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Signal generators play an important role in designing and testing circuits. These devices
can supply various commonly used waveforms and can be designed using analog,
digital, and Direct Digital Synthesis methods. Signal generators often have a low
current output. In this paper, it is shown that a signal generator can be made using a
cheap microcontroller board such as the Arduino Nano Klon V3.0 microcontroller. A
power opamp TDA2030 is used to increase its output current. The signal generator can
be operated up to 500 Hz Also, the signal generator can give an output current of up to
3 Amperes which is significantly higher than the ones sold in the market. The signal
generator can be programmed to supply various common waveforms as well as any

desired waveform considering its frequency limit.

Yiiksek Cikis Akimina Sahip Mikrodenetleyici Tabanh Sinyal Jeneratorii

Makale Bilgileri 0Oz

Makale Tarihgesi: Sinyal iiretecleri devrelerin tasariminda ve test edilmesinde oOnemli bir rol
Gelis: oynamaktadir. Bu cihazlar yaygin olarak kullanilan ¢esitli dalga formlarim
13 Aralik 2023 saglayabilirler ve analog, sayisal ve dogrudan sayisal sentezleme yontemleri ile
Kab_UI: tasarlanabilirler. Sinyal iiretegleri siklikla diisiik akim ¢ikigina sahiptir. Bu makalede,
5 Nisan 2024

Anahtar Kelimeler:

Mikrodenetleyici
tabanli devre
tasarimi;

Laboratuvar tasarimi;
Sinyal iiretimi;

Dogrudan Sayisal
Sentezleme.

Arduino Nano Klon V3.0 mikrodenetleyici gibi ucuz bir mikrodenetleyici karti
kullanilarak bir sinyal iiretecinin yapilabilecegi gosterilmistir. Bu Sinyal iiretecinin
¢ikis akimini artirmak i¢in bir glic opamp1 olan TDA2030 kullanilmustir. Sinyal iireteci
500 Hz’e kadar calistirilabilmektedir. Ayrica, bu sinyal {ireteci, piyasada satilanlardan
¢ok daha yiiksek olan 3 Amper’e kadar ¢ikis akimi verebilmektedir. Sinyal iireteci,
frekans limiti géz onilinde bulundurularak ¢esitli yaygin dalga bigimlerinin yani sira

istenen herhangi bir dalga seklini saglamak iizere programlanabilir.
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1. Introduction

Signal generators are important devices, which should
be found in all electronics laboratories (Abdullah,
Muhammed, Al-Helali, 2008, Electronic Signal
Generators, 2023). They can be designed using analog
or digital circuits (Schubert and Kim 2016, Boylestad
and Nashelsky 2018). Nowadays, the Direct Digital
Synthesis (DDS) Method is also commonly used to
design signal generators. A digital waveform generator
is presented in (Shoucheng, Aimin, and Xinke 2012). A
memristor-based chaotic signal generator is made in
(Arik and Kilig 2014). An FPGA is used to make a Van
der Pol-based chaotic signal generator in (Dursun and
Kasifoglu 2018). In (Ding, An, and Gou 2012), an
FPGA is used to make a digital signal generator.
FPGAs are more expensive than microcontrollers. In
(Gontean, Lucaciu, and Dan 2003), an SDA6000
microcontroller-based TV signhal generator that can
provide TV test signals is made. In (Bilgin, User, and
Oktay 2016), a microcontroller-based Programmable
At89s52

signals and

Signal Generator is made with an

microcontroller providing common
controlled by a keypad. In (Mandaliya, Mankodi, and
Makwana 2013), a PIC microcontroller is used to
obtain square, sinus, and triangle waves with the DDS
method. In (Castro, Olmo, Pérez, and Ytfera 2016), a
sinusoidal voltage wave generator, which is based on
the use of microprocessor digital signals with
programmable duty cycles with application to real-time
Electrical Cell-substrate Impedance Spectroscopy
(ECIS) samples, is proposed. In (Hu 2014), having
SCM STCB89C52 and MAX038 integrated circuits and
with a few peripheral devices, a function signal
generator, that generates sine, square, and triangular
wave signals, has been designed with adjustable
frequency and amplitude. Therein, the MAXO038
function generator generates the desired waveform,
which then is input into the LM6361wideband voltage
amplifier and a power amplifier as output. The DDS

method is also used to design ECG, EEG, chaotic signal

generators, and neuron emulators successfully (Yener,
Barbaros, Mutlu, and Karakulak 2017, Usta, Tepeyurt,
and Karakulak 2021). Microcontroller-based chaotic
signal generators can be done due to the
microcontroller’s computing abilities and sufficiently
high clock frequency. In (Yener, Barbaros, Mutlu, and
Karakulak 2017), a memristive chaotic circuit is
implemented using Arduino. In (Yener and Mutlu
2018), an ECG signal generator is made using the
PWM output of the ARM microcontroller and
experimental data. An H-R neuron model is
implemented with a microcontroller to obtain its
waveforms in (Yener and Mutlu 2019). A chaotic
waveform source that is based on Lorenz Equations is
made to obtain Lorenz variables as the outputs with a
microcontroller (Yener, Mutlu, and Karakulak 2020).
A hyperjerk system is emulated with a microcontroller
(Karthikeyan, Cigek, Pham, Akgiil, and Duraisamy
2020). The famous Lotka-Volterra Equations are
examined with a microcontroller-based signal
generator in (Karakulak, Tan, and Mutlu 2021). A
microcontroller-based synthetic ECG waveform
generator is made in (Usta, Tepeyurt, and Karakulak
2021). An EEG Signal Generator Using Both the
internal DAC and PWM Outputs of a microcontroller
is made in (Karakulak 2022). An oscillator’s output
current is usually not very high, just in the order of
milliamps [1, 3]. High-power signal generators can be
designed using power electronics (Mohan, Undeland,
and Robbins 2003). Power electronics design may
require more time and it is more complex due to the
power component devices and drivers (Cinar and
Arseven 2021). Intermediate load powers or currents
can be supplied with a power amplifier if the load
requires it (Boylestad and Nashelsky 2018). The
voltage requirement of the device in the study given in
(Karakulak and Mutlu 2020) has been supplied with a
power amplifier due to a voltage requirement that
cannot be provided by an ordinary opamp. Such an

opamp can also provide a current of 4 Amps. In this
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study, it has been shown that a microcontroller-based
signal generator (MBSG) with high current output can
be made using a cheap microcontroller such as Arduino
Nano Klon V3.0 and a Digital Analog Converter, and a
power opamp TDA2030. The TDA2030 provides a
cheap solution for the high current need. It can supply
a current of up to 3 Amperes which is a lot higher than
currents in the order of milliamperes common opamps
can deliver. Accordingly, due to the high current
output, the designed signal generator can provide a high

current that the traditional signal generators cannot.

In this study, first, the signal waveform equations are
derived, and then, the system’s hardware and software
are briefly explained. The signal generator’s operation

is verified with experiments.

The paper is arranged as follows. In the second section,
it is explained how the waveforms are produced in the
MBSG. In the third section, the MBSG topology is
introduced. In the fourth section, the flowchart of the
MBSG program is explained. In the fifth section, the
experimental results of the circuit are given. The paper

is finished with the conclusion section.
2. Waveform Production

In this section, it is described how to produce the

waveforms.
2.1. Waveform Formulas in Continuous Time

The desired waveform equations are given in this
section. Such equations can be found in related books
such as (Oppenheim and Verghese 2017). A sinusoidal

voltage can be expressed as
v(t) = Vsin(wt) 1)

where t is time, ®=2n/T is the angular frequency, T is
the electrical period, and Vy, is the maximum value of

the sinusoidal voltage.

A triangular waveform can be given as

3
—4"’”(;‘” Dy 0<t<T/2
Vo= G +V, T/2<t<T @
T m

where T is the electrical period and Vr, is the maximum

value of the triangular wave voltage.

A square waveform can be given as

v ={ %
,

where T is the electrical period and V, is the maximum

0<t<T/2

JT/2<t<T ©)

value of the square wave voltage.
A Clock Pulse signal waveform can be given as

V, ,0<t<T,

4)
0 ,T/2<t<T

v(t) = {
where T, and V,, are the length and peak value of the
Clock pulse voltage, respectively.

Using the duty ratio D, the length of the pulse is

calculated as
T, = DT (5)

A sawtooth signal waveform with a rising slope can be

given as

2Vpt v

v[n]={T » 0< t<T (6)

where V, is the maximum value of the sawtooth

voltage.
All the waveforms are periodic, i.e.

v(t)=v(t+T) (7

2.2. Waveform Formulas in Discrete Time

The signal waveforms are discretized in this section. A

sinusoidal voltage in discrete time can be expressed as
v[n] =V, sin(nwnT,) (8)

where v[n] is the nth discrete time value of the signal
voltage, n is sample time, w is the angular frequency,

and Vp, is the maximum value of the sinusoidal voltage.

A triangular waveform can be given as
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v[n] =
%ﬂ%ﬂ@+vw 0<n< N/2
4Vm(nTs_§) N (9)
——F*+Vm S;+t1<ns<N

where N=T/T is the electrical period in discrete time
and Vp, is the maximum value of the triangular wave

voltage.
A square waveform can be given as

0<n< N/2
§+15t5N

Vy,

I (10)

v[n] = {

pl
where T is the electrical period and V, is the maximum

value of the square wave voltage.
A Clock Pulse signal waveform can be given as

v, 0<n<N,

(11)
0 ,N/2+1<t<N

v[n] = {

where N, is the length of the pulse in discrete time.

A sawtooth signal waveform with a rising slope can be

given as

v[n] = {2V,t/T-V, 0< n<N (12)

where V, is the maximum value of the sawtooth wave

voltage.

In discrete time domain, the periodicity condition is

given as.

v[n] = v[n+ N] (13)

Due to the periodicity condition, the value of the
desired voltage is calculated at the discrete times for a
period and using a loop and/or a lookup table, the

voltage values in the following periods are calculated.
3. Microcontroller-Based Signal Generator

The Proteus schematic of the MBSG circuit is shown in
Figure 1. It consists of the Arduino Nano Klon V3.0
microcontroller, and a DAC, and the power opamp
TDA2030. The microcontroller executes the lookup
tables obtained using the method given in the previous
reads the desired

section. The microcontroller

magnitude and frequency waveform, calculates the
scaling factor, and sends the look-up table value
through the digital ports to the DAC. At the output of
the DAC, the desired waveform is obtained and
amplified with the TDA2030. The signal at the output
can be approximated as

Vour(t) = v[n][u(t — (n + DT,) — u(t — nTy)]
(14)

where u[n] is the unit step function.
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4. The Circuit’s Program

in C. The

algorithm of the microcontroller program is given as

The microcontroller is programmed
the flowchart shown in Figure 2. The program takes the
inputs such as which waveform is chosen. Then, the
program starts calculating the discrete values of the
desired waveform in a loop and keeps doing it until
another waveform is chosen. When n equals N, n is

reset to zero at the beginning of a new period. The
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parameters required for the waveforms are adjusted by

reading the ADC voltages.

definitien of initial
values and signal
amay

Galaulate ayale tme (13)
=0, I<antayLangthi++
The wavefor—-IUe
Is sinus.

False

True
The wavefor
Is triangular
True
he wavefor
Is squara

Falze

Read Vm from AD and
frequency from A1
as analog value

salsulate signall]
formula number (8]

caloulate signall]
tormula number (9]

Galculate signai]
formula numoer [10]

i ihe signal or signal-
button is pressed

change
‘waveform

ealeulate signalfi]
formula number [11]

fihe startbution
button is pressed

calculate signall],
formula number [12]

False

Figure 2. Flowchart of the VDPO Oscillator Program

5. Experimental Results of The Signal Generator

In this section, the experimental results of the MBSG
circuit are given. The circuit whose photo is shown in
Figure 3 has been assembled on a protoboard. The
experimental voltage waveforms (v,,; (t)) are acquired
by a GW Instek GDS-1052-U 50 MHz digital
oscilloscope. The experimental time domain
waveforms are acquired in the periodic steady state and
shown in Figures 4 and 5. The MBSG is able to produce
all the waveforms up to 500 Hz and performs well. The
effect of quantization on the waveforms can be seen in
Figure 4. Increasing the DAC resolutions would result
in decreasing the effect of quantization. At low
frequencies of the output waveforms, the
microcontroller can calculate more steps for the desired

waveform in a period as can be seen in Figure 5. This

results in smoother waveforms at lower frequencies

than the ones in Figure 4.

Frequency

Arduino - jitnde ( Stary
ano wav$

(b)

Figure 3. a) A photograph of the implemented circuit
and b) The photograph taken during the mesurement

of a sinusoidal signal for V»,=2.5 Volt and f=50 Hz.
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Figure 4. Experimental signal waveforms of
microcontroller-based signal oscillator measured with
an oscilloscope: a) a sinusoidal signal for Vn=2.5 Volt
and =499 Hz, b) a clock pulse signal for Vp=2.5 Volt

and =470 Hz, and c) a triangular waveform for
Vn=2.5 Volt and =484 Hz.
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Figure 5. Experimental signal waveforms of
microcontroller-based signal oscillator measured with
an oscilloscope: a) a sinusoidal signal for Vy=2.5 Volt
and f=50 Hz, and b) a sawtooth waveform for V,=2.5

Volt and =51 Hz.

