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Original scientific paper

T-JUNCTION AND TRANSFER OF TRANSIENT MODES IN HYDRAULIC SYSTEMS

Marija Lazarevikj, Viktor Iliev, Zoran Markov, Valentino Stojkovski

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,
P.O.Box 464, MK-1001 Skopje, Republic of North Macedonia
marija.lazarevikj@mf.edu.mk

Abstract: A T-junction of a hydraulic system is the point where hydraulic parameters (which are defined by
variable pressure and discharge) join or separate. The transmission of the hydraulic conditions distributed by the T-
junction connection are numerically analyzed in different conditions which provide insight into the distribution —
transfer of hydraulic parameters through the T-junction. Numerical calculations were performed for defining the
transient modes and the interaction between the hydraulic parameters in the case of a T-junction with the application
of the AFT Impulse software package. The software was chosen as suitable based on previous experience with good
alignment between numerical calculations and field measurements. The results from the numerical prediction of the
occurrences for different conditions in the T-junction construction showed the influence of simultaneity (interaction
and dissipation) of the fluid flow parameters, time delay or parallel flow and counter-flow in the transient modes, which
contribute to the technical opinion on the phenomena occurring in a T-junction.

Key words: transient modes; interference; dissipation; fluid flow parameters

T-JA30OJI 1 IPEHOC HA ITPEOJHHU PEKUMUA BO XUJIPAYJIMYHU CUCTEMUA

AmncTpax T T-jazonm Ha XuApayaMdYeH CUCTEM € TOYKara Kaje INTO XUIpayJInYHHUTEe rmapaMeTpH (Ko ce
nepUHUpAHU CO MPOMEHJIMB IPUTHCOK U NPOTOK) CE CIIOjyBaaT WM ce OJAeNyBaar. [IpeHOCOT Ha XHMApayJTHYHUTE
YCJIOBH JAUCTpUOYHpaHH TpeKy T-ja30J0T € HyMEepHYKH aHAIM3HPaH BO Pa3jIMYHHU yCJIOBH, LITO JaBa yBHJ BO pac-
npenendaTa — NPEHOCOT Ha XUIPayIMYHUTE MapaMeTpu Hu3 T-jasonot. Co 1en aeguHupame Ha MPEOJHUTE PERKUMU
Y MHTEpaKIHjaTa IoMery XuIpayInIHUTE TTapaMeTpH BO cirydaj Ha T-ja3o1, U3BpIIEHN Oea HyMEPHUKHI MPECMETKH CO
npuMeHa Ha coprBepcknotT maker AFT Impulse. M360opoT Ha codTBepoT e HampaBeH Bp3 OCHOBA HA MPETXOJHOTO
HCKYCTBO €O JI00pO ycoriacyBambe oMer'y HyMepH4KH IIPECMETKH U TEPEHCKH Meperba. PesynTaTuTe o1 HyMEpUIKOTO
MIpeIBUIYBamk¢ HA MOjaBUTE 3a PAa3IMUHH YCIOBU BO T-ja30JI0T MOKakKyBaaT BIIMjaHHE Ha UCTOBPEMEHOCTa (MHTEp-
aKiyja ¥ JUCHUIANMja) Ha CTPYjHUTE MapaMeTpH, BPEMEHCKOTO 3aJ0lHYBamkbe MM HCTOHACOYHO M NMPOTHBHACOYHO
CTpYeHe BO IMPEOJHUTE PEKUMHU, IITO IPHIOHECYBA KOH TEXHUYKOTO MUCIEHE 32 (PEHOMEHHTE IITO Ce CIydyBaaT BO
T-jazosor.

Koyunu 360poBu: npeoHN peXUMHU; HHTEpdEpeHIH]ja; TUCUIIANNja; CTPYJHOTEXHHYKH MapaMeTpH

INTRODUCTION

The fluid flow parameters during a transient
fluid flow in pipeline systems is a result of a com-
plex set of independently variable parameters. They
originate from the physical properties and mecha-
nisms of the kinematics of the surrounding, as well
as from the fluid properties at given flow parame-
ters. They are described at unsteady state in a given

section of the flow domain [1, 2]. The fluid and its
basic physical quantities (density, compressibility,
viscosity) are given based on generally known pa-
rameters, but the kinematics of their change under
different conditions during the fluid flow is a mech-
anism for which research is still being carried out
[3, 4]. The interaction between the surrounding and
the fluid medium occurs in conditions of transient
flow regimes in pipelines.
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Numerical simulation has become the domi-
nant method for analyzing transient flow phenom-
ena. The main challenge in modeling water hammer
lies in solving the hyperbolic partial differential
equations involved. While the governing equations
are available in closed form, no exact analytical so-
lution currently exists. To obtain numerical solu-
tions, several techniques have been employed, most
notably the Finite Difference Method (FDM) which
can include Lax-Wendroff Scheme and MacCor-
mack Method [5], the Finite Volume Method
(FVM), the Finite Element Method (FEM), and the
Method of Characteristics (MOC).

Pal et al. [6] review recent advancements in
numerical methods for modeling water hammer,
focusing on one-dimensional approaches like FDM,
MOC and FVM. Although MOC has been the most
widely used method, especially in one-dimensional
transient flow modeling, the authors highlight the
advantages of FVM for accurate transient flow sim-
ulations, especially in complex scenarios like fault
detection. Henclik [7] presents a numerical ap-
proach to modelling water hammer phenomena in-
corporating fluid—structure interaction (FSI) using a
four-equation model solved via MOC. The study
emphasizes the influence of viscoelastic pipe sup-
ports, formulating boundary conditions as differen-
tial equations of junction motion, which are solved
concurrently with MOC compatibility equations.
Numerical simulations, validated against experi-
mental data from a laboratory pipeline model with
complex support systems demonstrate that appro-
priately designed supports can significantly reduce
pressure surges by absorbing and dissipating en-
ergy. Prica et al. [8] developed a numerical model
to simulate condensation-induced water hammer in
two-phase flows. Utilizing MOC, the model ac-
counts for the direct condensation of steam on sub-
cooled liquid and tracks the interface between steam
and water columns. The model is validated through
application to a laboratory test case. Ani and Kha-
yatzadeh [9] developed a general computer program
for analyzing pipelines with pumps, valves, surge
tanks, air chambers, etc., based on FDM and MOC
coupling. The accuracy of their program is validated
by comparing numerical results to available exact
analytical solutions. Kandil et al. [10] investigated
the impact of different pipe materials on water ham-
mer intensity and frequency in pressure pipelines by
integrating experimental testing and numerical
modeling. A numerical model based on MOC was
developed and validated using data from a custom
experimental setup equipped with pressure sensors
and strain gauges. The research evaluated five pipe

materials under various flow rates and pressures.
Fast Fourier Transform (FFT) analysis revealed dif-
ferent frequency responses of each material, show-
ing that more viscoelastic materials mitigate water
hammer effects compared to rigid materials like
steel. Deviations between experimental and numer-
ical results were attributed to differences in pipe ri-
gidity. Toumi and Sekiou [11] employed MOC and
a mixed scheme for simulating transient flow. The
results revealed that for each slow closing time,
there is a unique convex law that effectively reduces
maximum overpressure. Furthermore, the evolution
of the optimal pressure at the valve is governed by
two models: exponential and linear.

The literature review shows that the Method of
Characteristics (MOC) is the most widely adopted
approach which is extensively used in engineering
applications to simulate water hammer effects espe-
cially in case of problems with relatively simple ge-
ometries and boundary conditions, like valve clo-
sures or pump failures.

Understanding transient flow behaviour in
complex pipeline networks is essential for the safe
and efficient design of hydraulic systems. The tran-
sient state of the junction element is considered in
this paper, since different states are possible at this
nodal point that can be achieved during the pipeline
operation, i.e., it is possible for one branch of the
junction to have inflow or outflow or no flow
through it. On the other hand, the part of the pipeline
where redistribution of flow to the branches occurs
is in the junction. From a hydraulic point of view,
the junction is a place in the pipeline where the in-
fluence of the surrounding is minimal or none from
aspect of transient states of the fluid, but the hydrau-
lic conditions are more dominant since a pressure
wave is distributed or two pressure waves are super-
imposed. In particular, T-junctions present critical
points where pressure wave interactions can lead to
amplified loads, potentially compromising system
integrity. Thus, in this paper, the MOC is selected
as a numerical approach for defining the transient
states at T-junction in pipelines through a one-di-
mensional model of analysis along the flow. The
presence of a specific pipeline components (reser-
voir, valve, pump, accumulator, etc.) is given
through appropriate mathematical boundary models
to describe their influence and specificity. The junc-
tion model as a boundary condition is developed on
the following assumptions: the head in the junction
is constant for all its branches, while the pressure
wave propagation towards the junction has a posi-
tive sign of the characteristic function C for a branch

Mech. Eng. — Sci. J., 43 (1), 5-16 (2025)
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with fluid flow velocity in the same direction as the
pressure wave propagation speed and vice versa [ 1,
2, 4, 12]. This research uses AFT Impulse with the
MOC to simulate and analyze transient flow in a T-
junction. The goal is to quantify how the length ratio
between parallel branches influence wave intensity,
timing and oscillation patterns, thereby improving
predictive capabilities for transient behaviour in
branched pipeline systems.

MODEL SETUP

The conditions for transient states transmission
in a pipeline with a T-junction that connects three
branches were numerically analyzed. The fluid

flows from a tank with a constant level through a
pipeline and is evenly distributed into two horizon-
tal parallel branches positioned at the same eleva-
tion.

Two models of parallel branches were consid-
ered: a pipeline with branches of same length (with
1:1 length ratio) and a pipeline with parallel
branches whose length ratio is 1:2. The length of the
shorter branch of the pipeline model 1:2 is the same
as the length of the branches of the 1:1 model. By
assigning different lengths to the branches, it is
ensured that the pressure wave induced by
opening/closing the flow in the branch is present in
the junction at different times.

a) Model with length of branch 1:1

— i Lo r T T w -
i &
L
r ks
Ir|
| o= ' ] ™ - a
& = E E E i & H

am - . L] e im H m - - -
&

b) Model with length of branch 1:2

Fig. 1. Schematic of the models for T-junction

Technical parameters of model

Basic technical parameters for the models
considered are:

o the water level in the reservoir is constant, set
at 100 m height relative to the T-junction,

o the supply pipe (made of steel) to the T-
junction (section 3) is 200 m long and has a
diameter of DN600 and a wall thickness of 4.5
mm,

e the short branch has a total length of 1500 m,
set with 150 m step,

o the longest branch length is 3000 m, set with
150 m step,

e at the ends of the branches, the flow is set at
constant value of 0.1 m¥/s.

Maw. unosc. nayu. ciuc. 43 (1), 5-16 (2025)

The conditions under which the numerical
calculations were performed are:

e Fluid-water.

e The time duration of opening/closing the flow
in the branch is 2 seconds.

e The law of change of flow is linear.

o Number of divisions-steps of calculation nodes
is 5 m.

e Calculation time is set for 20 seconds.

¢ During the calculations, in the first second, the
stationary state conditions of the pipeline
system are set, and then the changes follow.

Numerical calculations were performed using
the commercial software package AFT-Impulse.
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Scenarios for calculated cases

Transient regimes in the T-junction are consid-
ered under conditions of positive pressure wave
(flow closure), negative pressure wave (flow open-
ing), as well as with the combined action of pressure
waves. The different scenarios considered for the
1:1 model and for the 1:2 model are given in Table
1 and Table 2, respectively. Junctions J15 and J26

Table 1

represent the ends of the parallel branches where the
flow either closes or opens. For every scenario, the
original state of the branch (opened/closed) is given,
so as the time for completing the action of open-
ing/closing at the respective branch end. The corre-
sponding symbol for the resulting change, which is
used in the graphical presentation of the results, is
given in the second column of the tables.

Scenarios of numerical calculations for a model with the same length of branches (1:1)

Scenario J15 126
Number Symbol Start Time Time End
1 Zs-Zs open 2 sec 2 sec
2 Zs-Xs open 2 sec no action
3 Xs-Zs no action 2 sec
4 0s-Os 2 sec 2 sec open
5 Xs-Os no action 2 sec open
6 Os-Xs 2 sec no action
7 Os-Zs 2 sec 2 sec
8 Zs-Os open 2 sec 2 sec
Table 2
Scenarios of numerical calculations for a model with different branch lengths (1:2)
Scenario J15 126
Number Symbol Start Time Time End
1 Zs-Z1 open 2 sec 2 sec.
2 Zs-X1 open 2 sec no action
3 Xs-Z1 - no action 2 sec
4 As-Z1 open no action 2 sec
5 Zs-+l open 2 sec no action open
6 Os-01 - 2 sec 2 sec open
7 Zs-0l1 open 2 sec 2 sec open
8 Os-Z1 2 sec. open open 2 sec -
9 +s-01 open 2 sec open _ 2 sec open
10 Os-+l 2 sec open open 2 sec open
11 Xs-0Ol1 no action 2 sec
12 Os-X1 2 sec no action

Mech. Eng. — Sci. J., 43 (1), 5-16 (2025)
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RESULTS AND DISCUSSION

The results of the calculations for the transient
modes are analyzed primarily for the pressure dis-
tribution in the T-junction, by defining the pressure
change in section 3 (supply pipeline to the junction),
section 4 and section 5 (branches from the junction).
The results are given in the form of diagrams which
show the pressure and flow change in each individ-
ual section, as well as a comparative diagram for the
pressure distribution. In addition, the pressure and
flow change diagrams at the point where the tran-
sient mode is induced in the pipeline system are
given. The branch from which the transient mode is
induced in the system is given on the comparative
diagrams with a dashed line.

Effects of a positive pressure wave

Unsteady flow with the positive pressure wave
is ensured by closing the parallel branches, i.e., by
stopping the flow. The cases of pressure distribution
in the T-junction during simultaneous closing of the
parallel branches and the case when the flow is
closing in only one branch while the other is already
without flow are considered.

Simultaneous closure of branches

The transitional states in the pipe system in the
T-junction zone under conditions of simultaneous
closure of the flow in the branches are given in Fig-
ure 2 and Figure 3.

=

L2}

p (barg)

10 15 20

5

=

a) Pressure wave distribution at T-junction and initiation

Fig. 2. Pressure wave distribution at T-junction — 1:1 model:

I
A

a) Pressure wave distribution at T-junction and initiation
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t(s)

37575 ——==-4 7575

————e5 7575

b) Comparative diagram

same time closing of both branches

11,5

p (barg)

20

b) Comparative diagram

Fig. 3. Pressure wave distribution at T-junction — 1:2 model: same time closing of both branches

For the 1:1 model, the two positive pressure
waves from the branches model propagate toward
the T-junction and arrive simultaneously where they
are superimposed in a more intense pressure in-
crease due to constructive interference. The pres-
sure wave is distributed to the supply pipeline with

Maw. unosc. nayu. ciuc. 43 (1), 5-16 (2025)

reduced amplitude because it propagates in the op-
posite direction of the water velocity, causing partial
cancellation and energy dissipation.

For the 1:2 model, in the T-junction, the posi-
tive pressure waves from the shorter branch arrives
earlier due to the reduced propagation path and its
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influence is transmitted to the longer branch. At the
same time, the pressure wave generated within the
longer branch is still propagating toward the junc-
tion. The superposition of the two positive pressure
waves occurs along the branch with higher length.
This amplified wave then reflects back toward the
T-junction, where its delayed arrival causes a sec-
ondary pressure rise.

Closing one of the branches, the other one is
closed (no flow)

Transitional states in the pipe system in the T-
junction zone under conditions of flow closure in
one of the branches are given in Figure 4 for the 1:1
model and in Figure 5 and Figure 6 for the 1:2
model.

p (barg)

15

t(s)

4 Xs-7s
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—— 5 Xs s

a) Pressure wave distribution at T-junction and initiation

b) Comparative diagram

Fig. 4. Pressure wave distribution at T-junction — 1:1 model: closing one branch
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Fig. 5. Pressure wave distribution at T-junction — 1:2 model: closing one branch (longer)
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Fig. 6. Pressure wave distribution at T-junction — 1:2 model: closing one branch (shorter)

For the 1:1 model, a positive pressure wave
from only one of the branches enters the T-junction,
which is partially transmitted into both the closed
branch and the supply pipeline (section 3). Due to
the hydraulic symmetry of the system, i.e. equal
lengths, diameters and boundary conditions, the

wave transmission pattern remains the same regard-
less of which branch is closed. The pressure wave
transmitted through the T-junction has the highest
intensity, as it carries the primary energy from the
initiating disturbance.

Mech. Eng. — Sci. J., 43 (1), 5-16 (2025)
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For the 1:2 model, a positive pressure wave
enters the T-junction from either the long or the
short branch. In both cases, the wave is partially
transmitted into the closed pressure branch and the
supply pipeline (section 3). The pressure wave
transmitted through the T-junction has the highest
intensity, regardless of which branch closes. The
difference in these two cases is in the periodicity of
the transient modes, that is, due to the different
branches lengths, the pressure wave propagation
time is different resulting in variations in the timing
of wave reflections and superpositions, which di-
rectly affect the frequency and phase of the pressure
oscillations in the system.

The analysis of the branch with zero flow
(closed end) given in Figure 7 shows that its length

11

p (barg)

0 5 10 15 20
t(s)
3 Xs-Zs 4 Xs-Zs 5 Xs-Zs
———— 375K mm——- 4 Zs-Xl 5Zs-X

Fig. 7. Comparative diagram of pressure wave distribution at
T-junction — 1:1 model and 1:2 model:
closing one branch (shorter)

Effects of a negative pressure wave

Unsteady flow with a negative pressure wave
is ensured by opening the parallel branches, that is,
establishing a flow in the branch. The cases of
pressure distribution in the T-junction during the
simultaneous opening of the parallel branches and
the case when the flow is established only in one
branch while the other is without flow (closed) are
considered.

