract. The article aims at developing a digital model of a lathe and the related technology for its assembling.
The study is based on analyzing the service purpose and technological capabilities of modern modular machine tools,
justification and development of the machine tool design according to the specified production conditions, and
development of a technological process for assembling the proposed modular machine tool. The geometric modeling
techniques and the design documentation were implemented to justify the rational choice of design parameters of the
machine tool design and its spatial model. The proposed approach also considers structural elements and the
relationships between them. As a result, a conceptual approach was proposed to design technological processes of
lathe assembly with a wide range of technological capabilities. It allows implementation of the up-to-date strategy
from idea to finished product at industrial enterprises. The practical significance of the obtained results for the
machine-building industry is in the proposed practical recommendations for developing the technological process for

assembling lathes.

Keywords: industrial growth, manufacturing engineering, modular machine tool, rational design.

1 Introduction

The modern world machine tool industry is determined
by various structural layouts [1]. After analyzing the
layout of metal-cutting machines [2-4], it can be
summarized that machines with the same type of
structures can be composed differently, and vice versa. It
is also possible to make certain conclusions about the
need to identify and analyze layout quality factors at
constructing layouts. To achieve this goal, it is necessary
to separate the layout factors of machine tools from the
factors that affect the structural development of nodes.

Layout refers to a system of arrangement of modules
and guides of a machine tool, distinguished by structure,
proportions, and properties [5].

A module is a structurally and functionally complete
unit, which is an integral part of the overall design of the
designed machine tool. The following modules are
distinguished in  manufacturing engineering: a
technological module is a technological structural unit of
the layout. In other words, the smallest component of the
machine’s layout elements is necessary to perform the
shaping operation; a design module is a unit of machine
unification, which is both functionally and structurally

independent unit that can be used individually and in
various combinations with other modules.

The work aims to develop a digital model of a lathe
and design the assembly technology. To achieve the set
goals, the following tasks need to be solved:

—to analyze the service purpose and technological
capabilities of modern modular machine tools;

—to justify and develop the design of a modular
machine according to the specified production conditions;

—to develop a technological process for assembling a
modular machine tool.

The object of the research is the process of design and
technological support of machine-building production.
The subject of the research is the assembly process of a
multiaxis lathe.

2 Literature Review

The market situation in manufacturing engineering is
constantly changing, affecting production needs. To
compete with other manufacturers, companies must
quickly adapt to the demand for custom orders [6].

Modular and reconfigurable machine tools can be a
key solution to meet the demands of today’s markets for
rapidly changing products and product specifications.
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That is why this issue is an important problem in
machine-building production today. The ability to
reconfigure machine tools according to production
requirements offers economic benefits. In the case of a
modular layout, the equipment is also justified from an
environmental point of view. Thus, modular equipment
impacts the sustainable development of manufacturing
engineering [7, 8].

The constant change in consumer demands is the
subject of today’s manufacturing environment [9, 10].
The goal of machine-building companies is to make
maximum profit by providing customers with products,
which means that product quality, production cost, and
final price are key factors. Modular systems are possible
options for implementing changes in production systems
and production in general [11, 12].

Due to the significant technological development of
mechanical engineering, designers and technologists face
many production issues [13], particularly regarding the
dynamic components of structures, power loads, and
temperature modes. Conventionally designed processing
equipment usually shows a reasonable efficiency level.
However, in cases with a wide range of products or a
large number of operations to be performed [14], it is
much more reasonable to use modular equipment,
especially from an economic point of view [15].

Based on the above factors, in this work, a modular
approach was chosen as one of the appropriate and
effective ways to implement the processes of
manufacturing machine parts.

In modern realities, two main principles for building
modular metalworking equipment can be noted. Firstly,
the entire machine set is based on the “basic” assembly
component. The machine tool company is guided by the
principle of creating one basis and a wide range of
different modules, the choice of which already depends
on the individuality of the order. The production of
modular equipment according to this principle is engaged
in companies LNL Machine Tools, Inc., Unitech
Company Group, Josef Fill Company, Mikron, Huron
Graffenstaden, and others.

Secondly, the machine consists of various components,
among which it is difficult to identify one main. The key
point of this approach is the ability to assemble a wide
range of finished units into a machine without much
difficulty. The layout of the machine tool depends on the
specifics of the order. The production according to this
approach is carried out, for example, by the company
Shenzhen Zhouyu Intelligent Technology Co., Ltd.

The use of the modular principle of machine tools
construction, based on the 2nd principle, allows:

—to reduce the time of development, design, and
manufacture of machine tools for processing the specified
range of workpieces according to the specified technical
and technological characteristics;

—to reduce the cost of metal-cutting machines through
standardization and unification of elements;

— to increase the reliability of the machine tool due to
the development of the modules and a possible
correspondence of this module design to the task;

— to increase machine accuracy;

—to increase the flexibility of machines by allowing
them to be reconfigured more quickly to meet specific
production conditions;

—to improve operating conditions and maintainability
by reducing the variety of kit elements.

3 Research Methodology

Since the kit can perform various production tasks, the
task at hand directly impacts the purpose of the kit. This
kit can be implemented both in the educational process
and in experimental and single-part production.

The kit includes 112 parts and standard products,
allowing for the assembly of 17 different layouts, namely:
a gear milling machine; an indexing machine; a vertical
drilling machine; a horizontal milling machine; a jig saw
and arc console machine; a beading machine; and 3 metal
lathe layouts; 3 wood lathe layouts; 3 grinding machine
layouts and 2 vertical milling machine layouts. Three
different layouts can be assembled at the same time.
Table 1 shows the main technical parameters of the kit.

Table 1 — Main technical parameters of the kit

Operating Drive Turning/milling
voltage, V | power, W | spindle speed, rpm
12 35 20000/12000

Other features and elements depend on the specific
layout.

Regardless of the layout, the kit is focused on single-
part production. The kit allows you to implement the
following machining methods: turning, grinding, milling,
drilling, and hole finishing.

Turning is one of the main types of machining that the
set can realize. A large number of technological
possibilities can be realized with the help of the turning
layout. The main advantages of the lathe layout include
the following. With the help of turning equipment, it is
possible to process many different surfaces, for example,
external and internal cylindrical smooth and stepped
surfaces, external and internal conical surfaces, grooves,
holes, cuts, and others.

The turning layout provides machining of body-of-
rotation type workpieces with a maximum diameter of the
workpiece to be machined of 50 mm. Workpieces can be
based on the outer cylindrical surface with installation in
a three-jaw chuck for short parts such as shaft-collars,
flanges, and others, or along the outer cylindrical surface
and the center hole with installation in a three-jaw chuck
and the right center for long parts such as shafts.

The turning layout considered in the paper can be used
for machining such materials as non-ferrous metals (e.g.,
aluminum and copper.), wood, plywood, foam plastic,
plastics, and composite materials (carbon fiber and
fiberglass). The technical characteristics of the machine
are shown in Table 2.

The technological capabilities of the machine tool are
illustrated by an example of machining a complex-profile
part (Figure 1), which can be machined in one setup.

A2 MANUFACTURING ENGINEERING: Machines and Tools



Table 2 — Technical characteristics of the machine tool

Characteristics Value

Distance between centers, mm 135
The largest diameter of the workpiece

. 50
to be machined, mm
Drive power, W 35
Supply voltage, V 12
Rotary module rotation range, deg 360
Spindle speed, rpm 20,000
Dimensions, mm 220x160%200
Weight, kg 6.5

Figure 1 — Body-of-rotation type part for machining on a lathe

The production of this part type in one setup is
possible thanks to an additional axis for turning the
cutting tool.

The machine layout consists of functional modules, a
set of assembly units, and parts that perform a single
functional purpose (Figure 2).

].ongitudinal movement module

Transverse movement module

Figure 2 — Structural diagram of the turning layout

The proposed layout (Figures 3-9) consists of a basic
module, a longitudinal movement module, a transverse
movement module, a rotary module, the main spindle, a
clamping module, and a toolholder.

The basic module (Figure 3) consists of the main
components of the kit, which are rigid elements of this
layout. The base module is used to combine other units
and modules. The base module consists of a column and
two riser blocks connected with connectors and screws.

Figure 3 — Basic module

The main task of the longitudinal movement module
(Figure 4) is the movement along the Z axis of the cutting
tool installed in the toolholder, located in the transverse
movement module. The longitudinal movement module
consists of a longitudinal slideway, a saddle, a lead
screw, a strap screwed with two screws, a flywheel
fastened with a nut, and a handle.

Lead screw

Saddle

 Strop
Figure 4 — Longitudinal movement module

The main task of the transverse movement module
(Figure 5) is the movement along the X axis of the cutting
tool installed in the toolholder, located in the rotary
module. The transverse movement module consists of a
transverse slideway, a lead screw, a strap that is screwed
with two screws, a flywheel that is fastened with a nut,
and a handle.

Figure 5 — Transverse movement module out

The main task of the rotary module (Figure 6) is the
basing of the toolholder and its rotation. The rotary
module consists of a rotary table, a fixing part screwed
with two screws, and a transverse movement module.

Transverse movement module

Figure 6 — Rotary module

The main spindle (Figure 7) is an electric motor that
transmits rotation to the shaft with a V-belt transmission.
A three-jaw chuck is attached to the main spindle, which
ensures the workpiece base during machining. The
clamping module (Figure 8) clamps workpieces. The
clamping module consists of a tailstock, a flywheel, and a
handle. The toolholder (Figure 9) is designed to install
and fix the cutting tool by pressing with screws. The
toolholder is mounted on the rotary module. Figure 10
shows a spatial model of a multiaxis lathe assembly.
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Figure 7 — Main spindle

Main spindle

Basic module

4 Results

A technology for assembling a lathe based on an
algorithm, which provides for the preliminary assembly
of individual components, has been developed. The
developed technological scheme for the base module
assembly is shown in Figure 11.

The basic module assembly process starts by
connecting two riser blocks (Z030MA and Z030MB) to
the column using connectors and screws. Uniform parts
can be connected on either side due to their special
design. It is also possible to install straps to increase the
rigidity of the machine.

The developed technological scheme for the
longitudinal movement module assembly is shown in
Figure 12.

The assembly process begins by placing the saddle on
the longitudinal slideway. After that, the lead screw is
screwed on. The strap is screwed on with two screws.
The next step is to attach the flywheel with a nut. Handle
screwed to the flywheel.

The developed technological scheme for the transverse
movement module assembly is shown in Figure 13.

Transverse guides are taken as a basis. The 1st step is
positioning the lead screw, after which the strap is
screwed with two screws. The next step is to attach the

Figure 8 — Clamping module

Figure 10 — Assembled lathe

Figure 9 —Toolholder

Toolholder Clamping module

flywheel with a nut. The handle is screwed to the
flywheel.

The developed technological scheme for the rotary
module assembly is shown in Figure 14.

The assembly process begins by screwing the fixing
part to the rotary table with two screws. The next step is
to attach the transverse movement module in the
assembly to the fixing part.

The developed technological scheme for the clamping
module assembly is shown in Figure 15.

The tailstock is taken as the basis of the clamping
module, to which the flywheel and handle are attached.

Overall, the developed technological scheme for the
lathe assembly as a whole is shown in Figure 16.

Assembling the lathe begins with connecting the main
spindle and the clamping module to the basic module
using connectors and screws. The next step is to install
the transverse movement module on the longitudinal
movement module using the fixing part, single-slot nuts,
and screws. The rotary module is then mounted on the
transverse movement module using single-slot nuts and
SCrews.

The next step is to install these three modules as an
assembly unit to the basic module using connectors and
screws. The toolholder is then attached to the rotary
module with a single-slot nut and screw.
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Figure 16 — Lathe assembly scheme

5 Discussion

The work results are based on engineering graphics
and geometric modeling, basing theory, modular
approach, technological foundations of mechanical
engineering, and theoretical methods of standard machine
parts manufacturing.

The scientific novelty of the obtained results is as
follows. Firstly, the structural diagram and layout design
solution for manufacturing a lathe, consisting of seven
basic modules, is proposed. Based on this, using
geometric modeling methods, a digital model of the
machine tool was developed, which considers all the
structural elements and the relationship between them,
which made it possible to increase production efficiency
due to the expansion of the technological capabilities of
the machine.

Secondly, a conceptual approach to the design of
technological processes of lathe assembly with a wide
range of technological capabilities is proposed, which
allows the implementation of the strategy “from idea to
finished product” and can be implemented in industrial
enterprises.

The practical significance of the obtained results for
the machine-building industry is to develop practical
recommendations for developing the technological
process for assembling lathes.

6 Conclusions

The paper analyzes the development trends of the
world machine tool industry. Particular attention has been
paid to modular machines and their basic technological
capabilities. The key trends determining the direction of

machine tools development are high-speed machining,
multiaxis complex machining by combining different
methods, modular design principles, and using combined
tools for machining.

Based on the analysis of metalworking equipment
designs used for manufacturing parts in multiproduct
manufacturing, the expediency of designing a modular
lathe has been substantiated. It provides a more
comprehensive range of workpieces and production
flexibility.

Based on the service purpose of the lathe, the choice of
design parameters of the machine tool design has been
justified theoretically. The spatial model of the machine
tool, which considers all structural elements and
relationships between them, has been developed. The
related design documentation has been prepared using
geometric modeling.

A technological scheme for assembling a lathe and
individual functional modules has been developed, which
made it possible to develop a technological process for
assembling a prototype machine tool and formulate
practical recommendations.
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Abstract. To produce competitive products, it is necessary to consider their permanent modernization and
adaptation to the emerging needs of a consumer. This feature of up-to-date production inevitably leads to design
complexities. As a result, the complexity of a technological assembly process increases, which is a new challenge for
enterprises. Simultaneously, in most cases, assembly operations are performed manually due to the complexity or
impossibility of automating the assembling process for an extensive range of products. This fact is due to the
insufficient flexibility of automation systems. Remarkably, this approach has significant drawbacks, i.e., low
productivity and risk of chronic diseases. To solve this problem, the use of collaborative systems was proposed. Such
systems have the advantages of both humans and automation tools. As a result, industrial robots can be applied as
automation tools. However, when using industrial robots next to workers, the safety requirements are significantly
increased since the infliction of industrial injuries is unacceptable. After considering all the above, the article deals
with a new scientific and methodological approach to designing security systems of collaborative production cells

and their design and effectiveness verification.

Keywords: industrial gripper, manufacturing engineering, assembling efficiency, industrial growth.

1 Introduction

Nowadays, manufacturers of machine-building
products face modern production and technological
challenges associated with the need to intensify
production processes. Under these conditions, one of the
effective methods of increasing competitiveness is the
automation of production using industrial robots. Since
there is a complication in the design of products due to
the need for constant improvement of their characteristics
and personalization, manual work is still relevant for
assembly operations. This fact is due to the complexity of
full automation due to the insufficient flexibility and
adaptability of the first-generation robots and the inability
to perform tasks where human intervention has required a
level of intelligence and skills [1].

Also, consideration of the state of assembly
automation is due to the popularity of industrial robots in
assembly processes. According to the study [2], with all
the features of using industrial robots for assembly
automation, this task is the third most popular among new
installations of industrial robots in the world as of 2020.

Although the robots of the first generation are quite
effective in automating monotonous and dangerous work,
they cannot fully interact with the production
environment and people. Therefore, separate areas are
allocated for robot safety, while the workers do not have
access to the work area of the industrial robot of the first
generation during his work.

However, thanks to advances in the field of robotics,
the development of electronics and intelligent sensors,
increasing the productivity of computing equipment, and
reducing the cost of the solutions mentioned above, more
and more tasks can be automated with the help of
industrial robots every day while maintaining high
quality, productivity, and reliability [3]. These changes
made the appearance of second-generation robots (or
collaborative robots). They can interact with the
environment and directly with humans.

According to the results of the study [4], due to the
possibility of combining the flexibility and adaptability of
people and the capabilities of collaborative robots (e.g.,
repeatability and the ability to work continuously for a
long time), it became possible to increase the efficiency,
economy, flexibility, and productivity of production cells.
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Additionally, in work [5], which is devoted to the
design of a robotic section for collaborative assembly of
pneumatic cylinders, it is additionally indicated that if the
accuracy of the collaborative robot is insufficient, a
person can compensate for it with the help of tactile
sensations.

In addition, according to research, the implementation
of collaborative robots significantly reduces the risk of
developing occupational diseases. For example, the paper
[6] is devoted to the system for evaluating the
productivity of a collaborative cell for the assembly of
electronic components and the risk of occupational
diseases. It was made due to the frequent absence of
workers due to absenteeism caused by occupational
diseases of the musculoskeletal system. The use of a
collaborative robot helped to reduce the number of
awkward positions and reduce the burden on the worker.
Work [7] is devoted to the design of a collaborative
robotic cell for the assembly of a hinge of equal angular
velocities. The use of a collaborative robot helped to
reduce the load on the operator by approximately 60%.
Complete automation of this process is impossible due to
the need for high accuracy and flexibility.

This became the reason for the growing popularity of
collaborative robots: the number of new installations
from 2017 to 2020 doubled — from 11,000 up to 22,000
pcs. [2]. In addition, each famous industrial robot
manufacturer has several collaborative robot models in
their catalog (e.g., ABB YuMi, Fanuc CR Series, and
KUKA LBR IIWA) [8].

Also, collaborative production cells increase
production efficiency and are generally economically
beneficial.

For example, due to the increasing complexity of the
design of cars, the possibility of automating production
with the help of collaborative robots was considered,
considering the cycle time and the number of people and
robots. The parameters of the work of humans and robots
separately and together were compared. The results
indicate a significant increase in the productivity of the
assembly area. One of the reasons the authors cite the
ability to allocate human and robotic resources in real
time for the work plan execution [9]. Also, collaborative
works can support the execution of tasks by a person at
low costs [1], thus ensuring the profitability of partial
automation of the assembly process.

Optimum planning is necessary to ensure the
economic efficiency of the assembly area using
collaborative robots. As an example of research in this
direction, researchers for the correct assessment of the
workstation launched a simulation model, with the help
of which they received more data to understand the
system, which allows making the right decision about the
means that are used on the cell [4].

Increasing the efficiency of human-collaborative robot
cooperation is facilitated by the fact that the robot can
perform several functions, for example, be a basic
assembly device, feed a tool, apply grease, and glue. For
example, BMW is trying to introduce collaborative robots
that help people with tools during assembly [10].

Moreover, thanks to the development of end-effector
elements, these tasks can be combined, as the robot can

quickly change the end-effector, for example, with the
SCHUNK SWS Series pneumatic replacement system.

Also, collaborative work during assembly can perform
various tasks, be a device with many degrees of freedom,
feed a tool, apply a coating, and more. At the same time,
task data can be combined due to the possibility of quick
tool change.

In addition, to increase the efficiency of interaction
between a person and a collaborative robot, it is
necessary to evaluate the effectiveness of various options
for information exchange. According to work [5], there
are the following types of human-robot interaction:

— transmission of information through effort: in this
type, the interaction occurs through explicit and
intentional contact, while the robot must be able to
respond adequately to the application of force;

—contactless data transfer, for example, through
gestures or voice commands;

— data transmission through the interface, for example,
buttons, touch screen.

Also, the introduction of collaborative robots has
enabled the implementation of a learning-by-
demonstrating system through efforts to simplify precinct
commissioning, made possible by advanced sensors and
artificial intelligence tools that recognize whether human
interaction was intentional or unintentional and smooth
out errors for smoother control. This allows you to reduce
the time of production preparation due to the absence of
the need to create and debug a control program and
perform a collision check [11].

Using robots next to people requires ensuring the
safety of people from injuries that the robot can inflict on
them. Article [12] is devoted to analyzing the state of
development of collaborative systems, including
employee safety. According to the study, several ISO
standards have been introduced to classify the interaction
of humans and collaborative robots. For example, the
ISO 8373 standard defines terms related to manipulating
industrial robots used in industrial settings, including
human-robot interaction.

The ISO 10218 standard, in two parts, defines the
safety requirements and limitations of an industrial robot
when interacting with people.

The ISO 15066 standard complements the previous
standard and describes the procedure for limiting the
speed values of the robot links, which in turn affects the
maintenance of force and moment values at a safe level
for humans. Based on these requirements, the following
control modes were defined:

— the controlled speed with a safety rating (the robot
stops when a person enters an unwanted zone);

—method of manual control (no restrictions on the
speed of the elements, but the person himself generates
commands for complete control of the robot);

—control of speed and distance (depending on the
distance between the person and the robot, the maximum
possible speed of the robot elements also changes);

— limitation of power and force to a safe for threshold
person.

In addition, a classification of interaction levels
directly affects security requirements: coexistence,
cooperation, and interaction, in which interaction can be
physical and non-contact [13].
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Additionally, the following strategies for ensuring
human safety have been implemented recently [12, 14]:

—robot stop functions, separately both protective and
emergency stop;

— limitation of the speed of the central point of the
tool;

—a visual indication of the state of the collaborative
robot is necessary;

— limiting the robot’s working area to the minimum
necessary volume;

— establishing the minimum permissible
between a person and a robot;

— assessment of the possibility of a collision in real-
time, e.g., using machine vision systems [7];

—technological and ergonomic requirements: it is
necessary to minimize the number of objects with sharp
edges, ensure the absence of vibrations transmitted to a
person, and analyze the area for enough free space to
prevent the possibility of a person being pinched.

The work aims to improve the efficiency of the
assembly processes of the connecting rod-piston group by
existing safety standards.

To achieve the set goal, the following tasks have been
formulated. Firstly, to investigate the current state of
development of collaborative systems and justify the
feasibility of implementing a collaborative assembly cell.
Secondly, to develop assembly technology and design
and technological support of a collaborative assembly
cell. Finally, evaluate the effectiveness of the
collaborative assembly cell.

The object of research is the design of a robotic cell.
The subject of the study: designing a collaborative
production area for the assembly operations of the
connecting rod and piston group.

distance

2 Research Methodology

2.1  Justification of the need to design a
collaborative assembly cell

Research methodology is based on the theoretical
foundations of mechanical engineering technology, the
foundations of designing gripping devices for industrial
robots, standards in designing collaborative robotic areas,
and the method of finite element analysis.

Since collaborative work has proven its effectiveness
in industry, analysts predict a significant increase in the
number of enterprises in the coming years and the next
decade [15].

It is proposed to design and implement a collaborative
assembly area for assembly operations of the connecting
rod-piston group (Figure 1).

The connecting rod-piston group is used in internal
combustion engines, for example, in cars, motorcycles,
brush cutters, gasoline saws, and other small equipment,
as well as in piston compressors. This technique is quite
widespread and is available to many consumers around
the world.

Figure 1 — Connecting rod-piston group

Simultaneously, the complexity of automation lies in
the high accuracy of the elements. In addition, the
constant change in environmental emission standards
forces manufacturers to permanently improve internal
combustion engines’ efficiency. That is why the assembly
section must be flexible and work with various designs of
the connecting rod and piston group. In addition, the use
of manual labor is associated with the danger that arises
since certain structural implementations of this unit
involve heating the connecting rod, which can lead to
industrial injuries. That is why the most rational option
for implementing the assembly process is the
implementation of collaborative assembly.

2.2 Planning the structure of the assembly
operation

The assembling process for connecting the rod-piston
group consists of the following stages:

1) install the rod into the device (this stage ensures
accurate positioning of the rod relative to the piston);

2) apply oil to the outer cylindrical surface of the rod;

3) apply oil to the holes in the piston for locating the
rod;

4) heat the neck of the connecting rod to the
temperature of 280-320 °C (to prepare for pressing);

5) clamp connecting rod in the jaws;

6) connect the connecting rod, the piston, and the rod
(it is necessary to pay attention to the correctness of the
mutual location of the parts);

7) remove the rod from the device;

8) check the smoothness of the connecting rod’s
movement relative to the piston (after cooling the parts);

9) put the assembly unit in the container.

With manual assembly, all operations are performed
sequentially, which increases the time spent on the
operation.

Since the use of collaborative robots makes it possible
to perform certain stages in parallel, it is proposed to
organize the work of the collaborative section according
to the following scheme (Figure 2).

To perform the assembly operation according to this
scheme, it is necessary to develop a plan for the
collaborative cell (Figure 3).
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Figure 2 — Assembling chart

The collaborative section works as follows: parts for
assembly are fed by a conveyor in random order, after
which a delta robot, using machine vision systems, sorts
of rods, connecting rods and pistons into sets. Next, the
collaborative robot feeds the connecting rod into the
installation for its heating, feeds the piston and pin for
their further preparation for assembly, and feeds the
tested assembly unit to the output conveyor.

Using a robot for heating will allow accurate control of
the heating time and ensures the absence of human
contact with dangerous equipment. During the heating of
the connecting rod, the operator installs the rod in a
special device that will ensure the correct location of the
rod relative to the piston and applies oil to the outer
cylindrical surface of the rod and the piston holes.

After preparing the piston and pin and heating the
connecting rod, the collaborative robot hands the
connecting rod to the operator for the assembly process.

According to the drawing, the operator connects the
rod and piston and waits for the assembly unit to cool
down. To ensure safety, the working table is monitored
by a machine vision system for the contact of the hot
connecting rod with the operator. After that, the operator
removes a special device from the rod. Next, the operator
checks the smoothness of the stroke of the piston relative
to the connecting rod, and the collaborative robot feeds
the new connecting rod into the installation for its
heating.
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2.3 Selection of technical support for the
mechanical assembly cell

Using a delta robot based on Delta XS [16] is
suggested for sorting parts. Robots with delta kinematics
are best suited for sorting because the low moving mass
allows for high movement speeds. Open drawings and
software for its management will allow it to be
modernized in the future according to production needs.

As a gripping device, it is proposed to use adaptive
rods of the DHAS series and a parallel pneumatic gripper
of the HGPL-B series (Festo) [17].

Using a pneumatic gripper allows for sufficient
clamping force, and using adaptive polyurethane rods
allows for flexibility (the ability to clamp parts of
different standard sizes without readjustment). At the
same time, using polyurethane provides temperature
resistance, resistance to the action of lubricants, and wear
resistance.

To work with the operator, it is suggested to use the
Universal Robot URS collaborative robot (Figure 4). This
solution has a sufficient load capacity for these tasks, a
working area, and protection against splashes.

Figure 4 — Collaborative robot “Universal Robot UR5”

A new design of a grasping device for a collaborative
robot is proposed. The general view of the capturing
device is shown in Figure 5.

The flexibility of the gripping device allows you to
clamp parts of various standard sizes reliably. To ensure
operator’s safety, rubber pads are provided in places with
sharp edges. The weight of the gripping device is 3 kg,
and the carrying capacity of the robot is 5 kg.

Figure 5 — Fixture design

The proposed design of the gripping device ensures a
reduction of time spent on production preparation,
increasing the degree of flexibility, which contributes to
the expansion of the range of sizes of parts to be installed,
and compensation for errors related to the technological
process of obtaining blanks.
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It is suggested to use the Annin Robotics AR3 robot
for packing ready-made assembly units. Its advantages
include sufficient carrying capacity for these tasks,
simplicity, availability of access to technical
documentation for future modernization, and cheapness.
As a gripping device, it is proposed to use the adaptive
rods of the DHAS series and the parallel pneumatic
gripper of the HGPL-B series (Festo).

3 Results

3.1  Strength calculations

To check the gripping device for the strength and
reliability of fixing the workpiece, it is necessary to
perform calculations of the mechanical system “gripping
device — part” using finite element analysis in the
ANSYS Workbench software.

Friction coefficients were used in the calculations:
steel-steel pair — 0.15; steel-aluminum pair - 0.17.

The value and direction of the applied effort when
capturing the part are given in Figure 6.

The calculation results (movement and deformation of
elements of the gripping device) are shown in Figure 7.

The analysis results indicate that the gripping device
can be used to clamp and move parts in production.

000 0050 2100tm)
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Figure 6 — Clamping forces

2000 9,050 2100 ¢m)

" — — "

s 07

b
Figure 6 — Displacements (a) and elastic strain (b)

3.2 Calculations of labor intensity

To evaluate labor efficiency, it is necessary to
calculate the cycle time for fully manual and
collaborative assembly.

The assigned time norms for all transitions of the
assembly operation for manual and collaborative
assembly are indicated in Table 1.

It should be noted that some technological transitions
are performed in parallel, and therefore, it reduces the
time spent in implementing the scalding process.
Calculations confirmed that manual assembly takes
6.16 minutes and collaborative assembly — 4.1 minutes,
which is 34% less.
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Table 1 — Labor intensity of assembly, min

Assembling type
No. Content Manual Collaborative
1 Install the rod into the device 0.60
2 Apply oil to the outer cylindrical surface of the rod 0.17 N/A*
3 Apply oil to the holes in the piston to locate the rod 0.17
4 Heat the neck of the connecting rod to the temperature of 280-320 °C 2.60 2.6
5 Clamp connecting rod in the jaws 0.12 -
6 Connect the connecting rod, the piston, and the rod 0.90 0.9
7 Remove the rod from the device 0.60 0.6
8 Check the smoothness of the connecting rod’s movement 0.50
relative to the piston ) N/A
9 Put the assembly unit in the container 0.50
Total values: 6.16 4.1

* Simultaneously with heating.

Therefore, the productivity of the assembly operation
increases. Additionally, the automation of the assembly
process due to the implementation of a collaborative area
ensures a reduction in the risk of burns for the fitter-
assembler and reduces the load on him during the
performance of tasks.

4 Discussion

The scientific novelty of the obtained results is as
follows. Firstly, a new approach to designing the
technology of assembly of products in the conditions of
multi-item production by introducing a collaborative
assembly area, which increases production efficiency, is
proposed.

Secondly, the expediency of the design was
substantiated, and the design and technological support of
the collaborative assembly cell was developed, which
allows for an increase in the assembly process of the
connecting rod-piston group in the conditions of multi-
item production.

Finally, a new design of a gripping device for a
collaborative robot is proposed, which expands the
production area’s technological capabilities due to the
possibility of installing parts in a specific range of
standard sizes, increasing the assembly process
efficiency.

The practical significance of the obtained results for
the machine-building industry consists of developing
design and technical documentation for a collaborative
assembly cell, design documentation for a new gripping
device, and practical recommendations.

5 Conclusions

Thus, the current development of collaborative
systems in mechanical engineering has been studied. The
expediency of implementing a collaborative assembly
cell to increase the assembly process efficiency in multi-
item production conditions has been substantiated.

A new approach to the design of the structure of the
assembly operation is proposed on the example of the
assembly process of the connecting rod-piston group
using robots, which made it possible to reasonably
redistribute the technological transitions between the
operator and the robots.

Also, a design solution for a collaborative assembly
area for assembling a connecting rod-piston group is
proposed. It improves the product assembly process in
conditions of multi-item production by 34% compared to
manual assembly.

Finally, a new design of a gripping device for a
collaborative robot is proposed and developed, which
reduces the time spent related to production preparation,
increases the degree of flexibility, and compensates for
errors related to the technological process of receiving
blanks.
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Abstract. This paper focuses on studying the rheological properties of polydimethylsiloxane (PDMS). This
polymer has been used to fabricate membranes and filters in engineering. The analysis of the rheological properties of
this polymer is required for a further investigation of its mechanical behavior. In this study, the rheological behavior
of PDMS is reported at different temperatures. This polymer showed steady shear viscosity during a short duration.
However, this behavior changed with time and increased more with increasing temperature. The impact of the
temperature increase was also observed when the shear viscosity of PDMS increased with shear strain. The increase
of torque with shear strain and time was observed at different temperatures. Shear stress increased linearly with the
shear rate at 20 °C and 40 °C. As expected, the deformation of the polymer required less shear stress with the
increase of temperature. However, the change of shear stress with the shear rate at 60 °C was not linear, and the slope
of the curve increased more at high shear rates. The results of this investigation can provide the required information
for a better fabrication of membranes and filters with this polymer.