5. Discussions

In the study, it has been seen that the resolution of the
output voltage waveforms must be increased and this
can be done using a DAC with a higher number of bits.
The designed signal generator lacks an output filter and
using a low-pass analog filter may help to reduce the
resolution error and provide a low distorted output
voltage waveform. The operation frequency of the
designed signal generator was lower than that of the
ones given in the introduction section. However, the
output current of the designed signal generator is higher

than that of the others reviewed in the introduction
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section. The code of the designed signal generator can
be optimized to increase its output frequency. If it is
not enough, another microcontroller with a higher
operation frequency can be used. Even in its current,
the signal generator can be used for research and

education purposes.
6. Conclusions

In this paper, a microcontroller-based high-current
signal generator is designed. In this work, a cheap,
rugged, easy-to-use microcontroller Arduino Nano
Klon V3.0 microcontroller is preferred for this purpose.
The device can supply a current of up to 3 Amperes
because of having a power opamp while so many other
signal generators can give a current less than 50
milliamperes. The signal generator has also its
limitations defined by its electronic components. Its
output current can be increased by using the power
opamps in parallel if it is necessary. It can produce
various waveforms. The experimental results have
verified that the circuit performs well and produces
waveforms with low distortion. Using a more advanced
ARM

Microcontrollers, the signal generator that operates at

high-speed  microcontroller ~ such  as
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1. Introduction

The cable insulations age when exposed to heavy

thermal, electrical, environmental, chemical, and
mechanical stresses (Thue, 2017, Dang et al., 1996,
Shwehdi et al., 2003). Reviews of electrical insulation
aging models can be found in the literature (Dang et al.,
1996, Choudhary et al., 2022). Insulators of outdoor
power cables are exposed to sunlight, ultraviolet, (UV)
light, and humidity and that’s why the power cables
used outdoors age quickly (Arora et al., 2004, Karhan
M., 2021, ilhan et al., 2004). UV test chambers are
commonly made to examine their mechanical and
electrical behaviors (Zhu et al., 2023). Xenon light test
chambers are expensive but they can emulate sunlight
and UV exposure very well, and that’s why they are
commonly used in aging experiments (Hedir et al.
2016). In this test, a UV chamber, which was
illuminated artificially with a Xenon light lamp (Liu et
al., 2021, Pandey, 2008), is used to age the insulators
for a predetermined amount of duration described with
standards such as IEEE 1580:2021 and UL 2556 (IEEE
1580-2021, 2021, UL 2556, 2021). The aged insulator
pieces are cut as dump bells, they are aged in the
chamber, and, then, their electrical and mechanical
strength is tested (Hedir et al., 2020, Alghamdi et al.,
2020, Shwehdi et al., 2003). Elongation at break is one
of the commonly made mechanical tests (Alghamdi et
al., 2020, Tan et al, 2023). Exposure to sunlight or such
an artificial lamp also causes the insulator to change its
color (Amin et al., 2011). A gray scale is used to
determine the unaged and aged insulators’ colors.
Thermoplastic polyolefin (TPO) insulation is used in
low-voltage power cables (Amin et al., 2011, Ismail et
al., 2018). The
photodegradation has been reported (Guillet, 1980).

mechanism  of  polyolefin
Geussens (2021) has provided a review on it.
Degradation studies of polyolefins incorporating
transparent nanoparticulate zinc oxide UV stabilizers
were conducted by (Ammala et al., 2002). The

reactions causing degradation during weathering and
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photo-oxidation of polyolefins are reviewed
comprehensively (Grause et al., 2020). To the best of
our knowledge, there are not any studies examining the
time-dependent relationship between color change and
the mechanical strength of TPO material. This study
aims to determine whether the color change implies the
mechanical strength of the aged TPO material or not.
For this purpose, thermoplastic polyolefin dump-bell
pieces are aged in a Q-SUN Xenon light test chamber
for three different test durations determined according
to UL 2556 (IEEE 1580-2021, 2021), the tensile
strength and Elongation at Break values of the unaged
and the aged TPO samples are measured as described
in UL 2556 (UL 2556, 2021), and their colors are

defined using a gray scale tool (Bide, 2010).

2. Material and Method
2.1 UV Ageing Test of the Thermoplastic Polyolefin

The explanation of the experimental procedure of the
Ultra Violet test is presented in IEEE 1580:2021 (IEEE
1580-2021, 2021). The flowchart of the test process is
presented in Figure 1. The endpoint of the test
properties for Thermoplastic polyolefin material is
selected as 80 % Elongation at break and Tensile
strength in this study whose monitoring is made
according to the standard IEEE 1580:2021 (IEEE 1580-
2021, 2021).
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Figure 1. The flowchart of the UV aging experiment

The exposure durations are selected according to
standard IEEE 1580-2021 (IEEE 1580:2021, 2021).

12]. Dumb-bell test pieces are prepared with
dimensions according to Standard IEC 60811-501 as
seen in Figure 2 (IEC 60811-501, 2011).

<
&
:[N
o
s

-_
<)
12,5

s

1 |_ 25 _| 12,5

Figure 2. Dimensions of the Dumb-bell test pieces
prepared according to Standard IEC 60811-501 (IEC
60811-501, 2011).

2.2. Experimental Results
Thermoplastic polyolefin used in the experiments is
made with raw material produced by Avient. The

thermoplastic polyolefin dumb-bell pieces are cut with

a tensile testing machine and are shown in the

photograph given in Figure 3. A total of 28 dumbbell
samples were used in the experiments. The Q-SUN
Xenon light test chamber used in the tests can be seen
in Figure 4 (Q-SUN Xenon light test chamber). The
dumb-bell pieces are placed in the Q-SUN Xenon light

test chamber as shown in Figure 5.

Figure 3. The thermoplastic polyolefin dumb-bell
pieces prepared.

Figure 4. The Q-SUN Xenon light test chamber used
for the UV aging test.

Figure 5. The thermoplastic polyolefin dumb-bell test
pieces placement in the Q-SUN Xenon light test
chamber.

The prepared samples or dumb-bell pieces should be
tested for the specified time in the Xenon-arc test
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chambers, providing that the pH of the water is between
4.5-8.0 and surfaces exposed to the light source should
not be polished, stripped, or planed. Impression marks
should be applied after conditioning. For comparison
purposes, the unaged samples are also prepared in the
same manner. Each cycle of the Xenon-Arc apparatus
consists of 102 minutes of lighting and 18 minutes of
lighting besides water spraying. The samples should be
properly mounted in the Xenon-arc apparatus
according to the manufacturer's instructions. Following
the exposure, the samples are maintained in the testing
apparatus and stagnant air under ambient room
temperature conditions for not less than 16 hours and
not more than 96 hours at atmospheric pressure. The
dumbbell samples were tested in a UV tester according
to UL2556 standard with reference to ASTM G155
Cycle 1 method (ASTM G155, 2021). After the UV
exposure, a photograph of the aged pieces is shown in
Figure 6. In general, it has been observed in UV
experiments that the strength of the material increases
and elongation decreases at the same temperature and
after an aging time defined in the standard. This is the
case for HFFR (Halogen Free, Flame Retardant)

materials.

M. Yurtsever, A. Oztas, R. Mutlu
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(b)
Figure 6. The Dumb-bell Test Pieces a) Before UV
Aging Test and b) After a 720 h UV Aging Test

The elongation at break and Tensile strength tests were
performed according to international standard 1EC
60811-501. A Zwick/Roell Z010 10kN ProLine
machine is used for this purpose. and a photo taken
during an elongation at break test is shown in Figure 7.
A photograph taken during the evaluation of the test
results of the broken thermoplastic polyolefin pieces is
shown in Figure 8. The average value of the
measurement  results  obtained  from  each
experiment is used to evaluate the experimental results.
The average values of the elongation at break and the
tensile strength obtained with the UV exposure test and

the UV exposure times are presented in Table 1.

Figure 7. The elongation at break test with a
Zwick/Roell 2010 10kN ProLine 739384.
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349,000,

Figure 8. The screen of the Zwick/Roell machine
interface program showing the test results of the
thermoplastic polyolefin dumb-bell pieces after the

tensile strength test.

The tool known as gray scale is based on 5 major and 4
intermediate step gradations and is used to visually
evaluate and compare the color loss of a sample. The
rating consists of matches of gray swatches, from 5 best
to 1 poorest. Each pairing shows the difference in shade
between a tested sample and a control sample
corresponding to a numbered rating. The gray scale tool
shown in Figure 9 is used to evaluate the colors of the
test pieces. The color of the samples after being tested
in the UV chamber for 240, 480, and 720 hours can be

seen in Figure 10. The color of the material has varied

(@) (b)

from dark gray to light gray. The assessed color codes

can be found in Table 1.

Figure 9. The gray scale tool used in this study.

Table 1. Test Results

Test
Duration
or
Exposure
Time
(h)
Tensile
Strength
(N/mm?2)
Elongation
at Break
(%)
Grayscale
color code

0 240 480 720

11.47 11.69 12.52 15.35

204.25 183.85 162.38 165.76

5 4/5 4 3/4

(©) (d)

Figure 10. Appearance changes of the dumb-bell test pieces with a UV exposure time of a) 0 h (unaged), b) 240

h, ¢) 480 h, and d) 720 h.

3. Results and Discussion

The elongation at break and Tensile strength values of
the samples are shown in Figure 11. The elongation at
break has decreased by %18,84 and the tensile strength
has only increased by %33,83 after the UV exposure.
This indicates that UV exposure increases the tensile
strength and the color change does not always indicate
the mechanical loss.

strength Considering the

experimental exposure times, the tensile strength
increases monotonously. However, the elongation at
break with respect to exposure time decreases first and
starts increasing again. It is found that the elongation at
break as a function of exposure time can be expressed

as the following cubic polynomial:
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€= astd + ayt3 + a1t + a, 1)
where € isthe elongation at break and t is the exposure
time.

The parameters of the polynomial of the curve fitted
elongation at break are found as a;, = —0.046771,
a, —0.00023429, a3 = 3.125e — 07,

204.25. Norm of residuals of the elongation at break

and aq, =

function is pretty low and equal to 1.3024e-13.

The tensile strength as a function of exposure time can
be expressed as the following cubic polynomial:

M. Yurtsever, A. 0ztas, R. Mutlu
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o = pat® +p,t3 +pit +p 2)

where o is the tensile strength.

The parameters of the polynomial of the curve fitted
tensile strength are calculated as p; = 0.0015764,
p, = —6.7708e — 06, p; = 1.6758e — 08, and p, =
11.47. Norm of residuals of the tensile strength

function is pretty low and equal to 8.1403e-15.
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Figure 11. Effect of Accelerated ageing on a) Elongation at break and b) Tensile strength of the Thermoplastic

Polyolefin Insulator pieces prepared.

4. Conclusion

UV radiation can induce color changes on the surface
or within polymers, and its impact on mechanical
strength has been explored in the literature (Harris, R.
M., 1999). Some studies indicate that prolonged UV

exposure can adversely affect mechanical properties,
leading to reductions in tensile strength and increased
material brittleness (Lu et al., 2018). However, other
research highlights the complexity of directly linking

color changes caused by UV radiation to mechanical
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strength. Color changes often occur on the polymer
surface or in superficial layers, whereas mechanical
strength largely depends on the material's internal
structure and chemical composition. Therefore, surface
color changes may not necessarily correlate with
significant impacts on mechanical strength (Wypych,
2020).

In this study, a UV aging test of thermoplastic
polyolefin polymer to be used in a low-voltage power
cable is made according to UL 2556. It has been shown
that UV exposure whitens thermoplastic polyolefin
polymer, the surface of the thermoplastic polyolefin
polymer material under investigation changes color in
the first step of aging and then remains almost
unchanged in the later stages of aging, and the color of
the material has changed from dark gray to light gray.
Considering the values of the elongation at break and
the tensile strength, the elongation at break's value has
dropped by %18.84 and the tensile strength's value has
increased by %33.83, suggesting an enhancement in the
material’'s mechanical strength at the end of the UV
aging test. While not all polymers exhibit increased
tensile strength upon UV exposure, thermoplastic
polyolefin polymer does. The effect depends on the
specific polymer composition, additives, and the
presence of crosslinking agents or functional groups
that can participate in UV-induced crosslinking
reactions (Wypych, 2020). UV exposure increasing the
tensile strength of thermoplastic polyolefin polymer
can be attributed to UV-induced crosslinking, where
UV light initiates chemical reactions leading to the
formation of crosslinks between polymer chains,

thereby strengthening the material over time.

The results of the tests show that color change due to
aging does not indicate a tensile strength loss for
thermoplastic polyolefin polymer. It is also interesting
that Elongation at break for thermoplastic polyolefin
polymer is not a monotonous function of exposure

time. These experimental results may mean that it is

possible to use the thermoplastic polyolefin polymer in
low-voltage outdoor power cables which are exposed
to considerably more UV light than indoor cables. Also,
the color change of polyolefin polymer does not mean
the tensile strength loss since it is monotonously
increasing, and a decrease in Elongation at break since
it first falls and starts increasing again concerning the
experimental exposure times in this study. These results
underscore the importance of understanding the
specific composition and additives within polymers
used in outdoor power cables, as well as their
susceptibility to UV-induced reactions. The findings
from this study provide valuable insights for the
development and selection of materials that are resilient
to UV degradation,

particularly in applications

requiring prolonged outdoor exposure.
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Measuring soil moisture without damaging the soil structure is important in
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networks and time series forecasts to determine soil moisture content. This study
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the soil moisture change state directly using Bluetooth signal levels without an in-
situ probe. In an experimental study, a machine learning model based on Bluetooth
signal strengths from alkaline soil samples was used to estimate the soil moisture
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need for a dedicated sensor, as soil moisture can be measured reliably by
monitoring signal level changes over time.
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1. Introduction

Soil moisture retrieval methods which are frequently
used today to measure the amount of water in the soil
is a critical element that should be known mainly in
agricultural production. In addition to agricultural
production, the amount of water in the soil is important
information for hydrological applications, disaster
prediction, and environmental monitoring. There are
many remote and proximal detection methods for
calculating this wvalue. All these measurement
techniques used today have been developed primarily
considering the chemical and physical properties of the
soil. Different variables, including vegetation, need to
be taken into account to determine the moisture content
of the soil. Characterization and monitoring of soil
characteristics are necessary to perform site-specific
farming practices that are important for matching
with  local  environmental

human  activities

requirements.

Measuring the water content has a great interest in
many disciplines, especially in porous environments
such as soil. Although gravimetric sampling is the best
way to measure the water content in the soil, samples
must be removed from a soil mass. The methods used
in the '50s and '60s to measure soil water content were
mostly radioactive (Gardner and Kirkham 1952;
Reginato and Bavel 1964). These methods were quite
accurate and harmful to the soil; however, they required
special care to avoid calibration and potential health
hazards for each soil sample. A novel and innovative
technique for quantifying the moisture content in soil
without causing any damage or alteration was devised
by employing Time Domain Reflectometry (TDR) as
the primary means of measurement (Davis and
Chudobiak 1975).

constant of an object using simple electrodes placed on

TDR determines the dielectric

the sample in which moisture content is to be measured
(Topp et al. 1980) proposed an empirical relationship
between the dielectric constant of the soils with various
One

tissues and the volumetric water content.
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advantage of TDR is that the water content and
collective electrical conductivity of the soil are
measured simultaneously with a single probe. The
methods which are used to determine the hydrological
properties of the soil are in two main titles. Reference
sampling methods or TDR at small scales such as (0.1
m) passive microwave radiometry or active radar
method used in large scales such as (> 10 m and 100 m)
(Lambot et al. 2010).

Small-scale techniques are often invasive, sometimes
require drilling holes, and they may not represent soil
characteristics on a management scale. Electrical
drilling of the soil, which is an invasive method, can be
done with conventional geoelectric or electromagnetic
induction techniques (Carriere et al. 2021). However,
the electrical conductivity of the soil is highly variable
depending on the water content, water salinity, texture,
and structure at the same time (Noborio 2001). For
large-scale techniques, the characterization in the
measured area is limited with the first few centimeters
of soil and the temporal resolution is relatively poor.
Non-invasive field scale techniques are required for
applications involving agricultural water management,
soil and water conservation, and to close the existing
scale gap between ground accuracy measurements and

remote sensing.