Simultaneous opening of the branches

The transient states in the pipe system in the T-
junction zone under conditions of simultaneous
opening of the flow in the branches are given in
Figure 9 and Figure 10.

Maw. unosc. nayu. ciuc. 43 (1), 5-16 (2025)

does not influence the initial phase of the transient
response. However, as unsteady conditions develop
over time, the difference in branch length leads to
variations in the timing of wave reflections resulting
in a non-uniform pressure distribution in the T-
junction. The transient response of the pipeline sys-
tem differs in the case of simultaneous closure of
both branches and the closure of only one branch, as
shown in Figure 8. When both branches are closed,
the pressure wave intensity at the T-junction is hig-
her due to the superposition of compression waves
arriving from both sides. In contrast, closing only
one branch results in a lower pressure peak, as the
wave energy is not reinforced by a second incoming
wave.
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Fig. 8. Comparative diagram of pressure wave distribution
at T-junction — 1:1 model: closing one branch vs.
closing both branches

For the 1:1 model, the two negative pressure
waves (rarefaction waves) from the branches arrive
simultaneously at the T-junction, where they are
superimposed in a more intense increase in pressure,
which is distributed to the supply pipeline with
reduced intensity. The pressure distribution of the
pressure wave towards the supply pipeline (section
3) is of reduced amplitude because it propagates
against the direction of the water velocity which
leads to partial attenuation due to momentum
opposition and energy dissipation.

For the 1:2 model, in the T-junction the
negative pressure wave from the shorter branch
arrives first due to its shorter propagation path and
its influence is transmitted to the longer branch. The
superposition of the two negative pressure waves
occurs along the length of the longer pipe and that
effect is perceived in the T-junction after a delay.
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Fig. 9. Pressure wave distribution at T-junction — 1:1 model: opening at same time both branches
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Fig. 10. Pressure wave distribution at T-junction — 1:2 model: opening at same time both branches

Opening one of the branches, the other is closed

(no flow)

The transient states in the pipe system in the T-
junction zone under conditions of flow opening in
one branch are given in Figure 11 for the 1:1 model
and in Figure 12 and Figure 13 for the 1:2 model.

For the 1:1 model, a negative pressure wave
from only one of the branches enters the T-junction,
which is transmitted to the closed branch and the
supply pipeline (section 3). The calculations showed

that due to the hydraulic symmetry of the system,
the same diagram is obtained for the transmission of
the negative pressure wave during the transient
states, regardless of which of the branches is
opened. The pressure wave transmitted through the
T-junction has the highest amplitude.

For the 1:2 model, a negative pressure (rarefac-
tion) wave is applied to the T-junction from either
the long or the short branch. In both cases, the
negative pressure wave is transmitted to the closed
branch and the supply pipeline (section 3).

a) Pressure wave distribution at T-junction and initiation
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Fig. 11. Pressure wave distribution at T-junction —1:1 model: opening at one branch
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Fig. 13. Pressure wave distribution at T-junction — 1:2 model: opening one branch (longer)

The results in Figure 14 show that the pressure
wave transmitted through the T-junction has the
highest intensity, which is the same regardless of
which branch opens. The difference in these two
cases is in the periodicity of the transition modes,
that is, due to the unequal lengths of the branches,
the pressure wave propagation time differs, leads to
variations in the period and phase of pressure wave

reflections and superpositions throughout the sys-
tem.
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Fig. 14. Comparative diagram of pressure wave distribution
at T-junction — 1:2 model: opening one branch,
shorter vs. longer
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The transient conditions in the pipeline in the
case of simultaneous opening of both branches
and opening of only one branch shows a differ-
ence in the pressure wave intensity. Figure 15
shows the wave amplitude is greater in the case
of opening both branches due to the superposi-
tion of rarefaction waves from both sides at the
T-junction.
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Fig. 15. Comparative diagram of pressure wave distribution
at T-junction — 1:1 model: opening one branch
vs. opening both branches
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Effects of positive and negative pressure
wave simultaneously

The transient states and the pressure wave
distribution in the case of inducing a positive and
negative pressure wave in the T-junction zone are
given in Figure 16 for the 1:1 model and in Figure
17 and Figure 18 for the 1:2 model.

From the results obtained for the 1:1 model,
where the positive and negative pressure waves
arrive simultaneously in the T-junction, it is
concluded that the pressure wave transmitted to the
supply pipe is minimal due to the interference from
the branches.

From the results obtained for the 1:2 model,
where the positive and negative pressure waves do
not arrive simultaneously in the T-junction, the
transient states shape depends on which pressure
wave (positive or negative) will arrive first at the T-
junction.

As shown in Figure 17b, a positive pressure
wave initially occurs in the T-junction transmission
system, while in Figure 18b, a negative pressure
wave is observed first. The transition modes that are
reached under these conditions have the same
magnitude and period, but they are of opposite
signs, forming mirror-image responses in terms of
the unsteady flow dynamics.
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Fig. 16. Pressure wave distribution at T-junction — 1:1 model: opening/closing of branches at same time
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Fig. 17. Pressure wave distribution at T-junction —1:2 model: opening (longer) and closing (shorter) of branches at same time
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Fig. 18. Pressure wave distribution at T-junction —1:2 model: opening (shorter) and closing (longer) of branches at same time
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The simultaneous presence of a positive and
negative pressure wave in the T-junction has the
effect of reducing the pressure increase that is
transmitted through the inlet pipe (Figure 19), while
in case of non-simultaneous presence of a positive
and negative pressure wave in the T-junction, the
transfer of pressure to the inflow pipe (press 3) is
the same as if when closing only one branch (the
shorter one), Figure 20.
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Fig. 19. Comparative diagram of pressure wave distribution
at T-junction 1:1 model: closing one branch vs.
closing/opening regime

11.5

p (barg)

0 5 10 15 20
t(s)
375Kl me==- 4 7s-X| 5 Zs-X|
----- 3750l mmm==4 250l mwwmme5 Z5-0l

Fig. 20. Comparative diagram of pressure wave distribution at
T-junction — 1:2 model: closing one branch (shorter) vs.
closing/opening regime

CONCLUSION

The effects of superimposing pressure waves
and their transmission through the T-junction are
presented. A T-junction, i.e., a nodal point with
three branches, is considered.

When pressure waves from both branches
(positive or negative) arrive simultaneously at the
T-junction, superposition occurs, leading to a more
intense pressure response at the junction compared

Maw. unosc. nayu. ciuc. 43 (1), 5-16 (2025)

to cases where a wave enters from only one branch.
In all scenarios, the transmitted wave into the supply
pipeline (section 3) consistently exhibits the highest
amplitude, whether it is a compression or rarefac-
tion wave, due to the direct energy transfer from the
initiating disturbance. When pressure waves origi-
nate from branches of unequal lengths, the arrival
times and reflection phases differ, but the maximum
transmitted wave intensity at the T-junction remains
the same due to the hydraulic symmetry of the sys-
tem. However, the timing and periodicity of the
transient regime vary. Simultaneous closure or
opening of both branches generates higher pressure
amplitudes in the T-junction due to the interaction
of waves from both sides. In contrast, closing or
opening only one branch results in lower wave
intensity because of absence of superposition. The
system also shows that compression and rarefaction
waves produce transient regimes of the same
amplitude and frequency, but with opposite pressure
signs.

The knowledge gained through the analyzed
variant conditions is only an indicator of the need
for a more detailed definition of the transitional
regimes in a pipeline, and the same can be used in
the design of pipelines and for the protection of
pipelines from uncontrolled pressure increase/de-
crease occurrence.
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EXPERIMENTAL ANALYSIS OF THE INFLUENCE OF PROCESS
PARAMETERS ON CYLINDRICITY IN TURNING PROCESS
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A bstract: Cylindrical parts produced through turning often demand certain form tolerances such as cylin-
dricity to ensure proper function, reliability, and performance. As manufacturing shifts toward higher accuracy and
sustainability, understanding how process parameters influence cylindricity becomes increasingly essential. This study
presents an experimental analysis of the influence of three fundamental cutting parameters — depth of cut, feed rate,
and spindle speed — on the cylindricity of parts produced under dry turning conditions. The experiments were performed
on steel E335 using a full-factorial design with parameters varied at two levels. Cylindricity was measured on each
machined part and statistically analyzed to evaluate individual effects and interactions of the parameters. Results show
that all three parameters significantly affect cylindricity, with spindle speed exhibiting the highest statistical influence.
Higher spindle speeds were associated with improved cylindricity, while increased feed rate and depth of cut tended to
degrade form accuracy. A regression model was fitted to the experimental data to quantify the influence of each pa-
rameter and predict cylindricity deviations based on cutting conditions. The findings align with recent literature and
offer practical insights for optimizing dry turning operations to achieve higher geometric precision.

Key words: turning process; design of experiment; regression analysis; cylindricity; process parameters

EKCHHEPUMEHTAJIHA AHAJIN3A HA BJIMJAHUETO HA ITAPAMETPUTE
HA IMPOLECOT BP3 HUWJINHAPUYHOCTA IIPU CTPYXEILE

A1ncTpakT: PoTaunonn nenosu 100MEHH CO CTPYKEHE 4eCTO OapaaT CTPOTH TOJEpaHIMH Ha Gopma Kako
IITO € HHIMHAPHYHOCT. CO CTPEMEXOT Ha HHAYCTPHUjaTa KOH IOrojieMa TOYHOCT M OJIP>KIIMBOCT, C€ MOBAXKHO CTaHyBa
pa3bupameTo Ha BIMjaHUETO Ha TTapaMEeTPUTE Ha MPOLECOT BP3 HHIMHAPHYHOCTA. BO OBOj TPYA EKCIIEPHMEHTAITHO Ce
WCTIHTYBA BIIMjaHUETO HA TPH ITapaMeTPH — Aa00YHHATA Ha PEXKEHkE, IIOMECTOT U OpPOjOT Ha BPTEXKH Ha ITApUETO — BP3
LIMHAPUYHOCTA JOOMEHa PH CTPYKeHe 0e3 KOPUCTEHhE Ha PassiaiHO CpelcTBO. EKCIIepUMEHTHTE ce U3BEACHU Ha
yenmnk E335, xopucrejkn ceakTopeH eKCIIEpUMEHT CO MEHYBame Ha MapaMeTpuTe Ha JBe HuBoa. CTaTHCTHYKaTa
aHann3a MoKaka JIeKa CHTe TP apaMeTpH 3HAYHMTEHO BIUjaaT BP3 LHJIMHAPUYHOCTA, IPH LITO HAJTOJIEMO BIIUjaHHe
nma 6pojot Ha BpTexxH. IToroneMuoT Opoj Ha BPTEXH JOBELyBa O MOMaja BPEIHOCT Ha LMIMHAPUYHOCTA, TOJEKa
3rOJIEMEHHOT TIOMECT U J1abOuMHATa HAa PEXEHE Pe3yJITHPaaT co Morojema BpeqHOCT. Perpecnonen mozen Gere
MICKOPUCTEH 3a J]a C€ MOJENHNPA LIHINHAPUYHOCT BP3 OCHOBA Ha MapaMeTpUTEe Ha pexeme. JJoOueHuTe pesynraru ce
BO COTJIACHOCT CO JIUTeparypara M HpHIOHECYBaaT KOH ONTHMH3Hpamke Ha MPOLECOT Ha CTPYXeme 0e3 pasiamHo
CpeNCTBO.

Kity4unu 300poBH: CTpYKeHbe; IU3ajH Ha eKCIIEPUMEHT; PErPECHOHA aHAIIN3a;, [IATMHIPUYHOCT; MPOLICCHH NapaMeTpu

1. INTRODUCTION pins, achieve their cylindrical form through turning
operations, which reliably create axisymmetric sur-
faces [1, 2]. The importance of turning is to shape
parts to the desired dimensions but also to achieve
the required geometric accuracy to ensure proper
function. In particular, cylindrical parts often dmand

Turning is one of the most widely used manu-
facturing processes for producing cylindrical parts
with high precision and repeatability. Critical com-
ponents, such as automotive shafts and aerospace
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form tolerances such as cylindricity to meet quality
and performance requirements [3].

Achieving high tolerance of cylindricity in
turned parts can be challenging because many fac-
tors in the turning process can induce form errors.
Machine tool imperfections (e.g., spindle misalign-
ment or bed deflection) and tool wear can contribute
to deviations from ideal geometry [4]. On the pro-
cess side, the cutting parameters used in a lathe have
a strong influence on the resulting form of the work-
piece [5], as well as on its surface roughness [6].
These parameters determine the cutting forces, tem-
peratures, and dynamics during material removal,
all of which affect how closely the part adheres to a
true cylindrical shape. Researchers have found that
controlling cylindricity is more complex than con-
trolling surface roughness, due to interactions be-
tween multiple inputs in turning [7]. In particular,
an aggressive combination of parameters can lead to
excessive tool deflection or vibration, resulting in
deviations such as out-of-roundness or taper along
the length of the part. Selecting optimal parameters
can minimize such errors and yield near-ideal cylin-
drical surfaces. Numerous studies in the literature
have investigated how turning parameters impact
form accuracy of metal components [8—11]. A con-
sistent finding across the literature is that the most
influential parameters affecting cylindricity are the
feed rate, spindle speed, and depth of cut. For exam-
ple, Patel et al. reported that in dry turning of Al
7075 alloy, feed rate had the most significant impact
on both circularity and cylindricity errors due to its
strong influence on cutting force and vibration, fol-
lowed by depth of cut and cutting speed [12]. Rafai
and Islam concluded that feed rate, cutting speed,
and depth of cut were influencing factors for diam-
eter error and circularity in the dry turning of AISI
4340 [13].

In recent years, the rise of new industrial revo-
lutions has enabled the adoption of advanced mod-
eling techniques, including artificial intelligence
methods [14, 15]. For instance, response surface
methodology and genetic algorithms have been used
to optimize cutting conditions and enhance cylin-
dricity [16]. A recent study using artificial neural
networks to model turning of aluminum AA7075
confirmed that the best results for overall surface in-
tegrity were obtained with a combination of low
feed rate and high cutting speed [17].

Another key aspect in manufacturing is the
machining environment: whether cutting is done dry
or with coolant. Although dry turning has environ-
mental and economic benefits, eliminating the need

for cutting fluid disposal and reducing health haz-
ards; the absence of coolant can result in higher cut-
ting zone temperatures and faster tool wear, which
potentially impact surface quality and accuracy
[18]. The literature suggests that a balanced setting
of lower feed rate, adequate (not very high) cutting
speed, and small value of depth can yield the best
cylindricity in dry turning of metals, even though it
shows to have a negative effect on the tool wear
[19].

Given the importance of turning for cylindrical
components and the critical role of cylindricity in
part functionality, understanding how cutting pa-
rameters affect this tolerance is of high practical rel-
evance. Therefore, the current study extends this
body of knowledge by experimentally analyzing the
effect of depth of cut, feed rate, and spindle speed
on the cylindricity of lathe-turned steel workpieces
made of steel E335 under dry cutting conditions. In
this work, a design of experiments approach is em-
ployed to analytically vary the three cutting param-
eters and measure the resulting cylindricity of the
machined parts. The findings contribute to a better
understanding of how cutting conditions affect cy-
lindricity and provide insights for optimizing lathe
operations to achieve higher machining accuracy.

2. EXPERIMENTAL EQUIPMENT

The experiments were carried out on a conven-
tional lathe manufactured by Prvomajska (Croatia,
model TVP 250). The lathe operates on a three-
phase power supply at 50 Hz, with a rated power of
11.2 kW. The nominal current of the lathe is 23 A,
increasing to 25 A during high-speed operations for
stable performance across the cutting conditions.

A PSSNR2525M12 tool holder (Pafana, Po-
land) with a SNMG120408-MF insert (Sandvik
Coromant, Sweden) were employed. The selected
insert has a nose radius of 0.8 mm and a negative
rake geometry, in order to enhance cutting stability
and efficient chip removal while maintaining sur-
face integrity and dimensional accuracy.

Cylindricity measurements of the machined
parts were performed using a Mitutoyo Roundtest
RA-400, shown in Fig. 1. The instrument is capable
of assessing roundness, cylindricity, and flatness
among others. The RA-400 is equipped with a pre-
cise G-series digital servo motor, auto-focus func-
tionality, and a maximum resolution of 65 nanome-
ters. For collecting data for characterization of the
surface form and cylindricity estimation, measure-
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ments were conducted along 20 mm length of each
workpiece using a spiral scanning pattern.

—

Fig. 1. Mitutoyo Roundtest RA-400 instrument used
for cylindricity measurements

3. EXPERIMENTAL DESIGN

A full-factorial experimental design was em-
ployed to investigate the influence of the machining
parameters on cylindricity during dry turning pro-
cess. The tests were performed on structural steel
E335, characterized by controlled impurities with
maximum values of P < 0.045%, S < 0.045%, and
N < 0.012%, and a carbon content around 0.17—
0.20%, according to EN 10025-2:2004.

Three process parameters were used in the
study: depth of cut (a,), spindle speed (), and feed
rate (f,), because as aforementioned these are widely
recognized in the literature as the most significant
factors affecting geometrical accuracy in turning
processes. Each parameter was varied at two levels
(low and high), with the corresponding values pre-
sented in Table 1. A full-factorial 2* experimental
design was employed to evaluate all possible com-
binations of these factors, to make a comprehensive
analysis of their individual contributions and possi-
ble interactions on cylindricity deviations.

Table 1

Variable factors with their levels employed
in the full-factorial experiment

Factor Low level High level
Depth of cut, a, (mm) 0.5 1.0
Feed rate, f, (mm/rev) 0.08 0.315
Spindle speed, n (rpm) 100 400
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Each experimental combination was replicated
three times for statistical reliability of the results. As
a result, the total number of experiments conducted
was 24. The sequence of the experiments was ran-
domized to mitigate external influences.