Keywords: rheology, polymer, mechanical properties, materials science, industrial growth.

1 Introduction

Polydimethylsiloxane (PDMS) is a “silicone rubber”
polymer. Different steps such as hydrolysis and anionic,
cationic, and radiation polymerization are used to
synthesize this polymer [1, 2]. PDMS is transparent and
resistant to thermal change, oxidation, and UV radiation
[3—-6]. It is worth noting that silicones do not produce any
toxic material apart from a small amount of smoke during
their combustion [3, 7]. Moreover, the thermal
decomposition temperatures of PDMS are different
because of significant differences in siloxane bond
strength and segment flexibility in the main polymer
chain, which also affect their toughening when used to
prepare composites [3, 8]. The good elasticity of the
siloxane chain can affect the hydrophobic properties of
silicones and their low-temperature resistance. However,
it can reduce the stability of these polymers at higher
temperatures [9].

Different reaction mechanisms involve thermal
depolymerization: random chain cleavage, attack of the
PDMS chain end groups, and external reactions [10]. The
type of functional groups and their positions on the chain
and the molecular weight of PDMS affect the process of
thermal depolymerization of the polymer [11]. It was

shown that replacing end hydroxyl groups with methyl
groups could increase the thermal resistance. Cyclic
siloxane oligomers were produced in this process [12].
Besides, vinyl end groups could change the polymer’s
thermal degradation mechanism [13].

Silicone-based materials contain different substances,
such as crosslinking systems, rheology modifiers, and
adhesion promoters. [14-19]. The silicone-based
framework can also be used to design nanoporous
materials [20]. The surface hydrophilization of PDMS
can be produced when plasma oxidation or UV radiation
is applied. This can improve cell adhesion, help assemble
microdevices, and improve samples’ wetting with
physiological fluids [21, 22].

A study showed that the chemical treatment of PDMS
can affect the rheological behavior of the nanocomposites
prepared with it [23]. Another study revealed that the
variations of the properties of the pressure-sensitive
adhesives changed with the type and loading of filler
concerning their rheological properties [24]. Another
parameter that influences the nanocomposite thermal
conductivity is the critical filler fraction, affecting the
liquid-solid transition and interface conductance [25].
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2 Research Methodology

The improvement of the mechanical behavior of
PDMS depends on a better understanding of its
rheological properties, which can lead to an appropriate
investigation of these nanocomposites.

In this study, the rheological properties of PDMS at
different temperatures are reported. This investigation
allows a better understanding of the mechanical behavior
of this polymer. This is the first investigation of this
polymer reported with the analysis of rheological
parameters at different temperatures to the author’s
knowledge.

PDMS (#423785) was purchased from Sigma Aldrich.
The purchased polymer was in solution, and it was used
in the rheological assessments without adding no other
chemical.

The rheological properties of PDMS were determined
with an Anton Paar MCR-302 rheometer [26-29]. The
circular rheological measurements were performed in
triplicate at 20 °C, 40 °C, and 60 °C [30].

The data analysis was performed with QtiPlot, a
software that calculates mean values and standard
deviations [31-34]. The statistical significance of the data
was determined for all the graphs.

3 Results and Discussion

Figure 1 shows the viscosity of PDMS vs. the shear
rate at different temperatures.
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Figure 1 — Viscosity of PDMS vs. shear rate

As shown in Figure 1, the viscosity of PDMS
increased with the increase of shear rate with a slight
change. It was observed that the increase of viscosity was
more at 60 °C at high shear rates, and the increase of
viscosity with the shear rate was less at lower
temperatures.

Figure 2 shows the change of viscosity of PDMS vs.
shear strain at different temperatures.
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Figure 2 — Viscosity of PDMS vs. shear strain

As seen in this figure, the viscosity of PDMS increased
with shear strain at all temperatures. The shear-thickening
behavior of this polymer was more at 60 °C than in lower
temperatures. The viscosity of the polymer became
constant and reached a plateau at lower shear strain
values. As the variation of viscosity with shear rate, in
this case, also the shear thickening was stronger at 60 °C
at high shear strain values. Although the variation of
viscosity vs. shear strain of PDMS was almost linear at
20 °C at high shear strain values, it showed a slight
increase at 40 °C. These results were attributed to the
effect of temperature on the mobility of the polymer
chains that led to its deformation.

The viscosity of PDMS vs. time curves at different
temperatures is displayed in Figure 3. As shown in this
figure, the changes in the viscosity of the polymer with
time were similar to its changes with shear rate and shear
strain, as shown in Figures 1, 2.
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Figure 3 — Viscosity of PDMS vs. time

The viscosity values of PDMS vs. time at different
temperatures are presented in Table 1. As observed in this
table at 20 °C, the increased value of 0.28 mPa's in
viscosity was observed for PDMS between 600 s and
200 s. This increase was 0.23 mPa-s between 1000 s and
600 s. At 40 °C, this increase was 0.22 mPa-s between
600 s and 200s and 0.35 mPa's between 1000s and
600 s, respectively, whereas it was 0.21 mPa-s in the first
period and 0.68 mPa-s in the 2nd period, respectively.
Therefore, the consistency between the results of this
table and those of Figure 3 was observed.
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Table 1 — Viscosity values of PDMS vs. time

Polymer/viscosity, Time (s)
mPa-s 200 600 1000
20°C 3.81+0.03 | 4.09+0.01 | 4.32+0.01
40 °C 290+0.03 | 3.12+0.01 | 3.47+0.01
60 °C 226+0.06 | 2.47+0.01 | 3.15+0.01

Figure 4 shows the torque vs. shear strain of PDMS at
different temperatures. The torque values increased with
shear strain at 20 °C, 40 °C, and 60 °C. However, an
increase in the curve slope was observed at high shear
strains at 60 °C. Moreover, as expected, the application of
less amount of torque was required when the temperature
increased.
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Figure 4 — Torque vs. shear strain of PDMS

The changes in the torque values for PDMS vs. time at
different temperatures are displayed in Figure 5.
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Figure 5 — Torque vs. time for PDMS

As shown in Figure 5, the torque values increased
linearly with time at 20 °C and almost linearly at 40 °C,
but the slope of the curve increased at 60 °C.

Figure 6 shows the shear stress vs. shear rate curves of
PDMS at different temperatures. As observed in this
figure, a linear increase and almost a linear increase of
shear stress with the increase of shear rate were observed
at 20 °C and 40 °C. However, this change was not linear
at 60 °C.

Figure 7 shows the shear stress vs. shear strain curves
of PDMS at different temperatures. The same shear stress
changes were observed in Figure 7 as in the torque in
Figure 4.
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Figure 6 — Shear stress of PDMS vs. shear rate
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Figure 7 — Shear stress of PDMS vs. shear strain

Table 2 represents the shear stress values of PDMS vs.
shear strain at different temperatures. As expected, the
shear strain increase of the polymer from 1-10° to 2-107
would require more increase in the shear stress at 20 °C
than 40 °C or 60 °C. However, closer shear stress values
were required when the shear strain increased from 2-107
to 4-107.

Table 2 — Shear stress values of PVA and PEG vs. shear strain

Polymer/ Shear strain, %
shear

stress, Pa 1-10° 2-107 4-107
20 °C 0.52 +£0.01 2.70 £0.01 4.00 £ 0.01
40 °C 0.39 +0.02 2.05 +£0.02 3.11+0.01
60 °C 0.31+£0.01 1.63 £0.02 2.80+£0.01
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4 Discussion

The pace of applications of PDMS in the preparation
of the membranes and filters is expected to accelerate as
this polymer has shown appropriate properties in new
rubbers [35-42]. Various materials have Dbeen
investigated with previous applications in materials
science, pure sciences, and engineering [43—51].

These materials could modify the properties of PDMS
in the mentioned applications. This could be directed
toward the exploration of its novel applications.

Recently the properties of some polymers have been
investigated that can be used to prepare blends with
PDMS [52-60]. It is worth noting that adding some
nanomaterials without or with other polymers to PDMS
can prepare diverse nanocomposites with interesting
properties [61-68].

Carbon nanotubes, polyamide with metal-organic
framework nanoparticles, poly (vinylidene fluoride), and
poly (ether ketone) have been used for the preparation of
new membranes [69-74].

More investigations on these materials, including
PDMS, can improve the quality of new membranes and
filters [75-77].
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5 Conclusions

This investigation reported the rheological properties
of PDMS at different temperatures. The polymer showed
viscosity stability at 20 °C and 40 °C vs. shear rate.
However, at 60 °C more significant viscosity increase
was observed at high shear rates. Moreover, the viscosity
of PDMS increased at all temperatures with shear strain,
which revealed its shear thickening behavior. The
changes in the viscosity of the polymer were like its
changes with shear rate and shear strain vs. time. The
increase of torque with shear strain and time and shear
stress with shear rate and time were observed in this
investigation. However, the patterns of the change of
these parameters were different at 60 °C in comparison
with lower temperatures. This study can better prepare
membranes and filters with this polymer regarding its
rheological properties.
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Abstract. Investigating the behavior of asphalt concrete at low loading frequency is essential to understand the
thermal fatigue damage due to cyclic day-night temperature cycles, where the loading frequency is usually very low.
This study determines some properties (e.g., fatigue damage, dissipated energy, and stiffness) of asphalt concrete
beam samples at a low frequency of loading using four-point bending test apparatus. Results show that fatigue
damage is more significant at a lower frequency of cyclic loading and the number of cycles at failure becomes stable
at a frequency equal to or lower than 0.01 Hz. The concept of initial stiffness at the 50th cycle of loading is
inappropriate at a low frequency of loading as the stiffness reduction with a number of loadings is so considerable at
a frequency of loading. In addition, the dissipated energy per loading cycle decreases with a decrease in loading

frequency.

Keywords: asphalt concrete, fatigue life, initial stiffness, frequency, temperature.

1 Introduction

Fatigue cracking is one the most common forms of
distress in flexible pavement. It happens due to the
repeated tensile strain at the bottom of asphalt concrete
(AC) caused by the traffic loading. The integrity of the
asphalt concrete material starts losing with the initiation
of microcracks upon applying repeated traffic loading.
These microcracks coalesce to form macrocracks under
further traffic loading, leading to pavement failure. The
fatigue behavior of hot-mix asphalt (HMA) has been
characterized by four-point bending (4PB) fatigue test in
the laboratory by many researchers in the past [1, 2]. In
this test, an AC beam is subjected to repeated bending in
strain-controlled mode until the stiffness is decreased by
50 % of its initial stiffness, which is the traditional failure
criteria. Several factors might affect the test results in the
fatigue test. The effect of loading pattern (haversine and
sinusoidal) and rest period between loading of the fatigue
test have been widely explored in the literature [3—6].

American  Association  of  State  Highway
Transportation Officials defines fatigue failure as the
number of cycles at which material stiffness decreases by
50 % [7, 8]. The initial stiffness of a beam is measured at
the 50th cycle of loading to account for the initial setting
of the beam. However, one might expect stiffness

reduction from the first cycle, especially at higher strain
amplitude. Other researchers have used dissipated energy
to model fatigue behavior [9-11]. Dissipated energy is
defined as energy lost to the system during each loading
cycle. Energy loss is due to damping, viscoelastic effects,
and damage growth. On the other hand, the Viscoelastic
Continuum Damage approach has shown promising
results in terms of robustness and efficient utilization of
available resources [12, 13]. In addition, the test is
typically performed at several temperatures to evaluate
the effect of stiffness on the fatigue life since the stiffness
of AC is affected mainly by temperature.

The above discussion clarifies that the researchers
have widely explored the fatigue damage of AC. The
loading pattern, failure criteria, and the effect of
temperature are well known. However, the effect of the
loading frequency, mainly the low frequency, is still an
unknown issue. The behavior of AC at a low frequency of
loading is essential to understanding the thermal fatigue
behavior. The reason is that the thermal fatigue damage
occurs mainly due to the day-night temperature
fluctuations whose loading frequency is
1/(24-60-60) = 1.16-107° (Hz). It may mislead or produce
wrong results if the behavior of AC at a high frequency
(usually 10 Hz) is used to analyze the thermal fatigue
damage. Another form of thermal damage, single cycle
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low-temperature cracking, also occurs at slow loading
(cooling) rate.

The main objective of this study is to investigate the
AC’s fatigue parameters (flexural modulus, initial
stiffness, dissipated energy, and fatigue damage) at a low
loading frequency using flexural beam fatigue tests at
different temperatures, strain levels, and low frequencies.

2 Research Methodology

Plant-produced asphalt mixture was used to prepare
the samples, and the mix was collected from a
construction site in cooperation with New Mexico
Department of Transportation. This is a widely used
dense-graded Superpave (SP) mix, type SP-III, with a
maximum aggregate size of 25 mm. The mixture
contained 35 % reclaimed asphalt pavement materials.
Performance Grade (PG) binder, PG 76-22, was used for
an amount of 4.4 % by the weight of the mixture. About
5 % of materials passed through the No. 200 sieve size
(0.075 mm).

Figure 1 shows the preparation of the beam sample in
the laboratory.

Figure 1 — Sample’s preparation: a — compacted mixture;
b — cutting the slab to prepare the beam sample

As a first step, beam slabs of 450x150x75 mm were
prepared using a kneading compactor, as shown in
Figure 1 a. Before the compaction, the mixture was oven
heated for less than an hour. Then, each slab was cut into
two beams of 380x63x50 mm using a laboratory saw, as
shown in Figure 1 b. The air voids of the samples ranged
from 5.1 % to 5.6 %, with an average value of 5.3 %.

Beam fatigue tests were conducted using a sinusoidal
waveform with no rest period at different strain levels,
temperatures, and frequencies. The support conditions
and the geometry of the sample followed the
requirements of the AASHTO T 321-07 test protocol [7].
The test program is shown in Figure 2 a, where a sample
has been clamped for testing. The middle two clamps are

loading frames that apply downward and upward force to
attain the predefined strain in the sample. Using the
deflection history, the maximum strain and stress in a
specimen can be calculated using the following
equations, respectively [2]:

&= 12h6/(3L* — 4a?); )

o= PL/(bh?), (1)

where ¢ — maximum strain; ¢ — maximum stress, Pa;
P(#) — load applied by actuator, N; t — time, s; b — average
specimen width, m; 4 — average specimen height, m;
o(t) — deflection at the beam center, m; a — distance
between inside clamps, m; L — the distance between
outside clamps, m.

Sample flexural stiffness is then calculated using ¢ and
¢ data recorded from each cycle:

E= O'[/gt, (3)

where £ — flexural stiffness.

Figure 2b shows a typical test result where the
stiffness ratio (SR) (current cycle’s stiffness divided by
the initial stiffness) decreases with the loading cycle due
to  microcrack  formation. According to the
AASHTO T 321-07 test protocol, the stiffness at the 50th
cycle of loading was considered the initial stiffness, and
the number of cycles at a 50 % reduction in stiffness was
considered the failure of the beam AASHTO T 321-07
test protocol [7].
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Figure 2 — Flexural stiffness test [14]:
a — test setup; b — test result
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3 Results and Discussion
3.1 Fatigue damage

Fatigue damage occurs due to a repeated loading cycle
for developing micro-cracks inside the material, and the
material’s stiffness decreases with the loading cycle.
Figure 3 presents the number of cycles at failure with a
frequency of loading at three different strain levels
(500 pe, 1000 pe, and 1500 pe).
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Figure 3 — Allowable load repetitions
at different frequencies at 20 °C

The damage is usually more significant if the load
sustains a longer time on a material. A similar
observation has been made in AC fatigue damage based
on the 4PB fatigue test.

Figure 3 shows that the stiffness decreases upon a
decrease in loading frequency. For example, the stiffness
decreases from 9751 MPa to 2131 MPa for the frequency
decrease from 10 Hz to 0.001 Hz at 500 pe.

A similar observation has been found for samples
tested at 1000 pe. Due to the large vertical scale, it is not
well depicted for 1500 pe.

The test could not be completed at 1500 pe and 10 Hz,
as it is too difficult to apply this large strain at this very
fast rate.

To examine the temperature effect on the fatigue
parameters, tests were also conducted at three different
temperatures (—10 °C, 20 °C, and 40 °C). The results are
presented in Fig. 4. It shows that the temperature has a
very good effect on the fatigue damage of AC.

The fatigue damage is less (a more significant number
of cycles at failure) at a higher temperature. For example,
the numbers of cycles at failure are 17561, 9751, and
3755 at temperatures of 40 °C, 20°C, and —10 °C,
respectively.

In addition, the frequency dependency in the fatigue
damage of AC is very low, as occurred at —10 °C in
Figure 4. This is because the asphalt material’s behavior
is elastic at low temperatures.

Another finding from Figures 3, 4 is that the number
of cycles at failure becomes stable at a frequency equal to
or lower than 0.01 Hz. It is due to the healing behavior of
AC. The material gets more time to heal up at a slower
loading rate.

The behavior of AC at 1.16:10° Hz can be well
understood if the test is conducted at 0.01 Hz or, more
conservatively, at 0.001 Hz.

More specifically, thermal fatigue damage occurs due
to the day-night temperature fluctuations whose loading
frequency is 1.16-107° Hz.

It is good enough to study the behavior of AC at
0.001 Hz, to understand the fatigue behavior of AC due
to day-night temperature fluctuations.
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Figure 4 — Allowable load repetitions
at different frequencies at 500 pe

3.2 Dissipated energy

Dissipated energy (DE) is the area under the stress-
strain curve. This part of energy does not recover upon
unloading. It accumulates within the material upon
applying repeated load. Due to its simplistic nature,
dissipated energy approaches are popular among the
pavement engineering community to determine the
failure point of asphalt samples [15, 16].

Figure 5 shows the DE loop for two tests conducted
at frequencies of 0.01 Hz and 10 Hz at 500 pe (250 pe
to =250 pe) strain level.
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Figure 5 — Hysteresis loop of dissipated energy
at 0.01 Hz and 10 Hz

The area of the DE loop of 0.01 Hz is much smaller
than the 10 Hz curve. That means the material dissipates
less energy at a low frequency of loading. This is because
the stiffness of AC decreases with a decrease in stiffness.
The DE loop area decreases as the stiffness decreases
(under controlled strain test). However, the total DE of
any material is independent of the loading mode.
Therefore, at a low loading frequency, the material
undergoes a more significant number of cycles to reach
the DE capacity of AC. More specifically, the number of
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cycles at failure is more significant than the traditional
criteria of a 50 % reduction in stiffness.

Figure 6 shows the ASU energy ratios (stiffness ratio
multiplied by the number of loading cycles) of two
samples tested at 10 Hz and 0.01 Hz at 1000 pe strain
level.
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Figure 6 — ASU energy ratio with the number
of loading at 1000 pe

According to the energy dissipation approach, a
material is considered to fail when the ASU energy
reaches its peak. The ASU energy ratios of the samples
tested at 10 Hz and 0.01 Hz are 56,200 and 140,500
(2.5 times of 56,200), respectively. The corresponding
numbers of cycles at failure are 1260 and 9880 for the
samples tested at 10 Hz and 0.01 Hz, respectively. This
also implies that sample tested at lower loading frequency
always has greater fatigue life if the DE approach is
adopted, which is the opposite of the traditional criteria of
50 % reduction in stiffness as presented in Figures 3, 4.

Therefore, it can be said that the DE approach cannot
predict the failure cycle considering the viscoelastic
property of AC.

3.3 Initial stiffness

According to AASHTO T 321-07 (2007), the stiffness
at the 50th cycle of loading is considered the initial
stiffness. The first 50 cycles are neglected to
accommodate the initial setup and stabilization of the test.
However, one might expect significant damage in the first
50 cycles of loading, especially at high temperatures and
low loading frequency. The effect of a low loading
frequency at 20 °C and 500 pe is presented in Figure 7.
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Figure 7 — A decrease in stiffness with a number
of loading at 500 pe

The decrease in stiffness ratio has been plotted due to
loading between 0.0001 Hz and 10 Hz. The vertical dash
line cuts the stiffness ratio at the 50th cycle of loading. It
can be observed that the stiffnesses decrease to about
84 %, 80 %, 72 %, 69 %, and 63 % for the frequencies of
10 Hz, 1 Hz, 0.1 Hz, 0.01 Hz, and 0.001 Hz, respectively.

The stiffness decrease, especially at 0.1 Hz, 0.01 Hz,
and 0.001 Hz, is significant and should not be neglected.
In addition, the test stabilizes within 5 cycles of loading
at a slow frequency, as shown in Figure 7.

Therefore, it is recommended that the initial stiffness
should be considered at the 5th cycle of loading for the
testing at 0.1 Hz, 0.01 Hz, and 0.001 Hz of loading.

34 Modulus of AC

The flexural modulus of AC is frequency-dependent in
addition to the temperature effect. Figure 8 plots the
moduli of AC tested at different temperatures at 1.16-10~
5 Hz, the frequency of the day-night temperature cycle,
using the 4PB test at 200 pe.
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Figure 8 — Modulus of AC at the day-night temperature
frequency of 1.16:107 Hz

It shows that the stiffness of AC decreases with the
expected decrease in frequency. It can also be observed
that the modulus is very low compared to the typical
values tested at 10 Hz of loading. For example, at 20 °C,
the modulus of AC at 1.16-107 Hz is 324 MPa, whereas
the dynamic modulus of the same material at 10 Hz is
9970 MPa [17].

Therefore, while analyzing thermal fatigue damage,
the stiffness should be considered at the frequency of
1.16-107° Hz of loading.

4 Conclusions

This study determines AC’s fatigue properties such as
fatigue damage, dissipated energy, stiffness, and
threshold stress-strain at a low loading frequency using
4PB test apparatus. Based on the study’s findings, it can
be said that fatigue damage increases at a low frequency
of cyclic loading using AASHTO failure criteria, and the
number of cycles at failure becomes stable at the
frequency of equal to or lower than 0.01 Hz. The
dissipated energy per cycle of loading decreases with a
decrease in loading frequency, and the damage decreases
at a low frequency of cyclic loading using the dissipated
energy criteria. Considering initial stiffness at the 50th
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cycle is not appropriate at a low loading frequency as the
stiffness reduction is so considerable at slow loading.

The findings of this study can be used to simulate the
behavior of AC better, and research can use the results of
this study to develop a new testing program. The above

conclusions are because the initial stiffness was
considered at the 50th cycle of loading for testing at
10 Hz. For testing at a frequency lower than 10 Hz, the
initial stiffness was taken at the 5th cycle of loading. In
addition, the current study used a single SP mixture.
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Abstract. The article is devoted to studying the contra-rotating stages with different impellers and blade discs.
Determining the reduction of volumetric losses by modeling the contra-rotating stages in the software package
ANSYS CFX. The work aimed to create and study the flow and characteristics: semi-open, closed impellers, and
blade discs. As a result of the work, the following contra-rotating stages were determined and compared: the semi-
opened impeller with the semi-opened blade disc; the closed impeller with the closed blade disc; the semi-opened
impeller with the closed blade disc; the closed impeller with the semi-opened blade disc. As a result of research, fluid
flows in contra-rotating stages and their characteristics in the form of pressure and efficiency were obtained.
According to the obtained data, the expediency of using contra-rotating stages as a working body of the pump is
written.

Keywords: pump, energy efficiency, semi-opened impeller, semi-opened blade disc.

1 Introduction

Today, centrifugal cantilever pumps are widely used in
various industries. Such pumps are thoroughly researched
and have the best values of pressure and efficiency that
can only be achieved. A new branch in pump
construction is the cantilever contra-rotating centrifugal
pump.

The new pump has a modified flow part and a different
principle of operation of energy transfer from the
working bodies to the liquid. The pump’s impeller rotates
clockwise, and the blade disc rotates counterclockwise.
This creates a contra-rotating effect between the discs
(bd), which transmits much more energy to the fluid than
conventional centrifugal pumps [1-9].

Due to speed changes, the pump can create a much
higher pressure. This, in turn, leads to increased
volumetric losses that occur in the area between the cover
disc and the pump housing. A leaking seal can only
reduce volumetric losses, not eliminate them. However,
exploring the contra-rotating stage with different types of
impellers is an option to avoid volumetric losses.

The main advantage of semi-opened and opened
impellers is the absence of losses caused by friction of the
outer surfaces of the discs and fluid in the pump casing.

There is also no volume loss between the pump casing
and the cover disc. However, the use of such impellers
reduces efficiency. The channels in the impeller are
formed by the blades and a case wall (Figure 1).

e J

Figure 1 — Schematic representation of the flowing part with
impellers of different types: a — closed impeller; b — semi-
opened impeller; ¢ — opened impeller; 1 — blade;

2 — housing of the pump
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2 Literature Review

Centrifugal pumps mostly use closed impellers.
However, nowadays, the impellers are divided into closed
according to the design of the discs (Figure 2a), semi-
opened (without cover disc, Figure 2b), and opened
(without cover disc and part of the main disc (Figure 2c¢).

Figure 2 — Types of impellers depending on the design of the
discs: a — opened; b — semi-opened; ¢ — closed

The impeller type choice depends on the pump’s
purpose and operating parameters. According to the
design, the closed impellers (Figure 2a) have front
(cover) and rear (main) discs. The semi-opened impellers
(Figure 2b) do not have a cover disc, and the blades are
attached only to the main disc. The opened (Figure 2c)
impellers have attached bushings with blades.

The contra-rotating effect works as follows. For ease
of perception, the impeller and blade disc is delivered to a
distance “a” (Figure 3).

Figure 3 — Flow kinematics in contra-rotating
centrifugal systems

Velocity vectors and their components are given for
the axisymmetric flow scheme and conditions wr =—wu
(the gratings rotate in opposite directions with the same
angular velocity). In addition, at the entrance to the first
grid, selected conditions without circulating leakage. The
flow at the entrance to the second grid is coming out of
the first. It has a significant moment (twist), created by
the first grid (vu2'7r2). Simultaneously, its direction is
opposite to the second grid’s rotation direction.

It should also be noted that the second grid's blades
move towards the current coming from the first grid,
changing its momentum in a very short time. And this,
according to the moment theorem, causes a sharp increase
in the force of interaction between the solid surface of the
blade and the current that attacks it. This, obviously,
leads to a significant increase in the intensity of the
energy transfer process. Considering the working process
of the contra-rotating blade system and, first of all, the
work of the second grid, an assumption arises that the
first grid, created at the entrance to the second flow with
significant negative circulation, /> thus provides an
intense contra-rotating for the blades of the second rotor
(they actively interact). This flow’s kinetic energy
quickly passes into the state of pressure energy, which
resembles the working process in hydraulic machines of
the active principle of the action (for example, in jet
bucket turbines). As the pressure increases, the
volumetric losses will also increase.

In Figure 4, fluid flow and volumetric losses are
shown in two contra-rotating stages. The Ist stage
(Figure 4a) has cover discs, on the 2nd (Figure 4b) — they
are missing.

A I
/1y |
A Y
i/

i

I N

a b

Figure 4 — Volumetric losses in contra-rotating stages:
a — the closed type, b — the semi-opened type

Thus, the volume loss can be observed only in
Figure 4a.

The study’s primary purpose is to increase the energy
efficiency of the contra-rotating pump by constructing the
impeller with the semi-opened and closed working bodies
using the method of numerical research. For this purpose,
the following methods were used:

— a study of the flow part of the pump using the known
design of the semi-opened and the closed impeller;

— design of impellers for contra-rotating pump with the
semi-opened and closed impeller and vane disc of
different designs;

— conducting a numerical study of the flow part of the
pump using the proposed changes;

— evaluation of the obtained results.
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3 Research Methodology

The object of the study is the contra-rotating stage
with the base impeller of the pump CNS 180-1900. The
following contra-rotating stages were created to reduce
volumetric losses. The contra-rotating stages (Figure 5)
have impeller I and blade disc II.
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Figure 5 — Contra-rotating stages: a — closed impeller and
closed blade disc; b — semi-opened impeller with semi-
opened blade disc; ¢ — closed impeller and semi-opened

blade disc; d — semi-opened impeller and closed blade disc

The following contra-rotating stages have been created
for calculations: the closed impeller with the closed blade
disc (Figure 5a); the semi-opened impeller with the semi-
opened blade disc (Figure 5b); the closed impeller with
the semi-opened blade disc (Figure 5¢); the semi-opened
impeller with the closed blade disc (Figure 5d). Each
stage had an impeller with eight blades. A distinctive
feature of such stages was the presence of the cover disc
and the number of blades in the blade disc, which in turn
were equal to 8, 10, and 12 pcs.

In the beginning, the blades of the contra-rotating
stages (Figure 6a) with optimal angles of attack of 9° and
output of 12° were calculated. With the help of the Solid
Works software product (Figure 6b), 3D models of
flowing parts of various blades and impellers were
created. With the help of ANSYS CFX, the created
models were broken on the surface (Figure 6¢) and
created a calculation grid (Figure 6d).

C

The next step for each model was to set the conditions
for input, output, the configuration of the pumped
medium, and set specific boundary conditions
(Figure 7a). After that, the numerical calculation of the
contra-rotating stages was performed (Figure 7b).

d
Figure 6 — stages of research: a — calculation of blades; b — the creation of 3D models; ¢ — breaking surfaces;
d — creating a grid; e — setting boundary conditions; f — numerical calculation

The university version of software product ANSYS
CFX was used based on the numerical solution method of
the fundamental hydromechanics laws [10, 11]: equations
of motion of a viscous fluid together with the equation of
inseparability.
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Figure 7 — Boundary conditions (a) and numerical calculations (b)

This is a sufficient condition for the validity of the
application of the results of numerical research.

It should be noted that ANSYS CFX was repeatedly
tested in solving the problems of pump construction, and
the discrepancy between numerical and physical
modeling results does not exceed 5 %.

Therefore, this software product is suitable for solving
the stated research problem. As a result of research the
liquid flows in contra-rotating stages, and their
characteristics in the form of pressure and efficiency are
received.
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4 Results

To begin with, the basic impellers without blade discs
were calculated (Figure 8). The characteristics of the
closed and the semi-opened impeller were obtained to
clarify and compare characteristics with contra-rotating
stages.
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The closed impeller (Figure 8a) has the following
parameters: head — 149 m; energy efficiency — 95 %.

The semi-opened impeller (Figure 8b) has the
following parameters: head — 113 m; energy efficiency —
76 %.
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Figure 8 — Closed (a) and semi-open (b) impellers

The fluid flow in the closed wheel is stable, without
vortices. The maximum flow rate is 19.3 m/s. As for the
semi-opened impeller, we can see fluid flow between the
blade channels, leading to vortex formation and reduced
efficiency. The maximum flow rate is 26.6 m/s. In
addition to the flow of fluid between the housing and the
blades, the flow is also stable.

The number of blade discs and impellers was created
to study the characteristics of the steps. The closed and
the semi-opened contra-rotating stages with the same
number of blades were compared with each other.

Withing the 1st comparison, parameters of the closed
stage are presented in Figure 9a: the number of blades —
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8; head — 382 m, energy efficiency — 56 %. Parameters of
the semi-opened stage (Figure 9b): the number of blades
z = 8; head — 228 m; energy efficiency — 31 %.

After the 2nd comparison, parameters of the closed
stage are presented in Figure 10a: the number of blades —
10; head — 357 m; energy efficiency — 55 %. Parameters
of the semi-opened stage (Figure 10b): the number of
blades — 10; head — 231 m; energy efficiency — 31 %.

