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Przedmowa

W 2019 roku zostala utworzona Trdjmiejska Szkota Doktorska
Polskiej Akademii Nauk (TSD PAN) prowadzona wspélnie przez:

o Instytut Maszyn Przeplywowych PAN (IMP PAN),
o Instytut Budownictwa Wodnego PAN (IBW PAN),
o Instytut Oceanologii PAN (IO PAN).

Szkota Doktorska oferuje ksztalcenie w ramach trzech dyscyplin:
inzynierii mechanicznej, inzynierii ladowej, geodezji i transportu
oraz nauki o Ziemi i sSrodowisku.

Mam ogromng przyjemno$¢ przedstawi¢ Panstwu monografie be-
daca podsumowaniem aktywnosci naukowej kolejnego roku dzialal-
nosci TSD PAN zawierajaca prace naukowe zaproponowane przez
doktorantéw Szkoty Doktorskiej.

Niniejsza monografia zawiera zbior prac z dyscypliny inzynieria me-
chaniczna. Ich kréotkie podsumowanie doktoranci TSD PAN zapre-
zentowali w ramach I11 Seminarium Naukowego TSD PAN, ktére
odbyto sie w dniach 13-14 czerwca 2022 r. Wydarzenie to jest kon-
tynuacja cyklu corocznych otwartych seminariéw naukowych, na
ktorych doktoranci Szkoty Doktorskiej prezentuja swoje osiagnie-
cia naukowe.

dr hab. inz. Magdalena Mieloszyk, profesor IMP PAN
Dyrektor TSD PAN
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Preface

In 2019 the Tricity Doctoral School of the Polish Academy
of Sciences (TSD PAN) was established, which is run jointly by:

o Institute of Fluid-Flow Machinery PAS (IMP PAN),
o Institute of Hydro-Engineering PAS (IBW PAN),
« Institute of Oceanology PAS (IO PAN).

The Doctoral School offers education in three disciplines: mechani-
cal engineering, civil engineering, geodesy and transport as well as
Earth and environmental science.

It is my great pleasure to present you a monograph which is a sum-
mary of the next year of TSD PAN scientific activity, including
scientific papers proposed by PhD students of the Doctoral School.

This monograph contains a collection of papers from the discipline
of mechanical engineering. Their short summaries were presented by
PhD students during the 3" Scientific Seminar of TSD PAN, which
took place on June 13"-14%" 2022. This event is a continuation of
a series of annual open scientific seminars where PhD students of
the Doctoral School present their scientific achievements.

dr hab. inz. Magdalena Mieloszyk, profesor IMP PAN
Director of TSD PAN
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Chapter 1

The study of Guided
Wave mode sensing and
separation based on FBG
and PZT sensors for
structural health
monitoring

SULTAN AHAMAD

Institute of Fluid Flow Machinery, Polish Academy of Sciences,
Fiszera 14, 80-231 Gdansk, Poland



2 CHAPTER 1. MODE SEPARATION USING FBG/PZT

1.1 Introduction

Structural health monitoring (SHM) is an approach for evaluating
and monitoring the structures like aeronautical, mechanical, and
civil infrastructures. It is the process of monitoring changes in
the properties of engineering structures (such as bridges and build-
ings) over time using periodically sampled response measurements.
A well-designed SHM system would evaluate a structure’s serviceab-
ility, reliability, and durability, allowing owners or decision-makers
to deploy resources efficiently. The adoption of the SHM allows
for frequent in-service inspections of structures, allowing for the
identification of structures that would require maintenance, repair,
refit, or replacement regularly. The outcome of this procedure for
long-term SHM has frequently updated information on the struc-
ture’s capacity to execute its intended function in light of the in-
evitable age and degradation caused by operational settings. SHM
is very important for quick condition screening after severe events
like earthquakes or blast loads to provide trustworthy information
on the structure’s integrity in near real-time [1]. It is necessary to
carry out real-time health monitoring and evaluation of engineer-
ing structures to put an end to the potential hazards and improve
the safety performance of civil facilities. It is required to find fea-
tures in the gathered data that allow one to distinguish between
the undamaged (referential or pristine) and damaged structure in
order to monitor the condition of a system in real-time. Correlating
observed system response parameters, such as vibration amplitude
or frequency, with observations of the deteriorated system is one
of the most used approaches. SHM systems can help decrease the
number of unplanned repair and service operations due to struc-
tural deterioration of the utilized structure. The guided wave (GW)
propagation approach is one of the numerous diagnostic procedures
that can be used in SHM [2].

SHM process involves the sensor/actuator network (different types,
numbers, and locations), data acquisition/storage/transmittal hard-
ware, and data processing system/software (presentation of identi-
fication results) [3]. Measurements and their processing can be
made to either immediately identify any degradation or damage to
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a system or indirectly forecast the system’s status by assessing the
size and frequency of loads experienced. In structural health mon-
itoring (SHM), guided wave-based inspection has been used extens-
ively. Guided-wave propagation is affected by structural damage.
Since the detected signal differs from the reference signal of the
undamaged structure, the presence of damage can be determined.
Inspection of structures can be performed using the piezoelectric
sensors but these have a serious drawback of electromagnetic inter-
ference [4]. FBG sensors are also used for guided-based SHM and
these are immune to electromagnetic interference but relatively very
costly as compared to PZT sensors [5]. FBG sensors have a number
of potential advantages over traditional piezoelectric sensors, in-
cluding their small size, immunity to electromagnetic interference,
excellent potential for embedding, and multiplexing abilities [6].

1.2 Techniques used in SHM

SHM techniques have been developed for a long time [2]. SHM
techniques have the goals of establishing the presence of structural
problems (detection), locating (localization) and assessing the de-
gree of structural damage (determination of size/shape/type), eval-
uating structure safety, and forecasting the structure’s remaining
service life (prediction), and, if practicable, deciding on a mainten-
ance strategy. Several SHM techniques have been proposed in the
literature, including vibration-based, strain-based, guided waves
(GW)-based, electromechanical impedance-based, etc. These use
various types of sensors and signal processing techniques to reliably
identify damage. These approaches have been effectively used for
experimental validation, however, they do not meet all of the ser-
vice criteria in real-world applications. As a result, many kinds of
research on low-cost methods are going on [7, 8]. Some techniques
for SHM will be described in further subsections.

1.2.1 Vibration based SHM

The vibration-based SHM approaches are very popular. Many re-
searchers like Boscato et al. have presented detailed descriptions of
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Structural Health Monitoring using Vibration based approaches [9].
The goals of these SHM techniques are to determine the presence
of structural defects, as well as the location and size of such dam-
age, determine the extent of structural damage, assess the struc-
ture’s safety, and estimate the remaining service life. If practicable,
assess the structure and decide on a maintenance strategy. The
truth is that the structure’s vibration characteristics are determ-
ined by its physical parameters. Structural damage creates changes
in the structure’s physical/mechanical parameters, and changes in
the structure’s physical/mechanical parameters induce changes in
the structure’s vibration response. As a result, these parameters
can be utilized as indications of structural health. Vibration-based
SHM approaches may be divided into three groups based on the
vibration parameters used: methods in the frequency domain, time
domain, and time-frequency domain [10, 11].

1.2.2 Strain based SHM

Strain monitoring data from SHM activities can directly connect to
stress redistribution in the region of the strain sensor, such as dam-
age initiates and grows, hence strain-based damage detection sys-
tems are valued highly in structural health diagnostics [12]. Damage
detection techniques were developed by dividing structural strain
monitoring data into quasi-static and dynamic (high-frequency)
components. When damage is triggered, a considerable change
in strain data or strain-based feature data will arise, according
to theoretical techniques [13]. The strain-based damage detection
systems, however, confront the aforesaid second problem of SHM
data interpretation due to the homogeneous properties of structural
responses that reflect changing environmental and operating situ-
ations [14]. To prevent disguising the consequences of structural
degradation, time-varying implications on strain responses should
be taken into account [15].

1.2.3 Electromechanical impedance-based techniques

Measurements of electromechanical impedance (EMI) is one of the
SHM approaches. As actuators and sensors, it uses piezoelectric
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transducers, which are mostly built of piezoelectric ceramic. The
electrical impedance of a piezoelectric transducer is measured due
to the existence of electromechanical coupling of the transducer and
structure [16]. In the EMI technique, a high-strength epoxy adhes-
ive is used to embed or add a lead-zirconate titanate piezoelectric
ceramic sensor (PZT) patch to the structure being monitored. In
the high-frequency range (30-400 kHz), the patch’s conductance
characteristic is obtained. This characteristic is a reference for
SHM. The conductance characteristic is re-acquired and compared
to the reference conductance characteristic whenever it is necessary
to assess the structure’s health. Typically, a commercially available
impedance analyzer is used to determine the conductance charac-
teristic of the bonded/embedded PZT patch [17].

1.3 Guided wave (GW) and GW Imaging

Multiple physical quantities can be measured to assess a structure’s
health, with Guided Waves (GWs) being particularly promising.
Among the benefits of GW for SHM, it should be noted that they
are extremely sensitive to defects and propagate over long distances
with little input energy, making them ideal for an SHM configura-
tion (limited number of sensors). The main disadvantages of GW
are that they are sensitive to boundary conditions, multi-modal
and dispersive, making analysis difficult, and they are sensitive to
environmental conditions. A considerable body of work exists on
GW-based SHM (GW-SHM), and a variety of algorithms have been
developed to identify a variety of defects in diverse structures. GW
imaging (GWI) is the process of investigating structure by measur-
ing propagating GWs [18, 19]. GWI usually, but not always, uses an
array of piezoelectric (PZT) transducers, each acting sequentially
as an emitter and receiver of GW to measure the propagated wave
packets between each pair of sensors. In this case, for this configur-
ation, it is anticipated that the existence of a defect will alter the
wave propagation in some way, for instance, consider the presence
of a reflected wave packet. Acoustic emission, pitch-catch, pulse-
echo, beamforming, and tomography are some of the other GW
approaches. The current limitations of GW-SHM techniques stem
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from the fact that GWs are extremely sensitive to a large number
of parameters, making it difficult to distinguish the influence of de-
fects in the measured signals from the influence of other parameters
such as temperature variation or different boundary conditions [20].

1.4 Overview of SHM based on elastic/
guided waves

When particles are moved in a medium, elastic waves occur in which
a force proportional to the displacement acts on the particles to re-
turn them to their previous location. An elastic wave will propagate
if a material possesses the property of elasticity and the particles in
a specific region are placed in vibratory motion. For example, a gas,
is an elastic medium (it will return its original volume if the pres-
sure is released), and sound is conveyed through gas as an elastic
wave. Guided waves are the elastic waves that propagate between
surfaces. The energy of waves is concentrated near a boundary or
between parallel boundaries separating different materials and that
has a direction of propagation parallel to these boundaries. Lamb
waves are a type of elastic wave. These propagate in thin solid
plates with parallel surfaces or spheres [21]. These waves are elastic
waves with particle motion in the plane containing both the wave
propagation direction and the plane normal (the direction perpen-
dicular to the plate). An infinite medium can only host two types
of wave modes propagating at different velocities; however, plates
may support two unlimited sets of Lamb wave modes, whose velo-
cities are determined by the wavelength-plate-thickness connection.
The Rayleigh waves, which propagate along a single surface, are re-
ferred to as Rayleigh Lamb waves. Rayleigh and Lamb waves are
both bound by the elastic characteristics of the guiding surface(s).
Lamb waves have come a long way in terms of knowledge and ap-
plication during the 1990s, due to the fast expansion in processing
capacity. Theoretical formulations by Lamb have been discovered.

In recent times, there are a large number of studies related to SHM
in which the elastic waves have been analyzed, for example, in one of
the recent research by Martn-Sanz et al., the research team uses an
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actual bridge construction to demonstrate the benefits of ultra-high-
performance fibre-reinforced cement-based composites (UHPFRC).
The research team was able to test the bridge both statically and
dynamically before and after repair with (UHPFRC) [22].
Chakraborty et al. presented an approach for damage detection in
multiple RC structures based on embedded ultrasonic sensors and
wavelet transform [23]. Ricci et al. have focused on guided waves
for SHM in composites [24]. Elwalwal et al. described the crack
inspection using the guided waves [25]. In a recent research, a two-
step guided waves-based damage localization technique has been
presented [26]. In another recent research, guided wave propaga-
tion has been used for SHM using fibre bragg grating sensors [27].
Not only the simple analysis of waves but there is a great role of
mode separation of waves for SHM, so many researchers have been
performed using mode separation [28-30].

Non-destructive testing (NDT) and structural health monitoring
(SHM) of engineering structures such as oil and gas pipelines, rail-
roads, aircraft components, adhesive bonding, and perhaps much
more are of significant interest to guided waves (GW). As long as the
structure’s cross-section is constant and the differential in acoustic
impedance to the surrounding environment is high, these waves can
propagate across quite long distances. Under certain conditions, it
may also allow for the exploration of inaccessible portions of the
building. The fundamental (i.e., first symmetric and antisymmet-
ric) modes are primarily employed in the lower frequency range to
reduce complexity in GW-based analysis since they are well under-
stood and can be excited, measured, and analyzed without trouble.
As a result, GW-based techniques are currently in development [31—
34]. Ultrasonic guided wave method adopts an active manner to
monitor structural conditions, which makes this method immune
to most noise in condition monitoring. The ultrasonic-guided wave
is excited at a well-selected frequency and interacts with the defects.
The wave reflection, transmission, mode conversion, and energy loss
can be used for damage detection [35].
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1.5 Sensors used for SHM

Collecting precise and high-quality real-time measurements of struc-
tural element status, sharing this information with the control sys-
tem, and signalling appropriate alerts if an unusual pattern is ever
noticed are all critical components of SHM. Sensors for SHM are
meant to make the monitoring process possible. A typical health
monitoring system consists of a network of sensors that measure,
strain, displacement, humidity, and temperature, among other char-
acteristics important to the current status of the structure and its
surrounding environment [36]. Here is a list of some sensors gen-
erally used in SHM: (1) Fiber Optic Sensors, (2) Linear Variable
Differential Transformer, (3) Acoustic Emission Sensor, (4) Piezo-
electric Sensor, (5) Electromagnetic Acoustic Transducer.

1.6 FBGs in SHM

Sensing techniques, utilizing PZT transducers have been extensively
used due to the possibility of working as sensors and actuators al-
though these are very low cost and have small mass/size. These
have concerns with electromagnetic field sensitivity and high tem-
perature (Curie temperature). Electromagnetic fields have little
effect on optical fibre sensors [37]. Also, they have been considered
a viable option for GW sensing owing to their tiny size, and ability
to be embedded in structures. Fiber Bragg grating (FBG) optical
strain sensors have the ability to be multiplexed. The multiplexing
capabilities and wavelength-encoded measurement information of
FBG sensors set them apart from other types of fibre optic sensors.
Many tens of FBG sensors can be accommodated on a single op-
tical fibre thread. Compared to other sensors, the FBG sensor
systems are less vulnerable to signal amplitude variations since the
measurement information is encoded in the wavelength, which is an
absolute quantity. Other appealing aspect of FBG sensors is their
intrinsic capacity to function as both a sensing element and a signal
transmission medium, opening up new possibilities in the field of
dependable remote SHM [28]. An FBG sensor, has all of the be-
nefits that these devices are known for, including low loss relative
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to fibre length, immunity to electromagnetic and radio frequency
interference, small size and weight, intrinsically safe operation in
hazardous materials environments, high sensitivity, and long-term
reliability. Furthermore, fibre Bragg grating technology displays an
inherent serial multiplexing capability as well as the potential to
deliver absolute measurements without reference. As a result, it is
a natural replacement for traditional electrical sensing methods.

1.6.1 Principles of Fiber-Optic Sensor (FOS)

The optical fibre sensor’s operation includes external factor mon-
itoring and signal transmission. Characteristic properties such as
light intensity, phase, polarization state, wavelength, and frequency
vary when light propagates along with an optical fibre. As a result,
FOS can be classified as intensity-modulated, phase-modulated, or
polarization-modulated. The modulation happens inside the FOS
system, when light is delivered from the light source to the detector
over an optical cable, the intrinsic FOS is what it’s called [38]. Ex-
trinsic FOS refers to modulation that happens outside of the optical
fibre. According to whether the light interferes or not, FOS is separ-
ated into interferential FOS and non-interferential FOS. FOS may
also be classified as point (local) FOS, quasi-distributed FOS, and
distributed FOS based on the induction range. Fabry Perot fibre-
optic sensor (FPFOS), fibre Bragg grating (FBG) sensor, optical
time-domain reflectometer (OTDR), and long-period fibre grating
(LPFG) sensor are the most widely employed in civil infrastruc-
ture [39-42].

1.7 Fiber Bragg Grating

FBG is a type of FOS sensor with Bragg grating. The Bragg grat-
ing is accomplished by transversely lighting the fibre with a UV
laser beam and creating an interference pattern in its core with
a phase mask. It results in a long-term alteration in the silica mat-
rix’s physical properties. This alteration is characterized by a spa-
tially periodic modulation of the core index of refraction, which
results in the formation of a resonant structure [43]. The FBG will
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act as a wavelength selective mirror as a resonant structure; it is
a narrow band filter. This implies that if light from a broadband
source is introduced into the optical fibre, the grating will only
back-reflect light with a very limited spectral breadth centered on
the Bragg wavelength. The remaining light will not be lost as it
travels through the optical cable to the next Bragg grating. The
period of the microstructure and the index of refraction of the core
determine the Bragg wavelength. Because the FBG is symmetric,
it will always reflect light at the Bragg wavelength, regardless of
which side it comes from.

The period of the microstructure (A) and the index of refraction of
the core (n), generally defines the Bragg wavelength ().

A =2nA

Fiber Bragg grating properties make it ideal for use as a sensor. The
FBG, for example, will detect strain when the fibre is stretched or
compressed [44]. This occurs primarily as a result of the optical
fibre’s deformation, which causes a change in the microstructure’s
period and, as a result, the Bragg wavelength. The photoelastic
effect, which is caused by changes in the refraction index, also con-
tributes. An FBG temperature sensitivity is also inherent. The
modification of the silica refraction index, generated by the thermo-
optic effect, is the principal contributor to Bragg wavelength change
in this situation. There is also a contribution from thermal expan-
sion, which changes the microstructure’s period. Given the low
coefficient of thermal expansion of silica, this effect is minor.

1.7.1 EDGE Filtering approach for FBG

The general technique employs FBG sensors in the wavelength divi-
sion multiplexing (WDM) approach, in that case, the measurement
is transduced as a shift in the sensor’s reflected wavelength. But
in the case of the guided wave measurement, the sensitivity of this
approach is very low. To overcome this issue a new trend of edge
filtering approach is used. Fig. 1.1 shows the working principle of
EDGE filtering. In this approach, a tunable laser with a wavelength
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set on FBG’s reflective slope is used. The reflective curve has a high
slope but is linear in the middle section. As a result, a little change
in reflectivity position causes a big change in optical power, which
is sensed by the photodiode. The FBG sensors’ sensitivity to GW
is improved by this amplification. A large number of researchers
have performed this approach for SHM because it has many ad-
vantages [45-48].

tuned
wavelengt

Optical power (amplified)

Strain (low)

Fig. 1.1: Working principle of Edge Filtering approach.

Details of this phenomenon are explained by many researchers in
their research papers [49, 50].

1.8 Methodologies for Mode separation of
waves

Mode separation is a very popular technique in SHM. It can give
very good results in SHM, and various advanced research studies
are going on using the mode separation [51]. Multiple studies are
available for mode separation or conversion [52, 53]. Numerical ana-
lysis of elastic wave mode conversion due to discontinuities was also
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investigated in recent research [54]. Not only the simple mode sep-
arations but there are too many research studies on frequency-wave
number-based mode filtering algorithms [55, 56]. These approaches
enable mode separation as well as detecting forward or backward
propagation, allowing us to determine whether a particular mode
propagates forward or backward. However, full wavefield inform-
ation is required to employ this approach. Signal processing ap-
proaches (like those developed by Draudviliene et al.) [57] attempt
to circumvent the necessity for a large number of measurement
points by limiting them to only two. There have been a few signal
processing approaches created based on the chirplet transform [58],
empirical mode decomposition [59], and its derivatives [60]. How-
ever, instead of explicitly distinguishing between the wave packets
as symmetric or antisymmetric modes, these approaches essentially
improve the signal’s peaks by reducing high-frequency noise.

Similarly, for mode separation there is a large number of research
available like Zhou et al. have presented a reconstruction-based
mode separation method of Lamb wave for damage detection in
plate structures, this paper presents a method to separate multi-
mode signals of Lamb wave through reconstruction of pure mode
basis signals calculated based on phase and group velocity [61]. On
behalf of different review articles, Cheng and Fomel have described
the Elastic wave mode separation in their research paper [62]. Here
is a brief description of some methodologies which are generally used
for mode separation- Kaur et al. presented a Fast Algorithm for
FElastic Wave-Mode Separation using Deep Learning with Generat-
ive Adversarial Networks (GANs) [63]. In the Network Architecture
and training section, they described that they use the paradigm of
generative adversarial networks (GANs) to construct a deep learn-
ing framework for wave-mode decomposition.

The dispersion compensation method for Lamb wave mode separ-
ation is also extensively used in recent research due to its various
advantages [64]. Xu et al. have used this method in their research.
In that research, the dispersion compensation method has been ex-
plained for Lamb wave mode separation. This numerical method
compensates, i.e., compresses, the individual dispersive waveforms
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into temporal pulses. Thus it becomes nearly non-overlapped in
frequency and time and frequency. So it could be extracted in-
dividually by rectangular time windows. The original waveform
of each mode was then restored from the separated compensated
pulse using an artificial dispersion technique, which was based on
the reversibility of the numerical compensation method [65].

The two-dimensional fast Fourier transform (2D-FFT) has emerged
as a viable approach for mode separation. Both time and space are
equally measured in the 2D recorded data. The 2D-FFT is used
to project the data obtained in the time distance domain onto the
frequency wavenumber domain. In the frequency wavenumber do-
main, the Lamb wave modes are isolated and separated. The inverse
2D-FFT may also be used to reconstruct various wave modes. How-
ever, in order to detect them, a large number of sensors must be put
at correctly spaced places, limiting the 2D-use FFT’s in industrial
applications [66]. In a research paper, the analysis of the S0/A0
elastic wave mode conversion phenomenon in glass fibre reinforced
polymers has been presented [67], for that research work, the effect
of the circular Teflon insert’s position on S0/A0’ mode conversion is
explored. Teflon inserts were placed at various depths between lay-
ers of composite material. Moreover, impact damage with varying
energies had an effect on the SO/A0’ mode. The process of con-
version was researched. Analysis of the investigated impact on the
elastic wave theory is used to explain the discontinuities in SO/A0’
mode conversion.

The time frequency analysis (TFA) approach is also considered as
a potential tool for mode separation since it provides a good il-
lustration of the time-frequency domain of the time-varying modal
energy stream [43]. Several TFA approaches have been proposed
for the signal processing of Lamb waves. On the other hand, small
voltage excitations may reduce the Lamb signal’s signal-to-noise ra-
tio (SNR), resulting in a time frequency representation (TFR) with
low time frequency resolution. Furthermore, a TFR with low time-
frequency resolution may have a significant impact on the Lamb
wave inspection’s accuracy. The dispersion curve analysis method
for Lamb wave mode separation is also a great approach. Hu et al.
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described about this method in their research paper [66]. In that
research, in order to solve the problem, a new signal processing
method was proposed based on the dispersion curve analysis. To
reduce the dispersion effect, a novel function based on the Hessian
matrix was created to increase the energy concentration of the dis-
persion curve in the time frequency representation. Following that,
the constrained penalty function algorithm was developed to de-
tect dispersion curves. Finally, a mode reconstruction algorithm
for recovering Lamb wave modes was developed. By enhancing
the time frequency feature of the Lamb wave signal, the proposed
method can separate overlapping wave modes and detect the crack
fault. Two experiments were conducted to validate the efficacy of
the proposed method for Lamb wave mode separation.

1.9 FBG and PZT sensors-based experiment
for GW analysis

In this research work, the primary steps for performing mode separ-
ation based SHM have been presented. Here the signals have been
successfully collected and plotted in Matlab. This will help to do
a mode separation-based study by adding some advanced features.

In the next section, preliminary results of elastic wave sensing using
FBG and PZT are presented.

1.9.1 Experimental set-up

In order to perform experimental research related to elastic wave
sensing using FBG, the experimental setup was designed. Fig. 1.2
shows the schematic sketch of the experimental setup and Fig. 1.3
shows the physical realization of the setup. As shown in Fig. 1.3,
A Laser (Apex AP1000) has been used which can accept up to
8 plugs [68]. The FBGs manufactured by Femto Fibertech were
used. The oscilloscope used here is of the National Instruments
PXIe-5105 PXI, and an amplifier having good amplification features
(Krohn Hite7500) was used [69].

The sample of interest was an Aluminum plate (100 cm x 100 cm



1.9. EXPERIMENT FOR GW ANALYSIS 15

x 0.1 cm). Fig. 1.2 shows the connections between equipment. The
connections are as follows:

1. Excitation signal is generated by wave generator and is amp-
lified in voltage amplifier and drive PZT actuator (A). PZT
generates elastic waves in the plate.

2. Two PZTs (PZT1, PZT2) working as elastic wave sensors were
bonded to the plate and were connected with an oscilloscope
card for elastic wave signal registering.

3. Two FBGs were connected to circulators, and then these cir-
culators were connected to a tunable laser source and pho-
todetectors. Photodetectors are connected also to an oscillo-
scope.

{0,100} s | (100,100)
ampie PZT1

PZT2 e
Excited Wave | [
A \

| port [
/;Ophcal Fibr x_x*/’_'_ "\.CirculatorXQ

Tunable | X2
Laser |

Wave generator

- FBG1 ‘ FiG2 port 2~>/
e port 3
| | - »
00 x- axis ] (10000 preamplified 5
—— Photodetector A
Xr?;?ggr | Oscilloscope

multiple channels

Fig. 1.2: Schematic Diagram for the complete connections.

1.9.2 Aim and the Methodology used

The aim of this research is related to the application of optical strain
sensors based on Bragg gratings (FBG) for symmetric and antisym-
metric elastic guided wave mode detection and mode separation for
the purpose of damage detection.
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Computer, Oscilloscope, Signal generator

Fig. 1.3: Complete Setup.

The goal of this research is to investigate the sensitivity of FBG
sensors to symmetric and antisymmetric elastic wave modes, as
well as the feasibility of detecting the consequences (of these modes
interacting with damage in the structure) (reflections, and espe-
cially mode conversions). The separation of symmetric and anti-
symmetric modes owing to the various location of FBG sensors will
be the subject of research (top and bottom surface). The find-
ings of wave sensing acquired by FBG sensors will be compared to
those obtained by piezoelectric sensors, with the potential of dam-
age detection taken into account. Connecting elastic wave sensing
techniques based on piezoelectric and FBG optical sensors in such
a way that the advantages of FBG sensors (directivity, lack of sens-
itivity to electromagnetic interferences) can be used to improve the
effectiveness of damage detection methods will also be investigated.
Electromagnetic interferences created during the elastic wave excit-
ation by the piezoelectric actuator affect piezoelectric-based elastic
wave sensors. Damage detection and localization were hampered
as a result.
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1.10 Preliminary results

In order to validate the developed measurement setup, preliminary
measurements of elastic wave propagation were performed using

PZTs and FBGs.

The first measurement was based on two FBGs, one at the top
and the other at the bottom surface of the plate. Elastic wave
excitation with frequency 110 kHz in the form of 5 cycles of sine
signal modulated by Hann window was utilized. The Fig. 1.4 shows
the waveform obtained in time vs amplitude (V) representation
and the Fig. 1.5 shows the envelope on the waveform and peaks
detection. In general, only primary peaks are used for SHM but
here other peaks are also checked because these may be useful for
some other applications like examining the reflection of waves.

- Top FBG vs Bottom FBG
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Bottom FBG
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0.1t '\ |
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Time (in ms) %10

Fig. 1.4: Top FBG vs. Bottom FBG waveform.
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Fig. 1.5: Peak detection in the signal of both FBGs.

Due to the nature of symmetric and antisymmetric Lamb waves, the
author expected that the symmetric mode signals for both FBGs
will be in phase and for antisymmetric mode signals for both FBGs
will be out of phase. This could be used for mode separation and
is the main motivation for using 2 FBGs.

Next, the signals were gathered by two PZTs (PZT1, PZT2) which
were attached to the top and bottom surface of the plate. The
Fig. 1.6 shows the waveform obtained in time vs amplitude (V)
representation and the Fig. 1.7 shows the envelope on the waveform
and peaks detection.

In the next step, the comparison of the above two measurements has
been presented by comparing PZT vs FBG. So the PZT (located
at the top side) and FBG (located at the bottom side of the plate)
were compared. The Fig. 1.8 shows the waveform obtained in time
vs amplitude (V) representation.
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Fig. 1.6: Top PZT vs. Bottom PZT waveform.
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Fig. 1.7: Peak detection in the signal of both PZTs.
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Fig. 1.8: Top FBG vs. Top PZT.

1.11 Discussion

A literature review was performed related to the techniques/ meth-
ods used for guided wave sensing and analysis for SHM. The mode
separation was focused mainly due to its advantages in the research
work of SHM. Major attention was focused on fibre optic Bragg
grating strain sensors for elastic wave mode sensing. There is a lack
of research related to the SHM based on the mode separation of
the guided wave. The small number of works which were previ-
ously done by researchers were good but more and more research is
needed on this topic to make the SHM process more advanced [70—
72]. Due to this reason, this research has been performed and the
aim of further research will be related to the problem of mode sep-
aration based on FBG sensors. Moreover, an experimental set-up
for PZT and FBG-based elastic wave sensing was developed and
physically realized. Preliminary measurements were performed us-
ing a developed setup. The methodology using 2 FBGs and 2 PZTs
is found to be very useful, and the signals obtained are quite good
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for symmetric and antisymmetric elastic guided wave mode detec-
tion and mode separation in symmetric and antisymmetric elastic
guided wave modes. The methodology has been found very useful
and reliable because the signals obtained are very good. Using the
proposed methodology many difficulties/problems can be solved via
the guided wave propagation approach in SHM. It is very feasible
to identify and localize damage based on changes in wave propaga-
tion and processing. The methodology is very useful for further
advanced research in the future.
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2.1 Introduction

With the wake of climate change and the efforts to reduce carbon
imprint in mobility and power train, electric and hybrid vehicles
sales and popularity is on the rise [1]. As a clean alternative to
the internal combustion vehicles, electric vehicles (EVs) promise
more eco friendly future and excellent technical performance as well
as relatively reduced complexity [2]. Despite pandemic and global
shortage crisis stifling car sales all around the world, EV sales prove
to be resilient with increasing car stock each year [3].

Simultaneously, fire incidents involving electric car batteries are be-
ing closely scrutinised in the press and studies [4-6]. The dramatic
effect of electric vehicle battery fire and inability to efficiently douse
it raises great concern for the public and overall fire safety [7]. The
battery fire is subjected to the phenomenon called “thermal run-
away” which is defined as “a process that is accelerated by increased
temperature, in turn releasing energy that further increases temper-
ature” [8]. In terms of lithium-ion battery (LIB), one or multiple
cells start releasing internal energy in form of heat, which is then
transferred to another cells and modules causing a cascading ef-
fect [9]. The precise mechanism is discussed in the studies and
presented in the Section 2.2 in the following article. It is also evid-
ent to assume with the increasing number of electric vehicles on
roads the number of fire incidents will increase as well [10].

The literature shows LIB fire incidents pose significant danger to the
surrounding, especially when encountered with internal combustion
vehicles and their fuel [11]. The battery fire due to its self-sustaining
effect and propagation do not responds to the conventional dousing
methods, which base their mechanism on the elimination of oxid-
ising agent — predominantly oxygen [7]. LIB burning mechanism
and its characteristics is discussed further in Section 2.2. Current
extinguishing methods involve state-of-art foaming agents, submer-
ging whole vehicle in the water tanks or hours of water pouring,
all with the intention to bring the battery below the critical tem-
perature [12]. This poses enormous challenge to the fire fighting
brigades, particularly if the vehicle is parked in the restricted space
such as underground car parks [7, 13].
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Another concern in terms of LIB fires are the hazardous gases re-
leased during the thermal runaway event. The released gases de-
pend largely on the type of cell used in the battery and its state of
charge (SOC), however, among a few repeating toxic compounds is
hydrogen fluoride, carbon monoxide, hydrogen, benzine and other
cancerous aromatic compounds [14]. Depending on the surround-
ing and volume of the room, the lethal concentration threshold for
human can be surpassed multiple times for LIB fire. Similarly to
the fire fighting concern, the toxicity of the gases is one of the most
problematic topics for the confined spaces such as underground car
parks [15].

Multiple high-quality papers of LIB failure and its mechanisms have
been recently published, covering such topics as cathode and anode
materials, electrolyte, heat and thermal runaway management. Fol-
lowing article presents on the LIB failure scenarios and relates it
to the current testing procedures of battery energy storage systems
(BESS). A comparative study is performed between regulatory and
standardisation documents, and in addition an alternative proced-
ure is proposed.

2.2 LIB abuse scenarios

Battery during its functioning produces heat, which cannot be re-
moved even with normal operating conditions [16]. Temperature
rise within battery may trigger other undesirable reactions, effect-
ively causing thermal runaway event, where the heat generation
cannot be reversed [17]. The literature consensus differentiates
three types of abuse - depending on their type of strain [5, 8, 18]:

e Mechanical abuse — e.g. damage to shell casing, punching,
strain, compression, twisting, penetration.

o Electrical abuse — e.g. over- or discharge and short-circuit.

e Thermal abuse — e.g. thermal shock, heating conditions, local
heating.

Understanding the hazardous events that may lead to thermal run-
away event is therefore crucial to prevent it from happening. An over-
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view of the battery safety concerns has been presented in Fig. 2.1.

m m m s A
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Thetmal shock, healing. Ot oF discharge, extemal
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YES
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Fig. 2.1: Battery safety issues. First row represents potential causes
for LIB abuse. Second row divides given incident due to type of the
abuse. Third row presents the examples of the processes causing
given abuse to which LIBs are subjected. Fourth row presents dam-
age to separator, which then results in internal short circuit.

2.2.1 Mechanical abuse

With the increasing number of EVs on the roads, mechanical abuse
of the LIB is expected to grow together with the number of traffic
accidents and collisions involving LIB. The damage made on the
impact to structure of a car may result in infringement of battery
integrity and following thermal runaway. Any potential damage to
shell of the cell in form of punching, strain, compression and twist-
ing may result in internal short circuit (ISC) due to impalement of
the separator [19].
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Cell is built from the shell (external plastic, aluminium or steel film)
and a roll of cathode, anode and separator in between. Due to ex-
ternal force, the weakest component of the cell is prone to damage,
which may produce thermal event. Although the number of incid-
ents including EVs is on the rise [6], there is little publicly available
details on the proceedings of such events. Current research is based
on theoretical and numerical studies performed on the 3D models of
the batteries and such are largely regarded in the following study.

The crush model of the at the cell level has been successfully stud-
ied in the literature. Quasi-static tests has been performed, which
included crush, punching, bending etc. of the cell. The cell has
been built from the jelly roll and can be represented during quasi-
static breaking tests [20-22]. Cell model can be applied in the
collision model at module/pack level to predict behaviour of the
vehicle during the traffic crash [23]. Modelling tool therefore can
be successfully utilized to perform pre-homologation analysis on
the specimen to ascertain its performance. In addition, these tools
can be utilised to perform an analysis of the influence of potential
changes (e.g. different casing shape or material) that manufacturer
may be willing to make in the future, hence limiting the testing
requirement.

2.2.2 Electrical abuse

The purpose of the battery is to convert chemical energy into elec-
trical. The lithium-ion battery is of rechargeable type meaning the
chemical reactions can be reversed while plugged into the power.
Sometimes due to the battery degradation or malfunction of the
charging equipment, the battery is exposed to overcharge.

There are multiple reasons on why the battery is overcharging.
Firstly, not all the cells are the same, therefore there will be small
discrepancies from one cell to another. The charging is also con-
trolled by the ”battery management system” (BMS), which ensures
the open-circuit voltage of each controlled cell is equal. Any mal-
function of BMS may result in excess energy stored into the battery,
surpassing their designed state of charge (SOC).
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Overcharging cause electrolyte decomposition at the cathode inter-
face and then this reaction slowly is increasing cell temperature.
The cathode becomes unstable while releasing oxygen and Li* de-
posits itself on the anode in form of of Li dendrites [24]. The process
continues until heat and gas causes cell to rupture and vent [25].
On the outside, the cell begins to show swelling at 120% of the
SOC, while rupture and venting usually happens at 160% [5]. Past
that point the cell enters thermal runaway and the reaction is irre-
versible.

Another point of concern in terms of electrical abuse is over-discharge
of the battery. The mechanism of the over-discharge is quite similar

to the overcharge. The formation of LiT from continuously over-

discharged changes graphite structure and may lead to destruction

of the solid electrolyte interphase (SEI) [26].

In addition to the above abuses, the LIB can be subjected to ex-
ternal short circuit. It occurs when a cathode and an anode of the
same cell are in direct contact through a conductor. During such
event, LiT transfers rapidly discharging the cell [27].

Overcharge is one of the most dangerous types of the abuse and one
of the most frequently observed reasons for LIB safety accidents. It
is arguably also one of the most dangerous ones due to high energy
state of the battery at the time of the event [28].

2.2.3 Thermal abuse

In the event of thermal abuse, the battery experiences an exposition
to either high or elevated temperature due to own self-heating or
external source [29]. The battery fire may happen during charging
or while in-use. A malfunctioning battery may ignite highly com-
bustible airborne materials or flammable components of the vehicle.

High-temperature concentrated into one point of the battery is typ-
ically connected to the poor design and lack of heat dissipation [30].
Despite the fact, the battery cycling should not cause safety acci-
dents, since the heat generation from anodic and cathodic reactions
are not sufficient to cause sharp temperature increase. Instead, heat
dissipation largely depends on the battery geometrics and design,
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which can accumulate heat in certain points. The literature shows
that the unfavourable reactions may start at 80°C [8, 31].

The exposure to external flame may happen during the accident
or disaster events. During car crash an ignited pool of fire from
petrol pool may cause an external heating condition to the LIB
battery. During such events, a battery is expected to be exposed
to temperatures between 300 and 900°C. Another external heating
source are the nearby fires, however, the vast range of possible fire
scenarios do not allow for the standardisation of test method.

2.3 Fire testing procedures

Following paragraph focuses on the current documents regulating or
standardising fire resistance requirements of battery energy storage
systems (BESS) and rechargeable energy storage systems (RESS).
The tests in the paragraph are focused within the thermal abuse
of device under test (DUT). DUT is exposed to the thermal shock
in form of direct or indirect high temperature source for a certain
amount of time and then its behaviour is evaluated, and safety risks
are noted. The fire resistance criteria are provided to determine
the outcome of the test. For instance GTR 20 Fire resistance test
purpose is to allow for safe evacuation of the vehicle occupants [28].

While the standards involve multiple objectives to obtain for the
battery in the fields of design, performance, safety design, environ-
mental protection, classification etc., the standards set the baseline
for RESS safety [32]. When products receive positive test results
and are introduced to the market, the actions on the safety design
become reactive after accidents or failures happen [33]. Thus, it is
of utmost importance to develop high quality testing procedures to
guarantee an excellent safety threshold for the users.

The standards and regulations selected for this study are:
GTR 20:2018 [28], UNECE R100.02:2013 [34], UNECE R100.03:2021 [35],
ISO 12405-3:2014 [36], ISO 6469-1:2019 [37], ISO 18243:2017 [38],
SAE J2464:2009 [39], GB/T 31467.3-2015 [40], SAND2017-6925:2017 [41]
and UL 2580:2020 [42].
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Despite the fact that there multiple standards involved the proced-
ures are often times duplicated with small changes. A following
section (2.3.1) will present the procedures used broadly nowadays.

2.3.1 Open flame procedure

There are similar procedures in following standards and documents:
GTR 20:2018 [28], ISO 12405-3:2014 [36], ISO 6469-1:2019 [37],
ISO 18243:2017 [38], UNECE R100.02:2013 [34], UNECE R100.03:2021 [35]
and GB/T 31467.3-2015 [40]. The exposure is induced by the positive-
ignition pool fire contained in the pan of dimensions wider and
longer by 200-500mm than the DUT. Provided DUT is not a part
of a vehicle, it is set at a height of 50 cm above the surface of the
fuel. The test phases are presented in Fig. 2.2 and described below:

o Phase A: Pre-heating — 60 seconds pre-heating with the
DUT being at least 3 m away. After 60 seconds, DUT shall
be exposed to fire.

« Phase B: Direct exposure to flame — 70 seconds of direct
exposure of the DUT to flames from freely burning fuel.

¢ Phase C: Indirect exposure to flame — continuation of
the DUT exposure for another 60 seconds through perforated
screen made of refractory material.

e Phase D: End of the test or post-test observation —
DUT is removed at least 3 m from the burning pan for obser-
vation. The fire is extinguished either immediately after the
DUT moved away or within couple minutes. The DUT sur-
face temperature shall reach ambient or should be decreasing
for the minimum of 3 h until the end of test.
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Phase A

Phase D

Fig. 2.2: Scheme of fire resistance procedure - phases A-D. Detail 1
shows perforated screen used in Phase C [31].

During open flame test, there are following prerequisites to be met
in order to carry out the test.

e Ambient temperature must be above 0°C, wind speed above
the pan must be less than 2.5 kTm (0.7 m)
s
o State of charge must be adjusted to 100% (only UNECE R100.02
requires above 50%)

e The quantity of fuel must be sufficient to permit the flame,
under free-burning conditions to burn for the whole test dur-
ation. Only ISO 18243:2017 defines specific value to 25 I/m?.

2.3.2 LPG burner procedure

As per the newest revision of UNECE R100.03:2021 [35] and
GTR 20:2018 [28], an alternative method of fire resistance testing
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was introduced using LPG burners instead of petrol pool burning.
The procedure then consists of three stages:

o Heating: average temperature needs to reach 800°C within
30 sec.

o Exposure: average temperature after reaching 800°C shall
be maintained for 120 sec within 800-1100°C.

e Observation: DUT shall be observed until surface temper-
ature reaches ambient or has been decreasing for a minimum

of 3h.

The procedure additionally requires to monitor temperature 50 mm
below the DUT with the minium quantity of five sensors. Such
sensors are used to establish exposure conditions within 800°C -
1100°C range. Testing rig constructed by Korea Apparel Testing
and Research Institute (KATRI) is shown in GTR 20:2018 [28]. It
is also required for the burner flame to be 600 mm high measuring
without the tested object.

2.3.3 Radiative source procedure

SAND2017-6925:2017 [41] and SAE J2464:2009 [39] documents contain
fire resistant procedure based on radiative heat source (steel plate).
The procedure itself is largely different to the previously presented.

DUT is exposed to radiating surface of of 890°C, which is required
to be established within 90 seconds of the start of the test. Radiat-
ing surface (steel plate) must be heated unilaterally by the selected
heat source with the exhaust gases not coinciding with DUT fumes
(separate chamber). The inside chamber with the DUT possess sep-
arate venting system to allow to collect exhaust gases. Simplified
view of the testing set up has been shown in Fig. 2.3. The DUT is
exposed to radiation for 10 min. or longer.
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Heating chamber with conventional burners that heat radiative surface
unilattery ta 890°C

Radiztrva surface of B90°C

Fig. 2.3: SAND2017-6925:2017 [41] and SAE J2464:2009 [39] testing
set up.

2.3.4 Testing procedure analysis and comparison

Above-mentioned procedures are summarised in the Tab. 2.1. The
comparison is made in terms of heat source, main heat transfer,
temperature range, tolerance and deviation, heat flux range and
deviation, test length and amount of heat.

Main heat transfer is different for LPG burner method, where a con-
vection is responsible for heat transfer to the DUT [43]. Due to large
LPG flow, higher pressure and normalised burner design the flame
is not prone to turbulence [44]. For open flame method, the fire
usually emits mainly radiation heat due to its scale being larger
than 0.2 m in diameter [45]. The flame itself however is prone to
self-caused turbulence and changes in wind direction even being the
0.7 m/s required threshold [31, 46]. In addition, the large portion
of the DUT is inside the flame. Radiative source procedures as the
name suggest use radiation from hot plate. This form represents
the most stable heating conditions, since radiative heat transfer is
not prone to local turbulence [47].
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Tab. 2.1: Comparison table on the RESS and BESS fire testing
procedures [28, 34-39, 41].

Open flame procedure

Documents

GTR 20:2018, ISO 12405-3:2014,
ISO 6469-1:2019, ISO 18243:2017,

UNECE R100.02:2013, UNECE R100.03:202

Source of heat
Main heat transfer
Temperature range

Temperature tolerance
Heat flux range
Test length
Heat amount range
Temperature deviation

Heat flux deviation

Petrol
Radiative/Convective
250-900°C
None

25-50 kW /m?

130 seconds
3.25-6.5 MJ/m?
260%

100%

LPG burner procedure

Documents

UNECE R100.03:2021, GTR 20:2018

Source of heat
Main heat transfer
Temperature range

Temperature tolerance
Heat flux range
Test length
Heat amount range
Temperature deviation
Heat flux deviation

LPG burner
Convective
800-1100°C
950+150°C
30-40 kW /m?
120 seconds
3.6-4.8 MJ/m?
38%
33%

Radiative source procedure

Documents

SAND2017-6925:2017, SAE J2464:2009

Source of heat
Main heat transfer
Temperature range

Temperature tolerance
Heat flux range
Test length
Heat amount range
Temperature deviation
Heat flux deviation

Hot plate
Radiative
890°C
5% (890+44.5°C)
56-77 kW /m?
600 seconds
33.6-46.2 MJ/m?
5%

38%




2.3. FIRE TESTING PROCEDURES 43

Temperature range for radiative heat transfer is fixed at 890°C
with tolerance of 5%. This constitutes to the most stable condi-
tions in respect to temperature range and deviation. The LPG
burner method requires temperature range of 800°C - 1100°C (38%
deviation allowed), which is still relatively large when referred with
short exposure time. The open flame method does not specify al-
lowed temperature range, however, the literature shows the range of
250°C - 900°C [31]. In addition, the open flame procedure does not
require any tolerance, therefore a deviation up to 260% in temper-
ature can be permitted.

Depending on the testing conditions, the open flame method also
shows the largest variability in terms of heat flux range between
25 and 50 kW /m? that constitutes up to 100% deviation [4, 28].
LPG burners have significantly less fluctuations at the range of 30-
40 kW /m? (33% deviation) [28]. The radiative source procedure
despite the fact that it allows for miniscule temperature tolerance,
it contributes to notable range in heat flux of 56-77 kW /m? (38%
deviation). Heat flux of the hot plate was calculated on the basis
of net radition loss rate and the following equation:

Q=exox (T} -1t ) x Ay,

min—max Cmin—max
where @ is heat flux, € is an emissivity coefficient of the object (es-
timated for steel at 0.64), o is Stefan-Boltzmann constant, 7, ,‘fmm_mm

is a hot body absolute minimum or maximum temperature, T+
min—max

is a cold surroundings absolute temperature, Ay is an area of an
object (standardised for 1 m?).

In terms of total amount of heat, the large difference between open
flame and LPG burner procedures and radiative source procedure is
due to length of the test. The amount of heat is comparable between
LPG burner and open flame procedures as per the literature data.

In the wake of the comparison of fire testing procedures, a major
deviations can be found within each method in term of heat flux.
By far the open flame procedure proved to be the least reliant in
terms of predicted repeatability of the exposure conditions.
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2.4 Alternative procedure

Due to variability found in the current test methods of BESS fire
resistance, an alternative solution was studied. EN 1363-1 [48] is
a fire resistance standard of passive elements, that uses large scale
furnace to conduct tests on elements such as doorsets, windows,
walls and other. It uses a set of burners (usually fuelled LPG or
LNG) located inside the chamber to produce standardised heating
curve. The temperature inside the chamber is strictly controlled
by the set of thermocouples located at different heights. The test
scheme was presented in Fig. 2.4.

LPG Themaocougle LPG

® postion (blue) [ ]
burner burner

LPG LPG
burner burner

burner

LPG LPG
burner burner
LPG LPG

burner

N

B R R R T R TR T R

Fig. 2.4: EN 1363-1 testing set up.
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Inside such furnace a possibility of testing large scale BESS or
RESS is highly anticipated. The control over temperature inside
the testing chamber and the event temperature distribution create
promising prospects to reduce variability of the above mentioned
methods. In order to check the repeatability a series of two tests
were performed. A comparison of temperature curves and deviation
was made.

The tests were carried out in a chamber 3 m wide and high and 2 m
deep with four LPG burners on the each side. Two sets of four ther-
mocouples on each side was placed in the furnace. Thermocouples
were distanced 100 cm from the chamber wall and spaced at 60 cm
from each other at different heights.

The standardised temperature-time curve was selected from
ISO 834-1 as following equation [49]:

where T is temperature inside the furnace (°C), Tp is the initial fur-
nace temperature (°C), t is time (minutes). Furnace thermocouples
were enclosed by the INCONEL 600 plates of 0.7 mm thickness and
insulation material, as prescribed in EN 1363-1 [50]. The enclos-
ure of the thermocouple allows to exclude the influence of turbu-
lence and free-burning of the sample on the measuring value of the
thermocouple, while simultaneously to provide reference for burner
control system. The measuring tip of the thermocouple was inser-
ted in between the plate and insulation material, thus there are no
significant losses expected in temperature rise rate (i.e. <0.1°C/s).

Temperature results of the tests are shown in Fig. 2.5 and deviation
from the standard curve is shown in Fig. 2.6. Test one was referred
as "T1” and test two as "T2”.

Temperature graph shows significant deviation from the standard
temperature in the initial two minutes of the test. This may be
related to the large scale of the chamber. In addition measuring
tips of the thermocouples were covered by the insulation mater-
ial to reduce influence of the turbulence on LPG burner control
system. This, however, added additional inertia to the thermo-
couple readouts. Past two minutes, the temperatures in both tests
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were following closely the designed standard curve, until the end
at 15 minutes. Additionally, in both tests the curves had almost
identical course, which confirm the repeatability of the method.

Deviation graph corresponds to the temperature results — we can
observe large deviation at the start of the test due to the initial
lower recorded temperatures than the standard curve. With the
progression of the tests, the deviation diminished to less than 2%.

The summary of differences between the test is presented in the
Tab. 2.2. The highest recorded temperature difference was 56.5°C,
while the maximum deviation difference was at 9.50%. Such results
show the repeatability and accuracy of the results may be signific-
antly higher than the methods discussed in Section 2.3.

Tab. 2.2: Tests comparison — maximum and minimum difference
between T1 and T2 in terms of temperature and deviation.

Average Temperature Maximum Difference | 56.5°C
Average Temperature Minimum Difference | 0.1°C
Deviation Maximum Difference 9.50%

Deviation Minimum Difference 0.12%

In the following studies, the temperature-time curve will be adjus-
ted to obtain optimal temperature rise at the beginning of the test.
In addition, the method to control the temperatures at the start of
the test will be optimised to mitigate the inertia.

2.5 Conclusion

The paper presents potential LIB abuse scenarios, which may hap-
pen during everyday service. The abuse may be categorised with
the type of the strain induced on the LIB - that is mechanical,
electrical or thermal abuse. It investigates fire testing procedures
currently in force that regulate or standardise BESS and presents
their specifics. The comparison on the procedures is made in terms
of exposure conditions and differences in testing procedure.
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Lastly, the alternative fire resistance testing method is tested that
may be implemented into fire resistance testing of BESS. The re-
peatability of the alternative method promise a significant improve-
ment on the safety testing of BESS. Despite the initial deviation
from the standard temperature, the heating curve optimum was
reached in the 4. minute of the test and kept for the remaining dur-
ation. The initial temperature rise needs to be adjusted to obtain
faster designed value, however, a following work will be a subject of
next study. In addition, the DUT being kept in a insulated cham-
ber creates safety working environment with potentially dangerous
samples.