4. RESULTS AND ANALYSIS

Cylindricity was measured for each machined
sample in the experimental trials. The data were an-
alyzed using Minitab Statistical Software. Fig. 2 dis-
plays the individual values of cylindricity as a func-
tion of the values of the feed rate, depth of cut, and
spindle speed. Each data point represents a single
experimental observation, with symbol shapes dis-
tinguishing the two spindle speed levels: red squares
for 400 rpm and blue circles for 100 rpm. The plot
shows that the higher level of spindle speed (400
rpm) leads to lower cylindricity values, indicating
better form accuracy. In contrast, lower spindle
speeds (100 rpm) are resulting with greater devia-
tions from ideal cylindricity. Moreover, an increase
in feed rate and depth of cut tends to result in an
increase in cylindricity deviation, suggesting that
both parameters have a negative impact on form
precision when elevated.

24
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Predicted values
of cylindricity [pum]
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5 10 15 20 25
Measured values of cylindricity [um]

Fig. 2. Individual value plot of cylindricity values from the
experiment samples as a function of process parameters

These results are confirmed by various litera-
ture works. Studies report that for most materials
tested, increasing the cutting speed leads to reduced
cylindricity error in turning operations [20]. In
practical terms, using a faster spindle speed (within
machine and tool limits) generally improves
geometric accuracy. It’s worth noting that the
influence of speed on cylindricity is often less
pronounced than feed or depth effects [21]. Studies
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confirm that a higher feed rate results in a thicker
chip per revolution and greater cutting force, which
tends to deflect the tool or workpiece and produce a
less perfectly cylindrical shape [22, 23] Further-
more, studies show a clear trend of greater depth of
cut leading to larger cylindricity error, since the
cross-sectional area of the cut is increased, raising
cutting forces and potential deflection [24, 25].

These conclusions are further confirmed by the
main effects plot of the measured cylindricity val-
ues, shown in

Fig. 3, which illustrates that increasing depth
of cut and feed rate leads to worsening of the
geometrical accuracy, resulting in higher cylin-
dricity deviations. In contrast, increasing spindle
speed has a positive influence, resulting in improved
cylindricity and enhanced form accuracy.

a, (mm) S (mm/rev) n (rpm)

Mean of cylindricity (um)

0.5 1.0 0.08 0.315 100 400

Fig. 3. Main effects plot of investigated process parameters
on cylindricity

From the interaction plot for cylindricity (Fig.
4), it can be observed that no significant interactions
are present between the investigated cutting param-
eters, as indicated by the approximately parallel
lines in each subplot. The lack of strong interaction
effects suggests that each factor influences cylin-
dricity independently, without notable interaction
effects on the output variable.
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Fig. 4. Interaction plot of investigated process parameters
on cylindricity

The ANOVA analysis provides a statistical as-
sessment of the significance of each cutting param-
eter on cylindricity, and the results by this analysis
are given in Table 2. The P-values shown in the ta-
ble are rounded on three decimal places. As shown,
all three factors have statistically significant effects
on cylindricity, with P-values less than 0.05. Among
them, the results show that spindle speed exhibits
the highest influence, as indicated by the largest
F-value (61.80), followed by depth of cut (F-value
equal to 39.20), and then feed rate (F-value equal to
9.86). This finding is consistent with previous stud-
ies showing that spindle speed can have a dominant
effect on form accuracy, since spindle speed gov-
erns the dynamic behavior of the machining system,
influencing factors such as tool-workpiece interac-
tion frequency, vibration tendencies, and thermal
stability [26].

Furthermore, the interaction terms between the
three factors did not show a significant effect based
on the P-values being higher than the threshold
value for statistical significance of 0.05. The find-
ings support the trends observed in the main effects
and interaction plots and align well with published
literature on the influence of cutting parameters on
form accuracy. From the ANOVA results all inves-
tigated factors will be included in the regression
model. Since the results show no significant inter-
actions between the factors, the regression equation
will be formulated in linear form with first-degree
terms.

Table?2.
Results of ANOVA for cylindricity

Source F-value P-value
ap (mm) 39.20 0.000
fn (mm/rev) 9.86 0.005
n (rpm) 61.80 0.000

The results of the linear regression analysis
showed the following predictive equation for cylin-
dricity (um):

C=10.46 +10,43-a, + 11.13-f, — 0.02183n (1)

where: C is cylindricity, a, is the depth of cut (mm),
f» is the feed rate (mm/rev), and n is the spindle
speed (rpm). The model demonstrated a strong fit,
with a coefficient of determination (R?) of 85.37%,
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indicating that 85.37% of the variation in cylin-
dricity is explained by the selected cutting parame-
ters. The positive coefficients for a, and f, confirm
their increasing effect on cylindricity deviation,
while the negative coefficient for n supports the ob-
servation that higher spindle speeds reduce cylin-
dricity error.

Fig. 5 presents a scatter plot of the predicted
values versus the actual cylindricity measurements,
providing a visual assessment of the regression
model’s accuracy. The red line represents the ideal
case where predicted values perfectly match the ac-
tual data. The distribution of points closely follows
this line, indicating a strong correlation between the
predicted and observed values. While some scatter
and minor deviations from the line are visible, the
overall trend confirms that the regression model ef-
fectively captures the relationship between the pro-
cess parameters and cylindricity, supporting the re-
liability of the linear regression model.

24
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Fig. 5. Scatter plot results of the fitted regression model
for cylindricity

5. CONCLUSION

This study investigated the influence of the
three most significant cutting parameters: depth of
cut, feed rate, and spindle speed, on the cylindricity
of steel parts produced through rough dry turning on
a conventional lathe. A full-factorial experimental
design (2°) was employed. Statistical analysis was
conducted using Minitab software to quantify the
individual and combined effects of the process pa-
rameters on the measured cylindricity. The findings
showed that all three cutting parameters signifi-
cantly affect cylindricity, with spindle speed as the
most influential factor. Increasing spindle speed re-
sulted in improved cylindricity, demonstrating bet-
ter form accuracy under higher rotational speeds.

Maw. unose. nayu. ciuc. 43 (1), 17-22 (2025)

Depth of cut and feed rate both had a positive corre-
lation with cylindricity error, with larger values
increasing cylindricity deviations. No significant
interactions between factors were observed in the
interaction plots. Therefore, first-degree linear re-
gression model was fitted to correlate the cylindric-
ity output as a function of the three process param-
eters, which resulted with a high accuracy of R*> =
85.37%. These findings emphasize the importance
of optimizing machining parameters to enhance
precision and quality in turning applications.

For future research, the investigation will be
expanded to include different materials and tool ge-
ometries to generalize the findings. Incorporating
in-process monitoring methods, such as force or vi-
bration sensors, can also provide deeper insights
into the mechanisms affecting cylindricity and ena-
ble the development of adaptive control strategies.
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A bstract: Construction and demolition waste (CDW) accounts for 25-30% of the total waste generated in
the EU. In North Macedonia, CDW management is primarily based on collection and landfilling by public communal
enterprises, with operations not fully aligned with EU standards. CDW generation is estimated at 460,000-500,000
tons/year nationwide and 142,434—-154,820 tons/year in Skopje. Four scenarios for CDW treatment in Skopje are
proposed: Full Treatment (FT), Selected Treatment (ST), Selected Treatment with Mobile Equipment (STM), and Do
Nothing. FT offers high material recovery but requires significant investment and has a 12.2 year ROI. ST has lower
costs with over 2 years of execution time, while STM provides the best ROI with a 6 month implementation timeline.
All scenarios contribute to reducing GHG emissions (18,031,840 kg CO2-¢) and lowering landfilling by 449,000 tons.
Implementation would also yield socio-economic benefits including job creation, improved public awareness, and
advancement toward a circular economy.

Key words: construction and demolition waste; collection; landfilling; recycling; scenarios

HCTPAXKYBAIBE HA U3BOJJIMBOCTA HA PEHUK/IMPAIBE I'PAJEXEH OTIIALL
N IIYT BO CKOIIJE IIPEKY AHAJIM3A HA YETHPHU PA3JIMYHU CIIEHAPUJA

AncrtpaxkT: I'panexnuor ornax u myt (I'OLL) counnysa 25-30% o BKynHUOT oTnaj resepupad Bo EY. Bo
Cesepaa Makenonuja ynpaByBameto co 'Ol ce 6a3upa rmaBHO Ha coOHpame U ACHOHMpPambe Of CTpaHa Ha jaBHU
KOMYHAITHH TIPETIPHjaTHja, IPH IITO ONEPallMHTE HE Ce IEIOCHO yCOoTJIaceH! co cTanaapanute Ha EY. ['enepupanoro
kommaectBo ['OILI ce mponeryBa Ha 460.000-500.000 TOHM TOAWIITHO Ha HAIIMOHATHO HUBO U 142.434-154.820 ToHM
roguarao Bo Cxomje. [Ipeanoxenu ce wetupu cueHapuja 3a TpetMmad Ha ['OILl Bo Ckomje: nenocen tpermad (L[T),
cenextrBeH TpetMaH (CT), cemextuBeH TpetMaH co moomiHa ompeMa (CTMO) u nenpomenero. LIT oBo3mokyBa
BHCOK CTEIIeH Ha OOHOBYBab€ Ha MaTepHjalii, HO Oapa 3HAYMTEITHN HHBECTUIIMH U MMa 1oBpat Ha uHBectHuuja (ROI)
on 12,2 roaunu. CT uMa MOHUCKH TPOIIOIHM CO MOBEKe 011 2 TOIUHU 3a peanu3anuja, nogeka CTMO uyau Hajmobap
ROI u ce peammszupa 3a 6 mecer. CuTe ClieHapWja MPHIOHECYBAaaT 3a HaMallyBame¢ Ha CTAKJICHUYKH TacOBH
(18.031.840 kg CO2-¢) 1 HamanyBame Ha ACTTOHUPAaHUOT oTraf 3a 449.000 Tonu. ViMmieMeHTaIijata HOCH U COIHO-
€KOHOMCKH TPHJOOMBKH — OTBOpame pabOTHM MecTa, MoJ00pyBame Ha jaBHATa CBECT M IPEMHH KOH IHPKyJIapHA
E€KOHOMH]a.

Kiyunu 360poBH: rpajie)keH 0TI U IIYT; COOMPAbe; ICMOHNPAbe; PELUKINPALE; CLieHapHja

1. INTRODUCTION

The Skopje region is located in the northern
part of the country and shares a border with Kosovo.
Internally, it borders the Polog, Southwest, Vardar,
and Northeast regions. The population of the Skopje
statistical region according to the 2021 census is

526,502 residents [1]. Skopje is the most populous
region in the country even though it is the smallest,
covering 7.3% of the total area of the Republic of
North Macedonia.

According to the data from the State Statistical
Office, the amount of generated municipal waste in
the Skopje Region in 2022 was 174,404 tons from
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which collected were 172,288 tons or around
98.8%. From the total amount of generated munici-
pal waste in the Republic of North Macedonia the
collected amount in the Skopje Region was the
greatest amounting in 28.4%. In terms of waste
types, the largest quantity of collected waste was
mixed municipal waste with 81.7%, while the
smallest quantity was tire waste with 0.2% of the
total collected municipal waste. The average
composition of waste in the Skopje Region is given
in Table 1. The largest amount of collected
municipal waste (99.8%) is disposed of in landfills

[2].

Table 1

The average composition of waste
in the Skopje Region [3]

Amount of Percentage of the total
municipal waste amount of municipal
i i collected waste collected
(tons) (%)
Paper 12,178 2.01
Glass 3,754 0.62
Plastics 13,063 2.16
Meta.l (.1r0n, steel, 2302 038
aluminium)
Organic waste
(food, leaves, etc.) 40259 6.65
Textile 8,373 1.38
Tire 1,487 0.25
Mixed municipal 494,693 3168
waste
Other 29,531 4.88

Construction and demolition waste (CDW)
represents one of the heaviest and largest waste
streams generated in the EU, constituting approxi-
mately 25%—30% of the total waste generated [4].
CDW originates from the construction, repair,
maintenance, and demolition of infrastructure,
buildings, and structures. It consists of construction
waste, demolition waste and excavation waste. Con-
struction waste results from management practices
on sites, such as surplus materials, sharp and dam-
aged materials. Demolition waste is created from
the demolition of existing structures/objects instead
of opting for renovation. It often includes many

mixed waste streams, which may also contain haz-
ardous substances such as asbestos. And excavation
waste typically consists of materials such as soil, ex-
cavated earth, and existing foundations removed
during excavations for new construction. It may
contain contaminated material depending on the
previous use of the site [5]. Materials that are com-
monly included in construction and demolition
waste are concrete, bricks, tiles, and ceramics;
wood, glass, and plastic; asphalt mixes, tar, and tar
products; metals (including their alloys); soil, stone,
and excavated material with a backhoe; insulation
materials and construction materials containing as-
bestos; construction materials with gypsum [6].

In the Republic of North Macedonia, the waste
management system primarily relies on the collec-
tion and landfilling of waste. The services for waste
collection, transportation, and landfilling are pro-
vided by public communal enterprises (PCEs).
Waste disposal is managed by PCEs at the locations
of regional municipal landfills. Operations at these
locations are carried out on a controlled basis, but
they still do not comply with EU requirements [7].
Understanding the management of construction and
demolition waste is challenging, with difficulties re-
lated to data accuracy and reporting. According to
the estimates of the National Waste Management
Plan the generation of construction and demolition
waste in North Macedonia ranges from 460,000 to
500,000 tons/year, whereas in Skopje ranges from
142,434 to 154,820 tons/year [8]. However, these
estimates might be low compared to experiences in
other countries. The quantities vary per capita, indi-
cating different reporting methodologies. Estimated
quantities in other countries range as follows:

e construction and demolition waste + excava-
tion waste: 2.3 to 5.9 tons per capita annually,

e construction and demolition waste — excavati-
on waste: 0.94 tons per capita annually [9].

Using these figures, the estimated quantity of
generated construction and demolition waste in
Macedonia (excluding excavation waste) should be
around 1.95 million tons per year [8].

There was a planned acquisition of a facility
for treatment of construction waste with a planned
capacity of 90,000 tons/year. The facility was to re-
ceive and treat construction waste. Initially, the
CDW was to be crushed, then separated into iron,
cement, bricks, and other construction materials so
that it can be reused. Part of it was for covering and
compacting the layers of the new landfill, and the
other part for building roads and similar construc-
tions. The construction of the facility was expected
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to be completed no later than the end of 2017. How-
ever, this activity to this day has not been realized.

2. EXPERIMENTAL

Four scenarios are being considered for further
management and treatment of waste from construc-
tion activities and construction debris in the Skopje
Region. The scenarios developed in this chapter will
serve for further analysis and evaluation based on
pre-established criteria in the areas of technical and
organizational improvement, economic feasibility,
and environmental impact and greenhouse gas emis-
sions. The scenarios are divided into two groups:
three scenarios (TO DO) and one (DO Nothing) sce-
nario. According to the general activities in the sce-
nario, they are set as follows:

A). Scenario 1: F'T — Full Treatment

A scenario involving automated separation, se-
lection, crushing, and fractionation procedures, ad-
ditional separation of crushed material (metal, pa-
per, plastic, wood, glass, concrete, and stone aggre-
gates), and creating a final product with high market
value. This scenario assumes the establishment of
practices that enable the full functionality of the
waste management system in the part related to con-
struction waste. Users will be provided with an ac-
cessible service for depositing construction waste.
Large construction sites, as before, will be respon-
sible for bringing construction waste from construc-
tion activities to the Drisla landfill using their own
transport machinery. As an additional motivation,
the Drisla landfill will offer a low subsidized price
for depositing this type of waste, 200 MKD per ton,
as opposed to the price of 680 MKD per ton for
mixed municipal waste. In this scenario, waste sepa-
ration and collection practices for construction
waste and small reconstructions will be established
in two ways.

1) Micro and very small reconstructions

For these reconstructions branded bags for
construction waste are planned to be used. These
branded bags (similar to IKEA's blue bags) with a
carrying capacity of up to 50 kg will be sold at var-
ious locations in the city and will be available to cit-
izens at a more favorable price. These bags are
shown in Figure 1. Craftsmen or small construction
firms performing reconstructions will be required to
pack the construction waste from the reconstruction
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in such bags and leave it at the nearest location
where the PCEs have containers or bins for waste
collection. The disposal of these bags will be done
on specified days of the week (different days for dif-
ferent parts of the city), and the location of disposal
will need to be reported by phone to the PCE:s.

Fig. 1. Bag for packaging CDW

This scenario predicts procurement of a truck
for collecting this waste and equipment for loading
the bags into the truck. PCEs will establish a collec-
tion unit for this waste and a pilot scheme for col-
lecting and transporting waste to the Drisla landfill.

2) Medium and large reconstructions

In the case of slightly larger reconstructions
where it's not possible to collect construction waste
in bags, use of the services of PCEs is planned in-
volving placing a large 5 m? container for waste dis-
posal. Regarding waste treatment and the technolo-
gies envisaged for processing, this scenario pro-
poses a complete treatment up to the production of
a finished secondary product. Upon arrival at the
Drisla landfill, it is foreseen to have pre-selection
(depending on the type of waste) and automated se-
lection of materials. This process involves a moving
belt on which the waste is placed, a crusher for
waste shredding, magnetic separation for magnetic
metals, a blower for lighter waste elements, optical
removal of visible waste (glass and plastic), addi-
tional crushing, and selection by fractions of differ-
ent sizes. Equipment for concrete slabs made from
secondary materials, separation for cushion mate-
rial, and separation for tampon material are also part
of the envisaged treatment process. The investment
value of this scenario is estimated at 1,870,000 eu-
ros for equipment, and the necessary procedure for
setting up and commissioning the equipment is esti-
mated at 2.5 years (urban and technical technologi-
cal projects, execution, supervision, and commis-
sioning).
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B) Scenario 2: ST — Selected Treatment

This scenario involves the initial separation of
incoming materials by the staff at the Drisla landfill
according to previously established procedures. It
includes crushing pre-selected material, partially
separating parts from crushed material, and creating
raw materials. The waste collection processes in this
scenario are identical to Scenario 1, i.e., collecting
construction debris and waste from smaller recon-
structions in designated bags, distributing 5 m* con-
tainers for construction waste from medium recon-
structions, and obliging construction firms to bring
construction waste directly to the Drisla landfill for
larger construction projects. In the waste treatment
part, this scenario involves setting up equipment for
crushing construction waste on-site at the Drisla
landfill. The capacity of the equipment meets the
projected annual quotas of generated construction
waste for the Skopje Region, amounting to 150,000
tons annually. The value of the equipment is
450,000 euros, and the required procedure for set-
ting up and commissioning the equipment is esti-
mated at 2 years (urban and technical-technological
projects, execution, supervision, and commission-
ing of the system).