Within the 3rd comparison, parameters of the closed
stage are presented in Figure 11a: the number of blades —
12; head — 364 m; energy efficiency — 55 %. Parameters
of the semi-opened stage (Figure 11b): the number of
blades — 12; head — 225 m; energy efficiency — 33 %.

Velocl ' e
s k N

ine 1

Figure 9 — Closed (a) and semi-open (b) impellers (z = 8)
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Figure 11 — Closed (a) and semi-open (b) impellers (z = 12)

After the obtained results, a solution was proposed to
combine impellers and blade discs of different designs
(Figures 12, 13). After considering their pressure and
energy efficiency, the interaction of different stage
elements becomes essential. For this study, two contra-
rotating stages were taken with the number of blades 10
and 12, respectively.

The Ist study with combined elements presents
parameters of the closed contra-rotating stage with 10
blades (Figure 12a). The impeller is closed, and the blade
disc is semi-opened: head — 286 m., energy efficiency —
36 %. Parameters of the semi-opened contra-rotating
stage with 10 blades are presented in Figure 12b). The

impeller is semi-opened, and the blade disc is closed:
head — 319 m; energy efficiency — 45 %.

The 2nd study with combined elements presents
parameters of the closed contra-rotating stage with 12
blades (Figure 13a). The impeller is closed, and the blade
disc is semi-opened: head — 256 m; energy efficiency —
37 %.

Parameters of the semi-opened contra-rotating stage
with 12 blades (Figure 13b). The impeller is semi-
opened, and the blade disc is closed: head — 328 m;
energy efficiency — 47 %.

Characteristics of the contra-rotating stage of different
designs are summarized in Table 1.

Table 1 — Characteristics of contra-rotating stage of different design

Head, m / Energy efficiency, %
Number of blades Semi-opened blade disc / Closed blade disc / Semi-opened blade disc Closed blade disc /
semi-opened impeller Closed impeller / semi-opened impeller Closed impeller
8 228 /31 382/56 N/A N/A
10 231/31 366 /55 319/45 259/36
12 225/33 364 /55 328/47 256 /37
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Figure 12 — Impellers with z = 10: a — closed impeller and semi-opened blade disc; b — semi-opened impeller and closed blade disc
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Figure 13 — Impellers with z = 12: a — closed impeller and semi-opened blade disc; b — semi-opened impeller and closed blade disc

5 Discussion

As we can see from the results, fluid flow in closed
stages has vortex formation (Figures 9a, 10a, and 11a).
This all leads to lower efficiency. In semi-opened stages,
everything is much better (Figures 9b, 10b, and 11b). The
flow of fluid is constant, but there is a flow of fluid from
one between the blade channels to another.

Having obtained the characteristics of contra-rotating
stages, we can say that they have higher pressure
characteristics than the basic impellers, although inferior
to them in efficiency. Compared with the semi-opened
and closed stage, without considering the number of
blades, the semi-opened contra-rotating stage has worse
characteristics than the closed. In comparison with
separately the closed and the semi-opened contra-rotating
stage, we can see that the pressure and efficiency of this
blade shape do not change.

Although the most significant pressure in the closed
contra-rotating stage is achieved due to the stage, which
has eight blades.

For combined impellers with blade disc, in the case of
the semi-opened impeller and the closed blade disc
system (Figures 12b, 13b), we got much better
performance than the closed impeller and the semi-
opened blade disc (Figures 12a, 13a).

Comparing a completely closed contra-rotating stage
with a stage where the impeller is opened and the blade
disc is closed, we can say that the pressure and efficiency
have decreased, but thanks to this, we have removed the
volumetric losses. Such good pressure characteristics can
be explained by the fact that the closed blade disc is at the
same time a guide device for the fluid after the semi-
opened impeller. The fluid in the disc does not flow
between the blade channels, and there is a formation of
flow at the outlet.
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6 Conclusions

As a result of research, it was found that it is better to
use closed steps to get the highest pressure. Fully the
semi-opened steps have the worst characteristics.
Typically, such impellers are used for liquids with solid
impurities, but how this will affect the operation of the
contra-rotating stage is unknown. Such contra-rotating
stages are best used for pure liquid without impurities.
Using the combined contra-rotating stage to prevent
massive losses did not live up to expectations.
Volumetric losses are much less than losses on efficiency
and pressure; therefore, they can be neglected.

Many unexplored factors in this area affect the nature
of the flow and the pressure and energy characteristics of
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Abstract. The article is devoted to a pilot study of the reverse-bladed pump. The characteristics of the reverse
bladed pump are the identical parameters on flow, the head, power, energy efficiency on direct and the return
operating modes (at rotation of a rotor of the pump both in one and to the opposite side). The model reversible axial
pump with two impeller versions was tested on an experimental bench. The impellers were distinguished by the shape
of the profile in the blade sections. The model reversible pump was structurally a reversible axial impeller placed in a
cylindrical chamber. Studies were carried out at different angles of rotation of the impeller blades. The power
characteristics of tested versions of the pump (impeller) at the design and under loading (unstable operation) modes
are given. Low efficiency of the tested versions of the reversible pump compared to the conventional axial pumps is
noted, primarily due to the strong influence of the secondary gradients of the pressure factor. The second reason is the

profile separation of the flow from the blade surface, to which the tested reverse pump screens are predisposed.

Keywords: reversible pump, fluid flow, pressure head, power, energy efficiency.

1 Introduction

In recent years, the development of some industries
has required the creation of a fundamentally new class of
the centrifugal (dynamic) pumps, so-called reverse
pumps, which have the same parameters in terms of flow,
pressure, power, efficiency, cavitation qualities in direct
and reverse operation modes of operation, i.e., when the
rotor rotates in one or the opposite direction.

The reversible pumps are widely used abroad in the
chemical, textile industry, shipbuilding, and hydraulic
systems of tidal power plants. In domestic practice, there
is no production of such pumps, except for two
prototypes, which the Kharkiv Polytechnic Institute
developed.

Creating reversible dynamic pumps is a complex
technical task (due to a number of their features). At the
same time, the domestic practice does not have sufficient
information on the calculation and design of such pumps,
especially their boost elements.

The issue needs a comprehensive, in-depth
examination. All this made this research necessary, its
tasks and directions, mainly the creation (development)
of boost elements.

For this purpose, two reverse impellers RK-1 and
RK-2, with specific speed ny= 800, were designed and
tested on an experimental bench.

The task of the tests was to study the working process
of the impeller for their improved hydraulic qualities. The
working process was analyzed based on the
characteristics of the elementary grids located on the
cylindrical surfaces of the current and the total (integral)
characteristics of the impellers.

The impeller RK-1 is designed by the lifting forces
method with the correction for the influence of the grid of
infinitely thin plates.

The impeller RK-2 is obtained by design optimization
on the computer using the straightforward task of lattice
theory [1-4], a radical multi-factor experiment [5], and
the calculation of profile losses [6—10].

During the design, both impellers were limited: the
outer diameter D = 0.23 m, the sleeve is cylindrical, the
hub-to-tip ratio of 0.61, the radial component of the input
velocity Vi, =0, and the constant pressure head H along
with radius 7.
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2 Research Methodology

A particular S-shaped profile symmetrical relative to
its geometric center is taken as vane sections for RK-1
[10, 11] (a necessary condition for ensuring the identity
of the kinematics of the flow during reversal) (Figure 1).

Figure 1 — The reverse pumping grid

For the impeller RK-2, a symmetrical profile [12] has
been adopted (Figure 1, dashed line).

The following signatures are used Q — flow rate, m%/s;
H — pressure head, m; n — rotational speed, s';
r — location radius, m; / — blade length, m; ¢ — blade step,
m; S — the angle of the profile installation in the grid, °;
a1 — the angle-of-attack, °; W, — relative velocity at the
inlet, m/s; f, — maximum relative curvature of the profile,
m; ¢, — maximum relative profile thickness, m.

The design parameters of the impellers are presented
in Table 1.

The impellers were tested on a hydraulic bench in a
cylindrical chamber. The liquid was supplied to and away
from the impellers in the axial direction.

The hydraulic characteristics of the tested impellers
are presented in Figure 2.

The characteristics were taken at the calculated
position of the vane with a rotation angle of V"= 0. Since
the RK-1 did not provide the design parameters for QO and
H, it was also tested at V'=4°.

The characteristics of the elementary reversible grids
are obtained by probing the flow before the impeller and
behind them with five-channel ball probes.

Table 1 — The design parameters of the impellers

Impeller mQ3;s Hm | n,s! Section view m /,m I/t B.° a1, ° m cmll
Peripheral 0.1150 0.200 1.39 12.8 2.8 0.020 0.040
RK-1 0.17 10 50 Mid 0.0925 0.185 1.59 17.5 53 0.030 0.060
Root 0.0700 0.155 1.76 27.6 11.5 | 0.040 0.080
Peripheral 0.1150 0.180 1.00 15.4 4.6 0.015 0.045
RK-2 0.17 10 50 Mid 0.0925 0.160 1.10 19.4 6.0 0.022 0.070
Root 0.0700 0.140 1.30 26.0 8.6 0.030 0.095
turbulence) (Reynolds number Re = (4.6-5.6)-10* was
\ calculated from the total flow rate and diameter of the
025 AR probe ball). The indicated value of Re was in the range of
\\\\\ ¥ (0.04-1.50)-103, i.e., the condition for the constancy of
020 ;'E.: < the calibration coefficients of the ball probes was fulfilled
N RN [12].
arn \\N ’7 The probes measured the flow in front of the impeller
"L\ % at a distance of 0.65¢ pitch from the blade’s leading edge
arns N 07 and behind the impeller at a distance of pitch from the
T trailing edge, where the velocities are almost equalized.
ao5 //a ﬁ}x 05 The measurements were carried out at eight points along
7 |2l ' '
7/ LA the radius. The extreme measurement points were spaced
004 ! 03 from the chamber walls and the sleeve by a distance
| equal to the diameter of the probe ball.
| The reliability of the experimental data was verified by

a1
aozs awe 0125 aBe 0rs 0200 0]

Figure 2 — Hydraulic characteristics of reversible impellers:
¥ — actual head coefficient; n — efficiency; ¢ — estimated
flow (. RK-1, V= (°; = RK-1,
V = 4°, —O——0— RK-2, V'=0°)

Probing was carried out in a wide range of flow
changes, including such characteristic modes as the
calculated mode (mode A), the optimal efficiency mode,
and the unstable operation mode (mode B; In the area of
pressure-flow characteristic “failure”).

Simultaneously, the rotation frequency n =50s"! was
kept constant, provided the Reynolds number (flow

comparing the flow rate

measurements:

determined by probe

Qs = 2n [ V(Prdr, (1)

where V. — the flow rate component of velocity;
R — the outer radius of the impeller, at the inlet and outlet
of the impeller with the corresponding flow rates
measured by the narrowing device (diaphragm), Q.
Typically, the divergence between Qs and Q. was £3 %
before the impeller and £5 % behind it.
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Based on the probing results, the parameters of reverse
wheels were determined, particularly the discharge flow
coefficient:

_ 43,
?= wD2(1-dljug @)

the head coefficient:
2gH
¥="7 (3)
R

and energy efficiency parameters of the elementary
grids, i.e., the discharge flow coefficient at input “1” and
output “2”, respectively:

Vizl(r) Vaz ()
Prk=—" P =", 4

Ug Up

where Vi.(r), Va(r) — the flow rate component of
velocity on the radius of the grid 7;
The head coefficient:

ZgHp ()
o = 2, ©
R
the grid efficiency:
Hkl:l""l
= . 6
e Hy(r) ©)

where Hi(r) — actual increment of the flow specific
energy at radius r, m; H,(r) — the elementary grid head
determined by the flow calculation, m.

Since the non-uniformity of the flow was considered
increased, the radius of the jet behind the impeller was 7,
along with the radius of the jet in front of the impeller »
from the equal flow rates between the jet and the chamber
wall. The parameters of the elementary grid were
determined in the cylindrical section at the middle radius
between 7 and . The resulting error was not taken into
account, as the radii differed insignificantly and could not
make inaccuracies in the calculation exceeding the error
of the probe measurements themselves.

In the calculation of the grid parameters, we used the
adjusted axial velocities, for which the velocities V. and
V>. were multiplied by the coefficients, respectively:

2
Ay =—r—"——; 7
: er_l'fb%’mfr)rdr )
dp=—g )

.R ) ¥
er_lrbi-’ngr,lrdr

where r, — bushing’s radius, m.

The noted parameters of the elementary grids were
represented by functions of the relative height of the
channel (r — rp)/(R — rp) angle of attack a;.

The parameters of individual elementary grids,
presented as a function of the relative height of the
channel, made it possible to judge the matching of the
blade sections in the radial direction, and the parameters
represented as a function of the angle of attack ai,
showed changes in the various parameters with varying
flow rates.

In particular, to avoid subjective curves in drawing
graphs, Figures 3—5 provided a computer selection of the
degree of the averaging polynomial.

3 Results and Discussion

Figure 2 shows the total characteristics of the impellers
“Y—p” and “n— ¢”. As follows from the figure, for RK-
1 with the calculated flow coefficient ¢ =0.18, the
experimental value of the Head Coefficient ¥=0.12 is
much less than the calculated ¥ = 0.15. The divergence is
approximately 20 %. This calls into question the
correctness of the lifting forces method for calculating the
reverse grids of S-shaped profiles if the grid influence is
considered according to the Schilzanzl graphs [1]. Using
the method in this form does not provide the required
impeller head.

The impeller RK-1 achieves the design head values
with lower (compared to the calculated) flow rate factors
and higher efficiency. In other words, the liquid receives
the necessary energy increment at more significant than
the calculated angles of attack o, and this process is
performed with less hydraulic losses.

When the blades turn from V'=0° to V=4° the
impeller pressure increases (as expected). So, in the mode
of calculated flow (¢ =0.18), the actual head coefficient
¥'=0.16 against calculated ¥'=0.15. The efficiency also
increased from # =0.51 to n = 0.34. However, the shape
of the head-flow characteristic is deteriorating: its
“failure” appears in the partial flow zone. (0.085-0.130).

At the impeller RK-2, a reasonably good agreement
was observed between the experimental and calculated
head coefficients. At the calculated ¢ =0.18, the
numerical values of these coefficients differ by no more
than 5 %. Based on this, it can be argued that the
numerical optimization method [S] using a computer
allows you to design reversed impellers for the specified
parameters.

Since the impeller RK-2 was designed with efficiency
optimization, the impeller’s level in the flow coefficient
change range was substantially higher than that of the
RK-1. In the calculated mode, it was 0.64.

Observed for RK-1 at J'=4° the “fall-in” of the curve
“Y—¢” in the range of ¢ =0.085-0.130 indicates a
significant change in the picture of a steady, smooth flow
around the blades. In more detail, the research reveals the
existence of the separated flows at the blade surface in
this zone (Figure 5).

It was possible to establish how hydraulic losses in the
flow washing elementary reversiblep grids, angle of
attack ay, level of loading of the blade element (measured
by the coefficient ¥), and secondary flows, including
overflow in the radial clearance at the periphery of the
impeller.

From Figure 3, it follows that for the peripheral and
middle sections, there are optimal values of the angles of
attack o;. When changing in one direction or another, the
value 7, decreases. Besides, the specified angles do not
coincide with the calculated angles (Table 1). A relatively
more significant mismatch is observed for RK-1.

Here, these angles are much larger than the calculated
ones, which agrees with the total characteristic “n — ¢”
(Figure 2).
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In the direction of the large angles of attack compared
with the calculated, the optimal efficiency of the named
impeller is shifted.

For RK-2 experimental and design ai, all sections
differ slightly. In the middle section, they are almost the
same. This explains a resonably good coincidence of the
design and optimal operating modes of the impeller RK-2
(Figure 2).

An analysis of the “nr—a;” curves for RK-2 in the
range of the angle-of-attack changes corresponding to the
zone of optimal efficiency shows that the #; on the
periphery is by 6-8 %, less than the value of this
parameter in the middle blade and by 2.0-2.5 % less than
that of the sleeve. Such an increase in energy loss in the
end sections of the blade was due to overflows in the
radial gap and other secondary flows in this area.

The minimum efficiency #; noted near the impeller
sleeve RK-1 is presumably related to the large thickness
of the boundary layer and its possible separation from the
blade surface [18].

One of the questions during the research was to
determine the permissible load on the blade to take it into
account when developing new designs. Based on the
obtained experimental data, for the best #; operation
modes of RK-2, it is possible to recommend ¥;=0.26—
0.29 — for peripheral sections and ¥, =0.15-0.17 — for
sleeve ones. In this case, the efficiency of the reversing
impeller should be expected to be about 0.65-0.66.

Two characteristic modes were selected to represent
the radial distribution of parameters across the blade
elements: design flow mode (Figure4) and unstable
operation mode (Figure 5). From Figure 5, it can be seen
that at the sleeve RK-1, the flow coefficient ¢ is zero or
negative. Such a redistribution of the axial velocities
indicates the existence of a vortex zone in this region.
This is confirmed by visual observations of the flow in
stroboscopic lighting (data not shown).

Based on the previous, we have presented a picture of
the current around the blade and thus explain the flooding
of the head-flow characteristic of the RK-1 impeller at
V' =4° in the modes of frequency flows ¢ = 0.085-0.130
(Figure 2). Figure 2 shows that with a decrease ¢ from
0.130 to 0.105 the head ¥ coefficient decreases from

0.212 to 0.205, which may be associated with the
formation of the vortices at the sleeve. The presence of
such as the flow is further reduced (¢ < 0.105) facilitates
the flow conditions of the rest of the blade (since the
velocities are redistributed over the height of the
channel), which increases from the head.

4 Conclusions

Thus, the economy of the best-tested reverse impeller
was 0.63-0.64. The indicated low level of efficiency
(compared to the conventional axial wheels is non-
reversible) is explained primarily by the strong influence
of secondary flows due to the existence of the significant
alternating pressure gradients of the head coefficient ¥k
(Figure 4). An important reason for this was also the
possible profile separation of the flow, to which the
reversible grids in question are most predisposed.

The presence of alternating gradients of the head
coefficients does not recommend any acceptable law of
load change along the radius for newly designed reverse
pump wheels. This issue needs further study.

To improve the performance of the reversible
impellers. It is necessary for a more in-depth study of the
effects of secondary flows. Of undoubted interest in this
regard are identifying the influence of typical impeller’s
parameters, length of the blade profile, and the load
distribution along the radius on the manifestation of
three-dimensional effects.
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Abstract. Solving the hydroelastic problem by using Ansys System Coupling (Mechanical and CFX) for floating
and fixed rings of a deformable annular seal made it possible to analyze the influence of the cylindrical shell
thickness, the inlet and outlet edge dimensions, inlet pressure, and shaft radial displacement on the hydrostatic
pressure distribution and the clearance value on length, leakages, stress-strain state, and radial force. The analysis of
static stability at an inlet pressure of 10 MPa for the basic seal design showed that the static radial force in the range
of radial movements of the shaft from 0 to 50% of the clearance is centering, even though the inlet part of the seal
clearance has a confusor, and the outlet part has diffuser form. However, the dynamic coefficients of the fixed sealing
ring have a negative value of direct stiffness but positive values of direct and cross-coupled damping and cross-
coupled stiffness. Verifying computational 2D and 3D models with experimental results from the literature showed
that the maximum relative error does not exceed 10.7% for the hydrostatic pressure, 18% for the clearance, and 8.6%
for the leakage value. Simultaneously, according to the trend, all calculated dependencies are identical to the

experimental results.

Keywords: deformable annular seal, clearance, hydroelastic problem, sealing, stability.

1 Introduction

With industry development, the need for pumping and
processing large masses of liquid and gaseous products is
constantly growing [1]. One of the most critical problems
in this area is the problem of creating reliable and
hermetic seals. This situation is caused, on the one hand,
by high sealing pressures and circumferential speeds,
which increase yearly. On the other hand, stringent
requirements for sealing and reliability rise along with the
growth of parameters.

In modern pumping equipment, non-contact seals of
the annular type have become widespread. The
peculiarity of these seals is their direct influence on the
vibration state of the rotors. Depending on the design of
the seals, the hydrodynamic forces arising in them can
have both a centering and decentering effect on the rotor.
The main disadvantage of such seals is relatively large
leakages of the pumped liquid, which reduce the
efficiency of the pumps. Therefore, developing and
calculating new designs of annular seals that provide

small leakages with the guaranteed non-contact operation
of the rotor is an urgent and, at the same time, a difficult
task, as it is necessary to find a compromise between
these conflicting requirements. This provision determines
the importance of research aimed at increasing the sealing
capacity and vibration reliability of non-contact seals of
rotors of high-speed pumps and reducing the complexity
of calculations.

For the first time, the deformation problem of an
annular seal was considered by Kamal [2]. He developed
a simple method of analyzing the flow in an annular seal
based on the solution of the Reynolds equation,
considering the deformations of the shaft surfaces and the
sealing ring as a part of the housing. Subsequently, Pick
and Harris solved the hydroelastic problem for the so-
called Morrison and Perry seals [3]. They used the finite
element method to analyze the deformations of the ring
shell and the shaft of the reciprocating joints. The
pressure distribution in the seal, the movement of the
sealing surfaces, and leakages were determined by the
joint solution of the hydrodynamics equations and
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elasticity using the successive approximations method.
Khvorost, Melnyk, et al. [4] proposed a computational
method for calculating the flow in a floating seal
considering input losses. Yu.A. Kibets, in his dissertation
[5], based on experimental studies, proposed a method for
calculating deformable annular seals of turbopump units.

Recently, an increasing number of experimental [6, 7]
and theoretical [8, 9] studies are related to analyzing the
dynamics and leakages of floating seals of high-speed
rotary machines such as aircraft engines, turbopump
units, or gas turbines. Studies of static and dynamic
lubrication parameters of bearings with floating rings for
high-speed turbocompressors deserve special attention
[10, 11, 12].

Therefore, this work aims to solve the hydroelastic
problem and analyze the static and dynamic stability of
the floating and fixed rings of the deformable annular seal
of the high-speed turbopump. Verifying the
computational model with experimental results from the
literature [5].

2 Research Methodology

The hydroelastic problem for floating and fixed rings
of a deformable annular seal was solved using Ansys
System Coupling [13]. The analysis of ring deformations
was performed in the Ansys Transient Structural module,
and the calculation of fluid flow through the annular was
conducted in the Ansys Fluid Flow (CFX) module.

The basic design of the deformable sealing ring (Fig.1)
has the following dimensions and design parameters [5]:

e annular length / =25 mm;

e  shaft diameter d = 120 mm;

e radial clearance /1p= 0.1 mm,;

e  cylindrical shell thickness 6 =2 mm;

e inlet edge diameter D;= 155 mm;

e inlet edge thickness b;= 5 mm;

e outlet edge diameter D;= 155 mm;

e outlet edge thickness b,=5 mm;

e d;=122 mm;

e =126 mm;

e ¢g=1mm;

e undercutting diameter of outlet edge D= 130 mm.

The material of the ring is bronze BrAlFeMg 10-3-2.

Computational studies were carried out for 2D and 3D
models of sealing rings. For the 2D model, the static
problem of analyzing the stress-strain state in an
axisymmetric setting was considered. For the calculation
2D model hexa mesh of the ring and the clearance
domain of the deformable floating seal, a sector with an
angle of 5 degrees was chosen.

a

D,
hy
D

d,

d,

Figure 1 — Diagram of a deformable U-shaped sealing ring

The calculation mesh with boundary conditions is
shown in Fig. 2 a,b. The size of the ring mesh is 17170
elements. The dimensionality of the liquid clearance
mesh is 10,000 elements. As a boundary condition, the
inlet pressure was set on the outer surface of the solid
ring. The condition of rotational periodicity symmetry
was applied to the side faces of the ring sector. The face
surface frictional contact of the ring with the body was
modeled with a friction coefficient of f=0.07. An
interface for obtaining data on the hydrostatic pressure
distribution and transmitting data on the distribution of
the deformation was set on the inner surface. For the
liquid clearance: on the side faces, the boundary
conditions of rotational periodicity, static pressure at the
inlet and outlet, on the surface of the shaft and the surface
of the inner ring - conditions of the absence of sliding on
the walls were set. In addition, on the surface connected
to the inner surface of the ring, an interface for
transmitting hydrostatic pressure distribution data and
obtaining a strain distribution was determined.

A turbulent isothermal flow of water was considered
using the k-¢ turbulence model. To model the boundary
layer, the clearance mesh, which consisted of 10 elements
in thickness, thickened near the walls. As a result of the
calculations, hydrostatic ~pressure and clearance
distributions along the seal length, the leakages, and the
stress-strain state of the annular seal floating ring without
considering the shaft rotation were obtained.
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Inner ring surface -
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b

Figure 2 — Calculation mesh of the 2D model of the ring (a)
and the clearance (b) of the deformable annular seal

For the 3D model, the complete rotational geometry of
the sealing ring and liquid clearance with bonded contact
of the face surface was considered. The calculated hexa
mesh of the 3D model of the ring and the clearance is
shown in Fig. 3a, b. The structured hexa mesh of the ring
had 27607 elements, the clearance mesh - 30000. Similar
to the 2D model, the inlet pressure was applied to the
outer surface of the sealing ring as a boundary condition.
A static sealing pressure was set at the inlet of the liquid
clearance. Static pressure of 0 Pa was set at the outlet,
which is the condition for the outflow of the liquid
medium into the atmosphere. The inner cylindrical
surfaces from the side of the ring and the clearance were
used as interface surfaces. The condition of no sliding
was set on the walls of the clearance.

Face contact surface

Outer ring surface -

Inlet pressure Interface

Shaft surface

Inner ring surface -

Interface Outlet

a)

Figure 3 — Calculation mesh of the 3D model of the ring (a)
and the clearance (b) of the deformable annular seal

Inner ring surface

The analysis of the static and dynamic stability of the
shaft in the deformable annular seal was performed using
the Ansys CFX numerical method of the deformed mesh.

When analyzing the static stability of the floating and
fixed rings of the deformable annular seal, a relative
radial displacement e=0.2, 0.3, 0.4, 0.5 was applied to the
shaft surface depending on which the radial force and the
leakages were obtained. The stress-strain state of the
fixed ring of the deformable annular seal was analyzed.

When analyzing the dynamic state, with the fixed ring
of the deformable annular seal, displacements
z = e, cos(0t) and y = ey sin(odt) were applied to the shaft
surface, which specified a direct synchronous whirl along
a circular trajectory. At the same time, the rotational
speed of the shaft surface was equal to 22,000 rpm. One
shaft rotation with 20 timesteps was simulated. The
eccentricity e, = ey =0.01 mm is equivalent to 10% of the
clearance. As a result, the joint hydroelastic problem and
shaft whirl along a circular trajectory was solved.
Dynamic stiffness and damping coefficients were
estimated using the hydrodynamic forces obtained during
the calculation [14].

3 Results and Discussion

As a result of the static calculation for the floating and
fixed rings of the deformable annular seal, the influence
of the cylindrical shell thickness, the inlet and outlet edge
dimensions, the inlet pressure, and the radial
displacement of the shaft on the hydrostatic pressure and
the clearance distributions along the length, leakages, the
stress-strain state, and the radial force were analyzed.

The hydrostatic pressure and clearance distributions
along the seal length at different cylindrical shell
thicknesses (Fig. 4 a,b) show that for the 2D model of the
basic design of the seal at 8=2 mm and the inlet-outlet
edge thicknesses bi=b,=5 mm, the calculation results
agree well with the results of the experiment. Thus, the
maximum relative error does not exceed 10.7% for
hydrostatic pressure and does not exceed 18% for
clearance. When the thickness of the cylindrical shell is
reduced, the minimum clearance decreases by more than
two times from hpmin = 0.0559 mm to hpin = 0.0265 mm.
Leakages reduce from Q = 1.33 I/s to Q = 0.651 1/s at
6=2.5 mm and & = 1.5 mm, respectively (Fig. 5). The
profile of the hydrostatic pressure distribution is
transformed from uniform close to parabolic to non-
uniform with a convex shape of the curve on the confusor
part of the clearance and a concave curve on the diffuser
part of the clearance. The position of the minimum
clearance slightly shifts towards the outlet to the seal.
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Figure 5 — Dependence of leakage on the cylindrical shell
thickness for the 2D model of the floating ring

The radial deformations of the floating sealing ring
(Fig. 6 a-d) show that when the thickness of the U-shaped
cylindrical shell decreases, the angle of rotation ¢
increases, first of all, of the outlet edge. The opening
angles of the confusor a and diffuser B increase (Fig. 4b).

The hydrostatic pressure and clearance distributions
along the length of the floating sealing ring (Fig. 7 a,b)
show that as the inlet and outlet edge thicknesses

decrease, the pressure distribution profile fills up, and the
minimum clearance decreases from hpin=0.0416 mm to
hmin=0.0319 mm. Also, the position of the minimum
clearance towards the outlet from the seal changes. With
the inlet edge thickness b;=3 mm and b;=1 mm, and the
outlet edge thickness bo=1 mm, a confusor shape of the
clearance is provided along the entire seal length.
Moreover, leakages have a minimum value of Q=0.77 /s
(Fig. 8). Undercutting the outlet edge of the floating seal
ring at bi=b,=5 mm to a diameter of D=130 mm also
leads to the formation of a confusor clearance along the
entire length of the seal. Leakages decrease from
Q=1.048 1/s to Q=0.875 1/s. The hydrostatic pressure
distribution profile has the most filled curve shape.
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The radial deformations of the floating sealing ring
(Fig. 9 a-f) increase with a decrease in the thickness of
the inlet and outlet edges. Moreover, with a reduction in
the output edge thickness and its undercutting, the value
of the rotation angle of the input edge increases, and the
value of the rotation angle of the output edge decreases.
Thus, the primary influence on the cone-shaped
deflection of the floating sealing ring is the thickness and
diametrical size of the output edge.
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Hydrostatic pressure and clearance distributions along
the seal length depending on the sealing pressure for the
basic design of the seal with a floating ring (Fig. 10 a, b)
show an increase in the pressure profile and a decrease in
the value of the minimum clearance with an increase in
the inlet pressure. The gap size decreases almost twice
from hpin = 0.0872 mm to h min = 0.0432 mm at Pj, = 2
and 10 MPa, respectively.
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Also, the minimum clearance position slightly shifts
towards the outlet from the seal. This fact explains the
quadratic change in the leakages from the sealing
pressure (Fig. 11). First, there is an increase in leakage up
to a pressure value of approximately 6 MPa, and then the
leakage value begins to decrease at pressures of 8 and 10
MPa. The relative error between calculated and
experimental data on the leakages does not exceed 8.6%.
At the same time, according to the trend, all calculated
dependences are identical to the experimental results.

It is clear that the radial deformations of the floating
ring of the basic design increase with increasing inlet
pressure. A comparison of the equivalent stresses at an
inlet pressure of Pin=10 MPa (Fig. 12) for the basic
design, a design with minimal thickness of the inlet and
outlet edges, and a design with undercutting of the outlet
edge showed that the most significant value of stress is in
the design with undercutting of the outlet edge.
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Figure 13 — Hydrostatic pressure (a) and clearance (b)
distributions along the length of the 3D model of the deformable
floating and fixed rings at different shaft radial displacements

Moreover, the equivalent stresses are significantly
lower than the allowable stress for the material of
340 MPa.