Based on the foregoing results, the following conclusions were drawn.

1. The LIB abuse types are mechanical, electrical and thermal.
The abuse lead to the event of thermal runaway, which is
a cause of a vehicle fire.

2. Among three types of fire resistant procedures: open flame,
LPG burner and radiative source - the radiative source pro-
cedure showed the most accuracy and repeatability. The
highest deviation was noted in the open flame methods, which
is currently in force.

3. EN 1363-1 alternative fire resistance testing procedure appar-
atus can be used to simulate designed fire scenarios with im-
proved repeatability. The maximum difference between tests
in terms of temperatures was 56.5°C.

4. Alternative fire resistance testing procedure based on EN 1363-
1 passive fire resistance testing showed improved repeatability
and accuracy in terms of achieving designed exposure condi-
tions. The method can be adapted to simulate appropriate
testing conditions to test BESS fire resistance.
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3.1 Introduction

Composite materials have gained popularity in recent years in a vari-
ety of industries, including aerospace, automobiles, construction,
marine, and others, due to their light-weight, excellent fatigue, and
corrosion resistance. However, composite materials may suffer from
matrix cracks, fibre breakage, debonding, and delamination [1, 2].
Delamination (separation of layers in a laminate composite) is one
of the most dangerous of these flaws since it occurs largely below
top surfaces and is scarcely noticeable [3].

Delamination in composite materials can be caused by a variety of
factors, including manufacturing flaws, notches, and impact events.
As a result, delamination can diminish the engineering structure’s
strength and performance. To avoid such complications, real-time
delamination detection is necessary. In order to monitor the integ-
rity of structures, numerous physics-based approaches for damage
detection and localization have been developed in the disciplines
of structural health monitoring (SHM) and non-destructive testing

(NDT).

Guided waves, namely Lamb waves, are used in a well-known physics-
based technique in the field of SHM for damage diagnosis. Lamb

waves are elastic waves that propagate through thin plates and

shells that are bounded by stress-free surfaces [4]. Lamb waves

are notable for their strong sensitivity to discontinuities (cracks,

delaminations) and low amplitude loss, particularly in metallic ele-

ments of structures [5].

An array of Piezoelectric transducers (PZT’s) can be used to excite
the examined structure and generate Lamb waves, which can sub-
sequently be registered as reflected waves from damage. After that,
a damage influence map is generated. The number of sensing points
determines the accuracy of the damage influence map in display-
ing damage location. As a result, damage localization resolution
may be limited. Alternatively, a scanning laser Doppler vibrometer
(SLDV) is used to measure Lamb waves in a dense grid of points
over the structure under investigation. The collected data repres-
ents a complete wavefield propagation, resulting in high-resolution
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damage influence maps. Damage detection systems that use whole
wavefield signals can accurately estimate the extent and location of
damage [6, 7].

Support vector machine (SVM) [8-10], K-Nearest Neighbor (KNN)
[11], decision tree [12], particle swarm optimization (PSO) [13, 14],
principle component analysis (PCA) [15-17] are considered a con-
ventional machine learning methods that are utilised for damage
detection with SHM. Such methods among others have proven to
be capable of detecting damage in the structures under investig-
ation. However, when dealing with large amounts of data, such
methods have drawbacks since they demand a sophisticated feature
engineering calculation [18], which also necessitates a high level of
expertise and abilities to extract damage-sensitive features for spe-
cific SHM applications. As a result, in recent years, a data-driven
solutions for SHM applications have emerged in the form of deep
learning (DL) end-to-end approaches, which automate the feature
engineering and classification processes.

High- and abstract-level features can be translated into a hierarch-
ical order of simple- and low-level obtained features using deep
learning techniques [19]. As a result, DL approaches may handle
big issues by breaking them down into a huge number of basic
blocks. Another important benefit of applying deep learning tech-
niques is so-called transfer learning, which refers to the ability to
reuse a pre-trained model created for one task in another.

Due to rapid advancements in computer hardware and software, big
data, and cloud-based computations, DL techniques in many SHM
domains have gotten increased attention in recent years [20]. For
SHM of civil engineering structures, several DL-based appro-aches
were used for damage detection and localization [21, 22|, corrosion
detection [23], and concrete crack detection [24].

De Assis et al. [25] presented a comparative study based on modal
responses for crack identification in laminated composites. Fur-
thermore, the authors of this paper solved an inverse crack iden-
tification problem using the metaheuristic sunflower optimization
(SFO) algorithm, artificial neural networks (ANNs), and the re-
sponse surface approach. The results showed that the SFO and
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ANN approaches may both be utilized to estimate a crack’s loca-
tion, size, and orientation. Furthermore, Oliver et al. [26] developed
ANNSs for delamination detection in composite laminates that were
merely trained on frequency fluctuation values as inputs. The pro-
posed model had a damage quantification success rate up to 95%.

In comparison to vibration-based SHM, DL applications for guided
wave-based SHM have received less attention in the literature.

Several DL approaches for guided wave-based damage identifica-
tion and localization are discussed in the following sections. For
damage detection in curved composite panels, Chetwynd et al. [27]
suggested a multi-layer perceptron (MLP) network. A force applic-
ator with a circular tip loaded by a mass was used to imitate the
damage. Lamb waves propagating through the panel were also gen-
erated and registered using an array of PZT. In addition, for each
Lamb wave response, a novelty index was calculated and compared
to specific threshold values. As a result, if the index exceeds the
threshold, it shows that the structure is damaged. The generated
novelty indices were fed into the MLP network, which performed
two operations: classification and regression. The classification net-
work was created to assess whether the panel was damaged or not by
defining three convex sections of the panel. The regression network,
on the other hand, can pinpoint the specific area of the damage.

In addition, the authors [28] presented an ANN model for detecting
damage in plates comprised of aluminum alloys and composites.
The ANN was trained using synthetic data generated with the finite
element approach. Furthermore, the researchers calculated damage
indexes using the data collected from propagating Lamb waves.

Authors in [29] developed a CNN model for damage state predic-
tion based on full wavefield scans of thin aluminum plates. When
compared to SVM, the model achieved superior accuracy in terms
of damage (99.98%) compared to SVM (62%).

Ewald et al. [30] presented a CNN model for signal categorization
using Lamb waves (DeepSHM). The model uses reflected signals
acquired by sensors to perform an end-to-end strategy for SHM. The
authors also used the wavelet transform to preprocess response data
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in order to generate the wavelet coefficient matrix (WCM), which
was then input into the CNN model.

Liu and Zhang [31] developed a CNN model for detecting damage
in thin aluminum plates. Analytical formulas have been derived
for generating Lamb wave signals subsequently used for training
and validation of the proposed crack damage detection technique.
Furthermore, the authors validated their model by putting it to the
test on real-world data using a notch crack to simulate damage.

In addition, Esfandabadi et al. [32] studied the use of compressive
sensing technique [33] in conjunction with super-resolution tech-
niques to obtain high-resolution wavefield scans using neural net-
works trained on various aluminum and carbon fibre reinforced
polymer (CFRP) plates. To recover high spatial frequency inform-
ation from low-resolution wavefield scans, the authors implemen-
ted two types of CNN architecture: Super-Resolution Convolu-
tional Neural Networks (SRCNNs) and Very-Deep Super Resolu-
tion (VDSR) using compressive sensing. Enhancing the resolution,
on the other hand, has a negative impact on the affected region,
changing the damage characteristics.

Current SHM approaches are able to effectively localize impact
events [34], or damage [35]. However, with a sparse array of sensors,
determining the magnitude and shape of damage is challenging. To
solve this issue, full wavefield ultrasonic methods can be used locally
to assess damage severity and then estimate damage prognosis.

In this chapter, we compare five DL models for semantic image
segmentation that have been used in CFRP for delamination de-
tection, localization, and size estimation. To demonstrate their
generalization ability, the models were tested using numerical and
experimental data.

3.2 Methodology

3.2.1 Dataset

The synthetically generated dataset [36] was utilised for training
several DL models. The dataset resembles velocity measurements
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obtained by SLDV in the transverse direction (perpendicular to the
plate surface). The dataset contains 475 simulated full wavefield
scans of propagating Lamb waves in an eight-layer CFRP plate
with a total thickness of 3.9 mm interacting with delamination.

Delamination is represented by two shell layers that are only con-
nected at the damaged area’s boundary. The corresponding, re-
duced, number of laminae and their offset from the plate’s neutral
axis are used to calculate these elements. This method is described
in detail in [37], has the advantage of keeping the computing effi-
ciency of the model as compared to solid elements, as the increase
in nodes is usually small. In addition, the mass matrix’s favorable
attribute of being diagonal is maintained. Each simulated scenario
depicts the interaction of Lamb waves with a single delamination,
which was modeled using random parameters as like spatial loca-
tion, size, and orientation. Fig. 3.1 shows a plate with 475 delamin-
ation cases overlayed.

Fig. 3.1: The plate with 475 cases of random delaminations.

The amplitudes of the propagating waves at location (x,y) and
time (t) are stored in each simulated case in the dataset gener-
ated from the wave propagation model. As a result, these matrices
can be viewed as animated frames of propagating waves at dis-
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crete time (f;). Furthermore, it should be noted that the simu-
lated delaminations were closer to the top of the plate surface. As
a result, utilizing the simulated full wavefield on the top surface of
the plate instead of the bottom surface makes it easier to detect
delamination. However, we used the more difficult situation of re-
gistering the entire wavefield at the bottom surface of plate to train
several models. The root mean square (RMS) depicted in Eq. 3.1
was applied to the full wavefield frames in order to improve the
visualisation and shrink data size:

N
J Z x,y, tr)? (3.1)

where N denotes the number of sampling points (N=512). The
results of applying RMS to the full wavefield from the top and
bottom surfaces of the plate can be seen in 3.2a(a) and 3.2a(b).

>

(a) top | ) (b) bottom

Fig. 3.2: RMS of the full wavefield from the top surface of the
plate (a) and the bottom surface of the plate (b).

3.2.2 Data preprocessing

To improve the performance of the optimizer throughout the train-
ing phase, the colour scale values were standardized to a range of
(0-1) instead of the initial scale which was in the range of (0-255).
Additionally, the dataset was augmented by flipping the images
horizontally, vertically, and diagonally. As a result, the dataset ex-
panded four times in size, yielding (1 900) image frames. Further,
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the dataset was divided into two parts: the training set (80%) and
the testing set (20%). Moreover, a K-folds cross-validation method
was applied to the training set to reduce the overfitting which hap-
pens when the model is able to fit on the training data, while it
poorly fit on the new unseen data. In other words, the model only
learns the patterns of the training data therefore the model will
not generalise well. Figure. 3.3 illustrates the K-fold cross valida-
tion (CV) technique. In this technique, we have split the training
set into K small sets (folds), hence the name K-folds. Therefore,
we iterate over the training set K iterations. During each itera-
tion, the model uses K — 1 folds for training and the remaining
fold is used for validation. In our models, we have chosen K = 5,
therefore, we have 5 iterations of training. For each iteration, we
computed the performance of the model. Finally, the iteration with
highest performance is selected. The main advantage of the K-folds
method versus a regular train/test split is to reduce the overfitting
by utilising data more efficiently as every data sample is used in
both training and validation. Therefore, by using this technique,
we aim to improve the ability of the model to generalise and reduce
the overfitting.

split 1 = Iteration 1

split 2 —= lteration 2
split 3 —= lteration 3
split 4 —»lteration 4

split 5 — lteration 5

Fig. 3.3: K-fold cross validation, K=5.
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3.2.3 Semantic segmentation models

DL approaches have advanced quickly in recent years in a variety
of real-world applications, such as computer vision. The technique
of image segmentation is well-known in the field of computer vis-
ion. This technique aims to assign a class to each pixel in the input
image, and it is used in a variety of real-world applications like self-
driving automobiles, medical imaging, traffic management systems,
video surveillance, and more. In this chapter, we compared five DL
models based on fully convolutional networks (FCN) [38] in order
to identify and localize delamination in composite plates. Similarly,
these models attempt to perform pixel-wise segmentation by clas-
sifying each pixel in the input image as damaged or undamaged.
FCN can be generated by combining convolutional layers and skip-
ping dense layers in an encoder-decoder architecture. The encoder
aims to produce compressed feature maps from the input image at
various scale levels using cascaded convolutions and downsampling
operations. While the decoder is responsible for upsampling the
condensed feature maps to the original input shape.

The softmax activation function was used at the output layer for all
constructed models. For every single pixel, the softmax estimates
the probability of each predicted output being damaged or undam-
aged, implying that the sum of the two probabilities must be one.
The softmax activation function is depicted by Eq. (3.2), where
P(x); is the probability of each target class x; across all potential
target classes z;, C in our instance being two classes (damaged and
undamaged). An argmax function is used to find the maximum
probability between each of them in order to predict the label of
the output (Ypred)-

x;

Ypred = argmax; (P(x);), (3.3)

P(z); (3.2)

Choosing the right loss function is crucial since it determines how
effectively the model learns and performs. As a result, the categor-
ical cross-entropy (CCE) loss function [39], commonly known as the
”softmax loss function”, was utilised. The difference between the
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actual damage (ground truth) and the expected damage is estim-
ated using CCE as the objective function. Furthermore, because
there are only two classes to predict, a sigmoid activation function
at the output layer can be combined with a binary cross-entropy
(BCE) without affecting the anticipated outputs. The CCE is il-
lustrated by Eq. (3.4), where P(z); refers to the softmax value of
the target class.

CCE = —log (P(x);), (3.4)

Further, it is vital to choose an appropriate accuracy metric for
the training purposes. Hence, intersection over union IoU (Jaccard
index) [40] was utilised to measure the accuracy of prediction during
training process. The intersection area between the ground truth
and the predicted output is used to estimate IoU. In this work, the
(IoU) is calculated solely for the damaged class label. Eq. (3.5)
defines the (IoU) metric as follows:

TolU — Inters.ection _ 3:70 Y’ (3.5)
Union YUY

where Y refers to the predicted tensor values, while Y refers to the
tensor of ground truth values.

Moreover, the Adam optimizer was used as our optimizer to improve
the (IoU) and decrease the loss during training. The implemented
DL models for pixel-wise semantic segmentation for delaminations
identification are depicted in Fig. 3.4. In the following, five DL
models will be illustrated.
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l

Semantic segmentation

Res-UNet VGG16 encoder-decoder FON-DenseNet  PSPNet GON

' ! ! v

Softmax Softmax Softmax Softmax Softmax
! ! ! ! |
ToU ToU loll ToU loU
Comparison

Fig. 3.4: Schematic diagram of the approach used for comparison
of semantic segmentation methods accuracy.

Residual UNet model

The Residual UNet (Res-UNet) model was inspired based on re-
sidual learning [41] and UNet approaches [42]. The Res-UNet ar-
chitecture is depicted in Fig. 3.5. The encoder (compressive) path
aims to capture the detailed features of an input image, whereas the
decoder (decompressive) path aims to perform exact localization.
As a result, residual connections were established at two levels in
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order to prevent the spatial and contextual information from the
preceding layers from being lost:

e at each step of the encoder and decoder paths,

e between the encoder parts and their corresponding decoder
parts (skip connections) which ensures that the feature maps
which were learned during the downsampling will be utilized
in the reconstruction.
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Fig. 3.5: Res-UNet architecture.

Several downsampling (Max-pool) blocks are used in the encoder
section. Each block applies two convolutional layers followed by
a (2x2) max pooling with a (2x2) strides that selects the maximum
value in a local pool filter in one feature map (or n-feature maps),
resulting in a reduction in the dimension of feature maps [43], as
a result, a reduction in computation complexity. Each convolu-
tional layer does (3 x 3) convolution operations, then batch nor-
malization (BN), finally a Relu activation function. Furthermore,
after each downsampling block, the number of convolutional filters
is increased, allowing the model to learn complex patterns success-
fully.
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The bottleneck layer is a joining point in the model’s deepest layer,
located between the encoder and the decoder. Two convolutional
layers with (1024) filters make up the bottleneck, which aids the
model in learning and recognizing complex features.

The decoder is composed of a number upsampling blocks that func-
tion together to recover original input dimensions and improve res-
olution. As in the downsampling block, each upsampling block
transmits the input through two convolution layers, followed by
a transmission up layer consisting of a transposed convolutional
layer (upsampling). The transposed convolutional layer varies from
the standard upsampling function in that it introduces learnable
parameters for the transposed convolution filters, which improve
the model’s learning process. Furthermore, the number of filters
used by the convolutional layer is reduced by half after each up-
sampling operation to keep the model symmetrical.

VGG16 encoder-decoder

The application of the VGG16 [44] architecture as a backbone en-
coder to the UNet [42] approach is addressed in this model. VGG16
is a classification algorithm that consists of 13 convolutional layers,
pooling layers, and 3 dense layers. The dense layers were removed
form the original VGG16 model, and a 13 convolutional layers were
applied resulting in an encoder-decoder scheme for pixel-wise im-
age segmentation. The architecture of the VGG16 encoder-decoder
model is shown in Fig. 3.6. The model is U-shaped like, and con-
sists of two parts: encoder and decoder. The encoder is made up
of (five) convolutional blocks with a total of (13) (3 x 3) convolu-
tional layers, followed by BN and Relu as the activation function.
After each convolutional block, a Max pool operation with a pool
size of (2 x 2) is conducted, followed by dropout. The upsampling
process is used to retrieve spatial resolution, and it contains 5 con-
volutional blocks of total 13 convolutional layers. Bilinear interpol-
ation with (2 x 2) kernel size is used for upsampling. In order to
improve recovering fine-grained information, skip connections were
added between downsampling blocks and the matching upsampling
blocks, allowing feature re-usability from earlier layers.
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Fig. 3.6: VGG16 encoder decoder architecture.

FCN-DenseNet model

FCN-DenseNet is a pixel-wise image segmentation algorithm that
was first introduced in [45]. To boost the resolution of the final
feature map, FCN-DenseNet uses a U-shaped encoder-decoder ar-
chitecture with skip connections between downsampling and up-
sampling channels. Hence, FCN-DenseNet introduced a dense block
representing its main component. The dense block is made up of
n layers, each of which is made up of a set of operations, as given
in Tab. 3.1. The purpose of the dense block is to concatenate the
input (feature maps) of a layer with its output (feature maps) to
emphasize spatial details information. The architecture of the dense
block is presented in Fig. 3.7.

A transition down layer was added to execute a (1 x 1) convolu-
tion followed by a (2 x 2) Maxpooling operation to minimize the
spatial dimensionality of the resulting feature maps. As a result,
a transition-up layer was added to recover the spatial resolution.
FCN-DenseNet essentially upsamples feature maps from the pre-
vious layer using a transpose convolution technique. Upsampled
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Fig. 3.7: Dense block architecture.

feature maps are concatenated with those produced by the skip
connection to provide the input to a new dense block.

As the upsampling approach expands the spatial resolution of the
feature maps, the input to the dense block is not concatenated with
its output during upsampling to avoid the overhead of memory
shortage. The FCN-DenseNet architecture for image segmentation
utilized for delamination detection is shown in Fig. 3.8.

Tab. 3.1 presents the architecture of a single layer, the transition
down and transition up layers in details.

Tab. 3.1: Layer, Transition Down and Transition Up layers.

Layer Transition Down Transition Up
Batch Normalization Batch Normalization 3 x 3 Transposed Convolution
ReLU ReLU strides = (2 x 2)
(3 x 3) Convolution (1 x 1) Convolution
Dropout p = 0.2 Dropout p = 0.2

(2 x 2) Maxpooling
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Fig. 3.8: FCN-DenseNet architecture.

Pyramid Scene Parsing Network

The main idea of PSPNet [46] is to combine local and global fea-
tures to give appropriate global contextual information for pixel-
level scene parsing. As a result, a spatial pyramid pooling module
was developed to execute four different layers of pooling with four
different pooling sizes and strides. The pyramid pooling module is
able to capture contextual features from many scales in this way.



3.2. METHODOLOGY 71

To enhance the PSPNet model a ResNet-50 model [41] was added.
It works as a backbone for feature map extraction with dilation at
the last two layers of ResNet. The implemented PSPNet architec-
ture is shown in Fig. 3.9. Hence, a pyramid pooling module was
utilised at 4 pooling levels. The coarsest level of a single bin output
depicted in the red box was generated using global average pooling.
(2x2), (4x4), and (8 x 8) are the pooling sizes for the other three
sub-region levels, respectively. To minimize the dimensionality of
the generated feature maps, a (1 x 1) convolutional layer was ap-
plied, followed by a BN and Relu. Subsequently, bilinear interpol-
ation was used to upsample the feature maps created at each level.
Furthermore, the upsampled features are combined with the output
of ResNet-50 to produce both local and global context information.
The pixel-wise segmentation predictions were then generated using
two cascaded convolutional layers.
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Fig. 3.9: PSPNet architecture.
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Global Convolutional Network

Peng et al. [47] introduced the Global Convolutional Network (GCN)
to address the importance of having large kernels for both localiza-
tion and classification operations for semantic segmentation in order
to increase the size of respective fields. However, when performing
classification and localization tasks, a contradiction emerges due
to the fact that classification tasks necessitate invariant models for
various transformations such as rotation and translation while loc-
alisation tasks necessitate models that are sensitive to any modifica-
tion and appropriately assign each pixel to its semantic category. To
alleviate such contradiction, two design principles were proposed:
(1) For the classification task, in order to improve the capability of
the model to handle different transformations, a large kernel size
must be used to enable dense connections between feature maps
and per-pixel classifiers; (2) for localisation task, the model must
be fully convolutional. Additionally, fully connected or global pool-
ing layers are not applied as these layers will discard the localisation
information.

res block res block res block res block res block
! ® | 256%256x64 128=128x]128 64x64=256 32=32x512 16=16=1024
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v
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Fig. 3.10: Global Convolution Network whole architecture.
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The implemented GCN technique for semantic segmentation is shown
in Fig. 3.10. A residual network was used as a backbone for im-
proving the feature extraction process, as demonstrated in Fig. 3.10,
further, the residual block is presented in Fig. 3.11a. A GCN block
presented in Fig. 3.11b is placed after each residual block, which
employs a mix of (1 x k)+(kx1) and (kx1)+(1x k) convolutions to
establish dense connections within (k x k) region in the feature map.
The boundary refinement (BR) block, depicted in Fig. 3.11c, is then
used to improve the predictions along the object borders, resulting
in a lower resolution score map. Furthermore, the upsampling op-
eration is done recursively, it upsamples the low resolution score
maps then concatenate it with a higher one to produce a new score
maps. The deconvolution operation is repeated until the original
image size is obtained.

(a) Input 1 (b) Input 1 (c) Input
, BN i+ [ Conv Conv Conv (3x3) + relu
¥ (kx1xd) (1xkx=d)
Conv (5%5) + relu ¥
( ¥ ; (‘i\nv Colnv Conv (3%3)
1L/ Concat (1xkxd) (kx1>xd) v
; Concat
Maxpooling Concat & v
P v

Fig. 3.11: (a) Residual block, (b) Global Convolution Network
block, (c¢) Boundary Refinement.

3.3 Results and discussions

In this section, five DL models of semantic segmentation approach
were evaluated on exemplary three damage scenarios of an RMS of
the numerically calculated full wavefield interpolated at the bottom
surface of the plate in order to identify the delamination, including
Res-UNet, VGG16 encoder-decoder, FCN-DenseNet, PSPNet, and
GCN. In addition, an experimental scenario was used to measure
the performance of the models and further to demonstrate the gen-
eralization capabilities. The mean and maximum (IoU) for each
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model is calculated and displayed as a comparative metric. Fur-
thermore, for each model, the accuracy of classification, precision,
recall, and F1 score were determined using Egs. (3.6 - 3.9):

TP + TN

A = :
cotracy (Total number of tested samples)’ (36)
L TP
Pricision = TP TP (3.7)
TP
Recall = TP L FN’ (3.8)
2 x (Pricision x Recall)
F1 = 3.9
seore (Pricision + Recall) ’ (39)

where the Positive/Negative refers to the predicted output as (dam-
age or non-damage) respectively, True Positive (TP) and True Neg-
ative (TN) represent the correct classification, and the False Posit-
ive (FP) and False Negative (FN) represent the incorrect classific-
ation.

For training purposes, a K-fold cross-validation technique was im-
plemented with five folds. As a result, each model has cycled over
5 iterations of training. Furthermore, for each iteration, the num-
ber of epochs equals 20.

3.3.1 Numerical scenarios

Three numerical data scenarios for delamination at various loca-
tions, shape, orientations and angles are discussed in the following.
Fig. 3.12 depicts the first studied delamination scenario. As illus-
trated in Fig. 3.12a, the delamination lies near the left boundary
of the plate and is outlined by line to represent its shape, orienta-
tion and location. The predictions of Res-UNet, VGG16 encoder-
decoder, PSPNet, FCN-DenseNet, and GCN models are shown in
Figs. 3.12b - 3.12f. The location of the delamination is correctly
indicated in all models. Furthermore, delamination-related pixels
are grouped into a single region with no extra noise. Other models,
such as the VGG16 encoder-decoder and GCN, are more visually
similar to the actual shape of the delamination.
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(a) RMS bottom with label. (b) Res-UNet.

(¢) VGG16 encoder-decoder. (d) PSPNet.

(e) FCN-DenseNet. (f) GCN.

Fig. 3.12: First delamination scenario based on numerical data.



76 CHAPTER 3. DL BASED DAMAGE IMAGING

The delamination is positioned at the top left corner of the plate
in the second delamination scenario, as shown in Fig. 3.13, and it
is surrounded by an oval line to depict its shape and location, as
shown in Fig. 3.13a. As the reflections from plate edges overshadow
reflections from the delamination, this is the most difficult damage
scenario. As a result, RMS pattern changes are barely distinguish-
able. Figs. 3.13b - 3.13f show the predicted output of the Res-UNet,
VGG16 encoder-decoder, PSPNet, FCN-DenseNet and GCN mod-
els, respectively. Considering the challenging damage scenario, all
models perform reasonably well.
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(a) RMS bottom with label. (b) Res-UNet.

(¢) VGG16 encoder-decoder. (d) PSPNet.

(e) FCN-DenseNet. (f) GCN.

Fig. 3.13: Second delamination scenario based on numerical data.



78 CHAPTER 3. DL BASED DAMAGE IMAGING

Fig. 3.14 depicts the third delamination scenario. As illustrated in
Fig. 3.14a, the delamination lies in the upper middle of the plate
and is surrounded by an ellipse to represent its shape, location
and orientation. Figs. 3.14b - 3.14f show the prediction outputs of
Res-UNet, VGG16 encoder-decoder, PSPNet, FCN-DenseNet, and
GCN models, respectively. Res-UNet and FCN-DenseNet are the
best in preserving the elliptical shape of delamination in this case.
GCN, on the other hand, gets the highest IoU value (see Tab. 3.2).
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(a) RMS bottom with label. (b) Res-UNet.

(¢) VGG16 encoder-decoder. (d) PSPNet.

(e) FCN-DenseNet. (f) GCN.

Fig. 3.14: Third delamination scenario based on numerical data.
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Tab. 3.2: IoU of numerical scenarios.

Model 1st scenario 2nd scenario 3rd scenario
Res-UNet 0.498 0.782 0.816
VGG16 encoder-decoder 0.512 0.787 0.662
FCN-DenseNet 0.734 0.612 0.866
PSPNet 0.389 0.496 0.646
GCN 0.791 0.696 0.875

Tab. 3.3: Analysis of numerical data.

Model mean [oU max [oU
Res-UNet 0.664 0.888
VGG16 encoder-decoder 0.572 0.841
FCN-DenseNet 0.680 0.920
PSPNet 0.549 0.914
GCN 0.763 0.931

Tab. 3.2 shows the (IoU) values for all models with respect to pre-
dicted damage. The GCN model has the highest (IoU) compared
to the other models in the first and third scenarios, and the VGG16
encoder-decoder model has the highest (IoU) compared to the other
models in the second scenario. Additionally, there is no noise in the
predicted outputs for delamination identification in all the models.

The mean and maximum values of (IoU) obtained for the previously
unseen numerical test set (380 cases) for all models are presented in
Tab. 3.3. Additionally, Tab. 3.3 demonstrates that all models have
a high (IoU), showing their capability to identify damage.

Tab. 3.4 presents the TP, TN, FP, and FN for all models with
respect to the test set.

As additional evaluation metrics, Tab. 3.5 displays the classifica-
tion accuracy, precision, recall, and F1l-score values for all models.
All models show high classification accuracy, as shown in Tab. 3.5,
indicating that all of the offered models are capable of predicting
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Tab. 3.4: Model classification performance.

Model TP TN FP FN
Res-UNet 376 376 4 0
VGG16 encoder-decoder 373 373 7 0
FCN-DenseNet 378 378 2 0
PSPNet 368 368 12 0
GCN 380 380 0 0

Tab. 3.5: Evaluation metric.

Model Accuracy Precision Recall F1-Score
Res-UNet 0.994 0.989 1.00 0.994
VGG16 encoder-decoder 0.991 0.981 1.00 0.991
FCN-DenseNet 0.997 0.994 1.00 0.994
PSPNet 0.984 0.968 1.00 0.984
GCN 1.00 1.00 1.00 1.00

the existence of delamination in all numerically generated cases.
Moreover, it can be concluded that the GCN model outperformed
the other implemented models.

Furthermore, the total number of parameters in each DL model is
the sum of trainable (convolution filter weights) and non-trainable
parameters (biases and pooling filters). The trainable parameters
are updated continuously until the minimal loss value is reached,
whereas the non-trainable parameters remain unchanged during the
training process. The total number of parameters for all implemen-
ted models is shown in Tab. 3.6. In addition, the total number of
parameters can show the computational complexity of the model.
It should be noted that as the number of total parameters increases,
the required time for training increases.

3.3.2 Experimental scenario

An experimental case of CFRP with Teflon insert as artificial
delamination is examined in this scenario which is shown in Fig. 3.15.
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Tab. 3.6: Model parameters.

Model Total parameters (x)
Res-UNet 52 x 10°
VGG16 encoder-decoder 37.3 x 109
FCN-DenseNet 2.5 x 109
PSPNet 6.6 x 106
GCN 36 x 106

A frequency of 50 kHz was used to stimulate a signal in a trans-
ducer placed in the center of the plate, similar to the synthetic data
set. At this frequency, the A0 mode wavelength for this particular
CFRP material is around 20 mm. The measurements were conduc-
ted with a Polytec PSV-400 SLDV on the bottom surface of plate,
that sized 500 x 500 mm. The sampling frequency was 512 kHz and
the measuring grid spacing was 1 mm. An energy compensated
RMS was used to further process the obtained full wavefield, con-
sidering wave attenuation. Fig. 3.15a shows the results of such
a procedure.

A square frame surrounds the delamination, indicating its shape
and location. Delamination prediction maps for Res-UNet, VGG16
encoder-decoder, PSPNet, FCN-DenseNet, and GCN models are
shown in Figs. (3.15b - 3.15f), respectively. The performance of the
models was assessed using the IoU measure, which considers not
only the location of the damage but also its shape and size. The
Res-UNet IToU = 0.577, the VGG16 encoder-decoder ToU = 0.624,
the PSPNet (IoU = 0.488), the FCN-DenseNet IoU = 0.537, and
the GCN IoU = 0.723 were the results achieved. The best accuracy
was achieved using GCN, the same as it was with the numerical test
data.
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(b) Res-UNet.

(¢) VGG16 encoder-decoder. (d) PSPNet.

(e) FCN-DenseNet. (f) GCN.

Fig. 3.15: Experimental results.
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As illustrated, the models are capable of detecting and localizing the
delamination with high precision accuracy. It cat be noticed that
the models can recognize delamination with nearly no noise, indic-
ating that the models can generalize and detect delamination on
previously unseen data. Given that the provided models were only
trained on a numerically generated data, they had a high degree of
generalisation capability. It is expected that when the models are
trained on experimental and numerical data, additional features are
learned, and their performance can be improved even further.

Summary

In this chapter, five different DL models: Res-UNet, VGG16 encoder-
decoder, PSPNet, FCN-DenseNet, and GCN have been introduced
and trained to perform image semantic segmentation in order to
identify delamination in CFRP materials. The models were trained
on a numerically generated dataset simulating a full wavefield of
propagating guided waves. The results of DL models in identifying
various forms of delaminations in terms of their locations, shapes,
sizes, and angles are encouraging. Furthermore, the models demon-
strate good generalization when it comes to predicting delamination
in numerically acquired data which has not been observed before.
Furthermore, the models demonstrate their generalisation ability
by detecting delamination in experimentally measured data.

Regarding the numerical test data and the experimental scenario,
it can be stated that the GCN model has the highest identification
accuracy among all implemented models. Furthermore, the PSPNet
model had the lowest identification accuracy of all the models. As
a result, among all applied DL models, the GCN model has the best
performance. Furthermore, training DL models on experimental
data will allow them to learn new complex patterns, hence, their
performance will increase.
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4.1 Introduction

The increasing interest for high-efficiency and low-cost photoelec-
trodes dedicated to the photoelectrochemical (PEC) systems has
encouraged major research efforts on innovative nanostructures and
semiconducting metal oxides [1]. The PEC process is describes as
follows; electron-hole pairs are generated at the photoelectrode/
electrolyte interface upon exposure to light, which leads to oxida-
tion or reduction reactions of the electrolyte species [2]. Among the
most widely investigated materials, titania nanotube arrays (TNTs)
still remain the preferred choice for practical applications in pho-
tocatalysis, solar cells, electrochromic devices, and sensors [3]. In
order to improve the efficiency of the PEC systems, TN'Ts directly
grown on transparent conducting oxides (TCO) has been explored.
In this case, titanium films are first deposited onto TCO via phys-
ical coating methods including radio-frequency (RF), direct current
(DC) magnetron sputtering, and pulsed laser deposition, and the
obtained substrates are anodized to form the nanotubes onto the
TCO. The advantage of such photoelectrodes lies to the fact that,
TCO allow light to pass through the entire PCE cell structure [4].
Moreover, TCO namely fluorine-doped tin oxide (FTO) and TiOq
have aligned energy levels of the conduction band edges, thus pro-
moting the interfacial electron transfer from TiOg to FTO [5]. FTO
layer acts as a collector of electrons photogenerated at TiOs and
transfer them to the external circuit.

Although TNTs formed out on TCO are considered as promising
photoelectrodes for PEC systems, the wide band gap of titania
(TiO2)-based materials (anatase TiOg, ca. 3.2 eV) leads to poor
absorption of light, and need to be tuned to further improve the
performance of PEC devices [6, 7]. Doping with transition metal
is one of the simplest and efficient method to enhance the light ab-
sorption properties of TiOz [7, 8]. A variety of dopant atoms such
as Ag, Nb, Cu, Fe, Ru, Cr, Zn, Pd, W, Sn and Au have already
been investigated to modify the intrinsic optical properties of the
undoped semitransparent TNTs counterparts. Two methods are
frequently used to modify the semitransparent TNTs structures.
The most utilized method consists first, to anodize Ti films coated
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onto TCO, followed by a thermal treatment in an inert atmosphere
to deposit the metal nanoparticles onto the nanotubes [9-11]. In
another method, composite metallic films (Ti-metal film) were de-
posited onto TCO by simultaneous co-sputtering technique from
two targets namely titanium and metal sources, thereafter the ob-
tained films are anodized to achieve semitransparent metal-doped
TNTs [12-16]. Recently, Bjelajac et al. [17] synthesized transpar-
ent Sn-doped TNTs by annealing the as-anodized semitransparent
TNTs formed out onto FTO between 500 and 550°C, which allowed
the dynamic diffusion of Sn from FTO to the nanotube walls. Both
the anodization procedures and targets used for the deposition of
Ti or Ti-metal films onto the TCO are presented in the Tab. 4.1.

The doping atoms generate inter-band levels in the TiO2 band
gap, thus facilitating the excitation of the electrons from the val-
ance band to the conduction band [17]. In the case of semitrans-
parent titania, for example Mor et al. [13] studied the effect of
iron doping on TNTs photoelectrochemical properties. They syn-
thesized the photoanode by a three-steps process. First, Ti-Fe
films were deposited on FTO by simultaneous co-sputtering tech-
nique using both Ti- and Fe targets. Then the obtained substrates
were anodized in ethylene glycol (EG) based electrolyte containing
0.3 wt% ammonium fluoride (NH4F) and 2 vol% deionized water
(H20). Last, the anodized materials were annealed at 500°C for
2h. The prepared Fe-doped TNTs photoelectrode exhibited a shift
of the absorption edge from 380 nm (undoped TNTs) to 570 nm
(Fe-doped TNTs), indicating an improvement in the light absorp-
tion properties of TNTs by Fe-doping. Moreover, under illumina-
tion (100 mW /cm?) the Fe-doped TNTs electrode achieved a pho-
tocurrent density of 2 mA/cm? at 0.65 V. Similar results also have
been reported by Gui et al. [15], when investigating the impact
of tungsten-doping on the optical properties of TNTs. W-Ti films
sputter coated onto FTO from two targets composed of Ti and
W, were subsequently anodized in EG electrolyte containing 0.3 M
NH4F and 4 vol% H,O.
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Tab. 4.1: Anodization procedures and targets used for the depos-
ition of Ti or Ti-metal films onto the TCO.

Doping Substrate Targets Electrolyte Reference
atom
. EG + 0.25 wt% NH4F
FT T 14
Cu © i/Cu + 1 vol% H20 [14
. EG + 0.3 wt% NH4F
F FT Ti/F 1
¢ © i/Fe + 2 vol% Hy0 [13]
Nb Glass Ti/Np  CH3COOH/CH;COONa [16]
buffer solution
. EG + 0.3 wt% NH4F
W FTO Ti/W 15
i/ + 4 vol% Hy0 [15)
Ag ITO Ti EG + 0.3 M NH4F 2]

+ 3 vol% Hy0

. EG + 0.3 M NH,F
A FTO T 9
" ' + 2 vol% H2O 1

EG + 0.4 wt% NH4F
C FTO Ti 11
' ! + 5 wt% Hy0 [ ]

EG + 0.3 wt% NH,F
A FTO Ti 10
" ! + 4 vol% HyO [10]

EG + 0.3 wt% NHyF

R FTO Ti 10
" ! + 4 vol% HyO [10]

. EG + 0.3 wt% NH,F
ZnPd FTO T 10
H ! + 4 vol% Hy0 (10}
. 1O - EG + 0.3 wt% NH,F -

+ 2 vol% H>0O

The prepared material annealed at 450°C for 3 h exhibits a high
light transmittance of 71.5% at wavelength of 632.8 nm. Among
all the transitional metals, copper (Cu) is high abundance with low
cost availability. Moreover, since the radius of Cut? is close to
that of Ti™®, Cu can be easily incorporated into TiOs lattice [8].
In order to understand the influence of copper nanoparticles on ti-
tania photoelectrochemical activity, Mor et al. [14] investigated
the photoresponse properties of Cu-doped TiO2 based material.
They deposited Cu—Ti films on FTO coated glass substrate by
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co-sputtering from titanium and copper targets. During the de-
position the substrate temperature was maintained at 300°C, to
improve the adhesion of the sputtered films. The deposited films
were anodized in EG bath containing 0.25 wt% NH4F and 1 vol%
H>O at 30 V, and then annealed at 450°C. The photoelectrochem-
ical activities of the prepared Cu-doped TNTs electrodes were stud-
ied in 0.1 M disodium hydrogen phosphate (NagHPOy) electrolyte.
Under illumination the Cu-doped TNTs based photoanodes demon-
strated a photocurrent density of 0.25 mA /cm? from the analysis of
the chronoamperometry curves, with a photoconversion efficiency
of 0.30%. Although the above reported works are encouraging, and
present metal-doped TNTs as a promising photoelectrode for pho-
toelectrochemical systems, no work was conducted to investigate
the influence of the nanotubes architecture on the photoresponse of
metal-doped TNTs based materials.

This chapter presents the electrochemical and photoelectrochem-
ical properties of aligned and spaced TNTs doped with different
amounts of copper. Close-packed and loose-packed Cu-doped TNTs
were synthesized via anodization of TiCu films sputter coated onto
indium tin oxide (ITO).

4.2 Experimental

Ethylene glycol, diethylene glycol, ammonium fluoride, phosphoric
acid, hydrofluoric acid were brought from Sigma-Aldrich Chemical
Co. All chemical reagents were used without any purification. Ti
or Cu-Ti films coated onto the indium tin oxide (ITO) substrates
were received from Czech Republic: University of South Bohemia in
Ceske Budejovice, Charles University in Prague within the cooper-
ation established for the realization of CEUS-UNISONO project
2020/02/Y/ST8/00030. The anodization of the Ti or Cu-Ti films
was carried out in a two-electrode setup. Ti or Cu-Ti films de-
posited onto ITO act as anode, whereas a platinum mesh served as
cathode. Aligned titania nanotubes were obtained by anodizing the
sputtered Ti or Cu-doped Ti films (i.e. 0.8, 2.5 and 4.6% of copper
content). The deposition of Cu was together with Ti using both
Cu and Ti plates as a target. The deposition of those layers was
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realized by the scientific partner form Czech Republic via magnet-
ron sputtering. For all samples i.e. pure Ti or Cu doped Ti films
the thickness of the deposited Ti or Cu-Ti layer was 1.2 ym. The
received Cu-Ti films were anodized in ethylene glycol based elec-
trolyte containing 1M H3POy4 and 0.27 M NH4F and 5 vol% HsO
at 23°C. The electrodes were placed 2 cm apart and the voltage
was ramped up to 60 V at a sweep rate of 0.1 V/s, and then held
for 3h by using a voltage generator (MPS-600-5 L-2), and the an-
odized electrodes were labelled aTNT, aTNT-0.8Cu, aTNT-2.5Cu
and aTNT-4.6Cu for the 0, 0.8, 2.5 and 4.6% copper content in the
Ti layer, respectively. To achieve spaced titania nanotubes, the an-
odization is carried out in diethylene glycol bath mixed with 0.15 M
NH4F, 0.5 M HF and 7 vol% H50O at 40°C, the voltage was ramped
up to 40 V at a sweep rate of 0.1 V/s, and then held for 30 min,
and the obtained electrodes were labelled sSTNT and sTNT-0.8Cu
for the undoped and 0.8% copper content, respectively.

The prepared materials were annealed at 450°C for 1h in tubular
furnace (Nabertherm), and their surface morphology was investig-
ated using field emission scanning electron microscopy, FEI Quanta
FEG 250 (FESEM). The geometrical features i. e. average internal
diameter, tube-to-tube spacing and the nanotube density (number
of nanotubes per unit area) were measured using Image J software.
Raman spectra were recorded using a Raman spectrometer (Ren-
ishaw), equipped with a confocal microscope with an argon ion laser
operating at 514 nm at a power level of 10 mW. The spectra were
measured in the wave number range from 100 to 3200 cm~*.
Diffusive reflectance spectra of the annealed samples were registered
using Lambda 35 UV-vis spectrophotometer (Perkin Elmer) in
a range of 200 — 600 nm, at a scanning speed of 120 nm/min. The
bandgap energy was determined by using Kubelka-Munk function,
F(R). The relationship between the reflectance and the absorption
coefficient is given as follows, F(R) = (1-R)?/(2R) = k/s, where R
is the reflectance, k is the absorption coefficient and s the scattering
coefficient. Replacing absorption coefficient o by F(R) in the Tauc
equation ((ahv) /™ = B(hv-Eg)), results in the form: (F(R)hv) 1/
= B(hr-Eg). Eg is the band gap energy, B is a constant, and h is the
Planck constant, v is the photon frequency, the n factor depends
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on the type of the electron transition. From literature it is well
known that for a semiconductor with a direct band gap transition
n takes the value 0.5 and for an indirect band gap transition, n is
equal to 2. Singh et al. [18] demonstrated that titania based ma-
terials can have either an direct or indirect band gap structure de-
pending on the temperature at which the materials are synthesized.
They showed that titania based materials prepared at temperature
around 400°C (anatase) have an indirect band gap, while materials
synthesized at a higher temperature of 900°C (rutile), have a direct
band gap structure [18, 19]. Therefore, in this study the value of
factor n will be chosen equal 0.5 for the determination of the band
gaps of the annealed materials at 450°C.

The electrochemical and photoelectrochemical activities were stud-
ied in three-electrode setup. Fig. 4.1 describes the photoelectro-
chemical setup. The measurement setup consists of a platinium
(Pt) counter electrode, Ag/AgCl (0.1 M) reference electrode, and
the aligned or spaced Cu-doped TNTs photoanode as a working
electrode immersed in 0.1 M NaOH. Prior to each measurement, ar-
gon gas was bubbled through the solution for 30 min to deaerate the
electrolyte and during the experiment argon flow was kept above
the electrolyte. For comparison pure aligned and spaced TNTs
had also been investigated as working electrode. The photore-
sponse tests were performed by measuring the photocurrent under
chopped light irradiation (light/dark every 5 s) at a fixed external
bias of 0.5 V versus Ag/AgCl. Cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS), linear sweep voltammetry
(LSV) measurements were conducted at room temperature and con-
trolled by Autolab PGSTAT302N potentiostat-galvanostat system
(Methrom, Autolab).

The CV was performed within potential range of —1 to +1 V, at
a sweep rate of 50 mV/s. The EIS measurement was carried out
either in dark or under UV-vis illumination, by applying AC voltage
amplitude of 10 mV in the 0. 1-20 kHz frequency range. In order
to perform the Mott-Schottky analysis, electrochemical impedance
spectra were recorded at a constant frequency of 1 kHz, in the
potential range of + 0.1 to —1.2 V. LSV was carried out by using
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Tab. 4.2: Anodization procedures and targets used for the depos-
ition of Ti or Ti-metal films onto the TCO.

Sample label Cu content in deposited Morphology:

Ti layer (%) spaced or aligned
sTNT 0 spaced
sTNT—0.8Cu 0.8 spaced
aTNT 0 aligned
aTNT—-0.8Cu 0.8 aligned
aTNT—-2.5Cu 2.5 aligned
aTNT—-4.6Cu 4.6 aligned
- +«— potentiostat - galvanostat
._
filter

illumination

CB
Xe lamp \
\ ==
Red -
h— ox

VB

Lt i, " /Iectrnlyte reference electrode

g (Ag/AgCl)

counter electrode
(Pt mesh)

Fig. 4.1: Schematic illustration of the photoelectrochemical meas-
urement setup.
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an automatic chopped simulated AM1.5G illumination (light/dark
every 5 s) in either UV—vis or visible light irradiation from —0.5
to +1 V at a scan rate of 10 mV/s. For the measurement carried
out in visible region, an additional cut-off optical filter (A>400 nm)
was place between the light source and the three-electrode setup, as
shown in Fig. 4.1. CA was recorded for 300 seconds under chopped
illumination in UV-vis light (light/dark every 5 s). The description
of the samples according to their morphology and composition of
the anodized TiCu layer is provided in the Tab. 4.2. Depending
on the distance between nanotubes, verified on the basis of SEM
inspection, the spaced or aligned term is used.

4.3 Results and discussion

4.3.1 Morphology and microstructural properties

For all investigated samples, the morphology consists of highly
ordered, top-end-open, and uniform nanotube arrays.

The SEM images of the spaced and aligned-TNTs materials are
shown in the Fig. 4.2 and Fig. 4.3. The geometrical characteristics
of the materials as prepared are summarized in Tab. 4.3.

Tab. 4.3: Averaged inner diameters, tube-to-tube spacing and nan-
otube density of as-prepared TNTs.

Average inner Average Nanotube
Sample diameter tube-to-tube density
(nm)  spacing (nm)  (/pm?)
sTNT 64 £ 7 88 + 10 80 £ 6
sTNT-0. 8Cu 78 + 11 177 £ 20 35+ 4
aTNT 27T £ 3 no spacing 142 £ 11
aTNT-0. 8Cu 38+5 no spacing 140 + 12
aTNT-2. 5Cu 45+ 5 no spacing 136 + 10

aTNT-4. 6Cu 42 £ 5 no spacing 134 £ 10
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Fig. 4.3: SEM images of (a) aTNT, (b) aTNT-0.8Cu (c) aTNT-
2.5Cu, (d) aTNT-4.6Cu.

For the aligned structure, the average inner diameter increased with
the increase of copper content, from 27 nm + 3 nm for aTNT (pure
material) to 42 nm + 5 nm for aTNT-4.6Cu. For both architectures
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(aligned or spaced-TNTs) the copper doping has led to decreased
the nanotube density (population of nanotubes per unit area) of
the materials comparing to the layer when pure Ti has been an-
odized, as shown in Tab. 4.3. Overall, significant changes in the
geometric characteristics of TNTs such as the tube diameter, and
the tube-to-tube spacing were observed after Cu-doping. However,
no deterioration in the tubular structures was detected with a cop-
per content in the range 0.8 to 4.6%.

The crystalline phase of pure and Cu-doped TNTs was inspected
by Raman spectroscopy and the results are shown in Fig. 4.4.

20000 80000
(a) —sTNT (b) —aTNT
— sTNT-0.8Cu TNT-0.8Cu
£ 16000 { * 4
£ £ wiico] —aTNT-2.5Cu
2 3 aTNT-4.6Cu
£ 120004 £
i L]
= < 40000
G 80004 £
H 2
2 2
E  L000d E 20000
(1] e — T 1] R ——
1000 2000 3000 0 1000 2000 3000
Raman shift / cm-1 Raman shift { cm-1

Fig. 4.4: Raman spectra of (a) sTNT and sTNT—0.8Cu, (b) aTNT,
aTNT—-0.8Cu, aTNT—2.5Cu, aTNT—4.6Cu.

The Raman spectra of pure aligned and spaced TNTs show the
characteristic peaks of anatase at 143, 198, 398, 515, and 640 cm ™!,
which are assigned to the active vibrational modes of Eg, Eg, Blg,
Alg, and Eg respectively [20]. There are no additional peaks related
to any copper species. It can indicate that so low amount of copper
species comparing to titania does not provide any visible signal or
the dopant cations are inserted into the substitutional positions of
titania crystal lattice [21]. However, a decrease in the intensity of
Raman peaks was observed for all Cu-doped TNTs materials pre-
sumably due to the decrease in the material crystallinity [22].
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4.3.2 Optical properties

To assess the effect of copper doping on the optical properties of
both architecture i.e. aligned and spaced TNTs, both the absorp-
tion and UV-vis diffuse reflectance spectra of the materials were
presented in the Fig. 4.5. In the UV region (below 400 nm), there
is only a slight change in the absorbance of both spaced-TNTs
based materials, namely 90% for sSTNT and 88% for sSTNTs-0. 8Cu,
whereas an increase of the absorbance from 76% to 87% was ob-
served with the rise of the copper content in the deposited film
up to 2.5% for the aligned architecture. In the visible range i.e.
above 400 nm, there is no significant change in the absorbance of
all TNTs layers. Moreover, one can observe that all investigated
samples mainly absorb light in UV region of the spectrum. This in-
dicated that the change in the materials morphology obtained after
the Cu-doping did not caused the absorption shift towards the vis-
ible region. Moreover, the dopant did not lead to the reduced band
gap of both pure materials, as shown in the Tab. 4.4. For the pure
aligned and spaced TNTs, the estimated values of the band gap
are 2.95 and 2.90 eV respectively. This decrease in the band gap
as compared to the anatase TiOy (3.20 €V) is due to geometrical
characteristics of the prepared titania nanotues [23].
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Fig. 4.5: (a) Absorbance spectra, and (b) UV—vis diffuse reflect-
ance spectra of STNT and sTNT—0.8Cu, aTNT, aTNT—-0.8Cu,
aTNT—-2.5Cu, aTNT—-4.6Cu.
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Tab. 4.4: Band-gap energy values of the as-prepared materials.