One of the most often measured soil parameters is soil
reaction, or pH, which has an impact on a variety of
chemical, biological, and physicochemical soil
processes. Nutrient availability, root development,
microbial activity, mineral solubility, and adsorption
phenomena are a few examples of these activities.
Despite how simple it is to measure a pH meter's
output; it can be challenging to ascertain the true pH of
the soil or soil solution. Because it influences many
chemical and microbiological activities as well as plant
growth, soil pH is a crucial factor. Valdez et al. show
that it is crucial to understand that pH is a dynamic

variable that is influenced by a variety of
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circumstances. In irrigated soils and soils that
experience wetting and drying in natural ecosystems,
significant fluctuations in pH are expected to happen
(Zarate-Valdez,

2006). Cycles of wet and dry weather are likely to cause

throughout wetting/drying cycles

changes in the pH of the soil. Some other articles
(Gascho, Parker, Gaines,1996; Scheberl et al., 2019)
shows a relationship with pH value and soil moisture.
In those papers for all soil textures and moisture
contents, it was discovered that the glass electrode
sensors could measure soil pH very precisely and
substantially. The relationship between some specific
water solutions and soil pH levels was statistically

determined.

Outside of the traditional methods used for
measurement, a variety of machine learning techniques,
such as the K-neighbors Regressor (KNR), Random
Forest Regressor (RFR), Gradient Boosting (GB),
(MLPR), and

Stochastic Gradient Descent Regressor (SGDR), have

Multi-layer Perceptron Regressor
shown to be very beneficial for assessing soil moisture
content. In a paper (Manfreda et al, 2023), the authors
examined accurate global surface soil moisture (SSM)
data, which is vital for hydrological and climatological
needs. Machine learning (ML) techniques using
various data sources were used to estimate daily SSM.
Eight ML algorithms and ten ensemble models were
tested. Gradient Boosting (GB), Multi-layer Perceptron
Regressor (MLPR),

Regressor (SGDR) and RFR showed promise in

Stochastic Gradient Descent

multiple climates. In particular, ensemble models
combining KNR, RFR, and XB have demonstrated
their potential in water management and crop yield

forecasting by improving forecast accuracy.

Some other research (Pekel, 2020) discusses the
development of a hybrid method that combines particle
swarm optimization (PSO) and artificial neural network
(ANN) for estimating soil moisture (SM) in different

parameters such as air temperature, time, relative
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humidity, and soil temperature. The PSO algorithm is
used to change the weights of the ANN in order to
optimize the estimation process. The proposed hybrid
PSO-ANN method shows promise in accurately
estimating soil moisture, which can have implications

for agriculture and climate research.

Furthermore, several Artificial Neural Networks
(ANN) (Zonghan 2023; Singh and Gaurav 2023; Luo
et al. 2023; Mu et al. 2022; Batchu et al. 2023) are
commonly used inversion techniques for soil moisture
retrieval. In the literature, several studies have been
done using machine-learning-based inversion models.
For instance (Ma et al. 2023) proposed a soil moisture
prediction neural network guided by the water transport
driving mechanism, which reduced the need for large
datasets and training capability while achieving high
accuracy. (Singh and Gaurav 2023) developed a fully
connected feed-forward artificial neural network model
to estimate surface soil moisture using satellite images,
outperforming other machine learning algorithms. (Luo
et al. 2023) introduced a back propagation neural
network model to determine the relationship between
bands/indices and soil moisture
high
applicability. (Mu et al. 2022) developed a nonlinear

characteristic

measurements,  achieving accuracy and
Erf-BP neural network method using multiple-resource
remote-sensing data, which improved the accuracy of
soil moisture estimation compared to linear models.
(Batchu et al., 2023) developed a deep learning
convolutional-regression model that estimated soil
moisture using various predictors, achieving high

correlation and accuracy.

The aim of this study is the possibility of determine soil
moisture content using Long Short-Term Memory
(LSTM) neural network architecture and Bluetooth
Low Energy (BLE) signal strengths with a maximum
transmission power of 1 mW. Here, the pH values of
soil samples have been used as distinctive features. Our

study will contribute to soil moisture detection by
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presenting a novel technique based on neural networks
with satisfactory efficiency. With our method, we have
shown that the moisture of the soil can be measured
directly with BLE signals without using a special

sensor.

2. Material and Method
2.1 Microwave Sensing

Microwaves are now frequently employed to study the
structure of objects in a variety of domains, including
astronomy and food (Martin et al. 2022). Energy is
reflected, transmitted, or absorbed by the substance
when microwaves are directed at it. Microwaves also
scatter in soil and rocks due to various factors such as
roughness, water content, polarization, and angle of
incidence. These three types of energy ratios are
referred to as material properties (Nguyen and S.
Songsermpong 2022). The fundamental variables that

describe how materials interact with electromagnetic
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fields like microwaves are dielectric constant and
permeability. Diverse frequency regions of a material's
dielectric profile are studied. The dielectric constant of
materials can be measured at microwave frequencies
using a variety of non-resonance and resonant
techniques, such as transmission lines, free space,
coaxial probes, and cavities. The permeability of
microwaves in soil measurements has been discovered
to be influenced by several factors. These factors
include not only frequency, but also density, water
content, sampling depth, mineral composition, grain
size distribution, porosity, boundary conditions,
vegetation canopies, and geographical conditions.
Some of these parameters, especially the last few have
very typical features. Remote measurements with
microwaves can be grouped as active and passive
microwave remote sensing. Images of some devices

used in active and passive microwave soil water

moisture measurements are shown in Figurel.

Figure 1. (a, b). Passive microwave sensors at performing at sites, (¢) SMAP satellite launch in January 2015,

for both active and passive microwave earth sensing.2.2 Dielectric measurements

Dielectric permeability is a measure of the change in
the electric charge distribution caused by the electric
field applied to any material. It is often expressed in
relation to free space and for these reasons, it is called
as complex relative permeability and is expressed as
&r. & describes the behavior of the material in the
electric field as shown in Equation 1. The value shown

as & in the same equation is called the dielectric

constant. The second part, &, is called the loss factor.

The value of ¢, varies between 2.5 for dry soil and 25
for very moist soil (Newman 1964).

& = & — j&' 1
In addition, these properties differ accordingly soil
density and texture. The € r wvalue in Eq.(1) affects
variables such as the grain size of the soil and water
content in the spaces between them. The sand and clay
content of the soil should also add more empirical

expressions to dielectric constant.
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The loss factor represents the loss of electric field
energy in the material, whereas the dielectric constant
represents a material's capacity to hold electrical
energy. The loss tangent, as described in equation (2),
is another widely used parameter. It is the ratio of the

loss factor to the dielectric constant.

tand = Sr/s; 2)

Soil as a general definition can be defined as the main
material in which land plants grow in the world,
providing a natural environment. In the process of soil
formation, it is subjected to climatic and genetic
changes, and as a result, an altered material emerges
with the effects of micro and macro-organisms. The
content of this material is effective to a particular extent
in determining its properties.

Microwaves, which are used to determine the moisture
properties of the soil, can penetrate the vegetation and
soil deeply. For dry vegetation and dry soil, microwave
penetration

depth is larger. With an increase in vegetation and soil
moisture content, penetration declines. The power of
the waves will weaken as they travel through the soil
due to this characteristic of microwaves. This is brought
on by the dry material's variable dielectric constant in
the presence of water. At ambient temperature, pure
water has a dielectric constant of between 80 and 1 GHz
(Calla 2002). Therefore, by computing the soil's
dielectric constant using these microwave properties,
the moisture content in the soil can be determined. The
electromagnetic (EM) properties of the soil are
impacted not only by frequency dependence but also by
the dependency on density and water content. Surface
soil moisture, which is an important component
especially in drought studies and agricultural activities,
is the water content of the top 10 cm of the soil (Dong
et al. 2016). Knowing the moisture value at this depth
provides the necessary information in the decision-

making stages for the studies to be carried out.
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2.3 Long-Short Term Memory

For many learning issues involving sequential input,
recurrent neural networks with long short-term memory
(LSTM) have proven to be an efficient and scalable
solution. LSTM was originally designed by Hochreiter
and Schmidhuber in 1997 (Hochreiter and
Schmidhuber 1997). Deep learning techniques have led
to the recent rediscovery of this kind of neural network.
Many conventional methods for deep learning can be
replaced with LSTM-based neural networks, which
excel at predicting and categorizing temporal
sequences. A memory cell with the ability to maintain
its status over time and nonlinear door units that control
the flow of information into and out of the cell make up
the core of the LSTM architecture. The three different
types of gates found in each LSTM block the input gate,
output gate, and forget gate perform writing, reading,
and resetting to the cell memory, respectively. These
gates are not binary, but they are analogical (usually
mapped in [0, 1], representing 0 total inhibition and 1
total activation) are managed by a sigmoidal activation
function.

These gates make it possible for LSTM cells to retain
information indefinitely. The cell keeps its prior state if
the input gate protects it on the activation threshold, and
if the current state is activated, it is coupled with the
entry value. The output gate determines whether or not
the value in the cell will be carried out, while the forget
gate, as the name suggests, resets the present state of
the cell when its value is cleared to 0.

All repetitive neural networks have the shape of a chain
of the network's repetitive modules. This repeating
module in conventional RNNs has a fairly
straightforward structure similar to a single tanh layer.
Although the repeated module of LSTMs also has a
chain-like structure, it is structured differently. Four
layers interact in a highly unique way instead of just
one, like in a neural network. Figure 2 depicts a typical

LSTM cell's general structure.
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c(t-1)

Figure 2: Sample diagram of standard LSTM cell and
contents

The line shown above Figure 2 is ¢, which indicates the
status of an LSTM cell and represents the internal
memory of the unit. The technique that works around
the gradient problem of LSTM is the hidden state, and
it uses the i, f, 0, and g gates. The parameters for these
gates are learned by the LSTM during the recurrent
neural network's training. i, f, and o are the input,
forget, and output gates in Figure 2. The same equations
are used to calculate them, but with different parameter
matrices. The output vector is utilized to specify how
much of the second vector can travel through the first
since the sigmoid function modulates the output of
these gates between zero and one. During this process,
another vector can multiply the output element. Briefly,
we can explain how LSTM works as follows.
The forget-gate equation (3) defines how much of the
previous case h (t-1) you want to pass.

f=0(Wphe_y + Upxy) (3)
The input gate, an essential component within the
architecture of a recurrent neural network, determines
the degree to which the recently computed state for the
present entry x(t) shall be considered, while the exit
output, another crucial element, denotes the extent of
the internal state that one desires to exhibit to the
subsequent layer in the network.

i = o(Wihe—y + Uixy)

o(Wohe—1 + Upxy)

(4)
(5)

The internal hidden state g shown in Figure 2 is

0=

calculated based on the current entry x (t) and the

previously hidden state h (t-1).
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(6)

Equation (6) is the same as the SimpleRNN cell used in

g= tanh(l/l{ght_l + ngt)

recurrent neural network methods, but in this case, its
output is modulated by the output of the input gate i.
Considering i, f, o and g, the cell state at any time t are
expressed in ¢ (t). Here, c(t) value can be calculated as
the sum of c(t-1) multiplied by forget-gate and g value
multiplied by input-gate during the training of the
neural network in equation (7).

=01 ®NHDB@ Q) (7)
This method is essentially a technique for merging the
significance of the preceding memory and the fresh
input when it comes to the learning process of the
network. By assigning a value of 0 to the forget-gate,
the previous memory is disregarded, while setting the
input-gate to 0 results in the disregard of the newly
computed state. Ultimately, the hidden-state h(t) at any
given time t is obtained through the multiplication of
the memory value c (t) by the output-gate.

h; = tanh(c,) ® o ®

On the other hand, LSTMs are effective in catching
long-term  temporal

dependencies in  general.

Optimization problems encountered in

Recurrent Networks (SRN) (Gao et al. 2020; Allen-

Simple

Zhu, Li, and Song 2019) do not appear here, and thanks
to these features, they have provided new approaches
to solve many difficult problems. Some of these
problems can be listed as handwriting recognition and
production (Carbune et al. 2019; Paul et al. 2019; Ren
and Ganapathy 2019), language modeling and
translation (Adate and Tripathy 2019), speech acoustic
modeling (Zia and Zahid 2019), speech synthesis
(Hanzli¢ek, Vit, and Tihelka 2019), protein secondary
structure prediction (Hu et al. 2019), the analysis of
audio (Ertam 2019) and video data (Hussain et al.
2019), indoor based location (Zhang, Qu, and Wang
2020).
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2.4 Bi-directional LSTM and Gated Recurrent Unit

In general behavior, RNN’s are unidirectional and
move along the directions of the original time series
data. However, in some applications, capturing ordered
information in reversed series greatly improves
prediction. RNN structures like this that use both
forward and backward pass-through improves the
ability of the network to capture memory over long
ranges and are called bi-directional (Schuster and
Paliwal 1997). Bi-directional LSTM also acts on the
time series with the same logic.

The so-called gated recurrent unit (GRU) method is
quite similar to LSTM, and compared to LSTM, which
has three gates, the GRU has only two processing gates.
It does not have the output gate and internal memory
found in LSTM. The update gate in the GRU
determines how the previous memory is combined with
the available memory and combines the functionality
achieved by the LSTM's input and forget gates.
Combining the effect of the previous memory with the
effect of the current input, the reset gate is applied
directly to the previous memory. Despite a few
differences in how memory is transmitted across the
data series within the time series, the gate mechanisms
in both LSTM and GRU aim to learn long-range
dependencies in the data. On the other hand, GRU has
the advantage of less trainable weights compared to
LSTM. Tuning model hyperparameters, such as the
dimensionality of hidden units, improves the
predictions of both. GRU has more advantages in
situations with less training data as it requires fewer

trainable weights (Cho et al. 2014).
2.4 Bluetooth Low Energy

Bluetooth Low Energy (BLE), commercially known as
Bluetooth Smart which, is a low power wireless
technology evolves for short-range communication.
BLE operates on the 2.4 GHz Industrial Scientific
Medicine (ISM) band. Since the main feature of BLE

technology is lower power consumption, it is very

27

suitable for systems running on small batteries
(Darroudi, Caldera-Sanchez, and Gomez 2019). That is
the reason why devices operating on BLE have the
ability to utilize a coin cell as a source of power and
function continuously for many years. The
advantageous attributes of BLE, including its low
power consumption and economical cost, render it an
optimal selection for sensor devices that require power
sensitivity. Furthermore, BLE can be seamlessly
integrated into a diverse range of applications, such as
efficient monitoring of environmental and health
conditions (Ghori, Wan, and Sodhy 2019; Al Mamun
and Yuce 2019; Wu, Wu, and Yuce 2019), smart home
automation (Ali and Ali 2019), indoor localization
(Nagarajan et al. 2020), as well as labeling and services
based on proximity. It is also used in combination with
other close-range communication protocols such as
Near Field Communication (NFC) or RFID (Wang et
al. 2019). In BLE applications, multiple BLE slave
devices known as advertisers can be connected to the
master BLE devices known as scanners.