C) Scenario 3: STM — Selected Treatment on Mobile
Equipment

This scenario involves preparation for crush-
ing similar to Scenario 2, but with the use of mobile
equipment for crushing and final selection (includ-
ing dust control equipment with sprayers) [9]. This
implies that the equipment from the project is used
at the Drisla landfill and, if necessary, at other loca-
tions designated for processing construction waste
(large sites where waste is generated, other regional
waste processing centres, construction sites, etc.).
This scenario is a combination of the previous sce-
narios. Methods for collecting construction waste
from Scenario 1 are used, indicating complete waste
collection. In terms of the final product obtained
during waste treatment, products are obtained from
Scenario 2, such as cushioning materials and
crushed asphalt. Regarding the equipment, this sce-
nario involves the acquisition of mobile construc-
tion equipment for crushing construction waste. The
capacity of the crusher will be dimensioned to meet
at least 50% more than the quantities of generated
construction waste in the Skopje Region. This al-
lows the mobile equipment to move at short inter-
vals (transport by truck with a platform) to construc-
tion sites or other locations where construction

waste is generated. Along with the crusher, ele-
ments for preventing dust formation, such as water
sprayers, need to be taken. The investment for the
equipment in this scenario is 380,000 euros, and the
duration for putting the equipment into operation is
estimated at 2-3 months from the moment of pro-
curement.

D) Scenario 0: DN — Do Nothing

A scenario in which the state of handling and
managing construction waste remains unchanged.
The description of the current situation is given in
the Aims and Background section.

1) Economic analysis of the projected scenarios

The economic analysis of implementing each
scenario is conducted to compare the developed sce-
narios in this study. The economic analysis is done
for a six-year period and is based on several ele-
ments:

e The amount of investment required for each
proposed technology in the scenarios.

e Funds obtained from the charged subsidized
fee for depositing selected construction waste.

¢ Costs for processing the applied construction
waste.

e The value of the material obtained from
recycling and processing (as an amount not
spent on acquiring new material).

The quantities of waste used for analysis are
taken from the quantities of landfilled construction
waste in Drisla in 2023 and projections for gener-
ated construction waste and debris in the Regional
Waste Plans of the Ministry of Environment and
Physical Planning. These quantities are given in
Figure 2. The prediction parameters of the amount
of generated waste are identical for all scenarios.
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Fig. 2. Estimated CDW quantity delivered to Drisla
from 2023 to 2028
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In the analysis of investments, constant prices
for waste disposal from the price list of the Public
Enterprise Landfill Drisla in Skopje were used, with
the possibility of correction in the next 6 years [10].
The prices for delivered CDW for landfilling are
given in Figure 3. These prices are identical for all
scenarios.

ann
260 260
250 230 230
200 200
150
13: I I
2092 204 2075 2076 2077 2078

Year

MKD/ton

Fig. 3. Prices for undertaking CDW in Drisla
from 2023 to 2028

Keeping this in mind, economy models are
developed for all the scenarios: FT, ST and STM.
To make the calculation easily comparable, few
factors are taken into account:

Inflation is not calculated.

¢ All investment is calculated as delivered to the
place of operation, commissioned, including
training of personnel.

e All expenses (customs and other) are
calculated in the price of investment.

o All profit/loss is calculated pre-taxed.

The total investments in equipment purchase
and infrastructure preparation necessary for each
scenario are given in Table 2.

Table 2

Total investment for each scenario

Total investment FT ST STM

in equipment and

infrastructure (in - 154,365,000 67,035,000 56,580,000
euros)
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3. RESULTS AND DISCUSSION

Selection of most feasible scenario is deter-
mined by the following criteria:

o Simplified ROI — return of investment,
e Execution time of the scenarios.

Calculations suggest that the FT scenario has a
12.2 year of ROI, which is logical having in mind
the large investments for this scenario. ST scenario
has a favourable ROI compared to FT, but the time
of execution of this scenario is more than 2 years.
This is due to the need for new urban and plan doc-
umentation, construction and mechanical projects
and legal permits from the city and the municipali-
ties. On the other hand, STM scenario has the best
ROI, and the execution time is estimated at 6
months from the point of decision to implement the
scenario. The operation of the equipment can be put
in place after 6 months from the start of the purchas-
ing from the city of Skopje, and in the same 6
months, a public campaign can be developed and
executed so that the processes go simultaneously.
The abovementioned data are summarized in Table
3.

Table 3

ROI and execution time of each scenario

Assessment criteria FT ST STM
ROI (years) 12.2 5.0 4.0
Execution time (years) 2.1 2.1 0.6

Measurable benefits from each of the proposed
scenarios are reducing GHG emissions, lowering
the landfilled CDW amount and increasing the re-
cycled CDW amount. Using the emission factor for
CDW recycling the CO; equivalent emission reduc-
tion due to execution of any scenario in the six-year
calculation period is 18,031,840 kg CO»-e [11]. The
CDW left unproperly outside regulated landfill will
be reduced by 449,000 tons. This amount of CDW
would have been left in dumpsites in the DN
Scenario. And the amount of CDW that will be re-
cycled as secondary raw material and further used
amounts to 179,000 tons. This contributes to lower
emission of CO, due to lower mining processes,
lower transport needed and lower natural resources
consumption. The measurable environmental im-
pacts are presented in Table 4.
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Table 4

Environmental impact from implementation
of any scenario

Additional parameters All scenarios

GHG emission reduction (CO2kg-¢) 18,031,840
Reduction of CDW outside of landfill (t) 449,000
Amount of CDW recycled (t) 179,600

The immeasurable positive impacts are re-
flected through human health, soil, water, air qual-
ity, and socio-economic impact.

a) Impact on human health

In the long term, any of the proposed scenarios
that would be implemented will positively influence
the health of the citizens of the Skopje Region. It
will contribute to establishing processes for the ra-
tional management of construction waste. The pre-
vious practice of leaving construction waste and
debris in unregulated dumps and undefined loca-
tions is expected to significantly decrease. With a
robust awareness campaign and enhanced efforts by
inspection services, it is expected that a large
portion of construction waste dumped in inappro-
priate locations will be affected by implementation
of the activities. This will subject the waste to
sorting, reuse of useful fractions, and recycling of
fractions that can be used as buffer materials. This
will directly reduce environmental pollution by
around 50,000 tons of construction waste, decrease
soil pollution, and subsequently reduce contamina-
tion of groundwater. Additionally, this will reduce
the need for buffer materials from quarries, thereby
decreasing air pollution from mining activities.
Implementing the activities of these scenarios will
lead to a reduction in the quantities of construction
debris disposed of, elimination of small and micro-
dumps everywhere, and an increase in public aware-
ness regarding the quality of life and improvement
of waste management practices.

b) Socio-economic impact

The implementation of the proposed scenarios
will positively impact the socio-economic condi-
tion. It will introduce economic activity that contrib-
utes to better financing of public enterprises in the
City of Skopje, especially the Drisla landfill. This
enables the funds saved from the purchase of buffer

materials to be invested in the development of the
landfill, towards multiple systems to prevent waste
creation, pollution prevention, and high-quality
waste treatment for the waste from the Skopje plan-
ning region. The interest in establishing new pro-
cesses in the circular economy in the Skopje plan-
ning region will increase and the economic condi-
tions for employment will improve. Furthermore,
establishment of improved waste management pro-
cesses will be enabled, contributing to higher quali-
fications and better-paid job opportunities for those
involved. The waste processing will reduce the
amount of material being landfilled, extending the
life of the Drisla landfill and reducing the need for
new landfills.

¢) Impact on soil

The implementation of these scenarios, de-
signed for the treatment and management of con-
struction debris and waste, will result in the rational
use of land. Significant positive and long-term im-
pacts on the soil are expected. Over 70 locations
where construction waste was previously dumped
will remain uncontaminated. Additionally, by estab-
lishing a waste flow for construction debris, the life
of the Drisla landfill will be extended, reducing the
need for new landfills. These solutions provide an
opportunity for municipal authorities, through con-
sistent compliance with legal obligations, to prevent
any soil pollution from the disposal of construction
debris and waste.

d) Impact on air quality

With the implementation of the proposed sce-
narios, long-term positive effects on air quality are
expected. In areas where construction debris and
waste are generated, practices for the selection, sep-
aration, and handling of construction waste are ex-
pected to improve. Furthermore, a reduction in open
waste dumping and a decrease in dust content from
waste are anticipated. At the location where the
waste is processed, there is an expected generation
of dust, which will be partially treated with water
sprays. Emissions of harmful components from fuel
combustion in the exhaust emissions are expected
from the operation of machinery.

e) Impact on the quality of surface and
groundwater

Since the construction activities planned for
each scenario are not dependent on large quantities
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of water, environmental pollution due to emissions
of waste waters is expected to be insignificant. Near
the project site, where activities will be imple-
mented, sprinklers are planned to be used to reduce
dust from the crushing process of construction ma-
terial, which could lead to emissions into groundwa-
ter through the soil and via the sewage system.

4. CONCLUSIONS

In this paper, four distinct scenarios have been
outlined for the improved management and treat-
ment of waste stemming from construction activi-
ties and construction debris within the Skopje Re-
gion. Each scenario presents a unique approach to-
wards addressing the challenges associated with
construction waste, spanning technical and organi-
zational enhancements, economic viability, and en-
vironmental impact considerations. The scenarios
delineated include Full Treatment, Selected Treat-
ment, Selected Treatment on Mobile Equipment,
and a baseline scenario of Do Nothing. Through a
detailed description of each scenario's operational
framework, including waste collection methods,
treatment processes, and associated investments,
this paper offers a comprehensive assessment of po-
tential pathways for managing construction waste
within the region. From a technical standpoint, the
scenarios encompass a spectrum of waste treatment
methodologies, ranging from comprehensive auto-
mated processes to more streamlined approaches.
Economic analyses conducted for each scenario
shed light on the financial implications of imple-
mentation, considering factors such as ROI and ex-
ecution timelines of scenarios. Notably, the eco-
nomic analysis reveals varying degrees of feasibil-
ity among the scenarios, with ST Mobile emerging
as the most economically viable option, boasting a
favorable ROI and relatively swift implementation
timeframe. This scenario leverages mobile equip-
ment for waste treatment, offering flexibility in de-
ployment and minimizing operational delays.

Furthermore, the paper underscores the signif-
icant environmental benefits associated with the
proposed scenarios, including decreased quantities
of construction debris disposed of outside regulated
landfills. This will result in reduced environmental
damage and saved funds that were previously spent
on clearing unregulated construction waste land-
fills. The recycling rates will increase, leading to re-
duced damage caused by mining activities for exca-
vating landfill material. By adopting these mea-
sures, the region stands to mitigate environmental
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pollution, enhance soil and water quality, and im-
prove overall air quality through more sustainable
waste management practices. Other benefits include
increased gains from the introduction of advanced
technology and an improved level of qualifications
for personnel in enterprises.

In addition to tangible environmental benefits,
the implementation of these scenarios holds prom-
ising socio-economic implications for the Skopje
Region. Beyond fostering economic activity and re-
source utilization efficiency, the proposed initia-
tives are poised to stimulate job creation, enhance
public awareness, and bolster the region's transition
towards a circular economy model.

In conclusion, the findings presented in this pa-
per underscore the critical importance of proactive
waste management strategies in mitigating the envi-
ronmental impact of construction activities. By em-
bracing innovative approaches and collaborative ef-
forts, stakeholders in the Skopje Region can pave
the way for sustainable development and pave a
path towards a cleaner, more resilient future.
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A bstract: Dolomites are used as a raw material in various industries such as construction, inorganic chemical
technology, metallurgy, agriculture, etc. In the Northwestern Region of the Republic of North Macedonia, there are
several deposits of dolomite that are exploited. In this research, the dolomites from the localities of Cajle, Ogledalec
and Suvodol were examined. The aim of the research is to define the mineral processing of the dolomite raw materials.
The basic parameters of the grain size reduction were optimized, with a comparison between the deposits. Therefore,
the dolomite raw materials were processed on a jaw crusher, a roller crusher and in a porcelain mill with balls. A wet
sieve analysis was conducted to define the efficiency of size reduction. Various size fractions of grains were observed
on a binocular microscope. The discussion of the obtained results defines the relation between material pressure strength
and the efficiency of the grain size reduction process, as well as the electricity consumption.

Key words: dolomite; mineral processing; Cajle; Ogledalec; Suvodol

TEXHOJIOIIKA MOATOTOBKA HA JOJTOMUTH
OJ JIEXKUIITA BO PENYBJINKA CEBEPHA MAKE/IOHUJA

AmnctpaxT: JJoTOMUTOT Ce KOPUCTH KaKoO CypOBHHA BO PA3IMYHK HHAYCTPUH — IPAISKHHIITBO, HEOPraHCKa
XEeMHCKa TEXHOJIOTHja, MeTalypruja, 3emjonenno, utH. Bo Ceseposamamnuor Permon na Pemy6mmuka CeBepHa
MakenoHHja IOCTOjaT MOBEKE JICKHIITA Ha TOJOMHUT OJf KOHWIITO C€ BPIIM eKcIUIoaraiyja. Bo oBa ucrpaxysame ce
WCTIIUTYBaHH JAOJIOMUTHTE 01 TokanuTetute Yajne, Ornenanen u CyBomon. OCHOBHATA IIe1 HA HCTPAXKYBaETO € J1a e
nehHHUpa IPOIECOT Ha TEXHOJOIIKATa MOJAr0TOBKA Ha CypoB Marepujai. ONTHMHU3HUpaHH c€ OCHOBHUTE IapaMeTpu
Ha 00paboTKaTa Ha CypOBHOT MaTepHjall, CO COOJIBETHA KOMIapanyja Ha jJexumraTa. [Iputoa e mpuMeHeTo apodeme
BO YeNyCHa JpoOMIIKa M JPOOHIIKA CO Bajjalll, KAKO U MEJICHE BO MOPLEIaHCKa MEJIHULA co Tonku. HanpaBeHa e u
CHTOBA aHaJIM3a 3a Jia ce coriena eUKacHOCTa O/l MPOIECOT HAa yCUTHYBame. PpakiuTe O pa3IMyHu JUMEH3HH Ha
3pHaTa ce HaOJbyyBaHU 1MoJ OMHOKYyJap. JloOueHuTe pesynrtaty ja neuHupaar penanujaTa moMmery IBpCTHHATA Ha
MaTepHjaioT U e(h)MKaCHOCTa Ha MPOLIECOT Ha yCUTHYBaHE, a CO TOA U MOTPOIIYBaYKaTa Ha eICKTPUYHA EHEPTHja.

Kiyunu 360poBH: 10JI0OMUT; TEXHOJIOMIKA ToAroToBka; Yajne; Orienanen; CyBogon

1. INTRODUCTION

Limestones are widespread in the Republic of
North Macedonia [1-4]. There are several dolomite
deposits in the Northwestern Region. Previous explo-
rations suggest that there are significant reserves of
dolomite deposits in the localities of Cajle, Ogledalec
and Suvodol [5-8]. As a raw material, dolomite has

potential applications in various industries. Dolomite
is mainly used as a raw material for refractory bricks
production. Dolomite rock sand is used as fine aggre-
gate replacement in construction activities. In inor-
ganic chemical technologies, dolomite is used as a
raw material for production of liquid fertilizer, as an
alternative to limestone in cement manufacturing, etc.
Dolomite is also used as an additive in animal feed
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[9-14]. For efficient productivity, the mineral pro-
cessing of dolomite is crucial. Therefore, the basic pa-
rameters of the size reduction process were defined
[15-21] with a comparison between the deposits.

2. MATERIALS AND METHODS

In this research the dolomite raw materials from
the localities of Cajle, Ogledalec, and Suvodol were
examined. Within the mines there are processing
plants where the raw material is crushed and sepa-
rated by size into various dimensional fractions. The
dolomite samples of 20 — 60 mm were collected for
analysis (Figure 1).

Fig. 1. Dolomite samples of 20-60 mm:
(a) Cajle, (b) Ogledalec, (c) Suvodol

In the mineral processing, the materials were
primarily crushed. At first on a jaw crusher Blake
(Figure 2). Then the materials were treated three
times (at different distances between the rollers of 8.3
and 1 mm) on a roller crusher Denver B7141A (Fig-
ure 3). As the last stage of grain size reduction, the
raw materials were processed into a porcelain ball
mill (Figure 4). The material : ball ratio is 1 : 2,5 and
the velocity of rotation is @ = 65°/min. The duration
time of milling was 10, 20, 30, 60, and 120 min. In
order to define the grain size reduction a wet sieve
analysis was conducted. Set of standard sieves with a
perforation size of 0.032 mm to 0.1 mm were used.
Also, the various dimensional fractions of grain were
observed on a binocular Carl Zeiss Jena [22-25].

Fig. 4. Porcelain mill with balls
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The pressure strength is a significant character-
istic for the mechanicaly preparation. Therefore, the
pressure strength was determined on a compression
testing machine (Figure 5).