Hydrostatic pressure and clearance distributions along
the length of floating and fixed deformable seal rings at
different shaft radial displacements (Fig. 13 a, b) show
that for the 3D model of the floating ring, the difference
between pressure and clearance distributions in the places
of minimum and maximum clearances is insignificant.
This is because, with a relative radial displacement of the
shaft e=0.2, the radial hydrostatic force in the seal
displaces the ring in the reverse direction by e=0.16. That
is, by approximately 80% of the previous radial
displacement of the shaft. At the same time, the radial
force is equal to 521.2 N, and the frictional force in the
contact of the floating ring is equal to 453.3 N (Fig. 14
b). And this means that the radial force is only 13% more
than the friction force. At the same time, the amount of
leakages Q=1.36 l/s almost does not change, and the
amount of radial force increases significantly less than for
a fixed ring if compared with the concentric position of
the shaft e=0 (Fig. 14 a,b). But on the contrary, for a
fixed ring, the difference between the hydrostatic
pressure and clearance distributions in the places of
minimum and maximum clearances is significant and is
associated with a more substantial radial displacement of
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the shaft e=0.3, 0.4, 0.5 (Fig. 13 ab). The minimum
clearance varies in size and position along the seal length
(Fig. 13 b), which is explained by the difference between
the hydrostatic pressure profiles. The increase in leakage
and radial force from the radial displacement of the shaft
for the design of the seal with a fixed deformable ring
occurs according to linear dependencies (Fig. 14 a,b).

Leakage in fixed seal

Leakage in floating seal

Leakage, s

o 0.1 0.2 0.3 04 0s
Relative eccentricity

a

3000 |

Radial ferce, N

Radial force in fixed seal

Radial force in floating seal

Contact friction force in floating seal

o o1 02 03 04 os
Relative eccentricity
b
Figure 14 — Dependence of leakage (a) and radial force (b) on
the shaft radial displacement for a 3D model of deformable
floating and fixed annular seal rings

Fixation of the deformable sealing ring is because with
an increase in the relative radial displacement of the
shaft, there is an increase in the radial force that tries to
move the ring in the opposite direction, which leads to
significant deformations of the calculation mesh and this
makes it impossible to perform further calculations.

Radial displacement and equivalent stresses of the 3D
model of the sealing ring are presented in Figures 15 a, b.

A comparison of the radial deformations of the static
and fixed dynamic 3D models (Fig. 16 a,b) shows that a
more significant amount of deformation and movement of
the minimum clearance position towards the seal outlet
occurs in the static model. This is because the floating
ring in the static model can move the face contact surface,
unlike the fixed ring in the dynamic model. However, the
dynamic model of the undercutting ring design (Fig. 16 ¢)
has the most considerable deformation, even though the
ring is fixed.

B: Transient Structural

Directional Deformation

Type: Directional Deformation(Y Axis)
Unit: mm

Global Coordinate System

Time: 1,

0,043062
0,035882
= 0,028702
0021522
I 0014342
s 0007162
-17957¢-5
-0,0071979
| -0.014378
) -0.021558
y -0,028738
-0,035918
-0,0430%8
-0,050278 Min

I 0,050242 Max

B: Transient Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: MPa

Time: 1,

01.07.2022 19:29

212,11 Max
18855

16499

14143

117,87

94314

70,754

47,195

23,635
0,075398 Min

T

b

Figure 15 — Radial deformations (a) and equivalent stresses (b)
of the 3D model of the deformable floating ring at e = 0.2
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Figure 16 — Radial deformations of static (a) and fixed dynamic
3D models of the basic design bi1=b2=5 mm (b) and design
with undercutting b1 =3 mm, b= 1 mm (c)

As a result of a dynamic calculation, based on
hydrodynamic forces in the clearance of the deformable
fixed ring of the annular seal, the coefficients of direct
and cross-coupled stiffness and damping were estimated.
The minimum clearances and leakages in the basic design
and the design with undercutting b;=3 mm, b>=1 mm
were obtained (Table 1, Fig. 16 b,c).

Table 1 — Dynamic coefficients, leakages, and minimum
clearances for two designs of deformable annular seals

Design, k, C, -K, c, Q, | hmin,
mm N/m N-s/m N/m N-s/m | I/s | mm
bl1=b2=5,
5=2 7.94e7 | 4.75¢8 | 2.36e8 | 7.22¢8 | 1.3 | 0.05
b1=3,
b2=1
(under- 1.00e8 | 6.00e8 | 3.00e08 | 8.00e8 | 1.0 | 0.04
cutting)
8=2

Both designs have a negative coefficient of direct
stiffness and positive coefficients of direct and cross-
coupled damping and cross-coupled stiffness. This
indicates the dynamic stability of the shaft in these seals.
However, the negative direct stiffness must be considered
when calculating the critical shaft speed. In the

undercutting design, the absolute values of all dynamic
coefficients increase, which is associated with a decrease
in the clearance and, accordingly, the amount of leakages.
The negative stiffness coefficient is due to an increase in
the total velocity of the fluid flow in the place with the
minimum clearance (Fig. 17).

Velocily

H 1.104e+002

' 9.401e+001
7.759e+001

6.117e+001

4.475e+001
[m s71]
Figure 17 — Streamlines velocity in a 3D dynamic model
of a fixed ring of a deformable annular seal

4 Conclusions

Solving the hydroelastic problem by using Ansys
System Coupling (Mechanical and CFX) for floating and
fixed rings of a deformable annular seal made it possible
to analyze the influence of the cylindrical shell thickness,
the inlet and outlet edge dimensions, inlet pressure, and
shaft radial displacement on the hydrostatic pressure and
the clearance distributions along the length, leakages,
stress-strain state, and radial force.

Verification of computational 2D and 3D models with
experimental results known from the literature showed
that the maximum relative error does not exceed 10.7%
for the hydrostatic pressure, 18% for the clearance, and
8.6% for the leakages. At the same time, according to the
trend, all calculated dependencies are identical to the
experimental results. Some slight discrepancy between
the calculation and the experiment results is explained by
the simulation being performed without considering the
pressure losses at the seal inlet.

The calculation studies showed that due to the
deformations of the U-shaped ring under the sealing
pressure, the clearance and leakages in the deformable
seal are significantly reduced. By selecting the cylindrical
shell thickness and the inlet and outlet edge thicknesses,
it is possible to influence the size and the clearance shape
between the shaft and the ring. Reducing the cylindrical
shell thickness reduces the minimum clearance size and
increases the opening angle of the confusor and diffuser
channels, which are formed at the inlet and outlet parts of
the seal. Reducing the inlet and outlet edge thickness
reduces the minimum clearance value and increases the
confusor clearance length. This occurs due to
deformations and movement of the face contact surface in
the radial direction to the shaft surface. The formation of
a confusor clearance along the entire seal length also
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ensures a separate reduction in thickness and undercutting
of the outlet edge of the deformable seal. In this case,
leakages are visibly reduced.

An increase in the sealing pressure for the basic design
of the seal naturally leads to a decrease in the minimum
clearance value due to the deflection of the cylindrical
shell and the radial movement of the face contact surface.
The opening angles of the confusor and diffuser increase.
Leakages initially increase to a pressure value of 6 MPa
and then decrease. The curve has a parabolic shape.

The maximum stresses for all considered designs of
the deformable annular seal do not exceed the maximum
allowable material stress of 340 MPa.

In the static analysis, at an input pressure of 10 MPa
and a radial displacement of the shaft ¢=0.2, self-
centering of the floating sealing ring occurs under the
action of a centering radial force. An increase in the shaft
radial displacement from e=0.3 to e=0.5 in a seal with a
fixed ring leads to a linear increase in the centering radial
force and leakages. Static stability is ensured even in the
presence of confusor and diffuser clearances regions
along the length of the seal.

The analysis of the dynamic stiffness and damping
coefficients for the fixed ring of the deformable seal of
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Abstract. This work compares a theoretical model with a consolidated numerical model related to the
thermodynamic performance of boehmite alumina nanoparticles in different formats in a counterflow double pipe
heat exchanger. The shapes of the non-spherical nanoparticles under analysis are platelets, blades, cylindrical, and
bricks. The second law of thermodynamics is applied to determine Nusselt number, pressure drop, thermal efficiency,
thermal and viscous irreversibilities, Bejan number, and the out temperature of the hot fluid. The entropy generation
rates associated with the temperature field and the viscous flow are graphical determined. The numerical model uses
the k-¢ turbulence model, which requires empirical factors to simulate turbulent viscosity and rate of generation of
turbulent kinetic energy. Compatibility between the models was demonstrated. It was shown that the maximum
absolute numerical error between the quantities Nusselt number, heat transfer rate, and pressure drop for established

and specific conditions is less than 12.5 %.

Keywords: energy efficiency, thermal efficiency, Reynolds number, Nusselt number, process innovation.

1 Introduction

The optimization of heat exchangers has become a
constant due to the increasing energy demand, and
several alternative methods have been proposed.
Conventional methods use fin systems, tabulators, and
others. However, one of the current methods that have
seen remarkable growth involves using fluids with a
higher thermal conductivity than usual fluids, metallic or
non-metallic solid nanoparticles in base fluids. In
addition, recent studies indicate that non-spherical
nanoparticles of different shapes can contribute to greater
thermal performance than spherical nanoparticles.

The present work aims to compare analytical and
numerical models that wuse the second law of
thermodynamics to determine the thermal performance of
a double tube heat exchanger. The numerical model,
developed by Mostafa Monfared et al. [1], presents
results for generating thermal and viscous entropy using
nanoparticles of different shapes.

2 Literature Review

Mostafa Monfared et al. [1] numerically analyze the
effects of the shape of boehmite alumina nanoparticles on
the entropy generation characteristics of a double tube
heat exchanger. The non-spherical nanoparticles used in
the analysis are of the cylindrical, blade, platelet, and
brick type and were dispersed in mixtures of water and
ethylene glycol (50%). The entropy generation rates,
thermal and frictional, were determined numerically, and
the results demonstrated that non-spherical nanoparticles
generally provide greater thermal performance than
spherical nanoparticles. Furthermore, they conclude that
non-spherical platelet-shaped nanoparticles perform
better and that the thermal entropy generation rate gives
the highest contribution to the total entropy generation
rate.

Behrouz Raei and Sayyed Mohsen Peyghambarzadeh
[2] experimentally investigated the thermal efficiency of
v-AlbOs/water nanofluids using a double tube heat
exchanger with nanoparticles dispersed in distilled water
at 0.05-0.15 % vol. Experiments were carried out under a
turbulent flow regime (1.8-10*<Re<4-10% and
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nanofluid inlet temperatures ranging from 45 °C to 65 °C.
The results obtained in the study showed that the addition
of nanoparticles to the base fluid increases the heat
transfer rate by up to 16 %. Furthermore, they find that
the thermal performance factor of this nanofluid reaches
1.1 for a concentration of 0.15 % vol. and a Reynolds
number equal to 18,000.

Salah Almurtaji et al. [3] present a work that provides
a review of the technology used in heat exchangers and
analyzes how nanofluids can improve thermo-hydraulic
performance. In addition, they discuss the nanofluid
development process and emphasize the role of
nanoparticles as fundamental elements to increase the
thermal efficiency of heat exchangers in future
applications.

Xiao Feng Zhou and L. Gao [4] uses the effective
differential medium theory, considering the interfacial
thermal resistance between solid particles and the host
medium, to determine the effective thermal conductivity
in nanofluids of non-spherical solid particles. They report
an increase in the effective thermal conductivity of non-
spherical nanoparticles. Furthermore, they draw attention
to the fact that the increase in interfacial thermal
resistance between the media causes degradation in the
rise in thermal conductivity. The theoretical and
experimental results show the non-linear dependence of
the effective thermal conductivity on the volume fractions
of non-spherical nanoparticles.

Elena V. Timofeeva et al. [5] experimentally evaluate
the efficiency of nanofluids and the relationship between
thermal conductivity and viscosity. They investigate and
model thermal conductivity and viscosity in a fluid
consisting of equal ethylene glycol and water volumes.
They note that thermal conductivity is affected due to
interfacial interactions proportional to the surface area of
the nanoparticles and that this also plays a crucial role in
determining viscosity. They demonstrate that nanofluid
viscosity can be reduced by adjusting the pH of the
nanofluid without affecting thermal conductivity.

Maté Petrik et al. [6] carry out studies to numerically
investigate the heat transfer in a double tube heat
exchanger. They find that there are constructions of heat
exchangers capable of transferring the specified heat
transfer rate. Still, only one geometry has a lower cost for
the material type, inside and outside diameters, and tube
length. They find that the thermodynamic performance of
the heat exchanger strongly depends on the geometry.
They show that the configuration that allows for the
highest version can be determined from the initial
conditions when specified flow rates and outlet
temperatures.

Hamid Shamsabadi et al. [7] perform a numerical
simulation to investigate thermal and viscous
irreversibilities for Al,Osz-nanofluid in a pipeline with
porous baffles. The Reynolds number, the nanoparticles
volume fraction, the number of baffles, and the Darcy
number were used to determine the thermal and viscous
entropy generation rates and the Bejan number. They
determined that the viscous and thermal entropy
generation rates decrease with the increasing number of

baffles for N > 4 and that the reductions are equal to 14 %
and 32 %, respectively. In addition, they find that thermal
entropy generation is dominant, except in the space
between the lower and upper deflectors where the
velocity gradients are high.

Adrian Bejan [8] published during the 1980s a review
on the application of the second law of thermodynamics
with emphasis on aspects related to the entropy
generation rate. He discussed relevant aspects related to
thermal irreversibility and viscous irreversibility. The
most pertinent part of the review highlights how reducing
irreversibilities at the component level affects the entire
system.

Ahmad Fakheri [9] presents effectiveness as the ratio
between the current heat transfer rate and the ideal heat
transfer rate, based on the second law of
thermodynamics. It defines efficiency as a function of a
single dimensionless parameter called the fin analogy. It
shows how efficiency and irreversibility defined based on
the second law of thermodynamics provide a new avenue
for designing and analyzing heat exchangers. It
determines expressions for efficiency to be applied to
parallel flow, counterflow, and cross-flow heat
exchangers. The approach based on the second law of
thermodynamics makes the performance analysis of heat
exchangers simpler and more elegant. Nogueira E. [10;
11] uses this new way for studying heat exchangers.

Nogueira E. [10] applies the second law of
thermodynamics in a shell and tube heat exchanger.
Water-ethylene glycol associated with volume fractions
of nanoparticles flows in the tube and water flows in the
shell. Nanofluids of Ag and Al,Oj3 enters the reservoir at
90 °C and water at 27 °C. The volume fractions of
nanoparticles are equal to 0.01, 0.10, and 0.25. It is
demonstrated that using the second law and efficiency,
effectiveness, and irreversibility concepts, the thermal
performance of the heat exchanger is strongly affected by
the flow regime.

Nogueira E [11] uses the second law and concepts of
efficiency and effectiveness to determine the heat transfer
rate in a shell and helical coil tube heat exchanger where
the water is heated. The objective of the work is to
determine the heat transfer rate that satisfies the imposed
conditions for heating the solution of water and
ammonium nitrate (ANSOL) without crystallization. The
Reynolds number, the Nusselt number, and the global
heat transfer coefficient are the intermediate quantities
needed to reach the objective.

3 Research Methodology

Ethylene glycol flows in the inner tube with dispersed
non-spherical Boehmite Alumina nanoparticle fractions.
Hot water flows in the annular region opposite the
nanofluid. The hot fluid enters the outer tube at a uniform
temperature equal to 35 °C. The nanofluid enters the
inner tube at a uniform temperature equal to 25°C. The
Reynolds number associated with the hot fluid is fixed
and equal to 10,000. The Reynolds number associated
with the nanofluid varies from 10,000 to 20,000. The
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volume fractions of nanoparticles vary between 0.005 and
0.020, from 0.5% to 2.0 %. Figure 1 schematically
represents the counterflow double pipe heat exchanger.
Table 1 presents the thermodynamic property values for
water, ethylene glycol, and the spherical nanoparticles of
Boehmite Alumina. The length of the tube is equal to 1.5
m, and the diameters of the inner and outer tubes are
8.83 mm and 30.85 mm, respectively.

i .
o
| I

Figure 1 — The design scheme of a counterflow
double pipe heat exchanger

7,

Table 1 — Hot (water), cold (ethylene glycol 50 %) fluids
and nanoparticles properties

P, k, CP’ 1/8,,3 v, a,
Param. | kg w J i 107 10°

m | mK | kg K| -2 | mis | mis

m-s

Hot 994 | 0.623 | 4178 | 0.72 | 0.724 | 0.150
Cold | 1067 | 0.38 | 3300 | 3.39 | 24.045 | 0.108
ALOs | 3950 | 319 | 873 | - — 19250
B 3050 | 30 | 618 | - — | 1590
alum.

Table 2 below was included in the numerical article
published by Mostafa Monfared et al. [1] and presented
coefficients that characterize non-spherical nanoparticles
concerning dynamic and thermal aspects. The coefficient
Cr characterizes the thermal conductivity, and the
coefficients 41 and A, characterize the dynamic viscosity.
These coefficients are used in the present analytical
model.

Table 2 — Coefticients that characterize the non-spherical
shape of nanoparticles in dynamic viscosity
and thermal conductivity [1]

Type Ck A Az
Platelets 2.61 37.1 612.6
Blades 2.74 14,6 123.3
Cylindrical 3.95 13.5 904.4
Bricks 3.37 1.9 471.4

The properties of the nanofluids are given by:

Prano = Prarticte @ + (1 — @) p¢; ¢y
Hc
Hnano = 7T gy7s (2)
Hnano = e (1 + Ay ¢ + Ay¢?) for non
— spherical shape; 3

_ CPparticie Pparticle P + (1 B ¢) Cpc pc .

Cpnano - (4)
pnano
k — [kParticle+2 kc+2 (kparticle—kc) (1_0-1)3 ¢] ] . (5)
nano = [kParticle+2 kc+2 (kparticte—kc) (1-0.1)2 )] ¢

knano = ke (1 + C, ¢) for non — spherical shape; (6)

_ .u-nano

V. = ; 7
nano pnano ( )
knano
Anano =~ (8)
nane Pnano CPnano
Pluano = nunano‘ 9
nano

where ¢ — the nanoparticle volume fraction;

f
(g) (Renano - 1000) Prnano
Nunano = 1 ;

1+12.7 (%)E (Pré - 1)

where N, 4, — the Nusselt number for the nanofluid.
Equation (10) is provided by Gnielinski [12]:

(10)

f = (0.79 InRe, g, — 1.64)7%; (11)

h _ Nunano Knano
nano — D ’
c

(12)

where h,, 4, — the convective heat transfer coefficient,
and Dc is the inner diameter;

Nuy, = 0.023 Re,,*8 Pr,°%; (13)
Nuh . kh

hy = ——; 14

h D, (14)

Dhy, = D, — D,, (15)

where Nuy, hy, and Dh, — the Nusselt number,
convective heat transfer coefficient, and hydraulic
diameter for the hot fluid; D, — the out diameter;

(16)
(17)

where Asq and As, — the superficial areas of heat
exchange; Lppyr — the length of the double pipe heat
exchanger;

As¢c =1 D¢ Lppyg;

Asp =1 Dhy Lppug,

Nupeq = 2 ; (18)
K
hyea = Niyeq ( Zano) (19)
c
Asyp + As¢
Ayeq = = (20)
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Uo = 1
0=——, (21)
hMed
where Uo — the global convective heat transfer
coefficient;
L 22
Cc=—7 (22)
TL’th2
ACh =, (23)

4

where Ac; and Acp, — the cross-sectional areas of the
inner and outer tubes, respectively;

Rey pp Acy,
U = ———s 24
mp Dh, (24)
mc — Renano Hnano ACC ) (25)

DC ’

where m; and m, — the mass flow rate of hot and
cold fluid, respectively;

Cp = My, Cpy; (26)

Cnano = mC Cpnano; (2 7)

where C, and Cp,,, — heat capacity of hot and
nanofluid, respectively;

Cmin
Cc* = ; (28)
Cmax
Uo A
NTU = — 44, (29)
Cmin
where NTU is the number of the transfer unit;
NTU
Fa = (T) (1-c", (30)

where Fa — the nondimensional fin analogy number
for the counterflow heat exchanger;

B tanh(Fa) 31
T — Fa 4 ( )
= ! 32
T TEcY (32)
nr NTU 2
where 7 — the thermal efficiency; e — the
effectiveness;
Q = (Th; = T¢;) Copyn &7 (33)
Qmax = (Th; — Tc;) Cinin; (34)

where Q — the heat transfer rate;

Q
Th, =Th; — ; 35
0= Thi = (35)
Tc, =T+ ———— ¢ ; (36)
mC Cpnano
Ch ) Tho Cnano TCo
o = ln< >+( )ln(—); (37)
! <Cmin Thi Crnin T¢;
where o — the thermal irreversibility;
STgen =0r Cmin; (38)

where S'Tgen — the thermal entropy generation rate;

e

Ve=——"—; 39
¢ pnano ACC ( )
P L S 40
h Pnano Ach ' ( )
0.316
fc = Re. 075’ (41)
nano
0.316
fo = W; (42)

where f and f;, — the friction factors for cold and hot
fluids, respectively;

L
f(.‘ ( DDPHE)pnano ch

AP = £ > ; (43)
o (CBR) on ®

AP, = h (44)

where APy, and AP — the pressure drops for hot and

cold fluids, respectively;
Pc, = Ph, = Patm; (45)

where Pc, and Ph, — the outlet pressures (according

to the hypothesis).
Then:
PC1:PC2 +APC; (46)
Phy = Ph, + APy; 47)
Pc,
Pcyy = —; 4
C21 Pc,’ (48)
Ph21 —_ P—}‘Ll' (49)
Th; —Th,
=—"2: 50
Tc, —Tc; G0
C C
o = (c " )ln(Ph21) + (C"‘"“’)R In(Pey);  (51)
mn

min
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Srgen = f Conin; (52)

where of and ngen — the viscous irreversibility and
the viscous entropy generation rate;

Finally, we have:

S
Be = Tgen

=, (53)
STgen + ngen

where Be — the Bejan thermodynamic number.

4 Results and Discussion

Figure 2 shows values for the Nusselt number as a
function of the Reynolds number of the nanofluid for a
volume fraction rate equal to 2.0 %.
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Figure 2 — Nusselt number vs. Reynolds number
for Spherical Boehmite Alumina

The equations used to determine the Nusselt number
for the nanofluid were independently determined by
Sieder, Tate, and Gnielisnki. The highlight in red shows
results for the Nusselt number used in work, resulting
from the average of the Nusselt numbers in both media.
When compared with experimental results presented in
[1], the absolute error is less than 10 % within the range
of Reynolds number values under analysis. For high
Reynolds numbers, the values show better precision.

Figures 3,4 show values for Nusselt number as a
function of Reynolds number for 0.5 % and 2.0 % of
nanoparticles fraction. The performance of non-spherical
platelet nanoparticles and the low performance for the
spherical particle Boehmite Alumina stands out. The
results of Boehmite Alumina are inferior to Ethylene
Glycol.

Nusselt number as a function of the volume fraction
for the Reynolds number of the nanofluid equal to 10,000
is shown in Figure 5. The Nusselt number increases with
the addition of the volume fraction for all non-spherical
nanoparticles. Conversely, the spherical particles
decrease the Nusselt number, emphasizing Boehmite
Alumina, which presents values lower than Ethylene
Glycol.
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Figura 3 — Nusselt number vs. Reynolds number
for the volume fraction of 0.5 % vol.
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Figura 4 — Nusselt number vs. Reynolds number
for the volume fraction of 2.0 % vol.
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Figure 5 — Nusselt number vs. volume fraction for Re. = 10,000
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The highest value obtained for the Nusselt Number is
associated with platelet nanoparticles, followed by
cylindrical, blades and bricks. The numbers obtained for
the Nusselt number with Re.= 20,000 are higher than
those obtained for Re.= 10,000, as shown in Figure 6.
The observed trend remains the same concerning the
nanoparticles under analysis.
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Figure 6 — Nusselt number vs. volume fraction for Re. = 20,000

As a function of the volume fraction, values for heat
transfer rate are shown in Figure 7.
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Figure 7 — Heat transfer rate vs. volume fraction for
Rec=20,000

The thermal performance presented for non-spherical
nanoparticles is equivalent to that already observed.
However, it is worth noting that the spherical
nanoparticle of Boehmite Alumina has a higher heat
transfer rate than Ethylene Glycol for the entire volume
fraction range under analysis.

In the highlight, a comparison between the analytical
and numerical models is presented, with values taken
from the reference [1], with an absolute percentage error
equal to 10.5 %.

Pressure drop as a function of volume fraction, with
Re. = 20,000, is shown in Figure 8.
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Figure 8 — Pressure drop vs. volume fraction with Re. = 20,000

Pressure drop increases with volume fraction for all
nanoparticles. The highest value obtained for the pressure
drop is associated with platelet nanoparticles, followed by
cylindrical, blades, bricks, and spherical nanoparticles,
equivalent to the Nusselt number. In the highlight, a
comparison between the analytical and numerical models
is presented, with values taken from the reference [1],
with an absolute percentage error equal to 12.5%.

Figure 9 presents results for thermal efficiency as a
function of nanoparticles volume fraction for the highest
Reynolds number under analysis, i.e., Re. = 20,000.
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Figure 9 — Thermal efficiency vs. volume fraction
for Rec = 20,000

Fé CHEMICAL ENGINEERING: Processes in Machines and Devices



Thermal efficiency decreases with increasing volume
fraction for all nanoparticles, with a lower value for the
nanoparticle that has greater value for the heat transfer
rate for non-spherical platelet nanoparticles. However,
the thermal efficiency is high in all situations, with a
value close to 1 for ethylene glycol. As a partial
conclusion, it can be anticipated that there are conditions
to increase the Reynolds number or the volume fraction
for all nanoparticles.

Thermal irreversibility appears in Figure 10 and shows
the opposite trend to thermal efficiency, increasing where
efficiency decreases.
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Figure 10 — Thermal irreversibility vs. volume fraction
with Rec = 20,000

However, the irreversibility is significantly low,
demonstrating, once again, that there is an enormous
possibility of increasing the Reynolds number, or the
volume fraction of nanoparticles, to achieve greater
thermal performance for the heat exchanger in question.

Figure 11 presents results for viscous irreversibility as
a function of volume fraction for the highest Reynolds
number under analysis, i.e., Re. = 20,000.
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Figure 11 — Viscous irreversibility vs. volume fraction
for Rec = 20,000

Viscous irreversibility increases with the volume
fraction for all nanoparticles and presents shallow values
in all situations under investigation, with an order of
magnitude lower than thermal irreversibility.

Figures 12, 13 show thermal entropy generation rate
values as a function of Reynolds number, Re.= 20,000,
and volume fractions of 0.5 % and 2.0 %.
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Figure 12 — Thermal entropy generation rate vs. Reynolds
number and volume fraction of 0.5 %
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Figure 13 — Thermal entropy generation rate vs. Reynolds
number and volume fraction of 2.0 %

Again, the high performance of non-spherical platelet
nanoparticles and the low performance for the spherical
particle Boehmite Alumina stands out.

Thermal entropy generation rate as a function of
volume fraction, for Re. = 20,000, is shown in Figure 14.
The results presented are like those already offered
through thermal irreversibility, varying in absolute terms
as a function of the minimum thermal capacity under
analysis.

The viscous entropy generation rate is shown in
Figure 15 and shows values approximately ten times
smaller than the thermal entropy rate. The entropy
generation rates show higher results for the non-spherical
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platelet nanoparticle, followed by the cylindrical, blade,
bricks, and spherical Boehmite alumina.
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Figure 14 — Thermal entropy generation rate vs. volume fraction
for Rec. = 20,000
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Figure 15 — Viscous entropy generation rate vs. volume fraction
for Rec. = 20,000

Figure 16 shows the relationship between thermal
entropy generation rates and the total entropy generation
rate, represented by the thermodynamic Bejan number.
The results show that the rate of thermal entropy
generation is prevalent, with very high values, close to 1,
with a tendency to fall for non-spherical nanoparticles as
the volume fraction increases — a highlight for non-
spherical platelet particles. A similar result is
demonstrated for thermal efficiency, as already discussed,
where non-spherical platelet particle has minor efficiency
compared with the others.

Figures 17, 18 show exit temperatures for the hot fluid
as a function of the Reynolds number. The outlet
temperature decreases with increasing Reynolds number.
The non-spherical platelet nanoparticle has lower exit
temperatures compared to other nanoparticles. When the

nanoparticle volume fraction is greater than 2.0 %, the
exit temperature is lower than the volume fraction of

5.0 %.
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Figure 16 — Bejan vs. volume fraction for Re. = 20,000

Figure 19 shows the exit temperature as a function of
the volume fraction for Reynolds equal to 20,000. The
exit temperature decreases with the addition of the
Reynolds number.
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Figure 17 — Hot outlet temperature vs. Reynolds number
for the volume fraction of 0.5 %
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Figure 18 — Hot outlet temperature vs. Reynolds number
for the volume fraction of 2.0 %
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Figure 19 — Hot outlet temperature vs. volume fraction
for Re. = 20,000

The results presented in Figures 17-19 demonstrate,
once again, that the heat exchanger has the potential to
increase thermal performance, with an increase in
Reynolds numbers in both fluids and, or an increase in
the percentage of nanoparticles.

Therefore, it is added, for analysis, an expansion for
the Reynolds number and the volume fraction, as shown
in Figures 20, 21. In these cases, the platelet nanoparticle
is considered for analysis since it has better thermal
performance.

The heat transfer rate for the non-spherical platelet
nanoparticle, with Reynolds number magnification to
40,000 and volume fraction to 8.0 %, asymptotically
approximates the maximum exchange possible with the
current heat exchanger configuration.
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Figure 20 — Heat transfer rate actual and maximum vs.
Reynolds number with volume fractions
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Figure 21 — Outlet hot temperature actual and minimum vs.
Reynolds number with volume fractions

The exit temperature for the non-spherical platelet
nanoparticle, with Reynolds number magnification to
40,000 and volume fraction to 8.0 %, asymptotically
approximate the minimum possible temperature for the
current heat exchanger configuration.

The latest results presented in Figures 20, 21
consolidate the conclusions previously presented in this
work, and demonstrate that non-spherical nanoparticles,
especially platelet nanoparticles, have great potential to
improve the thermal performance of heat exchangers in
general.

5 Conclusions

Non-spherical nanoparticles dispersed in a mixture of
water and ethylene glycol (50 %) were used in an
analytical study counterflow double pipe heat exchanger,
applying the second law of thermodynamics.

The effect of nanoparticle shapes on the
thermodynamic performance of the heat exchanger was
analyzed. The analyzed nanoparticles were spherical
Boehmite Alumina nanoparticles and non-spherical
Boehmite Alumina nanoparticles of platelets, cylindrical,
blades, and bricks.

The results of the analytical study were compared with
numerical and experimental results presented in the
literature regarding the Nusselt number, heat transfer rate,
and pressure drop and given maximum absolute error
equal to 12.5 %.

The main conclusions of the work are as follows.
Firstly, non-spherical nanoparticles have better thermal
performance than ethylene glycol (50 %) and spherical
nanoparticles.

Secondly, the highlight regarding thermal performance
is for non-spherical platelet nanoparticles.

Thirdly, thermal efficiency drops with the volume
fraction of nanoparticles. Also, thermal irreversibility
increases with the volume fraction of nanoparticles.
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Additionally, the relationship between the thermal number in both fluids and an increase in the volume
entropy generation rate and the total entropy generation  fraction of the nanoparticles concerning what was studied
rate, represented by the Bejan number, is relatively high. numerically.