Sample band gap (eV)

sTNT 2.90
STNT—0.8Cu 2.94
aTNT 2.95
aTNT—0.8Cu 3.09
aTNT—-2.5Cu 3.11
aTNT—-406Cu 2.98

4.3.3 Electrochemical and photoelectrochemical
activity

In order to verify the stability of the material as an electrode im-
mersed in the solution, some preliminary measurements were con-
ducted. First the cyclic voltammetry technique was used to verify
the potential window in which the material is electrochemically
stable and if some oxidation/reduction peaks arises. The voltam-
mograms were collected for samples immersed in 0.1 M NaOH at
50mV/s. The prepared materials were studied in a basic electro-
lyte due to their copper content. Indeed, according to the Pourbaix
diagram for copper at 25°C reported by Gambino et al. [24] the
copper species are thermodynamically more stable and do not dis-
solve in the basic electrolyte. For the spaced TNTs materials the
current density is significantly reduced in the cathodic part after
the Cu-doping, as shown in Fig. 4.6.

The drop in the current density can be ascribed to the nanotube
density (number of nanotubes per unit area) by the Cu-doping, as
already discussed above. Indeed, it is well known that the nan-
otubes act as electric channels for electrons transportation [25].
Therefore, the decrease in the nanotube density will drop the cur-
rent density of the material. In the case of the aligned TNTSs, the
current density of the sample aTNT—2.5Cu is negligible (Fig. 4.5.b).
The voltammogram areas of the samples aTNT, aTNT—0.8Cu,
aTNT—4.6Cu are very similar. Furthermore, no reversible redox
peaks were detected on these CV curves indicating that the Cu
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Fig. 4.6: Cyclic voltammetry curves (scan at 50mV/s) of (a) sSTNT
and sSTNT-0.8Cu, (b) aTNT, aTNT-0.8Cu, aTNT-2.5Cu, aTNT-
4.6Cu.

doping did not significantly changes the electrochemical activity of
the aligned TNTs [26]. However, the cathodic current density in-
crease with the rise of the copper content in deposited Ti layer.
This increase of current value is related with the reduction of TiT*
to Tit3 [27].

The electrochemical impedance spectroscopy (EIS) spectra of the
materials recorded under UV-vis irradiation are not clearly distin-
guishable from the spectra obtained in the dark, which can be seen
in Fig. 4.7. This indicates that the materials have a poor photore-
sponse. The spectra of spaced TNTs shifted to higher real resistance
values after Cu doping. This may be due to both the drop in elec-
trical conductivity of the material by the copper species and the
high electrode/electrolyte interfacial resistance.

Fig. 4.7.b shows the impedance spectra of the aligned TNTs. Two
parts can be distinguished in the Nyquist plots, the semicircle im-
pedance loops obtained at high frequency region, showed in the
insert in the Fig. 4.7.b, is resulting from the charge-transfer resist-
ance at the electrode/electrolyte interface and since, no redox peaks
were observed in the cyclic voltammograms of the prepared mater-
ial the sloping lines in the lower frequency range may be resulted
from the charges transport through the nanotube walls associted to
the Warburg open-circuit element (Wo) [28]. Both two photoelec-
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Fig. 4.7: Nyquist plots of EIS measurements of (a) sTNT

and sTNT—-0.8Cu, (b) aTNT, aTNT—-0.8Cu,
aTNT—4.6Cu in a frequency range of 0. 1—20 kHz.

aTNT—-2.5Cu,

trodes i.e. 0.8 and 4.6 % of copper contents have smaller semicircles
as compared to the undoped aligned TNTs material. This indicates
that Cu-doping promote the charge transfer at electrode/electrolyte
interface, by reducing the interfacial resistance. Contrary to the
observations made in the case of spaced TNTs materials, a Cu con-
tent of 0.8 or 4.6% in the aligned TNTs matrix shifts the impedance
spectra to lower real resistance values, suggesting an improvement
in the conductivity of the material. However, no improvement was
observed in the electrical properties of the aligned TNTs material
doped with 2.5% of copper. According to Ma et al. [29] titania crys-
talline structures are very sensitive to copper concentration. Hence,
the drop in the electrical conductivity observed for the Cu-doped
aligned TNTs (2.5 %) can be due to a significant lattice distortion
in the aligned TNTs microstructure. The good electrical proper-
ties were obtained with the highest value of copper content in the
Ti:Cu film (4.6 %). This corroborates with the results reported by
Guo et al. [7]. They also study the effect of Cu content on the
photoelectric properties of TNTs, and they showed that the elec-
trical properties of TN'Ts can be improved by increasing the copper
content.

Fig. 4.8 shows linear sweep voltammetry (LSV) curves of the pre-
pared materials under chopped light irradiation (light/dark every
5 8). In general, the current density increases under light illumina-
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tion and returned to the background value as the light turned off.
The spaced TNTs material demonstrated good photoresponse under
UV-vis light. However, its photoelectrochemecal activity dropped
dramatically under visible light. When doped with a copper content
of 0.8%, the material loses its photosensitivity upon exposure to
both UV-vis light irradiation. The aligned TNTs doped with 4.6%
of Cu exhibited the best photoresponse under UV-vis light. How-
ever, similarly to the spaced TNTs materials, the photoresponses
of the undoped and Cu-doped aligned TNTs (0.8, 2.5 and 4.6%)
are almost negligible under visible light as shown in the Fig. 4.8.d.
The presence of the dopant metal do not provide improved photore-
sponse of aligned and spaced TNTs in the visible region.
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Fig. 4.8: Linear sweep voltammograms of sTNT and sTNT-0 8Cu
under chopped (a) UV-vis illumination, (b) visible illumination and
aTNT-0.8Cu, aTNT-2.5Cu, aTNT-4.6Cu under chopped (c¢) UV-vis
illumination, (d) visible illumination, (light/dark every 5 s).
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Chronoamperometry was carried out to investigate the reproducib-
ility and stability of the prepared photoelectrodes. The photocur-
rent was recorded as a function of time by switching on and off
the light simulator (light/dark every 5 s). For the undoped space
TNTs photoelectrode the photocurrent density was increased to
1.85 pA /cm? from about 0.9 uA /cm? when the light was turned on.
The current density was stable during the measurement, as shown
on the Fig. 4.9.a. For the aligned TNTs materials the improve-
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Fig. 4.9: Transient photocurrent curves (light/dark every 5 s) of
(a) STNT and sTNT-0 8Cu, (b) aTNT, aTNT-0.8Cu,
aTNT—2.5Cu, aTNT—4.6Cu.

ment in the current density (Aj= light current density - dark cur-
rent density) was strongly dependent on the amount of the dopant,
Aj = 4.3, 3.05 and 0.5 pA/cm? for 4.6, 0.8% copper content and
the undoped aligned TNTs respectively. For the aligned TNTs the
photoresponse increased linearly with the rise of copper content.
According to Mohajernia et al. [30] the enhancement of the be-
neficial effect due to the copper presence may be justified by the
light-induced oxidation of Cu species, namely Cut to Cu?* and
Cu?t to Cu®t in the titanium oxide matrix. Although the un-
doped and 4.6% copper doped aligned TNTs materials exhibited
very good stability, the photocurrent density of the sample doped
with 0.8% Cu was sharply decreased from Aj = 3.05 pA/cm? to
1.69 pA /em? after 300 s, indicating a poor stability of the material.
Mott—Schottky plots analysis were provided to conduct a qualit-
ative comparison of donor density present within the bandgap of
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the synthesis materials. Mott-Schottky relation for n-type semi-
conductor is given as: C2 =(2/qeeoNp)(E-Ef-kT/q), C is the
space charge (depletion layer) capacitance, € is permittivity of the
anatase titania (¢ = 38) [31], g¢ (8. 85x10~'* F/cm) is the permit-
tivity of free space, q is the electron charge, Np is the donor density,
E is the applied potential, Ef;, is the flat band potential, k is the
Boltzmann constant, and T is the temperature. The capacitance of
the space charge layer can be calculated using the following equa-
tion: C= —1/27{Z;y,, f is the frequency of the AC signal, and Z;,,
is the imaginary part of impedance. The flat band potential values
(Efp) are determined by the extrapolation of the linear regions of
the curve C~2 vs. E, as shown in the Fig. 4.10. The donor density
Np can be derived by the slope of the Mott—Schottky plot and is
calculated via the equation: Np= (2/qeeo)(dE/d(C~2)) [12].
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Fig. 4.10: Mott—Schottky curves of (a) sTNT, (b) aTNT,
aTNT—0.8Cu, aTNT—4.6Cu.

The positive slopes obtained for all samples in the linear regions
of the Mott-Schottky plots indicate that all investigated materials
exhibit n-type semiconductor behavior (Fig. 4.10). The calculated
values of the flat band potential at the electrode/electrolyte junc-
tion and donor density are summarized in the Tab. 4.5.

Basically, the flat band potential is a qualitative measure of the
depth of the Fermi level in a band gap [32]. At this potential,
band bending due to electron depletion in the semiconductor van-
ishes. The two linear regions observed on the Mott-Schottky plot
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Tab. 4.5: Flat band potential, donor concentration of the samples.

E;(V vs. Ag/AgCl

Sample /0. 1M KCI) Np(/cm?)
sTNT —0.35 and —0.90 1.9%x10%° and 1. 3x10%
aTNT —0.39 4.6x10%

aTNT—0.8Cu —0.70 1.6x10%0
aTNT—4.6Cu —0.80 6.2x10%

of sample sTNT indicate the presence of two donor states present
within the band gap [33, 34]. One can observe in the Fig. 4.10.b
that the increase of the copper amount leaded to a negative shift
of the flat band potential of the aligned TNTs material. In general,
the origin of this shift is not only due to the presence of dopant
atoms, but also the structural defect in the materials i.e. oxygen
vacancies in the semiconductor [35]. According to Ikram et al. [32]
the shift of the flat band potential towards more negative potential
promotes the electron transfer at the electrode/electrolyte interface
due the decrease in the free energy change. The results obtained is
this work is in agreement with the observation of Tkram et al. [32]
Indeed, for the aligned TNTs architecture the sample aTNT—4.6Cu
has the more negative flat band potential, with the best photore-
sponse (according to the chronoamperometry analysis). In addi-
tion, the value of donor densities increased from 4. 6x10'? /cm3 to
1. 6x10%°/cm3 for 0.8% copper content and from 4 6x10'?/cm3
to 6.2x10' /cm? for 4.6% copper content in the initial Ti layer.
Similar increment in the donor density after the introduction of
copper species in TN'Ts matrix has also been reported previously
by Wu et al. [36]. At lower Cu content (0.8%) the increase of the
donor concentration as compared to the undoped material aTNTs
can be justified by the fact that the introduction of dopant atoms in
the titania lattice generates oxide ion vacancies that are regarded
as electron donors [37, 38]. However, it is well known that since
the valence of Cu ions (Cu?* or Cu') is lower than Ti**, the Cu
dopants incorporating Ti sites into titania are considered as point
defects exhibiting acceptor nature [29]. Thus the decrease of the
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donor concentration observed at the relatively high copper content
4.6% maybe due to fact that vacancies have being occupied by cop-
per acceptors [37].

4.4 Conclusion

Aligned and spaced TNTs architectures were synthesized through
anodization of copper doped Ti films. The influence of copper con-
tent in metallic films on the final microstructure of the prepared
materials was investigated using field emission scanning electron
microscopy. The results showed significant change in the nanotubes
geometry with the increase of the copper content in the materials.
For the aligned-TNTs materials, the inner diameter was increased
from 27 nm 4 3 nm for aT'NT to 42 nm + 5 nm for aTNT-4. 6Cu.
In case of the spaced-TNTs, the average intertube spacing was in-
creased from 88 nm =+ 10 nm for sSTNT to 177 nm = 20 nm for 0.8%
doped TNTs. For both architectures: aligned and spaced-TN'Ts, the
number of nanotubes per unit area decreased with the increase of
copper content. However, no distortion in the synthesized TNTs
morphological features was detected with the rise of copper content
up to 4.6%. Moreover, Raman study has revealed that despite Cu
is present in titania layer, anatase phase is preserved after calcin-
ation process. However, the optical properties of Cu-doped TNTs
must be further improved to broaden the light absorption window
of the materials towards the visible region. The investigation of
the photoelectrochemical activity showed that sSTNT-0.8Cu sample
is not photoactive under both UV and visible irradiation. For the
aligned-TNTs, the photocurrent density increased linearly with the
rise of copper content in initial Ti:Cu film from Aj = 0.5 pA/cm?
for pure aTNTs, to Aj = 4.3 pA/ecm? for 4.6% copper content.
From the chronoamperometry curve one can point out that a cop-
per content of 4.6% in deposited Ti film can affect the improvement
the photosensitivity of the aligned TNTs architecture. However, the
performance of the fabricated material need to be further developed
for the application as an highly efficient photoelectrode.
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5.1 Introduction

The investigation contained in this chapter is related to the analysis
of elastic waves propagation in two anisotropic materials — carbon
fibre- and glass fibre-reinforced polymer (CFRP and GFRP). These
waves are initially generated by air-coupled transducer (ACT) in
non-contact way. The analysed specimens are plate-like structures.

Previous work of the author of this chapter [1] was referred to the
analysis of ACT-based elastic waves generation in CFRP plate-like
structure. However, most of the measurements was performed with
the ACT slope angle steps of 5°. One of the recommendations for
further work was to investigate the problem of selective Ag/Sp Lamb
waves mode generation assuming denser measurement grid in terms
of the slope angle steps. The analysis of elastic waves interactions
with defects also was desired.

The relevant measurements were thus performed in this chapter
with the angle steps of 1°. Additionally, elastic waves propagation
was considered while detecting additional mass-type defects in the
same (in terms of the material) but smaller CFRP plate. Beside
of CFRP specimens, elastic waves propagation analysis was per-
formed in GFRP plate-like structure containing four delaminations
of different shapes. The performance of different ACTs arrays was
investigated and compared. The summary with conclusions and
recommendations for further work is at the end of the chapter.

One of the aims of research in frame of which the current chapter is
written is the analysis of elastic waves propagation in CFRP plate
(undamaged/damaged state) and GFRP plate (damaged state).
The main task is to increase the current state of knowledge re-
lated to the conversion phenomenon of acoustic waves propagating
in the air into elastic waves propagating in the composite specimen.

5.2 Elastic waves generated in non-contact
way

Non-contact generation of elastic waves often relies on the usage
of air-coupled transducer (ACT). The waves are initially generated
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in the air (in fact - inside the ACT casing) in form of the pres-
sure waves, with alternative denser and looser regions of the air
particles. After generation, these acoustic waves propagate through
the air medium in direction of the solid specimen. When they reach
the specimen surface they are converted into elastic waves during
interactions with the solid. Obviously, the conversion is performed
with the presence of energy losses — some of the acoustic waves are
totally reflected back in the air and some of them are refracted in
the solid (part of the waves energy is lost). The important factor
influencing the efficiency of elastic waves generation is optimal slope
angle of the transducer (the efficient waves generation means low
acoustic waves energy losses and generation of the selected Lamb
waves modes with high signal amplitudes). Hence, the operation
of properly sloped ACT causes that bigger part of acoustic waves
energy is transferred into selected waves mode/modes. The situ-
ation is schematically shown in the Fig. 5.1. Each of the optimal
slope angles (Oopt 1, Oopt,2, Oopt,3) refers to the efficient generation
of different Lamb waves mode. Hence, few different modes may
be generated simultaneously, however with different shares of total
acoustic waves energy. However, if ACT is sloped, it decreases the
coverage area of specimen (coverage area means this part of the
whole investigated area which is covered by elastic waves propagat-
ing with relatively high signal amplitudes).

As the meaning of optimal ACT slope angle is important, it should
be underlined how to calculate it. Optimal value of the slope angle
can thus be determined using the Snell law:

opt = arcsin (Cair>, (5.1)

where: c,i, — acoustic waves velocity in the air, assumed as 343 % in
so-called normal atmospheric conditions (air pressure of 1 atm, air
temperature of 20°C); ¢, — phase velocity of elastic waves mode,
calculated from the following formula:

LS (5.2)

Cph:)\'f:E
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where: A — wavelength of the selected waves mode [m], f — centre
excitation frequency of the transducer [Hz|, k — wavenumber cor-

responding to the selected mode [1].

Even assuming perpendicular
transducer adjustment, some
8 = D of the waves propagate with
the optimal slope angle
referred to A/5/5H modes,

(a) Non-sloped ACT.

If the transducer is sloped,
bigger part of acoustic
waves can propagate in
such way which may result
in more intense appearance
of A/5/5H modes.

(b) Sloped ACT.

Fig. 5.1: Scheme of the process of acoustic waves conversion into
elastic waves due to interactions with solid specimen.

Wavenumbers corresponding to the selected waves modes can be
calculated numerically or estimated based on dispersion curves, in-
cluded in dispersion maps. These curves depict dependency between
the waves mode velocity values (or wavenumber values) and ex-
citation frequency values multiplied by the thickness of specimen.
Dispersive character of elastic waves means that they can propag-
ate with different velocity, depended of the excitation frequency.
Hence, wavenumber value of the chosen waves mode for the se-
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lected frequency and specimen thickness can be read from disper-
sion map. Its outlook also depends on the relation with material
fibres orientation. Hence, if the structure is not uniform, more than
one dispersion map should be prepared for that. It turns out that
elastic waves properties (signal amplitude, wavenumber) may dif-
fer, dependent on the relation with the fibres. Example dispersion
graph determined in Dispersion Calculator program for the ortho-
tropic epoxy-based plate-like structure with the thickness of 2 mm
is shown in the Fig. 5.2.
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Fig. 5.2: Dispersion graph for 2 mm thick composite plate-like
structure, prepared in Dispersion Calculator.

Analysing Fig. 9.2, it can be found that various Lamb waves modes
can propagate in the specimen within different excitation frequen-
cies. Antisymmetric and symmetric modes of different orders may
propagate and generally high order modes propagate within relat-
ively high excitation frequencies. For the lower frequency values
(below ~1200 kHz) it can be found that only zero order modes
propagate in the specimen. Symmetric So mode propagates faster
than antisymmetric Ag mode, with simultaneously having longer
wavelength. Such situation can be observed while watching ex-
ample results of signal processing of the measurement data. The
animation consisted of frames, presenting Lamb waves propagation
in plate-like structure (CFRP) in different time steps can thus be
considered. Piezoelectric transducer (PZT) was used to generate
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elastic waves. The excitation frequency equalled 150 kHz. Selec-
ted frames from the aforementioned animation are shown in the
Fig. 5.3. It is clearly visible that Sp mode is characterized by longer
wavelength and higher velocity.
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point number [-]
point number [-]
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point number [-] point number [-]
(a) Time step no. 100. (b) Time step no. 150.

Fig. 5.3: Selected frames from the animation depicting Ag and Sy
Lamb waves propagation in example CFRP structure.

In addition to the Lamb waves modes of different orders, shear hori-
zontal (SH) waves modes also can propagate in plate-like structures.
During SH waves propagation solid particles oscillate perpendicu-
larly to their propagation direction, forming horizontal lines. More
details about guided waves can be found in [2].

5.3 Literature overview

Nowadays, composite structures are getting still rising meaning —
especially in few industry branches, including aerospace, aircraft,
automotive and civil engineering. It is mainly caused by their
good mechanical and physical properties while having relatively low
weight [3] compared to metal-based materials (steel, aluminium and
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their alloys). Along with the continuous development of more and
more advanced structures, there is still growing demand on non-
destructive testing (NDT) methods referred to these structures, in
order to prevent accidents and catastrophes. The promising techno-
logy offering fast, accurate and low cost inspections is related to the
guided waves-based methods. The technology is developing since
1970 [4]. Guided waves are elastic waves which may propagate in
solids limited by parallel surfaces, causing vibrations of the mater-
ial particles while they propagate. Hence, the differences between
guided waves-based methods rely mainly on the usage of different
equipment, resulting in different mechanisms of the guided waves
generation and detection processes. The authors of [5] used 40 kHz-
based ACT for the elastic waves generation and scanning laser
Doppler vibrometer (SLDV) Polytec PSV-400 for their detection in
3.9 mm CFRP plate-like structure case. They performed numerical
and experimental analysis referred to determination of the optimal
transducer slope angles, in order to generate different zero order
Lamb waves modes (Ag, Sp) and SHy mode efficiently. Within the
numerical research they prepared the model of considered phenom-
ena using semi analytical spectral element method (SASE). Another
work (however only experimental) using the similar equipment was
done by Xiao et al. [6]. They used different ACTs with higher ex-
citation frequencies (350 kHz and 510 kHz), generating the waves
propagating in 7.5 mm thick K9 glass plate. The research was aimed
at analysis of the air-coupled signals. The sensitivity of each ACT
was examined, based on measuring of the radiated acoustic power.
Slightly another equipment (PZT for guided waves generation and
SLDV for the waves detection) was used by Hu et al. [7]. Similarly
as in [5] they conducted both numerical and experimental analysis.
It was related to the guided waves mode conversion between Ay
mode and quasi-Scholte (QS) waves. Scientists considered partially
immersed 2 mm thick steel plate (the plate was immersed vertic-
ally). They used Abaqus program for the numerical investigation.
In case of the experimental research, they initially generated Ag
mode on the dry side of the specimen. Then, the waves propag-
ated in direction of the other (wet) side of the specimen and there
they converted into QS waves. It was found out that GW mode
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may shift its frequency if phase velocity of the incident Ay mode
is higher than the sound speed in water. It was observed that the
resulted quasi-Scholte waves energy decreases while the incident Ag
excitation frequency increases. Another similar analysis (in terms
of the used equipment and software) was performed by Bustamante
et al. [8]. They considered GW propagation in 4 mm thick CFRP
plate, using Matlab and Abaqus in numerical part of the research.
They used PZT to excite elastic waves and three scanning heads of
SLDV to detect them. Using this equipment, they analysed distor-
tions in the registered signals, trying to connect them with defects
existed in the specimen. In turn, Rao and Duan [9] used Macro
Fibre Composite (MFC) actuators for GW generation and Fibre
Bragg Grating (FBG) sensors for GW detection. They performed
measurements referred to the GW propagation in the frequency
range of 20-140 kHz. They distinguished Ag and Sy waves modes
based on A-scan images.

The modern guided waves-based approach is related to their non-
contact excitation using ACT [5, 7, 8] and to their non-contact
detection using SLDV [10-12]. Other popular approach is referred
to the usage of PZTs to generate elastic waves and SLDV for their
detection [13-15]. Many popular works correlated to the aforemen-
tioned equipment are concerned on the analysis of GW propaga-
tion from viewpoint of detection of different defects. Some of the
researchers are focused on detection of delaminations [14-16], dis-
bonds [11] or other defects [10, 17]. Tian et al. [13] focused on
the detection of two delamination-type defects, correlated with the
matrix cracking in CFRP plate. The considered specimen was in
the form of plate-like structure having the thickness of 2.8 mm, in
opposite to the authors of [14] who considered two different GFRP
plates with the thickness of 1.5 mm, simultaneously investigating
four circular delaminations in the form of thin Teflon film inserts
and three impact-type damages. They analysed elastic waves mode
conversion from Ay to Sp mode during the waves interactions with
delaminations. The mode conversion index (MCI) was proposed.
Sha et al. [15] also considered Teflon-type delaminations in 2 mm
thick GFRP plate. During the analysis they generated toneburst
signal with the central frequency of 50 kHz, consisted of 5 sine cycles
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modulated by Hann window. Quattrocchi et al. [16] detected two
delamination-type defects and regions with local excess and lack of
the epoxy resin in two GFRP plates with the thickness of 9 mm
each. Scientists concluded that within the regions with excess of
the resin low signal amplitudes of the waves were noted, meanwhile
within the regions with lack of the resin high signal amplitudes of
the waves were registered. Besides, in terms of the excitation fre-
quency of the generated signal different values were assumed within
researches. For instance, in opposite to [15] it equalled 120 kHz [13],
140 kHz, 200 kHz and 500 kHz [16], 100-200 kHz [7] or 200 kHz [18].

Beside of some experimental works [8, 10, 19] some of the research-
ers also done numerical researches with different aims [17, 18, 20].
Agrawal et al. [20] performed numerical investigation of non-linear
interactions of dual-frequency toneburst signal in delamination zone.
In other words, they implemented so-called contact acoustic non-
linearity (CAN) approach to model interactions of sub-laminates in
delaminated region. It was proved that resulted waves frequencies
(higher harmonics) are related to delamination location and width.
Mardanshahi et al. [17] done the modelling process in Abaqus (fi-
nite element (FE) simulations) with the usage of input data such
as damping coeflicients of the investigated material. The Lamb
waves simulations were performed in aim to detect matrix cracking
in GFRP specimen. Instead of [17] Liu et al. [18] performed numer-
ical investigation based on virtual time reverse (VTR) algorithm.
In case of this algorithm the time reverse is achieved by proper
signal processing of the results. VTR algorithm is the modified
version of the well-known reconstruction algorithm for probabil-
istic inspection of damage (RAPID). Luca et al. [21] prepared FE
model for GW propagation in complex blended winglet structure,
made of GFRP. They used 1 PZT for elastic waves generation and
11 PZTs for the waves detection. The considered defect was in the
form of low velocity impact (LVI) damage, made during drop test
of the mass weighted 0.8 kg. For the waves actuation the signal
with base excitation frequency of 100 kHz was generated. Instead
of LVI damage, Zhang et al. [22] analysed the process of fatigue
damage evolution. The damage was in the form of transverse crack
as the response for the micro fatigue damage accumulation. During



5.4. GUIDED WAVES IN COMPOSITES 127

the experimental research they used pulsed laser to generate elastic
waves and acoustic emission sensor for the waves detection. Later,
numerical research referred to the dependency between Lamb waves
mode conversion effect and matrix crack density was executed, with
the preparation of FE model in Abaqus. Another research related
to the identification of elastic constants of the material of the con-
sidered specimen was done by Kudela et al. [23]. Elastic con-
stants were identified based on GW-based dispersion curves and
genetic algorithm for improved simulations. They developed spec-
tral element (SE) model and later semi-analytical spectral element
(SASE) model to perform numerical research in the relevant soft-
ware. Within the experimental part of research chirp and toneburst
5 sine cycles-based signal in the excitation frequency range of 0-500
kHz was generated by scientists. Median filtering was applied to
reduce noise in spatial images. 3D Fast Fourier Transform (FFT)
also was used in the research.

5.4 Measurements

As it was aforementioned, measurements which will be described in
this chapter are related to CFRP and GFRP plate-like structures.
Different types of measurements were done in aim to analyse elastic
waves propagation in the considered specimens, focusing on the use
of non-contact waves excitation method. Furthermore, the detec-
tion process of different defects in the specimens was performed.

5.4.1 The measurement setup

The measurement setup was similar in case of all investigated spe-
cimens. Each plate-like specimen was considered separately. The
specimen was mounted vertically. From the back side of the plate
the transducer (elastic waves generator) was placed — either PZT
(Noliac NCE51, bonded to the middle point of the plate surface)
or ACT (adjusted perpendicularly/sloped to the plate, mounted
using holder which was ~24.5 mm distant from the plate middle
point). From the plate front side scanning laser Doppler vibro-
meter (SLDV) was located (distance of ~2 m) and used for elastic
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waves sensing. In terms of the mutual location of the measurement
table and the plate — they were adjusted in similar way as in the
setup B described in [1]. Overall scheme of the measurement setup
is shown in the Fig. 5.4. The used SLDV is Polytec PSV-400.

Specimen
SLDV _ SLDV
Scanning o B ACT Amplifier \J\.a\ o ftimy PC Control
i generator X
Head Station

Fig. 5.4: Outlook of the measurement setup.

In terms of the used ACT, the transducer with base excitation
frequency of 40 kHz was engaged. Its external diameter equalled
16 mm and total length — 12 mm. The ACT is made of metal mem-
brane, metal disc (tuned for desired excitation frequency), piezo-
ceramic/piezoelectric disc (active element) and two-partial plastic
foundation, placed inside metal casing. Inside the casing, the mem-
brane is coupled with metal disc by acrylic glue and the other
parts are coupled by silicone glue). The used ACT is shown in the
Fig. 5.5a,b. Moreover, the used SLDV scanning head is depicted in
the Fig. 5.5¢.

The electric signal supplied to the ACT consisted of the package
of 10 sine cycles, modulated by the Hann window. All experiments
were conducted while maintaining the lab air temperature on con-
stant level of 204+1°C. To process the measurement data, Polytec
laser software was used. For the data post processing, Matlab pro-
gram was used.

5.4.2 CFRP specimens

Two CFRP specimens are considered in the section. Larger speci-
men has dimensions of 1200 x 1200 x 3.9 mm? and smaller specimen
has dimensions of 500 x 500 x 3.9 mm?. Material properties in both
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SN at
(a) Photo of the ACT external  (b) Photo of the ACT inner con-
outlook. struction.

(c¢) Photo of the SLDV scanning
head.

Fig. 5.5: Outlook of the used elastic waves generator and detector.

structures are the same. The specimens consist of 40 prepreg uni-
axial TDS-75g/m? layers and the IMP503Z epoxy resin. The plates
have unidirectional structure in terms of the carbon fibres orienta-
tion (i.e. the fibres are parallel to one of the plate sides).

As it was aforementioned, point-wise measurements, measurements
along line (5°-steps) and full wavefield measurements were done in
larger CFRP plate case and the results were described in the pre-
vious work [1]. Afterwards, the measurements along line were ad-
ditionally conducted with 1°-steps in terms of the transducer slope
angle, in order to check the correctness of the results of previous
measurements. The results of 1°-step measurements are therefore
depicted in this section along with their comparison with 5°-step
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measurements. The results of detection process of additional mass-
type defects in smaller CFRP plate case are described in further
part of the section.

Measurements along line

The manner of the measurements along line relies on gathering of
the measurement values (i.e. vibration velocity values of material
particles) along the line of measurement points which can be located
somewhere in the analysed specimen area. Measurements along line
can also be named as one dimensional (1D) full wavefield technique.

Elastic waves measurements in CFRP plate were conducted in
165 measurement points located along line with the length of ~42
cm. The measurement line was defined in the middle zone of the
plate. The point of the elastic waves generation was located in the
middle of this line - similarly as in 5°-step measurements [1]. For
the comparison, 127 measurement points were located along line
during 5°-step measurements.

5.4.3 Signal amplitude measurements for various ACT
slope angles — across-fibres case

Vibration velocity values of the material particles were thus meas-
ured for different ACT slope angles in the range of 0-70°. In the
Fig. 5.6 time-space domain data in the form of waterfall maps are
presented for the selected probe slope angles.

Obtained results are generally similar to these obtained from the
measurements performed with the probe slope angle steps of 5°,
what confirms the certainty of done measurements. Elastic waves
propagation become almost completely unidirectional since the slope
angle is ~40°. Within lower slope angles the waves patterns visible
on the right side of the graphs seem to be irregularly shaped. Their
regularity is slightly improved within higher slope angles, though
their visibility is more indistinct (at least after ~1 ms). It may
suggest that waves energy trapped in the structure vanishes faster
within higher slope angles. Besides, irregular strips visible in 0°
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Fig. 5.6: Waterfall graphs comparison in across-fibres case for dif-
ferent, selected ACT slope angles.

case (Fig. 5.6a) are now narrower than in 5°-step-case, probably
due to higher amount of the measurement points.

5.4.4 Signal amplitude measurements for various ACT
slope angles - along-fibres case

The results in along-fibres case are shown in the Fig. 5.7. Analyzing
Fig. 5.7a, one may notice more equal signal amplitude distribution
among different measurement points in case of the elastic waves
propagation in comparison with the equivalent map in across-fibres
case. The similarity between the maps in Fig. 5.7 is visible on the
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right side of the maps - the waves patterns are relatively regularly
shaped, though they are narrower than in across-fibres case. Within
the slope angles of ~50° it can be clearly seen that some elastic
waves (although with lower amplitude) still propagate in direction
opposite to the ACT slope (similarly as in 5°-step measurements).
For the slope angle of 70° one may notice significant decrease in
signal amplitudes of the waves propagating in the plate. Differences
in the amplitude values between the slope angles of 0°, 50° and 70°
are slightly bigger comparing to the similar measurements done
with 5°-steps.

Velocity [mm/s] Velocity [mm/s]
160 0.06 160
140 - 140 0.04
=120 =120 -_
] 004 O s
2 100 o 100
: :
3 80 0.03 = 80 0.02
£ 60 € 60
£ 0.02 %
o 40 o 40 0.01
20 i 20
0 0.5 1 1.5 0 1.5
Time [ms] Time [ms]
(a) 0°. (b) 50°.
Velocity [mm/s]
. iA |
Tame [ms]
(c) 70°.

Fig. 5.7: Waterfall graphs comparison in along-fibres case for dif-
ferent, selected ACT slope angles.
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5.4.5 Comparison of waterfall maps in across-fibres
and along — fibres case

Analysing the maps in across-fibres and along-fibres case, one may
notice that in along-fibres case the waves have higher velocity in the
material - they reach border measurement points faster. In both
along-fibres and across-fibres case the dependency between distance
from the generation point and time of the waves propagation is ap-
proximately linear (this linearity can be explained by the constant
group velocity of Lamb waves modes propagating along the certain
direction).

5.4.6 RMS graphs in across-fibres and along-fibres
case - different ACT slope angles

Similarly as for the measurements conducted with 5°-steps, root
mean square (RMS) graphs representing the signal energy in differ-
ent measurement points for the selected probe slope angles in both
across-fibres and along-fibres case are shown in the Fig. 5.8. Signal
energy values were calculated using the following formula:

n .2
i C

Erms = TV (5.3)

where: ¢ ; — vibration velocity value of the material particles [V],
n — amount of time steps during the measurement time period

(1024).
One may conclude that:

o for the slope angle of 0° the highest signal energies were re-
gistered in points located in the nearby of the point no. 82
(the middle part of the line made of 165 points). Further-
more, higher signal energy values for this angle were registered
in along-fibres case. In turn, the highest signal energy tak-
ing all considered slope angles into account can be seen in
across-fibres case (for the slope of 40°). Similarly, for higher
transducer slope angles (e.g. 70°) signals registered within
the middle points have ~2-3 times higher energy compared
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to along-fibres case,

e measurement points located in direction of the probe slope
are characterized by higher signal energies than points loc-
ated in the opposite direction. In some slope angle cases re-
gistered signal energy values in the nearby points vary less
(e.g. points no. 1-60 in Fig. 5.8e - the difference is ~70%)
and sometimes these values vary more (e.g. points 1-60 in
Fig. 5.8a — the difference is over 200%). Such situation results
from higher elastic waves attenuation in the material when the
waves propagate across fibres,

e along with the higher slope angles, more significant differences
in signal energy values between left and right part of meas-
urement points are visible, what is in line with expectations.

5.4.7 RMS graphs in across-fibres and along-fibres
case - different measurement points

RMS graphs representing signal energy values calculated based on
registered vibration velocity values in selected measurement points
assuming various ACT slope angles are presented in the Fig. 5.9. It
is analysed in order to compare the elastic waves-based signal amp-
litude profile between different measurement points, representing
different locations of the specimen in relation to the waves genera-
tion point (i.e. middle point of the measurement line). Analysing
the graphs in Fig. 5.9, the following issues can be found:

e the highest signal energies were registered in the point no.
79 (across-fibres case) and in the point no. 81 (along-fibres
case). These points are located in the nearby of the middle
point among 165 measurement points, what result from the
fact that together with the slope angle increase the main point
of elastic waves excitation moves closer to one of the border
points. Summarizing, the highest signal energy noted in these
points occurred for the slope of 40° in across-fibres case and
for 13° in along-fibres case,

e in the middle point case - slightly higher signal energies can
be observed in across-fibres case, though for less amount of
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Fig. 5.8: Signal energy RMS graphs compared for different material
fibres orientation and for different ACT slope angles.
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slope angles than in along-fibres case,

« in the border points cases — higher signal energies can be found
in along-fibres case, though course of the curves was generally
the same.

5.4.8 Comparison between 5°-step measurements and
1°-step measurements

Although the analysis of data collected during both 5°-step meas-
urements [1] and 1°-step measurements gave generally similar res-
ults, there are some differences between them if to take a closer
insight. These differences may result from the following facts:

o length of the measurement line and amount of the measure-
ment points are not the same,

e higher accuracy of measurements in 1°-step measurements
cause more precise and thus different results,

e adjustment of the measurement equipment can vary a little,
as each measurement series was performed in different time
period.

Waterfall maps

Collating waterfall graphs prepared for the 5°-step case and 1°-step
case, it can be found that:

o registered signal values are similar in both measurement series
in across-fibres case. However, taking the along-fibres case
into account, the signal values visible in the graphs prepared
for selected probe slope angles are smaller for the slope of 0°
and higher for the slope of 70° in 5°-step case compared to
1°-step case. For the slope angles of 40°/41° and 50° (i.e. the
angle values over which the waves propagation is aimed almost
in one direction) the registered values are similar,
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e in along-fibres case higher equality in terms of the signal val-
ues registered in points located along the measurement line
can be observed in 5°-steps case than in 1°-steps case. Com-
paring the graphs in across-fibres case - similar relation can
be seen,

o similar shapes of the front waves patterns are observed.

RMS graphs for different ACT slope angles

Comparing the 5°-step case graphs with 1°-step case graphs plot-
ted for different measurement points (each time assuming selected
probe slope angle) one may notice that:

o shapes of gained results (i.e. the curves) in 1°-step measure-
ments (Fig. 5.8) are more or less in line with the expectations.
Comparing them with the graphs plotted for 5°-step meas-
urements [1] it can be concluded that higher measurement
accuracy causes less smooth course of the curves,

e graphs prepared for various, selected slope angles have sim-
ilar outlook, except in 0° slope angle cases in along-fibres case
(Fig. 5.8d), [1]). It is suspected that such situation occurred
due to different location of the material fibres in relation to the
ACT middle axis (elastic waves propagate differently within
the plate fibres and between them), as two compared meas-
urement series took place in different time. Although the
effort was made to mount the plate perfectly horizontally and
similarly in both series a small error could happen, as the
mounting was manual. In case of the registered signal values
- they are similar,

e in both 5°-step and 1°-step case the highest signal values were
observed for similar slope angles, i.e. for 35° (5°-step case,
across-fibres case [1]), 40° (1°-step case, across-fibres case,
Fig. 5.8b), 15° (5°-step case, along-fibres case [1]), and for
13° (1°-step case, along-fibres case, Fig. 5.8e).
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RMS graphs for different measurement points

Analysing the graphs in both 5°-step case [1] and 1°-step case
(Fig. 5.9) for different ACT slope angles (each time assuming selec-
ted measurement point), the following issues can be found:

e courses of the curves plotted for 5°-step measurements and
1°-step measurements are similar (in terms of the shape),

o the registered energy values have similar scale of magnitude.
Comparing the results for the grid middle points (Fig. 5.9b,e)
and Fig. 7?a.b [1]), signal energy values are similar — differ-
ences are below ~15%.

Point-wise and full wavefield measurements

Point-wise measurements are the measurements performed at one
measurement point, comparing the registered values for different
measurement setup settings. In turn, full wavefield technique is two
dimensional (2D). The measurements are gathered for dense mesh
of measurement points spanned over the surface of the investigated
sample. It allows to i.a. display animations presenting phenomenon
of elastic waves propagation and to perform the analysis of their
propagation.

As it was aforementioned, point-wise and full wavefield measure-
ment results were previously presented [1], together with depiction
of the measurements specification. It was decided to remind the
main issues from that measurements.

5.4.9 Point-wise measurements for different excita-
tion frequency values

Measurements done in one measurement point for different excit-
ation frequencies were performed in aim to check the impact of
the frequency on the magnitude of generated signal amplitude (and
RMS-based signal energy). As the considered ACT has the base
frequency of 40 kHz, it was decided to check its performance in the
frequency range of 35-45 kHz with 100 Hz step (the Fig. 5.5 in [1]).
It turned out that:
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e the highest signal amplitude was registered within the fre-
quency of 38.6 kHz,

e the highest signal energy was observed for the frequency of
38.3 kHz.

Differences between the maxima values mentioned above and these
observed within the frequency of 40 kHz are equal to ~5%, so they
are relatively small. However (although the performance of the
ACT is better for the frequencies below 40 kHz), to let the meas-
urement results be comparable with other works it was decided to
assume 40 kHz in all experiments. ACTs with the base frequency
of 40 kHz are more common in the probe market than 38.6 kHz or
38.3 kHz.

5.4.10 Point-wise measurements for various distances
between ACT and plate

Measurements done in one measurement point for different dis-
tances between the transducer and the plate were performed in aim
to check the impact of the distance on the registered signals. Ad-
ditionally, this impact was checked for two different measurement
setups — A and B, however the setup B was finally assumed. The
investigation was conducted for both material fibres orientations
(across the fibres and along the fibres). The current subsection
is thus based on the Figs. 1.7 and 1.8 [1]. Signal processing of
the measurement data was performed in such manner to depict the
following dependencies:

e mean vibration velocity values in function of the distance and
time,

e maximum and mean vibration velocity values for different dis-
tance values (for each distance 1024 velocity values were re-
gistered during each measurement in the form of 1024 time
steps). Distance values taken into account for the setup B
equalled 0-3 mm with 1 mm steps and 5-125 mm with 2 mm
steps.

Based on the results, it can be claimed that the highest signal
amplitude values were noted for the distance values below 10 mm
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(shorter the distance — higher the amplitude). Based on waterfall
maps, it can be confirmed that beside of the first acoustic waves
reaching the plate there are next acoustic waves packages which
reach the plate after their first reflections from the plate and the
ACT probe casing. In order to generate the second acoustic waves
package with relatively high (visible in comparison to the first pack-
age) vibration velocity values it was noted that the aforementioned
distance should not be longer than ~20 mm.

5.4.11 Full wavefield measurements

Areal measurements were done for the considered specimen assum-
ing different measurement setups, ACT slope angles and specimen
fibres orientations. The aim of these measurements was the investig-
ation of elastic waves generation in the plate in terms of registered
signal amplitudes and the coverage area. After initial consider-
ations, the setup B was finally assumed for the rest of measure-
ments. The main reason of the setup B selection is the willingness
to obtain accurate results, undisturbed by the measurement table
presence, etc. The other reason to choose setup B is to compare
full wavefield results with other results of this research (most of the
measurements were done assuming setup B). Two specimen fibres
orientations in relation to the ACT slope (across fibres, along fibres)
were then taken into account and the measurements were done for
different transducer slope angles of 0-70° with 10°-steps. Based on
the results, the following issues can be specified:

o the highest signal energy values (calculated using the RMS
approach - formula (3)) were noted for the slope angle of 30°
in case of both fibres orientations,

o the highest coverage area (using one transducer) existed for
the slope of 0°, although within certain range of higher slope
angles (e.g. for 30°) one half of the whole considered area
is better covered by elastic waves than in 0° case. However,
considering the whole coverage area — it decreases while the
slope angle increases,

« elastic waves “prefer” to propagate along the fibres than across
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them. The word “prefer” means the efficient propagation, i.e.
the propagation with higher velocities and lower energy losses.

Detection of the additional mass-type defects

As it was aforementioned, detection of mass-type defects was per-
formed in case of the smaller CFRP plate. In total, three steel
nuts of the same size (diameter of 20 mm and height of 5 mm)
were coupled to the plate surface using cyanoacrylate glue. The
nuts are destined to simulate real damages. Overall outlook of the
plate is depicted in the Fig. 5.10. The process of mass-type defects
detection was described in [5], hence in this chapter it will be just
reminded and the relevant issues will be depicted. Also, the results
analysis will be performed in slightly different way as in [5].

@20

oms3

500

Fig. 5.10: Scheme of the CFRP plate with marked mass-type defects
locations (dimensions in mm).
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Obviously, to generate elastic waves and detect the defects one ACT
was used - the same one as in previous measurements (base excita-
tion frequency of 40 kHz). Measurements were done in full wavefield
manner for different adjustments of the ACT:

e ACT located perpendicularly to the plate,
o ACT sloped in direction of the defects (across-fibres case),

o ACT sloped in direction opposite to the defects (across-fibres
case),

o ACT sloped in direction of the defects (along-fibres case),

o ACT sloped in direction opposite to the defects (along-fibres
case).

Based on currently done research [1, 2] the transducer slope (in
relation to the line normal to the specimen surface) was set to 34°
in across-fibres case and 16° in along-fibres case — to generate Ay
Lamb waves mode efficiently. Initially, the cases with ACT sloped in
direction of the defects were compared with the perpendicular ACT
setting case. The ACT was located in front of the specimen centre
in each considered case. The results are shown in the Fig. 5.11.

Most of the elastic waves energy propagate along the material fibres,
what results in accurate detection of the defect M3 (Fig. 5.11a,
Fig. 5.11c). Analysing the results, one may notice that considered
mass-type defects can be detected in the most accurate way while
the ACT is sloped in the defects direction in across-fibres case
(Fig. 5.11b) - across-fibres measurement manner helps in the ef-
ficient detection of M3 defect and slope of the ACT helps to detect
M1 and M2 defects. Besides, considering elastic waves propaga-
tion patterns the waves reflected from the defects can be noted.
The correlated energy strips are especially visible in Fig. 5.11a and
Fig. 5.11c. Similar values in terms of the waves energy existed
in all cases in Fig. 5.11. Furthermore, during the preparation of
Fig. 5.11a measurement errors appeared within right upper part of
the map. Elastic waves energy in that region was thus minimized,
to avoid the errors impact on the rest of the results.

Other, similar issue is the analysis of full wavefield results con-
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Fig. 5.11: Detection of damages in smaller CFRP plate.

cerning across-fibres and along-fibres case with the ACT sloped in
direction opposite to the defects locations. Further information can
be found in [5], however in both cases only one mass-type defect
was detected (mainly in terms of the location, not in terms of shape
and size).

5.4.12 GFRP specimen

One GFRP specimen is considered in the section. It is plate-like
structure with external dimensions of 500 x 500 x 1.5 mm?® and
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cross-type (0°/90°) orientation of the glass fibres. The structure
consists of 12 prepreg cross-type layers (VV192T 202 g/m?) and
the epoxy resin (IMP503). The structure area investigated by the
lab equipment (e.g. SLDV) has dimensions of 500 x 500 mm?.
The specimen contains four artificially-made defects of different
shapes, which can simulate real delaminations (circle with diameter
of 20 mm, square 20 x 20 mm?, rectangular 20 x 30 mm? and el-
lipse 20 x 30 mm?. Delaminations are thus simulated by thin Teflon
film inserts embedded on the same level, between selected material
layers (~0.5 mm down from the upper specimen surface). Overall
outlook of the plate can be found in the Fig. 5.12.

D1

o
(NS

M,
Location of |: ki

delaminations —— = /\I’|

Fig. 5.12: The scheme of considered GFRP plate-like structure.

Comparison of the ACT and PZT performance

In order to compare the results, it was decided to check the con-
sidered defects detection ability using the ACT and the PZT. How-
ever, it is worth to note that the accuracy of detection of these
defects is also referred to the advancement of signal processing ap-
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proach. At the beginning, signal energy maps were prepared based
on the RMS approach (formula (3)). The results in case of the usage
of 1 ACT adjusted perpendicularly to the plate and 1 PZT bon-
ded to the plate in its middle point are presented in the Fig. 5.13.
After the measurement grid implementation, the area is related to
the matrix of 375x375 points (sometimes the matrix is smaller, as
some data rows or columns of the matrix are cut before RMS due
to errors caused by the measuring device).
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= 1.5 E 150
x 1 & 100
0.5 50
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100 200 300 100 200 300
Point number [-] Point number [-]
(a) ACT. (b) PZT.

Fig. 5.13: RMS energy maps.

As it can be noticed in Fig. 5.13, regions with delaminations are
visible in the RMS maps in the form of disturbances of energy dis-
tribution but relatively low signal energy can be observed there
compared to the middle plate zone (elastic waves excitation zone).
Delaminations are therefore barely visible, except their average loc-
ations in the RMS maps. The defects are more noticeable in the
ACT detection case.

To ease delaminations detection, the RMS maps should be further
processed, thus allowing for the recognition of their shapes, accurate
size and location. In aim to do that, the Gaussian root mean square
(GRMS) approach is proposed. Its principle rely on combination
of the Gaussian distribution function with the usual RMS signal
energy calculation in each measurement point of the grid. The
Gaussian distribution function (G) can be defined by the following
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equation:

=Pt

G=e o2 | (5.4)

where: x — vector of the numbers of measurement points, related
to the grid, 4 — number of the middle point of x, ¢ — standard
deviation, by, by — parameters of the Gaussian distribution function.

Before the multiplication of the function G with the signal energy
in each grid point of RMS map, the function G was inversed. Due
to the fact that considered RMS maps are two-dimensional, the
multiplication took place two times (one for each dimension). The
Fig. 5.14 presents the results of the GRMS application in GFRP
plate case. Again (to compare the results), performance of the ACT
was compared to the PZT.
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Fig. 5.14: GRMS maps.

As it is visible in Fig. 5.14a, GRMS gave desired results - all four
delaminations are now finely detected in terms of their location,
though not such finely in case of their size and shape. The usage of
PZT (Fig. 5.14b) resulted in more accurate detection of delamina-
tions. It can be found within Fig. 5.14 that contact elastic waves
excitation ensures higher signal amplitudes than their non-contact
generation. Such situation results in sharper overview of the dam-
aged areas, helping in the accurate estimation of shape and size of
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the defects.

Evaluation of different ACTs arrays

After the results comparison of the usage of single ACT and PZT,
it was decided to analyse the performance of different ACTs arrays
from viewpoint of delamination defects detection. ACTs used in the
arrays are the same. The schemes of arrays adjustment in relation
to the specimen are depicted in the Fig. 5.15. The following ACTs
arrays (A) are investigated:

e Al: 1 ACT mounted in front of the middle zone of the plate,
set perpendicularly (the slope of 0°) to its surface,

e A2: 2 ACTs coupled in the array via putting them on the
cartoon stand, mounted horizontally in front of the middle
plate region and aimed in the middle plate region direction
(figure ??a),

e A3: 2 ACTs coupled in the array via putting them on the
cartoon stand, mounted diagonally in relation to the plate
fibres in front of the middle plate region and aimed in the
middle plate region direction,

e A4: 2 ACTs bonded to the wooden pieces, coupled to the con-
sidered specimen within the middle zones of the left and right
plate borders using copolymer thermoplastic glue (Fig ?7b).

The arrays will be compared, taking the following criteria into ac-
count:

o the coverage area (0-10 scale) - based on RMS results,

o maximum signal energy value (unitless) - based on RMS res-
ults,

o delaminations detection ability (description) - based on GRMS
results.

The grade of the coverage area criterion is referred to the analysis
of histograms — the graphs which contain information about the
elastic waves energy distribution within the measurement grid. The
grade 0 means that 0% of the considered area is finely covered by
elastic waves. In turn, the grade 10 means that the whole area is
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Fig. 5.15: ACTs arrays considered during the research.

finely covered. Before the evaluation of this criterion, the values
of signal amplitudes were normalized separately for the each ACT
arrangement (scale 0-1), in order to compare the performance of
different arrangements. In each case, the normalization was done by
referring signal energy value noted in each grid point to maximum
signal energy value registered in considered measurement series.
Histograms for the arrays are shown in the Fig. 5.16.

Higher profile in Fig. 5.16 means that elastic waves with relatively
high signal amplitudes reach the bigger measurement grid part.
Hence, it can be claimed that the coverage area is similar in case
of A2 and A4 arrays, though the ACTs locations differ.
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Fig. 5.16: Histograms related to the coverage area achieved by
ACTs arrays.

Another criterion which is considered while comparing the arrays
performance is delaminations detection ability. This ability is de-
scribed for the each array separately, based on GRMS results. These
results are presented for the considered arrays in Fig. 5.14a (Al)
and in the Fig. 5.17 (A2, A3, A4).

As it was aforementioned, analysed ACTs arrays are desired to be
compared. The comparison is thus presented in the Tab. 5.1.