There are three class devices in BLE with radio
transmission power specified as 100mW (20dBm),
2.5mW (4dBm) and ImW (0dBm). For Class 3 devices
with  0dBm radio transmission power, the
communication range exceeds 10 meters, and for
20dBm, the communication range exceeds 100 meters.

Bluetooth power classes shown in Table 1.

Table 1: Bluetooth power classes.

Power Maximum Qutput Range (m)
Class Power (mW)

1 100 100

2 2.5 15

3 1 10

In this study, the signals produced by the simple
advertiser BLE beacon device were used. The
devices that used are in the 3rd power class and

their transmitter power is maximum ImW.
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2.4 Soil Samples Preparation

The soil samples used in this study were prepared in the

laboratories of Kirklareli Agricultural Research
Institute. Soil samples were prepared for analysis by
drying, beating and sieving and their reactions were
examined using purified water. The pH determination
method here is based on potentiometric measurement
of the amount of hydrogen ions in the medium created
by mixing the soil with deionized purified water using
a pH meter. No measurements were made for moisture
during soil sample preparation but moisture
measurements made during experiment. Soil samples
were prepared at the institute, brought to the laboratory
of Trakya University for the experiments and the

measurement system was installed there.
3. Experiment

During this study, we used soil samples with pH values
of4.47,5.31, 6.64, and 7.52 to determine the soil water
content. We did not make a special selection study for
properties such as texture, hardness except pH value
that can be found in soil samples. We placed beacons
with Texas Instruments CC2541 BLE chip in plastic
containers where we put soil samples. We placed the
transmitting devices at a depth of 15 cm and in the
horizontal plane. Beacon devices that we use BLE chips

have antennas in the "inverted F" format and produce
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an approximately spherical electromagnetic field. The
BLE receiver is the BLE receiver on the RaspberryPi
card. We recorded the Received Signal Strength
Indicator (RSSI) values of beacons at 15 seconds
intervals, to a database over the network with a scanner
application running on Raspberry Pi device. Soil
samples and plastic containers are shown in Figure 3.
In our experiment, for 8 weeks, we added 200 ml of
water to each soil sample with the different pH
properties on Mondays. We assumed that all soil
samples were found in the same atmospheric conditions
since the containers with the samples were open-
mouthed. During this process, we constantly recorded
the values of Beacon devices.
BLE receiver software is developed by Python with
pyBluez, the Python port of the Bluez protocol stack,
and the basic Python libraries, which transform each
BLE node into a container based virtual nodes. The
Python port of the Bluez protocol stack is preferred due
to its flexibility and ease of use in implementing
Bluetooth-based systems. Additionally, the Bluez
protocol stack, offers direct access to the Host
Controller Interface (HCI) layer, reducing overhead
from higher layers and enabling efficient data transfer

operations. The Python application scans and receives

RSSI information from beacon devices.

S ample beacon that placed in soil samples

pPU:L 57 pH:b.64
Soil Samples

3 31t

Figure 3: Setup of sample soils for BLE for RSSI and moisture values collecting.
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4. Results and Discussion

First, we reduced the signal strength data we collected
in our experiment to 30 minutes intervals. We reduced

the number of data we collected at intervals of 15

seconds to a reasonable level. Before creating the
artificial intelligence model for the collected RSSI data,
we examined the mean values of this information
according to the days of the week. The mean values we

obtained are shown in Table 2.

Table 2: Table of calculated mean values of daily measurements based on the pH value of the soil samples.

Weekdays / Means pH 4.47 pH 5.31 pH 6.64 pH 7.52
of RSSI values
1 -80.997520 -79.096771 -73.359802 -80.034737
2 -80.539352 -80.437500 -76.238426 -82.134262
3 -79.851852 -81.171295 -75.680557 -82.004631
4 -78.689812 -80.858795 -72.793983 -80.821762
5 -78.392250 -78.968521 -72.450363 -79.595642
6 -77.174477 -79.648438 -71.059898 -80.125000
7 -79.463539 -79.473961 -70.554688 -78.958336

When we examine the data in Table 2, we found that
the rate of change of RSSI values based on days of the
week is closer to each other in alkali soil samples. To
see this result better, we graphically analyzed the mean
values we obtained. The results are shown in Figure 4.
According to the results shown in Figure 4, we have

seen that the means of RSSI values are close to each
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other as the pH value of the soil samples increases.
When we pay particular attention to the graphics (c) and
(d), we observed a similar change in RSSI levels from
the first day of the week when we added water to soil
samples with pH 6.64 and pH 7.52. This shows that in
our experiment, we can use BLE signals to estimate soil

moisture value/level.
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Figure 4: (a) RSSI levels for pH 4.5 daily manner, (b) RSSI levels for pH 5.3 daily manner, (c) RSSI levels for
pH 6.6 daily manner, (d) RSSI levels for pH 7.5 daily manner, Graphs showing the change of RSSI levels of all
soil samples on days of the week (0:Monday, 6:Sunday).
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We aimed to develop an artificial neural network model
where we can estimate the RSSI values here based on
time, especially since we observed the gradual change
in the soil at pH 7.52. While creating the artificial
neural network, we chose to send the time-bound BLE
signals to the 1D convolution layer before sending them

to the LSTM cells for higher performance. One

Conv1D Dense
kernel (3x3200
recurrent_kernel (200:x3200

bias (3200

kernel (3x1x3
bias (3

Figure 5: Artificial Neural Network model for predicting for RSSI values.

In the model we have developed, there are 800 time
steps in the LSTM layer we feed after the first
convolution layer. In this study, the total data set size
that we use for the training of the neural network is
2880 BLE signal data. The filter that we set here as
1x3x1, is moved by a stride of the one-time unit over
the on data set. Thus, 1 x 3 feature maps are created.
The rest of the time steps are calculated similarly. We
used an approach equivalent to the third degree
autoregressive model training using a 1 x 3 convolution
filter. We also added a 40% drop out layer to our model
to prevent over-fitting of training data. This style of
approach produces features on short-term subsets of

time series. Progress of filter shown in Figure 6.

1x3 Filter

1D Feature Map

Time series of
800 timesteps

Figure 6: Illustration of 1D convolution.

kernel (800100
bias (100
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dimensional convolution artificial neural network layer
is used especially in time series analysis. In our studies,
we have achieved the most successful result of the
prediction models we have created to find the lowest
RMSE value for four different pH soil samples, thanks

to the model shown in Figure 5.

Dropout

kernel (100x50
bias (50

—| kernel (50x1 QOutput
bias (1

In the LSTM layer, we preferred hyperbolic tangent
(tanh) as the activation function. We used the 3200-
dimensional vector we obtained from the LSTM layer
to feed 100, 50 and 1 dimensional fully connected
layers, respectively. In this way, we tried to predict BLE
signal strength values we obtained with 30 minutes
intervals. By running this model for 100 epochs, we
compared the results for all different pH values. In the
model training, no significant change was observed for
more than 100 epochs, and to avoid overfitting, an
optimum number of 100 was found to be appropriate.
A lower value was found to be insufficient considering
the frequency of signal recording.

During the training of the artificial neural network, we
used the Mean squared Error function for the loss
function and the adaptive momentum (ADAM)
approach to optimize the Loss function. We also set the
value of batch size to 256. The training and prediction
results of the soil sample at pH 7.52 with the lowest
RMSE value we obtained are shown in Figure 7. As
seen here, even though the train and predict values of
our artificial intelligence model do not fully capture the
signal levels, we have seen that the RSSI values are
close to the peak values generated over time with a

certain offset difference.
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Figure 7: Best train and prediction results for pH 7.52 soil sample

Also, as seen in Figure 7, there is a technical artifact
that we think our dataset originates in measurement
devices between 1500 —2000 values. However, this
distortion did not make any difference to the mean
values we calculated at the signal levels. The model
results that we obtained for all different pH values are
shown in Table 3. Considering the results in Table 3, it
is seen that the GRU and the Bi-directional LSTM
methods give very good results in soils at the acidity
limit. But the other values in the table also show that

the method used works well.

Table 3: RMSE results for all soil samples with other

that its value is always less than one, regardless of how
big or tiny the values are. The calculation of R2 is
shown in equation (9).
p2_q_ 20— }Ai) ©)
X — ¥)
Table 4 shows the R2 values of the measured RSSI
values. Again, the highest and consistent values were
obtained in the alkaline soil sample, confirming the
RMSE results. In terms of R2 and RMSE relationship,
the prediction made with GRU unit for the sample with

a pH value of 7.52 fits the data better than other models.

Table 4: R2 results for all soil samples with other

LSTM types LSTM types

Soil pH RMSE RMSE RMSE value Soil | R?value | R?value | R?value with Bi-
value value value with Bi- pH with with GRU directional

with with GRU directional value LSTM LSTM
LSTM LSTM 447 | 0.06432 | 0.08620 0.086182

4.47 8.42 8.61 8.59 5.31 | 0.04050 | 0.04041 0.04048
5.31 8.12 7.75 7.79 6.64 | -1.6210 | 0.08264 0.09006
6.64 8.75 8.82 8.73 752 | 0.08626 | 0.08625 0.08624
7.52 8.01 0.15 0.20

Another metric used in regression estimation such as
LSTM is the R2 value. R2, also known as the
coefficient of determination, is a statistical measure of
the proportion of variance in the dependent variable
that can be estimated from the independent variables in

a regression model. R2 is a scale-free score, meaning

During the experiments, RSSI values were measured
periodically but not frequently with a capacitive
moisture meter. This device measures the moisture in
the soil in % value. This value, which is found by
proportioning two discrete values defined as dry and
wet, is used to determine the moisture content in the

soil in simple applications. On device sensor there is a
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capacitor and when the capacitor is charged, it begins
to discharge. The duration of this process is measured
by the sensor. The variance of the moisture values we

obtained during the study period is shown in Table 5.

Table 5: Variance of moisture sensor values

Soil pH value Variance of moisture sensor
values
4.47 1.06122449
5.31 1.346938776
6.64 1.530612245
7.52 1.204081633

As can be seen in Table 5, the variance of the change
between the measured values increases gradually in
alkaline samples. Although the variation of soil
moisture is not related to pH in terms of certain
minerals, the result seen here is that moisture values
change visibly. The distinctive properties of the soil
samples were determined only on the basis of pH and
other components were not taken into account.
Therefore, although it is not clear whether this change
is due to other characteristics of the samples, there is a

significant change. Different pH values were used here
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as a distinguishing feature of the four different soil
samples. The effects of pH values in relation to water
or various salts have been studied in many studies.
However, this study did not set up a setup to directly
examine these relationships.
In our study, we observed that the results of the artificial
intelligence model and it also gave good results in clay
soils, even if we did not take into account the clay rate
in soil samples.
Considering Fig. 4.b, although the change in RSSI
values here occurs later than acidic soil samples, the
RMSE values obtained as a result of the artificial
intelligence model are closer to the alkali soil sample
(pH 7.52). Under normal conditions, water diffusion in
clay soils is slow due to the very small gaps in the clay
(Haria et al. 1994). Our model results support this fact.
Another result is that the clay rate in the soil increases
and behaves similarly to acidic properties. The
prediction of the RSSI values of the clay soil sample at
pH 5.31 is shown in Figure 8.

Comparison true vs. predicted training set

-60

&

0

RSSI Level

-100

Interval (0.5 h)
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Training set
—Test set prediction

0 500 1000 1500

2000 2500 3000

Figure 8: Train and prediction results for pH 5.3 clay soil sample

Here, it was seen that the offset difference between the
measured signals and the predicted values found during
the training of the model was higher. This difference is
due to the fact that the 1D feature map values are lower

than the measured RSSI values. However, the results of

the artificial intelligence model still follow the pattern
of the signal levels.

Numerous theoretical, empirical and semi-empirical
methods have been developed to detect the moisture

level of soil with active and passive microwave remote
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sensing technics. In particular, assimilation of
frequently referenced Radiometry and Synthetic
Aperture Radar (SAR) data is a new technique used in
soil moisture measurements, and there is a lot of
research on this subject. The equipment in this type of

works is quite large and energy-consuming devices.
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Today, researchers are constantly developing studies
with active and passive microwaves. It can be said that
these have some advantages and disadvantages
compared to each other. A summary of the advantages
and disadvantages of the different methods is available

in Table 6.

Table 6: Passive and active microwave sensing methods comparation

Studies Method Power Advantages Disadvantages
(De Jeu et al. Passive
2014) Microwave 300 kw Can penetrate
through different The energy level
objects. Not limited bei ergy ‘evel
by clouds, dust and eing emitted is quite
(Sunetal. 2019) 400W ' low.

daytime conditions,
etc.

(Panciera et al.

2014) 500 W Detailed spatial
. resolution, not . .
Active limited by clouds Complicated analysis,
(Abdel-Wahab et | Microwave y clous, cost-intensive.
al. 2019) 10W dust a_nt_j daytime
' conditions, etc.
Low Power, Low
Active Cos(;el?:c\gger:]s.,\llré—tsltu Low spatial
Our Proposal Microwave 1mw _ ) resolution. Best
(BLE) limited by clouds, results for acidic soils
dust and daytime '
conditions, etc.
5 Conclusion are usually carried out via satellites. However, many

In this paper, we have presented the soil moisture
content prediction method using LSTM recurrent
neural networks. It has shown promising results on
acidic soil samples and clay soil sample. We believe
that using BLE signal strengths predicting soil
moisture content proposed method has contributed
to environmental and agricultural improvement. We
foresee that the artificial intelligence solution
applied in this study will make the method of
obtaining information about the soil more
widespread with the help of easily accessible and
cheap devices.

Today, passive microwave measurements that used
to determine soil moisture content are made at

wavelengths called L-Band. These measurements

factors should be taken into account during the
remote sensing of soil moisture content. These
factors can be listed as soil content, surface hardness,
vegetation, backscattering angle of microwaves.
There are theoretically and empirically constantly
developed approaches to explain the effects of all
these components. Even though there are effects to
be neglected, even the effects of dipole moment,
which will occur by the interaction of water
molecules and microwaves in the soil, should be
examined to determine the exact value in the
measured sites. In this study, we tried to find the
water content by the machine learning method by
examining the BLE signal behavior in acidic soils
without ignoring the importance of all these physical

effects. Our results show that the artificial neural
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network method we created is feasible.