Finally, the analyzed heat exchanger presents better

thermal performance with an increase in the Reynolds
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Abstract. The need to develop effective technology for the treatment of liquid effluent of dye-intensive industries
such as textile, rubber, paint, and printing is synonymous with the need to save the life-threatening risks posed by these
carcinogenic and mutagenic pollutants on human and aquatic lives. Isotherms of adsorption of crystal violet (CV) on
activated carbon (AC) synthesized from rice husk are presented herewith to elucidate the mechanism of the adsorption
process of crystal violet dye contaminated water on rice husk activated carbon. AC was synthesized from rice husk via
a phosphoric acid activating agent at low temperatures. Langmuir, Freundlich, Temkin and Dubinin—Radushkevich (D-
R) isotherm studies were employed. The mean square values for Langmuir, Freundlich, Temkin and D-R models were
0.98, 0.91, 0.94, and 0.63, respectively. Analysis of the isotherms of the adsorption of crystal violet sorbate on the
synthesized rice husk sorbent suggested that the adsorption process proceeded via a homogeneous monolayer
mechanism. Langmuir isotherm gave the best fit of the adsorption process. Langmuir isotherm constant was —1.40 I/mg,

and the equilibrium adsorption capacity was 13.53 mg/g.

Keywords: process innovation, adsorption isotherm, rice husk, activated carbon, crystal violet, energy efficiency.

1 Introduction

Water, an essential lifeline to the survival of humanity
and all organisms, is continually being polluted by the day-
to-day polluting activities of man, majorly industrial
activities. Industrial activities such as textile, rubber,
printing, pulp, paper, paint, and cosmetics production
employ large volumes of dyes that are eventually released
as effluents into the water bodies that provide drinking
water for human communities. To avoid or at best reduce
the high health risk associated with consumption of the
carcinogenic and mutagenic industrial dyes such as crystal
violet, effective technology for the treatment of the liquid
effluent from dye intensive industries must be given the
attention deserves. Dyes are classified as either natural or
synthetic. Crystal violet (CV) is one of the dyes used in the
textile industry, and it is synthetic. As a synthetic cationic
dye, CV is a toxic dye [1, 2].

Treatment of the textile industry’s liquid effluent
becomes very indispensable to remove dyes and ensure
safe effluent discharge to water bodies. Different
conventional treatments methods such as precipitation,
photo-catalytic decolorization, coagulation, flocculation,
membrane separation, adsorption, electrochemical and
biological degradation have been examined with varying

levels of success by researchers [3]. Of all these methods,
the adsorption process has gained more interest in recent
times due to its benefits of high efficacy and economic
benefits over other methods [4]. Adsorption is a process
that occurs when molecules of a gas or liquid solute
(sorbate) accumulate on the surface of a solid (sorbent).
The adsorption is achieved by the physical or chemical
interaction of the sorbate molecules with the active sites
presented onto the surface of the sorbent [5—7].

Activated carbon is porous, a carbonaceous material
having significant surface area activities for the adsorption
of sorbate molecules. Internal pore structure and active
sites dominated surfaces of oxygenated functional groups
[8-10]. Activated carbon is applied in most industrial
water treatment processes such as water treatment plants
and municipal waterworks stations. It is also applied to
treat industrial liquid and gas effluents as a strategy for
pollution control from the source. Activated carbon is also
used in other industrial applications where its adsorption
potential is exploited for decolorization and deodorization
applications such as decolorization of and deodorization of
vegetable oil. Activated carbon is synthesized by
controlled thermal and acidification of carbonaceous
materials such as wood chips, fly ash, and corn cobs rice
husk [11-14]. A good choice of raw material for the
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synthesis of activated carbon comes with the dual benefit
of providing effective adsorption and converting waste to
wealth. This work aimed to study the adsorption isotherm
of adsorption of dye (CV) contaminated water over a low
temperature synthesized activated carbon using rice husk
as the raw material.

2 Research Methodology

Sample of rice husk was collected from Gidan Shinkafa
Rice Milling Industry, Dakata Area, Kano State.
Phosphoric acid and crystal violet powder were purchased,
and distilled water was prepared from a water distiller.
Equipment used include weighing balance (Model; PE-
160), shaker (KJ-201 BS OSCILLATOR), UV-Vis
spectrophotometer (Model;  Zuzi-4201/20), milling
machine, and laboratory oven. Apparatus used include
measuring cylinder, conical flask, crucibles, beakers, and
spatula.

Dried raw millet stover collected from the farm was
washed to remove debris and other impurities. The washed
millet stover was sun-dried for two days, after which it was
crushed and milled using a milling machine.

Synthesis of activated carbon was carried out at low
temperatures using phosphoric acid as the activating agent.
1:2 weight of powdered rice husk and phosphoric acid was
measured into a crucible and mixed, which means 5.0 g
powdered rice husk plus 10.0 g phosphoric acid. The
homogenized mixture was heated at 120 °C for 1 h. After
the synthesis, washing to a pH of 7.0 with distilled water
was carried out. The washed adsorbent was dried in an
oven at 110 °C for 1 h.

Adsorption study of aqueous CV solution (sorbate) on
varying samples of synthesized AC (sorbent) was carried
out using 50 ml of CV sorbate at a constant initial
concentration of 15 mg/l. The adsorption process was
achieved by a laboratory shaker’s continuous mechanical
shaking action. The percentage absorbance (%A) and the
equilibrium adsorption capacity of the adsorbent g., mg/g,
were determined by the following equations:

%A = CC;C 100; (1)

Co — Ce
e = —V, (2)

m

where Cp — the initial concentration of the sorbate; C, —
equilibrium concentration of the sorbate; m — the weight of
adsorbent, g; v — the volume of the sorbate.

Isotherm study of the adsorption of CV sorbate on the
synthesized sorbent was carried out using Langmuir,
Freundlich, Temkin, and Dubini—Radushkevich (D-R)
models. Linearized isotherm models were employed.
Graphical analysis of the various adsorption parameters of
the models obtained from experimental data was carried
out to establish the various model parameters.

The Langmuir isotherm mechanism is based on the
monolayer adsorption model, and it depicts homogeneity
in the adsorbent surface [15]. The Langmuir isotherm
model is as given:

qoobCe
e = Troc,’ 3

where ¢.. — the monolayer theoretical capacity of the
adsorbent or the maximum achievable adsorption density
(mg of adsorbate per 1 g of adsorbent); b — the Langmuir
equilibrium constant, I/mg.

The linearized Langmuir isotherm model is as
presented:

Ce  Ce 1

=ey 1 (4)

de qoo qeob

The Freundlich isotherm mechanism is based on a
multilayer adsorption model, and it depicts heterogeneity
in the adsorbent surface [16]. The Freundlich isotherm
mechanism is based on a multilayer heterogeneous
adsorption model. The isotherm model is as given:

1

qe = K;CF, (5)

where Ky — the Freundlich multilayer adsorption
constant related to bond strength and the dimensionless
heterogeneity factor, I/g; n — the adsorption intensity.

The linearized form of the Freundlich isotherm model
is as given [17]:

log q. = log K¢ + %log C.. (6)

The Temkin isotherm mechanism is based on the
interaction between the adsorbent surface and the sorbate
molecules/ions. The isotherm is developed to assume that
the free energy of sorption is a function of the surface
coverage [18, 19].

The Temkin isotherm model is as given:

A;Ce = e T, (7

where C. — concentration of the adsorbate at
equilibrium, mg/l, g. — the amount of adsorbate adsorbed
at equilibrium, mg/g; T — the temperature, K; R — the ideal
gas constant; R7/b, — a measurement of heat of adsorption;
1/b; — the adsorption potential of the adsorbent, mol/kJ;
A;— Temkin constant as the equilibrium binding constant,
/min, corresponding to the maximum binding energy.

Linearized Freundlich isotherm model is as presented:

RT RT
qe = b—tlnAt + b—tlnCe. (8)

The D-R isotherm model is based on Gaussian energy
distribution onto a heterogeneous surface. It attempts to
estimate the heterogeneity of the surface energies of the
adsorbent in an adsorption process. The D-R isotherm
model is as given:

2

: ©)

de _ o—Be
dm
where g, — the theoretical saturation capacity, mg/g;
¢ — the Polyani potential; f — the Dubinin-Rudushkevich
isotherm constant related to the mean free energy of
adsorption per mole of the adsorbate, mol*/kJ?.
Unlike the other isotherm models, the D-R model
makes provision to analyze the type of sorption taking
place in an adsorption process. Value of the mean free
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energy E, klJ/mol, of adsorption per molecule of the
adsorbate approaching the adsorbent from infinity is used
to interpret the type of sorption. £ is related to § according
to [18]:
E=— (10)
V2B’

For a chemisorption process, the value of £ ranges
between 8-16 kJ/mol, whereas for a purely physical
sorption process E < 8 kJ/mol [18].

The linearized Dubinin-Redushkevich isotherm model
is as presented:

Inq, = Inq, — Be?, (11)

where € = RTIn (1 + l).
Ce
3 Results
Figure 1 shows the spectrophotometer absorbance of

crystal violet (at the wavelength of 565 nm) at varying
concentrations of the aqueous crystal violet solution.

20 -
= y=7,1244x

15
E, RZ = 0,9997
Z 10
[ =)
=
§ s

U &

0 0,5 1 15 2 2,5

Absorbance @ 565nm

Figure 1 — Spectrophotometer absorbance
at a varying concentration of CV

The curve representing the sorbate concentration
calibration curve shows a linear relationship between the
sorbate concentration and the absorbance. This was used
to determine concentrations of sorbate throughout the
adsorption study.

Table 1 shows the adsorption equilibrium sorbate
concentration at varying contact times.

Table 1 — Equilibrium concentration and adsorption capacity
at varying contact time

Time, min Ce, mg/l ge, ml/1
30 6.4 14.3
60 4.8 17.1
90 3.3 19.6
120 2.8 20.3
150 2.2 21.3
180 2.1 21.5
210 1.9 219
240 1.5 22.5
270 1.3 22.9
300 1.2 23.0

After starting with the initial sorbate concentration of
15 mg/l, the equilibrium sorbate concentration dropped by
57 % after 30 min to attain 6.4 mg/l. The equilibrium
adsorption concentration and adsorption capacity after
30 min were 6.4 mg/l and 14.3 ml/], respectively.

The equilibrium sorbate concentration value dropped
continuously from 6.4 mg/l at 30 min until a relatively
constant value of 1.2 mg/l was attained at 300 min.
Conversely, the equilibrium adsorption capacity increased
continuously from 14.3 ml/l at 30 min until a relatively
constant value of 23 mg/l was attained at 300 min. Hence,
the adsorption process tends to equilibrium in 300 min.

Figure 2 shows the Langmuir isotherm chart of the
adsorption process.

95
. -
- y =0,0739x- 0,0529 g
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3 >
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C
0t . . . :
0,0 2,0 4,0 6,0 8,0
Ce {mg/L)

Figure 2 — Langmuir isotherm graph for the adsorption process

A high R? of 0.98 showed that the Langmuir model
perfectly fit the adsorption mechanism. The graph’s slope
was 0.074 g/mg. The maximum adsorption capacity of the
process was 13.53 mg/g. Langmuir constant b was
determined as —1.40 /mg.

Figure 3 shows the Freundlich isotherm graph for the
adsorption of the process.
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Figure 3 — Freundlich isotherm graph of the adsorption process

The Freundlich model was a fairly representing fit of
the adsorption mechanism with a high R? of 0.91. The
slope and intercept were —0.260 and 1.403, respectively.
The Freundlich multilayer adsorption constant K, was
25.3 1/g, and the dimensionless heterogeneity factor n was
—-3.84.
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Figure 4 presents the Temkin isotherm graph for the
adsorption process.
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Figure 4 — Temkin isotherm graph of the adsorption process

Freundlich model was also a good fit for the adsorption
mechanism having an R? of 0.94. The slope and intercept
were —4.906 and 24.656, respectively. The adsorption
process was conducted at 298 K, using a constant gas value
of 8.314 J/(mol-K), the adsorption potential of the
adsorbent 1/b, was —0.002 mol/kJ, and the maximum
binding energy A, was 0.007 1/min.

Figure 5 shows the D-R graph for the adsorption
process.
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Figure 5 — D-R isotherm graph of the adsorption process

The D-R model did not fit the adsorption mechanism
with a poor coefficient of determination, R?> of 0.63. The
slope and intercept were 2.0-1077 and 4.844, respectively.
The theoretical saturation capacity g, was 17.18 mg/g, and
the mean free energy factor of adsorption per mole of the
adsorbate S was —7.0-1077 mol?/kJ?.

Table 2 summarizes the various adsorption parameters
determined for the adsorption of CV on the synthesized
rice husk AC.

Table 2 — Summary of the various isotherm parameters

Langmuir Freundlich Temkin D-R |
R? 0.98 R? 0.91 R? 0.94 R? 0.63
ge, mg/g 13.53 | Kpl/lg | 253 1/b;, mol/k] | —0.002 gm, mg/g 17.18
b, l/mg -1.40 n —3.84 As, 1/min 0.007 | B, mol¥/kJ*> | -7.0-1077

Therefore, the Langmuir isotherm model was the best
fit for the adsorption mechanism based on its highest R?
value of 0.98. Therefore, the adsorption process was
homogeneous monolayer adsorption [7, 10]. The
equilibrium adsorption capacity was 13.53 mg/g, and the
Langmuir constant was negative with a value of —
1.40 I/mg.

This implied that the sorbate molecules had a negative
binding affinity to the site of the sorbent [15]. Although
the Freundlich isotherm gave a high R? value of 0.91, the
isotherm model was unsuitable for the adsorption
mechanism as the Freundlich constant n representing the
multilayer adsorption intensity was negative. Hence, the
adsorption of CV sorbate molecules on the synthesized AC
was not multilayer adsorption. The D-R isotherm
representing non-homogenous multilayer adsorption [18]
gave the poorest fit of the adsorption mechanism as the R?
of D-R was the least, having the value of 0.63.

4 Conclusions

Isotherm study of aqueous crystal violet adsorption on
activated carbon synthesized from rice husk was carried
out using Freundlich, Temkin, Langmuir, and D-R
isotherm models.

The R? values of the Langmuir, Freundlich, Temkin,
and D-R models were 0.98, 0.91, 0.94, and 0.63,
respectively. The Langmuir isotherm constant b was —
1.40 /mg. Freundlich isotherm constant n was —3.84.
Temkin isotherm constant was 0.007 I/min, and D-R
isotherm constant was —7.0-10~7 mol?/kJ>.

Analysis of the isotherms of the adsorption of crystal
violet sorbate on the synthesized rice husk sorbent
suggested that the adsorption process was homogeneous
monolayer adsorption having Langmuir isotherm as the
best fit of the adsorption mechanism. This result is
consistent with the literature. Most adsorption studies of
crystal violet and methyl blue dyes have been reported to
fit well with the Langmuir isotherm model [10, 20, 21].

The equilibrium adsorption capacity was determined as
13.53 mg/g. A negative Langmuir constant obtained
suggested that the sorbate molecules had a negative
binding affinity to the site of the sorbent. The Temkin
isotherm gave the second-best fit for the adsorption
mechanism with an R? value of 0.94. The D-R model was
the poorest fit of the adsorption mechanism of this study.
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Abstract. The use of processing units for the production of mineral fertilizers in the industry in today’s market
requires improved product quality and increased productivity. As a result, there is a need to change the design of
existing units or some structural elements. Rotary vibroprillers, having a relatively simple design, can be of different
designs that directly affect the productivity indicators mentioned above. The study considers the influence of the shape
of the basket bottom on the quality of the rotational vibroprillers. After using the governing equation of prills motion
in the airflow, a program was developed for automatic control of the rotational speed of the priller based on changes in
melt loads. It is established that the size of the spray swath can be changed by varying the rotational speed of the priller.
There is a tendency to affect the vibropriller performance by controlling the rotational speed and shape of the basket
bottom without performance degradation.

Keywords: process innovation, jet flow, droplet formation, oscillations, energy efficiency.

Figure 1 shows an example of a basket design used to
distribute the fertilizer melt into streams (jets) and inlets to
the basket of a static priller.

1 Introduction

For calculating the prilling process of mineral fertilizers
in prilling towers, it is essential to choose both the number
of prillers to be installed in this tower and the shape of the !
bottom of the prilling basket of these prillers [1]. -

All these requirements drive by the need for uniform
distribution of droplets and subsequently (as the
crystallization of the melt occurs) prills in the cross-section
of the prilling tower.

Basically, several types of prillers are used to disperse
mineral fertilizer melts. These are static vibrating prillers
and rotational prillers [2], which have won the favor of
mineral fertilizers producers due to the prills’ fine
dispersion composition. Slightly less, but centrifugal
mechanical prillers are also used with vibration on the melt
flow.

Static prillers are currently less used in new prilling

Figure 1 — Static priller: 1 — supply nozzle; 2 — guide cone;
3 — priller casing; 4 — filter screen

Such disadvantages resulting from the melt leakage of

towers because they have a low flow rate (capacity t/hour)
for mineral fertilizer melt, and it is impossible to change
the distribution of prills in the cross-section of the prilling
tower by varying the flow rate (capacity) of fertilizer melt
which is typical for the production process.

the static prillers occurred under the action of hydrostatic
pressure, and all the jets of the melt flow nearly at the same
speed. This ensures the same conditions for shattering
them into droplets only with a constant flow rate of mineral
fertilizers [3].
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2 Literature Review

In order to make the process of prill formation of high
quality, one can use different methods. Thus, in [4],
physical modeling of the prill formation process was
carried out with the study of the condition of suspension
bed formation, which determines the nature of the
interaction of the dispersed suspension and the dispersed
solid phase. The temperature of prill formation of organic
suspensions was experimentally verified, and the
operating parameters of the process were determined, and
the kinetics of prill growth depending on the dehydration
temperature of organic suspensions were studied.

The development of the optimal shape of the working
parts of the technological installation can also significantly
change the quality of the resulting product. In [5], a
mathematical model for estimation of the unsteady
concentration of fine particles in the gas flow by time and
by the height of the working space of the unit was derived
from the description of the physical model of the air
separation process for detection the rotating suspended bed
and to ensure the loading and unloading of the pneumatic
classifier. It was found that the diamond-shaped pneumatic
classifier is effective in the separation of prill material,
reaching up to 95 % of the target fraction.

The device with inclined perforated boards [6] can
provide an active aerodynamic mode. As a result, it is
possible to achieve a reduction in the capture of the coarse
grade.

The separation or movement of particles and the
separation of coarse or fine particles of the fluid flow are
critical for ensuring product quality in most industrial
processes that involve filtration [7]. The existence of
different oscillation modes of droplets depending on the
frequencies of the superimposed oscillation is explained in
[8] using the proposed model. The study proves this model,
and its realization allows us to define analytical
dependence for the strain-rate component of droplets.

When designing any machinery, there should be the
minimum required set of technical components that
provide specific functions [9], and the use of different
methods of the hydrodynamic resistance of the operating
fluid in rotary machines can increase processing efficiency
to obtain finely-dispersed homogeneous mixtures with
specific characteristics [10]. Thus, the study [11]
confirmed the need for more flexible connections, such as
V-belts, in prilling equipment.

As aresult of experimentally obtained measurements of
the drop of the pressure and velocity of the fluid, it was
found that the fluid layer rotates in the vortex chamber and
inhibits the vortex flow of the gas phase [12]. It was
established [13] that in an air flow with a significant shear
effect, the rupture of droplets has certain signs due to
stretching and lifting caused by interaction between the
deformed droplet and the shear layer.

3 Research Methodology

The above disadvantages were eliminated due to the
implementation of rotational vibroprillers, the design of
which is shown in Figure 2.
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Figure 2 — Rotational vibropriller: 1 — oscillator; 2 — bearing;
3 —inlet nozzle for melt; 4 — cylindrical casing; 5 — perforated
bottom (basket); 6 — distributor; 7 — vanes

Rotational vibroprillers (RVP) are characterized by
leakage of fertilizer melt under the action of centrifugal
force. This force occurs due to the rotation of the
perforated basket of the priller [14]. Because of this, it
becomes possible to distribute melt droplets on the section
of a tower at various distances from its axis, thereby
changing the diameter of a dispersion swath of melt.

The Chemical Engineering Department of Sumy State
University developed and implemented the RVP with
baskets of various shapes for dispersing the mineral
fertilizer melt.

Figure 3 shows two designs of RVP with spherical and
toroidal-shaped basket bottoms.

Based on the results of the commercial introduction of
RVP and based on the results of an industry study of the
mineral fertilizer producers that used static prillers before
replacing them with RVP, a comparative analysis of
product quality was conducted. These comparative
characteristics are shown in Table 1.

As is evident from Table 1, it is quite reasonable to
conclude that RVP has a much better grain-size
composition of the product compared to other
vibroprillers. For example, the grain size of less than 1
mm, which is the basis of dust emissions into the
atmosphere, is less than 1 %.

The shape of the bottom of the RVP basket is essential
based on several requirements. First, it provides the
distance from the axes of the holes from which the jets of
melt flow. This is necessary to eliminate the crossing of
the melt jets and to create conditions for additional
grinding of the droplets or, conversely, the merging of the
droplets into larger ones which significantly impairs the
size of prills.
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spherical shaped basket bottom; 1 — basket with perforated bottom;

2 — distributer; 3 — a rod with spraying element, 4 — shaft; 5 — bearing; 6 — oscillator; 7 — metal cap; 8 — nozzle for melt supply before
start-up of the vibropriller; 9 — upper casing half; 10 — nozzle for steam supply before shut-down of the vibropriller; 11 — pulley

Table 1 — Operating data of industrial prillers of different types (production of ammonium nitrate)

Disperser characteristic Diameter of Rotational Flow rate, Grain-size composition, %
leakage hole, speed,
(spray element) mm m t/h
P 0-1 mm 1-4 mm 2-4 mm 2-3 mm
Priller with spray nozzle — — 12 2.2-6.1 8096 59-63 4049
Static and acoustic priller 0.85 - 7-18 0.8-1.5 98-99 85-95 80-90
Centrifugal conical priller — — 25-70 0.8-2.5 97-99 83-92 75-90
Centrifugal vibrating priller 1.10 35-55 20-100 0.5-1.0 >99 90-97 >90

Secondly, the different shape of the bottom allows you
to arrange the hole axes for melt jets to flow at different
angles to the horizontal plane of the tower. And this also
affects the horizontal distance of the prills falling from the
axis of the prilling tower.

Taken together, the above factors with an additional
factor, such as the rotational speed of the priller basket and,
in general, affect the diameter of the melt spray swatch.
This is especially important if the tower is rectangular in
shape and small in width. In this case, the large diameter
of the spray swatch can cause droplets to hit the tower
walls, sticking melt on these walls. As a result, it can even
lead to the termination of the prilling tower.

4 Results

To develop a theoretical method of calculation and
recommendations for selecting the shape of the basket and
its rotational speed, the equation of motion of prills in air
flow was used:

d 2
d?x(t) _ 38y pair[ax(f)"'wx] .
a2 4dppy ’ )
d 2
a2y@) _ 38y pair|gy@+wy]
a2 4dppp ’

where ¢ — drag coefficient for prills; x, y — horizontal
and vertical axes, respectively; pp, pair — density of prills

and air, respectively, kg/m?; d, — average diameter of
prills, m; g — acceleration of gravity, m/s>.

The corresponding calculation scheme is shown in
Figure 4.

Y r—ﬂl

Figure 4 — The scheme of flowing the melt out the basket:
H — height, m; R, — radius on which the leakage occurs, m;
o — flow angle of the jet, rad; Wxo, W0 — initial values of the
horizontal and vertical components of the droplet velocity,
respectively, m/s; V), — air velocity, m/s

Figure 5 shows an example of the calculation result of
the radius of the melt spray swath, which corresponds to
the horizontal component of the droplet path coming from
the largest radius of the basket for ammonium nitrate in the
prilling tower of 80 m in height. Signs “x” and “y” (in
meters) correspond to the horizontal and vertical dlstance
that the prill passes before it falls at the bottom of the
tower.
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Figure 5 — Changing the radius of the spray swath for RVP’s rotational speed of 180 rpm (a) and 250 rpm (b)

This figure corresponds to the radius of the spray swath.

Considering that an increase in the rotational speed by
70 rpm leads to a significant (almost twofold) increase in
the spray swath radius, it is possible to influence the
dimensions of the spray swatch by changing the rotational
speed of the priller.

5 Conclusions

Based on theoretical and experimental studies in
industrial conditions, the program of automatic control of
the rotational speed of RVP depending on the change of
melt loads in an industrial prilling tower was developed
and implemented in the production prototype.

Thus, as a result of an experimental study on model and
production prototypes and theoretical calculations, the

References

advantages of RVP over other designs of vibroprillers
were substantiated.

A method for determining the diameter of the spray
swath of mineral fertilizers to develop recommendations
for changing the rotational speed of the prillers in
industrial conditions and the shape of the basket provided
the desired initial inlet direction of jets and prills into the
air stream was developed.
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Abstract. The article describes the prospects for experimental research of liquid-vapor jet devices with adaptable
geometry of the flow part of the primary flow nozzle. To formulate the research objectives, a critical analysis of state-
of-the-art studies was conducted among native and foreign scientists studying two-phase jet devices. As a result, of the
literature survey, we saw that the working process of the two-phase jet devices, which include liquid-vapor jet devices,
is quite complicated to study. So, the achieved results of theoretical studies require clarification and the conduction of
additional experimental studies. The article provides a description and experimental research method on the liquid-
vapor jet devices with a replaceable diffuser part of the primary flow nozzle. The program and the method contain the
range of changing operational parameters while conducting experimental studies. The functional scheme of the
experimental scheme and the devices to control and measure pressure in the critical points of the scheme are proposed.

Keywords: primary flow nozzle, pressure measurement, experimental research, jet flow, process innovation.

1 Introduction

Nowadays, creating energy-efficient and
environmentally safe devices in all fields of the industry
has become a significant problem. Also, the issue of
modernization of the existing technological systems and
bringing their ecological safety level to state-of-the-art
European and world standards has become urgent [1].

In many existing technological systems, where
secondary flow pressure is increased using the energy of
working primary flow, vapor-jet ejectors are used [2—4].
They have been studied and used since the end of the 19th
century. However, there has not yet been any breakthrough
leading to improvement in their effectiveness, and it is
unlikely that such a breakthrough will happen soon. This
is due to the peculiarities of its working process,
concerning limitations of pressure increase level in the
vapor-jet ejector and the need to constantly generate a
significant amount of working vapor, which leads to an
increase in the sizes of steam-vapor devices. These
drawbacks provide a multi-level vapor-jet device design
with transitional capacitors. The efficiency of such a
design rarely exceeds 8% [5-7].

The drawbacks mentioned above of steam-jet devices
lead to searching for a new solution, one of which is using
two-phase jet devices [8, 9]. One of the promising ways
may be using the vapor-liquid jet device, the working
principle of which is based on jet thermocompression
[10-12].

The vapor-liquid jet device's efficiency depends mainly
on the efficiency of the working flow going from the
primary flow nozzle. In such a device, the generation of
working vapor occurs inside it, namely in the diffuser part
of the primary flow nozzle, where the process of relaxed
vapor generation from incomplete heating of working
liquid takes place.

The whole process efficiency directly affects the
efficiency of the general vapor-liquid jet device working
process. One of the ways to increase the efficiency of the
vapor generation process in the primary flow nozzle is by
profiling the walls of its diffuser part [13, 14].
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2 Literature Review

Jet devices have been used since the end of the 19th
century. However, the absence of a united theory helping
to describe their working process slowed down their
development and expanded their application scope. The
author of the article[15] was the first to try to describe the
working process of gas ejectors and formulate an ejection
equation for it. Further research was aimed at attempts to
use different working environments in jet devices in both
primary and secondary flow [16—18]. This fact was
conditioned by their use in various fields of industry.
Nonetheless, the major problem of jet devices is their low
efficiency.

The main breakthrough was using two-phase jet
devices, including liquid-vapor jet devices, working using
principles of jet thermocompression. It is much more
efficient than the existing vapor jet analogs but needs
further study. Currently, the most reliable mathematic
model describing its working process is the authors' model
[19, 20], which was designed for the compression’s
operating working mode and was improved by the author
[21] for the vacuum mode of work. Such mathematic
models allow getting relatively high efficiency of working
jet outflow from active flow nozzle, up to 97%. However,
they do not consider the shape of the diffuser part of the
primary flow nozzle, where flow deviation from the walls
of the nozzle can occur at different working modes and
reverse flow.

Many research works were conducted in recent years
that showed the importance and need for profiling the
diffuser part of the primary flow nozzle. The authors of the
works [22-24] conducted a significant part of the
theoretical research, which requires further experimental
re-examination.

Having analyzed all the above-mentioned experimental
data, the authors set themselves a goal to conduct
experimental research on the working primary flow nozzle
of the liquid-vapor jet device with replaceable diffuser
parts of the parabolic, elliptical, logarithmic shape, and
shape.

To achieve the goal set, it is necessary to fulfill the
following tasks:

—a creation of an experimental stand for studying a
liquid-steam jet device with replaceable diffuser parts of
the nozzle.

— experimental studies of the features of the working
process of a liquid-steam jet device with replaceable
diffuser parts of the nozzle to refine the mathematical
model;

— experimental studies of the dependence of a liquid-
steam jet's consumption and energy parameters, with
replaceable diffuser parts of the expanding part of the
nozzle on geometric and operating parameters;

—analysis of factors affecting the achievable
performance indicators of a liquid-steam jet device with
replaceable diffuser nozzle parts;

—refinement and further improvement of the
mathematical model of the working process of a liquid-

steam jet device, with replaceable diffuser parts of the
expanding part of the nozzle;

— verification of the correctness of the obtained
scientific results by comparing calculated and
experimental data.

3 Research Methodology

3.1 Experimental case studies

According to the chosen object and the set goals, the
program, and methods for the experimental research of
liquid-vapor jet devices (LVID) were developed using the
proposed approach (Table 1).

Table 1 — Structure of the experimental case studies

Parameters
Wall type po1, bar 1 —&o
straight walls 10-15 0.15-0.50
logarithmic shape 10-15 0.15-0.50
elliptical shape 10-15 0.15-0.50
parabolic shape 10-15 0.15-0.50
optimized shape 10-15 0.15-0.50

This table demonstrates the research stages of the
flowing mechanism of boiling, unsaturated, and
underheated liquid through the widening channels of the
different geometrical shapes of a diffuser part.

During experimental research, a series of tests of the
liquid-vapor ejector was carried out on the model,
manufactured on a 3D printer with different geometric and
operating parameters.

The variation range of the geometric parameters include
the geometry (shape, length, area of the vertical shift) of
the expanding prime flow nozzle part

Variable range of operational parameters:

— prime flow working fluid pressure at the inlet to the
nozzle por = 10-15 bar;

— prime flow working fluid temperature at the inlet to
the nozzle Ty = 140-190 °C;

— the value of the relative initial prime flow working
fluid underheating at the inlet to the nozzle (1 — &) =
=0.15-0.50.

The experiments also include obtaining characteristics
and dependencies of LVID efficiency indexes and
visualizing the flow by conducting tests using a 3D printed
model of LVID.

3.2  Experimental equipment

To measure pressure while conducting experimental
research,  high-accuracy  sensors  SITRANS P200,
manufactured by Siemens, are used (Figure 1) [25].