Fig. 5. Pressure strength testing

3. RESULTS AND DISCUSSION

The pressure strength of the dolomite raw mate-
rials is presented in Table 1. The highest value of
174.2 MPa has dolomite from Cajle, and the lowest
value of 131.5 MPa has dolomite from Suvodol. Do-
lomite from Ogledalec has a pressure strength of
167.4 MPa.

Table 1

Pressure strength of the dolomite

Cajle 174.2 MPa
Ogledalec 167.4 MPa
Suvodol 131.5 MPa

The jaw crusher uses compressive force to crush
the material pieces. The compressive force is applied
by two jaws, one of the jaws is fixed while the other
is movable. The material is fed into the top feed open-
ing (gape) and gradually moves downwards towards
the lower discharge outlet. As the material passes to-
wards the outlet, it is crushed between the fixed and
movable jaws. Because the distance between the two
jaws decreases towards the discharge outlet, the size
of the pieces is progressively reduced (Figure 6).

During the mechanical destruction process, frac-
tures are formed in the direction of the cleavage plane.
Consequently, the dolomite aggregates have a flat and
sharp shape (Figure 7). This phenomenon is also pre-
sent to the finest fraction of grains.

Maw. unorc. nayu. ciiuc. 43 (1), 31-38 (2025)

Suvodol

Fig. 7. The raw materials after treating on a jaw crusher



34 E. Arsoska, A. Cankulovska Tenovska, T. Kostadinova, A. Reka, S. Bogoevski, B. Boskovski

The roller crusher consists of two heavy rollers
placed in parallel, which are rotating in opposite di-
rections (toward each other) and crush the material
pieces (Figure 8). The size of crushed pieces is deter-
mined by the gap (the distance) between the rollers,
which can be adjusted to suit the specific application
requirements of the material.

T N

Fig. 7. Roller crusher

The granulometric composition of the dolomite
raw materials after processing on the roller crusher is
presented in Table 2.

Table 2

Granulometric composition of the materials
after processing on the roller crusher (mass %)

grind the materials. As the drum rotates, the balls are
held on the inner surface of the drum by centrifugal
force. At a certain angle (depending on the velocity
of rotation), the weight of the balls overcomes the
centrifugal force and then they cascade down or drop
from top of the drum (Figure 9). Analogically, the
material pieces are ground by impact and attrition.

Dimensional fraction Cajle Ogledalec Suvodol
+1 mm 47.62 37.46 27.76
-1 +0.5 mm 21.16 20.16 19.66
—0.5 +0.25 mm 10.10 12.46 14.60
—0.25+0.1 mm 6.22 6.40 7.48
—0.1 mm 14.90 23.52 30.50
)y 100.00 100.00 100.00

The results correlate with the pressure strength.
Accordingly, the dominant mass content of the coarse
fraction (+1 mm) of 47.62 % has the dolomite from
Cajle, while the dolomite from Suvodol has the high-
est mass content of the smaller fraction (-0.1 mm) of
30.52 %. This effect is explicitly observed on Figure
8.

In the final stage of the size reduction process,
dry milling was applied into a ball mill. The ball mill
consists of a drum that rotates around its axis. The
drum is filled in the range of 30 — 50% with balls that

) ¥ imm |
4 F
( - _ |

Fig. 8. The raw materials after treating on a roller crusher

Suvodol
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The histograms of the mass content of various
dimensional grain fractions at different milling
phases are presented on Figure 10.

Simply, as the duration of milling time in-
creases, the content of the finest fraction (—0.032 mm)
continuously increases. Inversely, the content of the
coarsest fraction (+0.1 mm) continuously decreases.
The other size fractions have a minimum content. Ac-
cording to the granoblastic texture of raw materials,
which are dominantly composed of fine grains, the
size reduction is not affected by grinding, but is a con-
sequence of the release of bounded fine grains in the

aggregates.
100 4
90 A
80 A
— 70 A m+0,1 mm
X
‘; 60 4 ®-0,1 +0,071 mm
]
g 501 -0,071 +0,050 mm
40 -
m-0,050 +0,032 mm
30 A
0-0,032 mm
20
10
0 4
10 min 20 min 30 min 60 min 120 min
duration time (min)
Cajle
100 4
90 4
80 4
— 10 1 ®+0,1 mm
X
= 801 8-0,1+0,071 mm
w
g0 8-0,071+0,050 mm
40
m-0,050 +0,032 mm
30 4
0-0,032 mm
20
10 1
04
10 min 20 min 30 min 60 min 120 min
duration time (min)
Ogledalec
100
90
80 4 —
— 10 A B+0,1 mm
=®
‘;” 60 4 20,1 +0,071 mm
(7]
g 501 -0,071 +0,050 mm
40
u-0,050 +0,032 mm
30
0-0,032 mm
20
10 4
01 4d:‘_g
10 min 20 min 30 min 60 min 120 min
duration time (min)
Suvodol

Fig. 10. Histograms of the mass content of various dimensional grain fractions at different milling phases
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On Figure 11 are presented the curves of cu-
mulative mass content of the finest fraction (—0.032
mm) at different milling phases. The asymptotic di-
rection of curves indicates that the size reduction is
insignificant after 60 minutes of milling time.

100 H
90 A
80 A
70 A
60 A
50 A

mass (%)

40 A
30 A
20 A
10 A

Therefore, the optimal duration of milling time is in
range of 50 — 60 minutes, where there is an optimal
ratio of the duration time (electricity consumption)
and size reduction.

Suvodol

Ogledalec

Cajle

0 T T T T |:i;|

0 10 20 30 40 50 60

70 80 90
duration time (min)

100 110 120

Fig. 11. Curves of cumulative mass content of the finest fraction (—0.032 mm) at different milling phases

Therefore, in Table 3 is presented the granulo-
metric composition of the materials after 60 minutes
of milling time. In addition to the previous results,
the dominant mass content of the bigger fraction (+1
mm) of 10.33 % has the dolomite from Cajle, while
the dolomite from Suvodol has the highest mass con-
tent of the finest fraction (—0.032 mm) of 63.24 %.

After 60 minutes of milling time, the size re-
duction of the dolomite raw materials is evident
(Figure 12). In the finest dimensional grain fraction
(—0.032 mm), as a consequence of increased surface
activity, an intense aggregation was observed.

Ogledalec
Fig. 12. The finest dimensional fraction (—0.032 mm) after 60 minutes of milling time

Table 3

Granulometric composition of the materials after
60 minutes of milling time, (mass %)

Di;nengional Cajle Ogledalec Suvodol
raction

+0.1 mm 10.33 7.21 4.35
—0.1 +0.071 mm 9.76 9.33 7.47
—0.071 +0.050 mm 12.76 12.31 10.48
—0.050 +0.032 mm 14.68 13.52 14.46
—0.032mm 5247 57.63 63.24

p 100.00 100.00 100.00

-,‘v*’- - ﬁ:'l
’7,:-\\‘5

14
0,2 mmlz

i .

Suvodol
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4. CONCLUSION

Dolomite has potential applications in various
industries. As a raw material, dolomite is mainly
used in construction, inorganic chemical technolo-
gy, agriculture, etc. Therefore, in this research, the
dolomites from the localities of Cajle, Ogledalec,
and Suvodol were examined. The research defined
the mineral processing of the raw materials. The
samples with dimensions of 20 — 60 mm were pri-
marily crushed, on jaw crusher and then on a roller
crusher. Additionally, the samples were processed
into a porcelain ball mill. In order to define the size
reduction, a wet sieve analysis was conducted. Also,
the various dimensional fractions were observed on
a binocular. As a consequence of mechanical de-
struction, the dolomite grains have a flat and sharp
shape.

The pressure strength of the materials was de-
termined, as a significant property of mechanical
destruction. The dolomite from Caile has the high-
est value of compressive strength, while the dolo-
mite from Suvodol has the lowest value. Therefore,
the dolomite from Caile has the highest mass con-
tent of the coarse grain fraction (+1 mm) after pro-
cessing on a roller crusher. Consequently, the dolo-
mite from Suvodol has the highest mass content of
the finest grain fraction (—0.032 mm) after 60
minutes of milling. According to previously ob-
tained results, the milling process can be imple-
mented at specific regime in order to accomplish the
previously set requirements for specific size frac-
tions. The optimal duration of milling time is in
range of 50 — 60 minutes.

Dolomites are mainly used as a raw material in
construction, inorganic chemical technology, in ag-
riculture, as an additive in animal feed, in metal-
lurgy etc. Therefore, the basic parameters of the size
reduction process were defined, with a comparison
between the deposits.
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SPECIFIC APPLICATIONS OF DIATOMACEOUS EARTH
FROM SLAVISKO POLE, REPUBLIC OF NORTH MACEDONIA
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A b s trac t: Diatomaceous earth from Slavisko Pole, based on the results of mineralogical-petrographic and
physico-chemical analyses, exhibits specific characteristics that could be utilized to meet particular industrial, construc-
tion, and agricultural requirements. As a raw material predominantly composed of feldspars, K-feldspar of the micro-
cline type, as well as Na-Ca plagioclases of albite-oligoclase type, several species of diatoms, and minor quantities of
quartz, iron-bearing minerals, and other trace elements embedded within sedimentary layers, it demonstrates properties
that align well with certain application demands. The material has been found to possess exceptionally favorable ther-
mal insulation characteristics in compact segments, making it highly suitable for the construction industry, along with
the potential for straightforward mechanical processing. Further investigations into its chemical and mineralogical
composition, primary particle size distribution, and mechanical transformation potential have revealed parameters that
strongly indicate possible applications in agriculture, including ecological pest control against insects and nematodes,
soil conditioning and pH regulation, and passive soil decontamination. Additionally, its applicability in filtration pro-
cesses for potable and waste water, as well as other fluids, has been identified.

Key words: diatomaceous earth; Slavisko Pole; thermal insulation properties; ecological pest control

MOXHOCTH 3A CIIEHHUOUYHA ITPUMEHA HA TUJATOMEJCKATA 3EMJA
O/J1 CJIABHMIIKO MOJIE, PEITYBJIMKA CEBEPHA MAKEJOHUJA

A mcrtpaxkT: Jujaromejckara 3emja ox Crnasumiko Ilose, ciopes pe3ysTaTuTe 01 MUHEPAJIOIIKO-TIeTporpad-
CKHTE ¥ (QU3MYKO-XEMHUCKHTE UCIHMTYBaba, MOKaXKyBa HEKOHM CICHU(GUYHN KapaKTEPHUCTHKH KOU OM MOXKese Ja ce
HCKOPHCTAT 32 MCTIOJHYBambe KOHKPETHH creln(uyH Oapama BO HHAYCTpHjaTa, TPaIeKHHIITBOTO U 36MjOJIEIUETO.
Kako cypoBuHa KOja JOMHHAHTHO colpku penncnary, K-denncmar o THIIOT MEKPOKIIHH, Kako 1 Na-Ca mmaraokiacu
Ha alOUT-0JIUTOKIIAC, HEKOJIKY BHJIOBH JIHjaTOMEH, KAKO H MHHOPHH KOJIMYMHHM KBapIL, )KEIC30HOCHH MUHEPAIIH U JIPY-
' MUKPOEJIEMEHTH, CUTE BKJIOTICHH BO CEIMMEHTHHU CIIOCBH, TMjaTOMEjCKaTa 3eMja MOKaKyBa OCOOMHH KOH LIETOCHO
0/JroBapaar Ha HEKOU Oaparma 0J1 alUIMKATHBHATA JIere3a. Y TBP/ICHH Ce HCKIIyYUTEITHO IO3UTUBHHU TEPMOUO30IaLIMOHN
KapaKTePUCTUKH Ha KOMITAKTHU CETMEHTH OJ1 CypOBHHATA, OXKEJTHH 3a Ipajie)kKHaTa HHIYCTPHja, KAKO U MOXKHOCTA 3a
€IHOCTaBHO MEXaHNYKO KOH(peKnnoHupame. OJ IPyruTe HCIUTYBamba Ha XEMUCKHOT ¥ MUHEPAJIOMIKUOT COCTAB, JIH-
MEH3UHTE HAa MPUMapHHUTE YECTHYKH M MOXKHOCTUTE 32 MEXaHW4YKa TpaHchopMalluja, YTBPACHU Ce MapaMeTpu KOH
HECOMHEHO yIaTyBaaT Ha MOYKHA [IPMEHa Ha MaTepujajoT BO 00JACTHTE Ha 3eMjo/IeneTo (KaKo eKOJIOIIKa 3alTHTa
Ha pacTeHHjara oJf HHCEKTH M HEMaTo.IH, MOA00pyBay Ha 1o4BaTa U peryuarop Ha pH, nacuBHa JeKOHTaMHUHAlUja Ha
04Ba), a CEKaKo M 3a IPUMEHA BO MPOLIECHTE Ha (HIIITPaLMja Ha BOJIA 33 IMEH-E M OTNAIHA BO/a, KaKO U APYTH (IIyHIH.

Kayunu 36opoBu: nujatomejcka 3emja; Cnasuiko [Tosne; TepMON301alIMOHN KapaKTePUCTUKH;
€KOJIOIIIKA 3aIITHTa OJf HHCEKTH

1. INTRODUCTION remains of diatoms, a class of unicellular algae char-
acterized by intricate silica-based exoskeletons,
Diatomaceous earth (DE) is a naturally occur- commonly known as frustules [1-3]. It has unique

ring complex sediment composed of the fossilized physicochemical properties, including exception-
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ally high porosity, low bulk density, and a high spe-
cific surface area. Diatomaceous earth exhibits re-
markable utility across diverse industrial applica-
tions [4-8]. The majority of research on DE focuses
on the analysis of its individual components, includ-
ing its diverse exoskeletal morphologies and its high
silica content. The morphological diversity ob-
served among diatoms suggests the potential for
multifunctionality, particularly in interactions with
a broad spectrum of pathogens. Notably, detailed
structural examinations of these frustules provide
valuable insights in fields such as biomedical engi-
neering, water purification, and agricultural en-
hancements, reinforcing the long-held principle that
form is inherently dictated by function [9-14]. In
2023, the United States remained the predominant
global producer of diatomaceous earth, contributing
an estimated 32% of total worldwide output. Den-
mark followed with a 17% share, while China, Tur-
key, and Argentina, along with Mexico and Peru,
accounted for approximately 10%, 8%, and 4%
each, respectively. Furthermore, DE extraction oc-
curred on a smaller scale in 19 additional countries
[15]. Among these, North Macedonia possesses
substantial DE reserves. The economic viability of
DE sourced from North Macedonia is primarily at-
tributed to its fine microstructure and, more signifi-
cantly, its high content of non-crystalline (amor-
phous) silica [16—19]. This structural characteristic
enhances the material's reactivity, making it partic-
ularly advantageous for various applications. The
objective of this research is to systematically ana-
lyze key fundamental and main characteristics of di-
atomaceous earth, with the aim of facilitating its op-
timized utilization in specialized and application-
specific contexts.

2. MATERIALS AND METHODS

In the geographical map and satellite image
(Figures 1 and 2), the location of Slavisko Pole and
the broader area from which diatomaceous earth
samples were collected are marked. Slavisko Pole is
situated within the contact zone between the Kra-
tovo-Zletovo region and the Serbo-Macedonian
Massif. The sampling points are predominantly lo-
cated along the edges of the former Pliocene lake,
where the concentration of diatoms in the overall
mass is lower compared to the lower-lying areas of
the present-day basin.

The samples collected for analysis are shown
in Figure 3 and originate from multiple locations
within the site.

~

i

® i
Fig. 2. Satellite image of Slavisko Pole

Fig. 3. Samples of diatomaceous earth from the corresponding
sampling points

According to previous studies, X-ray diffrac-
tion analysis and transmission optical microscopy
reveal the following mineralogical characteristics of
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this material: a dominant content of fine-grained
feldspars (K-feldspar of the microcline type, as well
as Na-Ca plagioclases of albite-oligoclase), a signif-
icant percentage of amorphous or cryptocrystalline
mass, and several species of diatoms [20].

The diatoms, as a component of this material,
were identified using transmission optical micros-
copy (SM-POL type, Letz-Wetzlar, Germany). The
chemical composition was determined through sili-
cate chemical analysis with alkaline melting of each
fraction, with the fractions obtained via wet sieve
analysis following a grinding process (without the
presence of porcelain balls) in a porcelain mill for
one hour. The presence of trace elements was deter-
mined using ICP-MS (Model 7850, Agilent Tech-
nologies). Physico-chemical examinations were
conducted with standard laboratory equipment, de-
termining specific mass, bulk density, water absorp-
tion, open, closed, and total porosity, and compres-
sive strength in both raw and annealed states
(ZRMK Ljubljana HPM 400). To determine the size
and morphology of the primary grains, SEM analy-
sis (JEOL JSM 35 CF) with an X-ray analyzer
(TRACOR NORTHERN TN — 2000) was applied.
The characteristic thermal insulation capacity was
defined through a custom-designed laboratory test.

3. RESULTS AND DISCUSSION

The granulometric analysis was conducted us-
ing a set of sieves with perforation size of 0.1 mm,
0.071 mm, 0.045 mm, and 0.032 mm, following the
grinding process in a porcelain mill (without the
presence of porcelain balls) for one hour. The ob-
tained results are presented in the histogram shown
in Figure 4.

mass (%)

888588

13,77

] 152 583 - |
0

+0.1mm -0.1 40.071 mm -0.071+0.045mm  -0.045 +0.032 mm -0.032 mm
dimensional fractions (mm)

E]

Fig. 4. Histogram of mass content of various dimensional
grain fractions after 1 hour milling

Silicate chemical analysis with alkaline melt-
ing was performed on each of the dimensional frac-
tions to determine the distribution variations of each
component. The results are presented in Table 1.