On the other hand, BLE signals are similar to
microwaves defined as L and S bands in satellite
measurement systems, which are used frequently
today. Although the transmission power of BLE
signals is lower than the L and S bands, we think that
the applications to be carried out using these signals
will vary depending on the water content of the soil
in the long term by the method of temporal analysis.
With BLE signals, an estimate of water moisture
content can also bring economic gain. The market

prices of these BLE devices that are incomparable
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The objective of this research is to evaluate the impact of both traditional and
innovative techniques on the qualities of wheat straw, as well as the mechanical
performance of epoxy composites which use wheat straw as a reinforcing material. Two
different methods were used for treatment: Alkali treatment (AlT) was carried out using
NaOH at concentration of 5% w/v for 1 hour at 25°C, Microwave irradiation (MwT)
aws performed at 300 W for 20 minutes. It was found that Alkali and microwave
treatment both changed the surface morphology of wheat straw. Microwave treatment
provided further improvement in the mechanical properties of the composite materials,
enabling a 37% increase in tensile strength and 62% increase in flexural strength.
Microwave reclamation, which is cleaner and performs better than chemical
reclamation, shows promising performance for more sensitive material application
areas.
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Bu aragtirmanin amaci hem geleneksel hem de yenilik¢i tekniklerin bugday samaninin
nitelikleri {izerindeki etkisini ve bugday samanini takviye malzemesi olarak kullanan
epoksi kompozitlerin mekanik performansmi degerlendirmektir. islem icin iki farkl
yontem kullanilmigtir:  Alkali islem (AIT) 25°C'de 1 saat siireyle %5 w/v
konsantrasyonda NaOH kullanilarak, Mikrodalga iginlama (MwT) ise 20 dakika
stireyle 300 W'da gergeklestirilmistir. Alkali ve mikrodalga islemlerinin her ikisinin de
bugday samaninin yiizey morfolojisini degistirdigi bulunmustur. Mikrodalga islemi,
kompozit malzemelerin mekanik 6zelliklerinde daha fazla iyilesme saglayarak ¢cekme
mukavemetinde %37 ve egilme mukavemetinde %62 artis saglamistir. Kimyasal
1slahtan daha temiz olan ve daha iyi performans gdsteren mikrodalga 1slahi, daha hassas

malzeme uygulama alanlari i¢in umut verici bir performans gostermektedir.
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1. Introduction

The growing concern for the environment has
necessitated a shift in perspective when it comes to
engineering materials and their design. There is now a
renewed interest in natural materials that are obtained
from safe, renewable, and sustainable sources, as they
show great potential in meeting industrial demands.
These materials can be used in their natural form, or in
forms such as powders, fibers, straws, or husks that are
obtained as harvest residues. Lignocellulosic natural
resources, in particular, offer exceptional advantages
over traditional synthetic materials, owing to their
inherent properties such as light weight, low cost,
renewability, and sustainability. Among these, cereal
straw has emerged as a highly promising natural
ingredient, which is widely used as waste biomass in
various industrial applications, owing to its impressive
characteristics.

Wheat straw is a by-product of wheat production in
agriculture. In Turkey, for instance, the production of
wheat in 2016 amounted to 20.6 million tons, which,
considering the wheat-to-wheat straw ratio of 3:1
(Talebnia, Karakashev, Angelidaki, 2010), results in
approximately 7.4 million tons of wheat straw
produced at the end of the process. While most of the
wheat straw is utilized as animal feed, the remaining
amount is either left on the ground or burned.
Unfortunately, burning the straw leads to
environmental pollution and reduced soil productivity.
In recent years, several studies have been conducted to
address these issues and increase the utilization of this
value-added by-product in wvarious industrial and

technical applications.

Recent studies have highlighted the potential use of
wheat straw as a natural reinforcement in polymer-
based composite production, owing to its lightweight,
low cost, and relatively high thermal stability.
However, wheat straw contains different components

such as lignin, silica, carbohydrates, wax, silica, cutin,
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and some lipophilic substances, both on its interior and
exterior surfaces. This structural difference between the
two surfaces of wheat straw presents a significant
challenge in composite production, as it creates
incompatibility between the straw and polymer matrix
(Xu, Minzhi, Xiaoyan, 2017). The lipophilic substances
on the exterior surface cause strong adhesion forces and
superficial adherence to the matrix, while the
hydrophilic heteropolysaccharides containing hydroxyl
(OH) and carboxylic acid (COOH) groups lead to weak
adhesion forces interfacial
(Mengeloglu, Karakus, 2008; Vaisanen et al., 2016).

These factors inhibit the penetration of the hydrophobic

and poor bonding

matrix into the cellular structure of the wheat straw,
leading to the formation of micro void spaces and
insufficiently wet regions within the composite,
resulting in impaired stress transfer from the matrix to
wheat straw. Moreover, the compatibility between
wheat straws and polymer matrices is not only
influenced by interfacial attraction, but also by surface
properties such as porosity, roughness,
hydrophilicity/hydrophobicity, and functional groups
(Xu, 2017).

production with wheat straw for outdoor applications

In addition, large-scale composite
can be challenging due to their tendency to absorb
moisture and poor dimensional stability caused by
micro-cracking of the matrix around the swollen

reinforcements.

In composite material manufacturing and various
industrial applications (such as biofuel production,
component extraction, or reinforcement), numerous
(Zou, Shah, Yigi, 2010), thermal, and
chemical treatment methods have been employed to

physical
address the incompatibility stemming from the
substrates present in wheat straw (both on the surface
and within the biomass). These treatment applications
aim to enhance compatibility between the
reinforcement and the matrix by altering the proportion
of structural components in the reinforcement or by

introducing functional groups on the surface, as well as
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by creating a suitable topographical texture. Chemical
treatments, ion bombardments (plasma), microwave
irradiation (as reviewed), and heat treatment play
integral roles in this process. They function by either
reacting with intrinsic hydroxyl groups to eliminate
them or by forming new functional groups with a
greater bonding tendency to the matrix material. These
reactions also lead to a reduction in the proportions of
wax, lignin, and hemicellulose present in the natural
structure.  Consequently, changes in  surface
characteristics, including topography, hydrophilicity,
and surface free energy, become inevitable. In this
context, the enhancement of mechanical interlocking
between the matrix and the reinforcement becomes
apparent. This is primarily attributed to the rougher
surfaces resulting from the removal of irregularities or
the formation of new functional groups through

interactions and reactions.

Treatment mechanisms act in various ways on the
reinforcement structure. Chemical treatments, such as
alkali treatment, result in the partial removal of
hemicellulose, lignin, and pectin content by dissolving
the primary cell wall of the fiber structure. This process
increases the number of potential bond-forming
reactions due to the lack of OH groups on the fiber
surface (Alemdar, Mohini,2008; Huner et al. 2017).
Alkaline treatment also enhances the amorphous
cellulose content on the fiber surface, exposing short-
length crystals through cellulose depolymerization.
This exposure facilitates interactions between the OH
groups, imparting hydrophilicity to the cellulose
molecule and enhancing its interaction with alkali
Misra, Drzal, 2001).
Subsequently, substitution reactions form fiber-cell-O-

chemical agents (Mohanty,

Na groups between cellulose molecular chains,
reducing hydrophilic OH groups and increasing the
wettability between the fiber and the hydrophobic
matrix (Kabir, wang,Lau, Cardona, 2012, Viisdnen et
al. 2016).
predominantly used as a pre-treatment method to

Microwave irradiation treatment,

improve fermentation (Li et al, 2016) and biofuel
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efficiency (Satpathy et al, 2014), acts as a heating
process in the treatment of natural reinforcement
materials (Sgriccia, Hawley,2007). Depending on
microwave power and processing time, it can have
various effects on wheat straw. Microwave irradiation
induces weight loss by removing water, low-molecular-
weight organic volatiles, and pyrolyzing internal straw
(Sgriccia, 2007 and Zhao, 2014). Additionally, it
enhances hydrophobic  characteristics, reducing
moisture uptake and decreasing atomic H/C and O/C
ratios associated with hydrophilicity due to volatile
removal (Satpathy et al, 2014). Cross-linking occurs
covalent interactions between

through polymer

molecular chains and the reinforcement surface.
Notably,

treatment studies can lead to different directions in

the physical, chemical, or irradiation
terms of surface hydrophilicity (more hydrophilic or
more hydrophobic), depending on the intensity and
application time. Physically, the treatment expands the
microporous structure of the straw surface, increasing
the interaction (wetting) area of the interface with the
matrix material. Overall, these changes contribute to
improvements in mechanical properties such as internal
bond strength, modulus of elasticity, and modulus of
rupture (Li et al, 2016 and Xu et al,2017]. It is
noteworthy that no research has compared the effects
of different treatment methods under the same study.
There is a need for studies that broaden the perspective
on both the methods used and the utilization of wheat
straw as reinforcement in composite production.

This study was carried out in order to investigate the
effects of the treatment with simple chemical,
microwave irradiation on the wheat straw and the
reflections of these changes on the epoxy based
composite material. It has been noticed that quite a few
studies have been conducted using different treatments
to improve the physical and mechanical properties of
the wheat straw. The results of this study will contribute
to remedy deficiencies by providing detailed

information.
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2. Materials and Method
2.1 Materials

Wheat straw was sourced from the Thrace region in
Turkey and subjected to natural drying under sunlight
for one month to eliminate surface water post-harvest
in 2019. The resulting dry matter content of the wheat
straw was 94.2 wt%. Before treatment, the wheat
straws were precision-cut to sizes of 10-12 cm using a
razor blade and then further dried under vacuum
conditions at 70 °C for 24 hours. The polymer matrix
utilized in the study was MGS LR 160 (Hexion), a
commercial epoxy resin obtained from Dost Kimya
Ltd. The technical characteristics of the epoxy resin, as
provided by the manufacturer, are outlined in our
previous study [reference]. Additionally, MGS LH 160
(Epikure) served as the curing agent in the epoxy,
applied at a concentration of 0.40 w/w. The epoxy's
properties, as per the manufacturer's data sheet, include
a density of 1.17 g/cm?®, viscosity of 800 MPas, tensile
strength of 55 MPa, tensile modulus of 13 GPa, flexural
strength of 125 MPa, and flexural modulus of 15 GPa.
For alkaline treatments, sodium hydroxide (NaOH) and
acetic acid (CH3COOH, glacial, > 99.85%) were
procured from Sigma-Aldrich (St. Louis, MO, USA).
High purity water, with a conductivity less than 0.5 pS
cm™?, was obtained from a PURELAB® Option-Q
(ELGA LabWater, UK) unit.
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2.2 Alkali treatment

The wheat straws underwent alkalization by exposure
to 5% w/v NaOH aqueous solution. To facilitate this
process, the straws were immersed in NaOH solutions
for 1 hour at 25+1 °C to eliminate irregularities.
Subsequently, the treated straws were thoroughly
cleansed with distilled water and neutralized using an
acetic acid solution (10 mL in 1 L water). This was
followed by multiple washes with fresh distilled water
until complete removal of NaOH. Finally, the straws
were dried in an oven at 80 °C for 5 hours and then
cooled in a desiccator. The alkali-treated wheat straws,
denoted by specific codes in Table 1, were securely
stored in a vacuum-sealed plastic bag to prevent
atmospheric moisture contamination. This precaution
was taken in anticipation of composite preparation and

subsequent analyses.

2.3 Microwave treatment

The wheat straws were processed using a Kenwood
Microwave Oven (Model MW587, London, UK) in a
household setting, operating at a power intensity
ranging from 0 to 1400 W and a frequency of 2.45 GHz.
This apparatus is equipped with a glass turntable plate,
a digital power control panel, and a time control panel.
Initially, the samples were positioned at the center of
the glass turntable plate. Subsequently, the microwave
power was set to 300 W and the straws were exposed
for 20 minutes. Following the microwave treatment, the
treated samples (refer to Table 1) were stored using the

previously mentioned method.

Table 1. Sample codes for the untreated and treated wheat straws

Untreated

Alkali treated wheat straws
wheat straws

Microwave treated wheat straws

NaOH

Int. Ext. concent. Int. Ext. Exposur_e Int. Ext.

(%) power-time
unt- Unt- 5 5AIT- 5AIT- 300W- 300:20MwT - 300:20MwT -
IWS EWS IWS EWS 20min IWS EWS

Int: Interior surface, Ext: Exterior surface
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2.4 Preparation of Composite Samples

Composite samples were fabricated employing the
hand lay-up technique with vacuum assistance. The
epoxy resin was meticulously prepared by blending it
with the recommended curing agent at a manufacturer-
specified ratio of 100:32. To ensure optimal
homogeneity, the mixture underwent thorough stirring
with a glass rod, eliminating any potential bubbling,
and was further subjected to 30 minutes of sonication.
The molds, featuring dimensions in accordance with
ASTDM D 3039 and ASTM D 790 standards, were
constructed using glass and transparent PMMA. To
prevent adhesion, a mold release agent was applied, and
each straw was carefully immersed in the epoxy, with
placement into the mold facilitated by hand and forceps
to ensure comprehensive wetting. The fiber volume
fraction (V) for all composites consistently fell within
the range of 0.45-0.47. Subsequently, the molds were
subjected to a vacuum, facilitated by a bag, for a
duration of 6 hours under pressure. The ensuing step
involved post-curing at 50°C for an additional 6 hours.
Wheat straw reinforced epoxy composites were
denoted by codes in Table 2.

Table 2. Sample codes for the untreated and treated

wheat straws reinforced composites
Untreated

Alkali treated Microwave
wheat

wheat straws r- treated wheat
straws r-

comp. straws r-comp.
comp.
UWSc AITWSc MWTWSc

2.5 Water absorption test

The water absorption test was conducted in accordance
with ASTM D-570-98. The test specimens were
rectangular bars measuring 76.2 mm in length, 25.4
mm in width, and 3.2 mm in thickness. The dry weights
of the samples (Wd) were determined using a precise
Model Ed 224s,

Germany, accuracy + 0.0001) at room temperature.

balance (Sartorius, Gottingen,

Subsequently, the samples were immersed in a water
bath (Memmert, Model WBN 22, Germany) set at
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temperatures of 25 and 90 °C for a duration of 24 hours.
Weight measurements were recorded at 1, 2, 3, 4, 5, 6,
12, and 24 hours for each sample. At regular intervals,
the samples were removed from the water, and any
excess water on the surfaces was carefully wiped off
using blotting paper. The wet weights (Ww) were then
measured. The percentage of water absorption was
determined by calculating the weight difference using
Equation (1). The results were reported as the average
of three replicate measurements. Additionally, the
normalized water absorption (WA/WA,) was defined
as the ratio of water absorption values to the initial

values of water absorption

Ww-wd

Ww

Water absorption (WA, %) =

x100 1)

Where, Wd is the initial dry weight of the samples (g)
and Ww is the weight of the samples after exposure to
water (g).

2.6 Atomic Force Microscopy and Scanning

Electron Microscopy

The surface topographies of the untreated and treated
wheat straws were investigated by atomic force
microscopy (AFM, Nano Magnetics Instruments,
Ankara, Turkey) using in contact mode. The roughness
of the samples was quantified as the root mean square
(Sq), derived from an average of five independent
measurements over a scan area of 10 pm x 10 pm. The
silicon nitride (Si3N4) probe employed in the analysis
featured a curvature radius of 10 nm, as specified by the
manufacturer. A cantilever spring constant (k) of
approximately 0.02 N/m was selected due to the high
force gradient in air. The calibration of cantilever
spring constants was performed using a reference
cantilever with a precisely controlled force constant.