Comparing the arrays achievements, it can be found that the array
A1 reached the highest coverage area, despite the fact that it con-
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Fig. 5.17: GRMS results for considered ACTs arrays.

tains only one ACT. It turns out that amount of the used ACTs
does not strictly influence the coverage area — elastic waves gener-
ated by different ACTs may experience the negative interference,
making the signal amplitudes lower. The array Al is also the best
in terms of delaminations detection. However, higher maximum
signal energy was achieved by the arrays A2, A3 and A4 (some of
the waves generated by different ACTs interfered positively).
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Tab. 5.1: Comparison of the ACTs arrays performance.

ACTs Coverage Maximum Delaminations
array area signal energy detection ability
Al 6 0.0037 D1, D2,. D4 locatic.)n, estir.nated siz.e
D3 — estimated location, estimated size
A2 4 0.0049 D2, D4 — location, estimated size
A3 5 0.0069 No delaminations detected
A4 4 0.0056 D2, D4 — estimated location

5.5 Summary

FElastic waves propagation analysis was performed in CFRP and
GFRP specimens in the current research. The focus was put on
the waves which are generated in non-contact way using ACT. In
addition, the interactions of guided waves with different defects
were considered.

Considering the bigger CFRP sample, the measurements along line
were performed with the bigger accuracy compared to the previous
investigation (ACT slope angle steps equalled 1° instead of 5°[1]),
in aim to check the correctness of the gained results. In general,
the results are similar to these obtained previously, though there
exist small differences (they were precisely specified in the chapter).
For instance, courses of the curves depicting signal energy values
calculated for different measurement points (or for different ACT
slope angles) are smoother and in some cases they are even slightly
different. But, it was claimed that such situation is caused by i.a.
slightly disparate adjustment of the specimen in relation to the
ACT in different measurement series, though big effort was put
to mount it in the same way. The ACT slope angles for which
the highest signal energy values were determined (i.e. the optimal
slope angles) differ a little between the measurement series, how-
ever these differences result from the fact that the measurement grid
density (the angle steps) varied. In case of signal energy values de-
termined in different measurement points, they also varied among
the measurement series. It can be caused by different amount
of the points located along the measurement line (165 points in
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1°-step case instead of 127 in 5°-step case, assuming the same step
length). Elastic waves lose more energy if they propagate to more
distant points.

In terms of the smaller CFRP sample, three additional mass-type
defects simulating the real damage were detected by the ACT in
sloped /non-sloped manner. The most accurate detection was no-
ticed while using the sloped ACT (with the optimal angle) in across-
fibres case. Obviously, it does not mean that this adjustment of the
ACT in relation to the plate always results in the most efficient
defects detection in CFRP plate-like structures. The adjustment
offering the most efficient defects detection differ, dependent on the
defects locations and types. What is worth to be mentioned — when
the ACT was sloped in direction opposite to the defects locations,
it was still possible to detect the defects.

The elastic waves propagation in GFRP specimen differed from
their propagation in CFRP samples, mainly due to different ori-
entation of the fibres. It was found out that in terms of the fibres
the factor which strongly influences the elastic waves propagation
is their orientation. Energy losses of elastic waves during their
propagation are smaller if the waves propagate along the fibres,
not across them. Due to cross-type fibres orientation in GFRP
specimen, elastic waves generated by the non-sloped ACT (i.e. the
ACT set perpendicularly to the plate) propagated in horizontal and
vertical direction with similar energy. However, the delamination
defects detection is significantly more difficult than the mass-type
defects detection in CFRP specimen. It is caused by the fact that
considered delaminations cause local changes in the specimen struc-
ture in smaller magnitude compared with the changes introduced by
the mass-type defects. Hence, it was decided to implement more ad-
vanced signal processing approach than RMS - GRMS. It improved
the situation, however to detect delaminations more effectively it
would be necessary to use either another, more advanced signal
processing algorithm or more powerful ACT which is able to gen-
erate elastic waves with higher signal amplitudes. The usefulness
of the second way of improvement (more powerful ACT) is visible
while comparing performance of the ACT with the PZT. Due to
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contact manner of guided waves generation in the PZT case, the
generated waves have higher signal amplitudes. It resulted in much
more accurate delamination defects detection. Besides, comparing
selected ACTs arrays from viewpoint of the effective elastic waves
propagation and delaminations detection, it turned out that the
best overall performance was achieved when just one ACT is used.
On the first fleeting glance it was surprising, as one would expect
better performance while using more ACTs. The important factor
influencing the performance of each ACTs array is the magnitude
of positive/negative interference of the waves generated by ACTs.

In terms of the future recommendations it is desired to check the
performance of more powerful ACT/ACTs in the considered CFRP
and GFRP plate-like structures. The performance of ACTs with
different base excitation frequencies from viewpoint of the gener-
ated elastic waves also could be checked. Moreover, more advanced
signal processing algorithm than GRMS is desired to be developed
and tested. All of these issues may help in more efficient detec-
tion of different defects. It would also be challenging to perform
the whole analysis in case of the structures with the shapes other
than plate-like shape, with the defects different than mass-type de-
fects and Teflon-simulated delaminations. For instance, it would be
valuable to focus on detection of real delaminations.
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AM Additive Manufacturing
CCF continuous carbon fiber
CFRP carbon fiber reinforcement polymer
FBG fiber Bragg grating

FDM Fused Deposition Modeling
FEM Finite Element Method
PLA PolyLactic Acid

MD multidirectional

SCF short carbon fiber

Tg glass transition temperature
Tm melting temperature

UD unidirectional

6.1 Introduction

The technological advancements in the area of Additive Manufac-
turing (AM) over the last decade have been a major drive for the
development of composite materials. It is widely known that AM
technologies specifically Fused Deposition Modeling (FDM) method
has been utilized in many sectors owing to its flexibility and sim-
plicity with small amounts of waste material. The numerous be-
nefits of various AM techniques indeed open up endless possibil-
ities in engineering and industrial fields. However, there are still
some inevitable manufacturing constraints in AM such as porosity,
shrinkage, anisotropic material properties, thermal distortion, and
internal cracks [1-5]. These defects are affected by various printing
process and different printing parameters which can have a signific-
ant impact on the final part’s quality and safety. A massive research
studies have been conducted in attempt to overcome printing pro-
cess issues and improved mechanical properties on printed struc-
tures by incorporating various printer properties, processing para-
meters, types of reinforcement, and the composite structures [2, 6
14]. These experiments are typically performed in pre-processing or
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during processing stage. In normal operational conditions, the prin-
ted composite materials are more likely exposed to various environ-
mental conditions, specifically related to temperatures. Exposure
to different temperature magnitudes and time period will affect its
mechanical strength and morphological structure differently. Re-
searchers have not explored the thermal degradation of additive
manufactured polymer composite comprehensively yet it is an im-
portant phenomenon that will be useful in the structural health pre-
diction of lightweight material. According to studies, the thermal
degradation process is affected by the material, the environment,
and the heat source [15]. The damage caused by at least one of sub-
jected temperature conditions such as continuous exposure to high
temperature, cyclic temperature, and local-global temperature on
polymer composite material is referred to as thermal damage. Over
time, an irreversible thermodynamic process caused by heat dam-
age on printed composites will lead to thermal degradation which
may result in structural deformation and/or chemical changes of
these composite systems [16]. In an attempt to observe thermal
damage on printed polymeric composite, many research works have
been conducted in defect detection methods using advanced tech-
nologies since it is fundamental to observe thermal failures on prin-
ted samples and their mechanical qualities at early stage [17-19].
Understanding defects in FDM printed materials and their causes
indicate the first step to inspect and eliminate them.

Among the afore-mentioned pre-treatment methods for strength
improvement, various post-processing treatments through thermal
annealing (heat-treatment) are also becoming widely applied in 3D
printed composite materials [20-24]. Following the thermal treat-
ment for improving the mechanical properties of composites, it is
highly possible that materials also undergo thermal degradation.
Yet, so far the majority of studies have focused only on improving
strength by annealing and/or studying the thermal degradation of
composite materials without the intent to enhance the properties.
There is still a limited investigation into thermal degradation after
the annealing process. Understanding thermal degradation not only
on untreated materials but also on treated ones will open up a new
horizon in the life and failure prediction of composites.
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This chapter describes a variety of temperature loadings subjected
to AM polymer composites to understand the difference in each
temperature condition process. Also, the influence of temperat-
ure treatment on mechanical qualities and internal structures of
printed composites employing testing and detection technologies
will be studied to anticipate composite failures. By the end of
this chapter, brief analyses of work in progress about the mechan-
ical strength of additive manufactured samples with unidirectional
(UD) alignments of the fibre reinforcement. In future, two groups
of samples will be analysed: intact (after AM process) and damaged
(with introduced damage (e.g. delamination, notch, crack)). The
samples will be exposed to thermal loading with different paramet-
ers: magnitude of temperature (negative, positive), exposition time
(continuous, elevated, cycle), and sample area (global/local).

6.2 Thermal loading characterization

In previous book chapter, thermal degradation of printed polymeric
composites has been discussed [25]. Understanding various envir-
onmental factors depending on its exposure type, will also help to
characterise the material damage. In case of solid materials such as
polymeric composites, the damage creation is influenced by various
variables/factors related to temperature such as selected exposure
of sample area (local and global), temperature exposure time or dur-
ation of subjected temperature (elevated, stable continuous, cyclic),
thermal magnitude (positive, negative), heating or cooling rate, and
the application heat mode (conduction, convection, radiation).

Nowadays, as the most promising material, PolyLactic Acid (PLA)
is widely used in FDM 3D printing technology. Based on a vari-
ety of applications of 3D-printed parts, polymeric composited may
have been exposed to varying temperatures during their service life.
The mechanical performance of thermoplastic materials can be im-
proved by changing polymer’s molecular structure via thermal an-
nealing [26]. Thermal annealing is a process that involves heating
the polymer to a temperature above the glass transition temperat-
ure and then slowly cooling it back to room temperature [22].
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There has been a numerous number of research related to post-
processing techniques for reducing defects, enhancing the cross-
linking state and crystallinity of molecular chains in AM poly-
meric composites as well as to improve the mechanical properties
of manufactured specimens [20-24, 26]. This annealing treatment
enhances the mechanical properties of semi-crystalline polymers,
particularly those with low crystallinity, such as carbon fiber PLA.
Crystallinity is a significant component impacting the strength of
a semicrystalline material; this is due to intrinsic polymer prop-
erties and its thermal history, such as cooling kinetics in thermal
processing [27]. The ideal temperature for annealing process must
be above the glass transition temperature and below the melting
point to obtain changes. The deformation of specimens can be
analyzed after annealing or heat-treatment experiments. Technolo-
gical heating devices which are utilized by majority of scientist for
the heating treatment of composites are electrical oven, microwave,
temperature/environmental chamber, and hot plates [18, 22, 28].
The post-processing of polymeric composites using microwave en-
ergy has been less explored [28]. Heating mechanisms in microwave
processing depends on the type of target material, for e.g., nonmag-
netic, or magnetic. Most polymeric materials have a low dielectric
loss factor and are not affected by microwaves. This is a signi-
ficant challenge in microwave processing of polymeric systems, as
it requires the addition of suitable phases, such as fibers as rein-
forcement or susceptors. The polymer matrix composites are cured
or moulded in the low-temperature area (less than 500°C) during
microwave process. Uniform heating distribution is expected to
occur during microwave processing of polymer-matrix composites
(PMCs) as compared to the conventional heating techniques due
to its volumetric heating characteristics. To ensuring uniform mi-
crowave heating, temperature control in curing process is necessary.
The major challenge in application of microwave curing technology
is the uneven temperature distribution on the composite surface
due to uneven EM field distribution inside the applicator [28].

In polymeric composites, thermal loads cause the alternating strains
at the different scales (see Fig.6.1) [29].
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Fig. 6.1: Multiscale of composite laminate.

There are two possible causes of damage in a thermally loaded car-
bon fiber reinforced composites: (1) thermal-induced stresses at
the microscale level and (2) thermal-induced stresses at the macro
level. Thermal expansion of the materials 'carbon fibre’ and "poly-
mer matrix’ differs at the fiber-matrix-scale (microscale level) and
causes strains in the fiber, the matrix, and the interface between
them. The anisotropic thermal expansion behavior of the UD com-
posite ply is caused by the various thermal expansion rates of the
composite elements. In a UD laminate, only the micro level effect
is present, but both effects are stacked in a multidirectional (MD)
laminate. In MD laminate (macro level) consisting of several UD
plies with different fibre orientation, this results in thermally in-
duced stresses in the individual plies and at the interfaces, as the
different plies aim for different thermal expansion in the different
material directions. At the fibre-matrix-scale (micro level), stresses
are induced in the fibres, in the matrix and in the fibre-matrix-
interface due to the different thermal expansion of the materials
‘carbon fibre’ and ’polymer matrix’. The different thermal expan-
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sion of the composite constituents leads to an anisotropic thermal
expansion behaviour of the UD composite ply.

In the following subsections, various type of temperature loadings
which can be applied on printed polymer matrix composites will be
characterized. Damage induced by temperature loading must be
described in terms of many elements, such as material properties,
environmental impact, degradation process, and damage character-
istics [15].

6.2.1 Continuous heating

Continuous heating is defined as temperature exposition process
onto materials at a stable temperature for a certain period of time,
ideally for a few hours. Typically, specimens are placed at pre-
heated chamber in which desired temperature is hold constantly
for a certain period of time.

Global heating

In global heating, polymeric composites are conditioned inside the
environmental instruments to receive temperature exposure at all
area of material. The typical annealing temperature is between
above the glass transition temperature (Tg) and below the melt-
ing temperature (Tm) of polymer. In case of PLA materials after
printing process at the applied conditions reached only a partial
attainable crystallinity degree, therefore in order to increase the
degree of crystallinity post-processing annealing at elevated tem-
perature, above Tg and below Tm, was employed [22, 27]. The
ideal duration for thermal annealing is at least 30 minutes to attain
a certain degree of crystallinity [30].

The experimental investigation by Zhou et al. revealed that thermal
annealing by means of microwave in unidirectional carbon fiber rein-
forced polymer (CFRP) laminates with 0° ply angles, fibers aligned
parallel to electric field do not absorb microwave energy and behave
as a reflective material [31]. Whereas for 90° ply angle, maximum
microwave energy is absorbed by the perpendicularly aligned car-
bon fibers to electric field and it mainly comes from conduction
loss in the carbon fibers. Based on some studies, microwaves do
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not affect the curing reaction, but rather enhance the rate of re-
action by volumetric heating [28]. Gonzalez et al. proposed post-
processing temperature optimization on CFRP coupons via com-
paction method in order to provide the solution for the typical
drawbacks of FDM printing technique [18]. Sample coupons were
post-processed in the hot plates at 8 different temperatures ranging
from 70°C to 270°C during 15 min (heating speed of 10°C/min).
The post-processing temperature effects on microstructure, thermal
stability and interlaminar properties of the printed CFRP were
analysed. When taking into consideration the dimensional preci-
sion, the microstructure, the thermal properties, and the mech-
anical properties of the final products, the ideal temperature for
post-processing is 150°C.

A number of research works have investigated the effect of heat
treatment of 3D printed polymeric composites using electrical oven.
Nassar et al. studied the comparison between annealed and non-
annealed specimens and it was revealed that a noticeable fusion
of filaments results in eminent contact between layers [21]. With
annealing, polymer filaments are reheated such that the crosslinking
of filament surfaces are improved. Another investigation stated
that mechanical properties of polymer composites is improved by
perfecting the inter-facial bonding since it will lead to an increase
in the density [12].

According to the study finding by Wach et al., only the annealed
FDM-PLA samples have a significant crystalline part and show dif-
fraction patterns of crystallites, whereas the untreated samples have
a wide amorphous halo without crystal peaks [27]. Once the heat
treatment is done, samples are being evaluated with three-point
bending (flexural test) and tensile test. The degree of crystallinity
of the treated polymer at 215°C is increased by subjecting it to
a thermal annealing process that occurs at a temperature higher
than its glass transition temperature. The flexural stress of the
samples is increased by 11-17% as a result of an increase in the de-
gree of crystallinity of FDM-PLA. As a post-treatment to improve
the specimen’s mechanical properties, thermal annealing was per-
formed by Arjun et al. at 65°C, 95°C, 125°C, and 155°C for 30, 60,
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120, and 240 min [22]. An excellent optimized annealing temperat-
ure and duration were achieved for 95°C and 120 min respectively
which resulted in increased tensile strength by 14%.

The influence of temperature on different structure and material
reinforcement type such as sandwich composite and short carbon
fiber reinforced composite have also been reported [20, 32]. Ivey et
al. studied the impact of short carbon fiber fillers on the mechanical
characteristics of 3D-printed PLA and the effects of the annealing
process on polymer crystallinity and mechanical properties were ex-
amined [20]. It was shown that annealing increased the crystallin-
ity of both sample groups, but had no statistically significant effect
on the mechanical properties. According to the tensile properties
of PLA and PLA/carbon fiber(CF) filaments, the addition of car-
bon fibers to the PLA filament significantly increased the samples’
elastic modulus. However, according to study by Jiayi Liu et al. for
sandwich structure with pyramidal truss core at higher temperat-
ure, especially when the temperature is above the glass transition
temperature, the matrix gets softened and cracked, and the fiber-
matrix interface becomes weakened [32]. The weakened interface
makes the fibers debond easier from the matrix. The bending fail-
ure load decreased as temperature increased, which was caused by
the degradation of the matrix properties and fiber-matrix interface
properties at high temperature. With an increase in temperature,
the bending failure load reduced, and it decreased by 92.27% when
the temperature went from 20°C to 200°C, mostly because the mat-
rix characteristics and fiber-matrix interface properties degraded.

Local heating

Uniform heat damage of polymeric composites have been studied
by a large number of researchers yet the exploration of thermal
damage in a localised area is still very limited. Typically, heat
damage can occur as a result of a fire or during service operations
where they are exposed to hot gasses, lightning strikes, jet engine
flux during landing, and jet engine exhaust. The majority of these
degradation occur in small locations and may go unnoticed. Thus,
understanding and characterizing such damage is critical in order
to avoid catastrophic collapse [15].
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Local heating or also known as short/pulse heating can be applied
on the material surface at specific area. Recently, Addepali et al.
investigated the degrading process that occurs during the exposure
of a localized area to extreme temperatures, as well as the lam-
inates” response to such situations [15]. Non destructive testing
was employed to measure thermal diffusivity of CFRP composites
when heating process was exposed in a localised area. A hot air
gun was utilized as the heat source. Both pulsed thermography
and ultrasonic testing (UT) were able to identify the presence of
physical and surface breaking damage. Although it is possible to
evaluate the resistance of the laminate to the effects of physical
damage, it is an extremely difficult task to spot discoloration or
the beginning stages of damage on a large structure. Yao Ma et al.
carried out an experimental work in locally rising temperature of
braided CFRP and its damage morphology using long pulse laser
with different energy densities and pulse widths [33]. The investig-
ation revealed that under the same pulse width, the time required
for the braided CFRP surface to reach maximum temperature de-
creases with laser energy density, rapidly in the low energy density
region but slowly in the high energy density range. With a wider
pulse width, the braided CFRP surface heats up more slowly. When
laser pulse width and energy density are determined, the time for
the CFRP surface to attain maximum temperature increases with
target thickness.

6.2.2 Cyclic modulated heating

The application of polymeric composite parts in aviation and auto-
motive industries more likely undergo temperature fluctuations
between -50°C and 130°C [34]. Structural materials exposed to
this extreme environment may degrade over time, and cyclic tem-
perature influence on mechanical behaviour of polymeric compos-
ites should be investigated. Thermal cycling can cause fatigue fail-
ure, which is a gradual kind of local damage [35]. The process of
thermal cycling can lead to the onset of fatigue failure, which is
a sort of gradual local damage. As a result of the fiber and matrix
shrinking at different rates, thermal cycling produces thermal re-
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sidual stresses. In composite laminates, residual stresses can lead
to delamination, warping, and fatigue failures. Low heating and
cooling rates are required to prevent the material from being sub-
jected to thermal shock loading; nevertheless, this results in longer
cycle times [29].

Parameters like temperature limits, dwell time at both temperat-
ures and change rate between the limits are critical in thermal cyc-
ling processes [36]. Temperature limits are essential for the acceler-
ation testing level. The larger the disparity between the boundaries,
the greater the tensions they induce. However, if the limitations are
excessively stringent, there is a significant chance that over-stress
failures will occur, resulting to premature failures that would never
occur under actual use conditions. The glass transition temperat-
ure, Tg, of polymer materials is an example of a typical critical limit.
A temperature limit exceeding Tg may result in an easily observable
catastrophic failure, but it may also alter the failure processes to be
unrealistic. In addition, it is advantageous to set the temperature
limit as high as possible since, if the difference between the limits
is insufficient, the test has a very low acceleration factor and the
test time is quite long.

Dwelling time means how long of an exposure period is appropriate
at each temperature limit. If a prolonged dwell time is employed,
the duration of the test will lengthen until the number of cycles
is decreased. Then again, In some instances, a long dwell period
can potentially speed up the testing process if it generates struc-
tural changes that increase the stresses during temperature fluc-
tuations. At high temperatures, polymer materials, for instance,
relax or creep - the polymer chains within the material move to
alleviate the stresses imposed by the high temperature. When the
temperature is decreased, these alterations may result in a large
increase in the stresses imposed on buildings. However, sufficient
dwell time is necessary for these modifications to take place.

As thermal cycling is very expensive and time-consuming, typically
only a few (1-100) cycles may be realized [37, 38] and certain study
groups achieved 200-5000 cycles [39-42]. The illustration of one
cycle in heating process is shown in Fig.6.5. Ghasemi et al. studied
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the effects of temperature and the number of thermal cycling cycles
on residual stresses of polymeric composites at several stacking se-
quences during thermal cycling. One thermal cycle is a 70°C to
100°C then back to 70°C. The heating rate is 3-5°C every minute;
dwell time at both extremes of temperature is 15 min. It was re-
ported that the condition of thermal cycling leads to a decrease in
the residual stresses and an increase in the failure index. The fail-
ure index results amount can be used to determine whether or not
a material will fail under loading conditions. The material fails if
the failure index is equal to or greater than 1. Guigon et al. stud-
ied mechanisms of degradation in carbon-epoxy three-dimensional
woven composites subjected to temperature cycling [43]. It was
found that iso-thermal aging revealed thermo-impact oxidation’s
on matrix elasticity. In addition, thermal cycling ageing in neut-
ral (nitrogen) and oxidative (air and oxygen) atmospheres caused
micro-cracks in the matrix. Zhang et al. investigated thermal
cycling-induced between 55°C and 120°C in carbon/epoxy braided
composites experimentally and numerically. It was reported that
composites and resins had less than 1% mass and volume change
after 160 cycles. However, micro-cracks have not been found in
acoustic emission and X-ray CT tests. T700s/3502 acoustic emis-
sion (AE) events have a logarithmic time-versus-temperature curve
and occur periodically at low temperatures. Most events occur be-
low 0°C. The six-layer samples showed micro-cracking on X-ray CT.
All three fiber directions had split fiber bundles [44].

6.3 Thermal loadings on AM CFRP Com-
posites

As it has been discussed in previous section, there are various types
of thermal exposure which might be subjected to additive manufac-
tured parts specifically continuous carbon fiber reinforced polymer
composites. A global heating of unidirectional (UD) continuous car-
bon fiber reinforced polymer (CFRP) composite has been experi-
mentally and numerically investigated using non destructive testing
by means of fiber Bragg grating (FBG) sensor by Muna et al [45].
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The coupled thermal-displacement analysis was used during the nu-
merical calculations. The strain in the sample due to its exposition
on elevated temperature was measured using fiber Bragg grating
(FBG) sensors. Furthermore, the author of this chapter has also
performed an experimental work of global continuous and cyclic
thermal treatment on CFRP composites as part of research intern-
ship program in Kaunas University of Technology, Lithuania. The
experimental work and numerical simulation of thermal exposure of
these composites will be briefly described in following subsection.

6.3.1 Experimental method
Additive manufacturing process and materials

The CFRP composite specimens were additively manufactured with
fused deposition modeling (FDM) method with a modified 3D printer
by Kaunas University of Technology [46]. The matrix agent was
PLA 3D850 filaments from Natureworks with a tensile strength
of 51 MPa, Young’s modulus 2315 MPa, and density 1.24 g/cm?.
For the reinforcement material, continuous carbon fiber T300B-
1000 from Toray was chosen with tensile strength of 3530 MPa,
Young’s modulus of 230 GPa, and density of 1.76 g/cm®. The 3D
printer and materials can be seen in Fig. 6.2. For the specimen
subjected to global elevated (increased) temperature, the printing
machine parameters are as follow: nozzle diameter is of 1.5 mm,
printing speed is 3 mm/s, bed temperature is 70°C, extruder tem-
perature is 200°C, extrusion multiplier is 0.6, and extrusion width is
1.2 mm. The dimension of unidirectional (UD) composite laminate
is 92x95x2 mm with 6 layers of same fiber alignment in all layers.
Another set of CFRP samples was printed for different thermal ex-
posures (global continuous and cyclic temperature) with dimension
of 150x13x2 mm. The printing parameters are shown in Table 6.1.
There were 9 groups of printed CFRP samples for various thermal
treatments as summarized in Table 6.2. In total, the number of spe-
cimens printed was 45 samples in which 5 samples for each group
of thermal treatment were required in accordance with the D3039
ASTM standard used for tensile testing. After the manufacturing
stage is completed, the composite samples then were measured in
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weight and size dimension using digital scale and caliper, respect-
ively. The weight and dimension measurement is necessary to be
performed in order to compare the changes in size and mass before
and after the thermal loading. Furthermore, it is important for the
calculation of mechanical properties after the mechanical testing.

Impregnated
carbon fiber

Fig. 6.2: 3D printer device of FDM technique with its matrix and
reinforcement material.

Tab. 6.1: Printing parameters

Parameter Value
Nozzle diameter 1.5 mm
Extrusion multiplier 0.7
Primary layer height 0.5 mm
Interior infill 100%
Infill pattern rectilinear

Nozzle temperature 220°C
Bed temperature 90°C
Printing speed 3 mm/s




6.3. THERMAL LOADINGS ON AM CFRP COMPOSITES 173

Tab. 6.2: Sample groups

Group name Value
Intact untreated samples
HS-A hot stable at 65 °C for 6 hours
HS-B hot stable at 145 °C for 6 hours
HC-A hot cyclic between 50-70 °C with 6 cycles
HC-B hot cyclic between 140-150 °C with 6 cycles
CS-A cold stable at 0 °C with 12 cycles
CS-B cold stable at -20 degC, 12 cycles
CC-A cold cyclic between 0 to 5 °C for 6 hours
CC-B cold cyclic between -20 to -15 °C for 6 hours

Global elevated temperature

One sample with specific geometrical and material properties was
selected to be placed inside the environmental chamber. The chosen
approach allowed a more detailed description of the processes that
occur in FDM printed material. Each sample (even manufactured
under the same printing conditions) can show some material spe-
cification differences, therefore in order to avoid the uncertainty and
repeatability error that can occur due to manufacturing process.
The sample temperature was set at elevated temperature started
from 10 to 50°C with 5°C step. The uneven distribution of poly-
meric matrix and carbon fiber in the sample volume was caused by
a difficulty during the AM process caused by the tiny thickness of
the carbon fiber bundles. The fibers are also slightly rotated. It is
well visible in the sample surface photograph in the part marked
by the red ellipse. The sample is consisted of 6 layers and in the
middle of the sample (between the 3% and the 4 layer) fiber Bragg
grating (FBG) sensor was embedded in order to examine the strain
resulted during the thermal testing. The temperature of the sample
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was measured using a FBG temperature probe and the FBG was
used acquiring and processing signals from FBG sensors in opera-
tion the temperature. The photograph of the sample is presented
in Fig. 6.3.

Fig. 6.3: Surface micrograph of the sample. C — carbon fibre bundle,
M - polymeric matrix.

Cyclic hot and cold temperature

In attempt to investigate the thermal cyclic effect on 3D printed
CFRP composite, the author also performed an experimental work
of cyclic thermal treatment at positive and negative temperature as
part of research internship program in Kaunas University of Techno-
logy, Lithuania. There were 2 sets of samples which were subjected
to the cyclic positive temperature using a Universal Oven Memmert
UNB-3000 as presented in Fig. 6.4. One group was set to have tem-
perature range between 50 and 70°C (group HC-A) whereas another
sample group has temperature range of 140 and 150°C (group HC-
B). The number of cycles for each group is and dwelling time for
the two extreme temperature was 10 minutes. The schematic figure
for thermal cyclic at positive temperature is illustrated in Fig. 6.5.
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For HC-A group the heating and cooling rate were 1°C/min and
2.5°C/min, respectively. The heating and cooling rates for the HC-
B group were 0.8°C/min and 2.2°C/min, respectively. It must be
noted that the difference in heating and cooling rate is due to the
operational mechanism of the air-circulated oven. The oven vent-
ilation uses natural convection type of heat transfer where the air
circulation control is supplied by a continuous adjustment of fresh
air in certain percentage of ambient air.

For the sub-zero (negative) thermal cycling treatment, an auto-
mated environmental chamber MyDiscovery DM600C was utilized
for 2 sets of samples in which one group was set to have temper-
ature range between 0 and -5°C and another group were set in
a range between -15°C and -20°C with 12 cycles for each group.
The cooling rate for treated samples in negative temperature was
0.8°C/min. The chamber device is shown in Fig. 6.6.

Fig. 6.4: An air-circulated oven for hot temperature treatment.
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Fig. 6.5: Thermal cycling profile. A — dwell time; B — heating rate;
C — cooling rate.

Fig. 6.6: An automated environmental chamber for cold temperat-
ure treatment.
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Global continuous hot and cold temperature

Recently, the author has also performed an experimental work of
stable continuous heating treatment at global area of CFRP com-
posites. There were 2 sets of samples subjected to the prolonged
positive temperatures, one group (HS-A) was exposed to 65°C and
another group (HS-B) was exposed to 140°C. These temperatures
were chosen in a such a way that it will be above the glass trans-
ition temperature (Tg) and below the melting temperature (Tm) of
the matrix material used in the specimens. As for the continuous
thermal treatment at zero and sub-zero temperature, two groups of
samples were subjected to 0°C and -20°C, respectively; and both
groups were kept for 6 hours in the chamber.

6.3.2 Morphological analyses

The micro-morphological analyses on the samples’ surface were per-
formed before and after performing the cyclic and stable thermal
loadings by utilizing an optical microscope device (Nikon Eclipse
LV100ND) equipped with a high-definition color camera (Nikon DS-
Ri2). The imaging software (NIS Elements 4.5.1.00) was used to
prepare and process the data at 5x magnification. The maximum
sample size observed with the optical microscope was 150 x 150 mm.
A scanning electron microscope device (FE-SEM SU5000) was em-
ployed to investigate the micro-structure damage of different spe-
cimen groups after tensile testing. The maximum specimen size
observed with the SEM was 200 mm in diameter and 80 mm in
height. A digital microscope (Levenhuk) was utilized to capture
the macroscopic images of the tensile-fractured samples. The max-
imum specimen size observed with the digital microscope was about
150 x 100 mm.

It can be seen that there is no noticeable difference on structural
surface before and after the thermal loading at lower temperature
(Fig. 6.7). It appeared that the heat is not enough to change the
visible surface structure of matrix material. However, a further
investigation is needed to observe its internal structures such as
degree of crystallinity and cross linking of polymer PLA. In order
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to achieve the information of these analyses, differential scanning
calorimeter (DSC) and thermogravic analyses (TGA) could be per-
formed. As for the higher temperature, it can be seen from Fig. 6.8
that the morphological surface undergo some structural changes
where the polymer PLA as matrix material has smoother and finer
appearance after the heating treatment. This is due to the high
temperature subjected to the CFRP samples which is close to Tm
of PLA. Moreover, the specimens which undergo high temperature
also appeared to be slightly deformed i.e. it shows some wrinkle
shape along the longitudinal direction.

Before

Stable temperature
at 65°C
(HS-A group)

Cyclic temperature
between 50—70°C
{(HC-A group)

Fig. 6.7: Optical micrographs of sample group before and after
stable temperature at 65°C and cyclic temperature between
50-70°C.
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Before After

Stable temperature
at 145°C

(HS-B group)

Cyclic temperature  SSSSES
between 140—1350°C #8
(HC-B group)

S00ym

Fig. 6.8: Optical micrographs of sample group before and after
stable temperature at 145°C and cyclic temperature between 140-
150°C.

6.3.3 Numerical modeling

The numerical study was conducted to model the behavior of poly-
meric composites in relation to the effect of global elevated temper-
ature on the 3D printed CFRP samples. From a macromechanical
approach, the specimen was modeled as stacked solid elements at
the laminate level and treated as a homogenous equivalent mater-
ial. The laminate is composed of six-ply unidirectional (UD) lamina
with stacking sequence (LSS) at 0 degree, and the constitutive ma-
terial behavior of the laminate was treated as if it were a single
orthotropic material. As symmetry planes parallel and perpendic-
ular to the fibers, the array of carbon fibers in polymer matrix is
assumed to be square. Macro-mechanical modeling was utilized to
characterize the deformation and mechanical behavior of a material.
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A finite element method (FEM) model was utilized to produce nu-
merical results for a carbon fiber reinforcing composite system.
The geometry of the composite model was constructed as a de-
formable homogenous solid using the computer-aided design soft-
ware ABAQUS. The model geometry has a dimensional area of
92 x 95 mm and a thickness of 2 mm. The specimen model was
discretized into an eight-node trilinear heat transfer brick hexa-
hedral mesh with C3D8T element type. There were 4416 finite
elements, 19266 nodes, and 249750 degrees of freedom in the FEM
model. The simulated load scenario was divided into two stages:
starting step and loading step, with temperatures ranging from
10°C to 55°C with a 5°C step. The relative humidity inside the
chamber was expected to be steady at 20%. During the increased
heating, the numerical modeling of CFRP composite employing the
coupled temperature-displacement approach will be explored within
thermo-mechanical strain analysis.
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Fig. 6.9: Comparison curves determined experimentally and nu-
merically. Taken with permission from [45].

Comparing the experimental and numerical values presented in
Fig. 6.9, the percentage difference between them is calculated as ca.
18%, while the average strain difference is equal to 5.7x107% m/m.
The disparity between the experimental and numerical curves is
due to the variability of the AM sample structure, which is clearly
seen in Fig. 6.3 (b). The difference between those values are due to
some defects which the specimen possess. Some presented voids and
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structure irregularity in the sample contributed to the inconsistency
during the experimental measurement [14, 47]. Furthermore, the
incorporation of reinforcements during FDM printing may increase
the strength of the material system, but this benefit is outweighed
by a poor reinforcement /matrix interaction, non-uniform reinforce-
ment distribution, and inappropriate impregnation. These variables
will result in the formation of new voids [14].

6.4 The mechanical loading on AM CFRP
composites

6.4.1 Tensile testing

The tensile testing was performed subsequent to thermal treatment
in order to examine the mechanical strength and Young’s modulus
of the treated specimens as well as untreated (intact) samples.

\:

Fig. 6.10: Tensile testing instrument with infrared camera device.
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Tilnius Olsen H25KT (capacity 25 kN) universal testing machine
was utilized to perform tensile testing as shown in Fig. 6.10 with
the standard head displacement rate of 2 mm/min. The ASTM
standard of D3039 is used for the tensile testing which requires
each tested specimen to have four tabs in gripping position at top
and bottom. Prior to the tensile testing, PLA tabs having dimen-
sions 50 x 12.5 x 2 mm were printed separately and four points
were marked 15 mm from the center of the specimens in order to
measure the elastic strain. The printed tabs then were adhered to
specimens with universal structural bonder (adhesive glue) by ap-
plying pressure via clamps in order to hold and secure the parts
tightly. The tabs and clamping process are shown in Fig. 6.11.

Fig. 6.11: Printed tabs made of PLA and the clamping process.

Tensile Strength [MPa] | Young's modulus [GPa]

2000 - 00
2000 | = 000
2000 | 2500
o ' ' o i I i I i
1000 | 1500
Intact HS-A HS-B HC-A HCA CC-A CCH CSA G5 Wtact HS-A HS-B HC-A HC-B OCA CC-H GSA G5B
(a) (B}

Fig. 6.12: The bar graphs of mechanical properties of additive
manufactured CFRP composites. (a) mechanical strength; and (b)
Young’s modulus. For interpretation of the samples’ notation, the
reader is suggested to see Table 6.2.
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The tensile strength of the 3D printed specimens of each group is
shown in Fig. 6.12. From the bar graph plot, it can be seen that the
intact samples attained the highest average tensile strength value of
226.14 MPa. The strength of CFRP was then followed by sample
group CC-A, CS-A, HC-A, and HS-A with value of 216.8 MPa,
204.41 MPa, 207.19 MPa, and 217.99 MPa respectively. The re-
duced strength values were assumed due to poor reproducibility
of 3D printing technique which caused the deviation in specimen
features such as sample dimension.

For both hot continuous and cyclic thermal treatment, the group
of HS-B and HC-B with higher temperature have lower ultimate
strength of 221.21 MPa and 215.49 MPa respectively compared to
specimen group HS-A and HC-A. The opposite trend occurred to
cold continuous and cyclic thermal cases where the specimen groups
with lower temperature namely CS-B and CC-B have lower ultimate
strength of 188.93 MPa and 188.32 MPa respectively compared to
CS-A and CC-A group. Furthermore, the similar trend occurred to
the elastic modulus (Young’s modulus) of each specimen group as in
tensile strength. For both hot continuous and cyclic thermal treat-
ment, the specimen group of HS-B and HC-B with higher temperat-
ure have lower elastic modulus compared to specimen group HS-A
and HC-A. While for cold continuous and cyclic thermal cases, the
specimen groups with lower temperature namely CS-B and CC-B
have lower elastic modulus compared to CS-A and CC-A group.

The reason for this strength and elastic modulus deterioration could
be the poor reproducibility of 3D printing technique which lead to
the deviation in specimen features like material dimension and dens-
ity. Additionally, some porosity amount contained in each specimen
group could also lead to decrease values of the strength and modulus
of thermally treated samples. The higher porosity which might be
existed in high temperature group (HS-B and HC-B) formed lower
inter-facial bonding between matrix and fiber component. High
temperature has lower moisture which make the polymer matrix
dried up more such that its weight fraction reduced since the water
content or wettability is decreased. In the case of samples subjec-
ted to negative temperature, it is assumed that lower temperat-
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ure group (CC-B and CS-B) obtained reduced strength and elastic
modulus due to smaller degree of crystallinity of polymer matrix
PLA. When the cross-linking of polymer is not strongly occurred,
the polymer chain could make a better bonding so it will lead to
the decrease in mechanical properties of CFRP composite.

6.4.2 Numerical modeling of tensile and flexural load-
ing

Numerical modelling of tensile and flexural (three-point bending)
testing of 3D-printed CFRP specimens as virtual tool using
ABAQUS have been performed by Muna et al [48]. A 3D unidirec-
tional composite model at the macro-scale has been established to
assess the numerical parameters of samples such as its mechanical
strength and strain at failure. The investigated structure is com-
prised of a combination of matrix and fibres. In this work, the
material properties of composite were calculated using rule of mix-
ture (ROM), theoretical model by Voight. The individual volume
fractions for matrix PLA, continuous carbon fiber (CCF), and short
carbon fiber (SCF) were obtained from literature by [49].

6.4.3 Finite element modeling

As a deformable shell, the composite model geometry was built
using the computer-aided design (CAD) software ABAQUS. The
generated model is conditioned in accordance with Magsood’s ex-
periment [49]. Calculating the material properties measured on
printed specimens from experimental tensile and flexural tests that
will be utilized as input data is necessary. The force-displacement
curve can be derived using material data and finite element ana-
lysis. The geometry of the tensile test specimen is a unidirectional
carbon fiber laminate with a rectangular cross-section, 150 mm in
length, 13mm in width, and 3 mm in thickness, and 45mm on either
end for grasping. The dimensions of the flexural test specimen are
127 x 12.7 x 3.2 mm, and two tabs are positioned 37 mm from each
end. The geometry of the test specimen is intended to resemble the
actual geometry.
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Fig. 6.13: Model specimen of tensile test with boundary and loading
conditions. Taken with permission from [48].

A finite element model of a composite specimen subjected to static
load was created, and a stress analysis was performed. To repro-
duce the experimental results, the boundary conditions and loads
are applied exactly as they are in the real tensile test. In the lower
grip, the boundary conditions for tensile test simulation are fixed
or clamped (encastred) in all directions, whereas the upper grip is
also fixed in all directions but left free in the direction of the applied
force (unconstrained in longitudinal direction). These parameters
ensure that the tensile test simulation is as accurate as possible,
with no rotations or bending. The top-side grasp was loaded with
50 MPa of uniformly distributed general traction surface traction.
Fig. 6.13 depicts a model of a tensile test specimen with boundary
and loading conditions. When a simple structure, such as a com-
posite plate, breaks due to applied forces, it fails fast because the
load increases as the structure’s load carrying capacity falls. Dis-
placement controlled loading minimizes the structure’s weight as it
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fails, slowing failure. The model was discretized into linear quad-
rilateral elements of a four-node general-purpose shell, decreased
integration with hourglass control, and finite membrane strains.
The FEM model comprised of 1950 finite elements and 2114 nodes.
Reduced integration denotes a lower order of integration than com-
plete integration.

Fig. 6.14: Model specimen of flexural test with boundary and load-
ing conditions. Taken with permission from [48].

The model of three-point bending set-up was created for the flex-
ural test: two supports and one midway load nose with 10 mm
diameter of each. In order to replicate the real flexural test, three
cylinders were created with diameter of 10 mm and reference point
was assigned to each cylinder at its center point since the vertex
in model shape is not available. These cylinders then positioned
onto sample model with the reference point (one on top and two
below) at approximately same coordinates as in experiment. Gen-
eral contact was applied to these shapes in order to introduce the
interaction between its surfaces with very few restrictions on the
types of surfaces involved. Boundary conditions for two cylinders
at bottom were set to be encastred (fixed) while the top cylin-
der was kept free in pushing direction where load is also applied.
Model specimen of tensile test with boundary and loading condi-
tions is presented in Fig. 6.14. Similarly with specimen model in
tensile test, the model in flexural test was also discretized into linear
quadrilateral elements of four-node general-purpose shell, reduced
integration with hourglass control, finite membrane strains within
stress/displacement S4R type. The FEM model consisted of 1736
finite elements, and 1599 nodes.
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6.4.4 Tensile values

The maximum displacement occurred at the free end and the reac-
tion force was found to be maximum at the clamped end for both
models. The results of Young’s Modulus for each set of groups is
shown in Table 6.3. It was found that the numerical result is in
pretty good agreement with the obtained result from the experi-
ment by [49] for the specimens of PLA-CCF and PLA-SCF with
an average Young’s Modulus value of 27.93 GPa, 2.88 GPa and
2.571 GPa, respectively. The simulation and experimental results
for both mentioned constituents are in close relationship less than
5% deviation ratio. The results indicated that by increasing the
content of fibers in the matrix will increase the Young’s Modulus
value. However, the PLA-SCF-CCF numerical simulation found
a mean Young’s Modulus of 29.07 GPa, which is slightly higher
than the experimental result. This value disparity is likely caused
by printed samples’ larger voids or pores. Since PLA-SCF-CCF has
more carbon fiber content than that of other sample types (PLA-
SCF and PLA-CCF), printing voids reduce material strength com-
pared to numerical results where voids are considered to be absent.

Tab. 6.3: Tensile strength comparison

Young’s Modulus [GPa]

Constituent Experimental Numerical
PLA-SCF-CCF 27.93 29.07
PLA-CCF 25.94 27.93
PLA-SCF 4.79 2.88

6.4.5 Flexural values

Flexural modulus performance recorded via three-point bend test-
ing and computationally-obtained using ROM technique. A com-
parison of flexural strength determined experimentally and numer-
ically is presented in Table 6.4. From three-point bend tests, the
stress-strain curves were generated and flexural modulus of the
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CFRP sample was obtained. Because of the higher modulus of CCF
and SCF, CFRP composites constructed of PLA polymer coupled
with CCF and SCF have the highest flexural modulus. While the
ROM model provides a relatively precise flexural modulus, it overes-
timates the same when compared to experimental flexural modulus.
This finding is consistent with the widely held belief that ROM is
an upper-bound estimate of the composite modulus because it does
not account for composite defects such as bonding or pores.

Tab. 6.4: Flexural strength comparison

Flexural modulus [GPa]

Constituent . )
Experimental Numerical

PLA-SCF-CCF 10.85 9.98

PLA-CCF 10.63 9.8

PLA-SCF 4.52 4.03

These simulations can produce results that are comparable to those
obtained from actual tensile and flexural testing, which is how speci-
men mechanical properties are characterized. The projected results
from numerical models at the macro-scale level were compared to
the available experimental data, and a fairly good match was found
between the two sets of data.

6.5 Conclusion

In this chapter, a variety of temperature loadings subjected to ad-
ditive manufactured carbon fiber reinforced polymer (CFRP) com-
posites were presented and discussed. Next, various thermal treat-
ments at positive and negative temperature on printed composites
were studied experimentally to understand the mechanical proper-
ties and internal structures of composites. We investigated the ef-
fect of stable continuous and cyclic temperature on the mechanical
properties of unidirectional 3D CFRP composites. Static tensile
testing was performed to obtain the mechanical strength, Young’s
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modulus, and failure damage of these composites. The results
indicated that unidirectional CFRP composites undergo thermal
exposures, revealing a material degradation both in mechanical
strength and Young’s modulus under stable and cyclic temperat-
ure. Untreated (intact) samples attained the highest average tensile
strength value of 226.14 MPa and Young’s modulus of 28.65 GPa.

Previously, a global heat exposure at elevated temperature on a uni-
directional (UD) continuous CFRP composite sample has been ex-
perimentally investigated using non destructive testing by means of
fiber Bragg grating (FBG) sensor and numerically simulated using
finite element modeling (FEM) analysis software, ABAQUS. The
numerical model’s accuracy has been validated using convergence
analysis and mesh resolution (grid independent). The convergence
was achieved by placing seeds at a distance of 0.25 on each edge.
The numerical data result was compared to the experimental result,
and a good correlation was found. The mean difference between nu-
merical and experimental values is about 18%, which is most likely
due to sample structure heterogeneity. The increasing strain differ-
ences at temperatures above 38°C can also be attributed to matrix
material processes and the weakness of bondings between fibres and
matrix in the composite structure.

Numerical modelling of tensile and flexural (three-point bending)
testing of 3D-printed CFRP specimens as virtual tool using
ABAQUS have been. The tensile testing simulation results were
compared to experimental values obtained and a good agreement
with less than 5% deviation ratio was achieved for the PLA-SCF
and PLA-CCF samples. The results indicated that by increasing
the content of fibers in the matrix will increase the Young’s Modu-
lus value. However, the PLA-SCF-CCF numerical simulation found
a mean Young’s Modulus is far higher than that of the experimental
result. This value disparity is likely caused by printed samples’
larger voids or pores. Since PLA-SCF-CCF has more carbon fiber
content than that of other sample types (PLA-SCF and PLA-CCF),
printing voids reduce material strength compared to numerical res-
ults where voids are considered to be absent.

The findings presented in this paper suggest future research into the
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degradation of 3D composites under various temperature conditions
in order to study the structure’s integrity and the damage mechan-
ism. Investigating the effect of different thermal cycling parameters
such as heating and cooling rates and dwell time on the properties
of materials in future work would be beneficial for industrial ap-
plications. Thermal degradation of the polymer material used in
the additive manufacturing of a composite should be investigated
using rheological and thermogravimetric measurements to under-
stand the material’s thermal behavior during heating conditions.
Finally, comprehending the thermal influence at various conditions
on the morphological structure of FDM printed materials and their
mechanical properties can demonstrate the first step toward a solu-
tion.
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7.1 Introduction

The aim of the chapter is to check the possibility of using hydrogen
as a ship fuel.

Renewable energy means energy derived from natural repetitive
natural processes, obtained from renewable non-fossil energy sources.
In EU-28, the share of energy from renewable sources in total final
energy consumption increased in 2016-2019 from 9.2% to 10.2% [1].

Renewable energy sources (RES) are an alternative to traditional
primary non-renewable energy carriers (fossil fuels). Their resources
replenish in natural processes which practically allows to treat them
as inexhaustible [1].

The International Convention for Prevention of Pollution from Ships
(MARPOL) is the most important convention concerning counter-
action of contamination of the marine ecosystem. Pollution are
caused by ships operations or their random action.

The MARPOL Convention was signed on 02.11.1973 at Interna-
tional Maritime Organization. The 1978 MARPOL Protocol ab-
sorbed the Convention from 1973. Consolidated document took
effect on 02.09.1983. In 1997, a new protocol was passed to change
the Convention and Annex VI was pronounced which become oper-
ative on 19.05.2005. MARPOL had new versions over the years [2].

Annex VI was first document which delimit the sulphur oxide and
nitrogen oxide emissions from the exhaust and forbid deliberate
emissions of substances that reduce the ozone layer. Determined
emission control zones set restricted limits for SOx, NOx and par-
ticulate matter. That document contains obligatory technical and
operational energy efficiency measures [2].

In July 2019 the European Commission announced project called
— The European Green Deal. The European Green Deal contains
to reduce emissions by at least 55% by 2030, comparing to 1990
values [3].

This also applies to ships flying the flag of countries belonging to
the European Union [3].

Intensive research and development work is needed to develop tech-
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nologies that significantly reduce emissions substances harmful to
the atmosphere.

7.2 Increasing the share of hydrogen in the
energy sector

The Swiss alchemist Paracelsus was the first person to make the first
observations of hydrogen. During his research, he threw metals into
acids and collected their products into gas tanks reaction. In his
notes, he wrote that air, formed as a result of a chemical reaction
of hydrochloric acid with iron is explosive. Irish chemist Robert
Boyle conducted research on hydrogen in 1671. It was the same as
in the case of Paracelsus studies through the reaction of metals and
acids. One hundred years later, Henry Cavendish isolated hydrogen
as a separate substance and described the combustion reaction.

Initially, no practical use of this gas was found. Hydrogen was used
in the 19" and 20" centuries as a gas used to fill airships and
balloons in air transport.

Increasing energy demand and environmental degradation determ-
ined the need for new, safe, highly efficient and environmentally
friendly energy technologies. Replacing fossil fuels with hydrogen
allows for complete elimination of the emission of the substance
harmful to the atmosphere.

On an industrial scale, hydrogen is currently produced mainly from
natural gas in steam methane reforming (SMR) [4].

Hydrogen can be also selected by using partial oxidation (POX);
catalitical partial oxidation (CPOX), combining both of the above
autothermal reforming (ATR), cathalytic dehydrogenation, pyro-
lysis and electrolysis [4].

At a different point of the development there are other technolo-
gies such as photocatalytic processes, plasma reforming, membrane
reactors, biological processes [4].
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Tab. 7.1: Efficiency of hydrogen production technology [4].

Process Fuel Total efficienty,%
Steam methan reforming natural gas or crude oil 65 — 751
Partial oxidation natural gas or crude oil 501
Gasification coal or biomass 42.5 — 46.59
Pyrolysis coal or biomass 9-13%

1) calorific value, 2) heat of combustion

Further development of hydrogen energy is closely related to the
use of renewable sources for energy production. Most dominated
technology today is electrolysis. In Tab. 7.2 presents the character-
istics of three types of electrolysers: alkaline, polymeric (PEM) and
ceramic (SOEC). In operation, the alkaline and PEM electrolysers
are currently the most popular [4].

Tab. 7.2: The state of development of electrolysers [4].

Indicator Alkaline electrolysers PEM SOEC
Electrical efficienty [%, Wd| 63-70 56-60 74-81
Working pressure [bar] 1-30 30-80 1
Working temperature [K] 333-353 323-353  923-1273
Working time [h] 60* — 90* 30* —90* 10* - 30%

The economic development forecast assumes an increase in the pro-
duction of hydrogen from electrolysis. Currently, the cost of elec-
tricity from renewable sources is quite high, which requires the
improvement of production processes and consistency in climate
policy. Well-understood support policy may be of key importance
in the perspective of replacing fossil energy sources [4].