Table 1
Chemical composition of various dimensional grain fractions (mass %)
+0.1 mm —0.1 +0.071 mm —0.075 +0.045 mm —0.045 +0.032 mm —0.032 mm
SiO2 62.96 60.80 60.96 61.90 64.84
Fex0s3 15.96 16.06 15.95 16.16 9.22
AO3 2.88 2.95 2.90 2.85 6.01
CaO 6.10 7.40 7.40 6.90 3.80
MgO 1.97 2.75 2.70 2.55 1.78
Na2O 2.61 2.72 2.51 2.72 1.80
K20 3.73 4.24 4.24 3.73 1.94
SOs3 tr. tr. tr. tr. tr.

Lw. 2.92 2.16 2.36 2.33 9.65
z 99.13 99.08 99.02 99.14 99.04

From the chemical analysis, it can be con-
cluded that in the finest fraction, the content of al-
kaline oxides, which are indicators of the presence

Maw. unoe. nayu. ciuc. 43 (1), 39-47 (2025)

of feldspars, drastically decreases. Another charac-
teristic of the finest fraction is the highest content of
Si0O, and Fe»O3, while, conversely, there is a drasti-
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cally lower concentration of Al,Os. The highest
value for weigh loss of ignition at 600°C predomi-
nantly originates from the content of organic matter,
as shown in Table 2, where the finest fraction con-
tains the dominant content of organic matter in the
total mass of the material. The content of trace ele-
ments is presented in Table 3.

Table 2

Total content of organic matter (mass %)

Dimensional fraction Organic matter content, 600°C

(mm) (mass %)
+0.1 1.72
—0.1 +0.071 0.97
—0.071 +0.045 0.77
—0.045 +0.032 1.12
-0.032 7.34
Table 3

ICP-MS analysis, content of trace elements (ppm)

Element (ppm)
Ag <1
Al 39679.60
As 7.10
B 23.86
Ba 337
Ca 15053.90
Cd <1
Co <1
Cr 8.95
Cu 25.09
Fe 30398.40
K 12158.90
Li 4.70
Mg 1948.56
Mn 2
Mo <1
Na 0
Ni 3.82
P 2
Pb 33.93
Sr 0
v 49.80
Zn 79.58

The basic mass of the material is predomi-
nantly cryptocrystalline, with quartz and feldspar
grains occasionally found in the size range of
0.005-0.01 mm and 0.05-0.1 mm (Figure 5). The
feldspar mass is represented by polysynthetic lamel-
lae of plagioclases of the albite-oligoclase type (Fig-
ure 6). Within the basic mass, diatom skeletons were
also found, exhibiting an elongated shape with lon-
gitudinally connected segments measuring approxi-
mately 100 um (Figure 7). Another type of diatom
is shown in Figure 8. These skeletons are symmet-
rically separated longitudinally at the center and
represent silicate spicules of the spongolite type.
The identification of microfossils in this sediment

was carried out through comparative analysis of
identical species, which are well-known according
to the literature data [21], and Melosira undulata
[22].

0,1 mm

Fig. 5. Photograph of transmissional optical microscopy.
Minor crystalline phase in the base mass (N+)

Fig. 6. Photograph of transmissional optical microscopy.
Polysynthetic lamellae

Mech. Eng. — Sci. J., 43 (1), 39-47 (2025)



Specific applications of diatomaceous earth from Slavisko Pole, Republic of North Macedonia 43

0.1 mm
; -

'

Fig. 7. Photograph of transmissional optical microscopy.
Typical longitudinal section of diatoms (Melosira undulata)
incorporated into basic fine-grained cryptocrystalline
amorphous opal mass, in which round
grains of feldspar and quartz coexist

Further examinations were conducted to as-
sess certain physico-chemical characteristics,
which were divided into several segments. The fol-
lowing physico-mechanical and physico-chemical
analysis were performed on the compact sedimen-
tary material of diatomaceous earth: specific mass,

Table 4

0,1 mm

Fig. 8. Photograph of transmissional optical microscopy.
Spongolite spicule incorporated into cryptocrystalline
amorphous opal mass (N+)

bulk density, water absorption, open, closed, and
total porosity, and compressive strength. These
analyses were carried out on the material in its raw
state, treated at 600°C for 2 hours and treated at
800°C for 2 hours. The results of these tests are pre-
sented in Table 4.

Physical characteristics of the raw material

Physico-Mechanical. characteristics Raw material Treated at Treated at
(properties) 600°C, 2h 800°C, 2h
Specific mass (g/cm?) 2.511 2.533 2.558
Bulk density (g/cm?) 0.95 0.92 0.94
Water absorption (%) 61.46 62.99 62.72
Open 58.99 59.81 58.95
Porosity (%) Closed 2.82 2.69 4.30
Total 61.81 62.50 63.25
Compressive strength (MPa) 7.22/7.30%* 17.10 7.25

From the presented results for compressive
strength, it can be concluded that the material re-
tains its basic mechanical characteristics in all ori-
entations, both in its original state and after being
thermally treated at 600°C and 800°C. This data is
significant for the application of diatomaceous earth
in compact elements for construction, where it is re-
quired that the material, when processed to appro-
priate dimensions, remains self-supporting.

From the analysis conducted using SEM and
EDS, as shown in Figure 9 and Table 5, the dimen-
sions of the primary grains and their aggregates at
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multiple levels can be clearly observed. The compo-
sition is typical of the base mass, confirmed by the
other methods.

The material's ability to function as a thermal
insulator in its compact form was experimentally
demonstrated as follows: a piece of the material, ap-
proximately 4 cm thick, was partially perforated
from the backside at distances of 1, 2, and 3 cm
measured from the front side (Figure 10). A thermal
sensor was placed in the perforated holes while the
material was heated from the opposite side using a
propane-butane flame at a temperature of 850°C
(Figures 11 and 12).
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Fig. 12. Treated sample after the thermal insulation

experiment
Table 5

SEM-EDS composition
Components Mass %

Na0 1.31

MgO 1.22

ALOs 14.99

SiO2 72.17

Fig. 10. Perforation of the material at different depths P20s 0.52

for the placement of the thermal sensor SO3 0.59

Cl 0.22

K20 1.84

CaO 2.55

TiO2 0.85

MnO 0.11

FeO 3.52

The experiment lasted 60 minutes, and the re-
sults for all three measurements are shown in the di-
agram in Figure 13 and in Table 6.

Fig. 11. Segment of the experimental setup
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Fig. 13. Diagram of the heat transfer during the thermal treatment
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Table 6
Data from the experiment on thermal insulation
characteristics
Temperature Temperature Temperature
Time at a distance at a distance at a distance
(min)  of 1 cm from of 2 cm from of 3 cm from
the flame the flame the flame
0 18 18.2 19.4
1 19.9 18.4 19.7
2 38.0 19.1 19.6
3 64.0 21.7 20.1
4 82.0 25.7 214
5 85.0 29.9 24.0
6 85.0 34.5 27.5
7 88.0 38.0 31.5
8 92.0 41.0 36.1
9 97.0 452 39.9
10 101.0 473 45.0
12 110.0 55.1 523
14 116.5 62.0 59.6
16 122.1 68.1 64.9
18 125.0 73.1 69.9
20 130.0 75.8 72.0
25 136.5 84.8 78.5
30 143.1 93.3 85.3
40 156.0 107.5 99.0
50 160.6 117.0 103.5
60 169.5 124.0 114.9

The results show an exceptionally high ther-
mal insulation property of the compact material, as
it maintains a AT value higher than 700°C during
the 1 hour exposure to the maximum temperature on
the other side. This effect of extremely high thermal
insulation capability primarily originates from the
material's porosity. The distinct separation of curves
from the experimental values at 1 cm distance com-
pared to those at 2 and 3 cm results from the follow-
ing effect: at the first curve, the influence of the po-
rosity of the basic mass dominates, but since the ma-
terial is sedimentary, with different layers on its
contact surface showing varying characteristics dur-
ing heating, layer separation occurs within the still
compact material. These separation segments, as air
barriers, further increase the thermal insulation abil-
ity. As heat penetrates deeper into the material, the
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subsequent sediment layers begin to separate due to
thermal expansion, with noticeable separation of the
curves at 2 and 3 cm, where the next layer starts to
open (Figure 14).

The separation of layers during thermal treat-
ment results from the relatively different composi-
tion of individual layers, which exhibit different
properties as a consequence. For example, the pres-
ence of divalent iron in larger or smaller quantities,
during its transformation into trivalent iron during
the thermal treatment, contributes to the tendency
for layer separation. The higher presence of iron in
some sediment layers is visually represented by a
piece/segment of diatomaceous earth thermally at
800°C, where the higher or lesser presence of iron
in different layers is visually noticeable (with vary-
ing colour intensity), as clearly shown in Figure 15.

Fig. 14. Profile of the treated compact sample for thermal
insulation experiment

Fig. 15. Thermally treated diatomaceous earth sample at
800°C for 2 hours (in an oxidizing atmosphere)

CONCLUSIONS

Based on the obtained results from the con-
ducted physico-chemical and mineralogical anal-
yses, as well as previous studies on the diatoma-
ceous earth from SlaviSko Pole, the following can
be concluded:
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The diatomaceous earth from the mentioned
locality of Slavisko Pole, predominantly consists of
K-feldspar of the microcline type, as well as Na-Ca
plagioclases of albite-oligoclase type, along with
specific diatom species (silicate spicules of the
spongolite type and Melosira undulata), inter-
spersed with minor quantities of quartz within a
cryptocrystalline matrix.

The chemical composition has been deter-
mined across all fractions obtained from the wet
sieve analysis, providing insight into the distribu-
tion of constituent elements within each fraction.
Notably, the highest content of organic matter is de-
termined in the finest fraction (—32 pm), which also
exhibits an increased SiO: content, as a conse-
quence of higher content of diatoms.

According to the results of the physical-me-
chanical tests, the compact mass of diatomaceous
earth from this locality demonstrates highly favour-
able properties that align with the requirements of
the construction industry. Key attributes include:
the feasibility of segmenting elements of relatively
large dimensions along sedimentary planes (allow-
ing for processing with minimal energy input); high
compressive strength across various orientations
(ensuring self-supporting structural integrity); ex-
ceptional high thermal insulation capacity (with a
temperature gradient of approximately A7 700°C
over a 1 cm distance within one hour); and re-
sistance to high temperatures without emitting haz-
ardous volatile substances.

The morphology and dimensions of the pri-
mary particles/grains (200 — 300 nm), along with
their aggregated forms, suggest that this material
holds potential as a natural, eco-friendly means of
plant protection against specific insect and nema-
tode species. The abrasive action of the diatoma-
ceous earth mechanically affects the exoskeletal
joints of insects, while the diatom content induces
dehydration in nematodes, thereby reducing their
viability.

The combination of open porosity, particle size
distribution, absorption and adsorption properties,
and chemical stability unequivocally meets the cri-
teria for filtration applications in both potable and
waste water treatment. Additionally, this material is
well-suited for emergency interventions requiring
the removal of hazardous fluids from the environ-
ment. Furthermore, when processed into an appro-
priate granulometric distribution, it can serve as an
effective medium for the passive remediation of
soils contaminated with heavy metals, leveraging its
cation-exchange capacity.
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A bstract: This paper focuses on developing a real-time system for vibration analysis and resonance detection
in stepper motors used in CNC machines. The goal is to optimize motor performance and reduce resonance effects,
which impact precision and efficiency. The ADXL345 accelerometer is mounted near the motor shaft to measure vi-
brations, while the Arduino Mega 2560 serves as an interface. Vibration data is processed in LabVIEW using FFT to
analyze frequency and time domains. A potentiometer controls the motor speed, powered by an L298N driver. Addi-
tionally, an Arduino Uno reads the potentiometer input and adjusts the speed. The TCST1230 optical sensor measures
the motor’s RPM, allowing a detailed analysis of the relationship between speed and vibration frequencies. Results
visualized in Excel help identify resonance frequencies, enabling better parameter selection. This system enhances the
accuracy, efficiency, and longevity of CNC machines by minimizing harmful vibrations.

Key words: resonance detection; CNC machine; accelerometer; FFT; Arduino

PEAJTHOBPEMEHCKA AHAJIM3A HA BUBPAIIUN U JETEKIIUJA HA PE3OHAHIINJA
KAJYEKOPHUTE MOTOPHU

AmncrtpaxkTt: OBoj Tpyn ce GpoKycHpa Ha pa3BOj Ha PEATHOBPEMEHCKH CHCTEMH 3a aHaIn3a Ha BUOpanuu U
JICTEKI[Mja Ha Pe30HaHIMja Kaj uekopHuTe MoTopu Bo CNC-mammnu. [lenrta e aa ce ontumusupaat nephopMaHcuTe
Ha MOTOPOT | J]a CE HAMaJlaT HETaTUBHUTE e(eKTH O] pE30HAHIIM]a, KOja BiIMjac BP3 Mpenu3HocTa U epukacHocta. Jlo
BpaTWJIOTO Ha MOTOPOT € mocTaBeH akienepomerap ADXI.345 3a mMepeme BuOpaimu, noaeka Arduino Mega 2560
ciy>xu kako uatepdejc. [lomarormte ce 06padoTyBaar Bo LabVIEW kopuctejku FFT 3a ananuza Bo ppeKBEHIIUCKH U
BpeMEHCKH JToMeH. [loTeHImoMeTapoT ja KOHTpoimpa Op3uHaTa, noaeka npajsepor L298N ro HamojyBa MOTOpPOT.
JHonoxautenno, Arduino Uno ro 4nTa CUTHAJIOT OJ1 MOTEHIIMOMETApOT U ja KOHTpoJpa Op3uHaTa. ONTHYKHAOT CEH30D
TCST1230 ja mepu Op3uHata Ha MoTopoT RPM, 0BO3MOKYBajkn aHann3a Ha BpcKara Mery Op3uHaTa U BHOpAIHHTE.
Pesynrarute Bo Excel momaraar Bo uneHTHMKanMja Ha pe30HAHTHUTE (HPEKBEHIINN, OBO3MOXKYBajKH 1morobap m30op
Ha mapaMeTpUTe ¥ HaMallyBame Ha mTeTHUTe BUOpamu Bo CNC-MammHuTe.

Kiyunu 36opoBu: nerexnuja Ha pesoHanuja; CNC-mammaa; akienepomerap; FFT; Apaynso

1. INTRODUCTION

Over the years, stepper motors have evolved
significantly, with their commercial adoption begin-
ning in the 1960s. This was largely due to advance-
ments in silicon wafer fabrication, which enabled
the development of devices capable of switching
high DC currents in motor windings. Initially, step-
per motors were not considered a viable alternative
to AC or DC servomotors because of their limited
high-speed performance. However, as noted by
Stout (2000), improvements in motor design and

drive systems have made stepper motors highly ef-
fective actuators in digital control systems. Their
operation can be described as inherently digital, as
the rotor moves in precise, discrete steps when the
motor windings are energized [1].

Stepper motors enable various operating modes,
such as Fullstepping, Halfstepping, and Microstep-
ping, which play a crucial role in their use in differ-
ent applications (CNC machines, robotic arms, 3D
printers, etc.). In the context of research on frequen-
cy resonance detection, the characteristics of the
Fullstepping mode are of particular importance and
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will be used in this study. Below Table 1 is a ex-
plaining the different operating modes and their
characteristics based on the specifications provided
in the QSH4218 stepper motor datasheet [2].

Table 1

Different operating modes of stepper motors and
their characteristics

Driver scheme Resolution  Velocity range Comment

Audible noise
and vibrations
especially at

low velocities

Fullstepping 200 steps Low to very
per rotation  high.

Skip resonance
areas in low to
medium
velocity range

Halfstepping 200 steps Low to very Audible noise
per rota- high. and vibrations
tion*2 Skip resonance especially. at

areas in low to 10w velocities
medium

velocity range

Microstepping 200*(num  Low to high Low noise,
ber of micro- smooth motor
steps) per behavior
rotation

Mixed: Micro- 200*(number Low to very At high

stepping and  of micro- high velocities,
Fullstepping  steps) per there is no
for high rotation audible

difference for
fullstepping

velocitites

When a step motor is driven in the open-loop
mode, pronounced velocity oscillations are ob-
served in certain input frequency ranges (steps/sec).
In the low-frequency range, the step motor exhibits
substantial oscillations at or near the natural fre-
quency and its subharmonics. This phenomenon,
known as "low-frequency resonance", is well-docu-
mented in the literature. According to Higuchi, Mi-
zuno, and Oshima (1981), this resonance occurs due
to the interaction between the motor's mechanical
inertia and the electromagnetic forces generated
during operation [3]. In this study, resonance is de-
tected by comparing the input frequency (derived
from the optic sensor measuring RPM) with the vi-
bration frequency (measured using the ADXL.345
accelerometer). When these frequencies align, the
system enters a resonant state, leading to increased
vibrations and oscillations, as predicted by the the-
oretical framework described in [3]. Resonance in

stepper motors can significantly affect their stabil-
ity, particularly at certain speeds, leading to unsta-
ble torque output. A common issue in motion con-
trol systems is the occurrence of vibrations at low
speeds, which become especially pronounced when
the motor operates near its resonance frequency. As
demonstrated by Arva, Stanica, and Anghel (2018)
[4], one of the primary causes of these vibrations is
cogging torque, which arises from the interaction
between the permanent magnet poles and the stator,
generating unwanted oscillations. As the input fre-
quency approaches the motor's natural frequency,
the system may initially appear to function normal-
ly; however, speed oscillations eventually emerge.
This oscillatory behavior typically becomes notice-
able at frequencies higher than several hundred
steps per second. In the literature, this phenomenon
is commonly referred to as "medium frequency res-
onance" or "high frequency resonance". When the
motor operates within its resonance frequency
range, a sudden drop in available torque is observed,
and the torque does not recover to its previous level.
This effect, referred to as a torque drop on the
torque-speed curve, severely limits the motor's op-
erational performance [4]. Additionally, Kenjo and
Sugawara (1994) [5] highlight that the resonance
phenomenon is exacerbated by the nonlinear dy-
namics of the motor's rotor-stator interaction, par-
ticularly in open-loop control systems where feed-
back compensation is absent [5]. In the context of
CNC machines, resonance can have detrimental ef-
fects on machining accuracy and surface finish. As
noted by Altintas and Weck (2004) [6], vibrations
caused by resonance in stepper motors can propa-
gate through the machine structure, leading to chat-
ter and poor surface quality in machined parts [6].
This is particularly critical in high-precision CNC
applications, where even minor oscillations can re-
sult in dimensional inaccuracies and increased tool
wear. Smith et al. (2020) [14] further emphasize that
resonance-induced vibrations in CNC systems can
lead to reduced machining efficiency and higher en-
ergy consumption, highlighting the need for effec-
tive resonance suppression techniques [7].