The scan rate in the force channel was set at 6 Hz.

The morphology of the composite surfaces and the
fractured composite samples were examined using a
Quanta™ FEG 250 scanning electron microscope
(Oregon, USA) with an acceleration voltage of 2 kV
and a large field low vacuum SED (LFD) detector.
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2.7 Fourier transform infrared spectroscopy

(FTIR)-attenuated total reflectance (ATR)

The differences in chemical composition of untreated
and treated wheat straws were examined with Fourier
transform infrared (FTIR) spectrophotometer (Perkin-
Elmer spectrum BX, Perkin- Elmer, Woodbridge,
Canada) equipped with a horizontal attenuated total
reflectance (ATR) system (Perkin-Elmer spectrum BX,
Perkin- Elmer, Woodbridge, Canada). All spectra were
recorded in a range of 4000-400 cm™ at a resolution of

4 cm® with 64 scans.

2.8 Mechanical Characterization

Mechanical properties of untreated and treated wheat
straw reinforced composites were determined by tensile
and bending tests. Mechanical tests were performed
with an Instron Model 8501 (UK) (5 kN). The tensile
test was carried out according to the ASTM D638
method at a crossing speed of 5 mm/min and a gauge
length of 50 mm. The flexural test was carried out at 5
mm/min in accordance with ASTM D790 method.
Three samples of each sample were tested for tensile

and bending tests and the average results reported.

20
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3. RESULTS and DISCUSSION
3.1 Water absorption results

Understanding and manipulating the polarity fraction
of cellulosic materials can be crucial in designing
materials with specific water absorption properties for
diverse applications ranging from textiles and
packaging to biomedical devices. It involves a balance
between hydrophilic and hydrophobic components to
achieve the desired performance characteristics. Higher
polarity fraction leads to increased
hydrophilicity (gaffar, 2016 and Gaffar, Mizi, 2017).

Within the scope of the study, the water absorption test

generally

results of composite samples containing treated and

untreated wheat straws are shown in Figure 1.

Hydrophilic groups, such as hydroxyl (-OH) groups in
cellulose, can form hydrogen bonds with water
molecules, making the material more capable of
absorbing water. Additionally, wheat straw has a
porous structure, and its fibers create a network that can

absorb and retain water.

—J— U nl!WSc I
—0—MWt-WSc
J —o—Alt-WSc 3

Water Absorption (25 C) (%)

T T T

L] 12 16 20
Time (h)

Water Absorption (90 C) (%)

| = Lllnt-WSc
—O—MWE-WSc I }
| —C—At-WSe

Time (h)

Figure 1. Water absorption results 25°C (left) and 90°C (right)

When the test results were analyzed, it was observed
that the water absorption tendency exhibited high
values in untreated wheat straw reinforced composites.
In contrast, composites reinforced with alkaline and

microwave-treated wheat straw displayed lower water

absorption values, consistent with similar studies (Li et,
2016 and Mittal, Shishir,2017). The water absorption
mechanism initially penetrates the structure through
capillary action, followed by the accumulation of water

molecules that bond with the reinforcement. The
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alkaline treatment method prevents the aforementioned
uptake and accumulation by reducing free OH groups.
It can be argued that the decrease in water absorption
value is attributed to the fact that alkaline treatment
provides better wetting with the epoxy matrix by
altering the surface topography, thereby reducing micro
the

subsequently reducing water transmission within the

voids and possible capillary effect, and

structure.

3.2 AFM and SEM results

The morphological and free surface energy changes on
wheat straws after the treatment process were examined

by atomic force microscopy. AFM examinations of
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untreated and treated interior and exterior wheat straws
are shown in Figure 2 and 3.

The interior and exterior surface roughness values of
untreated wheat stalks were 0.176 and 0.149,
respectively. While a significant roughness change was
observed on the interior surface of the wheat stalk after
alkali treatment, it was determined that the roughness
change efficiency was low on the exterior surface (Ra=
0.150 pum, Ryms=0.190 pum). This can be attributed to the
difference in the chemical structure of the interior and
exterior surfaces. Especially the excess of lipophilic
chemical substances, cutin and wax on the exterior
resisted alkaline treatment

surface may have

(Mohanty,2001).

a) b)

ym 0

m}c)

Figure 2. Exterior surfaces phase and amplitude (front view) images of the untreated (a), alkali treated (b),

microwave treated (c)

Microwave treatment shows its effect on surface

roughness through molecular changes such as
dehydration, cristallinity change or hydrolysis by

means of interaction with polar groups (-OH). A

change of 65% and 182% was observed in the untreated
interior and exterior surface roughness, respectively. It
can be suggested that it creates more active sites in

terms of wettability.
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Figure 3. Interior surfaces phase and amplitude (front view) images of the untreated (a), alkali treated (b),

microwave treated (c)

The existing literature has demonstrated that both
alkaline and microwave treatment methods induce
morphological changes on the surface of wheat straws,
as well as alterations in the surface energy due to the
molecular changes they elicit (Sgriccia,2007 and Li et
al,2016).  While

irregularities such as lignin, pectin, and wax from the

alkaline  treatment removes
wheat straw surface, it also causes a decrease in the free
hydroxyl (OH) groups of cellulose in the primary wall
of the stem (Li et al,2007 and Liu et al,2017 ). The
roughness values of the interior and exterior surfaces
after alkali treatment are presented in Table 3. As
shown, there is a remarkable increase in the roughness

values (Gadelmawla et al,2002). However, it would be

cautious to also consider the skewness and kurtosis
values presented in the table when evaluating the
surface morphology. The skewness and kurtosis values
obtained in AFM contact mode measurements are also
presented in Table 3. Roughness values provide a
superficial assessment of the post-treatment surface
morphology. In addition, the skewness/kurtosis values,
the forms of the surface shapes that occur after
reclamation, i.e. the formation of peaks/valleys or
sharp/oval ends, determine both the wettability and the
quality of the mechanical interlocking between the

matrix and the surface.

Table 3. Surface roughness parameters of untreated and APPIJ treated wheat straw

Coefficient
Sample Average Root Mean Square Skewness Kurtosis

(Ra)(pm) (Rms)(pm) (Rk) (Rku)
untiws 0.176+0.03 0.191+0.02 -0.281+0.03 3.890+0.03
UntEWS 0.149+0.01 0.156+0.01 -0.173+0.02 3.418+0.03
5AIT-IWS 0.390+0.43 0.460+0.22 0.167+0.17 1.118+0.41
5AIT-EWS 0.150+0.21 0.190+0.24 0.155+0.19 1.614+0.33
300:20MwT-IWS 0.290+0.26 0.400+0.31 0.139+0.27 1.314+0.15
300:20MwT-EWS 0.420+0.34 0.490+0.25 0.118+0.36 1.959+0.52
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Negative skewness values on the untreated wheat straw
surface indicate crack-like formations, while kurtosis
values greater than 3 indicate leptocurtoic-like sharp
("pointy") surface formations. It can be concluded that
the skewness value turned positive after both treatment
processes and the crack-like formations decreased or
were filled with various substances by plastering during
the process. Kurtosis values were observed to be below
3 (Gadelmawla et al,2002. This indicates platykurtic

surface formations, i.e. valley-like shape formations

with reduced number of sharp edges.
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AFM surface examinations suggest that the treatment
process is beneficial for wettability and the resulting
surface shapes are shaped in a way that helps the

mechanical interlocking with the matrix.

SEM images to examine the surface roughness are
shown in Figure 4 and 5. On the surface of the untreated

wheat straw, the roughness ratio and the wax, pectin,

etc. substances on the surface were clearly observed
(Figure 4a, 5a).

Figure 4. Exterior surface of untreated (a), alkali treated (b), microwave treated (c) wheat straws

Morphological differences between the interior and
exterior surface are also evident. A clean structure was
observed on the exterior surface after alkali treatment.
On the interior surface, more pronounced surface

contours appeared.

Microwave treatment, on the other hand, caused a
rougher "shrunken" structure on the exterior surface
compared to the alkaline one. On the interior surface, it

caused a more distinct surface as in alkaline.

Figure 5. Interior surface of untreated (a), alkali treated(b), microwave treated (c) wheat straws
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3.3 FTIR results

The results of the FTIR analysis to investigate the effect

of the treatment on the molecular structure of the

U. Hiiner / Trakya Univ J Eng Sci, 25(1):39-51, 2024

interior and exterior surface of the wheat straw are

shown in Figure 6.
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Figure 6. FITR results of interior (left) and exterior (right) surfaces of wheat straws

The stretching vibration absorption peak located
around 3400 cm? of the inner and outer surface
corresponds to the aliphatic components of cellulose,
lignin and wax of the -OH group present in the structure
(Kabir et al, 2012). While the intensity of this peak
decreases after alkali treatment on the interior surface,
it can be stated that the effectiveness is more limited on
the exterior surface. On the other hand, it can be
claimed from the changes of the mentioned peak of the
interior and exterior surfaces that microwave treatment
plays a more effective role in the removal of -OH

groups.

The peak located at 2920 cm™ is a characteristic peak
originating from the stretching vibration CH group in
hemicellulose and cellulose (li et al ,2007; Talebnia et
al, 2010 and Li et al, 2016). The C=C peak located at
1507 cm? is the stretching of the aromatic rings of
lignin. Partial fragmentation of lignin after reclamation
caused a change in this peak. Peaks located around
1000 -1300 cm'1 are due to Si-O and O-Si-O stretching.

Especially on the exterior surface, the intensity of the
peaks in this region decreased or disappeared after
treatment, which can be attributed to the degradation of

the silicon layer.

At 870 cm, the C-O peak typical of cellulose has
decreased in intensity or disappeared, especially on the
outer surface. In particular, the alkali treatment caused
a change in the molecular bonds of the cellulose on the

outer surface.

As a general evaluation, it can be suggested that both
alkali and microwave partially/completely removed
some components from the interior and exterior
surfaces, and the effects on the interior and exterior
surfaces varied depending on the difference in
structural components. Surface roughness as well as
possible molecular changes affect the wettability and
bonding abilities between the matrix and the
reinforcement, which in turn determine the overall

physical/mechanical properties of the composite.
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3.4 Mechanical test results

Tensile and flexure tests were carried out to investigate

the effect of the treatment process on the mechanical
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properties of the epoxy composites produced and
Figure 7 shows the pre and post-test images of the
samples. The results of tensile and flexural tests are

shown as bar graphs in Figure 8.

E2 ) mmas
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Figure 7. Wheat straw reinforced composites a) tensile test sample, b) broken tensile test sample, c) flexural test

samples

A tensile strength value of approximately 19 + 3.15
MPa was observed in composites containing untreated
wheat straw. Alkali treated specimens showed an
improvement of 15% and microwave treated specimens
showed an improvement of 37%. This was attributed to

surface treatment leading to better wetting and

increased mechanical interlocking between the
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reinforcement and the matrix, which is in line with
similar studies (bolcu et al,2022). Considering the
tensile modulus, it can be argued that alkaline treatment
causes embrittlement on the straw and although it
shows an increase in strength, its ability to absorb

energy decreases.
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Figure 8. Tensile test results of wheat straw composites (left), Flexural test results (right)
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The flexural strength and modulus of the composites
containing untreated wheat straw were determined as
26 and 2240 MPa, respectively. While the flexural
strength of the composites with alkali treated wheat
straw increased by 42%, the increase in flexural
strength in the composites with microwave treated

wheat straw was 62%.

The increase in flexural modulus in alkali treated
samples was measured as 32%. This increase was 48%
in microwave treated samples. (Bolcu et al,2022 and
mittal et al ,2017) When the flexural test results are
compared with similar studies, the differences can be
attributed to the physical form of the wheat straw used
in the composites or the differences in parameters such
as processing time and chemical ratio in the treatment

process.

4. Conclusions

Untreated and alkali and microwave treated wheat
straws were used in the production of composites using

epoxy matrix.

When the effect of alkali treatment on the surface was
examined, it was determined that the effectiveness was
less on the outer surface. It caused a roughness change
of approximately 162% on the inner surface.
Microwave treatment caused both roughness change
and the resulting surface forms were found to be more
appropriate in terms of wettability and mechanical
interlocking.

At the molecular level, it was revealed with the help of
FTIR that both treatment methods removed the free -
OH groups in the wheat straw structure. It can be
argued that microwave only helps more wettability
with its effect on surface energy change and molecular
bonding.

Mechanical test results revealed that both treatment
processes were effective. Considering the strength

values, microwave-treated wheat straw reinforced

U. Hiiner / Trakya Univ J Eng Sci, 25(1):39-51, 2024

composites performed better than alkaline-treated

composites.

It can be argued that the effectiveness of the microwave
treatment process contributes more to the process when
it is desired to increase the wettability and mechanical
bonding performance of the reinforcement without
weight loss and without deteriorating the structural
strength of the reinforcement during the treatment

process.
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1. Giris

Enerji verimliligi, enerji kaynaklarinin {iretimden,
iletim-dagitim ve tiikketime kadar tiim asamalarda en
yiksek  etkinlikte  degerlendirilmesidir. ~ Enerji
verimliligi, binalarda yagam standardi ve hizmet
kalitesinin, endiistriyel isletmelerde ise iiretim kalitesi
ve miktarinin diigiisiine yol agmadan birim hizmet veya
tirlin miktar1 bagina enerji tiikketiminin azaltilmasidir.
Temel hedef, birim milli gelir basina tiiketilen enerjiyi
azaltmaktir. Enerji tasarrufu, enerji atiklarinin
degerlendirilmesi, enerji verimliliginin artirilmasi ve
mevcut enerji kayiplarmin 6nlenmesi yoluyla tiiketilen
enerji miktarinin ekonomik kalkinmayi ve sosyal refahi
engellemeden, kalite ve performansi diisiirmeden en
aza indirilmesi olarak tanimlanmaktadir (T.C. Enerji ve
tabii Kaynaklar Bakanlig1 Enerji Verimliligi ve Cevre

Dairesi Bagkanligina, 2021).

Enerji, hayatimizin her alaninda ihtiya¢ duydugumuz
bir kaynaktir. Enerji iretimi ve 1sitma i¢in yaygin
olarak kullanilan cihazlardan biri de kazanlardir.
Kazanlar, yakitin yanmasiyla olusan 1s1 enerjisini suya
veya baska bir akiskana aktararak buhar veya sicak su
iiretirler. Bu buhar veya sicak su, daha sonra 1Sitma,

sogutma, elektrik iiretimi veya endiistriyel stirecler gibi

farkli amaglar i¢in kullanilabilir.