SITRANS P200, P210, and P220 are compact sensors
with a fixed measurement range for measuring absolute
and excessive pressure. In this series, two different types
of pressure sensors are used: two sensors with a stainless-
steel sensor and one sensor with a ceramic sensor. Thus,
measuring excessive, absolute and hydrostatic pressure is
very easy. These sensors convert the measured pressure
into a proportion signal of 4-20 mA / 0-10 V (Table 2).
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Figure 1 — SITRANS P200 sensors [25]

Table 2 — Characteristics of the pressure sensor

Body

Excessive pressure
Output signals
Material of

Stainless steel

1-60 bar

4-20mA/0-10V

Stainless steel, plastic fitting,

wetted parts and PVC cable
Min. temperature -15°C
Max. temperature 125 °C

For data fixation and display, SIREC D400 is used [26]
it is a high-end display recorder in 300 mm x 300 mm
format with 12,1" Color- LCD-Display in XGA resolution
(Figure 2).

Figure 2 — Display recorder SIREC D400 [26]

The benefits of its use are as follows (Table 3): fast
scanning rate of 20 / 100 / 200 / 500 ms; internal data
buffer from 1 GB up to 4 GB; high accuracy: 0.1%;
transmitter power supply 24Vdc; comprehensive math
functions; interfaces — Ethernet, RS 485, USB, slot for CD
card; data logging via USB interface or by SD card; fast
operation through a touch screen; configuration on the
device or through the SIREC D manager or server
software; NEMA 3/IP65 type front face protection, NEMA
4X/IP66 available as an option; firmware options
individual selectable through a flexible credit system.

Because the measured environment temperature
exceeds the working temperature ranges of sensors, we use
gas coolers. We use cooling element made by ATEK
Sensor Technologies (Figure 3) [27].

Table 3 — Characteristics of display recorder

Analog channels | 16-48
Digital channels | up to 48
Format 300 mm x 300 mm
Display 12.1" color TFT
Data storage SD card / USB memory key
Screens 22 (free designable customized)
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Figure 3 — Cooling element by ATEK Sensor Technologies [27]

Designed to protect pressure gauges and pressure
sensors measuring the pressure of steam, hot liquid and
other measured media having a high operating temperature
from the direct action of the medium. When using an
adapter cooler, the temperature of the medium is lowered
to the operating temperature of the converter due to heat
dissipation.

Technical specification is as follows: case material 304
stainless steel; max. working pressure 580 bar; max.
operating temperature 200 °C; length 117 mm; outer
diameter 30 mm; Connection of the G 1/2/M20x1.5
sensor; process connection G 1/2 / M20x1.5.

4 Results and Discussion

4.1 Experimental stand

The experimental setup for the study of a liquid-steam
jet device (Figure 4) consists directly of a jet device with
replaceable diffuser parts of the primary flow nozzle 1, two
heating tanks 2 and 18 for heating the working fluid and
auxiliary communications, pipelines, and fittings.

Running water is used as working fluids for the primary
and secondary flows of the jet device. When testing a
liquid-steam jet device in vacuum mode, the working fluid
of the primary flow is taken from tanks 8 and 14, where it
is filled from a common network located directly in the test
box room and is fed into the heating tank 2 using pumps 9
and 10. Shut-off valves 4 and 12 are used to stop the supply
of working fluid to the heating tank after it is filled.
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Figure 4 — Experimental stand to study the characteristics of a liquid-steam jet device of a vacuum unit: 1 — liquid-steam jet device,
with a replaceable diffuser of the expanding part of the nozzle; 2, 18 — heating vessel; 3 — safety valve; 4, 5, 11, 12, 15, 20, 24 — shut-
off valve; 6, 25, 29, 30 — model pressure gauge; 7, 19 — heating element block; 8, 14 — water vessel; 9, 10 — pump; 13, 16, 21 —
adjusting valve; 17 — pipe-in-pipe heat exchanger; 22 — separator; 23 — digital scales; 26, 27, 31, 34 — digital multimeter;

28 — mass flow meter; 33 — model vacuum meter; 35 — volume flow meter

Level of the liquid in the heating tank is controlled by
valve 5. Then the working fluid is heated by the heating
element unit 7 to the required temperature value.

The pressure in the tank is controlled by a pressure
gauge showing 6. The safety valve 3 is used for emergency
pressure relief in case of exceeding the permissible value.
Discharge into the drainage is carried out by means of a
valve 15.

After heating and reaching the required pressure value,
the working fluid, which is in a state of saturation, is fed
through a pipe-in-pipe heat exchanger 17 to the nozzle of
the jet device. The liquid flow is regulated by the valve 16.
The cooling water for the pipe-in-pipe heat exchanger is
taken from tanks 8 and 14, where it comes from the
common network. Water circulation through the heat
exchanger is carried out using pumps 9 and 10.

The valves of the shut-off valves 11 and 12 are used to
open or close the supply of cooling water to the pumps.
Regulation of the cooling water supply is carried out by
means of an adjustment valve 13. When the working fluid
passes through a pipe-in-pipe heat exchanger 17, it is
cooled, providing the required amount of underheating. Its
pressure does not change at the same time. In the section
from the heating tank to the nozzle, the following
parameters are monitored: pressure before entering the
nozzle of the jet device with a model pressure gauge 25,
temperature before entering the nozzle of the jet device
with a thermocouple with a digital multimeter 26, the
temperature of cooling water at the inlet and outlet of the

heat exchanger with two digital multimeters 27, the mass
flow of cooling water when it passes through the heat
exchanger with a mass flow meter 28.

The secondary flow is steam produced from water,
which is taken from the heating tank 18, where it is
preheated by a block of heating elements 19 to the required
temperature. The pressure in the heating tank 18 is
controlled by an exemplary pressure gauge 30.

The temperature in the heating tank 18 is controlled by
a thermocouple with a digital multimeter 31. Discharge
into the drainage is carried out by means of a valve 20.

The steam is then fed into the ejector. Its flow rate is
regulated by the valve 21. In the section from the heating
tank 18 to the nozzle of its supply to the ejector, the
following parameters are monitored:

— the vacuum value before entering the ejector with an
exemplary vacuum gauge 33, the temperature before
entering the jet device with a thermocouple with a digital
multimeter 34 and the volume flow with a volume flow
counter 35. After passing through the ejector, the mixed
flow enters the separator 22, where it is divided into vapor
and liquid phases. The steam phase is discharged through
the pipeline into the environment, and the liquid phase is
drained through the pipelines into the tank 14, from which
the pump;

— pumps it out to fill the heating tanks 2 and 18 or to
cool the working fluid in the heat exchanger 17. The valve
of the shut-off valve 24 is used to open or close the
discharge of the liquid phase from the separator. When the
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flow passes through the ejector, the pressure and vacuum
values are measured in five characteristic sections.
Pressure measurement is carried out by exemplary
pressure gauges and exemplary vacuum gauges 29.

4.2  Digital support system

The Mastech M-838 digital multimeter and the TR-01A
thermocouple, which was used to adjust the temperature,
may have an average value of systematic error less than
1.5% when measuring the absolute value of pressurization.
The ultimate margin of error when measuring temperature
with Chromel-Kopel thermocouples in a set with a
multimeter of class 0.4, does not exceed 1 °C. The
maximum error in measuring mass expenditures according
to calibration testing is 3%. For pressure measurement
high-accuracy devices are used, whose accuracy classes
and margins of error are described in the next section of
this article.

As a result of the research, the distribution of pressures
and speeds of working fluids in the primary and secondary
flow in the flow part of LVID was obtained. The
measurement's margin of error does not exceed 5% with
confidence probability 0.95, which is permissible for
technical experiments. And similar accuracy in
measurements was reached in the works of previous
researchers.

The speed in certain points is defined indirectly by
measuring pressure, jet pulse and nozzle geometric
parameters.

When a metastable superheated liquid flows out of the
nozzle, the nature of the formation of the working steam
jet and the features of its geometry are revealed at known
and constant environmental parameters in the laboratory
(pressure and temperature) and a given pressure value in

References

the heating tank for heating the working fluid that is fed to
the active nozzle:

—the values of the pressure and temperature of the
working liquid at the inlet to the primary nozzle of the jet
device, the pressure in the throat of the primary nozzle of
the jet device, the reaction force of the jet in the pressure
interval in the heating tank for heating the working fluid,
which is fed into the primary nozzle of various
underheating of the working fluid, will be measured;

— the temperature values at the inlet and outlet of the
cooling water passing through the pipe-in-pipe heat
exchanger will be measured, as well as the mass flow rate
of the cooling water passing through the heat exchanger in
the pressure range in the heating tank for heating the
working fluid, which is fed into the primary nozzle and
various underheating of the working liquid.

5 Conclusions

As a result of the research at the experimental stand, it
can be obtained results that allow us to formulate the
features of the working process of a liquid-vapor jet device
working with replaceable diffuser parts of the nozzle, and
to refine the mathematical model based on the results
obtained.

As a result of the research, the distribution of pressures
and speeds of working fluids in the primary and secondary
flow in the flow part of LVJD was obtained. The
measurement's margin of error does not exceed 5% with
confidence probability 0.95, which is permissible for
technical experiments. And similar accuracy in
measurements was reached in the works of previous
researchers.
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Abstract. The effect of the hydrochlorofluorocarbon (HCFC) and hydrofluorocarbon (HFC) refrigerants on the
environment through the attack of its halogen contents-chlorine and fluorine, on the ozone layer and the toxic nature
of such refrigerants, has paid the attention of researchers to work towards getting suitable alternatives using
hydrocarbons (HC) or its blends with HFC refrigerants. This study was centered on getting a suitable retrofit of R-
134A with a good coefficient of performance (COP) and low global warming potential (GWP) using the blends of R-
290 and R-600 HCs for use in refrigeration systems. An experimental testing rig was developed by assembling
various measuring devices to the operational points of a vapor compression refrigerator. A mixture design was
developed using the simplex lattice design (SLD) of design expert software 11.0. The response variables considered
were COP and GWP. The experimental design was meticulously followed using 1kg for each refrigerant run, and the
temperature and pressure values at the operating points were noted. From the results obtained, blend A had the
highest COP of 2.5 and the highest GWP value of 3.93. Blend D had the lowest value of C.O.P. of 1.33, while blend
B had the lowest value of GWP of 3.51. Also, the optimal blend was achieved at a mixture factor of 59% R-290a and
41% R-600. The response values obtained at this optimal mixture level were COP-2.05182 and GWP — 3.59.
Therefore, the optimal blend obtained would be a better retrofit to R-134a and could be used in refrigeration systems.

Keywords: refrigerants, response surface methodology, performance; global warming potential, vapor compression

refrigeration system; energy efficiency.

1 Introduction

A refrigeration system is a thermodynamic-based
machine that uses a reversed heat engine cycle principle.
The reverse heat engine cycle extracts heat energy from
the low-temperature region and discharges it to the high-
temperature region. The technology of refrigeration has
forever caused a considerable improvement in the human
standard of living [1]. The invention of refrigerators and
air-conditioners has become a priority for comfortable
living.

Refrigeration systems can be of any type: ice
refrigeration, air refrigeration system, vapor compression,
vapor absorption, adsorption, cascade, mixed, vortex
tube, thermoelectric, and steam jet refrigeration systems
[2].

Vapor compression refrigeration systems are essential
from commercial and domestic utility viewpoints. The

refrigeration process depends on the refrigerant type
employed, among other factors like the compressor,
condenser, and operational characteristics. The concern
on the refrigerant type used in refrigeration and air
conditioning systems resulted from the negative effects
caused by the hydrofluorocarbon (HFC) and
hydrochlorofluorocarbon (HCFC) refrigerant types on the
ozone layer. These refrigerants are responsible for the
depletion of the ozone layer that protects the earth from
releasing harmful ultraviolet (UV) radiation and cause the
global warming effect. The HFCs refrigerants have lower
ozone depletion potential (ODP) but higher global
warming potential (GWP) value [1]. This concern has
thus drifted the attention of researchers to the use of
hydrocarbons and their blends as refrigerants [3-5].
R-134a is an HFC refrigerant that is commonly used in
most heating, ventilation, and air conditioning (HVAC)
and refrigeration systems owing to its favorable
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characteristics, such as low boiling point, low ignition
temperature, zero ozone depletion potential (ODP),
solubility in water, non-flammability and critical
temperature stability. But this refrigerant is characterized
by a very high global warming potential (GWP) value of
1300, hence the need to blend it with hydrocarbons (HC)
to reduce its value while maintaining good performance
characteristics. Several studies have been conducted
using various blends of HCs and blends of HFC-R134a
with HCs in search of a suitable retrofit of R-134a.

This study is focused on evaluating the global
warming potential and coefficient of performance of R-
134a and various mixture designs of R-290 and R-600
using a vapor compression refrigeration system.

The mixture designs of R-290 and R-600 were
formulated using the simplex lattice design (SLD) tool
and optimized using response surface methodology
(RSM).

2 Literature Review
The vapor compression refrigeration system (VCRS)

operates based on four distinct processes as shown as in
Figure 1 [6].

,ﬂ th
3 UYL $
Condenser
¥ Win
XE:pansion Compressor =
Valve
Evaporator
4 —UU— 1
Qa/

Figure 1 — Process operation of a VCR system [6]

According to [6], the VCR system operation starts
with compressing the refrigerant in the compressor device
(process 1-2). This process raises the temperature and
pressure of the refrigerant so high and then delivers the
refrigerant to the condenser (process 2-3) for temperature
reduction. The pressure of the refrigerant is reduced in
the expansion valve (process 3-4) before the evaporation
process that causes the cooling effect (process 4-1). In the
quest to get a suitable retrofit of the HCFC and HFC
refrigerants, many studies have been carried out in that
regard. A study on using R-290 refrigerant as an
alternative to R-22 in window air conditioners was
carried out by [7].

The results obtained from their study showed that the
cooling capacity and energy consumption of R-290 were
lower than those of R-22 by 6.6 to 9.7% and 12.4% to
13.5%, respectively. The C.O.P of R-290 was higher than
that of R-22 by 2.8% to 7.9%. R-22 and R-290 were
analyzed in a 15KW heat pump by [8]. The results
showed that R-290 had higher C.O.P. than R-22 by 18%.

Also, the C.O.P. of the refrigerant blend of R-290/R-600a
and others — R-290, R-1270, R-600, and R-600a, were
investigated by [9] in quest of getting an alternative to R-
22 used in a heat pump system. The obtained results
proved that the cooling and heating capacities of R-290
were smaller and its C.O.P. was slightly higher than that
of R-22. The C.O.P. and energy consumption amount of
R-134a and that of its various blends of 90/10% for R-
134a/R-290 and R-134a/R-600a/R-290 of blend ratio-
70/20/10% were studied by [10] in search of a retrofit for
R-134a. The study showed that the blend of R-134a/R-
290 had the highest C.O.P. The second blend had the
least when compared to the base refrigerant, R-134a. He
explained that the increase in the C.O.P. of the first blend
resulted from the presence of hydrocarbon (HC) in the
blend, which caused an increase in the refrigerant’s
evaporation rate. Also, the blends of R-134a refrigerant
consumed less amount of power than the base refrigerant.

3 Research Methodology

3.1 Materials

The materials used in this study are refrigerants, a
vapor compression refrigeration (VCR) system, and other
devices coupled to the refrigerator system. The
experimental test rig used the refrigerator system to study
the refrigerants’ performance modes at different
percentage mass compositions according to the
experimental design. These materials are discussed.

Thermometers (digital and infrared types) was used to
measure the temperature of the refrigerants at various
component unit/points. Four thermometers were
employed and installed at the inlet and outlet units of the
compressor, exit unit of the condenser and exit point of
the system’s expansion valve, which was the inlet of the
evaporator.

A pressure gauge was used to measure the pressure of
the refrigerants at the inlet and exit points of the
compressor and at the inlet point of the expansion valve.
Therefore, three pressure gauges were used.

A weighing scale was used to measure the
compressor’s refrigerant mass for each supply charge.

Vapor compression refrigerator (VCR) system with
model number IGNIS 570XL was used to experiment.

Refrigerants, R-134a, and different blends of R-290/R-
600 were employed in this study. R-134a was used as the
base refrigerant while different percentage mass
compositions of R-290 and R-600 were experimented on.

The refrigerants were fed into a gas cylinder and then
allowed to flow at a mass flow rate of 0.05 kg/s into the
Compressor.

The gas charging hose was used to transfer the

refrigerant charge from the gas cylinder to the
COmpressor.

A vacuum pump machine was used to vacuum the
system.

Design expert 11.0 software package is specialized for
two goals — Design of Experiments (DOE) and
constructing Response Surface Methodology (RSM).
Response surface methodology (RSM) is a collection of
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mathematical and statistical techniques for empirical
model building. By careful design of experiments, the
objective is to optimize a response (output variable) that
is influenced by several independent variables (input
variables). This software tool was used for the
experimental design using blends of R290 and R600 as

the input variables and coefficient of performance and
global warming potential as the response variables to be
optimized.

Table 1 shows the functional properties of the
refrigerants- the base refrigerant (R-134a) and the HCs
blends of R-290 and R-600 used in this study.

Table 1 — Properties of refrigerants [11]

Features Refrigerant

R-134a R-290 R-600
Chemical formula CH2FCH3 CsHs C4Hio
Appearance Colourless gas Colourless gas Colourless gas
Density, kg/m? 4.25 2.01 2.51
Molar mass, g/mol 102.03 44.10 58.12
Melting point, °C -103.3 —187.70 —159.42
Boiling point, °C -26.3 —42.25 —0.56
ODP 0 0 0
GWP 1300 33 4.0

3.2  Experimental setup

The vapor compression refrigeration (VCR) system
was used as the testing rig to evaluate the performance of
the refrigerants and their blends in quest of finding a
good retrofit to R134a with lower global warming
potential (GWP) and higher coefficient of performance.
Thermometers and pressure gauges were coupled to some
units in the refrigerator to evaluate the system’s
performance while operating on different refrigerant
blends. The setup shown in Figure 2 was used for this

purpose.
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Figure 2 — Schematic diagram of the experimental rig:

T\ — inlet temperature of the refrigerant at the compressor unit;
T> — exit temperature of the refrigerant at the compressor unit;
T5 — exit temperature of the refrigerant at the condenser unit;
T4 — inlet temperature of the refrigerant at the evaporator unit;
P1 — inlet pressure of the refrigerant at the compressor unit;
P> — exit pressure of the refrigerant at the compressor unit;
P3 — exit pressure of the refrigerant at the condenser unit

The method employed in this study stems from the
design of the experiment, assembling of the components

of the test rig and measurement of the performance
parameters of each refrigerant blend, description of the
experimental procedures, computation of the global
warming potential of each refrigerant blend, computation
of the coefficient of performance for each blend, and
optimization and analysis of the response variables.
These operations are lucidly elucidated.

Design expert software 11.0 was used to perform a
mixture design for the two refrigerants- R-290 and R-600.
The mixture design, a specialized response surface
methodology, employed a simplex lattice design structure
in formulating the refrigerant mix using various
percentage mass compositions of the refrigerants- R-290
and R-600. The response variables used were: the
coefficient of performance and global warming potential.
A total of fourteen runs were obtained from the design.
The mathematical inequality which governs the mixture
design development is given:

10 < R-290 < 70; 30 < R-600 < 90 (1)

The schematic diagram of the test rig (Figure 2) was
followed in connecting the various measuring instruments
and tools to the vapor compression refrigerator
components. Thermometers and pressure gauges were
installed at the inlet and outlet units of the compressor,
exit unit of the condenser and exit point of the expansion
valve of the system which was the inlet of the evaporator.
These devices noted the temperatures and pressures at
those points.

3.3 Experimental procedure

Two gas cylinders were weighed and noted as M; and
M. Then, the required mass of R-290 for the first run was
poured into one of the gas cylinders, and the total mass
was noted as M;. Therefore, M3 — M| gave us the actual
mass of R-290. The mass of R-600 to be mixed with R-
290 according to experimental design was transferred to
the second gas cylinder with mass M, and the mass was
noted as My4. The difference M4 — M, gave the required
mass of R-600 for blend formulation. The gas charging
hose was used to transfer R-600 gas from the second gas
cylinder to the first one and was thoroughly shaken to
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form a good mix. The total mass of the mixture was
measured and confirmed to be 1 kg. As discussed, all the
measuring tools were connected to the compressor,
condenser and evaporator. The gas mixture was
transferred to the compressor and the refrigerator was
powered. The refrigerant blend was allowed to run for
twenty minutes after which the temperature and pressure
readings of the VCR components were taken and noted.
After noting down the readings, the system was powered
off and all the gas in the system was evacuated from the
compressor unit using the gas charging hose. The vacuum
pump machine was connected to the system to remove
any remnant gas mixture in the system completely. This
was done to avoid any effect on the result of the initial
experiment. These procedures were followed repeatedly
for all the various mixture designs of R-290 and R-600
refrigerants.
Figure 3 shows the experimental setup.

Figure 3 — Experimental setup

3.4  Computational technique

The model for the estimation of the global warming
potential (GWP) of refrigerant blends when those of its
refrigerants are known was employed by [12]:

(GWPx M)+ (GWP2%x M3) = (GWP») 2

where GWP1 — the global warming potential of
refrigerant 1; GWP2 — the global warming potential of
refrigerant 2, GWPb — the global warming potential of
refrigerant blend; M — the percentage mass composition
of refrigerant 1 in the blend, %; M, — the percentage mass
composition of refrigerant 2 in the blend, %.

This model was used to estimate the global warming
potential of the various refrigerant blends.

The coefficient of performance of each refrigerant
blend was compared with that of the base refrigerant R-
134a. As the refrigerant blends have no standard
thermodynamic chart as at now, therefore, the values of
the operating temperatures and pressures obtained from
the experiment were used to evaluate the coefficient of
performance of the system using the Carnot cycle
efficiency formula employed by [13] and given as
follows:

Tcondenser — Tevaporator
C.0.P= P ) 3)

Tcondenser

where Tcondensers Tevaporator — condenser, and evaporator
temperature, respectively, °C; C.O.P — coefficient of
performance for the system.

The values of the response variables- coefficient of
performance and global warming potential were factored
into their respective columns in the simplex lattice design
structure. The responses were optimized to get a better
retrofit of R-134a that would have lower global warming
potential and a high coefficient of performance compared
to HFC R-134a refrigerants.

4 Results and Discussion

4.1 Performance characteristics

The result of the performance parameters or response
variables used to determine the best refrigerant blend that
could serve as a good alternative or retrofit of the HFC,
R-134a, is presented in Table 2.

Table 2 — Response performance of R-134a and R-290/R-600 blends

Refrigerants | Global warming potential (GWP) | Coefficient of performance (C.O.P.)
R-134a 1300 2.0
Blend A 3.93 2.5
Blend B 3.51 1.7
Blend C 3.79 1.5
Blend D 3.72 1.3
Blend E 3.65 2.0
Blend F 3.86 1.3
Blend G 3.58 2.0
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From Table 2, it could be seen vividly that blend A
(10% R-290 and 90% R-600) had the highest global
warming potential (GWP) value of 3.93. Blend B
(70/30% of R-290/ R-600) had the lowest value of 3.51
global warming potential. The high value of global
warming potential observed in blend A could be
attributed to the high percentage amount of carbon in R-
600 which formed 90% of the mass of the mixture. On
the other hand, blends B having the lowest GWP value
resulted from the lesser amount of R-600 (30%) present
in the mix; as such, the percentage of carbon was reduced
in the mixture. The GWP of R-134a from table 2 is 1300.
Therefore, the blends showed a better value of GWP than
the base refrigerant- R-134a. Also, refrigerant blend A
(10% / 90% of R-290/R-600) had the highest value of the

coefficient of performance — 2.5 than R-134a and other
blends. Refrigerant blends- D and F had the lowest C.O.P
value of 1.33. These findings could be attributed to the
dissipative heat ability of the refrigerants. Refrigerants
with more heat dissipative ability will run through the
refrigeration cycle more efficiently than the ones with
high heat retentive ability or poor thermal conductivity
value.

In addition, the result of the performance
characteristics of R-134a and the refrigerant blends
concerning their respective operational parameters
(temperature and pressure) in the refrigerator’s
components- compressor, condenser, and evaporator is
presented in Table 3.

Table 3 — Operating characteristics of the refrigerants at various components of the refrigerator

Refrigerants | Mass comp., g Temperature, °C Pressure, Psi

(blends) R290 | R600 T T T3 T4 P P> P
R-134a 8 110 5 = 4 135 35
A 100 900 4 81 2 -3 2 61 21
B 700 300 3 86 3 -2 3 64 18
C 300 700 2 90 4 -2 1 61 24
D 400 600 2 86 3 -1 2 53 16
E 500 500 4 84 2 -2 2 51 26
F 200 800 3 87 3 -1 2 60 23
G 600 400 2 83 3 -3 3 60 20

From Table 3, it could be observed that R-134a had 4.2  Optimization results

the highest inlet temperature into the compressor (T';), the
highest exit temperature from the compressor (T>), the
highest exit temperature from the condenser unit (T3), the
lowest evaporator temperature (Ts), the highest inlet
pressure to the compressor unit (P;), the highest exit
pressure from the compressor unit (P,) and the highest
exit pressure from the condenser unit (P3). The high exit
temperature of the refrigerant (R-134a) further confirmed
why R-134a is known to consume much power during its
cycle operations [14]. A low evaporator temperature
attests to a good coefficient of performance, and R-134a
had a good coefficient of performance of 2. In
comparison to the blends, blend A had the lowest
evaporator temperature. This fact explains why it had the
highest coefficient of performance compared to the other
blends and R-134a.

The behavioral characteristics of the blends could be
seen to vary distinctively, and the quest of getting an
optimal blend that would comparatively yield better
performance objectives and equally serve as a better
retrofit for the HFC, R-134a was obtained through
optimization technique using simplex lattice design
structure which is a specialized response surface
methodology tool enshrined in mixture designs.

From the numerical optimization, the refrigerant blend
with the highest desirability value was selected as the best
refrigerant that would serve as a better retrofit to R-134a.
The desirability plot is shown in Figure 4.

From Figure 4, the highest desirability value of 0.167
was obtained at a mixture blend of 59% R-290 and 41%
R-600. The values of the response variables at the gotten
optimal mixture blend are shown in Figures 5 and 6.
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Figure 4 — Desirability of the refrigerant blends
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Figure 5 — Coefficient of performance
against the mixture compositions

From Figure 5, the coefficient of performance obtained
at the optimal blend was 2.05. Blend A with mixture
compositions of 10% R-290a, and 90% R-600 had the
highest coefficient of performance of value 2.50. The
difference in performance coefficient between the
optimal blend and blend A is 0.45.

A: R-290 (percentage (26))
B: R-600 (percentaqe (%))
Figure 6 — Global warming potential
against refrigerants mixture compositions

A global warming potential value of 3.59 was obtained
for the optimal blend, as shown in Figure 6.

The response predicted values’ summary statistics are
shown in Table 4 for two-sided confidence of 95%.

Table 4 — Summary statistics of the optimization process

Solution 1 of 2 response Predicted | Predicted | Standard | g p | 9504 PIlow | 95% PI high
mean median deviation
Coefficient of performance (C.O.P.) 2.05 2.05 0.16 0.18 1.66 2.44
Global warming potential (GWP)* 3.59 3.59 - - 3.59 3.59

Blend B (70% R-290 and 30% R-600) had the lowest
global warming potential value of 3.51, while blend A
had the highest value of 3.91. The optimal blend which
balanced the differences in all the refrigerant blends
studied differs by 2.2% from blend B.

5 Conclusions

The numerical optimization gave an optimal blend that
balanced the differences/discrepancies in the outputted
experimental values of the responses for each refrigerant
blend. The optimal blend was achieved at a mixture
factor level of 59% R-290a and 41% R-600.The response
values obtained at this optimal mixture level were
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Message from the Guest Editors
Dear Colleagues,

Asset life cycle management is not a new concept for
industries. Life cycle thinking means that people have a life
cycle model in mind that affects the scope of their
activities. A life cycle perspective for manufacturing assets
is often mentioned in the literature regarding
sustainability. This approach aims to understand and
analyze individual stages of the asset life cycle, identify
potential economic, social, and environmental risk factors
and opportunities at each stage, and create possibilities to
take advantage of these opportunities and reduce
potential risks. In the Industry 4.0 era, manufacturers can
monitor assets and make smart decisions in each phase of
their life cycle through real-time communication and
cooperation with humans, machines, sensors, etc. These
technologies can support all stages of ALC through various
emergent communication, information, and intelligence
technologies.
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Abstract. The study aims to define the potential and technological aspects of the digestate treatment for its
application as a biofertilizer. Life cycle assessment methodology was used in terms of digestate quality management.
The potential of nutrients, organic carbon, and useful microelements in the digestate allows for its consideration as a
mineral fertilizer substitute and soil improver. The valorization of digestate as fertilizer requires quality management
and quality control. Based on the research focus, the successful soil application of digestate post-treatment technologies
was analyzed. Among the different commercial options for digestate treatment and nutrient recovery, the most relevant
are drying, struvite precipitation, stripping, evaporation, and membranes technology. Comparing the physical and
chemical properties of the whole digestate, separated liquid, and solid liquor fractions showed that in the case of soil
application of granular fertilizer, nutrients from the digestate are released more slowly than digestate application
without granulation. However, realizing this potential in an economically feasible way requires improving the quality
of digestate products through appropriate technologies and quality control of digestate products. To support the
manufacture of quality digestate across Europe, the European Compost Network developed a concept for a pan-
European quality assurance scheme.

Keywords: anaerobic digestion, climate change, life cycle assessment, soil degradation, sustainable land management,

waste utilization, industrial diversification.

1 Introduction

Biogas reactors (BRs) are designed to produce methane
from organic waste by anaerobic digestion (AD). BR
produce leftovers, also known as digestate that has been
successfully used as biofertilizer due to their high contents
of mineralized Nitrogen (N), Phosphorus (P), Potassium
(K), and organic materials [1]. Recycling organic materials
to land is considered the best practicable environmental
option in most circumstances, completing both natural
nutrient and carbon cycles. Organic materials are valuable
sources of major plant nutrients, essential for plant growth
and sustainable crop production. Organic materials also
provide a valuable source of organic matter, improving
soil water holding capacity, workability, structural
stability, etc. [2]. Digestate reduces the potential for soil
erosion and improves productivity by increasing the soil

organic matter and soil fertility and supplying additional
nutrients [3].

Digestate is normally used as a biofertilizer without any
further processing, substituting industrially produced
mineral fertilizers. However, the need for efficient nutrient
management, required by regulations on manure
application in high livestock density areas, along with
depletion of the finite reserves of phosphorous and
potassium, make a recovery and recycling of nutrients [4].

Effective use of digestate is exceptionally relevant in
Ukraine. The developed agro-industrial sector of
Ukraine’s economy, with a large share of agricultural land,
requires considerable fertilizers. Actual management
practice and land ownership during the years of Ukraine’s
independence have had a negative impact on soil fertility,
which is resulted into the loss of large humus proportion,
imbalance of nutrients content, soils acidification and
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alkalinity, deficits of mobile forms of phosphorus,
potassium, and microelements, chemical and radiation
pollution, and erosion. These conditions are found in
intensive production with the dominant use of mineral
fertilizers and the critical fall in the volume of organic
fertilizers application [5].

Digestate is highly suitable as an organic fertilizer or
soil improver. In Ukraine, digestate is currently produced
at least on 26 biogas plants in the agro-industrial complex.
The primary raw materials used are cattle and swine
manure, poultry litter, maize silage, and sugar beet pulp.
One example of small biogas plants is the Integro company
biogas plant, which digests poultry manure.