The study underscores the importance of miti-
gating resonance in CNC systems to ensure optimal
performance and product quality. The present paper
is structured as follows: The second section presents
the operating mode and connections required to
drive the stepper motor. The third section explains
the selection of the sensor. The fourth section pre-
sents the experimental setup and experimental re-
sults, while the final section is reserved for conclu-
sions.

Mech. Eng. — Sci. J., 43, 1,49-57 (2025)
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2. STEPPER MOTOR CONNECTIONS
a) Stepper motor calculations

The stepper motor's behavior is a critical factor
in the Arduino coding process, and its implementa-
tion depends on the specific type of motor selected.
As described in the research by Harun and Lim, to
calculate the number of steps required for the motor
to complete one full revolution, the following equa-
tion is used. For most standard stepper motors, the
step angle is 1.8 degrees per step, which translates
to 200 steps per revolution [8].

360 Degree Step

Degree — Revolution
Step

1 Revolution

As mentioned at the beginning, there are dif-
ferent operating modes for the stepper motor, but for
the purpose of this study, we use the mode that is
most suitable for vibration detection and frequency
resonance analysis, which is the Full-step mode.
This operating mode ensures a constant angular po-
sition of 1.8° per step. In our case, with an angle of
1.8° per step, the number of steps per revolution will
be:

360°

1,8°

For this research, a NEMA17 stepper motor
(model QSH4218-35-10-027) was utilized. Accord-
ing to the datasheet documentation (see Figure 1),
the wiring layout and the configuration of the two

windings were identified, which is critical for ensur-
ing correct motor connections.

= 200 steps/revolution
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Fig. 1. Documentation of the datasheet for stepper motor
NEMA17 QSH4218-35-10-027

The motor is equipped with UL 1007 wires,
which have a thickness of AWG26. This wire spec-
ification is vital for maintaining sufficient electrical
conductivity and minimizing resistance within the
system. These parameters are particularly signifi-
cant in this study, as proper electrical connectivity
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and reduced losses are essential for obtaining pre-
cise motor speed measurements [9].

b) Stepper motor connections

One of the critical aspects of stepper motor ap-
plications is the selection of a suitable driver for mo-
tor control. Operating a stepper motor involves
switching the current between the stator windings, a
function managed by the driver, which regulates and
amplifies the control pulses. For this study, the
L298N driver was integrated to power the motor,
serving as the central component of the motion con-
trol hardware system. Based on the methodology
outlined in Muain (2010) [10], the L298N driver
acted as a power interface, enabling synchronization
between the microcontroller and the NEMA17 step-
per motor. Powered by a 12 V and 2 A adapter, the
L298N efficiently regulated and amplified the volt-
age and current, ensuring optimal motor performan-
ce. The motor windings were connected to the des-
ignated A and B pins on the L298N driver, follow-
ing the connection scheme described in Muain
(2010). Additionally, the control pins were carefully
linked to the corresponding pins on the Arduino, es-
tablishing a reliable communication pathway. To
connect all components, 6 female-to-male jumper
wires and 3 male-to-male jumper wires were used.
A stable electrical environment was achieved by
grounding the negative pins together with the Ar-
duino’s ground, as recommended in the referenced
research [10]. To control the speed of the stepper
motor, a 100 kQ potentiometer was used, enabling
precise speed regulation, which is essential for vi-
bration measurement. In this setup, an Arduino
UNO was implemented, powered via an adapter,
and served as the central control unit for managing
the motor's operation. The connection diagram, in-
cluding the L298N driver, stepper motor, potenti-
ometer, and all necessary pins from the Arduino
UNO, is shown in Figure 2.

Fig. 2. Connection diagram of the stepper motor,
L298N driver, Arduino UNO, and potentiometer
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3. ADXL345 ACCELEROMETER

The selection of the sensor is crucial for achi-
eving accurate results, with requirements for stable
performance and a good frequency response. Ac-
cording to the study by Rodrigues et al. (2021) [11],
Micro-Electro-Mechanical Systems (MEMS) are
microdevices that combine mechanical and electri-
cal properties, creating an interface between me-
chanical and electronic phenomena at a microscopic
level. Accelerometers developed using this technol-
ogy consist of three main components: (i) a seismic
mass, (ii) a system of micro-springs that attach the
mass to the circuit substrate, and (iii) a system of
multiple parallel plate capacitors. When the seismic
mass is subjected to acceleration, the springs allow
the lateral plates of the mass to move into the die-
lectric region of the capacitors. The presence of this
material within the electric field causes a variation
in the system's capacitance, generating an electrical
disturbance that can be detected by measuring the
electric current between the plates in an intermedi-
ate circuit [11].

The ability of an accelerometer to provide reli-
able responses under mechanical excitation is deter-
mined by five key criteria:

1) Sensitivity, which relates the intensity of the
electrical signal (in V) to the amplitude of vibrati-
ons;

i) Frequency range, which defines the range of
frequencies supported by the circuit;

iii) Maximum supported vibration amplitude,
which indicates the highest vibration level the ac-
celerometer can measure;

iv) Shock limit, which specifies the maximum
acceleration the MEMS device can withstand;

v) Linearity, which reflects how well the accel-
erometer's responses align with a specific mathe-
matical model within the supported frequency
range.

The analysis of these characteristics, combined
with the implementation costs, is ideal for selecting
the most suitable accelerometer for our application.
A list of key specifications for the desired applica-
tion has been established, as shown in Table 2. The
acceleration range was determined based on re-
search by Saponara et al. (2015) [12]. The band-
width, or frequency range, is a critical factor in de-
termining which sensor to use. For digital MEMS
sensors, the bandwidth is limited to half the data
transmission rate of the signal processing circuit to
satisfy the Nyquist frequency criterion. The operat-

ing temperature is also significant, as high tempera-
tures can occur during the operational mode of the
stepper motor.

Table 2

Desired sensor specification

Specification Min Max
Brandwidth 50Hz 1kHz
Interface Digital or analog N/A
Operating temperature —-10°C 70°C
Acceleration range 0.5g 5g
Noise density Og/\Hz 10mg/NHz
Cross axis sensitivity

Cost 0 $150

With these key characteristics in mind, a selec-
tion of commonly available sensors has been evalu-
ated in Table 3. All of these sensors come pre-
mounted on development boards that include basic
circuitry and connection terminals. They are all de-
signed to function within a temperature range of -
40°C to +85°C, making them well-suited for the in-
tended application.

Table 3

Comparision of MEMS sensors
for vibration measurement

Sensor Band. width.  Interface Noise Density Cost

Hz mg/\NHz )

ADXL345 6.25t01600 SPI/12C 3.9 84
31.2

ADXL343 0.1 to 1600 SPI 42 60
343

ADIS16209 0 to 50 SPI 0.19 161

ADXL375 0to 1000 SPI/12C 5 60

LIS331AL 0 to 1000 Analog 0.3 71

BMAI150 25to 1500 12C 0.5 42

From the analyzed MEMS sensors, the most
suitable for measuring vibrations on a stepper motor
is the ADXL345, as it meets all the required criteria.
The ADXL345 (Figure 3) is a compact 3 mm x 5 mm
x 1 mm device with a selectable measurement range
of £2 g, +4 g, +8 g, and +16 g. For this application,
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the £2 g range is used, as it offers the highest reso-
lution, which is ideal for detecting small vibrations
in the stepper motor. It features a 32 level FIFO
buffer, reducing microcontroller interaction and
saving power. The block diagram below shows the
3 axis MEMS sensor, ADC, digital filter, and FIFO
buffer. It supports SPI and 12C communication, has
interrupt logic for event detection, and includes a
power management system for efficient operation.

Vs Voouwo

ADXL345

POWER
MANAGEMENT

)'*_ 1T

sEnsE N\ | N CconTrRoL INT1
— ADC AND
ELECTRONICS DIGITAL [} INTERRUPT

3-AXS || FILTER LOGIC
SENSOR J |7 j r

32LEVEL N
FIFO

INT2

SDA/SDI/SDIO

SERIAL IIO SDO/ALT
ADDRESS

SCLISCLK
o It
cs

GND

Fig. 3. ADXL345 sensor module and block diagram

4. EXPERIMENTAL SETUP
a) Hardware setup and description

The hardware setup shown in Figure 4 consists
of a stepper motor (NEMA17), Arduino UNO, Ar-
duino mega 2560, L298N driver, ADXL345 and
TCST1230 optic sensor. The optical sensor is mount-
ed on one of the mounting holes of the stepper motor
to measure RPM. A metal disk with a hole is at-
tached to the motor shaft, and the optical sensor de-
tects this hole to monitor the rotational movement.
Additionally, the ADXL345 accelerometer is
mounted on the other mounting hole of the stepper
motor, allowing it to capture more accurate data for
the RPM measurement. The experimental setup
works as follows: The Arduino Mega 2560 is re-
sponsible for signal processing through LabVIEW.
It communicates with the sensors via the SDA and
SCL pins, collecting data from both the optical sen-
sor (for RPM measurement) and the ADXL345 ac-
celerometer (for more precise motion data). The
data is processed in LabVIEW using FFT blocks to
analyze the signals in both the time and frequency
domains. This enables the display of RPM and other
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relevant metrics on the LabVIEW front panel. The
Arduino UNO is used to drive the stepper motor,
with a potentiometer allowing the motor’s speed to
be varied from minimum to maximum in order to
detect resonance frequencies. The optical sensor
monitors the RPM, which is then displayed on the
LabVIEW front panel through a gauge.

Optic sensor

TCST1230

Stepper mator  (».

NEMAI7 ¥

Fig. 4. Hardware setup

b) Signal processing and FF'T implementation
in LabVIEW

For measuring the vibrations of a stepper mo-
tor using LabVIEW and Arduino Mega 2560, the
Fast Fourier Transform (FFT) is essential for signal
processing. Several parameters in the Virtual Instru-
ment (VI) play a key role in obtaining accurate mea-
surements. The sampling frequency (f;) defines the
number of measurements or samples taken per unit
of time during the digitization of the analog signal,
and it must be greater than twice the highest fre-
quency of the vibration signal to avoid aliasing
(false frequency). The FFT size (&) determines the
number of points used for the FFT calculation, di-
rectly affecting both the frequency resolution (Af)
and the computational load. Specifically, a larger
FFT size allows for a finer frequency resolution, but
it also demands more computation time. For exam-
ple, when the sampling frequency (f;) is set to 3.7
Hz and the FFT size (N) is 1024, the frequency res-
olution is calculated as shown in the literature by
National Instruments (2020), where the relationship
between f;, N, and frequency resolution is described
in detail [13].

This implies that we can distinguish frequen-
cies with very small differences, which is particu-
larly important when analyzing vibrations with
closely spaced frequency components. The chosen
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parameters f; = 3.7 Hz and N =1024 are suitable be-
cause they provide sufficiently high resolution for
analyzing the vibrations of the stepper motor, whose
operating frequency ranges from 0 to 1.8 Hz. The
sampling frequency f; = 3.7 Hz is greater than twice
the highest frequency of the signal (1.8 Hzx 2 =3.6
Hz), meaning it satisfies the Sampling Theorem and
ensures accurate reconstruction of the signal's fre-
quency components without aliasing. With this con-
figuration, the stepper motor's vibrations can be pre-
cisely analyzed in both the time domain using the
Time Graph and in the frequency domain using the
Frequency Graph.

5. RESULTS AND DISCUSSION
a) Vibration analysis along the X-axis

In the experimental setup, the ADXL345 ac-
celerometer is mounted on the stepper motor’s
mounting hole, with its X and Y axes aligned hori-
zontally, while the Z-axis is oriented vertically.
Exeriments were first conducted at lower speeds, 20
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and 40 RPM, to analyze resonance effects. At these
speeds, resonance was detected, causing the motor
to stop due to mechanical instability. FFT analysis
shown in Figure 5 revealed resonant frequencies of
1.40 Hz (20 RPM) and 1.60 Hz (40 RPM), while the
calculated rotational frequencies of the motor were
0.30 Hz and 0.67 Hz, respectively. This occurred
due to the alignment of natural vibration frequencies
with harmonics generated by the motor’s rotation,
amplifying vibrations and leading to instability. Fig-
ure 5 also shows amplified vibrations in the time do-
main, particularly along the X-axis, further confirm-
ing the presence of resonance. These data clearly in-
dicate that at 20 RPM and 40 RPM, the system en-
ters a critical operating mode, leading to significant
mechanical disturbances and motor stoppage.
Meanwhile experiments at higher speeds were also
conducted, 60 and 120 RPM, where the frequency
graph revealed dominant frequency which exactly
matched the calculated rotational frequency. Unlike
the previous speeds where resonance occurred, this
time the motor continued to operate without inter-
ruptions.

Fig. 5. Analysis of stepper motor vibrations at 20 RPM

b)Vibration analysis along the Y-axis and Z-axis

After completing the experiments around X-
axis, experiments were further conducted around the
Y-axis, following the same approach as before, start-
ing with lower speeds 20 and 40 RPM. FFT analysis
shown in the Figure 6, revealed a resonant frequen-
cy of 1.40 Hz (20 RPM) and 1.20 Hz (40 RPM),
while the calculated rotational frequencies of the
motor were 0.35 Hz and 0.67 Hz, respectively. Sim-
ilar to the observations along the X-axis, this overlap
between the system's natural frequency and the har-
monics generated by the motor's rotation led to the
occurrence of resonance. The consequences of reso-

nance were clearly visible: the motor exhibited sig-
nificant instability and eventually stopped function-
ing completely. In the time domain, pronounced os-
cillations were observed, particularly along the Y-
axis, further confirming the presence of resonance.
To ensure system stability and safety, it is essential
to avoid resonant frequencies. Following the exper-
iments around speeds of 60 and 120 RPM. Similar
to the results along the X-axis, the frequency graph
revealed a dominant frequency that exactly matched
the calculated rotational frequency. At these speeds,
the motor continued to operate stably without inter-
ruptions, unlike the lower speeds where resonance
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occurred. This indicates that the system avoided
resonance conditions, allowing for stable operation.
The absence of significant amplitude changes in the
frequency spectrum and the balanced vibration dis-
tribution along the Y-axis further confirmed the sys-
tem's stability under these conditions, consistent
with the findings for the X-axis. In the analysis of
vibrations around the Z-axis, it was observed that no
significant oscillations occurred. This is due to the
orientation of the ADXL.345 sensor, which is posi-
tioned such that the Z-axis is directed upward and

Samples
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aligned with the coordinate origin. As a result, the
motor does not exhibit acceleration or movement in
this direction. This configuration ensures that all vi-
brations measured along the Z-axis are minimal or
negligible. This configuration ensures that all vibra-
tions measured along the Z-axis are minimal or neg-
ligible. The measurements along all three axes (X,
Y, and Z) align with findings in the research by
Smith et al., where multi-axis vibration analysis is
commonly employed to assess system dynamics and
resonance conditions [14].

0

Fig. 6. Analysis of stepper motor vibrations at 40 RPM

6. CONCLUSION

From the measurements conducted around the
X-axis and Y-axis, it has been confirmed that reso-
nance occurs only at low motor speeds. This was in-
itially mentioned when explaining the operational
mode of the stepper motor, where in fullstepping
mode at low speeds, frequency resonance occurs,
leading to the interruption of the motor's rotation.
The results of the analysis clearly show at which
RPM values frequency resonance occurs. In Figure
7, similar to the findings of Zhang et al. [15], who
investigated RPM-frequency relationships in CNC
machines using stepper motors, the graph illustrates
the relationship between RPM and frequency,
demonstrating that at low speeds, specifically 20
RPM and 40 RPM (Figure 8), frequency resonance
occurs (causing the motor to stop), while at higher
speeds of 60 RPM and 120 RPM, the motor operates
without interruptions. This is particularly important
for CNC machines, where operating at speeds that
match resonant frequencies can lead to mechanical
instability, reduced precision, and potential damage.
Therefore, it is not recommended for CNC systems
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to operate at speeds that align with these resonant
frequencies. One of the major limitations of research
within this field is the fact that the influence of tem-
perature on the sensor. It has been observed that the
stepper motor generates significant heat during op-
eration, which directly impacts the precision of the
measurements. The increase in temperature can
cause changes in the sensor’s characteristics, result-
ing in inaccurate data (Figure 9). To minimize these
effects, it is necessary to implement appropriate
cooling methods or thermal isolation. Future devel-
opments should prioritize improving sensor stability
and accuracy under varying temperature conditions,
addressing the impact of heat on measurement pre-
cision. In addition, integrating high-speed ADCs
with powerful processors, such as those from
NVIDIA, could significantly enhance data pro-
cessing capabilities. This would enable faster, more
accurate resonance detection and real-time analysis.
Additionally, the use of advanced machine learning
algorithms, combined with IoT technologies for
continuous monitoring, could further enhance sys-
tem efficiency and reliability, ensuring precise vi-
bration measurements for industrial applications.
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TEMPERATURE REGULATION

Maja Anackova, Katerina Andonovska, Nikola Bimbiloski, Simon Prentoski, Damjan Pecioski

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,
P.O.Box 464, MK-1001 Skopje, Republic of North Macedonia
aleksandar.argilovski@mf.edu.mk

A bstract: This project describes a simple and efficient room temperature control system developed using a
microcontroller, a DHT11 temperature and humidity sensor, a DC motor, and a motor driver. The DHT11 sensor con-
tinuously monitors the ambient temperature and sends the data to the microcontroller. Based on the temperature read-
ings, the microcontroller adjusts the speed of the DC motor, which acts as a cooling unit. When the temperature exceeds
a predefined upper limit, the microcontroller activates the DC motor to cool the room. When the temperature drops
below the lower limit, the motor is turned off to conserve energy. The motor driver ensures the safe and efficient
operation of the motor, ensuring compatibility with the microcontroller. This simple system offers an affordable and
economical solution for regulating temperature in small spaces, demonstrating the practical application of basic elec-
tronics and microcontroller programming.