Kazanlarin enerji verimliligi, isletme maliyetlerini
azaltmak, enerji tasarrufunu saglamak ve g¢evreyi
korumak i¢in 6nemlidir. Enerji verimliligi ve tasarrufu
saglamak icin birgok farkli yontem mevcuttur ve son
teknolojilerin kullanimi ile kazanlarin daha verimli

¢aligmas1 miimkiindiir.

Kazanlarin enerji verimliligini artirmak i¢in dikkat

edilmesi gereken bazi faktorler sunlardir:

+ Iyi izolasyon: Kazanlarin gevresinde iyi bir sekilde
izole edilmesi, 1s1 kaybini onler ve enerji tasarrufu
saglamaktadir. Is1 kayb1 kazanin verimini diisiirmekte

ve daha fazla yakit tiiketimine neden olmaktadir. Bu

H. Akhan, O. Ozaydin, S. Ozdemir
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nedenle, kazanlarin izolasyon malzemesi, kalinlig1 ve

durumu 6nemli olmaktadir.

* Diizenli bakim: Kazanlarin diizenli olarak yapilan

bakim  igleri, kazanin  verimli  ¢alismasini
saglamaktadir. Bakim islerini, kazanin temizligi, ayari,
kontrolii ve onarimi gibi islemleri igermektedir.
Bakimsiz kazanlar, performans kaybina, arizalara,
emisyon artigina  ve

giivenlik  risklerine  yol

acabilmektedir.

* Geri kazanim sistemleri: Kazandan ¢ikan atik sicak
baca gazinin veya buharinin baska bir siirecte tekrar
kullanilmasina olanak saglamaktadir. Bu sekilde,
kazanin  verimliligi artar ve enerji tasarrufu
saglamaktadir. Ornegin, atik 1s1 geri kazanim sistemi,
baca gazindan 1siy1 geri kazanarak giris suyunu
isitmaktadir. Buhar geri kazanim sistemi ise, buhari
yogusturarak 1s1ty1  geri kazamp kazana geri
gondermektedir. Ekonomizer gaz ¢ikis sicakligi, fuel
oil yakitli kazanlarda 180°C, motorin yakitli kazanlarda
150°C, dogal gaz ve LPG yakitli kazanlarda 110°C'ye
kadar diistirtilebilir. Her 20 °C baca gazi sicaklik
diisimii, verimde %1 artisa neden olmaktadir (Enerji

Yoneticisi Egitimi Ders Notlari, 2021).

* Yiiksek verimli kazanlar: Daha az enerji tiiketen
kazanlardir. Yakitin yanmasiyla olusan 1s1 enerjisinin
daha iyi degerlendirip ve daha az atik 1s1 tiretmektedir.
Yiiksek verimli kazanlar, geleneksel kazanlara gore
daha maliyetli olabilir, ancak uzun vadede enerji
tasarrufu saglayarak

yatirim maliyetini

karsilamaktadir.

Diinyanin farkl: iilkeleri enerji verimliligi 6nlemlerinin
eksikligi sorununu ele almis ve enerji yonetimi
alaninda ¢esitli aragtirmalar ytriitmistir (Cagno vd.,
2013; Lozano vd., 2018). Ornegin, Cin (Zang vd.,
2015), Amerika Birlesik Devletleri (Worrell vd., 2000),
Etiyopya (Tesema ve Worrell, 2015),
(Hasanbeigi vd., 2011) ve Tirkiye'den (Ates ve

Tayland

Durakbasa, 2012) yapilan 6nceki ¢aligmalar, ¢imento
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endistrisindeki enerji verimliligi potansiyelini farkli
bir perspektiften arasgtirmistir. Hasan ve ark. Banglades
endiistrisinde enerji verimliligi olasilig1 tizerine dnceki
iki aragtirmay1 (Hasan vd., 2019; Hasan vd., 2019;
Hossain vd., 2020) arastirdi. Andersson ve Thollander
(2019), Isve¢ kagit hamuru ve kagit endiistrisinde
enerjiyle ilgili temel performans gostergelerinin
mevcut uygulama ve operasyonellestirme diizeyini
incelenmistir. Backlund ve ark. (2012), yo6netim
faaliyetlerinden  kaynaklanan enerji  verimliligi
potansiyelinin, enerji yogun endiistriler i¢in daha fazla
enerji ~ verimli  teknolojinin  uygulanmasindan
kaynaklanan potansiyelden daha biiyiik oldugunu
tahmin etmistir. Tollander ve Ottosson, endiistrilerdeki
gergek enerji  yOnetimi uygulamalarina  iliskin
aragtirmalarin az oldugunu ileri siirmektedir (Yang vd.,
2023). Daha 6nceki galismalar tarafindan desteklenen
bir argiiman (Thollander ve Ottosson, 2010; Yin,
2009), ayn1 zamanda hem teorik katkilar hem de pratik
vaka c¢aligmalar1 ile ilgili daha fazla arastirma
yapilmasin talep etmektedir. Schulz ve Stehfest (1984)
bolgesel enerji tedarigi is birligi yoluyla emisyonlari
azaltma olasihigini erkenden tespit etmistir. Daha sonra,
farkl1 sirketler arasinda enerji konulariyla ilgili bdlgesel
is birliginin hem finansal hem de c¢evresel acgidan
faydali oldugu ve CO; emisyonlarini azaltmada genis
bir potansiyele sahip oldugu ortaya ¢ikmustir (Klugman
vd., 2009). Bolgesel 1s1 piyasast is birligine iliskin daha
ileri ¢aligmalar, toplam enerji tasarrufu olanaklarimi
gostermektedir (Karlsson vd., 2009; Thollander vd.,
2007). Son yillarda ilgi ¢eken ¢oziimlerden biri de
kojenerasyon sistemleridir (Marshman vd., 2010).
(2013),

endiistrilerinde enerji yOnetimini stratejik giindeme

Rudberg ve ark. enerji yogun proses
koymak i¢in gerekli 6nkosullar1 arastirmigtir. Binalarin
en az enerji ile 1sitilmasinin termodinamik birinci ve
iizerine

ikinci yasalarina gore degerlendirilmesi

calistlmistir (Can, 2011).

Yang, Lin, Pan, Geng, Chen, Liu (2023), hidrojenle

zenginlestirilmis dogal gazin kullaniminin yogusmali
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tizerindeki etkilerini degerlendirmistir. Hidrojenle
zenginlestirilmis dogal gazin yanmasi, baca gazindaki
su icerigini artirarak yogusmali kazanlarin ek gizli 1s1y1
geri kazanmasini saglamaktadir. 2,8 MW'lik sabit bir
1s1 yiikiinde gergeklestirilen degerlendirmeler, H»
zenginlestirmesinin alevin radyasyon yogunlugunu
artirdigi1 ve kazan verimliligini artirarak 1s1 geri
kazanimini sagladigini gostermektedir. H, fraksiyonu
%0'dan %100'e ¢iktikga, CO. emisyon yogunlugu
Oonemli Olgiide azalmaktadir. Calisma, hidrojenle
zenginlestirilmis dogal gaz yogusmali kazanlarin
potansiyel uygulama alanlarmi ve karbon azaltma
etkilerini inceleyerek, teorik bir referans sunmaktadir
(YYang vd., 2023). Chen, Ye, Shen, Wang, Deng, Yang
(2021), Hunan eyaletini ornek alarak &zel olarak
uyarlanmis enerji verimliligi standartlarinin yerel
endiistriyel sistemler i¢in kritik O6nem tasidigini
vurgulamistir. Eyaletin 6nde gelen endiistriyel yapisina
dayanarak, etkin enerji ve ekserji analiz yontemleri
kullanilarak  endistriyel — kazanlarin  verimliligi
incelenmistir. Referans standartlar1, analitik hiyerarsi
stireci ve belirsizlik analizi sonuglarima dayanarak
bolgesel endiistriyel kazan enerji verimliligi i¢in
onerilerde bulunulmustur. Analiz, egzoz gaz1 sicakligy,
yakit ucucu maddesi, hava katsayisi, kazan kapasitesi,
soguk hava sicaklik, ciiruf karbon igerigi ve ciiruf
sicaklig1 gibi endiistriyel kazan sistemini etkileyen ana
faktorleri belirlemistir. Bu 4 faktoriin anlasilmasi,
endiistriyel kazan sistemlerinde daha fazla enerji
tasarrufunu miimkiin kilacak yenileme projelerinin
tasarimu i¢in teorik bir temel saglamaktadir. Hunan'in
enerji verimliligi standartlari, karsilagtirmali ¢aligmalar
sonucunda Onerilmistir (Chen vd., 2021). Wang, Zou,
Lu, Li, Hu, ve Wang (2024) tarafindan yapilan
aragtirmaya gore, diisiikk yiik altinda kazanin yanma
kararliliginin bozuldugu ve karbon yanma katsayisinin
distigi belirlenmistir. Bu durum, kazanin termal
verimliligini olumsuz ydnde etkilemektedir. Kazanin

enerji verimliligi seviyelerini anlik olarak izlemek igin
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cevrimi¢i  izleme  yontemleri  kullanilabilecegi
belirtilmis, ancak karbon yanma katsayisinin ¢evrimici
izlenmesinin zorlu bir meydan okuma oldugu
vurgulanmistir. Arastirmada, fazla hava katsayisi ile
karbon yanma katsayisi arasinda bir teorik model
gelistirilmis ve ¢evrimigi izleme sonuglari, daha diisiik
karbon yanma katsayisinin kazan enerji verimliligini
artirabilecegini gostermistir. Ancak, kismi yiik altinda
kazanlarda ger¢ek hava akigindaki eksikliklerin bu
calisma modunu etkileyebilecegi belirtilmistir. Ayrica,
karbon tiikenmislik katsayisinin birim yiik arttikca
yikseldigi, birim yik distikce azaldig1 tespit
edilmistir. Diisiik yiik altinda kazanin yanma kararlilig:
ve veriminin énemli 6l¢iide azaldigina dikkat ¢ekilmis
ve ¢evrimi¢i izleme yontemlerinin, bu kosullarda kazan
enerji verimliligini iyilestirmek igin temel bir arag
saglayabilecegi ifade edilmistir (Wang vd., 2024).
Satyavada ve Baldi'nin (2018) caligmasina gore,
yogusmali kazanlar, baca gazlarindan gelen 1sinin
kazan girigsindeki soguk suyu 6n 1sitarak ¢alismaktadir,
bu da enerji verimliligini geleneksel kazanlara gore

%10-12 artirmaktadir (Satyavada ve Baldi, 2018).

Bu c¢alismada, kamu binasmin 1sitma sisteminde
kullanilan kazanin verimlilik agisindan incelenmistir.
Olgme, analiz etme ve degerlendirme asamalarindan
sonra sistem iyilestirmeleri, verimlilik arttiric
yontemler Onerilmistir. Isitma sisteminde kullanilan
kazanin atik 1sidan faydalanarak hangi oranlarda
tasarruf saglanacagi incelenmistir. Yiiksek sicakliktaki
baca gazlar1 kullanilip atik 1s1 degerlendirilerek, enerji,

yakit tasarrufu ve ekonomik kazang saglanmaktadir.

Hedefler:

-Mevcut kazan sisteminin performansinin belirlenmesi,
- Mevcut sistemde yapilabilecek iyilestirmelerin tespit
edilip uygulanabilirliginin ortaya konulmast,

- Atik enerjiyi faydali enerjiye doniistiirerek, enerji,

yakit tasarrufu ve ekonomik kazang saglanmasidir.

H. Akhan, O. Ozaydin, S. Ozdemir
Trakya Univ J Eng Sci, 25(1):53-64, 2024

2. Materyal ve Yontem
2.1. Deney Tesisat1
2.1.1. Sistem Ozellikleri

Proje kapsaminda incelenen sicak su kazani, gaz
yakithdir. Kazan 2011 yilinda iretilmigtir. Kazanda
yakit olarak dogalgaz kullanilmaktadir. Maksimum
calisma basinci 3 bar, maksimum c¢aligma sicakligi
100°C, hidrostatik basinci 4 bar’dir. Kazan dis yiizey
izolasyonu 100’lik rapis telli tag ytnii {izeri 0,60
gofrajli aliminyum sac ile kaplanmistir. Sicak su

kazam teknik 6zellikleri Tablo 1°de verilmistir.

Kazan dairesinde 3 sicak su kazam yer almaktadir,
ancak 1 tanesi aktif olarak ¢aligtirilmaktadir. Sekil 1°de
incelenen sicak su kazanmn bulundugu kazan dairesi
goriintiisii yer almaktadir. incelenen sicak su kazani
sekilde en sagdaki kazandir. Mevcut sicak su kazani
sisteminde ekonomizer 1s1 geri kazanimi sistemi
kullanilmamaktadir. Sekil 2°de kazan ¢ikis kanali ve
kazanin dagitim kanallari, Sekil 3’te kazanmnin

kumanda panosu ve dogalgaz sayaci goriilmektedir.

Tablo 1. Incelenen kazanin teknik 6zellikleri

Ozellik Deger

Kazan cinsi Gaz/Sivi yakith
sicak su kazani

Kazan tipi TR P 814

Uretim tarihi 2011

Kapasite 814

Maksimum ¢aligma basinci 3 bar

Maksimum galigma sicakligt 100 °C

Su hacmi 1040 It

Hidrostatik test basinci 4 bar

Sekil 1. incelenen sicak su kazanin bulundugu kazan
dairesi goriintiisii (En sagdaki incelenen kazan)
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— o

Sekil 2.

Sekil 3. Sicak su kazaninin kumanda panosu ve
dogalgaz sayact

2.1.2. Ol¢iim Cihazlar1

Calismada, akredite olmus ulusal kuruluslar tarafindan
kalibrasyonu yapilmis ve etiketlenmis 6l¢iim cihazlart
kullanilmistir. Caligma siiresince termal kamera, baca
gazi emisyon ve sicaklik 6l¢lim cihazi, sistem iizerine
sabit montajli basing, debi ve sicaklik OSlgerlerden

faydalanilmistir.

Sekil 4’te gorilen termal kamera kazan yiizey
sicakliklarimi  belirlemek i¢in kullanilmustir. Enerji
israflarini, yapisal kusurlari tespit edebilmekte ve AR-
GE irtin kalitesi i¢in kolaylikla, hizli ve giivenilir
sonuglar elde edebilmektedir. (-20 +1200 C) yiiksek
calisma sicaklik araligt ve 0.045° hassasiyet ile
rahatlikla kullanabilmektedir. 8X zoom 6zelligi, Led
151k, Lazer isaretleyici ve degistirilebilir lensler
sayesinde problemli alan1i gorebilir, isaretleme
yapabilir ve ayni anda 5 farkli noktay1 goriintiileye bilir
ve sicaklik degerlerini incelenebilmektedir. Ayrica
maksimum  ve  ortalama

minimum, deger

alinabilmektedir.