The specific use of raw materials for biogas production
amounts to approximately 1.9 tons for each produced
MWh of gross biogas energy [6]. Thus, according to
reasonably approximate estimates, the total formation of
raw digestate in Ukraine is 1.5—1.6 mln tons per year as of
2020.

Practically any products, by-products, and wastes of
agro-industrial production of organic origin can be raw
materials for biogas production and, therefore, the source
of digestate. Typical feedstock for biogas plants can be of
plant and animal origin (animal excrements, agricultural
residues, and by-products, organic wastes from food and
agro-industries, industrial organic wastes, organic fraction
of municipal solid waste, food waste, sewage sludge,
energy crops). Different types of substrates can influence
the nitrogen concentration, share of ammoniacal nitrogen,
total organic carbon (TOC), total solids (TS) content,
volatile solids (VS) content, and VS/TS ratio.

2 Literature Review

The addition of digestate increases the soil nutrient
levels (N, P, K) and microbial diversity [7, 8]. Digestate as
soil improver must be suitable for organic matter content
according to the EU standards on fertilizer properties.
Among the most significant and necessary organic
material carbon and nitrogen have a key role in
microbiological processes in the soil as well as carbon is
the most widely used energy source. The efficiency of
agronomic use depends on their relative ratios. Amount of
N as well as N form, organic or mineral, effects on
digestate potential as fertilizer [7].

The application of digestate increased soil nutrient
supply with improvements in topsoil total N, extractable P
and extractable Mg (P<0.05 at 4 of the 7 sites for each of
these nutrients), extractable K (P<0.05 at 6 of the 7 sites),
and extractable S (P<0.05 at 3 of the 7 sites) [9].

Digestate varies in its nutrient content, depending on the
substrates, nature of the anaerobic digestion process and
post-digestion treatment. Digestate is an excellent source
of readily available N (i.e., ammonium) which is
potentially available for immediate crop uptake. Food-
based digestate typically contains around 80 % of its total
N content as rumen ammonia nitrogen (RAN), compared
with around 70 % for pig slurry and 45 % for cattle slurry.
Digestion of livestock slurry will typically increase RAN
by around 10 % of the total N content [10]. However, an

increase of RAN while digesting such materials like straw,
food wastes is much higher due to less RAN content in raw
matter. RAN increase can reach 70-80 % for these kinds
of materials.

Digestate addition in the soil is more effective than
mineral fertilizers used to increase available P for plants.
Since P deficiency is a significant nutrient problem in
calcareous soils, where high pH and carbonate content in
the soil makes P less accessible to plants, adding
biofertilizers is an adequate strategy to alleviate the deficit
of P [11].

Additionally, digestate contains small quantities of
trace elements, with the amounts present depending on
concentrations in the feedstocks used. However, digestate
could also contain unwanted materials and contaminants
of biological, chemical, or physical nature.

Feedstocks from agriculture and human food waste are,
in most cases, low in chemical impurities [12].
Nevertheless, stringent quality requirements for digestate
also imply strict control of these materials. Two categories
of chemicals are particularly concerned for the quality of
digestate used as fertilizer, heavy metals (HM), and
organic pollutants.

The effect of repeated digestate and compost
applications on soil and crop quality was carefully studied
by Bhogal et al. in the work package [9]. Obtained results
showed stability in the concentration e of heavy metals in
the topsoil after digestate addition except for topsoil total
and extractable Cu. Soil treatment with repeated digestate
addition had little effect on soil organic contaminant
compound (OCC) concentrations, but the concentration of
polycyclic aromatic hydrocarbons (PAHs), dioxins and
furans, and phthalates and concentrations were low or at
the limits of analytical detection. Besides this, digestate
can decrease the concentration of Cr in the soil due to the
potential redox reduction based on microbial activity
improving after digestate application. Digestate addition
provides Pseudomonas, Microbacterium, and Bacillus
development that could reduce Cr(VI) to Cr(IIl) resulting
in the bioavailability decrease and immobilization of
Cr(VI) for plants [13].

The content of HM in digestates from AD plants
processing feedstock from agriculture, food waste, and
residues from food processing is normally within the
suitability of agricultural fertilizers [14]. Nevertheless,
technical and monitoring strategies that could reduce
polluting hazards of the digestate before soil application
would avoid soil contamination and prevent emissions.

The main aim of this study is to define the potential and
technological aspects of the digestate treatment before its
application as a biofertilizer. More specifically the focus is
on the specific research tasks:

1) to propose a life cycle assessment methodology for
digestate quality management;

2)to research all factors, particularly engineering
approaches, that must be important to improve the quality
and ecological safety of digestate as biofertilizer;
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3) to develop the recommendation for soil application
of main types of digestate-derived products and provide a
quality assurance scheme for them.

Given the ever-increasing demand for energy in recent
years, there is an urgent need to invest in clean and
sustainable forms of energy. In this way, it will be possible
to ensure that the energy needed by humanity around the
world is sufficient. In particular, biomass energy can
provide significant economic benefits, and guarantees are
formed to monitor the mitigating impact on the
environment [15].

3 Research Methodology

3.1 Digestate quality indicators

The quality of digestate as organic fertilizer could be
described by the four main indicators, namely nutrients
content, phase state, stability, and impurities content
(Figure 1).

Niot/ RAN (NH; + NH#")

P (P203)
K (K20)
Corg (TOC)

Trace elements (Cu, Zn, Mo, Co, Ni, Mn ...)

NUTRIENTS

Raw
Organic decay rate
Cpulicamatier s e > PHASESTATE  Solid

e STABILITY
stabilization INDICATORS
pPH Liquid
Odours
IMPURITIES
- Physical impurities - Heavy metals - Organic pollutants - Biclogical pollutants

Clupms of straw Cd, Cr, Hg, Persistant organic ~ Animal pathogens
Animal tags Ni, Pb, As, poltutants (POPs)  Plant pathogens
Sand / Stone / Rubber Cu, Zn Pesticides Weed seeds
Glass / Wood Hormones Viruses
Parts of metal Antibiotics Intestinal parasites
Plastics Micotoxines

Figure 1 — Digestate quality indicators

The content of nutrients, humic substances, and trace
elements in the digestate determines its fertilizing value.
Simultaneously, the over-content of certain types of
pollution impairs its commercial value, limits the list of
applications, or makes it impossible to use it further
without additional processing. To define how to improve
the quality of digestate quality control system can be used.

3.2 Digestate quality management

Life cycle assessment methodology was used in terms
of digestate quality management. The production and
recycling of digestate as fertilizer requires quality
management and quality control throughout the whole life
cycle of AD, from the production of the AD feedstock until
the final utilization of digestate as fertilizer. Quality
management implies the use of high-quality feedstock,
pre-processing of specific feedstock types, close control of
the AD process, and process parameters affecting digestate
quality, digestate processing, declaration, and optimal
storage and application as fertilizer. The overall matrix for

digestate quality management can be presented in
Figure 2.

There are two main ways how to manage digestate
quality, namely prevention and processing. The rule of
thumb is that if efficient pollutant removal cannot be
guaranteed either by pre-treatment or through the AD
process, the material must not be used as feedstock in
biogas plants whose digestate is used as fertilizer or for
other agricultural purposes.

Prevention methods combine raw materials quality
control at the stages of their formation in technological
processes, collection, transportation, and storage. Getting
into raw materials unwanted components such as sand,
stones, plastic, other synthetic materials can be avoided by
quality control of technological processes and logistic
operations. It is also important to ensure the quality of
seasonal raw materials (maize silage, pulp, crop residues)
when stored for a long time. For example, it is necessary
to avoid the fungal formations in raw material by
maintaining the required acidity and water content.
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Figure 2 — Digestate quality management matrix

The digestate processing methods include substrate pre-
treatment, AD process control, and digestate post-
treatment technologies.

Feedstock pre-treatment involves three main methods:
pre-sanitation, digestibility enhancement, and solid-liquid
separation. In European biogas plants, pre-sanitation
usually involves pre-heating specific feedstocks by batch
pasteurization at 70°C for 1 hour or pressure sterilization
at 133 °C and 2.4 bar (absolute) 20 minutes [3].

In some cases, pre-treatment is also needed where raw
feedstock contains physical impurities. It could be
processed by simple screening.

AD process control is mostly based on the residence
time of the feedstock inside the digester at constant process
temperature. Retention times are quoted as hydraulic
retention time (HRT), minimum guaranteed retention time
(MGRT), and sludge retention time (SRT) to avoid
washing out bacteria and colonies. The AD process has a
sanitation effect whereby it can inactivate most pathogens
in the feedstock mixture inside the digester. Pathogen
inactivation/destruction is mainly the result of the
combined effect of process temperatures (thermophile or
mesophile) and the retention times of feedstock inside the
digester. In general, the higher the temperature and the
longer the retention time, the higher the pathogen
inactivation/destruction effect.

Digestate treatment includes some possible processing
steps: solid-liquid separation (SLS), and specific
treatments to recover of N, P, K components since N and
K mostly follow the liquid fraction (LF) and P follows the
solid fraction (SF).

The goal of separation is to separate the digestate into a
liquid and solid fraction mechanically. There is no
substantial reduction in volume; only the need for storage
tanks for liquid digestate is reduced by around 10-20 % by
separating the solid fraction, depending on the

composition of the starting materials and separation
technology. Separation is usually the first step before
further processing to obtain concentrated LF and SF
suitable for direct and ecologically safe utilization. At least
partial process water recycling is recommended, reducing
the treatment effort for LF. Specific processing of SF
allows to improve its stability and additionally
concentrate.

4 Results

Our previous research study showed that centrifugation
is one of the most effective solid-liquid separation
technologies for digestate to obtain a solid fraction with a
high level of dry matter and improve nutrient fractionation
between the two fractions [16]. Thus, given the uneven
distribution of nutrients in solid and liquid fractions
(Figure 3), solid-liquid separation gives the two products
with specific functionality [4]. As the leading share of
nitrogen is in liquid fraction, there should be attention paid
to how to optimally handle it, guarantying preservation of
nitrogen, and further the most effective assimilation by
plants.

The centrifuge has a very high water-solid separation,
especially for digestate with low DM content. However,
precipitating/flocculating agents need to be added to
improve separation efficiency. The further solid fraction
can be dried with or without granulation.

Among the different commercial options for digestate
treatment and nutrient recovery, the most relevant for LF
are evaporation, struvite precipitation, ammonia stripping,
membranes technology, and drying for SF. Digestate
pellets production followed by nutrient
supplementation/correction may also be considered a
commercially viable option.
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Figure 3 — Distribution of the principal constituents
after solid-liquid separation [4]

Drying and evaporation are the suitable methods to
reduce digestate volume for SF and LF, respectively.
Moreover, drying is an efficient way to use large amounts
of waste heat from biogas Combined Heat and Power
(CHP). For dried digestate, the desired DM content (up to
over 90 %) can be set via drying time and temperature.
Since heat is demanded in great quantities for such
technologies, heat availability is the crucial factor to
consider whether it would be feasible or not. As most
biogas plants, especially in Ukraine, produce heat in
excess, which is currently not utilized, it could be an option
to valorize it through digestate volume reduction. Most
frequently, belt dryers are used (Figure 4) in which the
digestate is placed on a conveyor belt and dried at
temperatures of 60—150 °C for about 2 hours. A similar
principle applies to push turn, fluid bed, and drum dryers,
in which the digestate is transported through the hot air by
the movement of vanes, air injection, or a rotating drum.
Hot air is blown through a motionless pile with trailer or
container dryers.
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Figure 4 — Belt drier principal scheme [3]

In solar-assisted drying, the digestate is distributed on
the floor of a large greenhouse and rearranged by a self-
propelled turning trolley. Warm air at around 40 °C is
blown onto the digestate layers by fans. Drying is
supported by solar radiation into the greenhouse.

Depending on the technology wused, the heat
requirement is 0.75-1.20 MWt-h of thermally evaporated
water per cubic meter (kWhga/m? H,O).

Our previous research [17] indicates the ecological and
economic efficiency of energy-saving multi-stage shelf
dryers with convective fluidized bed drying, particularly
for granular biofertilizer production from the digestate.
The developed complex technological process allowed
simultaneously achieving several Sustainable
Development Goals, including Goals 6, 7, 9, 12, 13, and
15.

Ammonium and phosphate can be removed from the
digestate by struvite precipitation (Figure 5), also known
as MAP (magnesium ammonia phosphate) precipitation.
In order to achieve the best nutrient recovery performance
magnesium is added in excess, so that nutrient
concentrations are approximately 1.3:1:0.9 for Mg:N:P.

H,PO,
MgO NaOH
v v Centrifuge
Digeslate after \ N Anm Digestate
solids removal BVAV‘VA'M P outlet
Stirring vessel
MAP-removal
H,PO,
MgO NaOH
Fluidized bed reactor | ¥ ¥y Digestate
» outlet

recirculated MAP as
carrier material

Digestate after
solids removal

Air »MAP-removaI
Figure 5 — Possible process options for struvite precipitation [4]

As ammonia is almost always in excess in digestate,
magnesium oxide and phosphoric acid are added to the
digestate. In addition, pH is slightly decreased to the most
favorable for struvite precipitation value at the level of
8.5-9.0 which is in line according to data considered by
Silicano et al. in a review [18]. The resulting struvite is a
good fertilizer as N, P, and Mg are valuable plant nutrients.

Recovery of nitrogen and phosphorus by precipitation
of struvite (MgNH4PO4-6H,O) can improve N and P
management because they may be exported from farms
over large distances at relatively low cost. Magnesium-
ammonium-phosphate products can contain 12.65 % P in
pure compound, while struvite precipitated from organic
waste contains from 6 to 12 % [19].

The main disadvantage of struvite precipitation is that a
large amount of chemicals is needed, translating into high
operational costs. An alternative process can be to recover
the chemicals, as struvite releases ammonium and water
after heating to well above 100 °C. The resulting
magnesium hydrogen phosphate can then be reused for
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precipitating ammonium and as phosphorus and
magnesium source to treat raw wastewater. Researchers
studied different decomposition techniques, including
struvite pyrogenation, distillation, acidolysis, chlorination,
and electrolysis were studied over the last 10 years [18].

Gas stripping is a process whereby volatile substances
are removed from a liquid by gas flow through the liquid.
In digestate processing, the aim is to recover nitrogen from
the liquid in the form of ammonia. The volatility of
ammonia in an aqueous solution can be enhanced by
increasing the temperature and the pH. So, in digestate
processing, excess heat can be used for heating up the
digestate, and the pH can be increased by degassing to
remove CO, or by the addition of alkali. For ammonia
stripping in digestate, three main processes are applied: air
stripping, vapor stripping, and biogas stripping.

The significant advantage of ammonia stripping is that
a standardized, pure nitrogen fertilizer product can be
absorbed onto an acidic solution to be recovered and used.
In addition, such a fertilizer liquid can enrich other
digestate fractions in digestate processing to a
standardized nitrogen concentration, which can increase
their marketability. This direction must be very topical for
further study, moreover, the evidence base for ammonia
stripping for recovery of phosphorus and nitrogen from
anaerobic digestate was considered too small referred to
the outcomes of the recent systematic review [20].
Vacuum evaporation (Figure 6) occurs in a closed system,
which means no exhaust air is produced. The liquid
digestate is distributed on the inner surface of the
evaporator, the internal heat plates, or the heat exchangers.
The reduced pressure reduces the boiling temperature to
40-75°C, which means H,O, CO,, NH3 vaporizes. This
steam mixture enters a scrubber and is flushed with a
countercurrent acidic solution. The condensed product can

be recovered.
Water
9 (permeate)

i Sulphuric
Liquid acid
digestate

Heat Ammaonium

sulphate
solution

Concentrate

Evaporator Vapour scrubber

Figure 6 — Vacuum evaporator [3]

Figure 7 — Membrane filtration process with reverse osmosis
modules [3]

The performance of the membrane depends on the
characteristics of the filtered liquid; therefore, a drawback
of such membrane purification processes is that only a
limited amount of the digestate will be purified water, and
about 50 % of the digestate is accumulated as by-products.
The following fractions accumulate in the process: solid
fraction, ultrafiltration retentate, reverse o0smosis
concentrate. The ultrafiltration retentate is often recycled
into the biogas plant and/or the solid-liquid separation step
to reduce the amounts. Membrane purification is quite
expensive and requires a considerable amount of energy
with 10-30 kWhe/m? input. To improve the process of the
digestate membrane filtration optimization could be
applied. Basically, it is based on the optimal economic
criteria, including the minimal energy consumption for the
process performance [21].

The following cases show that evaporation and
stripping technologies for digestate processing are used at
a commercial scale. From the technological point of view,
all the technologies are also applicable in Ukraine.
However, it should be proven to be economically feasible
and their preconditions exist.

5 Discussion

It is difficult to screen a broad spectrum of chemical
pollutants at reasonable costs in practice. For the biogas
plant operator, the cheapest and safest way to avoid
chemical impurities in digestate is therefore the rigorous
selection and quality control of the AD feedstock. Positive
lists and feedstock declaration/description are therefore
helpful tools, but may only be used only as a guide, and
could never substitute the quality control of feedstock
materials. Quality control has the determinant role in
achieving the required standards of quality for digestate
applied as fertilizer and in ensuring the long-term
sustainability and safety of this practice.

The main disadvantages of digestate from biogas
stations are the variability of its physical and chemical
composition and the risks associated with insufficient
control of biological safety during its processing, storage,
transportation, and application. Thus, without adjustment
of the biogas plant operation aimed at creating and
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controlling the quality of the target product — standard-
quality organic fertilizer from digestate for market — the
digestate can only be considered as a potential source of
valuable elements of organic origin, suitable for
compensation of appropriate nutrients from mineral
fertilizers. The market quality product must have
standardized characteristics, with appropriate techniques
for monitoring compliance with such standards.

Accordingly, most countries have strict limits on
concentrations of chemical, physical and biological
pollutants in any material that is to be applied to land,
whilst others place limits on the soil content of such
pollutants. National guidelines for impurities in organic
residues include maximal values in % DM for total
impurities and different fractions such as plastics, metal,
glass, iron metals, non-iron metals, stone. Appropriate
fertilizer regulations or similar standards was developed
and implemented in Austria, Belgium, Finland, France,
Germany, Italy, Netherlands, Norway, Spain, Sweden
more than 20 years referring to the review by Teglia et al.
[22]. Consequently, according to local conditions,
Ukrainian legislation can be adopted with European
regulations.

Another feature of digestate is the issue of quality and
biosecurity control during long-term storage before
application. The presence of a certain proportion of
unstabilized organic matter and moisture determines the
risks associated with the development of undesirable
biological processes in the digestate (both solid and liquid
fraction), and accordingly changes in the physical and
chemical properties, formation of bacterial or fungal
nature contamination, etc. Thus, the creation of a market
product from digestate is possible only after stabilization,
which involves the removal of excess moisture.

The solid fraction of the digestate after the separator has
greater potential for market application than the liquid one,
consistent with the results of other studies [23, 24]. Thus,
in addition to direct use as fertilizer and soil improver,
composting with various organic materials for compost
production is also possible. Composting is a way to further
stabilize and disinfect organic matter, and therefore, in
terms of marketing strategies, digestate composting has
obvious advantages in terms of long-term quality
preservation. The scope of compost covers both the direct
use as both organic fertilizer and soil improver and the use
of compost as soil substitution in horticulture, greenhouse
farming, mushroom cultivation, and domestic and
industrial flower growing. In addition, compost is used in
general landscaping, technical planning of territories, and
landscaping of urban areas. One more potential application
could be a digestate or compost for landfills covering or
restoring contaminated and/or unproductive land fertility.

The digestate pellets can be optimally marketed in
smaller packages in garden centers. The digestate pellets
dissolve when exposed to moisture, which means that the
nutrients contained are provided to the plant. At present,

only a few biogas plants pelletize dried digestate in Europe
and subsequently market it outside the agricultural sector,
although the potential is estimated to be very high.
Digestate pellets can additionally be refined to special
fertilizers with mineral or organic additives.

As mentioned above drying of the SF is the main
method to concentrate DM and decrease water content to
simplify storage and transporting of biofertilizer. Another
tip for discussion is the efficiency of applied fertilizer in
terms of nutrient content, bioavailability, and nutrient
release time. From this point of view, granular fertilizer
must be considered a product with high agro-ecological
effect and success market demand [25]. One of the
advantages of the granular fertilizer from liquid digestate
technology is that nutrients from the AD liquor adsorbed
onto the solid core material are released more slowly. In
addition, granules are easier to handle with crops than
small particles. For example, powders tend to be blown
away from target sites and are easily washed away.
Moreover, the risks associated with handling fine
materials, for example, inhalation, are reduced. Granules
also have enhanced flow properties when compared to
small particles. For instance, small particles have a greater
tendency to cake and stick than granular materials. This
makes the granular fertilizer easier to apply to a field using
mechanical spreaders than powdered fertilizers. A
comparison of the physical and chemical properties of
whole digestate, separated liquor and fibre and various
commercially available fertilizers has indicated that:

— solid fraction of digestate may be suitable for
composting with other organic residuals and use on fields;

— liquid fraction of digestate may be suitable for
spreading on large surfaces of agricultural fields.

Resuming all the methods of digestate processing, the
following digestate-derived products can be obtained as
shown in Table 1.

The potential of the organic fertilizer market in Ukraine,
including digestate and fertilizers products from digestate
is significant with high demand.

The potential of organic fertilizers has traditionally
been associated with the introduction of animal and
poultry manure. The form of Ukrainian statistical data
submission makes it difficult to estimate the actual amount
of nutrients coming from manure into the fields and the
proportion of such fertilizers from the total volume of their
generation. Indirectly, the estimated total potential of
nutrients contained in the manure can be estimated by
annual generation volume and the specific nutrient content
per unit of dry matter.

The volume of the digestate market is related to the
development of biogas market in Ukraine. Today,
digestate volumes can be estimated at 1.5-2.0 million
tons/year. With each additional MW of installed electricity
capacity launch based on biogas, an additional 40—
50 thousand tons/year of digestate will be generated.
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Table 1 — The main types of digestate derived products (DDP)

Digestate derived Energy
Nutrients Methods of processing consumption, Application and market niches
product
kWhe/m?
Solid fraction of Solid-liquid separation 0.2-0.6 — SP Complex organic fertilizer.
digestate (SFD) N -25-35% of RD of RD 2-5-DC Soil improver.
P —55-65 % of RD 1.2-5-BP Co-composting.
K —-20-30 % of RD Soil reclamation.
C - 60-70 % of RD Component for DSFD and DP
production.
Liquid fraction of | N —65-75% of RD | Solid-liquid separation 0.2-0.6 - SP Fast-released complex organic
digestate (LFD) P —35-45 % of RD of RD 2-5-DC fertilizer at nearby agriculture
K —70-80 % of RD 1.2-5-BP lands.
C —60-70 % of RD Component for DDP production.
Dried solid as in SFD (NH3 Drying of SFD 750-1200 Slow-released organic fertilizer.
fraction of reduced via heating) kWhiherm/m® H20 | Soil improver.
digestate (DSFD) Component for DP production.
Digestate pellets as in DSFD Pelletizing of DSFD 30-50 kWhe/t Slow-released concentrated organic
(DP) fertilizer.
Energy production.
Ammonium (NH4)2S804 Air/Steam stripping of 5-10 kWhe + Substitution of artificial ammonium
sulphate (AS) LFD with H2SO4 45-100 kWhw /m* | sulphate.
regeneration Chemical industry.
Ammonia water NH3-H20 Steam stripping of LFD 5-10 kWhe + Substitution of artificial ammonia
(AW) 25-35 % of NH3 45-100 kWhu per | water.
1 m? Chemical industry.
Magnesium MgNH4PO4 6H20 Precipitation of 10-15 kWhe/m® | Substitution of N, P fertilizers.
ammonia permeate after filtration Chemical industry.
phosphate of LFD
(struvite) (MAP)
N-reached MAP MAP + AS Enrichment with AS Substitution of N, P fertilizers.
(N+MAP)
Reverse osmosis- Complex Micro—, ultra—, nano— 10-30 kWhe/m® | Fast-released concentrated organic
concentrate (RO- filtration, RO fertilizer.
9]
Granular fertilizer Complex Adsorbtion in LFD Slow-released concentrated organic
(GF) fertilizer.

Notes: RD — raw digestate; RO — reverse osmosis; SP — screw press; DC — decanter centrifuge; BP — belt press

According to the forecasts of BAU [26] for the
development of the biogas sector of Ukraine the installed
capacity of biogas projects in agriculture can reach
551 MW, by 2030 what means up to 20 min tons of
digestate generated per year. This is 10-times increase over
10-year period and therefore digestate application should
be regulated at the national level.

Quality assurance schemes for compost and digestate
products have been established in several EU countries
over the past 25 years. Regulation and specifications on
digestate management in selected countries (Canada,
Sweden France, Germany, and United Kingdom) are
clearly described in appropriate Guidelines as considered
by Logan and Visvanathan [27]. They form the backbone
of sustainable recycling of bioresources, ensuring that
quality products are manufactured consistently and placed
on the market with high quality. To support the
manufacture of quality compost and digestate across
Europe, The European Compost Network e.V. (ECN)
developed a concept for a pan-European quality assurance
scheme (ECN-QAS) within its working group “Quality
Assurance and Standardisation”. Nevertheless, based on
our critical analysis of national standards for compost and

digestate concentration thresholds for some pollutants
(i.e., HM) are difference for USA (US EPA United States
Environmental Protection Agency), UK and Germany
(British PAS British Public Available Specification; RAL
GZ251 German standards for compost).

In Ukraine, certification of organic fertilizers can be
carried out as part of organic production activities. The
first Ukrainian certification body to carry out inspection
and certification of organic production is LLC “Organic
Standard”. As a general approach to producing organically
means respecting the rules on organic farming. These rules
are designed to promote environmental protection,
maintain biodiversity, and build consumer trust in organic
products. This means that organic producers need to adopt
different approaches to maintaining soil fertility including:

— encourage to switch from mineral nitrogen fertilizers
to more sustainable alternatives with incentives;

— cultivation of nitrogen fixing plants and other green
manure crops to restore the fertility of the soil;

— crop rotation etc.

Ukraine should also regulate reliable professional
practice in the application of fertilizers on agricultural land
by the requirements for upper application limits,
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determination of nutrient demand of the plant, nutrient
surpluses, blocking periods, and storage capacity for
storing organic fertilizers to follow the requirements of the
European Nitrates Directive. So, organic production is a
complex approach supported among others the use of
biofertilizers. Regulations are necessary to consider the
requirements and environmentally compatible use of
biofertilizers. These can be set at a regional, national, or
continental level.

Thus, further research can assess the presence and level
in digestate of such contaminants as heavy metals,
pesticides and hormones that potentially may enter biogas
plants via feedstocks. Also, to evaluate whether other
factors influence the overall functioning of BR and on
digestate pollutants. Methane potential will also be
followed with respect of potential interest in post-
digestion. The development of technologies to treat the
digestate from biogas reactors is directly related with:
a) Prevention of depletion of natural resource, as less
minerals need to be extracted and b) Avoiding land
degradation, because less natural areas will suffer the
impacts of element extraction.

Obtaining biogas from organic waste makes it possible,
at a certain level, to talk about achieving the goals of
sustainable development: energy — obtaining high-calorie
fuel; agrochemical — obtaining environmentally friendly
biofertilizers; ecological — utilization of organic waste;
financial — reduction of costs for the disposal of organic
waste and the purchase of energy; social — the ability to
meet social needs on a local scale [28].

Processing biomass by anaerobic fermentation yields
two key products: which can be used on agricultural land.

Therefore, the use of digestate as biofertilizers will be a
growing factor in achieving high levels of energy
independence, environmental security, and financial
growth, contributing to sustainable development goals.

6 Conclusions

Anaerobic digestion technology is an essential link in
organic recycling in agriculture. Digestate is highly
suitable for use as an organic fertilizer or soil improver.
The production and recycling of digestate as fertilizer
requires quality management and quality control
throughout the whole AD cycle from feedstock production
until the final utilization of digestate. Quality management
based on the life cycle assessment methodology implies
using high-quality feedstock, pre-processing of specific
feedstock types, close control of the AD process, and
process parameters affecting digestate quality, digestate
processing, declaration, and optimal storage and
application as biofertilizer.

There are two main ways how to manage digestate
quality, namely prevention and processing. The rule of

thumb is that if efficient pollutant removal cannot be
guaranteed either by pre-treatment or through the AD
process, the respective material must not be used as
feedstock in biogas plants where digestate is used as
fertilizer or for other agricultural purposes. Among the
different commercial options for digestate treatment and
nutrient recovery after solid-liquid  separation,
evaporation, struvite precipitation, ammonia stripping, and
membranes technology are the most relevant for LF, and
drying is better for SF.

The potential of nutrient, organic carbon and useful
microelements in the digestate of agricultural biogas plants
allows its consideration as mineral fertilizer substitution
and soil improvement. However, the realization of this
potential in an economically feasible way requires the
development of both methods of preparation and quality
control of digestate products and the market of organic
fertilizers and soil improvers in Ukraine.

Application and market niches of the main types of
digestate derived products were offered as well as methods
of their processing. Like other European countries,
Ukraine should develop and implement its own rules to
specify requirements for organic fertilizer constitution,
e.g., what substances can be used, limit values on heavy
metals and other pollutants, relevant nutrient contents, and
requirements on labeling and marketing.
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Abstract. The study discussed the use of phosphogypsum by-product waste in anaerobic digestion processes.
Besides the production of biogas from plant substrate with the addition of phosphogypsum, the focus was placed on
the enrichment of digestate with phosphogypsum as a mineral additive to increase the concentration of valuable
macro-and microelements. The component composition of the obtained digestates was analyzed, and opportunities
for additional research were determined. Research on the use of mineral additives in anaerobic digestion is considered
promising. Phosphogypsum favors the quality of digestate as an organic mineral fertilizer with a higher content of
mineral components. Furthermore, the contribution of phosphogypsum to plant substrate to achieve higher biogas
production is not apparent, but with an impact on the component composition of biogas; however, there is an
opportunity to consider the potential benefits of using the additive with another type of substrate waste for the

anaerobic digestion process.

Keywords: biogas, anaerobic digestion, phosphogypsum, digestate, methane.

1. Introduction

Perennial grasses are considered promising energy
crops due to a number of characteristics that make them
particularly interesting for intensive biomass production
compared to annual crops: high yield potential, high
lignin and cellulose content in their biomass, high
calorific value, low water content, and low complexity of
field treatment. In addition, energy herbaceous crops can
improve biodiversity conditions, provide opportunities
for simultaneous phytoremediation and erosion control,
increase soil organic carbon, and mediate water flow and
nutrient content [1].

Among such perennial grasses, canary reed grass
shows great energy potential in Europe for direct
combustion as a feedstock for pellets and other solid
biofuels [2] and biotechnology with biogas production
[3]

A promising way to improve the application of
beneficial elements to the soil is using digestates as a bio-
fertilizer. Canary reed grass can provide an opportunity to
enrich the soil with beneficial elements. This perennial
herbaceous and fast-growing plant demonstrates a high
biomass yield of 5-10 t dry weight/ha/year combined with

a moderately high potential for accumulation of target
elements [4].