Key words: temperature; humidity; room temperature regulation; PID control

JAU3AJH 1 PA3BOJ HA MEXATPOHHNYKHN CUCTEM 3A PEI'YJIAIIMJA
HA AMBUEHTAJIHA TEMIIEPATYPA

AncrtpakT: OBOj MPOEKT ONUIIYBa €HOCTaBEH U €(hHKACEH CUCTEM 3a KOHTPOJIA Ha TeMIIepaTypara Bo co0a,
pa3BHeH co KOpUcTeme Ha MUKpokoHTpoiaep, DHT11 cens3op 3a TemmepaTtypa u BiaxkHocT, DC-MoTOp U Apajsep 3a
motopoT. Cenzopor DHT11 xoHTHHYHpaHO ja Mepy aMOMEHTaIHATa TEMIIEpaTypa ¥ TH UCTIpaka TOAATOIUTE 10 MUK-
POKOHTpOIEpOT. Bp3 ocHOBa Ha HOOWEHHUTE Meperma Ha TeMIeparypaTa, MUKPOKOHTPOJIEPOT ja MpUCIIocoOyBa Op3u-
Hata Ha DC-MOTOpOT, K0j CITy>KH Kako eqUHHUIA 3a Tafeme. Kora Temneparypara ke ja HaIMUHE IPETXOJHO eHHA-
paHaTa TOpHa I'paHHuIla, MUKPOKOHTPOJIEpOT ro aktuBupa DC-MoTopoT 3a Aa ja n3naau npocropujara. Kora temnepa-
TypaTa Ke ce HaMaJli 1101 JOJIHaTa IPaHMIIa, MOTOPOT Ce HCKIIydyBa 3a Jia ce 3aIlTean eHepruja. JlpajsepoT 3a MOTOPOT
0BO3MOXXYyBa 0e30e1HO0 1 eUKacHO paboTemhe Ha MOTOPOT, OCUTYPYBajKH KOMITATUOMITHOCT CO MUKPOKOHTPOJIEPOT.
OBOj €HOCTaBEH CHCTEM HyJAH JOCTAIlHO U eKOHOMHYHO PEIICHUE 3a PEeryjnparme Ha TeMIlepaTypaTa BO Majld Mpo-
CTOPUH, IEMOHCTPUPAjKH MPaKTUYHA IPUMEHA HAa OCHOBHA €JIEKTPOHUKA M IPOrPaMHUpame HA MUKPOKOHTPOJIEPH.

Kayunn 36oposu: DHT11; remneparypa; BIaXHOCT; peryanuja Ha coOHa Temneparypa; PID koHTpona

1. INTRODUCTION

Temperature and humidity sensors are key
components in engineering systems that require pre-
cise monitoring of environmental conditions. These
sensors measure temperature and relative humidity,
providing real-time data through continuous moni-
toring, and they are essential for maintaining con-
trolled conditions in applications such as HVAC

systems, industrial machinery, and agricultural
equipment. These sensors are indispensable for op-
timizing thermal management, ensuring equipment
reliability, and improving energy efficiency. Ad-
vances in sensor technology have resulted in com-
pact, precise, and durable designs that can be easily
integrated into mechanical systems.

Temperature sensors work by detecting
changes in physical properties such as resistance,
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voltage, or current, which vary with temperature.
These changes are then converted into electrical sig-
nals, which can be measured and interpreted to de-
termine the temperature. Temperature sensors are
classified into contact and non-contact measuring
systems. Most instrumentation systems use contact-
based measurement. Contact temperature measure-
ment involves conducting heat from the surface of
the object to the sensor. A portion of the body's ther-
mal radiation is absorbed by the sensor and con-
verted into a useful signal. Heat transfer from the
centre of the sensor, which causes it to heat up, can
lead to inevitable measurement errors. Non-contact
temperature measurement systems are based on the
principles of radiation thermometry, which has re-
cently been used in medicine. The advantage of
non-contact temperature measurement is that there
is no heat absorption from the body or surface being
measured. Various types of thermometers com-
monly used include mechanical, electrical, semi-
conductor devices, and thermal sensors [1].

In smart temperature sensor systems and mi-
crosystems (MEMS), integrated sensors are often
used, combining sensing elements with the interface
electronics required for communication, for exam-
ple, with microcontrollers. The most common tem-
perature sensing elements include transistors, ther-
mocouples, and thermopiles, as these elements can
be implemented using IC technology [2].

A humidity sensor works by detecting changes
in the physical properties of a material when ex-
posed to moisture in the air. These sensors are typi-
cally based on two main principles: resistance and
capacitance. In resistive humidity sensors, the elec-
trical resistance of a hygroscopic material changes
as it absorbs moisture, and this change in resistance
is directly related to relative humidity. A capacitive
humidity sensor operates by measuring the change
in capacitance of the sensor material when there is a
change in ambient humidity. The sensor material is
usually a dielectric material that absorbs water
vapor from the air, altering its electrical properties.
Capacitive sensors often use plastic or polymer as
the dielectric material.

2. LITERATURE REVIEW

Traditional temperature measurement instru-
ments are difficult to carry, expensive, and have
limitations in monitoring specific locations (such as
wounds or tumor ablation sites). Patient movement
can also lead to inaccurate measurements. To ad-
dress these issues, wearable, flexible, thin, and

sensitive temperature sensors have become a re-
search focus. The flexible temperature sensors use
various materials. Common flexible substrates in-
clude polydimethylsiloxane (PDMS), polyimide
(PI), polyurethane (PU), polyethylene terephthalate
(PET), polyvinyl alcohol (PVA), polyvinyl butyral
(PVB), paper, and silicone rubber. For better skin
compatibility, biodegradable materials such as
pectin, cotton, silk, and other cellulose-based mate-
rials are used. Heat-sensitive active materials in-
clude various carbon-based materials such as
graphite (Gr) and graphene. Metallic materials like
gold (Au), silver (Ag), copper (Cu), platinum (Pt),
nickel (Ni), and aluminum (Al) are used for elec-
trodes and wiring. Metal oxides such as vanadium
dioxide (VO.) and nickel oxide (NiO) are also im-
portant active materials. Polymers also serve as
thermally sensitive materials, with hydrogels and
carbon nanotubes increasing temperature sensitiv-
ity. Research has led to the development of flexible
temperature sensors that can accurately monitor
skin temperature, detect dehydration and heat stroke,
and track wound healing progress. These sensors are
integrated into fabrics, threads, and bandages, offer-
ing wireless data transmission capabilities. Results
show that flexible temperature sensors can provide
precise temperature monitoring [3].

The core material of a humidity sensor is its
moisture-sensitive material. When the moisture-
sensitive material interacts with humidity (through
chemical action, biological action, or physical ad-
sorption), its quality, thickness, and optical, me-
chanical, and electrochemical characteristics change,
altering the impedance between detection elec-
trodes. In this way, humidity information can be
obtained by detecting the output signal of the
impedance. Graphene is a new type of carbon
material with a flexible, two-dimensional structure.
Due to its excellent lattice stability and mechanical
flexibility, graphene-based materials can be used in
flexible humidity sensors. Since graphene oxide
(GO) and reduced graphene oxide (rGO) are rich in
oxygen-containing functional groups and have a
large specific surface area for molecular adsorption,
they have great potential for widespread application
in flexible humidity sensors. With their high
sensitivity, excellent flexibility, good elasticity, and
stability, graphene-based flexible humidity sensors
have significant potential for applications, including
personal health monitoring. They can be placed on
the human body or clothing to detect signals from
human activity and obtain various physiological
information. Graphene-based flexible humidity sen-
sors can be classified into four categories: monitor-
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ing human respiration, monitoring skin humidity,
detecting sweat, and detecting environmental hu-
midity [4].

A sensor that combines both temperature and
humidity measurements is the DHT11. The DHT11
temperature and humidity sensor can be used for au-
tomatic room temperature control using Arduino.
The user sets the minimum and maximum reference
temperature range via a keypad. The DHT11 sensor
measures the room's ambient temperature and pro-
vides the result in degrees Celsius. The reference
and measured values are displayed on an LCD. The
Arduino microcontroller, as the system’s processing
unit, receives the measured data from the sensor and
compares it with the set value. The results are as fol-
lows:

—  When the measured room temperature is lower
than the minimum set value, the microcontrol-
ler activates the heating system.

Microcontroller

Power and data cable for
microcontroller-computer
connection

L298N motor driver |

' 4 P,

y

— If the measured room temperature is higher
than the maximum set value, the fan is acti-
vated.

— The fan speed is controlled via Pulse Width
Modulation (PWM), depending on the differ-
ence between the sensor's measurement and
the maximum set value. The greater the tem-
perature difference, the higher the fan’s duty
cycle and speed.

— Finally, if the measured room temperature is
within the set range, all devices remain off [5].

3. SENSOR ANALYSIS METHODOLOGY

3.1. Conceptual analysis of the measurement
system using the DHT1 1 sensor

Our measurement system consists of several
key components working together to monitor and
control the room's temperature as shown in Figure
1.

|DHT11 temperature and
humidity sensor

Cables for 5V power
supply to the driver

A\

Fig. 1. All physical components illustrating the connection between them
1. Microcontroller — The central control unit, responsible for processing the DHT11 sensor data and controlling the DC motor.
2. DHT11 sensor — Measures ambient temperature and humidity, providing real-time data for temperature adjustment.
3. DC motor — Acts as a cooling unit or ventilation device. 4. Motor driver (L298N) — Ensures safe and efficient motor
operation, as microcontrollers cannot directly supply the required voltage and current. 5. Power supply — Provides 5V power
to the motor driver and other components.
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The system operates as follows: The DHT11
sensor continuously monitors the temperature and
humidity in the room, sending the data to the micro-
controller, which uses PID control to continuously
regulate the number of rotations to maintain 30 de-
grees Celsius in the room. The microcontroller gen-
erates a PWM signal and sends it to the driver,
which controls the motor.

[ Read temperature

and humidity from
DHT11

l

Calculate error:
Error= 30°C-current

temperature

'

|
|
=
|

PWM

l

Send PWM to
driver to control

motor speed
NO YES
Continue Maintain
loop current PWM

Fig. 2. Flowchart for fan speed control

The DHT11 sensor is used for measuring air
temperature and humidity. This sensor is designed
for applications with low power consumption, high
stability, and compatibility with [oT-based systems.
The DHT11 has a measurement accuracy of £1°C

for temperature and +5% for relative humidity,
making it an ideal choice for real-time environmen-
tal monitoring applications [6]. The DHT11 sensor
measures humidity and temperature using a capaci-
tive humidity sensor and a thermistor. The capaci-
tive sensor detects changes in humidity by measur-
ing the change in capacitance caused by moisture in
the air. This change is converted into a digital sig-
nal. The thermistor changes its resistance based on
temperature; the sensor reads this resistance and
converts it into a temperature value. The sensor
communicates with the microcontroller using a spe-
cific protocol, sending a total of 40 bits of data,
which include humidity and temperature measure-
ments along with a checksum for error detection.
For example, the first 16 bits represent humidity, the
next 16 bits represent temperature, and the last 8 bits
serve as a verification check to ensure data integrity.
Changes in resistance (for temperature) and capaci-
tance (for humidity) are initially analog signals, but
the DHT11 has a built-in microcontroller that con-
verts these analog signals into digital data. The
ADC process involves sampling the signals at regu-
lar intervals, then quantizing them into discrete val-
ues representing temperature and humidity levels.
Once the microcontroller converts the analog data
into digital values, it formats the data into a stand-
ardized output (usually a series of binary numbers)
representing both temperature and humidity. The
microcontroller reads the pulse widths of the signal
sent by the DHT11, processes them to extract the
temperature and humidity values, and converts
these numbers into a readable format (e.g., Celsius
for temperature and percentage for humidity).

3.2 Analysis of sensor performance parameters

Main static and dynamic characteristics of the
sensor:

Humidity range: 20% to 90% RH
Temperature range: 0°C to 60°C
Humidity accuracy: £5% RH
Temperature accuracy: +£2°C

Resolution: 8-bit for both humidity and tem-
perature.

Sampling frequency: 1Hz
Power supply: 3.3V to 5.5V

Current consumption: 0.5 to 2.5 mA during
operation, 100 to 150 pA in standby mode [7].

Response time: A few seconds for tempera-
ture, 5-30 seconds for humidity changes.
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While the DHT11 performs well under typical
weather conditions within its specifications, ex-
treme environments such as condensation or lack of
protection can degrade its accuracy and lifespan.
For better performance in specific weather condi-
tions, more durable sensors such as the DHT22 or
BME280 can be used. These sensors offer a wider
range and higher accuracy, and the BME280 also
has a higher sampling frequency.

3.3. Sensor applications

The main applications of the DHT11 include
agriculture (monitoring environmental conditions
for optimal crop growth), pharmaceuticals (ensur-
ing proper storage conditions for medications), bio-
medical applications (maintaining controlled envi-
ronments for patient care and laboratory experi-
ments), home automation (smart home climate con-
trol systems), and meteorological stations (collect-
ing data for weather studies) [8].

4. RESULTS

The system was tested by setting up the
hardware components and using the Arduino IDE to
execute the instructions, along with MATLAB to
display real-time graphs of the temperature (°C),
humidity (%), and motor speed (RPM). When
power is supplied to the system, the sensor begins
measuring temperature and humidity. PID control is
implemented in the microcontroller to regulate the
fan speed and maintain a stable temperature.

It continuously compares the measured tempe-
rature to the desired setpoint (30°C) and calculates
a control signal based on the error. The control
signal determines the duty cycle of a PWM signal,
which is then sent to the motor driver to adjust the
fan speed.

The PID controller calculates the control out-
put using three terms:

— Proportional (P): Reacts to the current error
by applying an immediate correction.

— Integral (I): Accumulates past errors to elim-
inate steady-state deviations.

— Derivative (D): Predicts future errors and re-
duces sudden fluctuations.

The control signal is determined using the fol-
lowing formula:

Maw. unoc. nayu. ciiuc. 43 (1), 59-65 (2025)

t de(t)
u(t) = Kpe(t) + Kif e(t) dt + K, It
0

where:
K, is the proportional gain,
K; is the integral gain,
K is the derivative gain,
e(t) is the error.

This feedback control ensures that the system
dynamically adjusts the fan speed to maintain the set
temperature with minimal deviation.

For the purpose of visual representation of the
collected data, three separate graphs for the
humidity, temperature and RPM (revolutions per
minute), are extracted as shown in Figure 3.
Furthermore, based on the PID feedback control, it
is conluded that the ouput(RPM) curve follows
almost the same curve of the input (temperature).
This gives us the opportunity to make certain post-
processing calculations that allow us to dive deeper
in understanding the meaning of the curves in the
graphs themselves.

Table 1 represents the dots from Figure 4.

As shown in Figure 5 the orange line repre-
sents the behavior of the system: the ratio between
RPM values and temperature values. The dotted
black line is a linear trendline fitted to the orange
line’s data to give a simplified model of the
relationship. The trendline is given as:

RPM = 138.98-temperature — 934.36

The equation is in the form of a straight line
y = kx + b where y is RPM (dependent variable),
x is the temperature, k is the slope and b is the y-
intercept. From the trendline we can conclude that
for each 1°C increase, the RPM increases by 138.98
on average since the slope has a value of 138.98.
This shows a positive, strong correlation between
the temperature and motor speed. The y-intercept
has a value of —-934.36 and it is important for defin-
ing the full line equation.

The trendline serves as a mathematical simpli-
fication of how the system behaves. In our case, it
gives the ability to easily predict and estimate the
RPM values for any given temperature within or
slightly outside the range, which can help in con-
trolling the system.
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Table 1
The dots from Figure 4
A B C D E F G H 1 J
Humidity (%) 29 14 16 14 13 11 14 16 18 20
Tepmperature (°C) 33 41.54 449 422 40.05 38.1 36.1 345 332 32.7
RPM 4000 4790 5400 4980 4500 4400 4110 3810 3600 3420
Ratio
RPM/Temperature 121.21 115.42 120.27 118.01 111.1 11549 113,86 11043 108.43 104.59
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Fig. 5. Effect of temperature on motor speed (RPM) with linear trendline

5. CONCLUSION

The room temperature control system devel-
oped in this project successfully demonstrates how
a simple combination of a microcontroller, a
DHT11 sensor, a DC motor, and a motor driver can
be effectively used to regulate ambient temperature.
The system achieved its primary goal of maintain-
ing the desired temperature by monitoring real-time
temperature data and activating the motor when
necessary. The project showcased the functionality
of the motor driver, which safely amplifies the con-
trol signals from the microcontroller to power the
motor, while the use of a PWM signal enabled a
simple and efficient method for motor control. This
system is energy-efficient, as the motor operates
only when necessary, reducing power consumption
and extending the motor’s lifespan. Additionally, it
is cost-effective and easy to implement, making it
suitable for small rooms or environments where
basic temperature regulation is required.
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Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that the image used in each figure is clear and
all text labels in each figure are legible.

Fig. 3. Example of an image as it will appear at the electronic version of the Journal and a multi-line caption
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