Sekil 5°te goriilen baca gazi 6l¢iim cihazi, Oksijen(Oy),
Karbonmonoksit (CO), Azotoksit (NO), Siilfiir (SO32)
(NO), Hidrokarbon (CxHy),
Hidrojen (H.) ve Hidrojen siilfiir (H2S), Amonyak
(NHs) ve Hidroklorikasit (HC1) dl¢timii yapmaktadir.

veya Azotdioksit

57

Baca gazi 6l¢iim cihazi, 2.60 L/dk pompa ¢ekis giiciine
sahiptir.

Sekil 5.0 g:urfilérde kullanli;n baca a21 Ol¢iim cihazi
2.2. Yapilan Olgiimler ve Ahnan Degerler

Sicak su kazani sisteminde dogalgaz tiiketimi ve
basinci, baca gazi ¢ikis sicakligi ve emisyon degerleri,
kazan yiizey sicakliklari ve ortam kosullar1 degerleri
Olglilen baslica parametrelerdir. Tablo 2’de kazan
sisteminde yapilan Olglimler ve alinan degerler yer
ekonomizer

sistemde

“Eko dahil”

Mevcut

tablodaki

almaktadir.
bulunmamaktadr, verileri

tasarim degerleridir.

Olgiilen veriler degerlendirildiginde, kazanda baca gaz1
sicakliklart 120-150 °C araliginda bulunmasi normal
kabul edilmektedir. O, CO2 ve CO degerleri kabul
edilebilir diizeydedir.

Sekil 6’da kazan 6n ylizey sicaklik dagilimi, Sekil 7°de
kazan sag yiizey ve Sekil 8’de sol yiizey sicaklik
dagilimi yer almaktadir. Termal goriintiilerde kazan dig

yiizey malzemesi emisivite degeri 0,79 “dir.
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Tablo 2. Kazan sisteminde yapilan dl¢iimler ve alinan degerler

Tarih 03.01.2024

Ekonomizer Durumu Eko Haric Eko Dahil
Yanma Havasi1 Damper A¢iklig: 100% 100%

Data Toplama Zamani 0 15 dakika |0 15 dakika

Dogalgaz Degeri m3 3.510.000,9 | 3.510.094,9 | 3.510.094.9 | 3.510.157,6
Dogal Gaz Basinci mbar | 280.0 280.0 280.0 280.0
Dogal Gaz Sicakligi °C 26.0 26.0 26.0 26.0
Dogal Gaz Sayag Degeri Nm® ]3.861.001,0 | 3.861.104,4 | 3.861.104,4 | 3.861.173,3
Cikis Basinct bar 1,70 1,70 1,70 1,70
Su Sayag¢ Degeri kg 65 65 65 65
Baca gazi1 Sicaklig1
Ekonomizer Oncesi °C 172,60 186,90 172,60 186,90
Ekonomizer Sonrasi °C 172,60 186,90 100,21 108,28
Baca gazinda Oz Orani % 4,10 4,10 4,10 4,10
CO Orant ppm
Ortam Sicakligi °C 23,1 23,1 23,1 23,1
Bagil Nem Miktar1 % 55,0 55,0 55,0 55,0

. ppm 150,0 150,0 150,0 150,0
Besi Suyu Iletkenligi

mS/cm | 234,0 234,0 234,0 234,0

Iletkenlik Olgiilen Sicakliklar | °C 21,0 21,0 21,0 21,0
Kazan Yiizey Sicakliklari
On Yiizey °C 40,00 41,10 40,00 41.10
Arka Yizey °C 28,00 28,00 29,00 29.00
Sol Yan Yiizey °C 27,40 27,50 27,00 27,00
Sag Yan Yiizey °C 30,00 30,10 30,00 30,00

Sekil 7. Kazan sag yiizey sicaklik dagilimi

I

Sekil 8. Kazan sol ylizey sicaklik dagilimi

2.3. Analiz ve Hesaplamalar

Kazanlarda verimlilik hesaplamasi dogrudan
yontem ve 1s1 kaybiyla dolayli yontem olarak iki yol ile
hesaplanabilmektedir (Enerji Yoneticisi Egitimi Ders

Notlari, 2021). Bu caligmada kayiplarin hesaplanmasi
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yontemi kullanilarak, kazan verimi hesaplanmstir.

Kayiplar1  belirleyip azaltarak, verimi artirmak

hedeflendigi icin kayip yontemi segilmistir. Tim
kayiplar1 toplayip asagidaki denklemini kullanarak

verimlilik hesab1 yapilmustir.
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Kazan verimi (%n) = 100 — Lropiam @)

Lropiam 151 kayiplar toplanudir ve asagidaki denklem
ile hesaplanmaktadir.

Lropiam = Lxkpe + Lnpe + Lcope + Lrx + L )

Tablo 3. Kazandan kaynaklanan baglica 1s1 kayiplari (Enerji Y6neticisi Egitimi Ders Notlar1, 2021)

Is1 Kaybi Denklem

Lype = o,

1. Kuru Baca Gazi Yoluyla | g =

_ 69,7 x Cygpex(Yakitin alt isul degeri)?

K x (Tgg—T, Yakzut st isil degeri
( BG O)x g (3)

Yakit alt isil degeri

(Yakitin ist isil degeri)3

“4)

Olan Is1 Kaybi1
(L xBG) o
2
€0, = {1 - [2]}x(C02)max 5)
(COmax = %11,74 (6)
2. Baca Gazindaki Nem L _ (9xHyaklt)x(50—T0+(O,5 x TBG)) Yakit Gist 1sul degeri -
Nedeniyle Olan Is1 Kaybi | “NBG — Yakit iist isil degeri Yakit alt 1sul degeri @
(LnBG)
3. Baca gazindaki Yanmamig L _ KxCOpg _ Yakit iist isul degeri )
Karbonmonoksit ~ Nedeniyle | “€9BS ™ co,+copg” Yakit alt isul degeri
Olan Is1 Kayb1
(L cosG)
Dogal Gaz igin K degeri = 32 (O]
LB (Tp—TH20) x BM x (100—L) Yakit ist isul degeri (10)

4. BIlof Nedeniyle Olan Isi

- ((TB=TH20) xBM)+((100—-BM)x (660-Th0)) Yakit alt isil degeri

Kaybi Denklemde Ty blof suyu sicakligi, Ty,o besi suyu sicakligi ve BM blof
(LB) miktaridir.
__ Besisuyu iletkenligi
BM = KAzan suyu iletkenligi 100 an
Lpgr = (Uyr + Uc) x Ax (T, — Tp) (12)
_ E x 5,67 T_y 4 i 4
= o G T Gog) ] (13)

5. Kazan Yiizeyinden
Radyasyon ve Konveksiyonla
Olan Is1 Kaybi1

(L rK)

U.=Bx (T, —Ty)"*

Denklemde E yiizey malzemesine ve isleme sekline bagli Emissivite
katsayisi, T,, ylizey sicakligi ve Ty ortam sicakligidir.

(14)

B degeri, yukariya bakan yatay yiizeyler i¢in 1,7 , dikey yiizeyler ve genis
silindirler i¢in 1,45 ve yatay silindirler igin 1,2 alinmaktadir.

— RK'
LRK " vakut tarafindan verilen ist as)
Toplam (Lropiam) Lropiam = Lxpe + Luge + Lcope + Lrx + L 2)




60

Tablo 3’teki denklemler ve Olgiilen degerler
kullanilarak, ekonomizerli ve ekonomizersiz durum
icin kazanda olusan 1s1 kayiplar1 hesaplanmistir. Ist
kayiplartyla dolayli yontem kullanilarak her bir durum
i¢in verim belirlenmigtir. Tablo 4’te ekonomizerli ve
ekonomizersiz durum i¢in sicak su kazani sistemi
kayiplart ve kazan verimi degerleri goriilmektedir.

Kazanda yapilan iyilestirmeler sonucunda kazan verimi

Tablo 4. Ekonomizerli ve ekonomizersiz durum i¢in sicak su kazani sistemi 1s1 kayiplari (IK) ve kazan verimi

H. Akhan, O. Ozaydin, S. Ozdemir
Trakya Univ J Eng Sci, 25(1):53-64, 2024

artist %3,87 olarak belirlenmistir. Sekil 9 ve Sekil
10°da ekonomizerli ve ekonomizersiz durum igin sicak

su kazanm1 sistemi kayiplar1  yiizdelik olarak

verilmektedir. Baca gazi analizinde Olgiilen O3

degerleri dikkate alinarak fazla hava orani su formiil

kullanilarak hesaplanabilmektedir.

Fazla Hava Orant (%) = 210_2

* 100
02

Ekonomizersiz  Ekonomizerli
Kuru Baca Gazindan IK (%) 5,98 3,11
Nem Nedeniyle IK (%) 2,19 1,48
CO Kayb1 (%) 0,01 0,01
Kazan Yiizeyinden IK (%) 0,08 0,12
Bl16f Nedeniyle IK (%) 1,23 1,26
Toplam Kayip (%) 9,48 5,97
Kazan Verimi (%) 90,52 94,03
Fazla hava (%) 24,26 24,26
10%
9% | ® Ekonomizersiz m Ekonomizerli |
8%
%
< 6%
2 5%
5 4%
3%
i "
0% —_— .
Kuru Baca Nem CO Kaybr1 (%) Kazan BI16f Nedeniyle Toplam Kayip
Gazindan IK  Nedeniyle IK Yiizeyinden IK 1K (%) (%)
(%) (%) (%)

Sekil 9. Ekonomizerli ve ekonomizersiz durum i¢in sicak su kazan1 sistemi kayiplari

Ekonomizersiz Durum I¢in Kazan Kayiplari

5.98%

9.48%

2.19%

0.01%
0.08%

= Nem Nedeniyle IK (%)
= Kazan Yiizeyinden IK (%)
= Toplam Kayip (%)

—
1.23%\\

= Kuru Baca Gazindan IK (%)
= CO Kaybi (%)
= BI6f Nedeniyle IK (%)

6.97%

Ekonomizerli Durum Igin Kazan Kayiplari

3.11%

N -

0.01%
0.12%

1.26%

= Kuru Baca Gazindan IK (%)
= CO Kayb1 (%)

= BI6f Nedeniyle IK (%)

= Nem Nedeniyle IK (%)
= Kazan Yiizeyinden IK (%)
= Toplam Kayip (%)

Sekil 10. Kazan {initesi ekonomizerli ve ekonomizersiz durum igin enerji kayiplari
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[ mKazan Verimi (%)

94%
93%

imi

92%

c

91%

Kazan Ver

90%
89%

88%
Ekonomizersiz

Ekonomizerli

Sekil 11. Ekonomizerli ve ekonomizersiz durum sicak su kazani verimleri

3. Ekonomik Analiz

Incelenen sicak su kazani sistemi bacasinda 1s1 geri
kazanimi  (ekonomizer-rekiiperator) kullanildiginda
saglanacak tasarruf hesaplanmistir. Rekiiperatorde i¢
ice gecmis iki boru vasitasiyla baca gazindaki 1si,
yanma havasina transfer edilir ve 1s1 geri kazanimi ile
verim artirtlir. Tablo 5°te kazan iinitesi tasarrufu ve
ekonomik analiz sonuglar1 yer almaktadir. Kazanda
yapilan iyilestirmeler sonucunda yakit tasarrufu 138
Nm?/h olarak belirlenmistir. Maliyet analizi geri 5deme
siiresi yontemi kullanilarak ~ hesaplanmuistir.
Ekonomizerli sistemde yillik $29.049 /yil parasal
tasarruf  hesaplanmuigtir. Eger endiistriyel tesis
ekonomizerli kazan kullanilirsa, geri 6deme siiresi 0,13

yil olacaktir.

Tablo 5. Kazan Unitesi tasarrufu ve ekonomik analiz

sonuglari
Parametre Deger
Yakat tasarrufu (Nm®/h) 138
Dogalgaz fiyat1 (($/Nm?®) 0,16
Yillik ¢alisma stiresi (h) 1320
Tasarruf (($/Y1l) 29.049,0
Ekonomizer fiyat + Iscilik (($) 3.821,0

3.1. Yakit Ekonomisi

Tablo 6 ve Sekil 12°de 1 ton sicak su iiretimi i¢in yakit

maliyetleri  yer almaktadir. Yakit maliyetini

hesaplamada kullanilan denklemler asagida verilmistir.

Uretilecek Enerji = Yakit Tiiketimi x Alt Isil Deger x Verim

17)
.1 .. . _ Uretilecek Enerji Miki
Yaklt Tuket]ml — retilece Vner]l 1 .tarl (18)
Alt Is1l Deger x Verim
Toplam Maliyet = Yakit Maliyeti + iscilik Maliyeti (19)

Tablo 6. 1 ton sicak su iiretimi igin yakit maliyetleri.

Yakat Tiirii 1\/}{1?(]:;« 1 Yakit &?liyeti
Fuel Oil No:6 73,5 (ka) 61,61
LNG 80,8 (m?) 48,71
Dogalgaz 80,8 (m%) 15,24
0-10mm toz Komir 235,29 (kg) 62,73
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® Yakit maliyeti (USD) |

Yakit Maliyeti (USD)
N w iy a (2]
o o o o o

=
o

o

Fuel Oil No:6 LNG

Dogalgaz Komiir (Linyit)

Yakit

Sekil 12. 1 ton sicak su i¢in yakit maliyetleri

3.2. Bulgular ve Tartisma

Incelenen sicak sicak su kazani sistemi bacasi 1s1 geri

kazanimi yapacak sekilde, ekonomizerli
(rekiiperatdrlii) olarak onerilmektedir. Rekiiperatorde
i¢ ige gecmis iki boru vasitasiyla baca gazindaki 1si,
yanma havasina transfer edilir ve 1s1 geri kazanimu ile
verim artirilir. I¢ ice gegmis iki boru araciligi ile sicak
baca gazindan enerjiyi yanma havasina transfer
edilmektedir. Icteki borudan sicak baca gazi, distaki
borudan yanma havasi ters istikamette
gonderilmektedir. Yanma havasi baca gazindan geri
kazanilan 1s1 enerjisi kazan beslene sicak suyuna
transfer edilmektedir. Geri kazanilan enerjinin karsilig1
kadar yakit kullanilmayarak tasarruf saglanmaktadir.
Kazanda yapilan iyilestirmeler sonucunda yakit
tasarrufu 138 Nm/h, kazan verimi artis1 %3,87 olarak
belirlenmistir. Maliyet analizi geri Odeme siiresi
yontemi kullanilarak hesaplanmigtir. Ekonomizerli
sistemde  yilik  $29.049,0/y11  parasal tasarruf
hesaplanmistir. Eger endiistriyel tesis ekonomizerli

kazan kullanilirsa, geri 6deme siiresi 0,13 y1l olacaktir.
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