The development of fuel cells is of great importance for the imple-
mentation of the technology of energetic use of hydrogen [4].

Hydrogen and ammonia can be a flexible option for ship fuel. They
can determine the decarbonisation of maritime transport.The ces-
sation of hydrogen production from fossil fuels in order to replace
it with production from renewable energy sources should be con-
sidered in the long term [4].
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7.3 Isotopes and molecules of hydrogen

Hydrogen is the chemical element with the symbol H and atomic
number 1. Hydrogen is the lightest element. At standard condi-
tions hydrogen is a gas of diatomic molecules having the formula
Hs. It is colorless, odorless, tasteless, non-toxic, and highly com-
bustible. Hydrogen is the most abundant chemical substance in the
universe, constituting roughly 75% of all normal matter [5]. Most
of the hydrogen on Earth exists in molecular forms such as water
and organic compounds. Isotopes protium {H (one proton and one
electron), deutrium #H (one proton, one neutron and one electron)
are stable. Tritium $H is not stable and decays according to the
reaction (e~ -electron, v- electric neutrinos) [4].
SH =3 He+e +wv

Protium makes up 99.985% of the hydrogen present on earth.
Deutrium is about 0.015% and tritium is present in trace amounts.
Hydrogen isotopes form diatomic molecules (Hy, Do, T3), differing
in the orientation of proton spins. There are ortohydrogen (o-Hs)
and parahydrogen (p-Hsg). In the orthohydrogen form, the spins of
the two nuclei are parallel. In the parahydrogen form the spins are
antiparallel. Hydrogen is a mixture of both types in a molar ratio:
75% ortohydrogen and 25% parahydrogen in temperature 293.15K
and higher. Selected physical properties of parahydrogen and nat-
ural hydrogen in natural conditions are presented in Tab. 7.3 [4].
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Tab. 7.3: Selected physical properties of hydrogen (273.15K,
1.013bar) [4].

Value p-Ho n-Ho
Molar mass 2.016 2.016
Density, kg/m? 0.0899  0.0899

Specific heat capacity cp,J,(mol K)  30.35 28.59
Specific heat capacity c,,J,(mol K)  21.87 20.3

Dynamic viscosity, uPa s 8.34 8.34
Speed of sound,m/s 1246 1246
Conductivity coefficient, W/(m K) 0.1826 0.1739
Dielectric constant 1.0005 1.00042
Compressibility factor 1.0005 1.00042
Prandtl number 0.6873  0.680

7.4 Transport and storage of hydrogen

Hydrogen pipelines are operated in the USA, Canada and Europe.
The first European pipeline has been operating in Germany since
1939 (Essen). The characteristics of the pipeline are as follows:
flow 2.52 kg/s, pressure 20 bar, temperature 300K, diameter of the
pipeline 0.254 m, flow velocity 31 m/s and length 220 km. The
longest European pipeline between France and Belgium is 400 km
long, the pressure is 100 bar, the temperature is 300K and the
diameter of the pipelines is 0.1 m. In the United States, there are
currently more than 2 000 km of pipelines transporting hydrogen at
a pressure of 30-80 bar. A new line of hydrogen transport pipelines
is located in Belgium between at Antwerp and Feluy. Modern tech-
nologies are fully taken into account in the construction of these
pipelines. The quality of the material complies with the standard
API SPEC5L Grade X42. On the outer surface there is a polyethyl-
ene lining. The pipeline connections are welded [4].

There are basic types of potential geological stores: salt caverns,
deep aquifers, empty oil fields and empty gas fields [4].
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Tab. 7.4: Salt quarters for hydrogen storage — technical paramet-
ers [4, 6, 7].

Location/ Teesside, Chevron AirLiquide, Moss Bluff
parameters UK Phillips, Texas Texas Praxair,Texas
Total 3*150000 [8]
580000 906000 566000
volume, m?  3*70000 [7]
Location 350-380 850-1150 1158-1524 1400
depth, m
Pressure
4.5 - st 7-13.5 6.8-20 dat
levels, MPa cons Ho data
Accumulated 95 83.3 1o data 80
energy, GWh ca. 2500 t Ho

Based on the analyzed data, it can be indicated that the cheapest
technologies for underground hydrogen storage are technologies us-
ing depleted oil and gas deposits and aquifers [4, 7].

Tab. 7.5: Total cost of different types of underground hydrogen
storage facilities [9, 10].

Oil and
Types of storage Salt caverns ! ;Td gas Aquifers Rock caves
elds
Cost USD/kg Hy 1.61 1.23 1.29 2.27

From the point of view of accumulated power, the installations
of pumped storage plants, compressed air energy storage (CAES),
adiabatic compressed air energy storage (ACAES) and storage com-
pressed hydrogen have the greatest potential [4].

Compression for small volume tanks is characterized by an efficiency
of 5-30%, a product life cycle of about 20-50 years and an investment
cost of about EUR 1050-3000/kW [4].
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Tab. 7.6: Technical data of individual energy storage technolo-
gies [4].

I
Technology Power, MW Total efficiency, % nvestment cost,

EUR/kW
Pumped storage 100-5000 75.87 470-2700
power plant (3300)
CAES 15-400 42-54 450-1150
ACAES 100-500 70 600-1200

7.5 Threats and safety protection

Physical hazards are related to the properties of metals and relate
to the phenomenon of hydrogen embrittlement. It is a phenomenon
dependent on temperature and pressure, hydrogen interaction time
and the condition of the metal surface. The phenomenon of hy-
drogen embrittlement increases at a temperature of 200-300K. This
phenomenon can be prevented by using oxygen coatings, appro-
priate metal alloys, eliminating the concentration of hydrogen and
introducing special additives to the hydrogen [4].

Chemical hazards are related to the properties of hydrogen. This
gas has a very low ignition energy of 0.02 mJ. Electrical and thermal
equipment and open flame sources should be adequately isolated
from places where a hydrogen system is used. Hydrogen also has
a wide flammability range, which makes it quite dangerous [4].

The main risks of failure of hydrogen transport and storage modules
are:

e hydrogen evolution at low temperatures, which may pose
a threat to humans in the form of cryogenic burns,

« fire related to the uncontrolled release and ignition of hydro-
gen; this phenomenon causes a risk to humans in the form
of direct exposure to flame or heat radiation; it can take the
form of a jet fire, characterized by a long, steady flame. It
can arise when hydrogen is released under high pressure, for
example through an opening in a pipe wall,
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o BLEVE phenomenon (boiling liquid expanding vapour explo-
sion). This phenomenon may occur when the hydrogen con-
taining tank is damaged. The danger to people is related to
the pressure wave and metal parts detached from the tank.
If the phenomenon is accompanied by a fire in the shape of
a ball, the risk is also the direct effect of flame and heat radi-
ation,

e an explosion occurs in the event of an uncontrolled release of
hydrogen from a tank or pipeline; the threat to people and
the environment is related to the impact of the pressure wave
and elements of the damaged infrastructure [4].

7.6 Combustion reaction

Combustion is a chemical reaction in which combustible compon-
ents combine with oxygen, accompanied by intense heat generation,
causing the temperature to rise rapidly. In contrast to the usual re-
actions with large exothermic effects, there is a visible flame during
combustion, which is a reaction zone in the gas phase. The theor-
etical result of the combustion reaction can be described by stoi-
chiometric equations. These equations characterize the reactants
and the resulting substances. In the case of exothermic reactions,
we supplement their material result with the thermal effect, i.e. the
energy generated during the reaction. The stoichiometric equation
for the hydrogen combustion reaction is presented below [11].

2H5 + Oy — 2H50 + 483.2kJ

The rate of a chemical reaction can be defined as the change in the
concentration of the reaction components per unit of time and per
unit of volume. In the case of organized combustion of fuel it can
be conditionally regarded as constant, because new streams of fuel
and oxidant continuously flow into the combustion zone. The rapid
course of the reaction is caused, among others, by chain mechanism
of these reactions. Any chemical reaction involves the rearrange-
ment of the chemical bonds between atoms during the transition of
the reactants from the initial to the final state. However, the trans-
formation of the input reactants from the initial state to the end
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products of the reaction takes place not in one stage, but through
a series of stages with the formation and decomposition of interme-
diate chemically active particles - atoms and radicals generated by
the reaction itself [11].

These particles easily bind to the starting reagents and to each
other, contributing to the formation of both end products and new
active particles, capable of initiating a similar chain of reactions.
The increasing self-generation of active particles causes a rapid in-
crease in the rate of reaction in the form of an explosion [12].

The chain mechanism of the hydrogen combustion reaction with
oxygen is one of the simplest and best known mechanisms. The
initiation of this reaction is associated with the formation of atamic
hydrogen as a result of the dissociation of molecular hydrogen [11]:

Hy+M=H+H +M
FElement M should be understood as the source of activation en-
ergy. An analogous initiation of the reaction by atomic oxygen is
unlikely due to the very high dissociation energy of molecular oxy-

gen. The diagram of the further course of the chain reaction is
shown below [11].

—  H0
- OH +H, - H
» O+H, — H
H‘+()g
= OH'+H2 == H2O
— H

Fig. 7.1: Unit cycle of the hydrogen-oxygen chain reaction mech-
anism [11].

The result of such a single cycle is a reaction [11]:
H + 3Hy +02 — 2H20—|—3H

Thus it can be concluded that each hydrogen radical gives rise to
two water molecules (end product) and three new radicals. In fact,
any hydrogen radical can now contribute to the chain development
through a successful collision with an oxygen molecule. However,
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a collision of two radicals is also likely, resulting in a stable hydrogen
molecule [11]:

H +H — H 2
A feature of gaseous fuel is that in a properly prepared mixture
with air, the number of successful events favoring the development
of the reaction chain exceeds the number of events closing the chain.
Ignition of the mixture in one place causes the flame to spread

very quickly over the entire volume of the mixture, which is called
an explosion [11].

For the stoichiometric equation of the combustion reaction:
Hy +0.509 — H50
The heat of combustion is 10.785 [MJ/m?] [11].

The stoichiometric formulas predict the theoretical binding of the
fuel directly to oxygen. In fact, oxygen enters the reaction zone as
a component of air. If we do not take into account the content of
other gases in the composition of dry air, we can state that the air
is a mixture of oxygen and nitrogen in the proportions [11]:

Tab. 7.7: Air volume and mass composition [11].

Volume composition [% volume] Mass composition [%]
Oxygen O2 21.0 23.2
Nitrogen Ny 79.0 76.8

Hence it follows that in order to supply 1 m? of oxygen to the
combustion zone, it is actually necessary to add 4.76 m3 of air,
because every 1 m? of air is accompanied by 3.76 m? of nitrogen
that is not involved in combustion. One mole of any gas (taken as
an ideal gas) occupies the same volume under the same conditions,
therefore the hydrogen combustion reactions can be represented as
follows [11]:

1m? 2.38m? 1m3 1.88m3
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If oxygen or air is supplied in the theoretically needed (i.e. stoi-
chometric) quantity, then it is impossible to completely burn the
fuel [13, 14]. At the final stage of combustion, the fuel and oxygen
molecules will be so separated by the mass of the already formed
combustion products that they will not be able to meet and react
with each other, despite the fact that their total number corres-
ponds to the stoichiometric equations. There is a phenomenon of
incomplete combustion. To ensure the complete burnout of com-
bustible components, the actual amount of air supplied to the com-
bustion zone V), should be bigger than theoretical [11].
Vp=axVy)

The dimensionless quantity « is called the excess air coefficient (ex-
cess oxidant). The value depends on the type of fuel, the design
of the burner and furnace, which determine the degree of perfect
mixing of fuel and air in the combustion zone. As it results from
the above considerations, the condition of effective fuel combustion
in most technological processes is the principle o > 0, otherwise
incomplete combustion is inevitable. For common gas burners the
excess air factor is 1.05-1.15. A certain paradox is that the abso-
lutely necessary excess air in the flame does not wear out, but only
provides the conditions for the complete combustion of the fuel. All
excess air goes to the exhaust gas composition.

7.7 Fuel cells

Fuel cells directly convert the chemical energy of a fuel into elec-
tricity. This type of conversion is an important advantage of cells
because the efficiency of converting one energy into another is not
limited by heat engine theory. Thus, it is possible to obtain effi-
ciencies that exceed the efficiency of converting heat into mechan-
ical energy at the currently mastered temperatures of heat supply
to the cycle in which the heat engine operates (steam turbine, gas
turbine). In the energy sector, the use of fuel cells in small and
medium-sized power units is considered, also as a dispersed source
of heat and electricity. There are many criteria for classifying fuel
cells. The basic division is the links of direct use of a given fuel
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and indirect use of its conversion (reforming). A typical repres-
entative of the first group is a hydrogen and oxygen powered cell.
The cell to which methane or biogas and the oxidant are fed be-
longs to the second group. An important criterion for the division
is the operating temperature of the cell. There are low-temperature
(25—100°C), medium-temperature (100—500°C), high-temperature
(500—1000°C) and especially high-temperature (over 1000°C) cells.
The technological division criterion is the type of electrolyte [4].

Tab. 7.8: Types of fuel cells [4].

Types of fuel cell, FC Type of electrolyte Working
temperature
Alcaline, AFC solution KOH (35-50%) 60 — 200°C
Polymer electrolyte, PEFC polymer membrane 50 — 80°C
Phosphoric acid, PAFC phosphoric acid in 160 — 220°C
high concentration
molten mixture of lithium
and sodium carbonates
Direct methanol, MCFC (LiaCO3/NagCO3) 620 — 650°C
or lithium and potassium
(Li2CO3/K2CO03)
zirconium dioxide
Solid oxide, SOFC stabilized with yttrium 800 — 1000°C
(ZrO2/Y203)

The most commonly used fuel today is hydrogen, and the oxidant
is oxygen in the air. For the cells presented in Tab. 7.8, the fuel is
respectively:

e pure hydrogen Hs,
o pure hydrogen (CO content of less than 100 ppm),
o pure hydrogen (CO2 > 1%),

o hydrogen, carbon monoxide, methane (and other hydrocar-
bons), COz is required at the cathode [3].

The following direct fuels are also considered:
« methane (CH3;0H),
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o formic acid, systematically named methanoic acid (HCOOH),
o ammonia (NHj),

o hydrazine (N3,H3),

o methane (CHy),

o clemental carbon (C) and others [3].

Apart from the classification resulting from the type of fuel, elec-
trolyte or operating temperature, it is possible to divide the cells
taking into account the design and technological criteria. Hence the
division into criteria:

e monopolar and bipolar,

o flat and tubular,

e pressure and atmospheric,

o single-chamber and two-chamber [4].

A two-chamber cell is a classic cell in which the cathodes and anodes
are separated. In a single-chamber cell, the fuel and the oxidant
are brought into one space, and in this case the electrodes must be
distinguished by electrocatalytic selectivity [4].

7.8 Combustion of hydrogen in spark igni-
tion engines

Spark ignition combustion engines operate in such a way that the
prepared and compressed fuel-air mixture is ignited by the spark of
the spark plug. The fuel-air mixture is introduced into the cylinder
and passes through working cycles in which the chemical energy of
the fuel is converted into thermal energy and energy of compressed
exhaust gas capable of performing mechanical work. The condi-
tion for ignition and proper combustion of fuel is an appropriate
concentration of the fuel and an appropriately high energy of the
electric spark. Contemporary spark ignition engines use mixtures
with a composition that allows to minimize fuel consumption and
emission of toxic compounds at maximum power output under given
conditions. The rate of combustion of the mixture in the cylinder
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affects the temperature and pressure. Too high temperature (above
the auto-ignition temperature) will cause self-ignition. As a result
of such combustion, shock waves are created, which reflect from the
cylinder walls, creating an acoustic effect. This type of combustion
is very disadvantageous because:

o reduces engine efficiency,
e causes unevenness of work,

e it loads the elements of the piston-crank system, which in-
creases the failure rate,

e increases fuel consumption,

e causes overheating of engine components and deterioration of
lubrication [15].

The use of hydrogen in spark engines causes a lot of controversy,
mainly due to the power obtained compared to the use of gasoline.
The engine power expenditure is often masked with some extremely
important advantages, such as efficiency or the range of function-
ality. The basic differences of these two fuels in the combustion
process result from extremely different properties such as: dens-
ity, volume energy density, minimum ignition energy, damping gap,
combustion rate, combustion temperature, etc. [16].

A leak in a hydrogen engine causes a rapid volatilization of hydro-
gen and diffusion over long distances. The flame will be directed
upwards, burning takes a relatively short time [15].

The general characteristics of the hydrogen combustion process
show that hydrogen-powered internal combustion engines have al-
most zero emissions of toxic components, and their efficiency may
exceed that of a conventional gasoline engine. This is due to two
unique properties of hydrogen:

¢ this fuel does not contain any toxic ingredients, therefore the
only toxic gas resulting from combustion is NO,, created by
thermal dissociation of nitrogen from the atmospheric air,

e low flammability threshold of lean hydrogen mixtures enables
stable combustion of the mixture under high dilution condi-
tions [15].
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Since the combustion of ultra-lean hydrogen mixtures takes place
at low temperatures, the combustion conditions can be selected so
that the emission from the engine is close to zero. This unique,
efficient and clean hydrogen combustion process only takes place
at low engine load. In the case of high engine load, very low igni-
tion energy of the hydrogen-air mixture causes many unfavorable
events resulting in a significant increase in the combustion tem-
perature, which results in the formation of a significant amount of
NO,. High self-ignition temperature of hydrogen (585°C) means
that it is the most suitable fuel for spark-ignition engines. Never-
theless, the ignition energy of a hydrogen-air mixture is less than
the energy required to ignite a hydrocarbon-air mixture. The low
energy of the hydrogen-air mixture means that it has a predispos-
ition to self-ignition. Pre-ignition is also affected by overheated
engine components: spark plugs, valves and debris from improper
combustion. In recent years, significant progress has been made in
the use of hydrogen as a fuel in spark engines [15].

7.9 Combustion of hydrogen in diesel en-
gines

A typical diesel engine, like a spark ignition engine, is a 4-stroke
engine with the following cycles: filling, compression, operation
(mixture combustion and gas expansion) and exhaust. The cyl-
inder of this engine has separate fuel and air supply. Air is first
compressed in the cylinder to a pressure of 1.4-2.5 MPa. During
compression, the temperature rises to 500-600°C and fuel is finally
injected into the cylinder. After a few milliseconds the fuel will
self-ignite. In the next milliseconds, the fuel is fed into the cylinder
where it evaporates and burns. during combustion, the temper-
ature of the gases in the cylinder can reach 1600-2000°C and the
pressure 6-10 MPa. Combustion in a diesel engine takes place in
a fuel/air ratio of 0.75/0.85 [15].

Hydrogen in mono fuel mode is not applicable to compression ig-
nition engines. Hydrogen may be used in a dual fuel hydrocarbon
pilot fuel mode.
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The influence of hydrogen addition to diesel fuel on thermal effi-
ciency, smoke emission, the amount of HC, CO and NO, emitted,
ignition delay, increase in cylinder pressure and combustion rate
was investigated in [15, 17].

The tests were carried out on a single 3.7 kW water-cooled cylinder,
at 1500 rpm, with a compression ratio of 1:15, where the injection
pressure was 170 atm [15, 17].

The conducted research shows that:

o by adding 5-7% m/m Hg, the thermal efficiency of the tested
system increases by approx. 2%,

e at low loads, the addition of hydrogen reduces the efficiency
of the tested system,

e with a higher power output, the combustion rate is higher,
and with a lower power output, it is lower due to the emission
of a small amount of heat,

« the addition of hydrogen changes the opacity of exhaust gases
by about 55% for diesel fuel,

o the addition of hydrogen increases NO,, by about 15% [15, 17].

The research shows that the addition of hydrogen in the amount
of 5-7% m/m during diesel fuel combustion in self-ignition engines
does not have a significant impact on the combustion effects of such
mixtures [15, 17].

7.10 Combustion of hydrogen in gas turbines

Increased interest in hydrogen is shown, among others, by electricity
producers using gas turbines for this purpose. Compared to clas-
sic technologies, using them seems simpler and more functional [15].
Hydrogen can be used as the primary fuel in gas turbines. Research
on combustion processes of fuels with an increased share of hydro-
gen are carried out, among others in connection with the prepara-
tion of a new class of gas turbines in gas-steam systems integrated
with coal gasification. Program of the United States Department of
Energy (DOE)- the Advanced Hydrogen turbine Development pro-
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gram, aims to increase the efficiency of the gas and steam system
by 3-5%, reduce investment costs by 20-30% and reduce NO, emis-
sions to 2ppm (15% O2). The main goal of the project is to develop
new structures of the vane system with increased efficiency, cooling
intensity and thermal resistance. Achieving the assumed emission
level of nitrogen oxides requires the use of catalytic technology of
their reduction in exhaust gases. In the coal gasification gas, the hy-
drogen content is usually in the range of 25-35% by volume. High
power designs are available for this level of participation. In the
case of a coal gasification installation with carbon dioxide capture,
the share of hydrogen in the fuel exceeds 80%. Company MHPS
announces the generation of pure hydrogen gas turbines for 2025 [4].

7.11 Examples of the use of hydrogen in ship
propulsion

7.11.1 The Energy Observer

Energy Observer is the vessel autonomous in energy. The boat for
ship propulsion uses the energy generated by solar panels and wind
turbines. There is also a hydrogen obtained by electrolysis. Energy
observer produces hydrogen directly on board. Hydrogen produced
in the electrolysis process at a pressure of 30 bar is compressed to
350 bar. Then it is stored in tanks with a total capacity of 322 litres.
It is equipped with hydrogen cells [18].

Principal parameters:
e length 30.5 meters,
e width 12.80 meters,
o weight 28 metric tons,
 speed 8-10 knots [18].

7.11.2 The ULSTEIN SX190 Zero Emission DP2

The ULSTEIN SX190 Zero Emission DP2 construction support
vessel is Ulstein’s first hydrogen powered offshore vessel featuring
a Nedstack fuel cell power system. The design uses proven and
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available technology, enabling clean shipping operations to reduce
the environmental footprint of offshore projects [19].

Principal parameters:
e length: 99 m,
e beam: 23.4 m,
e deck area: 1000-1200 sqm,
o draught (min. In DP): 6.0 m,
e accommodation: 60-90 POB,
e propulsion thrusters: 2 x 1.280 kW,
e tunnel thrusters: 2 x 750 kW,
o deck strength: 10 t/m? [19].

The vessel in stage I is to work without refueling 4 days in a row.
After refining the hydrogen drive, work autonomy on one hydrogen
bunkering is expected to take up to 14 days. Hydrogen bunkering
for the ship will be carried out by replacing containers with refueled
fuel. The hydrogen will be delivered to the ship in specially pre-
pared containers ISO according to the requirements of ADR (Agree-
ment of 30 September 1957 concerning the International Carriage
of Dangerous Goods by Road). The hydrogen tanks will be filled
at the production site or hydrogen distribution [18].

7.12 Conclusions

In conclusion, all the above-mentioned methods of using hydrogen
as ship fuel are possible. Pure hydrogen can be used in fuel cells,
spark ignition engines and gas turbines. Hydrogen in mono fuel
mode is not applicable to compression ignition engines. Hydrogen
can be used in a dual fuel hydrocarbon pilot fuel mode. Hydro-
gen is essentially an inexhaustible, clean, storage and transportable
energy medium. More research is needed to develop and adapt
hydrogen technology in the maritime sector.
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8.1 Introduction

Turbulent dispersed two-phase flows are indispensable part of many
industrial and environmental processes. These can include among
many others: fuel atomization and mixing, spray combustion, cyc-
lone separation, pneumatic transport, bubble column reactors, but
also volcanic processes, sediment transport, warm rain formation
or even the motion of dust particles in protoplanetary disks.

A more profound understanding of the dispersed phase dynam-
ics, particularly concerning preferential concentration, preferential
sweeping, particle collisions and/or coalescence, is critical for fur-
ther advancements in the aforementioned fields. Due to high com-
plexity of such flows associated with a wide range of spatial and
temporal scales, the dispersed phase is most often accounted for
through various numerical methods comprehensively reviewed by
Kuerten [1] and Elghobashi [2]. For the sake of clarity, it should
be underlined that as long as dilute suspensions of particles smaller
than the Kolmogorov length scales are concerned, the dispersed en-
tities can be safely approximated as point-particles. Therefore, the
Eulerian description of a carrier phase motion is typically combined
with the Lagrangian tracking of such individual mass-points lead-
ing to the so-called point-particle direct numerical simulations or
large eddy simulations. It is also worth mentioning that the carrier
phase motion can also be solved by means of the Reynolds-Averaged
Navier-Stokes simulations (RANS), however, this approach is bey-
ond the scope of this work.

It must be stressed that despite significant growth in computing per-
formance, direct numerical simulations (DNS), although providing
the most accurate description, will not be feasible for the majority
of practical applications for many years to come. For this reason,
large eddy simulations (LES) have emerged as a promising tool for
particulate two-phase flows in the past 20 years. As a result of spa-
tial filtering only the large, energy-containing, eddies are resolved,
allowing for reduced computational cost when compared to DNS.
Small, unresolved eddies are typically accounted for through the
so-called subgrid-scale (SGS) stress tensor found in the momentum
conservation equation, often modeled in terms of an artificial viscos-
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ity. Due to the lack of SGS motions, single- and two-point particle
statistics obtained by means of point-particle DNS and LES diverge
with decreasing particle inertia [3]. For this reason, point-particle
LES most often require “two-stage” SGS modeling. In most prac-
tical applications the “first-stage” is meant to ensure the large-scale
motions are to be properly resolved, whereas the “second-stage”
should precisely enhance particle motions. Such an approach typ-
ically requires an explicit coupling between the stages to be en-
forced basing on additional assumptions. An ideal “single-stage”
structural SGS model, in which small-scale motions are introduced
through the available large-scale quantities, remains unreachable.
In such an approach the synthetic small-scale velocity field would
be used simultaneously to determine the SGS stress tensor in the
momentum equation, but also to enhance the fluid velocity at the
particle locations.

In this work we focus on the multifractal scale-similarity observed
in the enstrophy field, and revisit the model of Burton & Dahm [4]
developed in the framework of the “first-stage” SGS modeling. We
also attempt to assess the possibility of extending the proposed
model to particle-laden flows. Specifically, we compared the SGS
vorticity magnitude field obtained from both the SGS multifractal
model and the high-pass filtered homogeneous and isotropic turbu-
lence.

8.2 Previous "first-stage” modeling
approaches

If the filtering operator is applied to the Navier-Stokes equations
governing the motion of an incompressible fluid, a set of equations
describing the large-scale dynamics is obtained as follows:

(CL) 5'@4_%:_18;54_1/ 82ﬁz _aTij
ot o0x; p 0x; Ox;0r;  Oxj
ou;
(b) o, 0 (8.1)
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where u; is the velocity field, p is the pressure field, p and v are
the density and kinematic viscosity of the fluid, respectively. The

overbar (-) denotes the filtering defined as the convolution with the
filter function G:

W= G, it = [ G- u ndx. (52)

The net impact of the subgrid-scale eddies on the resolved ones is
determined through the SGS stress tensor defined as 7;; = w;u; —
w;w;. A key goal of the “first-stage” SGS modeling is to express 7;;
in terms of the resolved (large-scale) quantities.

The traceless part of the SGS stress tensor is often assumed propor-
tional to the resolved rate-of-strain tensor S;; = (9u;/0xj+0u; /Ox;)
according to [5]:

Tij — éTkkéij = —2VtSij, (83)
with the eddy viscosity v ~ (CsA)?|S|, as first proposed by Smagor-
insky [6]; Cs is a model constant, A is a filter width and |S| =
(25;;5:;)'/? is the magnitude of the rate-of-strain tensor. The
model is strictly dissipative and yields v; > 0 even in laminar flows,
hence it is not suitable for simulating transition, and requires addi-
tional adjustments near the walls. This model was further extended
by Germano et al. [7] who proposed a dynamic evaluation of the
model parameter Cs based on double-filtering of the large-scale ve-
locity field. The primary advantage of this approach is that the
model does not contain any user-defined parameters. The para-
meter Cs varies in time and space. It is also reduced near the walls
and vanishes for well-resolved laminar flows. On the other hand, C;
exhibits large oscillations and thus has to be averaged spatially over
homogeneous directions [8]. This model was further generalized for
the LES of compressible flows and advection of passive scalars by
Moin et al. [9]. Subsequently Lilly [10] proposed the use of least-
squares technique to determine the model parameter Cs. Ghosal et
al. [11] further extended the model for inhomogeneous flows.

Kraichnan [12] and Chollet & Lesieur [13] proposed a wave-number-
dependent eddy-viscosity for homogeneous turbulence. In the lat-
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ter, the eddy viscosity is defined as follows:

ve(klke) = Cc*/?[0.441 + 15.2 exp(—3.03kc/ k)] ElikC), (8.4)
C

where Ck is a model constant, k. is the cutoff wavenumber, i.e.
the maximum wavenumber in LES, E(k.) is the kinetic energy as-
sociated with the cutoff wavenumber. However, when compared to
DNS, the model turns out to overpredict the energy spectrum deep
in the inertial range, but, on the other hand, underpredicts E(k)
near the cutoff.

In general, functional models not only sufficiently accurately pre-
dict the transport of kinetic energy within the resolved scales but
also the transfer from the resolved eddies to unresolved ones. The
main drawbacks of such models, however, are that they generally
cannot predict both the correlations between modeled and actual
SGS quantities and the so-called backscatter, i.e. the transfer of
energy from smaller to larger scales. According to recent findings,
however, it seems not necessary for the SGS model to account for
the backscatter in order to obtain accurate and stable LES [14].

Structural models, on the other hand, aim at reconstructing the
actual small scales that directly influence the evolution of the re-
solved ones, and are usually used to address the aforementioned
deficiencies of the functional approach. Bardina et al. [15, 16] pro-
posed a scale-similarity model that presupposes equality between
the smallest resolved and largest unresolved scales leading to:

Tij R Ui Uj — Ui Uj (8.5)

The model accounts for the backscatter, but, on the other hand,
turns out to underpredict the SGS dissipation. Hence, it is typically
combined with the Smagorinsky model. Stolz & Adams proposed
an approximate deconvolution method (ADM) procedure for LES
in which a truncated series expansion of the inverse filter operator
is used to obtain an approximation of the unfiltered velocity field.
ADM, however, does not account for any explicit SGS motions and
thus enhances scales near the cutoff only. Domaradzki proposed
the so-called velocity estimation procedure developed in Fourier
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space [17] and subsequently extended it to physical space [18]. In
this approach the unfiltered velocity field appearing in the SGS
stress tensor, 7;;, is approximated at scales two times smaller than
the filter width, i.e. A/2, as the evolution of the resolved scales
(k < k¢) is mostly governed by the interaction between scales for
which the wavenumber is less than 2k, [19]. Initial SGS velocity
components are obtained through the deconvolution of the resolved
velocity field. These are further adjusted to match the SGS velocity
field obtained by means of nonlinear interactions between the re-
solved scales. Burton & Dahm [4, 20] proposed a new approach to
modeling the unfiltered velocity components appearing in 7;; based
on the multifractal scale-similarity in the enstrophy field observed
in high Reynolds number turbulence. The model accounts for the
backscatter and shows good correlations between modeled and ac-
tual SGS quantities in both a priori and a posteriori tests. Scotti
& Meneveau [21] calculated 7;; explicitly from a synthetic SGS ve-
locity field obtained through the so-called fractal interpolation. In
this approach the resolved velocity field is interpolated down to
scales much smaller than the LES grid scale by means of an iter-
ative mapping. The model turns out not only to be sufficiently
dissipative but also yields good correlations between the modeled
and actual SGS quantities.

8.3 Previous ”second-stage” modeling
approaches

Ray & Collins [22] studied the so-called kinematic simulations (KS)
as a means to enrich the fluid velocity at the particle locations in
a filtered homogeneous and isotropic turbulence. In such an ap-
proach the fluid velocity seen by inertial particles, u®®®, is determ-
ined as follows:

N M
u®®®(x,t) = Z Z anm X knm ) cos(kpm - X + wpt)+

n=1m=1

(bpm X knm) sin(Kpm - X 4+ wit). (8.6)
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where K, = Kom /|kn|. The energy is essentially distributed over
N shells of radius |k,|, each containing M randomly oriented wave-
vectors. The velocity field is non-divergent, statistically stationary,
homogeneous and isotropic. Coeflicients a,,, and by, are randomly
selected vectors with independent and normally distributed com-
ponents, each with zero mean and variance o2 = E(k,)Ak,, where
E(ky,) is a prescribed energy spectrum typically obtained from a ref-
erence DNS. The Authors studied specific two-point particle stat-
istics and reported some improvement for particles of larger iner-
tia. VoBkuhle et al. [23] studied particle collisions in both DNS
and KS-based synthetic velocity field and observed good agreement
between the two only in the limit where the influence of particle
inertia is negligible. Zhou et al. [24] combined KS with ADM and
studied relative dispersion of flow tracers in LES of homogeneous
isotropic turbulence. The Authors observed substantial improve-
ment in the prediction of Lagrangian dispersion of passive particles
for LES when compared to a reference DNS. The Authors extended
the model to particle-laden flows [25], however, did not report any
further improvement when compared to similar work reported by
Ray & Collins [22]. Recently, Rajek & Pozorski [26] studied the
impact of KS on particle settling velocity and collision-related stat-
istics in a priori LES of homogeneous and isotropic turbulence. The
Authors indicated that, due to the lack of the sweeping effect, and
possibly SGS nonlinear interactions, KS is incapable of retrieving
the instantaneous velocity field observed in DNS and, consequently,
cannot precisely enhance particle motions in a priori LES. Bassenne
et al. [27] extended the velocity estimation procedure developed in
physical space [18] to particle-laden flows. In this approach SGS
velocity field is iteratively reconstructed at scales smaller than the
LES filter width, and thus, at least to some extent, allowing for ap-
proximate reconstruction of two-point particle statistics. The Au-
thors reported a moderate improvement of particle statistics when
compared to LES without any SGS model for particle motion. It
should also be pointed out that the reconstructed SGS velocity field
is enforced to be non-divergent through a classic Hemholtz decom-
position which can be prohibitively expensive.
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8.4 Multifractal SGS modeling for single-
phase flows

Burton & Dahm [4, 20] proposed a novel approach to approxim-
ate the SGS velocity field components appearing in 7;; basing on
the multifractal representation of the SGS vorticity field. This ap-
proach has a strong theoretical foundation indicating that gradi-
ent fields, such as the enstrophy [28, 29] or the turbulence energy
dissipation rate [30-32], exhibit multifractal scale-similarity over
inertial-range scales in high Reynolds number turbulence. A self-
similar or otherwise multifractal measure, is said to be statistically
indistinguishable at all scales. The Authors proposed to retrieve the
SGS velocity components from a multifractal SGS vorticity field by
means of the Biot-Savart integral as follows:

1
uES (x, ) = — / W (X, 1) x K(x, x)d2 7,
2

4
x—x
K(x,x') = ma (8.7)

where w8 is the SGS vorticity field within each resolved-scale grid
cell of size A. It should be pointed out that the Biot-Savart integral,
Eq. (8.7), is evaluated for each A-scale grid cell separately. The
SGS vorticity field is approximated in two steps. During the first
step, a scale-invariant multiplicative cascade distributes the SGS
vorticity magnitudes within each A-scale grid cell according to:

N 1/2
W[ (x, 1) = |Qugs(2V)? [ Mu(x,t)| (8.8)

n=1

where N = loga(A/),) is the number of cascade steps; A\, = 5.9\
is the viscous length scale [29] and Ak is the Kolmogorov length
scale. Multipliers M,, are randomly selected at each step of the
multiplicative cascade from a scale-invariant distribution P(M),
precomputed by reversing the multiplicative process in the DNS
velocity field [33, 34]. Qggs, i.e. the total SGS enstrophy within
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each resolved-scale cell of size A, is approximated as:
kv
Qus= | Q)K= Q4

4/3
i (:A) _ 1] . (89)

on condition that k A lies within the inertial range, and thus the en-

strophy spectrum Q(k) scales with the wavenumber as Q(k) ~ k/3.

In the above equation £ = (1 —27%3)7! and Q5 = wiAwiA where

wA = V xu? is the vorticity field associated with the scales range
between A and 2A. The velocity field u? can be obtained through
filtering according to uZA = U;— (ﬂi)QA where (ﬂi)2A is the resolved
velocity field, w;, filtered at scale 2A.

During the second step of the SGS vorticity field generation process,
an additive cascade is introduced to ensure isotropic decorrelation
of the SGS vorticity orientations between subsequent subgrid scales
as the cascade progresses from the smallest resolved scales A down
to the smallest, unresolved ones \,. The Authors determined each
component of the orientation unit vector at stage (n + 1) as:

et = e +0i(¢,0)" (8.10)

where ¢ and 6 are stochastic spherical decorrelation angles in a local
coordinate system aligned with &4, However, it should be emphas-
ized that the orientation vector, Eq. (8.10), is not a unit vector, i.e.
|entl] = |&" + §(¢,0)" Y| # 1, and requires additional normaliz-
ation. Nevertheless, the Authors proposed to determine the SGS
vorticity field as follows:

N
W (x, 1) = || (I(./\f)éA(x, H+1-0)Y 5n> . (8.11)
n=1

where &, is the decorrelation vector in the orientation cascade,
Eq. (8.10), and 7 is the intermittency factor defined as:

z:/g wsgs-wAdQA//Q Wl (8.12)
A A

The vorticity field in its current form, Eq. (8.11), was designed to
retrieve the tendency of the strongest vortical structures to remain



8.4. MULTIFRACTAL SGS MODELING ... 229

aligned with the local strain rate tensor [4]. According to the Au-
thors, this corresponds to high multiplier values M,,. With respect
to the aforementioned considerations, the SGS vorticity field should
somehow take into account the correlation between M, and d,.
The Authors, however, assumed such correlations to be negligible
and thus expressed the expected value of the small-scale vorticity
field as:

N

(@) = TV){w=)e2 (x, 1) + (1 - T) (™)) 3 (8,).  (3.13)
n=1
From (8.8) and (8.13) they obtained
(@) = V)@V (My . M) /2 QYf2e?, (8.14)

assuming the orientation cascade to be fully isotropic. i.e. (d,) = 0.
Furthermore, the expected value of the SGS velocity field (u®s*) was
obtained through the Biot-Savart integral, Eq. (8.7), as follows:

(W) = ZW)(2V)Y3(M1... My)?)

Q V2 A
sgs 1/2 4
x (QA> = /QA Q{764 x K d2y, (8.15)

eventually leading to:

() = TN PRMYRN AN ]2l (3.16)

It is worth mentioning that if the Biot-Savart integral was evalu-
ated properly, i.e over the entire vorticity field, such simplification
could not be possible as Qg5 is essentially a function of space and
time. Finally the Authors approximate the SGS velocity compon-
ents according to:

WP~ TNV 2 e, (s17)

where the intermittency factor Z, Eq. (8.12), is further approxim-
ated as:

I(N) ~ Cr2~ CBRH3/2AN A1/2) =N (8.18)
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where C7 =~ 0.37 is a model constant obtained through a priori
testing. Equations (8.17) and (8.18) constitute the multifractal SGS
model and are used to approximate the SGS stress tensor according
to:

p—— JR—— —_— Sgs Sgs— SgSs _ Sgs
Tij = Uiy — Wy + Wy + a4 ug ul (8.19)

8.5 Multifractal SGS modeling for particu-
late two-phase flows

In this work we studied the multifractal SGS model introduced in
Section 8.4 and took a necessary step to assess its possible exten-
sion to particulate two-phase flows. We specifically concerned the
instantaneous structure of the SGS vorticity magnitude field, re-
trieved through the application of the multiplicative cascade given
by Eq. (8.8), and subsequently compared it with the SGS vorticity
magnitude field obtained from a high-pass filtered homogeneous and
isotropic turbulence.

We performed the DNS of homogeneous isotropic turbulence by
means of the standard pseudo-spectral method [35] in a periodic
cube with an edge length of 2. In Fourier space, equations gov-
erning the motion of an incompressible fluid become:

(gt + ka) (k. t) = POF(ux w) + 0 t)  for < e
(8.20)

where t(k,t) is the fluid velocity in Fourier space, F denotes the
Fourier transformation, P;; = &;; — kikj/k* (i,j = 1,2,3) is the
projection tensor, and f is an artificial forcing used to sustain tur-
bulence [36]. The computational domain was uniformly discretized
with N = 2563 points allowing to accurately resolve a turbulent
flow with the Reynolds number based on the Taylor microscale
Rey =~ 107. The spatial resolution was monitored by the value
of kmaxn which was kept larger than 1.5. An ideal SGS velocity
field, i.e. deprived of any modeling errors, was furthermore obtained
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Fig. 8.1: One-dimensional intersection through thef/i/orticity mag-
nitude field.

through the high-pass filtering according to:

(8.21)

ljlsgs =

. {ﬁ(k,t) if k| > ke

0 otherwise,

where k. = 30 which corresponds to LES with a 643 grid resolution.
Hence, the multiplicative process is expected to have at maximum
N = 2 steps. It should be emphasized that in such case, how-
ever, the multifractal model will introduce scales comparable to the
smallest dissipative scales, A, rather than viscous scales, \,, thus
reaching out beyond the model assumptions regarding the inertial
range scaling, Eq. (8.9). The multifracal SGS vorticity magnitude
field was obtained according to Eq. (8.8), where the scale-invariant
distribution of multipliers was approximated according to [37] as:
oo

P(M) = 2sin7r./\/l, 0<M«<1 (8.22)

In principle, the multiplicative cascade generates a total of 2V cells
of size A\, in each spatial direction, however, only 2N 1 multipliers
are randomly selected to ensure the conservation of quantity being
distributed. Fig. 8.1 shows a simple 1D intersection through the
vorticity magnitude field. It is readily observed that the multifractal
model, Fig. 8.1 (left), is incapable of retrieving the instantaneous
SGS vorticity field, at least in terms of the vorticity magnitudes and
spatial correlations. Such deviations may result from the adopted
scale-invariant distribution of multipliers, Eq. (8.22). To address
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this issue, we defined an additional triangular distribution of mul-
tipliers, Fig. 8.2, as follows:

PM) = 16M—4, 025<M<05 (8.23)
12— 16M, 0.5 < M <0.75. '

It is readily observed, Fig. 8.1 (right), that such a distribution en-
sures better agreement with the DNS SGS vorticitiy magnitude
field. In general, the multiplier M, between two successive scales
at any point (x;,t;) is determined according to [32] as:

f\x—x,-|<e/2 f|t—ti|<e/2 p(x, t)dxdt

Me(xi, ti) = ,
( ) f|x—xi|<e f|t—ti|<e H(X7 t)dth

(8.24)

where 1 denotes the field being distributed. The multiplier distri-
bution P(M,) is determined at each scale € and must subsequently
be generalized for scales range at which the scale-similarity applies.
Ideally, for an autonomous LES, the scale-invariant distribution of
multipliers P(M) should be parameterized by means of the resolved
quantities only.
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Fig. 8.2: Scale-invariant distribution of multipliers.
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8.6 Conclusions and outlook

We revisited the multifractal SGS model introduced by Burton &
Dahm [4] in the framework of the “first-stage” subgrid-scale mod-
eling for LES of homogeneous and isotropic turbulence. This ap-
proach has a strong theoretical foundation indicating that gradient
fields, particularly concerning the enstrophy field, exhibit multi-
fractal scale-similarity over inertial-range scales in high Reynolds
number flows. In this approach the scale-invariant multiplicat-
ive cascade, Eq. (8.8), distributes the SGS vorticity magnitude
within each resolved-scale grid cell, whereas the additive cascade,
Eq. (8.10), ensures isotropic decorrelation of the SGS vorticity ori-
entations from the resolved scale A to the viscous scale A,. Once the
SGS vorticity field is determined, the SGS velocity field is obtained
by solving the Biot-Savart integral, Eq. (8.7), for each resolved-scale
grid cell separately.

If LES of particulate two-phase flows is concerned, the SGS velo-
city field should be explicitly included to enhance particle motions
according to:

dVv VvV, - (u Sgs
P - — P (u tu ) + g,
dt Tp
dx,

dt

~V,, (8.25)

where V), is the particle velocity, 7, is the particle relaxation time, u
and u®®® are the fluid large-scale and subgrid-scale velocities at the
particle locations, respectively, g is the gravitational acceleration,
X, is the particle position.

To assess the scope of applicability of the present approach we com-
pared the SGS vorticity magnitude field obtained from the multi-
fractal SGS model and the high-pass filtered homogeneous and iso-
tropic turbulence. We observed notable discrepancies between the
two, particularly concerning vorticity magnitudes and spatial cor-
relations. The vorticity magnitude fields differ in detail, however,
are expected to exhibit the same multifractal character [4, 32].



234 CHAPTER 8. SUBGRID-SCALE MODELING ..

However, if we assume that A is an arbitrary vector field then:

V-(VxA)=0, (8.26)

meaning that the divergence of a curl is always equal to 0. Due to
the stochastic nature of both the multiplicative cascade, Eq. (8.8),
and the additive cascade, Eq. (8.10), the SGS vorticity field defined
according to Eq. (8.11), is not non-divergent, ergo cannot be re-
versed through the application of the Biot-Savart integral, Eq. (8.7).

Moreover, in contrast to the present approach, the Biot-Savart in-
tegral is typically evaluated over the entire vorticity field allow-
ing to account for the contribution from the surrounding cells, but
also, enforcing the retrieved velocity field to be continuous and non-
divergent. If the Biot-Savart integral is evaluated over artificially
restricted region, as proposed by the Authors, the retrieved velocity
field will obviously be discontinuous at cells boundaries. Such dis-
continuities are furthermore expected to influence particle motions
leading to artificial clustering at the resolved-scale cells boundar-
ies. To overcome this issue, the scale-invariant multipliers P(M)
should be somehow resampled to obtain continuous and divergence-
free vorticity field and, consequently, to enable a proper evaluation
of the Biot-Savart integral.

If particulate two-phase flows are concerned, and thus explicit SGS
velocity components are required in the particle equation of mo-
tion, the multifractal SGS model, developed by Burton & Dahm [4,
20, 28] in the framework of single-phase SGS modeling, introduces
non-physical ”vorticity” field, and, subsequently, reverses it incor-
rectly using the Biot-Savart integral. Therefore, it seems that this
approach is inappropriate in terms of retrieving the SGS velocity
components. Moreover, due to inevitable computational cost asso-
ciated with the evaluation of the Biot-Savart integral, the multi-
fractal SGS model, does not bode well for future development of
an SGS model enhancing particle motions.
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9.1 Introduction

In this chapter fundamental of guided wave-based structural health
monitoring is reviewed. After that principles and advantages and
disadvantages of transducers used for the SHM system are de-
scribed. Additionally, there is a short study of reference-free dam-
age detection techniques. In the last section, an experiment has
been conducted to investigate one of the reference-free damage de-
tection method using “the theory of instantaneous baseline” ap-
proach.

9.2 Guided wave-based structural health
monitoring

The process of damage detection in aerospace, civil, and engineer-
ing science infrastructure is part of structural health monitoring
(SHM). Here, any changes to the dimension and geometry or ma-
terial properties including changes to the boundary conditions and
system connectivity, which adversely affect the system’s perform-
ance are considered as damage. Within the last decades, a rapid
increase in the amount of research associated with SHM has been
seen. The increased interest in SHM and its associated potential
for significant life-safety and economic benefits has motivated the
requirement for this theme [1].

SHM systems provide a useful tool for damage detection in engin-
eered structures which ends up in the reduction of the upkeep costs
and improvement of reliability of the structures. Several SHM tech-
niques like vibration-based [2], strain-based [3], and electromechan-
ical impedance-based techniques [4] are developed. Another can-
didate is a guided wave-based SHM technique, which has attracted
substantial attention within the past 20 years. Guided wave-based
schemes offer some advantages such as application of cheap and
light-weight transducers and it can easily incorporate within the
structure, beside that due to covering a high range of frequency ex-
citation can detect minute damages. Unlike low-frequency vibration
technique, few numbers of transducers can perform measurements
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a wide range of area. The trade-offs are essentially the complexit-
ies related to guided wave propagation and their interaction with
damage. Firstly, the guided waves are often multi-modal and hence
one wave input converts into different wave modes make the re-
sponse analysis more complicated to. Secondly, most of the guided
waves are dispersive, i.e., the form of the wave changes when it
propagates. In addition to this, the waves are reflected by the dis-
continuities and boundaries, resulting in complex response, which is
strongly influenced by environmental factors, instrumentation, and
ambient noises, and altered in operational conditions. The above
phenomena often hide the damage signature, which might be sorted
out through proper selection of transducers, a good understanding
of the wave characteristics, and signal processing schemes [5].

9.3 Fundamental of guided-wave based
SHM

Primarily, ultrasonic elastic wave propagating through bounded
structural media of guided wave is used in the context of SHM.
Lamb wave is one of the most common sorts of guided waves that
have been studied for the application to SHM. Lamb waves propag-
ate in thin plates and bounded shells. For thicker plates Rayleigh
propagates near the free surface of the media and at a higher fre-
quency. Another, similar wave in plate-like structure is the shear
horizontal (SH) wave, commonly studied for laminated composite
plates [6].

Analysis of propagation is based on the governing differential elastic-
dynamic equations and associated boundary conditions. To ob-
tain the dispersion features these equations are transformed to the
frequency-wavenumber domain. Propagating modes and wave ve-
locity as a function of frequency are relations between group/phase
velocity and frequency which define wave propagation behaviour. In
addition to dispersion characteristics, the governing equations are
also solved in the time domain to evaluate the wave amplitudes,
reflections from edges and boundaries, and interaction with dam-
age [7].
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9.3.1 Modeling and simulation of guided waves

Numerical, analytical, and semi-analytical techniques for model-
ling methodologies of guided waves have been introduced to date.
Although some reviews of computational mechanics have been con-
ducted [8-11], FEM (finite element method) remained the most
common modelling technique to validate and study guided wave ex-
periments to evaluate the efficacy of different post-processing tech-
niques. FEM has been also used as a great solution for the simula-
tion of wave propagation in laminated structures to overcome the
problems caused by anisotropy and layered structure [5]. Recently
3-D modelling of composite is more in the center of attention for
researchers in this field. A comparative study on the suitability of
several higher-order FE techniques including the spectral element
method (SEM) for simulation of Lamb waves has been discussed [6].

Simulation and visualization of Lamb waves based on the finite dif-
ferences method (FDM) were investigated in [11]. This method
was later adopted by [12, 13] for damage detection in the aniso-
tropic plate. Numerical approaches include distinctive methods
such as the FDM method investigated by [14] and wave finite ele-
ments (WFE) reviewed in [15]. In a parallel manner work on ana-
lytical methods for the study of guided wave motion progressed
and many papers have also introduced analytical modelling of scat-
tering and interaction of the guided wave with damages [16]. To
anticipate the A0 Lamb wave scattering at delamination, in ref-
erence [17] an approach based on Mindlin plate theory and Born
approximation is presented. Damage localization in composite lam-
inates based on an analytical technique that comes from the rela-
tion between propagation directions and anisotropic was presented
by Li et al. [18].

9.4 Damage detection and localization by
guided-wave based SHM

Several approaches for SHM have been investigated by researchers.
Farrar [1] and C.Boller [19] described the integration of SHM into
the aircraft design process and the way to validate the established
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loads monitoring process and compared it to an emerging damage
monitoring solution. Creating a network of sensors integrated into
the structure with the spacing between sensing points similar to
or smaller than the scale of the anticipated damage. The sensing
requirements for an individual sensor can be accomplished with con-
ventional NDT techniques. This approach is a biologically inspired
nervous system and relies on a complete sensing system integra-
tion into the baseline structure. Making such a technique more
practicable, crucial developments in sensor technology are deman-
ded. Some progress has been indicated in [20] showing how several
techniques can be applied together and integrated into a structure.