It is worth noting that the application of complex
compost based on  mixing  phosphogypsum,
superphosphate, and plant residues into the recultivated
soil allows reducing the content of mobile forms of heavy
metals (Co, Mn, Cu, Ni, Pb) by 60-70% and more per
year due to the translation of heavy metals into forms of
organic complexes and metal salts that are difficult for
plants to access [5]. Phosphogypsum can be considered
an acid-resistant mineral carrier, which is also a source of
macro-and microelements for the growth process of the
necessary ecological and trophic groups of bacteria.
Immobilizing carrier from phosphogypsum with an
altered surface is characterized by low porosity whereby
a stable biofilm can be formed on the surface of the
granules. Consequently, phosphogypsum is also
promising for use as an immobilizing carrier for bacteria
in bioreactors.

The study aimed to evaluate the biogas production
process from Phalaris arundinacea, focusing on the
recovery and enrichment of digestate with
phosphogypsum as a mineral additive to increase the
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useful macro-and microelements.
following tasks were set:

- to study the effect of adding phosphogypsum on the
biogas yield compared with the control;

- to study the component composition of the obtained
digestates and determine the prospects for further
research.

Accordingly, the

2. Literature Review

The quality of digestate as a fertilizer can be changed
by variations of organic waste raw material and additives
in anaerobic digestion. Several studies have studied the
effect of mineral additives on the biogas yield, its quality,
and the component composition of the liquid and solid
phase of digestates. Inorganic additives that can improve
anaerobic digestion processes are considered in [6].
Inorganic mineral additives can be zeolite, magnetite,
metal nanoparticles, industrial wastes, and pH-regulating
additives.

Porous additives such as zeolites are well suited for
ammonium removal. It has been studied [7] that the
removal efficiency of ammonia nitrogen N-NH4
increased linearly with zeolite, and in digestate effluent
levels increased from 10% to 49%. The higher sorption
capacity was observed in the variant of anaerobic
digestion of plant waste with a smaller zeolite dose.
Studies [8] have also revealed a connection between the
influence of the ionic exchange of zeolites on the ability
to contain the amount of nitrogen by growing
strawberries. It was considered that the best efficiency of
ammonium removal using zeolites is better at a pH close
to 8, which matches the normal pH of the liquid digestate
fraction. Nitrogen from digestate is slowly released over
time and gradually converted to nitrate. There is no linear
proportional effect in terms of increasing plant
productivity with the addition of higher amounts of
nitrogen has been observed. Therefore, the gradual
release of nitrate is a good indicator.

Phosphogypsum can also become a base in complex
fertilizers. It has positive results as a meliorant on saline
soils to improve the physical and chemical properties and
soil fertility [9].

There is known research [10] on using
phosphogypsum additive in slow-release fertilizer
mixtures. Such fertilizer mixtures are promising for use
on acidified soils.

Moreover, using phosphogypsum in the composting
process to produce organic-mineral compost with
conserved nitrogen has already been investigated. The
study [11] demonstrated a positive effect of mixing
phosphogypsum with pig manure and cornstalk, which
can effectively conserve nitrogen during composting. By
adding phosphogypsum, phosphorus additives increased
the NH* *-N content of the compost. The higher NH*-N
content might be caused by the low pH of the matrix with
the addition of phosphogypsum, thus preventing the
conversion of NH*-N to NH;. Therefore, the ammonia
emission is decreased.

The studies [12, 13] confirm the effects in decreasing
NH3 but increasing N>O emissions during composting, in
combination with sewage sludge or kitchen waste
composting.

This means that making a mixture of slow-release
fertilizers with phosphogypsum can be an excellent
solution to decrease the acidity and salinity of soils.
Besides blending, there is interest in exploring joint
anaerobic  digestion of organic waste  with
phosphogypsum to produce an environmentally safe
organomineral fertilizer with a higher mineral element
content due to the rich mineral composition of
phosphogypsum (Ca, K, P, Si). Usually, the availability
of phosphorus in the soil solution is relatively low, is
already researched [14] the degradation of the substance
in the processes of anaerobic digestion with the result of
improving the availability of phosphorus for plants.

All these factors are considered promising for using
organic-mineral complexes of biofertilizers. Mineral
component improves both the elemental composition of
the biofertilizer and acts as an additional element of
nutrition in the processes of bacterial processing of
organic raw materials, with an impact on the quality of
the product [15].

Phosphogypsum can also become an immobilization
acid-resistant carrier, providing the environment with the
content of macro-and microelements for biofilm [16],
which opens up the possibility of its use in technologies
of anaerobic digestion.

Regarding the production of complex organomineral
fertilizers, the organic part of the fertilizer is provided by
the degradation of organic waste by anaerobic digestion,
which has obtained two options of target products,
fertilizer and biogas. Consequently, the complex
production process provides obtaining green energy
through biogas production during processing organic
matter into fertilizer.

Furthermore, it should be mentioned that the use of
phosphate waste as an additive [17] stimulated the
degradation of organic waste and demonstrated the
potential to reduce the risk of heavy metal pollution when
applying composted organic waste to the soil by
enhancing the decomposition of organic matter with
transformation into humus with chelated complexes Cu
and Zn. Based on composting studies, the target for
continuing research on organic fertilizer (digestsate) with
phosphogypsum additive for binding heavy metals in the
soil was also determined.

3. Research Methodology

3.1 Characteristics of Phalaris arundinacea

Canary grass reed is characterized by a high natural
concentration and variety of alkaloids and contains some
anthocyanins, with lignin, cellulose, and ash content of
23%, 37%, 2% for the dry matter. Essential advantages of
that plant are high yield, low cost of cultivation, and
ability to grow in different conditions. Besides using
bioenergy, it can be used for phytoremediation and
removal of nitrogen compounds [5].
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3.2 Characteristics of phosphogypsum

The phosphogypsum content (Fig. 1) includes a
significant mass fraction of calcium (from 391 mg/g fresh
phosphogypsum from the upper site to 236 mg/g
phosphogypsum from terrace V), as well as sulfur (from
155 mg/g fresh phosphogypsum from the upper site to
about 125 mg/g phosphogypsum from terraces I, II, III,
and V), silicon impurities (from 8, 3 mg/g fresh
phosphogypsum from the upper site to about 5 mg/g
phosphogypsum from Terraces IV and V), sodium (from
6.4 mg/g phosphogypsum from Terrace II to about
3.5 mg/g phosphogypsum from Terraces III and IV)
phosphorus (from about 2 mg/g fresh phosphogypsum
from the upper platform and V terrace to 1.5 mg/g
phosphogypsum from II terrace) and other impurities
(trace elements and heavy metals) content of which is less
than 1 mg/g. The content of particular elements, such as
aluminum and iron, highly fluctuates in the composition
of impurities.

Composition of analyzed samples
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Figure 1 — Composition of elements in the analyzed samples
from phosphogypsum dumps
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Semihydrate gypsum transforms into dihydrate form
during landfilling. In the main crystalline phase, landfill
phosphogypsum includes compounds CaSO4-2H,O
(gypsum) and CaPO4(OH)-2H,0 [18].

The specificity of the physical condition of fine-milled
particles of phosphogypsum, distributed in a
homogeneous medium, determines phosphogypsum’s
relatively high mineral dispersity. Consequently, its
colloids are a low rate of diffusion and unbalanced
solubility, and not possible to get through the fine-pored
membranes of cellular structures of organisms.

Depending on the time of phosphogypsum storage, the
number of phosphorus compounds in the composition
decreases, which is explained by the process of gradual
transition into water-soluble forms, leaching deep into the
dump or the soil of the surrounding areas. Fluorine
compounds in fresh waste phosphogypsum are present
for a short period in the dump. Therefore, fluorine
compounds do not have time to experience the long-term
effects of air-dust emission and leaching.

The increase in iron compounds, especially on terrace
IV, can be explained by its washout from the upper
terraces of the dump or by washout from the layers of
recultivated soil located above the phosphogypsum layer.

The interaction of mineral particles of phosphogypsum
with the soil substrate is based on the processes of
dissolution by mineral acids, root excretions,
transformation by microorganisms and effects of organic
acids, and interactions of phosphogypsum particles with
extracellular compounds.

Consequently, phosphogypsum waste does not contain
highly toxic substances that can inhibit the functioning of
microbial groups in bioprocesses.

3.3 Characteristics of the inoculum

The biogas batch experiments was conducted at the lab
of TU Bergkakademie Freiberg. The inoculum for the
anaerobic digestion was taken from previous tests using
digestate from agricultural plant waste with 80% cow
manure and 20% grass silage and residues from the farm.
The component composition of the inoculum used is
shown in Table 1.

Table 1 — Composition of elements in the inoculum, mg/g

K Ca Mg Si Fe Na P
64.1 | 55.6 | 21.1 146 | 12.6 | 99 | 82

Al Zn S Mn Cu Ba
1.3 1.2 0.8 0.6 0.3 0.1
34 Biogas bench experiment

Canary grass plant substrate was used in a laboratory
experiment to produce biogas by anaerobic digestion in a
batch reactor at pH 7,0 and 39 °C. Adding 5% and 15%
phosphogypsum (per dry weight of plant substrate) to
anaerobic digestion on biogas production, methane yield,
quality, and concentration of elements in digestate before
and after the anaerobic digestion process was studied.

The conceptual diagram of the test is shown in Fig. 2.
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The anaerobic process was carried out for 20 days, and
the calculation of substrate/inoculum proportions was
carried out according to the VDI-RICHTLINIEN 4630
Fermentation of organic materials Characterisation of the
substrate, sampling, collection of material data,
fermentation tests [19]. Parameters that were determined
at the beginning and the end of the digestion process were
the pH and composition of load and digestate. During the
whole digestion process, the biogas was analyzed with a
laboratory gas analyzer to detect CH4, O, and H->S.
MilliGascounters MGC-1 were used to control the biogas
yield every day.

Fig. 3 shows the lab setup, which consisted of 2-liter
bioreactors placed in a thermostat to maintain a constant
temperature. Bioreactors were connected to the biogas
collection bags via tubes, where gas counters were
installed to calculate the volume of the produced biogas.
The gas was collected in sampling bags and then
analyzed with a gas analyzer for the composition of such
gases as CHy, O, HoS.
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Figure 4 — ICP-MS Instrument, TU Bergakademie Freiberg

4. Results and Discussion

4.1  Analysis of anaerobic digestion performance
under biogas yield

Four experiments were carried out in 2 replications:
inoculum, control, 5%, and 15% phosphogypsum (PG)
additive. The total amount of biogas produced from
1.5 kg substrate with inoculum fluctuates from 10 to 28
liters of biogas. Details are given in Table 2. The quality
of biogas varied over time. Volumetric percentages of
methane content are shown in Table 3.

Table 2 — Volume of obtained biogas, ml

Da Inoculu 5% PG 15% PG Control
Y m additive additive
1 200 830 680 1215 | 1111 | 1860 | 1317
Figure 3 — Lab stand for anaerobic digestion 4 329 3166 | 2810 | 4599 | 4839 | 8479 | 6166
7 422 7066 | 6411 | 8755 | 8730 [16355 |[11888
.. . . . . 10 634 9291 [10142 [11573 [11242 [22133 | 15950
The biodigestate 'obtam.ed after anaerobic digestion B 705 0644 113235 113564 113423 125125 118123
was analyzed by inductively coupled plasma mass 507 614 112499 [ 15318 | 15657 | 26653 | 19197
spectrometry (Fig. 4) to determine trace element ™o 70 710834 [15579 | 16276 | 16225 | 28053 | 20179
concentrations.
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Table 3 — Volumetric percentages of methane content in
obtained biogas, %

5% PG 15% PG
Day additive additive Control
3 8 6 | 20 | 17 | 21 | =2
5 47 51 47 | 43 | 52 | 48
7 65 67 | 60 | 58 | 64 | 6l
14 | 60 64 | 60 | 58 | 61 | 51
19 50 69 | 63 | 58 | 63 | 50

In the batch test operating reactor, a high rate of
organic load influenced the anaerobic digestion and
biogas production process, which is shown in the graphs
of digestion process dynamics for 18 days (Fig. 5, Fig. 6).

Dynamics of biogas yield from substrate
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Figure 5 — Cumulative curve of biogas production
from the substrate (I/kg s)

Furthermore, a considerable increase in hydrogen
sulfide concentration was found both in test reactors with
phosphogypsum, an increase up to 3370 ppm was
registered in the experiment with 5% of phosphogypsum
additive from the Sth day up to the 14th day and in the
experiment with 15% of phosphogypsum additive from
the Sth to the 19th day, while in the control level of
hydrogen sulfide during this period varied from 50 ppm
to 200 ppm.

Comparing digestion processes with mineral additive
5% and 15%, the better quality, despite close in total gas
volume, has been obtained in the variant with 5%
addition of phosphogypsum to the dry matter mass of
plant substrate. Compared with the control, an increase in
mineral load factor (phosphogypsum) leads to decreased
biogas production through the predominance of sulfate-
reducing microorganisms in the bacterial association.
Therefore, there is a demand for additional precipitation
of sulfide fraction formed in the bioreactor. From that
perspective, it provides an opportunity to use this type of
additive for the anaerobic digestion of raw materials
contaminated with heavy metals, considering the
possibility of their precipitation by excessive sulfide
fraction.

Accordingly, previous studies by Chernysh et al. (2018,
2019) [20, 21] substantiated the possibility of using

phosphogypsum in the anaerobic digestion of sludge
from municipal sewage treatment plants to stimulate the
development of sulfate-reducing bacteria and increase the
yield of hydrogen sulfide in biogas, which co-precipitated
heavy metals from sludge in the insoluble sulfide
fraction. Since the problem of sludge utilization is still
highly relevant in Ukraine, it is not used in agriculture
precisely because of the presence of heavy metal
compounds soluble and accumulated in the plant
biomass. Therefore, an important direction is to improve
the environmental quality of digestate, and its
detoxification for further use. Consequently, the obtained
experimental data confirm the previous results and
require further study of the properties of the obtained
digestate. Moreover, further research needs to select
combinations of co-substrates, where the process of
sulfate reducer stimulation will have an ecologically
significant impact on the use of digestate as a
biostimulant in agriculture and urban greening.

Dynamics of biogas production from substrate
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There are already studied [22] the properties of some
mineral additives, from municipal solid waste
incineration plants and construction demolition sites, as
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promising sources of macro and trace elements to
improve and stabilize anaerobic biogas production. The
challenge in this study was to find a mineral additive that
would promote anaerobic digestion without harming the
microbial community of the digester. This research used
additives such as incinerator slag, fly ash, boiler ash, and
cement-based wastes as co-substrates for anaerobic
fermentation. According to Shamurad et al. (2019), these
wastes can be used as micronutrient additives to optimize
the anaerobic digestion of organic materials, in particular,
to prolong the efficiency of the anaerobic digestion
process at a certain level of biogas productivity over a
more extended time. A promising solution for dealing
with substrates with high ammonia concentrations is the
addition of mineral compounds (e.g., clay compounds)
which can retain ionized ammonia due to their high
cation-exchange capacity. In [23], the positive effect of
zeolite in the anaerobic digestion process at high
concentrations of ammonia was investigated. Thereby
there are reasons to study the perspective of the mineral
addition of phosphogypsum with livestock wastes.

4.2. Analysis of the obtained digestats

The organic part of the solid fraction of the digestate
enriches the soil (improving soil conditions by reducing
the humus deficit in the soil), and mineral supplement
increases the soil quality [24]. The general view of the
digestate of liquid and solid phases is shown in Fig. 8.

TN

d|

Figure 8 — Image of the digestate appearance obtained after
anaerobic digestion of plant substrate and phosphogypsum:
a —rare phase; b — solid phase

The potassium, calcium, silicon, sulfur, and aluminum
concentrations were significantly increased in the studied
digestate, shown in Fig. 9. The increase in Ca, Sa, S, Al,
and microdoses of the rare earth element group is related
to the additional input of phosphogypsum which was rich
in these components. Furthermore, the higher the level of
mineral loading (percentage content of phosphogypsum),
the higher the enrichment of elements in digestate,
possibly due to differences in substrate availability for
microorganisms and changes in chemical binding forms
of elements in the composition.

Because of the high concentration of Ge (0.96 ng/g)
and rare earth elements (12.26 pg/g) in the substrate used
in the experiment, increasing the ratio between co-
substrates leads to a decrease in the concentration of these
elements (Ge 0.46 pg/g) and rare earth elements 1.6 pg/g
in digestate.

Content, mg/g

Lontent, mg/g

Therefore, the current research aims to optimize the
processes of elemental renewal, enrichment, biogas
production, and identifying changes in the chemical
forms of binding of target elements in digestate.

Digestate composition
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Figure 9 — Analysis of the composition of digestate obtained
after anaerobic digestion of plant substrate and phosphogypsum

A decrease in phosphorus content in samples with
phosphogypsum addition was noted compared to the
control sample (from 19.8 pg/g to 15.1 pg/g). Hence, in
the liquid fraction were isolated compounds of
phosphorus, which can be used in complex with the
obtained organomineral product.

Currently, an important goal is to reduce the risk of
heavy metal contamination after returning biogas to the
field as fertilizer. Thus, a study by Li Yi et al. (2016)
[25], which was focused on reducing heavy metal
pollution in pig manure, used anaerobic fermentation
technology to study the effects of adding exogenous
zeolite on biogas production, methane content, and
changes in the proportion and chemical fractions of heavy
metal zinc in digestate. The results show that zeolite does
not significantly affect gas production and methane
content during biogas fermentation. After fermentation
within the zeolite addition, 89.88% of Zn heavy metal is
contained in the biogas sludge, only 10.12% in the biogas
slurry. Zeolite may be a passivator of metals in the
anaerobic fermentation process.

Therefore, the relevant topic still remains the search
for effective local bacterial biosorbents that can survive
even under toxic environmental conditions in various
metabolic states.
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5. Conclusions

The use of mineral additives in anaerobic digestion is a
viable factor for further research, particularly the
phosphogypsum additive. However, phosphogypsum’s
positive influence on the improvement of digestate
quality can be used as an organic mineral fertilizer with
enriched mineral components. It is also definite that
mixing phosphogypsum additive with plant waste does
not produce a positive effect on biogas formation;
nevertheless, it is possible to analyze the prospects of
using the additive with animal waste with increased
content of nitrogen compounds.

Subsequent studies will focus on studying organic-
mineral digestion products with the addition of
phosphogypsum after the digestion of various co-
substrates based on organic waste under micro-
field conditions.
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Abstract. This paper aims to present a new application of TOPSIS with an automated decision-making process for
the analysis of drinking water. For this purpose, the algorithm was modified with a fuzzy disjunction, and the maxi-
mal output values were set to one. The properties of drinking water, such as total dissolved solids, hardness, electrical
conductivity, and cost, were the criteria analyzed in this study. These criteria were analyzed with unmodified and
modified algorithms. Therefore, the modified TOPSIS was also used to optimize the parameters of the candidates.
The appearance of the value of 1.0 in the algorithm’s output was due to the confusion of an individual’s categories of
drinking water and undrinkable water. The advantage of this investigation was that, for the first time, it allowed au-
tomated decision-making to detect the drinking water in different samples and analyze them according to their char-
acteristics. This would be important in developing new technologies for detecting and analyzing drinking water in the
environment. The results of this paper can be applied in materials sciences and engineering.

Keywords: TOPSIS, water, automated decision-making, computational engineering, process innovation.

1 Introduction

Drinking water is essential for human life and is in
high demand in many countries [1-3]. Many people
worldwide do not have access to safe drinking water [4].
The chemistry and toxicology of the chemicals in under-
ground water can determine their characteristics for per-
forming essential drinking water production processes
[51.

The Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS) is an appropriate decision-
making method with diverse applications in science and
engineering [6-10]. The candidates’ ranking in this meth-
od is performed according to their distances from ideal
solutions and their closeness coefficients [11-15].

The characteristics of drinking water, such as its total
dissolved solids, hardness, electrical conductivity, and
cost, must be analyzed [16-19]. The modified version of
the TOPSIS method can help determine which water
sample would be more appropriate according to its rank.

Moreover, the automated decision-making process
must be performed with the modified algorithm. This
would make the distinction between drinking water and
non-consumable water. This analysis would help the next
generation of robots distinguish and analyze different
drinking water samples without human intervention. As

the amount of drinking water can decrease during the
next decades on the planet, researching this material on
other planets would be essential for human survival.

Demarcator theory is a theory according to which three
characteristics, called the demarcators, are found in the
category members for their distinction from the members
of other categories. The strong and weak demarcators
have an impact on this distinction.

However, the marginal demarcators do not positively
affect this distinction, but their consideration leads to
category confusion and inconsistency in epistemic beliefs
(8, 20, 21].

According to the demarcator theory, the total dissolved
solids in samples is their strong demarcator that impacts
the distinction of drinking water from undrinkable water.
In contrast, hardness and electrical conductivity are the
weak demarcators that have less effect for this distinction.
The transparency and amount of water and its cost cannot
affect the importance of drinking water and undrinkable
water. These marginal demarcators do not help humans
distinguish the members of these categories.

This work aimed to optimize the drinking and un-
drinkable water samples with unmodified and modified
TOPSIS methods.

For this purpose, the following tasks were performed:
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1) optimization
TOPSIS;

2) modification of TOPSIS with the Lukasiewicz
fuzzy disjunction;

3) optimization
TOPSIS.

The prediction, detection, and analysis of drinking wa-
ter samples with modified TOPSIS with an automated
decision-making process have not been performed previ-
ously. The results of this paper can find their applications
in science and engineering.

of water samples with unmodified

of water samples with modified

2 Research Methodology

2.1 TOPSIS method

The TOPSIS code in Python is available on the
GitHub website https:/github.com/Glitchfix/TOPSIS-
Python/blob/master/topsis.py. It was used for the optimi-
zation of parameters in this paper.

The main steps of this code were described previously
[12].

2.2 Modified TOPSIS

The modified TOPSIS, including the Fukasiewicz
fuzzy disjunction developed in new software, was used in
this paper as described previously [8]. In the data analysis
with the modified algorithm, the members of two catego-
ries of drinking water (candidates C1 and C2) and un-
drinkable water (C3, C4, and C5) were considered.

The category confusion due to humans' inappropriate
consideration of the criteria that led to the inconsistency
of their epistemic beliefs was analyzed as explained pre-
viously [8]. In the second series of analyses with the
modified algorithm, turbidity as a marginal demarcator of
water, which was a cost criterion, was added to the evalu-
ation matrix. The categories confusion due to the consid-
eration of this criterion as a profit criterion was evaluated
with the fuzzy disjunction. This was because individuals
mistakenly considered it a characteristic that positively
distinguished the two water categories. The maximal val-
ue of 1.0, according to the Lukasiewicz fuzzy disjunction
was observed in the evaluation matrix in the output.

3 Results and discussion

The first series of results were obtained with the un-

Tables 2 and 3 show the matrices of triangular fuzzy
data and their mean values, respectively.
Tables 4 and 5 show the matrix of the weights applied
for each criterion of the water samples and the criteria
matrix, respectively.
Table 6 shows the distances between the best and
worst alternatives, the similarity coefficients, and rank-
ings for water samples.

Table 2 — Matrix of triangular fuzzy data

Candidates/ .Total Electrical
L dissolved Hardness | conduc- Cost
Criteria . ..
solids tivity
Ci 0.1,0.2,0.3 |0.1,0.2,0.30.2,0.3,0.4/0.7,0.8, 0.9
C2 0.1,0.2,0.3 |0.1,0.2,0.30.2,0.3,0.4/0.4, 0.5, 0.6
Cs 0.4,0.5,0.6 0.4,0.5,0.60.4,0.5,0.6/0.2,0.3,0.4
Cq 0.4,0.5,0.6 0.4,0.5,0.60.4,0.5,0.6/0.4,0.5, 0.6
Cs 0.7,0.8,0.9 10.7,0.8,0.90.7,0.8,0.90.4, 0.5, 0.6

Table 3 — Matrix of the mean values of triangular fuzzy data

Candidates/ Total Electrical
. dissolved Hardness | conduc- Cost
Criteria . ..
solids tivity
Ci 0.2 0.2 0.3 0.8
C2 0.2 0.2 0.3 0.5
Cs 0.5 0.5 0.5 0.3
Cq 0.5 0.5 0.5 0.5
Cs 0.8 0.8 0.8 0.5

Table 4 — Weights applied for each criterion of water samples

Alterna- Total Electrical

tives/ dissolved Hardness | conduc- Cost
Values solids tivity

Ci—-GCs 0.5 0.5 0.5 0.5

Table 5 — Criteria matrix for water samples

Alterna- Total Electrical

tives/ dissolved | Hardness | conduc- Cost
Values solids tivity

Ci—-GCs false false false false

Table 6 — The distances from the best and worst alternatives
(di" and di), the similarity coefficients (CCi)and rankings
for water samples

modified TOPSIS algorithm. Candidates d’ dr CCi Ranking
Table 1 shows the evaluation matrix of water samples Ci 0.1027 0.2207 0.6824 2
as candidates and their criteria. C 0.0411 0.2292 0.8479 1
. . Cs 0.1054 0.1550 0.5952 3
Table 1 — Evaluation matrix of water samples Ca 0.1132 0.1315 0.5374 4
as candidates and their criteria Cs 0'22 45 0‘0617 0'2] 54 5
. Total Electrical ) ) )
Canqld?teS/ dissolved | Hardness | conduc- Cost The second series of results were obtallned with the
Criteria solids tivity modified TOPSIS algorithm. The Lukasiewicz fuzzy dis-
. junction was applied to allow only the values equal to or
Ci very low very low low high .
- below 1.0 to appear in the output.
C very low very low low medium . .
. . . Table 7 shows the evaluation matrix of water samples
Cs medium medium | medium low . .
. g o " as candidates and their criteria.
e medium mecium | medium | mecium Tables 8 and 9 show the matrices of triangular fuzzy
Cs high high high medium data and their mean values, respectively.
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Table 7 — Evaluation matrix of water samples
as candidates and their criteria

Candi- Total Electrical
dates/ | dissolved [Hardness conduc- | Cost |Turbidity
Criteria solids tivity
Ci very low |very low| low high | very low
C2 very low |very low| low |medium| very low
Cs medium | medium| medium | low | medium
Cs medium | medium| medium |medium| medium
Cs high high high |medium| medium
Table 8 — Matrix of triangular fuzzy data
Candi-| Total Electrical
dates/ | dissolved | Hardness | conduc- Cost Turbidity
Criteria]  solids tivity

C; ]0.1,0.2,0.3/0.1,0.2,0.3] 0.2,0.3,0.4 |0.7,0.8,0.9| 0.1,0.2,0.3

C2 10.1,0.2,0.3/0.1,0.2,0.3] 0.2,0.3,0.4 /0.4,0.5,0.6| 0.1,0.2,0.3

Cs 10.4,0.5,0.6/0.4,0.5,0.6] 0.4,0.5,0.6 10.2,0.3,0.4| 0.4,0.5,0.6

Cs 10.4,0.5,0.6/0.4,0.5,0.6] 0.4,0.5,0.6 10.4,0.5,0.6| 0.4,0.5,0.6

Cs 10.7,0.8,0.9/10.7,0.8,0.9] 0.7,0.8,0.9 10.4,0.5,0.6| 0.4,0.5,0.6

Table 9 — Matrix of the mean values of triangular fuzzy data

Candi- Total Electrical
dates/Crit| dissolved [Hardness|conductivi-| Cost | Turbidity
eria solids ty
Ci 0.2 0.2 0.3 0.8 0.2
C2 0.2 0.2 0.3 0.5 0.2
Cs 0.5 0.5 0.5 0.3 0.5
Cs 0.5 0.5 0.5 0.5 0.5
Cs 0.8 0.8 0.8 0.5 1.0

In Table 9, in comparison with table 3, the maximal
value of 1.0 was observed for the last alternative due to
the Lukasiewicz fuzzy disjunction, which showed the
confusion of both drinking categories and undrinkable
water samples by an individual.

Tables 10 and 11 show the matrix of the weights ap-
plied for each criterion of the water samples and the crite-
ria matrix, respectively.

Table 12 shows the distances between the best and
worst alternatives, the similarity coefficients, and rank-
ings for water samples.

Table 10 — Weights applied for each criterion of water samples

Alterna- Total Electrical

tives/ | dissolved Hardness| conduc- | Cost |Turbidity
Values solids tivity

Ci—GCs 0.5 0.5 0.5 0.5 0.5

Table 11 — Criteria matrix for water samples

Total dis- Electrical
Alterna- .. ..
. solved |Hardness|conductivi- Cost | Turbidity
tives/Values .
solids ty
Ci—GCs false false false false true

Table 12 — The distances from the best and worst alternatives
(di* and di), the similarity coefficients (CCi), and rankings
for water samples

Candidates dif dir CG; Ranking
Ci 0.1515 0.1766 0.5382 2
C 0.1315 0.1833 0.5824 1
Cs 0.1159 0.1329 0.5341 3
Cq 0.1205 0.1155 0.4894 4
Cs 0.1796 0.1365 0.4318 5

The comparison of the obtained results revealed sever-
al important issues. The drinking water samples, candi-
dates 1 and 2, were ranked in the first two positions,
whereas undrinkable water samples were ranked in the
three last positions.

Moreover, the cost impacts the ranking of drinking
water samples, and the candidate with a lower cost, the
second candidate, was ranked in the first position. The
candidates’ distances from the best and worst alternatives
and their similarity coefficients were different with the
unmodified and modified algorithms.

However, the same rankings were obtained in both
analyses. The appearance of the value of 1.0 in the algo-
rithm’s output was due to the confusion of an individual’s
categories of drinking water and undrinkable water. This
could be attributed to his inconsistency in epistemic be-
liefs.

Previously, the characteristics of several materials
were investigated [22-26]. Moreover, new materials have
been explored for their diverse applications in sciences
and engineering [27-30]. It has been shown that nanopar-
ticles [31, 32], polymers [33-36], and nanocomposites
[37] could be used for water treatment. TOPSIS has been
used for the selection of polymers [38-41], nanomaterials
[42-44], and machine process parameters [45]. It has been
shown to be efficient for optimizing analytic procedures
and normalization methods [46, 47], and materials [48-
52].

Although TOPSIS has been used to optimize some ma-
terials, its modified version with the Lukasiewicz fuzzy
disjunction has not previously been used for their optimi-
zation. In other words, none of these previous studies has
been done with the automated decision-making process
with modified TOPSIS. To optimize these materials, it
would be required to perform the automated decision-
making process with the modified TOPSIS as presented
in this paper.

More investigations are needed to improve the analysis
method of drinking and undrinkable water samples with
the TOPSIS algorithm. In the next step, the water sam-
ples with different concentrations of ions will be investi-
gated.
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4 Conclusions

The article aims to explain the analysis results of
drinking and undrinkable water samples with an automat-
ed decision-making process. The tasks of this study were
performed with unmodified and modified TOPSIS algo-
rithms. The modified TOPSIS method was obtained by
adding the Lukasiewicz fuzzy disjunction to the algo-
rithm. For this purpose, the maximal values of the mem-
bership degrees were set to one.

To perform the analysis, the modified TOPSIS algo-
rithm with this fuzzy disjunction was used, giving com-
parable results to the unmodified algorithm.

Although the distances from the best and worst alter-
natives and similarity coefficients differed with the un-
modified and modified algorithms, the same rankings
were obtained in both analyses.

The appearance of the value of 1.0 in the output of the
algorithm, due to the confusion of the categories of drink-
ing water and undrinkable water by the individual, could
be attributed to his inconsistency in epistemic beliefs.

Overall, the research presents a new application of
TOPSIS for predicting and detecting water samples that
could be applied in sciences and engineering.
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