The basic idea of damage localization in the Lamb waves-based
technique is that damage can dissipate the traveling wave in a dam-
aged plate [21]. Processing the scattered signal contains some in-
formation about the damage such as the (location, size, orientation,
type). Time-of-flight (ToF), is an important element for damage
localization which is extracted from the scattered signal. ToF is
calculated by the travel time of a wave packet from an actuator to
a sensor through a given path [22].

Many of these techniques implement the baseline signal subtrac-
tion approach for damage diagnosis. In this approach, the signal
obtained from a defect-free structure called the baseline signal is
compared with the actual signal recorded during routine inspec-
tions. Any considerable differences between these signals can be
recognized as critical damage. However, ambient temperature vari-
ations, unavoidable unpredictability in the PZT installation, and
breaking down of mechanical properties can affect the accuracy of
this common approach [23].

9.5 Actuators and sensors used in SHM

As mentioned previously, actuators and sensors are important parts
of an SHM system. Choosing an appropriate transducer is af-
fected by many factors such as compatibility with the geometry
of the structures, sensitivity to mechanical responses, the efficiency
of stress or energy transfer, lower level of interference of transducer



246 CHAPTER 9. REFERENCE FREE DAMAGE ..

dynamics with the wave propagation, frequency of operation, en-
vironmental conditions, etc. [24].

The following subsections describe, in brief, these transducers and
their implementation for guided wave generation and sensing.

9.5.1 Piezoelectric transducer (PZT)

Piezoelectric transducers have been most commonly used
among all the other kinds of transducers for actuation and sens-
ing of guided waves. In the beginning, PZT wedges and combs
were being used for ultrasonic NDT as both actuators and sensors of
guided waves [25, 26]. Due to a lack of integrability to the structure,
PZT has been replaced by piezoelectric wafer transducers (PWT)
for guided wave actuation and sensing [27-29]. Piezoelectric wafer
active sensors (PWAS) provide SHM systems with some benefits
such as being easily embedded in the structures, lower cost, lighter
weight, and capability to manufacture with low thickness. Apart
from what has been mentioned as advantages of these transducers,
PWT encounters some challenges with incorporation into struc-
tures with curved and unusual geometry. Some attempts have been
performed by researchers to overcome this limitation such as using
piezo-composite actuators to achieve more flexibility [30].

9.5.2 Doppler vibrometer

The laser Doppler velocimeter/vibrometer (LDV) is a noncontact
optical sensing tool for accurately measuring vibration velocity in
the point of structure. The noncontact nature of the instrument
makes it particularly attractive for use on lightweight structures
where measurement interaction must be minimized. Real-time scan-
ning LDV’s have recently been introduced to measure fluid flow
velocity profiles rapidly.

9.5.3 Fiber Bragg grating sensors (FBG)

Recently FBGs have gained researchers’ attention because of their
attractive properties and capabilities. The FBG is a narrow band
wavelength filter written in an optical fiber, which reflects a certain
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narrow bandwidth of light out of the total input light to the fiber,
transmitting the other wavelength. The reflection is due to the
unique structure of the FBG in which the refractive index of the
core is periodically perturbed along the grating length [31].

There are several advantages of FBGs which can be taken into
account. First of all, they enhance ultrasonic detection with only
a single lead-in lead-out connection which provides multiple sensing
locations. FBG sensor is made up of glass which is environmentally
more stable and has well above the lifetime of the FRP structures.
Additionally, because of the diminutive size can be embedded in
FRP composites during the manufacturing of the composite part
with no effect on the strength of the part. This sensor is appropriate
for organizing since it encompasses a narrowband with a wavelength
working extend and thus can be exceedingly multiplexed. This non-
conductive sensor can operate in electromagnetically noisy environ-
ments due to immunity to electromagnetic fields. It is also a suitable
choice for remote sensing because of its low transmission loss, which
provides monitoring of the signals from long distances [32, 33]. Fur-
thermore, the FBG sensor provides the measurement of multiple
parameters such as load/strain, vibration, and temperature [34].

The problem with the application of GW in composite structures is
the high attenuation of the waves and complex propagation pattern
due to the material anisotropy. The attenuation of the elastic waves
can be countered by the use of more sensors which is not ideal due
to the additional wiring requirements and the increase in weight.
The Fiber-optic (FO) sensors can be multiplexed (many sensors on
a single fiber) and hence are a good solution to reduce the weight
issue and overcome the wiring issues. The FO sensors-based fiber
Bragg grating (FBG) sensors are extremely popular but their use
for GW detection has been limited due to their low sensitivity [35].
Although the recent advances in the use of the edge filtering ap-
proach [36] and the remote bonding of the FBG sensors [37], it is
possible to obtain good sensitivity, thus paving the way for their
use in structures.

Despite all the advantages of FBG sensors, they are passive sensors
and have directional sensitivity. In order to apply them to the
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existing techniques of baseline-free damage detection there might
be a few challenges. One of the promising techniques to improve the
sensitivity of FBG is edge-filtering, in which on the linear region of
the reflectivity spectrum of the FBG a narrow band laser source is
set with its output wavelength. As it is shown in Fig. 9.1 [38], any
minor shift in the A ends up in a large change in the output intensity,
which is detected by a photodetector. The schematic setup for this
technique is illustrated in Fig. 9.1 [38].

Tuned laser

A

reflectivity

|
strain |§

Fig. 9.1: Tlustration of edge filtering approach [38]. Used by au-
thor’s permission.

The primary benefit of FBG sensors being used in edge-filtering do-
main is being self-referencing and independent of fluctuating light
levels as the perturbation information is encoded in wavelength.
In contrast to other types of optical fiber sensors, this system has
immunity to source power and connector losses. There are further
advantages of FBGs can be taken into account such as linear re-
sponses over distinctive orders of magnitude. Therefore FBGs are
considered very important components for monitoring composite
material and the development of smart structure technology [39].
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One of the major disadvantages of using an FBG arises from the fact
that the extraction of relevant features from the measured signals
requires a high signal-to-noise ratio (SNR) in the captured signal.
This is because the measured signal has such a minimal amplitude
and we need to discern any small change in that signal from the
background noise. Several factors reduce the SNR of the FBG.
First of all, the cylindrical optical fiber geometry reduces the signal
transfer to the optical fiber, because the contact area between the
optical fiber and structure is significantly smaller as compared to
disc/patch type sensors such as PZT disks/wafers.

The physics of the fiber-wave coupling and the use of this phe-
nomenon for damage detection has been the focus of several stud-
ies [40-42].

9.6 Reference free damage detection

Looking through the current reference-free damage detection ap-
proaches, almost all of these techniques compare the measured re-
sponse of the structure with measurement taken when the structure
is known to be healthy (baseline). Although these methods seemed
to be practical in laboratory tests, their application to real struc-
tures in in-service conditions has been very limited due to some
reasons. Above all, baseline condition measured is not always ac-
cessible, besides that baseline measurements are often corrupted
by noise or affected by changes in ambient conditions. Changes
in environmental and operational conditions such as fluctuations
in temperature, variation in surface moisture, and varying load-
ing conditions can all cause the response of a structure to change
significantly from the baseline measurement. The presence of the
various ambient condition in the use of a standard baseline com-
parison method may lead to false damage indication. Additionally,
standard baseline comparison methods are unable to detect damage
that exists in a structure before the installation of the health mon-
itoring system, therefore, they are only useful for detecting future
damage [43]. As a result, a method that can be applied to a struc-
ture without the baseline measurements is extremely demanded.
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9.6.1 Non-linear ultrasonic based technique

Some of the reference-free GW-based damage detection techniques
make use of non-linear ultrasonic. Non-linear analysis of guided
waves enables the detection of small changes in the microstructure
of the material that do not affect the linear elastic constants or
result in detectable scattering [44]. The basis and methodology for
utilizing nonlinear ultrasonic guided waves for early damage de-
tection are discussed by [44]. The basic concept of this technique
is a distortion of the guided waves coming about from the micro-
structural changes that cause higher harmonics, which are then
representative of the early stages of damage. Lim et al. [45] stud-
ied a reference-free fatigue crack detection technique using non-
linear ultrasonic modulation. A nonlinear modulation technique
can be employed when low frequency (LF) and high frequency
(HF) inputs are generated by two surface-mounted PZT transducers
that are applied to a structure, the presence of a fatigue crack
can provide a nonlinear mechanism, and create spectral sidebands
around the frequency of the HF signal. The crack-induced spectral
sidebands are isolated using a combination of linear response sub-
traction (LRS), synchronous demodulation (SD), and continuous
wavelet transform (CWT) filtering [45].

The same as a bulk wave, changes in an elastic medium can be
recognized by any nonlinearity in an ultrasonic Lamb wave how-
ever, its nonlinearity is affected by angle, partial wave vectors, and
higher-order elastic constants [46]. Parameter 8’ is widely-accepted
as relative nonlinear which can be defined by:

Ao
== 9.1
5= (9.1
where A; and A, are the amplitudes of the fundamental wave and

the second harmonic wave, respectively.

In nonlinear ultrasonic technique, to extract the amplitude inform-
ation at the exact fundamental and harmonic frequencies while re-
ducing the influence of the reflected and scattered waves, a data
process based on the job done in [47] and is shown in Fig. 9.2.
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First, a complex wavelet transform plots the signal in the time-
frequency domain. The input signal distributes its main energy
and exhibits no harmonic components. The signal detected by the
PSFBG balanced sensor exhibits its energy concentration, which
agrees well with the middle frequency of the input signal. The sig-
nal also shows a clear harmonic component with a low amplitude.
Then, the amplitude envelopes at both fundamental and harmonic
frequencies will be extracted.

T i Extract S
e ex fundamental Plot the Determine nonlinearity
Wavelet . g . . i
&harmanic envelopes peaks Evaluation
Transform

components

Fig. 9.2: Flow chart of the data processing method [47].

These methods are not sensitive to linear defects, also the damage-
sensitive signal is often overlapped by background noise.

9.6.2 Reference-free damage detection using the time-
reversal method

As it was mentioned before, one of the main problems of working
with Lamb waves is effect of dispersion. Time reversal (TR) has
been introduced by some researchers as a technique to overcome
this issue [48, 49].

In the time-reversal method, an input signal can be reconstructed
at an excitation point (point A) if an output signal recorded at
another point (point B) is remitted to the source point (point A)
after being reversed in a time domain as illustrated in Fig. 9.3. This
time reversibility (TR) of waves is based on the spatial reciprocity
and time-reversal in variance of linear wave equations [49, 50].

The idea of applying the time-reversal concept to Lamb waves has
been introduced before by [50, 52]. A specific narrowband input
waveform and a wavelet-based signal filtering technique are em-
ployed to enhance the TR of Lamb waves to rebuild the input signal.
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Fig. 9.3: Concept of time-reversal principle [51].

The time-reversal process depends on frequency therefore, different
frequency components of the broad-band excitation are scaled dis-
tinctively over the time-reversal process which leads to making the
complete reconstruction of the input signal for Lamb wave propaga-
tions. As a result, using a narrowband excitation could be practical
to improve the TR process. Hyun Woo Park [51] enforced TR for
Lamb waves, to detect certain types of defects by examining the
deviation of the reconstructed signal from the original input signal
without any past baseline data.

To localize and estimate the size of damages in plate-like struc-
tures pulse-echo mode has been used by [49, 50]. However, this
method requires more complicated approaches for multiple damage
detection as the pulse-echo process is likely to detect only the most
distinct defect. Therefore investigating pulse-echo mode in plate-
like structures by using a dense array of sensors to cover the entire
boundary of the specimen seems impractical [51].

As fundamental of TR is based on linear responses in case of ex-
istence of any source of nonlinearity its linearity will be disturbed.
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Therefore, comparison between the original input signal and rebuilt
signal leads to damage detection such as recognition of crack or fiber
breakage. The majority of regular damage detection techniques use
the measurements of the healthy condition of the structure as the
baseline data which is highly under the effect of environmental con-
ditions. As a result, normalization is required to be conducted to
distinguish signal changes made by defects from those disorders
caused by natural variations of the system [51].

An enhanced time-reversal method using wavelet signal
processing

To minimize the dependency of the time-reversal operator on the
frequency and maximize the signal-to-noise ratio, a designed nar-
rowband input waveform propagates on a structure. Application of
narrowband input signal prevents the time-reversal operator from
having large variations around the driving frequency also, signal
processing will be more convenient and repeatable [53] attempted
to eliminate noise in the ultrasonic signal by the same approach.

Modified time-reversal method (MTRM)

The capability of the time-reversal concept can be improved by
a modified time reversal process. Regularly in structural health
monitoring systems transducers are located in a circular or rect-
angular pattern. Interestingly in MTRM only one transducer is
usually placed in a central location and works as an actuator and
the others could function as sensors. One of the main advantages of
this method is reducing the hardware such as signal generator wir-
ing, etc. Moreover, it enables sensing using non-contact methods
like vibrometer for ground-based SHM. The principle of the MTRM
method contains several stages beginning with sending A Lamb
wave tone burst signal from transducer A and recording at trans-
ducer B, which continues by reversing the received signal at B in
time. After that time-reversed signal will be resent to transducer
B. At last, by comparing the captured signals to the actuated ones
where both signals are normalized damage detection can occur [54].
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9.6.3 Instantaneous baseline approaches (IBM)

Instantaneous baseline structural health monitoring is based on de-
tecting damage without the use of baseline data by obtaining an “in-
stantaneous baseline” measurement of structure investigation. For
plate-like structure and shells with free surfaces which is propag-
ated by Lamb waves, dispersive waves travel in two distinct modes,
known as symmetric and ant symmetric modes. A comprehens-
ive analysis of Lamb waves is given by Viktorov [55] and Rose [56]
. One possible approach could be placing transducers on a struc-
ture and then pitch-catch Lamb wave propagation is used to ob-
tain common features of undamaged sensor-actuator paths, which
is considered as a baseline. Transducers must be located at equal
lengths so that structural features and material properties are uni-
forms among transducers. In an undamaged anisotropic structure,
the initial Lamb wave arrival signals for different paths before any
boundary reflections will remain unchanged. In presence of dam-
age along with one of the paths, the Lamb wave signal obtained
from that path is different from the rest signals. The reference-
free separation of the undamaged path from other signals occurs
by creating a statistical baseline using undamaged features. An in-
stantaneous baseline is made by signals from undamaged paths and
damage will be indicated by comparison of signal differences. In
structures with more complicated geometry features, sensor place-
ment becomes a significant issue to maintain the structural fea-
tures symmetric between the paths. Principles of nondestructive
evaluation techniques such as ultrasonic and thermography testing,
which assume that data can be collected over a large area of a struc-
ture and that most of those data will be recorded over undamaged
sections, can be applied for the instantaneous baseline method. In
the instantaneous baseline method, the majority of sensor-actuator
paths are considered to be recorded as healthy paths, in this case,
the damaged path can be identified by comparing that with the
baseline [57].

The instantaneous baseline method relies on the fact that Lamb
wave signals recorded for two equally spaced paths will be identical
if no damage is present in the vicinity of the paths. Assuming
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the case when for healthy strucuture, both material properties and
geometric parameters are the same. Besides that, the electromech-
anical properties of the transducers caught by Lamb waves must
remain without any change. Any minor deviation in bonding con-
dition and electrical or mechanical properties of sensors result in
differences in Lamb wave signals from undamaged paths. The
piezoelectric active-sensor technique is used to enhance the struc-
tural health monitoring system by providing the constant monit-
oring condition of the piezoelectric sensors and actuators installed
on the structure. This technique is capable of evaluating both the
bonding condition between a piezoelectric transducer and its host
structure, as well as the mechanical and electrical properties of the
device. The success of the instantaneous baseline method depends
on the conditions of transducers as the method is based on the fact
that the shape, amplitude, and frequency of Lamb waves recor-
ded for undamaged paths are the same and that an instantaneous
baseline can be created from undamaged measurements. Therefore,
the ability to diagnose the condition of PZT transducers is critical
to developing this method. The sensor diagnostics technique, ex-
plained by Park et al. [58] , can be used to detect transducers error
at various frequencies and compare plots of the imaginary part of
the admittance versus the frequency of surface-bonded piezoelec-
tric [58].

The instantaneous baseline method (IBM) is not able to process
pitch-catch pairs of different lengths so Jianxi Qiu proposed a tech-
nique based on distance compensation for pitch-catch pairs of differ-
ent lengths [59]. Moreover, distance compensation can be employed
for the inspection of non-symmetrical structures, which is a signi-
ficant improvement over the traditional IBM method. Using the
propagation characteristics of a certain Lamb wave mode, signals
received by a transducer pair of shorter length can be predicted to
a longer wave traveling distance. Thus, a baseline in a new environ-
ment can be extracted if the data are fused to reveal the damaged
paths [59].

For the methods based on the instantaneous baseline, a distance
compensation algorithm for pitch-catch pairs of different lengths is
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proposed by Qiu et al. [60]. Salmanpour et al. [61] have proposed
a method that maps a baseline area onto the interrogation area
and overcomes the need for a baseline. Despite these methods pro-
posed there are several open questions regarding the sensitivity of
the method for different types of damage, and the effect of ambi-
ent conditions on these techniques which have limited their use in
real applications, and hence the search for a definitive baseline-free
method is still ongoing.
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Fig. 9.4: Methodology for instantaneous baseline [59].

However, this method also has some shortages in practical applica-
tions. Firstly, before the distance compensation, the material prop-
erties in the calculation of relatively precise dispersive curves should
be obtained. Thus, there is one more step in the inspection for the
measurement of the material. Secondly, the compensation preci-
sion is affected by the wave propagation distance. Therefore, the
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inspection size is limited. The transducers should be arranged at
the locations where damage easily occurs.

To use the instantaneous baseline method for damage detection,
the existing techniques such as distance compensation and cross-
correlation need to be customized to take into account the direction-
ality. The directionality will be compensated analytically. Fig. 9.4
shows the methodology concisely. In addition to the directionality,
the passive nature will result in fewer signals for comparison.

For the advanced signal processing approach, the instantaneous
baseline may be used, where the measurement from one actuator-
sensor (AS) pair measured on the fly is used as a baseline, and the
correlation of other AS pairs is calculated. The path affected with
damage will have a lower agreement with the assumed baseline.
This method overcomes the need for healthy baseline measurement
ahead of time [59].

9.7 A sample experiment for reference-free
damage detection using FBG sensor

To investigate the theory of instantaneous baseline, an experiment
has been carried out to investigate one of the reference-free detec-
tion using “the theory of instantaneous baseline” approach. This
study focuses on reference-free damage detection using GW-based
FBG sensors.

9.7.1 Motivation

The baseline free approaches detect some features in the signal
which are present due to the presence of the damage. This approach
will allow us to overcome the need for a pre-measured baseline. This
allows wider applicability of the method to existing structures that
are suspected to have deteriorated. Also, the instantaneous baseline
techniques are inherently more robust to ambient condition changes
which allow the application to a structure in different ambient con-
ditions.
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9.7.2 Experimental Setup

A homogeneous ASL plate with dimension of (50x50x0.1) cm is
used for this research. A tunable laser (Apex AP1000) coupled
with FBG (Femto Fibertech) was used. GW signals were gener-
ated using PZT and sensed based on FBG and edge-filtering tech-
nique. To help sensing the GW signals a pre-amplified photo re-
ceiver was located along with an oscilloscope (National Instruments,
PXI 5105) via optical coupling and with a higher sampling fre-
quency. The wave excitation signals were amplified via an amplifier
(Krohn Hite7500) and then supplied to PZTs (NCE51-CTS Corpor-
ation). The schematic represented in Fig. 9.5, illustrates ALS with
the arrangement of PZTs. Six symmetric pitch-catch Pairs of PZTs
(labeled as "A1-A7”,”A9-Ag” and respectively) of identical length
are adjusted on the surface of the plate. Two damage scenarios
were simulated by adding magnets of ¢ 1.8 cm at various Locations
D; (X=20 cm, Y=33 cm), Dy (X=30 cm, Y=30 cm).
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Fig. 9.5: Schematic of the experimental setup.
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Fig. 9.6: Experimental setup:(1) Laser, (2),(5) Circulator, Photo
detector units,(3) FBG,(4) Plate, (6) Oscilloscope, (7) GW monit-
oring, (8) Signal generator, (9) Amplifier, (10) PZT network [62].

9.7.3 Methodology

Various damage indices were previously proposed by the research-
ers for damage identification. Methods such as root mean square
(RMS), signal differences (SD), and root mean square deviation
(RMSD) helps in better signal paths separation. But, due to the
directionality of the FBG sensor, it is difficult to apply such tech-
niques. In this study, damage identification will be investigated
based on the cosine distance (CD) method or which is independent
of amplitude or scaling [62].

9.7.4 Results

The signals obtained from the actuator-sensor network are ana-
lysed by plotting the signals obtained for all pairs of actuators.
As is shown in Fig. 9.7 for the first damage scenario the differ-
ences between the signals obtained from As and Ag are consid-
erably higher in comparison to the rest pairs for example Aj-A7.
By calculation of these differences, either using cosine distance or
cross-correlation damage can be detected independently from data
of healthy signal. Preliminary measurements have validated proper
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operation of measurement setup and proposed methodology.
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Fig. 9.7: Signal difference visualization for As-Ag and Ai-A7.

9.8 Conclusion

In this chapter the basic of guided-wave based structural health
monitoring and its fundamental were discussed.As an important
element of a SHM system various actuators and sensors used for
sensing were explained. Studying these approaches shows that
most of damage detection techniques are based on data from the
healthy structure. In other words they are not reference- free. To im-
prove a technique which is independent from healthy structure data,
a short review of reference-free techniques was conducted. In the
last section an experiment has been carried to find a new reference-
free approach was described. Comparison of signals obtained from
the experiment, revealed that using instantaneous base-line method
with setting pairs of actuators in a circular pattern with an FBG
sensor located in the center could be a possible reference free tech-
nique.
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10.1 Introduction

Rapid prototyping (RP) or additive manufacturing (AM), gener-
ally referred to as 3D printing, have all seen significant growth
and attention in recent years. Additive manufacturing has defin-
ite advantages over conventional technology. It can theoretically
construct any shape structure without molds, as well as speed up
manufacturing times and reduce processing steps [1]. It has been ex-
tensively used in a variety of industrial applications, including the
aerospace, automotive, dental, architectural, and medical sectors
for the fabrication of various prototypes, particularly with complex
geometries, as a result of recent technological advancements and the
current trend toward a sustainable environment. As a result, it is
anticipated that AM would usher in the third industrial revolution,
complementing production line assembly, which began to rule in-
dustry in the previous century [2]. The advancement of technology
was not restricted to manufacturing processes. The urge to make
materials more efficient, such as smart materials, has been one of
research and industry’s major goals in relation to fabrication tech-
niques. As a result of its high stiffness-to-weight ratio, corrosion
resistance, decorativeness, and thermal stability, composite materi-
als have seen a significant increase in demand over the last decade.
They are, nonetheless, excellent for Structural Health Monitoring
(SHM) in aerospace and mechanical engineering applications due
to their inherent sensing capabilities [3, 4].

In recent years, AM of composite materials have gained interest
in both an academical and industrial sectors. It was well under-
stood that with minor processing problems, continuous fibres can
be introduced directly to the polymer filament to produce a no-
ticeable improvement in mechanical properties [5]. Among those
techniques, FDM has become more popular since it uses a wide
range of thermoplastic materials and is more affordable than other
AM methods while having short lead time [6]. In this approach the
initial components are mounted on a moving system in the form of
a continuous filament. Based on a computer-aided design (CAD)
file, the filament is heated and extruded into the nozzle layer by
layer to create the entire object [7]. A key factor for a success-
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ful printing process in this regard is the quality of the filaments,
specifically their dimensional precision, surface finish, and uniform-
ity [8]. The mechanical qualities of CFRP can be significantly in-
creased through FDM printing and used as structural parts in the
aerospace industry applications. On the other hand, FDM of CFRP
exhibits excellent potential in the vehicle fields as inexpensive and
lightweight honeycomb constructions [9].

In different literature, the mechanical characterisation of
CFRP and pure polymer samples has been studied during the FDM
processes [10-12]. However, a few investigations were carried out
for the temperature elevation and reduction effect on the thermal
behaviour of composite structures specifically to the heat deflection
temperature of CFRPs [13, 14]. Also, the application of embedded
FBG sensors on the AM composite structures has not been com-
monly studied in literature.

In order to examine the impact of temperature elevation and demo-
tion on the mechanical behaviour of those samples,
CFRP specimens were additively built using the FDM technique
and tested in an environmental chamber. In order to mimic the
thermo-mechanical behaviour of the created specimens under thermal
stress, the fabricated specimens were also modelled in the Finite
Element Analysis software program, ABAQUS. Using experimental
work done in thermal chamber with FBG sensors incorporated in
the CFRP material structure, the simulation’s output was verified.
The materials and procedures used to examine how temperature
(above and below zero) affects CFRP additively synthesized with
Fiber Bragg Grating (FBG) sensors. The outcomes of both numer-
ical and experimental experiments are then given. Also, an effect
of FBG sensor location (embedded) was investigated to understand
whether FBG sensor within the sample could capture the thermal
strain with reasonable error. It was studied for both elevated and
subzero temperatures. The findings are then discussed and conclu-
sions were provided.
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10.2 Material and Methods

The analysed structures of AM sample with embedded FBG is
presented in Fig. 10.1. The polymer sample was reinforced with
carbon fibres.

Fig. 10.1: Analysed sample: CFRP and FBG sensors’

The modified fused deposition modeling (mFDM) approach was
employed to make the CFRP sample (150 mm x 15 mm x 2 mm)
utilizing Geeetech’s MeCreator 2 3D printer. Four layers of Poly-
lactic Acid (PLA) matrix and continuous carbon fibre reinforcement
make up the carbon fibre reinforced polymer (CFRP) sample. Re-
ferred to [15] for the fabrication details. The printing parameters
are provided in Tab. 10.1.

Tab. 10.1: Parameters used for fabricating the sample’

Layer First layer Printing Extruder Bed Extrusion Extrusion Fan

height speed speed temperature temperature multiplier width speed

(mm)  (mm/s) (mm/s) (8] ) (mm) (mm) (%)
0.5 1.20 4 200 70 0.6 1.6 50/80/100

Each sample had an FBG sensor (identified as "w”) implanted dur-
ing the AM procedure. In the CFRP sample, the sensor was po-
sitioned between the second and third layers. The primary axis
of the samples was parallel to the orientation of the FBG sensor.
The optical fibres with the sensors were parallel to the carbon fibre
reinforcing direction for the CFRP sample.

Next, the Finite Element Method (FEM) was used to describe the
material behaviour corresponding to the effect of temperature on
the CFRP sample (FEM). Abaqus CAE software was employed to
perform the numerical calculations for both subzero and elevated
temperatures. Modeling the composite structure was carried out
using the ply-by-ply technique inside this software. In this ap-
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proach, 3D deformable solid is partitioned to the number of layers
in the composite structure. Thereafter, the orientations were given
based on the stacking sequences of the structure for each layer sep-
arately. Coupled temperature displacement solution is chosen to
solve the problem. 9000 quadratic hexahedral completely integ-
rated elements with a total number of 45069 nodes made up the
FEM model (C3D20RT). The boundary conditions take into ac-
count the settings of the experimental study as well as the sample
position in the environmental chamber on the shelf. It should be
noted that the bottom portion of the sample, which was placed on
a shelf in the measurement chamber, was restricted from moving in
the thickness direction, while one side of the sample was restricted
from moving in the y-direction and another side was restricted in
the x-direction to allow the sample to expand. Also, the Abaqus
software received the temperature elevation as a time-amplitude
loading was applied for elevated and subzero temperatures which
was exactly matched with the values given by an environmental
chamber. Furthermore, in order to solve the convergence prob-
lem the size of the seeds are set at an identical distance of 1 mm
along each edge after trial and error. Finally, because of the initial
temperature of the chamber, the sample was defined at the pre-
defined temperature of 20°C. The mechanical properties defined by
the manufacturer except the thermal expansion coefficient which
was found experimentally are shown in Tab. 10.2, which was given
to the software through properties module.

Tab. 10.2: Mechanical properties of Fibre and Matrix.

E [GPa] p[g/em?®] v X;[MPa] v [%] x[W/mK] C [J/Kg-C°]
Fibre 230 176 0.33 3530 24.5 10.46 794
Matrix 2.315 1.24 0.29 51 75.5 0.13 1800

Fig. 10.2 displays the sample that was modelled in Abaqus as well
as the boundary conditions. For both the elevated and subzero
temperatures the same model was utilized, but with different tem-
perature definition for each sample. The temperature was read
through the environmental chamber in each defined time-slot and
input to the numerical simulation.
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Fig. 10.2: FEM model: (a) boundary conditions, (b) meshed model.

10.3 Results and Discussion

The temperature influence test was separated into two sections:
high temperatures rising from 10 °C to 50 °C, and subzero con-
ditions falling from 10 °C to -50 degrees °C. The assumption in
both situations was a 5°C step between two consecutive temper-
atures. The samples were kept on a lattice shelf during the re-
search so they could expand in all directions. The measurements
were made using a MyDiscovery DM600C environmental chamber
(Angelantoni Test Technologies Srl, Italy). Interrogator si425-500
(Micron Optics, USA) with a measurement frequency of 1 Hz was
used to measure the FBG sensors. The reference temperature for
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the experimental and numerical studies was set at 20 °C. In order
to understand the temperature change with respect to the time,
Fig. 10.3 represents the environmental chamber program paramet-
ers for Elevated and Subzero temperatures. Thus, thermal strain
in each time slots could be captured through combination of the
previous and next figure.
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Fig. 10.3: Environmental chamber program parameters: (a) elev-
ated (b) subzero temperature.
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Fig. 10.4: Total strain for demoted temperatures given by embed-
ded sensor.

The strain values of CRFP for the elevated temperatures is shown
in Fig. 10.4 (a). It is worth mentioning that the behaviour of the
composite structure in higher temperatures (around above 45°C)
as shown in Fig. 10.4 (a) is different than lower temperatures and
it was due to the fact that the PLA material inside the CFRP has
not a constant coefficient of thermal expansion value within the



276

temperature elevation range.

The strain values of CRFP for the demoted temperatures is shown
in Fig. 10.4(b). The strange behaviour of CFRP which existed in
elevated temperatures is not a case in subzero temperatures and
the thermal strain of the structure behaves normally.

A mesh convergence study was conducted and Fig. 10.5 represents
that 1 mm edge seed size would be sufficient to get the correct
numerical values and it is not required to decrease the mesh size in

order to have the efficient computation.
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Fig. 10.5: Mesh convergence study.

An average thermal strain given by numerical simulation for second

time slot is shown in Fig. 10.6.

Fig. 10.6: Average thermal strain for second time-slot.
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A comparison of strain values determined experimentally and nu-
merically for CFRP sample in elevated temperature for embedded
and attached FBG sensors is presented in Tab. 10.3. It should
be noted that the thermal strain values given by Abaqus in each
time-step is the average strain calculated by the software within the
specimen. The average difference between the numerical values and
the experimental values given by FBG embedded inside the sample
is around 5%. The difference is found by subtracting the value of
experimental result from the numerical one in which the result is di-
vided by the experimental result for each temperature. Thereafter,
the average of all values is considered as a final result. However, the
thermal strain values provided by the FBG attached to the surface
are not consistent with those given by ABAQUS. It was recognized
that when sensors were applied to sample surfaces, variations were
recorded that may be linked to the FBG sensors’ placement on the
carbon fibre and matrix or on the bundle of carbon fibre. A differ-
ence between the thermal strain values of Abaqus and the strains
given by the embedded FBG sensor could be justified by the fact
that in the numerical simulation the sample is considered to be
an ideal specimen without any void inside it. Also, environmental
effects were neglected in the Abaqus modelling.

Tab. 10.3: Numerical (ABAQUS) vs. experimental (FBG) strain
values.

o Num. (x1079) Exp. (x1079)
Temperature (°C) ABAQUS FBG surface FBG center
10 -3.95 -8 -4
15 -2.38 -5 -2.3
20 -0.1 1 0.26
25 1.95 1.5 2
30 4 6 4
35 6 15 6
40 6.12 18 6.1
45 8 20 8

A comparison of strain values determined experimentally and nu-
merically for CFRP sample in demoted temperature is presented in
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Tab. 10.4. The average difference between the numerical values and
the experimental values given by FBG embedded inside the sample
is around 4%. Similar to the elevated temperatures the FBG on the
surface cannot capture the correct average thermal strain and the
difference between these values and numerical simulations is obvi-
ous. Thus, the location of FBG sensor on the surface affects the
value of thermal strain it captures.

Tab. 10.4: Numerical (ABAQUS) vs. experimental (FBG) strain

values.

Temperature (°C) Num. (x107%) Exp. (x107%)
ABAQUS FBG surface FBG center

-50 -1.8 -3 -1.78
-40 -1.6 -2 -1.63
-30 -14 1 -14
-20 -1.18 2 -1.2
-10 -0.95 6 -1
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Fig. 10.7: Comparison of CFRP strain for subzero temperatures.
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Fig. 10.8: Comparison of CFRP strain for elevated temperatures.

Fig. 10.7 and Fig. 10.8 shows the values noted experimentally and
given by simulation numerically. The experimental results are presen-
ted for the embedded sensor as the mean mechanical strain values
for stable temperatures during the steps. Fig. 10.7 represents the
experimental and numerical values for the subzero temperatures.
There is a good agreement between the strain values given by FEM
and FBG sensors. Fig. 10.8 shows the experimental and numerical
values for the subzero temperatures.

10.4 Conclusions

This chapter investigated the thermal behaviour of additively man-
ufactured composite (CFRP) with embedded and attached FBG
sensors for both elevated and demoted temperatures. FBG sensors
were implanted into and affixed to the surfaces of the samples in
both cases throughout the production process. It was shown how
the Green method of manufacturing, e.g. AM, could be applied
to fabricate CFRP structures containing FBG sensors in order to
capture the thermal behaviour of structure.
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The embedded sensor in the CFRP sample displays the genuine
strain values in the element. However, the attached sensor only
detected the behaviour of the carbon fibre, hence the measurement
of thermal strain for FBGz cannot be verified. Thus, it was con-
cluded that the FBG sensor inserted in the sample’s midsection
monitors the CRFP specimen’s thermal behaviour with greater ac-
curacy than the FBG sensor attached to the outer surface. This was
as a result of the FBG sensor being manually glued to the exterior
surface. Consequently, the FBG sensor that was originally incor-
porated during 3D printing might be used to study the behaviour
of complicated materials. The percentage discrepancy between the
experimental and numerical findings around 5% for both the el-
evated and subzero temperatures. Though, the difference is less
in demoted temperatures which might be due to the low impact
of lower temperatures on the structural behaviour of the polymer
which is not a case in high temperatures.

The FEM approach may be used to calculate thermal strain values
in an AM element for the temperature range under consideration for
both subzero and elevated temperatures as the results are in good
agreement with the experimental studies. Finally, As a natural
component of the SHM systems during the composite structures
3D printing and post-processing, the embedded FBG sensors might
be used to show the thermal behaviour of those materials.
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11.1 Introduction

The exponential growth in energy demand has resulted from the
growth of the world population and advances in civilization. Des-
pite the fact that fossil fuels are not sustainable and have serious
environmental and health consequences, they remain the primary
source of energy because they are cheap, easily available, effect-
ive, and have capacity to generate huge amounts of electric energy
in a single location. During the combustion of fossil fuels, green-
house gases such as methane, carbon dioxide, and nitrous oxide are
emitted in huge quantities. Due to the increasing rate of civil and
industrial growth, it is also projected that emissions of these gases
will increase over time [1, 2] . The current state of greenhouse gases
and predicted future state (assuming no change in energy sources)
will result in weather changes, sea-level rise, severe health problems,
ecosystem changes and other effects. Humans are threatened by cli-
mate change and health concerns caused by fossil fuels [1, 3, 4]. Ac-
cording to International Energy Agency (IEA) 2021 prediction [5],
global o0il demand would decline from 90 barrels a day to about 24
barrels a day by 2050 and it also called for no fossil fuel cars beyond
2035 in order to limit global heating and to achieve net zero emis-
sions by 2050. Peak oil camp claims that the world will run out of
oil in 2052, gas in 2060, and coal in 2088, but that subsequent finds
such shales will keep the supply expanding [3]. To address these is-
sues, different nations have begun to reassess their energy strategies
and policies. Developing new devices that are highly efficient, im-
proving the efficiency of existing technologies and transition into
renewable energy resources are most considered routes to reach the
aim of sustainable future [1, 3, 6].

Renewable energy can meet two-thirds of global energy demand
and contribute to the majority of greenhouse gas emission reduc-
tions required between now and 2050 to limit global average surface
temperature rise below 2°C [4, 7]. Solar energy is the most interest-
ing renewable energy source since it is the largest renewable source
(with 120,000 TW reaches the Earth’s surface which is 104 times
more than current global energy demand) [8, 9].The use of carbon
dioxide (CO2) as a chemical feedstock intends to save fossil fuels
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and reduce greenhouse gas (GHG) emissions by providing an altern-
ative carbon source can eventually close the carbon cycle. These
characteristics may provide the impression that COy usage is sus-
tainable [10-12]. Hydrogen is storable, clean and environmental
beneficial fuel that produces water on combustion, without release
of greenhouse gases, particulates or any pollutants into atmosphere.
Cognately, there are some disadvantages of hydrogen energy such
as hydrogen is a highly flammable and volatile substance due to
which working with hydrogen fuel becomes dangerous, storage and
transportation of hydrogen gas is difficult as it is a lightest gas.
Currently, around 95% of hydrogen comes from fossil fuels, steam
reforming of natural gas and petroleum, with remaining 5% comes
from water electrolysis. Since, this process uses non-renewable re-
sources and consumes huge amount of energy for production of
hydrogen thus this process is considered to be non-sustainable and
not economically viable [3, 12, 13]. The cost of solar cells has re-
duced dramatically through several decades of development, with
lifespan exceeding 25 years, and there is hope for increasing applic-
ation in the future. However, because solar energy is intermittent,
a really large-scale implementation will necessitate an equally big
energy storage capability [6, 12]. One approach in- volves artificial
photosynthesis, a chemical process converting solar energy into fuel
by photo-assisted water splitting to generate hydrogen or reduce
COg emissions. To attain this technological goal, high-efficiency
and low-cost photocatalyst must be developed. A photocatalyst is
generally a semiconductor material which alters the rate of chem-
ical reaction on exposure to light [6, 8, 13]. Artificial photosynthesis
can be achieved in one of three ways: photovoltaic cell combined
with electrolysis; photocatalytic cell; photoelectrochemical (PEC)
cell. Each approach has its own arguments for and against.

This chapter includes brief description of the state of art within the
research area of photoelectrochemical tandem cells for water split-
ting and COg reduction. There will be discussed the challenges
involved in water splitting and COs reduction process and fabric-
ation of efficient photoelectrodes for PEC tandem cells facilitating
the maximum solar energy conversion efficiency.
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11.2 Overview — Photoelectrochemical Cells

From past few decades, there has been a lot of research towards
photoelectrochemistry based on photoactive semiconducting elec-
trodes, especially in the application of these systems to solar en-
ergy [14]. During the early development of semiconductors ap-
plied in electronic devices, the modern era of photoelectrochem-
istry began at Bell Laboratories. Researchers at Bell Laboratories
immersed several semiconductors, such as Ge and TiOs, and stud-
ied their electrochemical response in light and dark [15]. In 1966
Gerishcher was the first to study the electrochemical behaviour of
semiconductors under illumination and the studies explained the
energetics and kinetics of dark and photo induced charge transfer
between semiconductor and electrolyte interface [15-17]. Research
on photoelectrochemical cells went overwrought after the 1973 oil
crisis, which stimulated a worldwide search for alternative energy
sources [18]. In 1972 Fujishima and Honda investigated the elec-
trochemical photolysis of water at the semiconductor electrode, by
conducting series of experiments using n-type semiconductor TiOq
(rutile) which provided a base for further research to find the con-
nection between semiconductor, photoelectrochemistry and solar
energy [16, 18-20]. In 1991 O’Regan and Gratzel developed a low
cost thin film photoelectrochemical PV device (Dye sensitized solar
cells).

Photoelectrochemical cells (PECs) uses light as an energy source
to generate electricity. Each cell includes one or two semiconduct-
ing photoelectrodes, with auxiliary metal and reference electrodes,
immersed in an electrolyte [21, 22]. A photoelectrochemical cell
dedicated for artificial photosynthesis is made up of a pair of elec-
trodes, one or both of which are composed of a photoactive sub-
stance, and an electrolyte that ensures the flow of current in the
closed electric circuit. The photoactive electrode material plays
role as a photocatalyst, absorbing and converting solar energy at
the oxidation-reduction potentials required for water splitting or
COg reduction reactions [23].

Fig. 11.1 presents the classification of photoelectrochemical cells.
Under illumination on the surface of n-type semiconductors, an ox-
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idation process occurs, while a reduction reaction takes part
at p-type element. Solar energy is converted into electrical energy
without changing the free energy of the redox electrolyte (AG=0)
in the electrochemical photovoltaic cell, where a narrow bandgap
semiconductor and a redox couple is present. In photoelectro-
synthetic cell there are two effective redox couples in electrolyte,
and free energy of electrolyte changes due to material illumination.
Photosynthetic cells are further classified into photoelectrolysis cell
with positive free change and photocatalytic cell with negative free
energy change where light stimulates cell response in a contra-
thermodynamic path [15, 23, 24].

Photoelectrochemical
Cells
Electrochemical Photoelectrosynthetic
Photovoltaic Cells Cells
AG=0 AG=0
Photoelectrolysis Photocatalytic
Cells Cells
AG=0D AG<0

Fig. 11.1: Classification of photoelectrochemical cells. Source based
on reference [15].

Semiconductor Electrolyte Interface

When a particular semiconductor is immersed in an electrolyte, all
phenomena related with photoelectrochemical systems are based on
the formation of a semiconductor-electrolyte junction.

Upon contact a space charge layer arises in the semiconductor. The
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chemical potential of electrons in semiconductors is determined by
the Fermi level of the semiconductor. On the other hand the chem-
ical potential of liquid electrolytes are governed by the potential of
the redox couples present in the electrolyte. These potentials are
also associated with the electrolyte’s Fermi level [15].

When the initial Fermi level in an n-type semiconductor is higher
than the initial Fermi level in the electrolyte, electrons are trans-
ferred from the semiconductor to the electrolyte, resulting in equi-
libration of the two Fermi levels (or chemical potentials). In the
semiconductor, this results in a positive space charge layer (also
known as a depletion layer because the region is depleted of ma-
jority charge carriers). The conduction and valence band edges are
bent upwards as a result, creating a potential barrier to further elec-
tron flow into the electrolyte. When p-type semiconductors have
an initial Fermi level lower than the electrolyte, an inverted but
equivalent scenario develops [20].

In the electrolyte, a charged layer exists adjacent to the solid elec-
trode interface, known as the Helmholtz layer. This layer has a sig-
nificant impact on the band bending that occurs when the semicon-
ductor equilibrates with the electrolyte. The band bending would
be expected to equal the difference in initial Fermi levels between
the two phases without the Helmholtz layer [23, 25].

11.3 Photoelectrochemical Cells for Solar Wa-
ter Splitting

11.3.1 History of Water Splitting

Water electrolysis is a well-known process that has been refined
over the course of two centuries. PEC devices for solar water split-
ting integrate essential design characteristics taken from commer-
cial electrolysis. Polymer Electrolyte Membrane (PEM) electro-
lysers first developed in the 1960s, with the benefits of a faster
response to power input and the ability to deliver hydrogen at high
pressure, but at the cost of more complex reactors and expensive
materials [26]. Commercial electrolysers of both types could cur-
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rently achieve efficiencies of up to 80%. With the development
of increasingly efficient and less expensive photovoltaic (PV) tech-
nologies in recent decades, the concept of combined photovoltaic-
electrolysis developed. The essential concept of PV-electrolysis is
basically coupling PV-cell to an electrolyser. The best integrated
PV-electrolysis system has a solar to hydrogen (STH) efficiency of
30% after 48 hours. PV cells made of crystalline silicon might have
efficiency of up to 27.6% [27]. But combining these high efficient PV
cells and electrolysers results in expensive devices, need of power
input and some losses.

Photoelectrochemical (PEC) water splitting method is considered
to be an ideal technology for producing hydrogen. One of the most
essential tasks in the PEC water splitting process is photogenerated
carrier migration [27]. In 1972, Fujishima and Honda for the first
time demonstrated the water photolysis process by titanium diox-
ide electrode as photoanode. However due to its large band gap of
3-3.2eV, TiO4 absorbed only 4% of the AM 1.5 solar spectrum. The
hydrogen evolution reaction (HER) and the oxygen evolution reac-
tion (OER) take place on two different photoelectrodes, allowing
separation of the generated product. It satisfies all of the criteria for
environmentally friendly and sustainable development, making it
the most promising technique of hydrogen production so far [28, 29].
In PEC water splitting, semiconductor materials are used as pho-
tocatalysts, and the photogenerated electrons and holes react with
water to produce Hs and Os, respectively. There are many p-type
semiconductors studied as photocathode material in PEC for wa-
ter reduction, including InP, GalnPs, WSy, Cu(In,Ga)Sez, CusO
and GaP. On the other hand, semiconductors such as TiOg, WO3,
BiVOy4, ZnFesOy4, FeoOsz, TaON and TagNj are studied as pho-
toanode materials in PEC for water oxidation [30]. The maximum
photocurrent value is based on the semiconductor’s band gap. Some
semiconductor materials have high theoretical photocurrent but in
experimental process the generated photocurrent density can be
much lower than its theoretically estimated value. This is due to
the recombination of photogenerated electron-hole pair with energy
loss during transportation. Therefore, it is significant to facilit-
ate the transport process of photogenerated electron-hole pair to
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achieve high photoelectric conversion efficiency [31]. Above men-
tioned data are collected from recent research in the field of PEC
cells for energy conversion.

11.3.2 PEC Water Splitting Mechanism

Photoelectrochemical cell is composed of 3 main components:
an anode, a cathode, and an electrolyte. As already mentioned,
oxygen evolution reaction (OER) oxidizes water to produce oxy-
gen at the anode, whereas the hydrogen evolution reaction reduces
hydrogen ions to hydrogen gas at the cathode (HER). Depend-
ing on the PEC cell’s arrangement, the cathode, anode, or both
can be photoactive semiconductors that absorb light. This method
not only avoids the time-consuming manufacturing procedure, but
it also lowers the cost of the system [29]. Despite significant re-
search employing a variety of semiconductor configurations, there
is still much work to be done to achieve the desired efficiency
and stability. The optimal solar to hydrogen (STH) efficiency for
a practical based photo-catalytical system is 10%. This efficiency
is important to down the Hy production costs. Decomposing wa-
ter into Hy and Os is a thermodynamically endothermic reaction
(AGO = 4237.2 kJ/mol Hy). This implies that the decomposition
reaction requires additional energy [32]. The amount of Gibb’s
free energy required to split the water molecule into Hs and Oq is
+237.2 kJ/mol which corresponds to AEQ ~ 1.23 eV. The photo-
electrode must provide a minimum of 1.23 eV per electron to run
this process. The water decomposition can be written in the fol-
lowing two reactions as shown in the Eq.11.1 and Eq.11.2 [33].

Water splitting half reaction at photoanode (OER):

HyO =% 9l +1/205 +2¢ AE=123vs NHE  (11.1)

NHE: Normal Hydrogen Electrode
Water splitting half reaction at photocathode (HER):

OH " +2¢ X9 H, AE =0.00vs NHE (11.2)
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Overall reaction:

Hy0 29 Hy +1/205 AE =0.00vs NHE (11.3)

Water splitting half reaction performed in PEC cells using either
photoanode or photocathode system. By absorbing a photon, a semi-
conducting photoelectrode (photoanode/photocathode) in a PEC
cell generates electrons in the conduction band and holes in the
valence band. At the photoanode/electrolyte contact, these photo-
generated holes can oxidize the water molecule. Photo-generated
electrons, on the other hand, form hydrogen at the photocathode/
electrolyte [34] interface.

When a semiconducting photoelectrode is immersed in an electro-
lyte, charge transfer occurs between the photoelectrode and the
electrolyte until equilibrium is reached. In the case of a photoan-
ode, upward band bending happens at the photoanode’s surface to
match the semiconductor’s Fermi level to the water redox level. At
the photocathode surface, down-ward band bending is formed to
align the Fermi level with the water redox level. The concentration
of electrons/holes at the photoanode/ photocathode-electrolyte in-
terface is depleted as a result of this energy level band bending,
and this region is known as the depletion layer. An electric field is
developed as a result of the creation of a depletion layer, which is
beneficial for charge carrier separation [34, 35].

Photogenerated electrons and holes created on photoelectrodes un-
der illumination can theoretically drive the HER and OER, as long
as the bandgap of the photoelectrode is equal to or bigger than the
minimum energy (1.23 eV) for splitting water molecules. Although
there is a large difference between reported and theoretically ex-
pected efficiencies of PEC cells, many efforts have been made to
develop an efficient PEC water splitting cell. Low efficiency results
from the low light absorption by photoelectrode, high recombina-
tion, and kinetic losses. Furthermore, a better STH efficiency is
required to attain a commercially feasible level, which is a funda-
mental criterion [36]. For unassisted overall water splitting, the con-
figuration of dual-absorber tandem systems exhibits more advant-
ages compared to traditional one side configuration. Photoanode/
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photocathode systems or photoelectrode/ photovoltaic (PEC/PV)
coupled devices can be used to produce dual-absorber PEC tan-
dem devices [37, 38]. As a result, dual-absorber tandem devices
can provide enough driving force for self-driven solar water split-
ting while also increasing the fraction of solar energy collected.

11.3.3 PEC/PEC Tandem Cell

The use of a photocathode and a photoanode coupled in series
to construct a PEC/PEC tandem cell, in which sunlight can flow
through the n-type semiconductor and then the p-type semicon-
ductor. More specifically, photons with shorter wavelengths in the
solar spectrum are absorbed by the top electrode in this configur-
ation (the photoanode), while the photons with longer wavelength
are transmitted and these photons are captured by bottom electrode
in this configuration (the photocathode) [30]. Then, photons can
be used step by step at the sunlight absorption path. Because each
photoelectrode only needs to contribute a portion of the potential
for overall water splitting, the two semiconductors with narrower
band gaps can be chosen over the single photoelectrode from a ther-
modynamic viewpoint. As indicated in Fig. 11.2, each photoelec-
trodes band gap should cover the Oy /H20 or HT /Hs standard elec-
trode potential, and the photoanode’s conduction band is more neg-
ative than the photocathode’s valence band. More photons can be
absorbed and a higher STH efficiency can be achieved with a smal-
ler band gap in the semiconductor material [36]. In conclusion,
while selecting semiconductor materials, ensure that the energy re-
quired for water splitting is derived entirely from the light source.
A PEC cell with a TiO2 photoanode and a p-GaP photocathode
was presented in 1975 by Yoneyama et al. [39]. Without any ex-
ternal bias, the n-TiOy/p-GaP tandem cell was found to generate
both hydrogen and oxygen. Because of the high internal resistance
of the n-TiO2/p-GaP cell, it exhibited only 0.25% STH efficiency.
Xue et al. demonstrated [40] an unbiased PEC cell with nanoporous
BiVO, photoanode co-catalysed by cobalt borate sandwiched with
TiO9 layers. BiVOy is co-catalysed with ultra small cobalt borate
through photo-assisted electrodepostion process. The charge carri
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rs properties of Cobalt borate co-catalysts was aided by conformal
TiOs layer placed on BiVO, surface. The BiVO4 photoanode pro-
duced a remarkable stable photocurrent of 2.5 mA/cm? at 1.23 V
vs. RHE (reversible hydrogen electrode). This solar-driven water
splitting tandem cell exhibited 3% STH conversion efficiency.

Yin et al. [41] designed an integrated unbiased solar water splitting
tandem cell using FeOOH modified TiO2/BiVO, photoanode and
Cu20 as photocathode which is shown in the Fig. 11.3. This tan-
dem cells achieved STH of 0.46% which is calculated from J-V data.
Next, for 2.5 h, the current density of PEC tandem cell dropped to
0.07 mA /cm? but still remains about 58% of initial current density
(1.2 mA/cm?). The drop in the current density value was due to
the poor stability of CusO photocathode. The amount of Hy and
O3 evolved by this tandem cell without bias were 2.36 pmol/cm?
and 1.09 gmol/cm? respectively after 2.5 h of testing.
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Fig. 11.2: Ilustration of PEC/PEC tandem cell configuration
(VB and CB-valence and conduction band respectively, EF-Fermi
level).

To obtain n-type and p-type semiconductor properties, Leygraf et al.
employed Mg-doped and Si-doped Fe203 electrodes; the resulting
PEC tandem cell of polycrystalline Fe203 exhibited 0.05% STH ef-
ficiency in 0.1 M NagSOy4 [42] solution. Grimes et al. demonstrated
a PEC tandem cell composed of p-type Cu-Ti-O nanotube array
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Fig. 11.3: Schematic diagram of FeOOH modified BiVO4-CusO
PEC tandem cell (Eg-Energy band gap).

photocathode and n-type TiO2 photoanode and this cell achieved
a STH efficiency of 0.3% [43]. Finally, the PEC/PEC tandem device
has a theoretical maximum STH efficiency of around 29.7% [36].
However, there are a number of problems that can lead to the
system’s inefficiency in real conditions. Higher efficiency may be
achieved if the onset potential regions of the two photoelectrodes
overlapped more. But the performance of the tandem device could
be limited if one of the photoelectrodes has a lower photocurrent.
The high internal resistance loss in PEC/PEC configuration con-
tributes to the low efficiency. Furthermore, considering the corro-
sion and stability issues of both photoelectrodes, selecting an elec-
trolyte becomes problematic. Despite the fact that the PEC/PEC
system has a high theoretical STH efficiency, large-scale implement-
ation could take a long time. Above mentioned data are obtained
from recent research in the field of PEC cells for energy conversion.
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11.3.4 Determination of Efficiency for PEC Water
Splitting

There are various efficiency standards determination of PEC cell op-
eration effectiveness. The characterization of photoelectrode mater-
ials performance can be carried out according to following Eqgs. 11.4-
11.7 [34, 44, 45]:

o Solar to Hydrogen Efficiency (nSTH): It can be expressed as
ratio between total energy generated to total energy input
from sunlight irradiation.

Total Energy Generated — AG X rp,

STH = —
Total Energy Input Piight x S

(11.4)

where, AG is Gibbs free energy (237 kJ.mol™1), ry, is rate
of hydrogen production (mols™!), Piight is incident light in-
tensity (100 mWem™2) and S is surface area of photoelec-
trode (cm?)

o Applied Bias Photon-to-Current Efficiency (ABPE): An abillty
of photoelectrode materials to perform the water splitting re-
action is defined by the applied bias resulting in recorded
current under simultaneous electrode illumination.

Total Energy Generated  Jp, x (1.23 —V)
Total Energy Input Pignt

(11.5)
where, J,;, is photocurrent density at a specified applied volt
age, V is the applied voltage and Pjgps is incident light in-
tensity (100 mWem—2).

o Incident Photon to Current Efficiency (IPCE): The measure-
ment is carried out at fixed incident wavelengths to evaluate
the performance of photoelectrode. Typically the wavelength
are selected by particular step from the radiation generated
by solar simulator. IPCE is defined the number of photogen-
erated charge carriers contributing to the photocurrent per
incident photon.

ABPFE =

IPCE — Total energy of converted electrons 1240 x Jpy
N Total energy incident photon N Prignt X A

(11.6)
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where, J,, is photocurrent density at specific wavelength,
Piignt is incident light intensity at specific wavelength and
A is wavelength of incident light.

o Absorbed Photon to Current Conversion Efficiency (APCE):
Optical losses such as reflection and transmission are ignored
when calculating IPCE, despite the fact that they can have
a significant impact on the final IPCE value. The absorbed
photon-to-current conversion efficiency (APCE) is frequently
used to determine the quantum efficiency in attempt to cor-
rect for these optical losses. It is defined as number of pho-
togenerated charge carriers contributing to photocurrent per
absorbed photon which is termed as internal quantum effi-
ciency.

_ IPCE(\)

1-R-T

where, R and T are optical reflection and transmission re-

APCE()) x 100 (11.7)

spectively.

11.3.5 Challenges in PEC Tandem Cell for Water Split-
ting

Various researchers have aimed to solve the issues discussed earlier
in the chapter by modifying photoelectrodes in a number of different
ways, such as:

(i) Tandem configuration to generate enough photovoltage for
water splitting,

(ii) Surface passivation layers to overcome recombination losses,
(iii) Incorporating a cocatalyst to improve kinetics,

(iv) Integrating protection layers to address the stability issue,
(v) Elemental doping to improve the conductivity.

Though these modifications were carried out, the experimental effi-
ciency values of most photoelectrode materials were found to be far
from expected theoretical values [34]. In order to drive the HER
and OER, there will always be concentration-dependent and kin-
etic overpotential losses associated with electron transfer processes
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at semiconductor/liquid junctions. Taking into account losses, the
energy required for water photolysis will be around 1.6-2.4 eV. The
possible losses that influence the efficiency of PEC are as follows:

(i) reflection losses,
(ii

) quantum yield losses,
(ii) absorption losses,
)

(iv) collection losses [44, 46].

The bandgap and absorption coefficient of the photoelectrode ma-
terial are closely related to photo-induced charge carrier genera-
tion. The output of a photoelectrode under light irradiation (pho-
tocurrent) is the measurable quantity that determines the overall
efficiency of photoelectrodes. Many investigations have addressed
light absorption properties, band edge position, crystallographic
quality and physical properties in order to develop materials that
are suitable for visible light-driven overall water splitting. In fur-
ther sections of the chapter, strategies to overcome these challenges
or limitations are discussed in detail.

11.4 Photoelectrochemical Cells for CO,
Reduction

11.4.1 Background of CO,; Photoreduction

CO3 conversion is not a straight forward task as it is an extremely
stable molecule, generally produced by burning of fossil fuels. Con-
version of COz into its useful state by activation or reduction is a sci-
entifically challenging problem. For COs conversion photoelectro-
chemical (PEC), phototcatalysis, electrocatalysis, thermocatalysis,
radiolysis and biochemical techniques have all been used previously.
Among them PEC has been found to be one of the most promising
techniques for converting CO» into fuels and value-added products
(e.g., methane, formate, methanol, ethanol and many more) un-
der solar light irradiation. This technique is also called as artificial
photosynthesis [47].

PEC reduction of carbon dioxide combines the benefits of pho-
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tocatalysis with electrolysis, and represents a viable path to solar-
driven chemical fuel synthesis from COg [48]. The photocatalytic
conversion of COq into fuels using H2O, utilizing solar energy as
the driving force, has received a lot of attention since Halmann’s
study in 1978 [49]. In general, photoconversion systems for COq
reduction can be carried out in two configurations. The first con-
figuration of the photocatalytic system (PC) uses a suspension of
photocatalyst particles in a solvent for the reduction dissolved COs.
This type of system is made up of widely accessible photocatalysts
and simple devices, where solar energy acting as the single driv-
ing factor for CO2 reduction. However, because both reduction
and oxidation reactions take place on separate surface sites of the
same photocatalyst particle, resulting in mixture of products. The
main drawback of this configuration, in the absence of hole scav-
enger the reduced product from COs might undergo re-oxidation
by photogenerated holes or by produced Oy [50]. The photoelec-
trochemical (PEC) cell system is the other configuration, which
consists of a semiconducting photoelectrode (working electrode),
a counter electrode, and frequently a reference electrode. The pho-
toelectrode harvests light to generate charge carriers and performs
a half-cell reaction to reduce CO2 on the photocathode, while the
counter electrode performs the other half-cell reaction. As a res-
ult, the reduction and oxidation products can be easily separated.
Furthermore, the maximum theoretical solar conversion efficiency
for PC system is predicted to be 46.7% whereas for PEC system
it is reported as 23.8%. Application of external bias would further
increase the maximum theoretical efficiency of PEC system [51-53].

11.4.2 Principle of photoelectrochemical CO, reduc-
tion

During the PEC CO4 conversion, the electrode material is immersed
in the electrolyte solution that ensures closing the whole circuit.
When the Fermi level (EF) of the electrode material or semicon-
ductor is not equal to that of the electrolyte, electron transfer pro-
cess occur. The reactions occur at the electrode/ electrolyte in-
terface to reduce the EF difference between the electrode and the
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electrolyte, implying band bending or changes in the band dia-
gram. The concentration of an electroactive species determines its
EF. Until the EF levels are equal, electron transfer happens at the
interface [54]. P-type semiconductors act as photocathodes in PEC
processes, while n-type semiconductors take photoanodes role.

At the conduction band (CB) and valence band (VB), respectively,
electrons and holes are produced in the semiconductor when light
is irradiated. The predominant carriers for n-type (EF is near the
CB) and p-type (EF is just above the VB) are electrons and holes,
respectively. As a result, for n-type and p-type, upward and down-
ward band bending could occur at the interface, respectively. To
improve CO» conversion efficiency, the band bending phenomenon
is required to separate photogenerated electrons and holes at the
electrode-electrolyte interface [55].

COg is a very stable molecule, and its C=0 bond has a greater dis-
sociation energy of 750 kJmol~! than many other chemical bonds,
such as C-H (430 kJmol ') and C-C (336 kJmol 1), this indicates
that the transformation of COq requires a lot of energy. Further-
more, carbon is in its maximum oxidation state in COq, thus CO4
reduction can result in a wide range of products which includes
gaseous products such as CO and CHy and higher hydrocarbons
such as CH3OH, HCOOH [56]. In fact, utilizing p-type semicon-
ductors to make photocathodes is a typical technique for PEC CO4
reduction (Fig. 11.4a). p-Si, p-Cus0O, p-GaP, p-InP and p-CdTe sil-
icon, metal oxides, sulfides, tellurides, phosphides, and other p-type
semiconductors have all been exploited and investigated. Above
mentioned data are obtained from recent research in the field of
PEC cells for energy conversion.

Furthermore, metal materials (e.g., Pd, Au, Ag, and Cu) are com-
monly used as cathodes in electrochemical COy reduction, owing to
their high activity for CO9 adsorption and activation. As a result,
using an effective electrochemical COg reduction catalyst as cath-
ode and a photoanode for harvesting solar energy and delivering
photogenerated electrons is another viable strategy to PEC COq
reduction (Fig. 11.4b). These two methods both utilizes photoelec-
trodes for harvesting light. A PEC cell combining photoanode and
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photocathode has also been developed in the frames of the device
construction to maximize light absorption which highly fit for CO4
reduction and HyO oxidation (Fig. 11.4c) [51, 57].

Tab. 11.1 shows the potentials in relation to a normal hydrogen elec-
trode (NHE) reference in an aqueous solution at pH 7. Depending
on the different reaction mechanisms and pathways, CO5 reduction
can produce CH4, CO, CH3OH, HCOOH, CsHg, CoH5;OH, and even
HsC50,4. The CO;y reduction mechanism involves first step of the
formation of a CO4~ intermediate, the reaction has negative redox
potential of -1.9V vs NHE.

Tab. 11.1: Thermodynamics potentials vs the normal hydrogen
electrode (NHE) at pH 7 for various COg2 reduction products. Re-
printed with the permission from reference [50].

. Eq

Product Reaction (V vs NHE)
COy " intermediate COs+e — COy~ -1.90
Hydrogen 2H50+2e— 20H™ + Hy -0.41
Methane CO9+8H*T+8¢— CH4 + Hy0 -0.24
Carbon monoxide COy+2HT+2¢"— CO + Hy0 -0.51
Methanol CO3+6HT+6e— CH30H + HyO -0.39
Formic acid COy+2HT +2¢"— HCOOH -0.58
Ethane COQ+14H++14G_—> CoHg + 4H0O -0.27
Ethanol COo+12HT+12¢"— CoH50H + HyO -0.33

Oxalate COo+2HT +2¢"— HyCy04 -0.87
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Fig. 11.4: Schematic diagram for PEC COs reduction in water using
semiconductor as (a) photocathode, (b) photoanode and (c¢) both
photocathode and photoanode (RE-Reference electrode and hv —
Photon energy).
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11.4.3 Photoanode and Photocathode System for CO,
Reduction

Photoanode and photocathode system is an ideal model for COq
reduction on photocathode side and water oxidation on photoanode
side without any external electrical bias. It is very difficult for ma-
terials selected as photoanode and photocathode to meet perfectly
all the listed requirements [57]:

(i) Suitable band gap to absorb sufficient visible light and prevent
recombination of photogenerated electron-hole pairs;

(ii) Suitable band positions to establish Z-scheme junction to en-
sure electrons to photocathode from photoanode, leaving holes
in photoanode for subsequent redox reactions;

(iii) Both photoanode and photocathode remain stable in aqueous
electrolyte for long time;

(iv) Efficient CO4 electrocatalyst applied on photocathode to pro-
mote COg reduction process.
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Fig. 11.5: Schematic representation of the photoelectrochemical re-
duction of CO2 with two-electrode configuration in Z-scheme sys-
tem without no external bias.

Sato et al. [58] developed a Z-scheme configuration comprising of p-
type InP/Ru complex polymer hybrid photocatalyst as photocath-
ode and TiOs photoanode for PEC reduction of COs to formate
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without external bias. The selectivity for HCOO- was found to be
>70% and conversion efficiency of solar to chemical energy achieved
was 0.03-0.04%. To further improve the efficiency and reaction se-
lectivity it’s important to optimize energy-band configurations, and
catalyst structure. Bias free design is important for sustainable
practical application of artificial photosynthesis using solar irradi-
ation to produce organic species such as alcohols, hydrocarbons
and syngas. Arai et al. [59] developed two electrode configuration
in Z-scheme system composed of indium phosphide and ruthenium
complex polymer (RuCP) electrocatalyst, InP/[RuCP] hybrid pho-
tocathode and reduced strontium titanate (SrTiO3) photoanode as
shown in Fig. 11.5 to reduce COs to formate. They achieved 0.14%
conversion efficiency from solar to chemical energy.

11.4.4 Adsorption and activation of CO,

Adsorption and activation of CO2 on the surface of heterogeneous
catalysts are both critical for subsequent reduction reactions and
suppression of competing HER. CO2 adsorption results in the form-
ation of partially charged species COs~ through interaction with
surface atoms. Several strategies such as increasing surface de-
fects, catalyst surface area and noble-metal co-catalysts can pro-
mote the chemisorption of COy [50]. He et al. [60] reported that
anatase (101) facet played a significant role in adsorbing CO2 and
promoting electron transfer from surface of TiO2 to CO2 in the
process of COq reduction, apart from its role in photogeneration
and separation of electron-hole pair. Liu et al. synthesized single
crystalline ultrathin ZnGasO4 nanosheets with over 99.6% (110)
facets exposed for photoreduction of COs, image of ultrathin scaf-
fold ZnGasO4 nanosheet is shown in the Fig. 11.6a. The reduction
in the thickness of nanosheets down to several nanometers offered
a high specific area and resulted in high CO, adsorption ability
and exhibited around 35% enhancement in photocatalytic conver-
sion performance of COy to CH,4 in comparison to meso-ZnGasQOy
nanosheets which is shown in Fig. 11.6b [61]. Anpo et al. [62] syn-
thesized zeolite catalysts containing highly dispersed TiO2. These
Ti containing zeolites catalysts exhibited almost 10 times greater
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photocatalytic efficiency for CHy generation and to achieve high se-
lectivity for CH30OH generation when compared to TiO2 catalysts
in the form of powder.

Samples

|Nanesheet-scaffolded
2nGa;0,

-l

i

meso-ZnGa.0,

&=

CH, formation rate (ppm/h) =~
{3+

bulky ZnGa,0,

£

Samples

Fig. 11.6: (a) Field emission scanning electron microscopy (FE-
SEM) and Transmission electron microscopy (TEM) images of
ultra-thin ZnGa204 nanosheets and (b) photocatalytic CH4 pro-
duction by various ZnGa204 samples. Reprinted with the permis-
sion from reference [61].

Surface defects, such as oxygen vacancies, act as the most react-
ive sites on metal oxide surfaces, which are capable of altering the
structure and change the electrical and chemical properties semi-
conductor surface [50, 62]. Oxygen vacancies play a vital role in
governing adsorption and activation of COy. Lee et al. [63] in-
vestigated electron induced dissociation of COs adsorbed at the
oxygen vacancy defect on TiO2 (110) surface using scanning tun-
nelling microscopy (STM). The surface area of TiO2 (110) before
and after thermal diffusion of COg molecules away from oxygen
vacancy sites, reveals the oxygen vacant sites under CQOy. These
interactions between oxygen vacancies and COs molecules would
lead to lower activation energy barrier and enhances the trapping
and activation of COs.

Oxygen atoms in COy molecule has lone pair of electrons which
could be donated to surface Lewis acid centres. On the other hand
C atom in CO2 molecule can gain electrons from Lewis base centres
such as oxides ions forming carbonate like species. Thus, CO2 mo-
lecule can act as an electron donor and acceptor simultaneously.
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Therefore, another strategy to improve CO2 adsorption and activa-
tion is by introducing functional basic sites on to photocatalyst sur-
face. Some basic oxides or hydroxides such as NaOH, CaO, GasOs3
and MgO act as electron donor for interaction of C atoms in CO9
molecule. Wang et al. found that the addition of MgO on the sur-
face of TiOg resulted in high amount of CO generation on photore-
duction of COg and more efficient formation of CH4 during CO,
photoreduction was observed by adding MgO onto Pt-TiO2 [50]. In
summary, an effective strategy for surface modification of hetero-
geneous photocatalysts can significantly improve COs adsorption
and activation, as well as minimize the barriers to subsequent COq
reduction.

11.4.5 Evaluation parameters for PEC CO, reduction

e Product evaluation rate and catalytic density: The product
evolution rate is commonly normalized over the photoelec-
trode’s effective area (i.e., molh~!cm~2) or the mass of the
catalyst on the photoelectrode (i.e., molhflgcafl). The cata-
lytic current density is usually normalized over the photoelec-
trode area (i.e., mAcm~2). The reaction efficiency might be
directly reflected by the product evolution rate and catalytic
current density values.

e Quantum yield: It is a crucial parameter to be considered
when assessing photocatalyst performance. Internal and ap-
parent quantum yields are defined as following Eqs. 11.8-11.9.

X Nproduct

Internal quantum yield = x 100%  (11.8)

Nphoton

X Nproduct
!
n

Apparent quantum yield = x 100%  (11.9)

‘photon

where, « is the number of electrons required for product evol-

ution, Nprequct and n;,hoton, is the number of absorbed and
incident photons respectively.

o Farafaic Efficiency (FE): Various products will be generated
during the PEC CO» reduction process due to the complex re-

action route. As a result, selectivity is a crucial parameter to
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evaluating CO2 reduction. Faradaic efficiency (FE) has been
widely used in PEC COg reduction to evaluate the selectiv-
ity of targeted products and is calculated using the following
Eq. 11.10:

axXn, xF

Q

where, « is number of electrons required for product evolu-
tion, n, is the molar number of targeted products, Q is the
total passed charges and F is faraday’s constant.

FE = (11.10)

e Turnover number and turnover frequency: In the PEC reduc-
tion of COq, the activity of catalytic active sites is an accur-
ate parameter that can be measured using turnover number
(TON) and turnover frequency (TOF). The following Eqgs. 11.11-
11.12 are used to calculate TON and TOF.

TON = "2 (11.11)
Ne
p
TOF = (11.12)
Ne Xt

where, n,, is the total number of targeted products, n. is the
molar number of catalyst and t is the reaction time.

11.4.6 Challenges in PEC Cell for CO; reduction

Some limitations in the photoelectrochemical process for COs re-
duction are in Sec. 11.3.5. Now, more challenges will be described.
The synthesis of carbonaceous products often requires the transfer
of more electrons (eight and six, for CHy and CH3OH generation)
than in the case of HER (two-electron transfer). The low solubil-
ity of CO2 in aqueous solutions (e.g., 0.033 molL2 of KHCO3 at
25°C under 1 atm) presents a kinetic challenge in CO2 reduction,
resulting in mass transfer limitations for carbonic product genera-
tion. The photoelectrodes in PEC systems, in particular, are fixed,
and there is a high concentration gradient of reactants between
the electrode’s surface and the bulk of the electrolyte. For high
conversion efficiency, mass-transfer limitations in electrode kinet-
ics should be carefully examined and overcome [64]. Fabrication
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of the photoelectrodes and loading of co-catalysts are complicated
and challenging tasks in COs reduction process. Also, to loading
of co-catalysts, the structure optimization between photoelectrodes
and co-catalysts should be considered carefully to achieve high solar
to chemical efficiency. Many p-types semiconductors (CuO, GeP,
ZnTe) are used as photocathodes due to their relatively negative
CB edge position, which can favours large driving force in COg
reduction reactions. Most of these semiconductors suffer from pho-
tocorrosion due to their poor stability in aqueous electrolytes. The
stability of these photocathodes can be improved by coating of sur-
face with protective layers using various techniques such as atomic
layer deposition (ALD), sputtering deposition and electron beam
evaporation. The difficult working mechanisms and reaction path-
ways for the photocathode-photoanode system and the PV-PEC
system should be gain wider attention in order to clearly demon-
strate the mechanism, making them more acceptable and feasible
in the practical use of CO2 reduction processes.

11.5 Photoelectrode Materials

To perform efficient PEC reactions one of the critical factor is to
choose photoelectrode materials with excellent stability, appropri-
ate energy band gaps with respect to redox potentials of water,
good carrier conductivity, and excellent absorption of visible light.
But it’s practically impossible for a material to possess all these
properties. Many semiconducting photoelectrode materials have
been discovered in the past, but their conduction and valence band
potentials are incompatible with water redox levels. Many metal
oxides based photoelectrodes were intensively investigated for wa-
ter splitting due to their favorable semiconducting properties and
chemical stability. In addition, for practical uses, photoelectrode
materials should be low-cost and made of earth-abundant elements.
This is important in establishing the need for solar-to-fuel devices
to be scaled up at a reasonable cost. However many of those metal
oxides exhibited large energy band gap, which resulted in poor vis-
ible light absorption and poor electrical characteristics [34].
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TiO2 has been investigated as a photoanode for PEC water split-
ting, but its performance has been limited due to its large energy
band. Various attempts have been made to overcome poor absorp-
tion problem of TiOs by using dyes with good visible light absorp-
tion ability, as well as elemental doping to modify the energy band
gap. Other materials such as BiVO,4 was considered for photoanode
and has been explored extensively for PEC water oxidation.

Researchers obtained 90% of the theoretically predicted STH effi-
ciency, but this material has low chemical stability [38, 40]. WO3
is another candidate that may perform oxygen evolution reactions
under visible light, but due to its large energy band gap and poor
charge dynamics, it shows poor photocurrent performance [34].

Other examples is CuzO that has been explored extensively as pho-
tocathode because to its optimal energy band gap (2.0-2.2 eV) and
excellent semiconducting properties such as mobility. However it
suffers from aqueous stability. To achieve PEC performance from
Cuz0, a protective layer is always necessary. The PEC performance
of silicon-based photoelectrodes integrated with various co-catalysts
for water splitting is high, but a trade-off between the co-catalyst
loading on the surface of Si and light absorption is a major obstacle.

11.6 Photoanode

11.6.1 TiO, Photoanode

Titanium dioxide (TiO2), an n-type semiconductor with
a bandgap of 3.2 eV, it has been frequently used in PEC water
splitting research, due to its strong photostability, non-toxicity,
abundance, and low cost. The broad bandgap, on the other hand,
restricts its ability to utilize visible light, and the low charge car-
rier mobility promotes electron-hole recombination [65]. To im-
prove PEC performance, a common approach concerns increase the
surface-to-volume ratio and formation of nanostructured TiOs pho-
toelectrode. Especially one-dimensional (1D) nanostructures have
attracted a lot of attention, because of its potential to provide a fa-
cile electron transport pathway along the longitudinal direction.
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Grimes et al. reported anodized TiO2 nanotubes for solar water
splitting as shown in the Fig. 11.7a and Fig. 11.7b [66].

Fig. 11.7: Different TiO2 morphology through nanostructuring:
Anodized TiOy NTs at (a) 5°C and (b) 25°C. Reprinted with the

permission from reference [66].

The modified TiO2 nanotube achieved a photoconversion efficiency
of 6.8%. Kim et al. [67] reported facile and effective surface func-
tionalization of TiOo NTs through TiCly mediated solution treat-
ment and its effects on charge transfer and transfer properties for
PEC water-oxidation. Flame method (i.e., rapid annealing using
a high temperature flame under reducing atmosphere) surface treat-
ment generated oxygen vacancies on the nanotubes surfaces, which
can improve charge transfer efficiency by increasing the donor con-
centration. Apart from 1D nanostructure, 2D nanostructures have
also showed promising results. Butburee et al. [68] demonstrated
2D anatase TiOy porous single crystalline nanostructure (PSN) on
fluorine-doped tin oxide substrate (FTO) through ion exchangein-
duced pore-forming technique. This technique successfully gener-
ated significant porosity in single-crystalline nanostructures with
maintaining outstanding charge mobility and causing no structural
damage. For photo-electrochemical water splitting, the PSN TiOq
film delivered a photocurrent of 1.02 mAcm-2 at a relatively low
potential of 0.4 V vs RHE, which is close to the theoretical value
(1.12 mAcm-2) of TiO2. Subramanyam et al. [69] reported that
metal oxide photoelectrodes sensitized with the narrow-band-gap
semiconductor Bi2Se3 improved the PEC performance by extend-
ing the light response beyond the visible region. The incorporation
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of BisSes into TiOs electrode, the extent of hydrogen production
was found to be increased. TiO2/BisSes photoelectrode exhibited
a photocurrent density of 1.76 mAcm-2 at 1.23V, which is three
times higher than that of pure BisSes nanoflowers. TiO2/BisSes
photoelectrode resulted the STH efficiency of 1.01% at 0.6V and
IPCE efficiency of 10.5%.

11.6.2 Other Photoanode Materials

Hematite (Fe2O3) is the 4th most ample element on earth (6.3% by
weight). Due to its high natural abundance, FeoOg is a promising
photoanode material with high chemical stability, low toxicity, and
low cost. It also has a band-gap value of 1.9 to 2.32 eV, which
allows for visible light absorption and thus hematite can attain
a theoretical maximum STH efficiency of 15% [34]. Hematite, on
the other hand, has a conduction band position that is substantially
more positive than the proton reduction potential, hence it can only
be used for PEC water oxidation in the presence of external bias.
Hematite has some disadvantages which includes [46]:

(i) Short charge carrier life time, due to fast charge carrier re-
combination,

(ii) Relatively low absorption co-efficient and,
(iii) Poor water oxidation kinetics.

To overcome these limitations many strategies were applied to im-
prove the activity of hematite based photoelectrodes. Gratzel et al.
demonstrated Si-doped hematite modified with IrO5 co-catalyst to
achieve a photocurrent density of 3.75 mAcm-2 [70]. Youn et al. [71]
synthesized single crystalline hematite photoanode by two step an-
nealing treatment. In addition to it, photoanode was Pt-doped to
improve charge transfer characteristics and, an oxygen evolution co-
catalyst (Cobalt-phosphate) to modify the surface properties. This
hematite photoanode showed 4.32 mAcm™2 photoelectrochemical
water oxidation current at 1.23V vs RHE under solar irradiation
(100 mWem~2). This photocurrent value corresponds to 34% of
maximum theoretical limit exhibited for hematite with band gap
of 2.1 eV. Wang et al. [57] fabricated Ni(OH)3/IrO9 co-catalyst on
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Ti doped hematite photoanode for solar water splitting. It was re-
ported that The Ni(OH)2 cocatalyst was found to be able to store
charges (holes) from the photoanode.

BiVOy, is a promising n-type semiconductor with a direct bandgap
of 2.4 eV that has excellent water oxidation capability and it al-
ways acts as a visible light-active metal oxide photoanode in PEC
water splitting systems. The theoretical STH efficiency of this
material under regular AM 1.5 solar irradiation is 9.2% percent,
which is close to the commercialized requirement for solar water
splitting [63]. In 2013 Abdi et al. [72] developed first BiVO4 tan-
dem cell with CoPi modified gradient W-doped BiVO, photoanode
achieved a STH efficiency of 4.9% which is slightly better than
Fe203 based tandem cell. In 2018 Xue et al. [40] demonstrated
a highly active undoped BiVOy, co-catalyzed with cobalt borate
and surface modified with TiOs passive layer to increase the carrier
life time and to enhance the charge separation and transportation
of carriers. The resulting BiVO4 photoanode achieved a remarkable
stable photocurrent of 2.5 mAcm ™2 at 1.23 V vs RHE. The tandem
cell composed of TiOy/Cobalt Borate-modified BiVO4 photoanode
with amorphous Si-photocathode achieved an STH efficiency of 3%.
Above mentioned data are obtained from recent research in the field
of PEC cells for energy conversion.

11.6.3 Synthesis of TiO, nanotubes via Electrochem-
ical Anodization

Ti anodization was found in electrochemical literature since 1950’s
which divulged detailed information about this technique and also
about valve metal behaviour. Among others, niobium, zirconium,
and titanium is naturally covered by protective oxide film, how-
ever the thickness of the oxide film can be increased by oxidation
method known as electrochemical anodization. Anodic oxidation
is an electrochemical method that controls the thickness and the
morphology of oxide layer formed over a substrate material. Even
with complex surface patterns [73].

In last few decades researchers have achieved control over the an-
odizing process in order to develop engineered TiOg surfaces. This
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technique includes polarizing titanium by imposing electric current
between titanium specimen and a counter electrode, this causes
metal atoms to oxidize to Ti*t ions, which combines with oxygen
anions present in the electrolyte to form a compact oxide layer on
the substrate surface. This growth mechanism involves both in-
ward and outward growth due to field assisted ions migration with
prevalence of oxygen ions charge carriers across the oxide layer to
reach the metal surface where Ti** ions are produces [74].

Electrochemical parameters such as applied voltage, current, elec-
trolyte composition, pH and operating temperature all these para-
meters have effect on the oxide layer properties. Electrochemical
cell setup, counter electrode material and different electrochem-
ical cell geometries have a vital effect on the material morphology.
Some of the most important cell geometries adapted to synthesis
good oxide layers are shown in the Reference [75].

11.6.4 Quantum Dots on Photoanodes

Quantum Dots (QDs) light absorbers are commonly employed to
decorate a host semiconductor with a larger bandgap than the
QDs. QDs-based photoelectrodes can be made using a number of
techniques, including sequential ionic layer adsorption and reaction
(SILAR), chemical bath deposition (CBD), electrophoretic depos-
ition, direct adsorption, and linker-assisted assembly. Depending on
the size, shape, surface of QDs, and morphology of the host semi-
conductors, QDs may adsorb on the surface of nanotubes, nanor-
ods, or the pores of mesoporous thin films. The host semiconductor
serves as both a scaffold and a charge acceptor for the QDs, with
the band shift between the QDs and the host material acting as
a driving force for efficient charge separation [76]. By expanding
the absorption toward the visible (400 nm - 700 nm) or NIR regions,
QDs-sensitization overcomes the light absorbance limit exhibited
by the host materials. Due to the narrow band gap of QDs, the
photons with the energies corresponding to visible light may be re-
sponsible for the charge carriers production injected then into host
semiconductors [77]. It is very important to understand properties
and charge dynamics of QDs in order to improve the STH efficiency
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and to make the system practically viable. Among others, chalco-
genide quantum dots have attracted much attention as building
blocks for light-harvesting devices because of its exceptional op-
tical features, such as a wide light absorption range throughout
the near-IR regions and a high extinction coefficient. Chalcogenide
quantum dots have been actively utilized for generation of hydro-
gen in PEC water splitting cells due to its superior water durability
compared to other light harvesting materials such as halide per-
ovskites and metal organic dyes. It should be underlined here that
titania based materials have excellent stability in strong base elec-
trolytes due to which TiOz/chalcogenide QD photoanodes are found
to be more attractive for PEC hydrogen generation in comparison
to ZnO/chalcogenide QD photoanodes. Consequently, development
of TiOy/chalcogenide QD photoanodes in PV cells with high pho-
tocurrent density greater than 30 mAcm™? is extremely attract-
ive for PEC applications [78]. Kim et al. [77] developed quantum
dot-sensitized TiO2 photoelectrodes, by applying TiO9 surface pas-
sivation layer (SPL) on mesophorous TiOs film surface to prepare
TiO2/QD (PbS and CdS) photoanodes and achieved photocurrent
density of 34.59 mAcm~2 for PV cells, one of the highest value
reported. The SPL enhanced the surface states density and facil-
itated multiple trapping and detrapping transport. This combined
with reduced electron recombination, resulted in high collective ef-
ficiency. SPL treated TiOy/QD photoanodes showed excellent pho-
tocurrent density of 14.43 mAcm~2 at 0.82 V vs RHE in PEC water
splitting cell.

11.7 Photocathodes

This section has been devoted to discuss some of the important
materials to fabricate efficient photocathodes such as p-type NiO
semiconductor material as it is highly stable in acidic and under
photoelectrosynthesis conditions, materials based on semiconductor
quantum dots like lead sulfides and copper indium sulfide QDs as
they act as good light absorbers and they exhibit good carrier mul-
tiplication efficiency and Cu and CusO catalysts as they exhibit fa-
vorable elctronic and chemical properties and high elemental abund-
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ance for CO9 reduction.

11.7.1 NiO

p-NiO is a p-type semiconductor material with bandgap ranging
from 3.3 eV-4.3 eV. The conductivity of p-NiO crystallites can be
enhanced by increasing the concentration of Ni3+ via lithium dop-
ing, nickel vacancies, or interstitial oxygen. The broad bandgap
of the p-NiO semiconductor limits its ability to use a wide range
of the solar spectrum, limiting generated photocurrent density. As
a result, research on the use of p-NiO for PEC water splitting and
COg reduction is hampered [65]. DuChene et al. [79] demonstrated
light-induced modulation of catalytic selectivity for photoelectro-
chemical COy reduction in aqueous mediums using copper nano-
particles dispersed onto p-type nickel oxide (p-NiO) photocathodes.
Hu et al. [80] fabricated NiO photocathodes by anodizing Ni foil in
an organic based electrolyte for PEC system. Al,O3z was used as
blocking layer to modify the surface of NiO in order to minimize the
surface charge recombination and to enhance IPCE. On the other
hand, Frehan et al. [81] demonstrated that Cu-doping of NiO has
the potential to reduce surface charge recombination and to provide
more effective photocathodes.

11.7.2 Cuy,O

Cuprous oxide (Cug0) is the most widely studied p-type semicon-
ductor in the PEC CO3 reduction systems, due to its lower toxicity,
low cost, and abundance on the earth. More notably, the CusO CB
is lower than the CO4 reduction potential, with a relatively narrow
bandgap (1.9-2.2 eV). Cuz0 due to its sufficiently more negative
CB than COs reduction potential, it can act as catalyst for CO9
reduction. According to the theoretical studies, undersolar irra-
diation, the maximum solar-to-fuel conversion efficiency of CuoO
may reach even 18%, and the maximum photocurrent density is
14.7 mAcm~2 [57]. Despite this, many studies show substantially
lower photocurrent densities and solar-to-fuel conversion efficien-
cies than predicted values, due to severe photocorrosion of CusO in
aqueous solution. Photocorrosion of the photocathode will signific-
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antly decrease the overall reduction efficiency because most photo-
generated holes are absorbed by CugO [34]. Surface coating is one
of the technique to overcome the photocorrosion problem and to in-
crease the life time of electrode. CuO2/CuO/Al;O3 composite pro-
duced by coating with CuO and AlyOg3 layer by layer demonstrated
improved stability and PEC performance. Under AM 1.5 light irra-
diation CupO/Cu0O/AlyO3 composite exhibited high photocurrent
density of 1.8 mAcm™2 when compared to 0.25 mAcm™2 exhib-
ited by bare CuOz flim. CuO cover layer over CuzO facilitated
electron transfer process and increase in Al,Og layers led to in-
creased stability of electrodes [82]. Paracchino et al. [83] demon-
strated a highly effective electrodeposited p-CusO electrode that
was protected by atomic layer deposition (ALD) of Al-doped ZnO
and TiO2 nanolayers and covered with electrodeposited platinum.
In 1 M NaySOy solution, the electrode produced photocurrents as
high as 7.6 mAcm~2 at 0 V vs RHE. The relationship between the
products and various Cu-based photocathodes are summarized in
Tab. 11.2.

Tab. 11.2: Relationship between the products and different Cu-
based photocathodes. Reprinted with the permission from reference
[84].

Mai Faradai
Photocathodes Condition am ar? e
products efficiency

2 mM Re(tBu-bipy)
Cug0O/AL:ZnO/TiO3/ (CO)3Cl1 +

CO 100
Re(tBu-bipy)(CO3)Cl 0.1M MeOH, @
-1.73 V vs Fe+/Fe
0.1 M NaQSO4
H;OH
CH/CUQO 20.2 V vs SHE C 30 95%
. 0.1 M NaHCO3
1 HsOH
CulnS, /pyridine 054 V vs SHE CH50 97%
Al:ZnO/CdS/ 0.1 M KHCOg3
CO 99.30
(Cu(In,Ga)Se2) -0.2 V vs RHE @
CuO /Fes0y 0.1 M KHCOg3 CH3;O0H 91.20%

-1.1 V vs SCE CoH;0H
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11.7.3 Quantum Dots on Photocathodes

The development of QDs-sensitizers for photocathodes is confined
to graphene QDs, PbS QDs, CdSe QDs, CdSeTe QDs, CdTe QDs,
carbon QDs, and CdSe/CdS QDs, and other materials. Mismatch
in photocurrent density and catalytic efficiency of photoanode and
photocathode may restrict the development of bias-free tandem
PEC system. When it comes to the PEC process, the electron/hole
transfer/transport process has a significant impact on charge separ-
ation and, as a result, PEC performance. In photocathodes, holes
are extracted and transported to the host materials. In order to
improve the PEC system, it is critical to select and engineer the
host materials [72]. For the first time in 2010, Nann et al. [85]
developed gold as host material for the design of QDs sensitized
PEC photocathode, on which InP QDs and FeySo(CO)g co-catalysts
were assembled. Despite the fact that these systems are inefficient
in practical applications, the simple PEC design highlighted the
active involvement of QDs and established the basis for the con-
struction of QD-based photocathodes. Meng et al. [86] developed
bi-functional molecular linker called mercaptoacetic acid (MAA) to
anchor colloidal CdSe QDs on to NiO film, inorder to satisfy energy
requirements for consecutive hole transfer and interact with QDs
to enable ultrafast hole transfer. The state-of-the-art of QDs-based
PEC photocathodes are summarized in Tab. 11.3.
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Tab. 11.3: Summary of QD based photocathodes. Reprinted with
the permission from reference [76].

Onset Current Faradai
Photocathodes nse. Condition density arz.i ale
potential ~, efficiency
(nAcm™*)
0.1 M
NiO/CdSe OVVS L hosphate -20 85%
RHE
(pH = 6.8)
0V 0.5 M
NiO/CdSe/NiS ) AVSCI NaySO4 -130 95%
§/48 (pH = 6.8)
0V 0.1 M
NiO,/CdSe/CoP NHES NayS0, -110 81%
(pH = 6.8)
0.1 M
NiO,/CdTe/NiS '1’22/1VCVIS H,PO, -110 100%
/48 (pH = 6.0)
.0284 M
NiO/CdSe-CdTe -0.27 V vs 0-0 8 .
sssermbl Ag/AgCl ascorbic acid -140 92%
v 8/ 58 (pH = 4.56)

11.8 Conclusion

In this chapter, a brief description about the basic operation prin-
ciples of PEC water splitting and CO5 reduction processes with the
recent progresses in the design of photoelectrodes for PEC system
are given. Researchers have produced various types of semicon-
ductors and alternative cell configurations in the previous several
decades since the first report on the PEC energy conversion process,
compared to the single large-bandgap TiO2 photoelectrode at the
beginning. Among various cell configurations PEC/PEC tandem
cell system using earth-abundant materials are developed to achieve
unbiased PEC solar-to-fuel generation. However, there many chal-
leneges mentioned in the earlier Sec. 11.3.5 and Sec. 11.4.6 have
to be addressed in order to achieve high solar energy conversion
efficiency. To achieve this task development of novel photoelec-
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trodes and further efficiently integrating them in PEC tandem cell
are required. Good water stability, adequate band levels, excellent
optical absorption in the visible region, and good electrical char-
acteristics are all requirements for PEC photoelectrode materials.
Among many n-type semiconductor materials TiOy is commonly
studied as photoanode for water oxidation and p-type metal oxide
such as NiO and Cu,O are applied as photocathodes for CO4 reduc-
tion and water reduction. However, metal-oxides based photoelec-
trodes, on the other hand, have low photocurrent densities due to
their poor light absorption and charge transfer properties. In order
to control the onset potential and to increase the photocurrent of
photoelectrodes, its important to improve the preparation methods
of photoelectrodes and to employ more effective catalysts and pho-
toabsorbers (QDs) on photoelectrodes. Furthurmore, its important
to understand the complicated mechanism in PEC COs reduction
on photocathode and to further commercially develop PEC tandem
cell on industrial scale.
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12.1 Wstep literaturowy

12.1.1 Zarys historyczny

Skoéra zwierzeca od wiekéow stuzyla cztowiekowi i byta przez niego
wykorzystywana w codziennym zyciu. Juz w czasach prehistorycz-
nych uzywana do ochrony ciata, wymusita na cztowieczenstwie po-
trzebe zabezpieczenia tego surowca przed gniciem i rozktadem. Szu-
kanie nowych sposobéw i ulepszanie starych spowodowal silny roz-
wéj dziedziny ,,garbarstwa” — technologicznego procesu, ktory pro-
wadzi do zabezpieczenia surowej skéry przed gniciem powodujac
wzrost jej odpornosci termicznej i wlasciwosci wytrzymato$ciowych.
Poczatkowo przetwarzanie skory opierato sie jedynie na jej susze-
niu. Jednak skéra byla wtedy twarda i tamliwa. Z czasem rozpo-
czeto, podczas procesu ugniatania, dodawanie ttuszczy zwierzecych,
ktoére pozwolity na uzyskanie odpowiedniej migkkosci. Tak powstata
pierwsza metoda garbowania — garbowanie ttuszczowe. Nastepnym
krokiem stalo sie¢ wykorzystywanie kory czy lisci jako garbnikéow —
garbowanie roslinne. Wciaz jednak skéry garbowane pokryte byty
wlosem. Dopiero po pewnym czasie zauwazono, ze proces gnicia
zachodzacy na skérze powoduje usuwanie z niej wilosa. Skéra bez
wlosa stala si¢ bardziej uzyteczna, co umozliwito produkcje wick-
szej liczby przydatnych artykuléow. Pierwsze zapisy o garbowaniu
i barwieniu skor pochodza sprzed 4500 lat z papiruséw egipskich.
Pézniej spotykane sg informacje o europejskich prébach przetwa-
rzania skér, ktoére spowodowaly silny rozwdj tej galezi przemystu
i checi poszukiwania coraz to lepszych metod, a tym samym coraz
szerszym wykorzystaniu skor zwierzecych. Rozwdj chemii w XVIII
i XIX wieku spowodowal wiele prob, aby wykorzysta¢ te nauke row-
niez w garbarstwie. Poszukiwanie nowych, efektywniejszych garbni-
kéw doprowadzito do powstania tzw. garbowania chromowego, kté-
rego tworca byt F. Knapp. Lata 20. byly przelomowym okresem.
Naukowcy z calego $wiata angazowali si¢ w poszukiwanie i ulep-
szanie procesu garbowania skér. Skory zamorskie sprowadzane do
Europy wymagaly innych sposobdéw na ich przetwarzanie co sprzy-
jato rozwojowi. Juz nie tylko przemyst odziezowy czy obuwniczy
wywieral zapotrzebowanie na skore, ale réwniez tapicerski czy sa-
mochodowy [1].
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12.1.2 Wprowadzenie

Garbowanie jak zostalo wyjasnione powyzej jest procesem przetwa-
rzania skor surowych, ulegajacych szybkiemu rozkladowi i gniciu,
w material trwaly oraz tatwy do dalszego przerobu, o odpowiednich
wlasciwosciach fizycznych. Sklada sie z szeregu zlozonych reakcji
chemicznych nadajacych wysoka trwalo$é¢ oraz wyjatkowo specy-
ficzny charakter. Dodatkowo skora przetwarzana ulega wielu me-
chanicznym procesom wlasciwego przygotowania a takze wykoncze-
nia [2]. Dzieki tak rozwinietym metodom przerobu skér mozliwe jest
uzyskanie konicowego produktu o wysokiej jakosci i wlasciwosciach
jak na przyklad, trwato$é¢, wyglad, odpornos¢ na temperature czy
wode, miekko$¢, Scisto$¢, przepuszezalno$é potu jak i powietrza [3].

Naturalna skoéra jest najczedciej wyjsciowym materialem stuzacym
do wytwarzania wielu niezbednych produktéw (odziez, obuwie) jak
i produktéw luksusowych, majac na celu podwyzszenie wartosci
przedmiotu czy jego poprawe jakoSciowa i wizualna (tapicerka sa-
mochodowa, meble).

Przetwarzanie naturalnego surowca jakim jest skéra surowa do wy-
sokiej jakosci wyrobu gotowego w postaci siedzen samochodowych,
galanterii czy obuwia stanowi ogromne wyzwanie jakosciowe, tech-
nologiczne i srodowiskowe. Powodem tego jest podatno$é¢ skéry na
gnicie i uszkodzenia, nie tylko w procesie przetwarzania, ale réwniez
juz podczas hodowli zwierzat czy ich uboju [4].

Skutecznos¢ osiagniecia celéw jakosciowych i Srodowiskowych przy
produkgcji skéry zalezy od jej rodzaju i zawartosci zwiazkéw che-
micznych. Sklad surowej skory zalezy od wielu czynnikéw, m.in. od
rasy, ptci czy gatunku zwierzecia. Mozna jednak okresli¢ przecietny
chemiczny sklad, taki tez zostal przedstawiony na Rys. 12.1.

Biatka wystepujace w surowej skorze dziela sie na wldkniste (struk-
turalne) oraz bezpostaciowe (globularne). Wéréd bialek wlékni-
stych mozna wymieni¢ kolagen, elastyne i keratyne. Zawartos¢ ko-
lagenu roénie réwnoczesnie z ubytkiem wody podczas chromowego
garbowania. W przypadku garbowania chromowego zawarto$¢ kola-
genu moze wzrosnaé¢ nawet do 72%, natomiast podczas garbowania
roslinnego tylko do 41%, czego powodem jest wprowadzanie duzych
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ilodci roslinnych garbnikéw. Biatka bezpostaciowe powinny zostaé
usuniete ze skéry podczas proceséw przygotowawczych.

Woda kapilarna jest ta, ktéra utrzymuje sie sitami wloskowato-
Sci pomiedzy wiéknami. Usuniecie jej jest procesem odwracalnym.
Woda micelarna (1/3 calkowitej wody) jest chemicznie zwiazana
z treScia komorki- wewnatrzkomoérkowa. Po jej usunieciu nie ma
mozliwosci odwrdcenia tego procesu. Skory, w ktérych pojawit sie
ubytek wody micelarnej w wyniku suchej konserwacji lub inten-
Sywnego suszenia, sa gorszej jakoéci i bardzo trudno je rozmo-
czy¢. Thuszeze i substancje mineralne wystepuja w niewielkich ilo-
Sciach. Najbogatsza w thuszcze jest warstwa podskorna. Sktad ttusz-
czu skérnego zwierzecia przedstawia sie nastepujaco: C — 76,5%,
O - 11,5%, H — 12%. Substancje mineralne nie wptywaja na jako$é
skéry jako garbarskiego surowca [1].

Sktad chemiczny surowej skory

woda kapilanz;

42 5%

Ipiatka; 33%

substancje mineraine; woda micelarna; 2234

0,5%

Rys. 12.1: Sktad chemiczny surowej skory.

Silny wzrost zapotrzebowania na skory spowodowal powstawaniem
poteznych liczby produktéw ubocznych, ktore stalo sie problemem
zaktadow garbarskich i przemystu skérzanego. Czes¢ z nich znala-
zta jednak zastosowanie w innych galeziach przemystu, takich jak
wytwarzanie karmy dla zwierzat, poprawa wlasciwosci gleby czy
przemyst chemiczny. Dodatkowo tego typu zaklady okreslane sa
jako truciciele, nie tylko z powodu generowania odpadéw. Powo-
duja wydzielanie si¢ nieprzyjemnego zapachu oraz ogromna produk-
cje Sciekéw, zawierajacych réznego typu zwiazki jak choéby chrom.
Nieodpowiednia utylizacja odpadéw moze powodowaé silne zanie-
czyszczenie $rodowiska [5].
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Podczas przerobu skory surowej o wadze 1 Mg powstaje jedynie
okoto 200 kg produktu, pozostale 800 kg stanowi odpad pocho-
dzacy ze skér niegarbowanych, garbowanych a takze osad pocho-
dzacy z oczyszczalni Sciekéw [6].

Wspélczesne metody utylizacji tego typu odpadu nie sg wystarcza-
jace, dodatkowo generuja wysokie koszty. Powoduje to, ze podsta-
wowym sposobem na ich zagospodarowanie jest po prostu skla-
dowanie [7]. Niestety tego typu rozwiazanie jest bardzo niebez-
pieczne, poniewaz produkty rozpadu moga przenikaé¢ do gleby, wod
a takze wydziela¢ sie do atmosfery. Dodatkowo istnieje ryzyko sa-
mozaplonu, co zwiekszy zanieczyszczenie srodowiska [8].

Caly proces przetwarzania skér od lat ulega niewielkim zmianom,
pomimo tego wprowadzono pewne udoskonalenia w przypadku
ochrony $rodowiska dla tej galezi przemystu. Podstawowymi ele-
mentami majacymi na celu minimalizacje negatywnego wplywu na
wode, powietrze czy glebe sa zmiany przepiséw o kontroli zanie-
czyszczen, jak najwieksza minimalizacja powstajacych odpadow czy
ich racjonalne unieszkodliwianie a takze rodzaj stosowanych che-
mikaliéw. Bardzo istotna jest analiza ryzyka oraz zwiazane z tym
rozwigzania pozwalajace w razie ewentualnej awarii ograniczy¢ nie-
bezpieczny wplyw dla Srodowiska.

Ocena rozwiazan majacych shuzyé lepszej ochronie srodowiska po-
winna by¢ przeprowadzana z perspektywy kosztow i ogdlnych ko-
rzySci. Jakakolwiek zmiana techniki moze wplywaé na pozostale
moduly technologiczne. Stad tez powinny by¢ wybierane techniki,
ktére pozwolag osiagnaé w procesie jak najmniejszy wplyw na srodo-
wisko naturalne jako catosci. Pod wzgledem tych kryteriéw oceniane
zostaja najlepsze dostepne techniki, moga one wigc dotyczy¢ zmian
ograniczania zanieczyszczen w modutach procesowych jak réwniez
na korncu tancucha.

Roéwnie istotne staja sie regularne przeglady maszyn i procesu jak

i ich odpowiednia eksploatacja, w tym takze odpowiednie szkolenie
pracownikéw [9].
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12.1.3 Produkcja skér w Europie i na swiecie

Zarowno w Europie jak i na $wiecie catkowita produkcja skér uza-
lezniona jest od kilku aspektéw. W duzej mierze wpltyw ma wiel-
kos¢ populacji zwierzat, konsumpcja miesa a tym samym tempo
ich uboju. Jedne z najwigkszych skupisk bydila wystepuja w Sta-
nach Zjednoczonych, Chinach, Argentynie, Brazylii, Indiach, Unii
Europejskiej czy w Rosji.

Roéznice w jakosci skor sa widoczne pomiedzy bydlem pochodza-
cych z Europy i tym z systeméw ranczerskich i pasterskich, gdzie
zwierzeta sa znacznie bardziej narazone na uszkodzenia skéry czy
oznaczane za pomoca wypalen.

Powoduje to, ze mozliwe jest uzyskanie znacznie wigkszej powie-
rzchni uzytkowej ze skor bydla europejskiego, a tym samym ogra-
niczenie ilo$¢ odpadu. Dodatkowo skéry te sa wolne od zakazanych
pestycydéw [8].

Na przestrzeni lat obserwuje si¢ wzrost importu skor do Unii Euro-
pejskiej jednak nadal zaklady garbarskie maja problemy ze spro-
wadzaniem wystarczajacej iloéci surowca rowniez z krajéw trze-
ciego $wiata. Jedng z najwiekszych barier handlowych stanowig cla,
a takze pewne ograniczenia wywozu surowych skor i pélproduktu
wet white/ wet blue. Na wolny rynek miedzynarodowy trafia tylko
$rednio ok. 40% dostepnych na skale $wiatowg skér. Powoduje to
wysokie i niestabilne ceny surowca, a takze jego niedobér [4].

Dane pokazuja, ze w krajach rozwijajacych si¢, pomimo iz posiadaja
78% populacji $wiatowej bydla, tylko 64% skor jest przetwarzanych
dalej, z czego odnoszac to do wagi wynosi jedynie 57% [8].

Handel skérami bydlecymi na Swiecie ulega silnej transformacji i tak
tez kraje nalezace do rozwijajacych sie z eksporteréw netto coraz
czesciej zostajg importerami netto. Powodem jest wzrost mozliwoéci
produkcyjnych garbarni na Dalekim Wschodzie czy tez w Ameryce
tacinskiej.

Import skér bydlecych na poczatku biezacego wieku znacznie zma-
lat w poréwnaniu do poprzedniego stulecia. W przeciagu 7 lat spa-
dek wyniést prawie 65%, z 353 575 ton w roku 2000 na 124 000 ton
w 2007 roku [8].
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Tab. 12.1: Gléwni dostawcy skory dla Unii Europejskiej. [Zrédlo:
Eurostat 2012].

Udzial (%) Wzrost (%)

2006 2007 2008 2009 2010 [2006-2010]
USA 17,7 159 176 151 174 -13,4
Szwajcaria 6,9 6,8 7,8 8,7 9 14,9
Boénia i Hercegowina 7,8 7 6,8 6 8,5 -3,4
Iran 6,8 9,1 11,1 11,9 8,4 9,9
RPA 6 7,5 8,2 8,1 7,1 4,2
Australia 7,1 7,8 7,3 7,6 6,7 -17,2
Nowa Zelandia 8,9 6,7 8,2 9,2 6,6 -35,2
Norwegia 3,1 2.8 3,8 3,1 3,7 5,1
Bialorus 0,8 0,6 0,2 2 3,2 232,6
Serbia 1,3 1,3 1,3 2 2,6 79,9
Razem 100 100 100 100 100 -12

Tab. 12.1 zawiera zestawienie gtownych dostawcéw skor, z ktorej
wynika, ze najwiekszym dostawcyg skéry surowej do Unii Europej-
skiej wciaz pozostaja Stany Zjednoczone, ich catkowity udziat im-
portu spoza UE w dostarczaniu surowca wynosi ponad 15%. Bilans
catkowity dla dostawcow skor dla UE w latach 2006-2010 utrzymuje
sie na poziomie -12%.

Unia Europejska nie jest kluczowym producentem skér na swiecie,
inne gtéwne centra majg miejsce w Meksyku, Brazylii, Argentynie,
Korei Pid., Pakistanie, Chinach i Indiach.

Poréwnujac Azje czy obie Ameryki do Unii Europejskiej tatwo da
sig¢ zauwazy¢, iz na Swiatowym rynku udzial Europy ma wyraZna
tendencje do zmniejszania sie, zas§ w przypadku pozostalych dwéch
obszaréw wzrasta.

Obserwujac przetwérstwo skér surowych na Swiecie opartych na mo-
krym zasoleniu, gdzie catkowita produkcja wyniosta 6,0 mln ton,
widaé, ze mozliwe jest uzyskanie 522 600 ton skéry grubej, a takze
1 185 mIn m? skéry lekkie, w ktérg wliczamy dwoiny. Dla Europy
liczby te wynosza 71 700 ton skéry grubej i 230 mln m? skéry lek-
kiej.
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Tab. 12.2: Najwazniejsze dla garbarzy europejskich rynki zbytu wy-
koniczonych skér [Zrédlo: 164, Eurostat 2012].

Wzrost (%)

2006 2007 2008 2009 2010
[2006-2010]

Hong Kong 25,7 225 21,6 21,8 226 -16,8
Chiny 11,1 13,5 12,8 14,5 14,5 23,6
Tunezja 5,7 6,6 7,4 8,3 7.4 23,5
USA 10,6 8,7 8,2 6 6,8 -39,2
Chorwacja 2,3 5 5,9 5,3 3,9 59
Indie 3,4 3,5 3,8 4.1 3,8 8,2
Turcja 4.8 4.5 3,3 2,9 3,2 -37,7
Wietnam 1,9 2,2 2,7 3 3,2 60,5
Korea Pid. 3 24 2,2 3 29 -7,6
Maroko 2 2 2,4 3 29 40,4
Razem 100 100 100 100 100 -5,3

Unia Europejska wciaz pozostaje jednym z najwiekszych dostawcow
skér na $wiecie na rynek miedzynarodowy. 15% $wiatowej produkcji
skér 1 60% produkcji europejskiej przypada na Wiochy. W Tab. 12.2.
przedstawione zostaly najwazniejsze rynki przemystu skérzanego
krajow, do ktérych Europa eksportuje skéry wykonczone. W prze-
ciagu czterech lat sytuacja wielokrotnie si¢ zmieniata, jednak to
panstwa wschodnie przewazaja w odbiorze skér. Catkowity bilans
wzrostu zbytu skér dla lat 2006-2010 utrzymuje sie na -5,3% [8].

12.1.4 Unia Europejska — rozmieszczenie przemystu
skérzanego

Wtochy odgrywaja najwazniejsza role w europejskim przemysle sko-
rzanym. Ich pozycja uwarunkowana jest wielkoscia zatrudnienia,
liczbg przedsiebiorstw, wielko$cia obrotu, sprzedazy oraz produk-
cji. Na drugim miejscu znajduje si¢ Hiszpania i odpowiada wraz
z Niemcami, Wielka Brytania, Francja i Portugalia za wicksza czeé¢
pozostatego rynku skérzanego w Europie. We Wloszech dziatato
1415 garbarni, chociaz jezeli chodzi o ich wielko$¢ to sa znacznie
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mniejsze w poréwnaniu do pozostatych krajow, Hiszpania posiada
ich okoto 140, Francja 62, a w Niemczech znajdziemy ich 30. Kraje
skandynawskie cho¢ w przeszloéci posiadaty silnie rozwiniets te ga-
taz przemystu specjalizujaca sie¢ w produkcji skér, w obecnym czasie
posiadaja jedynie kilka garbarni.

Garbarnie bardzo czesto wystepuja w pewnych skupiskach, a w re-
jonach gdzie te zaklady zostaly zlokalizowane, zycie spolecznosci
zalezy od tej galezi przemystu. Taka sytuacja wystepuje we Wto-
szech. Tab. 12.3 prezentuje najwieksze klastry przemystu skérzane
we Wloszech [8].

Tab. 12.3: Liczba garbarni — region we Wtoszech.

Region  Miejscowo$é¢/ Gmina Liczba garbarni

Santa Croce sull’Arno

Toskania 615
Ponte Egol
Arzignano
Vicenza Zermeghed 465
Montebello Vicentino
Kampania Neapol 193
Lombardia Turbigo 70

Castano Primo

Santa Croce i Arzignano naleza do gtéwnych osrodkéw specjalizuja-
cych sie w przetwarzaniu skér bydlecych. Wigkszos¢é produkowanych
skér w Santa Croce trafia do branzy obuwniczej, natomiast skory
z Arzignano przeznaczane zostaja na odziez, obuwie ale réwniez
na tapicerke skorzang. W Arzignano produkcja odbywa sie w spo-
séb bardziej przemystowy i jest znacznie wieksza w poréwnaniu do
Santa Croce.

Obserwujac przemyst skérzany w Hiszpanii widoczne jest, ze 60%
garbarni zlokalizowanych jest w Katalonii, za$ 35% w Madrycie,
Walencji i Murcji. Garbarnie portugalskie gtéwnie umieszczone sa
w Lizbonie i Dolinie Tag, okolo 85 zakladéw, oraz w Porto 15 [§].
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12.1.5 Produkcja skoér

Proces produkcyjny przetwarzania skér jest bardzo skomplikowany.
Opiera sie zar6wno na procesach chemicznych jak i mechanicznych.
Pomimo, ze ogdlny zarys procesow garbarskich jest staly, to kazda
z garbarni posiada indywidualny proces technologiczny réznigcy sie
od innych. Wynika to zaréwno z surowca jak i branzy, dla ktérej
produkowane sg skéry.

b Warirtat mokry
......... Piklowane
Garbarnia
wiadchwa
......................... Wat Blue
Obribka po
garbowaniu

Rys. 12.2: Sktad chemiczny surowej skéry.
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Ogdlny schemat przetwarzania skér przedstawia Rys. 12.2 i opiera
sie na trzech podstawowych etapach: warsztat mokry, dogarbowanie
skér oraz wykonczanie skér [1].

Warsztat mokry

Skory zdjete ze zwierzat w pierwszym etapie sa solone, a nastepnie
magazynowane w chtodnych, ciemnych pomieszczeniach z niebie-
skim $wiatlem, majace na celu ograniczenie proceséw gnicia i roz-
woju organizmow rozkladajacych material organiczny. Skéry sa sor-
towane pod wzgledem wagi.

Pierwsza operacja przetwarzania skér jest moczenie, ktére ma na
celu zwiekszenie podatnosci skory na kolejne chemiczne jak i fizyko-
chemiczne procesy. Polega ono na przywréceniu stanu skéry, ktory
miala ona w momencie zdjecia z danego zwierzecia, a tym samym na
odzysku wody kapilarnej. Zawarto$¢ wody w Swiezej skorze wymnosi
okoto 65%.

Samo nawodnienie znacznie lepiej przebiega od strony mizdry (od-
miesna strona skéry).

Skory solone na sucho badz wrecz wysuszone sg znacznie trudniejsze
do namoczenia, wielokrotnie okazuje sig, ze jest to wrecz niemoz-
liwe.

Najistotniejszymi elementami majacymi wplyw na proces moczenia
sg:

a) metody konserwacji — mokre solenie powoduje, ze stan na-
moczenia mozna osiagnaé znacznie szybciej, gdyz woda mice-
larna nie zostata naruszona

b) $rodki, ktére przyspieszaja namok — najlepiej wpltywaja srodki
o zasadowym odczynie, ilo$¢ zalezy od stopnia odwodnienia
skéry

c) czas moczenia — zalezy od temperatury, uzycia antyseptykéw

d) sklad chemiczny wody — woda miekka ulatwia namoczenie
skor

e) temperatura kapieli — im wyzsza temperatura tym wieksza
predkos¢ nawodnienia i mniejszy stopien nawodnienia. Zbyt
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niska temperatura powoduje znacznie wolniejsze nawodnienia
i silne nabrzmiewanie lica

f) wspdlczynnik kapielowy — zalezy od niego rozwdj bakterii
i czestotliwo$é wymiany kapieli. Stosunek ilosci wody do zie-
lonego ciezaru surowca.

g) wplyw mechaniczny — obrotowe bebny ulatwiaja namok skor

h) srodki odkazajace — stosowanie $rodkéw zwilzajacych i pod-
noszenie temperatury bez obawy przed rozwojem bakterii.

Tak rozmoczone skéry moga zosta¢ przekazane do procesu odwta-
szania. Jest to pierwszy technologiczny proces powodujacy zmiany
w tkance skérnej. Celem tej operacji jest usuniecie zaréwno wlosa
jak i naskérka od skéry wiasciwe;j.

Odmiegénianie (mizdrowanie) polega na usunieciu tkanki podskérnej
z polaczonymi z nig resztkami tkanki tluszczowej, miesa.

Wapnienie przeprowadza sie najczesciej za pomoca wapna gaszo-
nego, ale mozliwe jest uzycie go z siarczkami metali alkalicznych.
Jego celem jest:

a) zmydlenie czeSciowe naturalnego tluszezu
b) rozluZnienie widkien
c) oslabienie wiazania naskorka i wlosa ze skora wlasciwa.

Dwojenie polega na Scinaniu strony odmiesnej skory, jezeli ze skér
ciezkich chcemy uzyskaé¢ skory lzejsze.

Odwapnianie polega na usunieciu ze skory stosowanych we wcze-
$niejszych etapéw zwapnionej golizny wapna gaszonego, siarczku
sodowego i innych zwiazkéw zasadowych. Obecnosé ich w kolejnych
procesach przetwarzania skor dziala szkodliwie na surowiec [10].
Przebiega zaréwno poprzez wymywanie jak i uzycie specjalnych
srodkéw chemicznych, ktére w reakcji z wapnem powoduja two-
rzenie zwigzkéw rozpuszezalnych w wodzie [10, 11].

Wytrawianie oparte jest na pracy enzyméw, gléwnie proteazy ma-
jace na celu usuniecie wapna wciaz zwigzanego ze skora, poprawe
lica, nadanie goliznie preznosci oraz spowodowanie, ze stanie sie
migkka i $liska, rozluZnienie cebulek wlosa, naskérka jak i pigmentu,
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zmydlenie ttuszczy a takze zwiekszenie ciggliwoéci i przepuszczal-
nosci powietrza tkanki skérnej [1].

Garbowanie roslinne

Naturalne garbniki rodlinne sg wytwarzanymi substancjami orga-
nicznymi w poszczegdlnych czesciach roslin. Najczedciej wytwarzane
garbiki pochodzg z kory. Natomiast obecne sa réwniez te z drewna,
lisci i owocow a takze korzeni. Na rynku znajduje sie spora iloé¢
tego typu Srodkéw, a takze wciaz produkowane i testowane sg nowe
z tropikalnych roslin. Niestety nie wszystkie moga by¢ wykorzysty-
wane w garbarstwie z powodu zbyt niskiej zawartosci garbnikéw
i stabej jakosci. Dodatkowo istotne jest roztozenie garbnikéw w ro-
$linie, a takze latwos¢ eksploatacji roslin.

Garbniki wystepuja w postaci koloidéw w wodnych roztworach, o
roznym stopniu dyspersji. Pojawiaja sie takze tzw. pétgarbniki, ule-
gaja one w odpowiednich warunkach pewnym przemianom chemicz-
nym, dzieki czemu zyskuja wlasciwosci garbujace. Glowng cecha
pétgarbnikéw jest to, iz wystepuja one na granicy roztworéw wia-
$ciwych i koloidalnych.

Jedna z gtéwnych cech garbnikow roslinnych jest tatwa rozpuszczal-
no$¢ w wodzie. Dodatkowo powinny mie¢ wysoka zdolnosé reago-
wania z biatkowymi substancjami.

Surowce, z ktérych mozliwe jest pozyskiwanie garbnikow dzieli sie
na 3 grupy:

a) Ubogie w garbniki: zawarto$é¢ garbnika ok. 6%

b) Srednio bogate w garbniki: zawarto$é garbnikéw 10-20%

c¢) Bogate w garbnik: ponad 20%

Garbowanie skér tg metoda przeprowadza sie w roztworach wod-
nych danego garbnika roslinnego, otrzymywanego w wyniku eks-
trakeji. Srodki garbujace sa tugowane z wykorzystaniem wody. Pro-
dukt moze wystepowaé w postaci statej badz ptynnej.

Sam proces garbowania za pomoca roélinnych garbnikéw opiera si¢
na dyfuzji danego garbnika w glab tkanki golizny. Taki garbnik
wigze sie z kolagenem. Kolor skéry zmienia si¢ na brazowy stad moz-
liwe jest obserwowanie wnikania garbnika. Proces wnikania garb-
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nika w skére wigze sie z natychmiastowym jego wigzaniem z gru-
pami aktywnymi biatek widknistych. Prawidlowy proces garbowa-
nia przebiega tak, ze czasteczki garbnika nie sg zatrzymywane na
powierzchni skory a réwnomiernie przechodza w glab skéry. Skoéry
po garbowaniu roslinnym noszg nazwe ,wet-white” oraz posiadaja
kolor zotty.

Odpady po takim tugowaniu, na przyktad jezeli jest to kora badz
drewno, majg wysoka zawarto$¢ wody, okolo 80%. Dlatego tak
wazne jest jego wysuszenie do okolo 50%, a nastepnie mozliwe jest
polaczenie z miatem i wykorzystanie w kottowniach.

Garbowanie chromowe Wilasciwosci chromu

Chrom — pierwiastek nalezacy do grupy metali przejSciowych z bloku
d uktadu okresowego. Posiada liczbe atomowa 24. Wystepuje w po-
staci twardego, kruchego metalu o srebrzysto -niebieskim kolorze,
potyskliwy. Pozyskiwany jest z rud chromowo-zelazowych, zw. chro-
mitem. Po wyprazeniu wczesniej juz rozdrobnionego chromitu w po-
taczeniu z weglanem sodowym w temp. 1200°C powstaje chromian
sodowy. Po oczyszczeniu chromianu wykorzystuje sie kwas siarkowy,
po czym powstaje dwuchromian sodowy. Jest on podstawowym pro-
duktem do produkcji wszystkich zwiazkéw chromu. Wykorzysty-
wany jest do produkcji stali nierdzewnych, kwasoodpornych w po-
staci stopu.

Tworzy 3 rodzaje zwiazkow:

a) Chrom dwuwartoSciowy — nie posiadajacy wigkszego znacze-
nia
b) Chrom tréjwartoéciowy — tlenek stabo zasadowy i wykazu-

jacy amfoteryczne wladciwosci. Sole chromowe sa zwigzkami
podstawowymi w garbarstwie.

¢) Chrom szesSciowartosciowy — po ich zredukowaniu do chromu
tréjwartosciowego juz staje sie wartodciowym surowcem pod-
czas garbowania. Posiada wlasciwosci mutagenne jak i kance-
rogenne.

Garbowanie chromowe — proces

Ekstrakty chromowe maja posta¢ zielonych proszkéw o zawartosci
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Cry03 25-35% badz cieczy z 18% CroO3s. Brzeczki chromowe tworzy
sie poprzez rozcienczenie w wodzie ekstraktu. Nastepnie roztwor
jest zagotowywany i trzymany w takich warunkach 12-24h.

Pikiel reguluje w poczatkowej fazie wnikanie garbnika do tkanki
skornej. Po zakwaszeniu skéry za pomoca roztworu chlorku sodu
oraz kwasu siarkowego, nastepuje wlasciwe garbowanie. S6l obo-
jetna zapobiega kwasowemu pecznieniu skér. Istnieja dwie drogi
garbowania chromowego. Pierwszg z nich jest jednokapielowe gar-
bowanie. Wykorzystuje sie tutaj zasadowe siarczany chromu (IIT)
z modyfikujacymi zwigzkami posiadajacymi zasadowo$é 33%.
Zwiazki chromu tacza sie z golizna. Metoda ta polega na poczat-
kowym dodawaniu do bebna brzeczki, ktora posiada niska zasado-
wosé. Nastepnie podczas wnikania garbnika w skére zwigksza sie
zasadowo$¢. Pozwala to na réwnomierne wnikanie garbnika, dzieki
czemu lico na skérze jest gladsze i delikatniejsze. Proces garbowa-
nia jest utrwalany za pomoca sody, ktora zwicksza stopien wiazania
tkanki skérnej i garbnika.

Druga metoda garbowania jest garbowanie dwukapielowe. Proces
ten przeprowadza sie w dwdch kapielach: impregnujaca i reduku-
jaca. Podczas kapieli impregnujacej golizna jest nasycana dwuchro-
mianem z kwasem mineralnym. W drugiej kwas dwuchromowy
(obecny na kolagenowym wldknie) jest redukowany tiosiarczanem
sodowym z uzycie kwasu do potaczen chromowych zasadowych. Me-
toda ta ze wzgledu na dlugotrwaly proces i nieekonomiczne wyko-
rzystanie chromu zostata wyparta przez metode jednokapielows.

Garbnik chromowy wiazany jest przez wolne grupy karboksylowe
kolagenu. Kompleksy kationowe wbudowuje sie miedzy gtéwne tan-
cuchy skoérnego biatka. Jeden chromowy kompleks taczy szereg cza-
steczek kolagenu. Sole chromowe, ktére posiadaja w swojej cza-
steczce grupy zasadowe OH maja zdolnosci garbujace. Takie roz-
twory chromowe o wlasciwosciach zasadowych ulegaja kondensa-
cji olowej i moga tworzyé na tyle duze czasteczki, iz umozliwia
to wiazanie wielu tancuchéw polipeptydowych. Dzigki temu skéra
zyskuje wysoka temperature skurczu, odpornoé¢ na pecznienie za-
réwno w kwasach jak i zasadach oraz na rozpad hydrolityczny i en-
zymatyczny.
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Czynniki majace najwickszy wplyw na proces garbowania chromo-
wego to:

a) Dyfuzja garbnika
b) Wiazanie garbnika z bialkiem

Produktem sa skéry o kolorze niebieskim pochodzgcym od garb-
nika, ktérym jest chrom i nazywane sa wet-blue.

Regeneracja chromu

Zuzyte brzeczki moga zosta¢ ponownie wykorzystane w poczatko-
wej fazie garbowania przy produkcji podszewek. Niestety ilosci te
sa znaczne stad znaleziono sposob na regeneracje zwiazkéw chromu
poprzez wytracanie go w postaci osadu. Tak powstaly osad ulega
dekantacji i rozpuszcza sie w kwasie siarkowym zgodnie ze stechio-
metrig reakcji. Do samego wytracania wykorzystuje siec wodorotle-
nek sodu badz weglan sodu [5].

Wykonczanie skor

Jak zostalo to przedstawienie na Rys. 12.2 warsztat mokry produk-
cji skor zaréwno w garbarni wlasciwej jak i podczas dogarbowywa-
nia opiera si¢ na kgpielach i operacjach w wodzie. Po tej obrébce
skory sa suszone do oczekiwanej wilgotnosci okreélonej dla kazdego
rodzaju skér [9].

W przesztosci dzial mokry przeprowadzany byt w specjalnych za-
glebieniach lub przymocowanych pojemnikach. Skéry zas byty prze-
noszone pomiedzy kolejnymi pojemnikami. Tego typu metoda wciaz
jest stosowana w pojedynczych garbarniach oraz na Dalekim Wscho-
dzie. Wspomniane pojemniki nie opréznia si¢ juz miedzy kolejnymi
partiami skér, a podczas stosowania kilku zbiornikéw w kazdym
z nich znajduje sie ten sam roztwér o innym stezeniu (wzrastaja-
cym) [12, 13].

Jednak dzisiaj wszystkie garbarnie przemystowe uzywaja bebnow
obrotowych, pozwala to na przeprowadzanie kilku etapéw procesu
w jednym zbiorniku bez koniecznosci wyciagania skér i przenosze-
nia. Plyn jest wymieniany i dostarczany automatycznie bezposred-
nio do bebna. Tego typu procesy trwaja od kilkunastu do kilku-
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dziesieciu godzin, w zaleznosci od etapu i rodzaju skor. Procesy te
dzialaja na strukture skéry oraz penetruja ja na wskros.

Podczas warsztatu mokrego przetwarzania skor sg zuzywane rézne
iloéci érodkow chemicznych majacych na celu:

e otworzenie skéry i jej poréow dla tatwiejszego wnikania Srod-
kéw pozostatych (Srodki neutralizacyjne),

o zabarwienie skér (barwniki),

e majace na celu dogarbowanie i wzmocnienie struktury wié-
kien ($rodki dogarbowujace)

e zamkniecie skéry, w celu zatrzymania dozowanych wczesniej
srodkéw chemicznych pomiedzy wloknami kolagenowymi
(kwas mréwkowy) [3].

Po opréznieniu bebnéw skory sa wyzymane i suszone, a nastep-
nie poddawane kolejnej obrébce mechanicznej poprawiajacej jakoséé
skér. Po wybarwieniu i uzyskaniu oczekiwanych kryteriéw dla skoér
Crust (pétprodukt, skéra wybarwiona i dogarbowana, niewykon-
czona), nastepuje wykanczanie.

Ten etap przetwarzania skor dziata powierzchniowo na skéry i gléw-
nie skupia sie na poprawe wlasciwosci fizycznych skor i walorach es-
tetycznych. Na tym etapie uzywane sa $rodki wykonczeniowe w po-
staci réznego typu past i lakieréw.

12.1.6 Przemysl garbarski a ochrona srodowiska — zré-
dla zanieczyszczen w garbarni

Informacje wstepne

Garbarstwo jest intensywnie produkujacym zanieczyszczenia prze-
mystem, ktéry wytwarza ogromne ilosci odpadéw statych po pro-
dukcyjnych, zapachowych czy gazowych do atmosfery, a takze szla-
moéw pochodzacych z oczyszczalni $ciekéw. Rozwiazanie probleméw
zwigzanych z utylizacja odpaddw jest kwestia istotng ekonomicznie
jak i spotecznie nie tylko dla Polski, ale réwniez w skali Europy czy
$wiata [11]. Odpowiednie wyniki przeprowadzonych badan kazdego
rodzaju garbarskich odpadéw daje szanse na minimalizacje nega-
tywnych skutkéw na $rodowisko czy zdrowie ludzi. Mozliwe jest to
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poprzez ograniczenie lub wyeliminowanie skladowania odpadéw czy
skuteczna i oszczedna neutralizacje gazowych i zapachowych emi-
sji [14] [15]. Najwazniejsze elementy ochrony $rodowiska w garbar-
niach dotycza emisji (ladunku i stezenia) zanieczyszczen do gleby,
wody i powietrza, a takze ich kontroli. Podczas proceséw techno-
logicznych produkcji skér wykorzystywane sa duze ilosci srodkéw
chemicznych, o réznych wlasciwosciach, z czego wiele z nich moze
powodowac specjalne wymogi dotyczace oczyszczania powietrza czy
$ciekéw. Srodki te powoduja, ze skéra uzyskuje odpowiednie wla-
Sciwoéci chemiczne i fizyczne, na przyktad nie gnije oraz staje sie
znacznie odporniejsza na rozdzieranie. Dodatkowo nalezy braé¢ pod
uwage zanieczyszczenia wynikajace z niekontrolowanych wyciekdw
do gleby i woéd gruntowych powstajace z awarii a takze podczas
obrébki odpadéw i $ciekow [5].
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Rys. 12.3: Schemat wykorzystania odpadéw powstajacych w pro-
dukcji skor. [Zrédlo: Joanna Alvarez, Magdalena Panek: Ocena
mozliwoéci zastosowania odpadowego wldkna kolagenowego w tech-
nologii wytwarzania materialéw skéropodobnych. Technologia i Ja-
kos¢ Wyrobéw 62, 2017].

Rys. 12.3 obrazuje rozklad odpadéw wytwarzanych podczas gar-
bowania skér. Po analizie widaé¢, ze wiekszo$¢ z nich to odpady
stale, powstajace po procesach mechanicznych obrébki skor. Nie-
ktére z nich znalazly zastosowanie i stanowia produkty uboczne
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procesu garbowania. Sytuacja taka ma miejsce w przypadku od-
padoéw skér niegarbowanych, ktére mozna przetworzyé w ostonki
czy zelatyne uzywane w przemysle spozywczym [16]. Niestety od-
pady powstajace juz po wygarbowaniu skér sa znacznie trudniejsze
w wykorzystaniu i dopiero prowadzone sa badania, osady natomiast
wciaz stanowia jedynie odpad bez dalszego przetwarzania [14, 15].

Podstawows czescia kazdego audytu dotyczacego odpadéw garbar-
skich jest ocena wydajnosci operacji bedacych skladowymi pro-
cesu przetwarzania skor. Pracownicy garbarni posiadaja szczego-
lowe dane na temat odpadéw powstajacych podczas poszczegdlnych
operacji takich jak cyplowanie, dwojenie, struganie, jednak rzadko
posiadaja przeglad calej gamy powstajacych odpadéow.

Tylko 20-25% solonego surowca bydlecego w odniesieniu do wagi
zostaje przerobione na skéry. Natomiast nieprzerobiony materiat
staje sie produktem ubocznym, wcigz uzytecznym i wykorzystywa-
nym dalej, pozostatoéé¢ to odpad. Ocenia sie, ze garbarski przemyst
Swiatowy generuje od 600 tys./rok do 4 mln ton/ rok stalych odpa-
déw, na garbarnie polskie przypada okoto 250 ton/ rok. Tak wiec
z 1 tony surowca — surowej skéry — powstaje okoto 800 kg statych
odpadéw [17], a takze 15-50 m3 Sciekéw.

Skora po przetworzeniu zyskuje wlasciwosci niegnilne, a to wszystko
za pomoca proceséw mokrych (garbowania i dogarbowania), ktére
doprowadzaja do powstania skor Crust- potprodukty. Sama jakosé
jak iilosé¢ odpaddw i emisji produkowanych podczas proceséw w gar-
barni jest silnie uzalezniona od rodzaju skéry, ktora jest przetwa-
rzana, pochodzenia skér, a takze stosowanych metod. Przebieg ca-
tego procesu technologicznego powoduje wysokie zuzycie energii [18].
Wynika to z koniecznosci ogrzewania powietrza podczas proceséw
suszenia, wody do pewnych operacji wymagajacych dostarczenia
pary jak i po prostu do pracy maszyn stuzacych obrébce mecha-
nicznej skér. Ograniczenie zuzycia energii stanowi jeden z gtéwnych
celéw dla tego przemyshu, gdyz Swiat zmierza do jak najwickszej re-
dukcji wystepujacych gazéw cieplarnianych [4].

Analiza bilansu chromu przedstawiona na Rys. 12.4. udowadnia,

ze przy zastosowaniu w garbarni konwencjonalnej technologii nie-
spelna 50% uzytego chromu zostaje zwiazane w skérze, pozostala
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czesé zostaje usunieta w postaci odpadéw. Dopiero nowoczesne me-
tody garbowania jak i odzysk umozliwia zwiekszenie wydajnoéé
chromu [19].

mskora licowa

Wdwoina

m odpady po garbowaniu
Scieki

moyplowiny

Rys. 12.4: Zawarto$¢ chromu w skorze gotowej, statych odpadach
i &ciekach.

Odpady warsztatu mokrego

Zgodnie z Rys. 12.3 wida¢, ze podczas samego warsztatu mokrego
powstaje wiele grup odpadowych. Cze$¢ z nich znajduje zastoso-
wanie w innych przemystowych gateziach. Najwazniejsze na samym
poczatku jest odpowiednie przesortowanie i podzielenie ich, a na-
stepnie odpowiednie ich zakonserwowanie. Pominiecie, ktéregos z eta-
péw moze spowodowaé obnizenie jakosci lub zniszczenie, ktéregos
z rodzajow odpaddéw. Odpady klejowe wystepuja w postaci tkanki
przymiesnej, dwoiny, tebki. Sa one dzielone na dwie podgrupy: kle-
jowki -zawierajace tkanke przymiesng i niezawierajace tkanki przy-
miesnej, dwoiny oraz odzierki — tebki. Klejowki zabezpieczane sa za
pomoca srodkéw (na przyklad mleko wapienne), ktére nie naruszaja
substancji skérnej, a produkcja kleju nie jest niczym utrudniona.

Odpady te wysylane moga by¢ do fabryk produkujacych kleje.
Odzierki po odpowiednim wyplukaniu, krojeniu a nastepnie wap-
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nieniu, zobojetnia sie kwasem, dzieki czemu powstaje tzw. zupa
klejowa, ktéra juz po zageszczeniu daje klej. Dwoiny stosowane sa
do produkcji skér podszewkowych, pewnych imitacji weluru lub na-
ktada sie na nie specjalne sztuczne lico, dzieki czemu zyskuja znacz-
nie wiekszg wartosc.

Odpady w postaci siersci i szczeciny sa dos¢ cenne zaréwno w kraju
jak i za granica. Ich zastosowanie jest bardzo szerokie, poniewaz
mozliwe jest produkowanie z nich réznego typu szczotek i pedzli,
ale réwniez piléniu jak i filcu. Dodatkowo moze powstawaé gorszej
jakosci welna. Odpady tluszczowe powstaja jako ttuszcz naturalny.
Taki potprodukt wysytany jest do odpowiednich zaktadow, gdzie
przetwarzany jest na 16j czy wykorzystywany podczas produkcji
mydta i gliceryny.

Odpady procesu wykonczania skér

Wyselekcjonowane grupy odpadéw mozna podzieli¢ ze wzgledu na:
1. Postaé, w ktorej wystepuja:
a) Odpady stale
b) Scieki
c) Gazowe zanieczyszczenia
II. Sposéb garbowania:
a) Chromowe
b) Niechromowe
¢) Mieszane
ITI. Pochodzenie- operacje, podczas ktorej powstaja:
a) Struzyny-struganie
b) Cyplowiny surowca- cyplowanie
¢) Dwoiny — dwojenie

[§]

)
)
d) Pyl — miedlenie, odpylanie
) Cyplowiny suche — cyplowanie
)

f) Odsiek — pozostatosé po wykonczeniu skér
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g) Scieki — dogarbowanie i barwienie
h) Mul — oczyszczanie Sciekéw

Odpady state to w wiekszosci organiczne materiaty, ktore sktadaja
sie z tluszczy, bialtek, a takze érodkéw chemicznych, ktére zostaly
wprowadzone do skéry podczas wczesniejszych etapow. Objetosé
i sktad tych odpadéw opiera sie zwykle na rodzaju proceséow, ktore
zostaly wykorzystane. Struzyny jako jeden z rodzajow odpadow sta-
tych powstaja juz na samym poczatku proceséw przetwarzania skoér,
poprzez struganie za pomoca nozy strony odmiesnej skéry zwanej
potocznie mizdra, maja postaé wiér przedstawionych na Rys. 12.5.
Doktadniej operacja ta polega na wprowadzaniu skéry do strugarki,
w ktérej znajduja sie waly nozowe, gdzie nastepuje mechaniczne
usuniecie nadmiaru organicznej materii. Operacja ta, jako jedna
z najwazniejszych, ma celu pozyskanie skor o odpowiedniej grubo-
$ci, aby jakos¢ produktu koncowego byla na oczekiwanym pozio-
mie. Struzyny powstajace z tego etapu stanowia nawet 2-20% wagi
skéry wygarbowanej [10]. Dodatkowym zanieczyszczeniem genero-
wanym z tej operacji jest pyl powstajacy podczas strugania i uno-
szacy sie w powietrzu, co powoduje konieczno$¢ zabezpieczania drég
oddechowym operatoréw maszyn [20]. Podzial struzyn przedstawia
sie nastepujaco: struzyny chromowe (posiadaja kolor niebieski, po-
chodza po zestruganiu skér garbowanych za pomoca chromu) oraz
niechromowe (w kolorze zéltym, pochodza ze strugania skér po
garbowaniu roslinnym -wolnym od chromu). Ilosé poszczegdlnych
struzyn jest silnie zalezna od zapotrzebowania na rynku na dany
rodzaj skoér, jednak to skéry chromowe wcigz przewazajg i stano-
wia wiekszo$é produkeji (dochodzi nawet do 70% w stosunku do
calej produkeji). Powodem jest wysoka jakosé skér w wyrobie goto-
wym. Dzieki zastosowanemu siarczanowi chromu (III), podstawo-
wemu garbnikowi garbowania chromowego, skéra osiaga odpowied-
nie wladciwodci, takie jak mechaniczna i termiczna odpornosé oraz
mickko$é. Tlo$é¢ uzytego chromu podczas procesu wynosi okolo 1-5%
masy skoéry solonej.

Struzyny sg niepotrzebnym produktem ubocznym. Na chwile obecna
ich utylizacja jak i zagospodarowanie jest bardzo ucigzliwe, nie ma
zadowalajacego rozwiazania na ta problematyczna kwestie. Sa jedy-
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Tab. 12.4: Przyktladowe parametry struzyn.

Parametry Wartosci
Roczny uzysk [ton] 2400
Miesigczny uzysk [ton] 200
Stosunek chromowe,/ niechromowe (wartosci przykladowe) 70/30
Rozpuszczony wegiel organiczny (OC) [mg/kg] 1300
Zawarto$¢ chromu (dla struzyn chromowych) [mg/kg] 31 600
Zawarto$¢ chromu (dla struzyn chromowych) 65,20%
Sucha masa w 105°C 58,40%
Chlorki [mg/kg] 18 400
Fluorki [mg/kg] 5,78
Siarczany [mg/kg] 6 780
Gestosé¢ nasypowa [kg/m?) 285

nie sktadowane na dostosowanych do tego celéw wysypiskach, jed-
nak z powodu ogromnych iloéci staje sie to coraz wiekszym utrud-
nieniem dla garbarni jak i firm wyspecjalizowanych w odpadach.
Dodatkowo sa stopniowo prowadzone badania nad ich komposto-
waniem, tworzeniem hydrolizatu biatkowego [21], a w sytuacji in-
tensywnego zmielenia na drobny produkt dodawane sg do tworzyw
sztucznych [22] jako wypelniacz [9].

Podczas samego strugania skér jak to zostalo przedstawione
w Tab. 12.4 powstaje $rednio okoto 200 Mg/ miesiac struzyn, 9-10
ton/dobe. Moze to stanowi¢ okoto 40-50% calkowitej ilosci odpa-
dow. Rodzaj odpadéw mizdrowych odgrywa istotna role, poniewaz
skory chromowe sa znacznie trudniejsze do przerobu ze wzgledu
na zawarty w nich chrom, ktéry moze sie wydziela¢ podczas ob-
rébki. Jego zawartosé w skérach wynosi okoto 31 600 mg/kg. Do-
datkowo w skladzie znajduja sie chlorki okolo 18 400 mg/kg, flu-
orki 5,778 mg/ kg oraz siarczki 6 780 mg/kg. Wilgotno$¢ struzyn
zawiera sie przedziale w 50-60%, co powoduje konieczno$é ich susze-

nia przed przerobem. Gesto$¢ nasypowa tego typu odpadéw wynosi
285 kg/m3.
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Rys. 12.5: Fotografia odpadéw w postaci struzyn: chromowe (lewa)
i niechromowe (prawa).

Rys. 12.6: Fotografia odpadéw w postaci dwoin.

Dwojenie jest etapem, podczas ktorego réwniez generowane sa od-
pady stale przedstawione na Rys. 12.6, jednak w tym przypadku
skéry sa juz zabarwione i dogarbowane, przez co znajduje sie w nich
znacznie bogatsza kompozycja sSrodkéw chemicznych. Proces ten ma
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na celu tylko minimalne usuniecie strony mizdrowej, aby wyrownagé
grubo$¢ skor na gotowo. Dwojenie moze odbywaé sie zaréwno od
strony mizdrowej, ale réwniez pewien rodzaj skér wymaga dwoje-
nia strony licowej. Iloé¢ tych odpadéw waha sie w granicach okoto
7-10 ton/miesiac. Co moze stanowi¢ okolo 3-5% caltkowitej ilodci
odpaddw. Ilosé tego rodzaju odpadoéw uzalezniony jest zaréwno od
procesu technologicznego jak i wymagan klienta. Dwoina skéry su-
rowej w przypadku, gdy jest wystarczajaco gruba, moze zostaé wy-
korzystana do produkcji zamszu. W przypadku gdy po dwojeniu jest
zbyt cienka, bardzo czesto przeznacza sie taki odpad na zelatyne,
ostonki wedlin. Jezeli skéra zdwojona po garbowaniu da nam duza
ilos¢ odpadow zostaja one przekazane producentom szewskiej tek-
tury, jednak w wiekszosci przypadkéw sa wyrzucane jako odpad [5].
Dodatkowo powstaja odpady w postaci kawatkow skér zwane cy-
plowinami, posta¢ ich zostata pokazana na Rys. 12.7. Odpad ten
wystepuje w dwdoch postaciach. Pierwszg z nich sa cyplowiny su-
rowca, czyli powstale jeszcze przed dogarbowaniem i wybarwienie
skér. Stad sa one ubozsze w zwiazang we widkna chemie. Podzie-
lone sa one na cyplowiny niechromowe jak i chromowe. Ilo$¢ ich wy-
nosi okoto 2% calkowitej ilosci odpaddéw. Zalezne jest to od jakosSci
skér, przeprowadzonego wezedniej procesu strugania jak i kwalifi-
kacji pracownikéw wykonujacych dang operacje.

Rys. 12.7: Fotografia odpadéw w postaci cyplowin surowca niechro-
mowego (lewa) i chromowego (prawa).
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Drugi rodzaj cyplowin to tzw. cyplowiny suche — Rys. 12.8. Po-
wstaja one juz na samym koncu procesu technologicznego, majace
na celu jedynie wyréwnanie obrzezy skéry i pozbycie sie zbednych
skrawkéw skor. Srednio miesiecznie w zaleznosci od garbarni, ja-
kosci wezesniej przeprowadzonego procesu technologicznej (mecha-
niczna obrébka skér) jak i umiejetnosci pracownikéw ilosé ta waha
sie w granicach 2% caltkowitej ilosci odpadow.

Rys. 12.8: Fotografia odpadéw w postaci cyplowin suchych.

W znacznie mniejszej ilosci wystepuja odpady w postaci pyléw
(ok.1%), przedstawionych na Rys. 12.9. Odpad ten powstaje pod-
czas miedlenia bebnowego skér jak i odpylania ich. Ma on bar-
dzo duze rozdrobnienie i jest suchy (okolo 10% wilgotnosci skor).
Sktadowanie tego typu odpadéw na chwile obecng jest w znacznie
wiekszym stopniu ograniczone niz miato to miejsce w przesztodci,
powodem mogg by¢ wprowadzone przepisy prawne dotyczace tego
typu procederu. Spowodowalo to poszukiwanie rozwiazan majacych
na celu ponowne wykorzystanie tych odpadéw za pomoca kompo-
stowania, produkcji biogazu czy energii odnawialne;j.
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Rys. 12.9: Fotografia odpadu w postaci pytu.

Osady dzisiaj juz nie mogg by¢ sktadowane w takim stopniu jak
miato to miejsce jeszcze 30 lat temu. Jednym z powodoéw jest co-
raz mniejsza dostepnosé skladowisk, a takze dyrektywa 99/31/WE
okreslajaca przepisy dotyczace skladowania odpadéw. Czlonkow-
skie panstwa maja prawo zadecydowac¢ o limicie w kwestii zawar-
tosci catkowitego organicznego wegla w odpadach skierowanych na
sktadowisko. Niektére panstwa juz postawily granice i tak w Austrii
wynosi ona 5%, za$ w Niemczech 1-6%.

Mozliwa jest opcja sktadowania osadéw z podczyszczalni Sciekéw
juz po pewnym wstepnym ich oczyszczeniu za pomoca fermentacji
beztlenowej. Niestety, metoda jest do$é¢ problematyczna ze wzgledu
na przejécie siarczandéw w siarczki poprzez pewne gatunki bakterii.
Moze to doprowadzi¢ do wydzielania siarkowodoru. Wytwarzany
siarkowodor jest trujacy, rozbudowanie sktadowiska o instalacje do
jego oczyszczania generuje kolejne koszty, a tym samym dla gar-
barni réwniez koszty oddania odpadoéw uleglyby zwiekszeniu. Dla-
tego na poczatku oczyszcza sie je wstepnie, aby usunaé siarke przed
procesem beztlenowej fermentacji. Celem sktadowisk jako najprost-



358 ROZDZIAL 12. PRZEMYSt GARBARSKI

szej metody utylizacji odpadéw z garbarni jest jedynie sktadowanie
i zabezpieczenie ich bez naktadu dodatkowych kosztéw [5].

Pomimo tylu etapéw oczyszczania odpaddw, zawartosé catkowitego
wegla organicznego wciaz moze pozostaé¢ za wysoka, a tym samym
moga zostaé¢ przekroczone limity wprowadzone w wymogach nie-
ktorych panstw cztonkowskich Unii Europejskiej dotyczace zawar-
tosci catkowitego wegla organicznego odpadéw przeznaczonych do
unieszkodliwiania na sktadowiskach [5].

Kompostowanie jako metoda wspomagajaca i przygotowujaca od-
pady do skladowania, pozwala na redukcje organicznej materii. Po-
lega na ukladaniu w cienkie pasy odpadéw, co pozwala przyspieszy¢
rozpad tlenowy. Przeszkoda jest silny zapach, ktory niektére odpady
garbarskie wydzielaja, co powoduje, ze ten sposéb przerobu nie jest
praktykowany czesto [4].

W Europie do$¢ powszechnie stosuje si¢ osady, a takze produkty
beztlenowej fermentacji na grunt rolny. Jednak coraz czesciej poja-
wiaja sie glosy sprzeciwu wynikajace ze strachu, iz moze zawarty
w nich by¢ chrom, patogeny czy inne zanieczyszczenia, ktére spo-
woduja wysycenie gleb odzywczymi sktadnikami. Okresla sie mak-
symalne stezenie zawartosci metali ciezkich w tym osadzie oraz ich
ilosé, ktére pozwala jeszcze na wykorzystanie go na gleby. Dlatego
wstepne oczyszczenie osadu staje sie niezbedne [9].

Dzisiaj prowadzi si¢ coraz wiecej badan nad spalaniem, piroliza [23]
czy gazyfikacja odpadéw z jednoczesnym odzyskiem energii [24].
Produktem ubocznym tych proceséw jest popiot, ktory jest znacznie
tatwiejszy do utylizacji niz wstepne surowce proceséw termicznych.
Jezeli jednak zawarty jest chrom w odpadach pojawia sie koniecz-
nos¢ prowadzenia spalania w dwoch etapach. Pierwszy ma miejsce
we wstepnej komorze, do ktorej doptyw tlenu jest ograniczony,aby
zapobiec utlenienia chromu (III) do chromu (VI). Zgodnie z IV roz-
dziatem dyrektywy 2010/75/WE podczas spalania wymaganejest
aby, w komorze wtérnego spalania, temperatura gazéw utrzymana
byla przez min.2 s powyzej 1123 K. Pozwoli to na zniszczenie fura-
néw i dioksyn. Wazne podczas tego jest stale monitorowanie emisji
zanieczyszczen. Koszty, ktére zapewniaja zgodno$é powoduja, ze
prog oplacalnosci dla spalania zostaje znacznie podniesiony [8].
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Zuzycie wody i $cieki po procesie garbowania

Scieki garbarskie

Scieki garbarskie sg specyficznym odpadem produkowanym w prze-
mysle ze wzgledu na wysokie zanieczyszczenie i bogaty sklad [25].
Powoduje to, ze oczyszczenie ich do poziomu akceptowalnego przez
oddziaty kanalizacji i wodociggdéw jest bardzo trudne. Problem ten
mozna rozwiazaé¢ poprzez doboér odpowiedniej technologii oczysz-
czania, co doprowadzi do uzyskania oczekiwanej jakosci Sciekéw [26].

Tloéé¢ uzytej podczas wyprawy skor wody okreéla ilosé produkowa-
nych Sciekéw. W garbarniach Srednie zuzycie wody ksztaltuje sie
na poziomie okolo 60-80 litréw wody/1 kg przetwarzanej skéry.
Oczywiscie iloé¢ ta jest zalezna takze od procesu technologicznego.
Mozliwa jest redukcja iloéci wody dostarczanej do procesu, nato-
miast ilo$¢ Sciekéw odprowadzanych nie ulega zmniejszeniu, ponie-
waz wzrasta wtedy stezenie zanieczyszczen w wodach odprowadza-
nych z procesu [9]. Dlatego tez Scieki pochodzace z garbarni sa
najtrudniejszymi z przemystowych $ciekow, a sktad ich zmienia sie
w zaleznosci od rodzaju wyprawy oraz ilosci i rodzaju stosowanych
srodkéw chemicznych [27].

Ponad 80% garbarni zlokalizowanych w Europie swoje $cieki odpro-
wadza do publicznej kanalizacji. W przypadku Wtoch oraz Hiszpa-
nii potworzone sa klastry branzy skoérzanej, ktore podiaczone zo-
staly do jednych oczyszczalni Sciekéw [9].

Scieki garbarskie dzielg sie na:
a) Scieki warsztatu mokrego
b) Scieki z garbowania
¢) Scieki z barwienia, nattuszczania
d) Scieki z wykoticzalni [5]

Garbarnie przeprowadzajg wstepne oczyszczanie $ciekéw w przy-
zakladowych podczyszczalniach, aby uzyska¢ zalozone w normach
wartosci poszczegdlnych sktadnikéw. Podstawowe metody oczysz-
czania $ciekow przez garbarnie zostaly przedstawione w Tab. 12.5.
Garbarnie w celu zmniejszenia produkowanej objetosci osadu wy-
korzystuje odwodnienie. Wykorzystywane sa do tego celu gtéwnie
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urzadzenia mechaniczne typu prasy filtracyjne czy wirowki, czasami
dodatkowo stosuje sie po tym suszenie [20].

Nosnikiem zanieczyszczen w $ciekach pochodzacych z garbarni sg
przede wszystkim:

e kwas mréwkowy;

e mrowczan sodu;

o soda (weglan);

e chrom +3 , jako siarczan chromu;

e barwniki organiczne nie zawierajace metali ciezkich;
o detergenty;

e emulsje ttuszczow naturalnych.

Tab. 12.5: Metody oczyszczania Sciekéw wraz ze sktadnikami usu-
wanymi podczas danego oczyszczania.

Metoda Przeznaczenie

Ma na celu usunigcie naturalnych tluszczéw, loju i oleju,

a takze cial stalych z wykorzystaniem sedymentacji.
Przebiega z wykorzystaniem proceséw utleniania,
sedymentacji, flotacji, neutralizacji, wyréwnania przeptywéw.
Polega na usunieciu organicznej materii i siarczkow,

Wstepne mechaniczne oczyszczanie

Oczyszczanie fizykochemiczne

a takze chromu (III) w procesach garbowania.
Wykorzystuje filtry zraszane i bioaeracje. Polega na obnizaniu
Oczyszczanie biologiczne zawartosci organicznych zwiazkéw, a takze obejmuje nitryfikacje
i denitryfikacje.
Umozliwia oddzielenie osadu od Sciekéw oczyszczonych. Osad

Sedymentacja X X R i o
pierwotny jest pobierany i oczyszczany w tzw. buforowym zbiorniku.

Scieki warsztatu mokrego maja podobny, a wrecz taki sam sklad
w kazdej garbarni, poniewaz technologia przetwarzania niewiele
sig r6zni. Dodatkowo maja wysokie stezenia i sa alkaliczne. Glow-
nymi sktadnikami tego typu Sciekéw sa: s6l kuchenna, biatka roz-
puszczalne i produkty ich rozktadu, zwiazki siarki, zwiazki wap-
niowe, bakterie, kawalki skér i sierdci. Najwigksze ilosci Sciekéw
odprowadzane sg z etapu moczenia, gdzie do Sciekéw trafia sol
kuchenna, biatka rozpuszczalne i bakterie oraz z procesu wapnie-
nia, z ktorego odprowadzane sa wodorotlenki i weglany wapnia,
zwiazki organiczne, produkty pochodzace z rozpadu skory i wtosa
oraz siarczki [5].
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Analiza $ciekow

Etapy podstawowego dla garbarni procesu technologicznego, ktore
w gléownej mierze odbywaja sie w roztworach powoduja, ze Scieki
zawieraja duze ilodci zanieczyszczen organicznych takich jak che-
miczne zapotrzebowanie na tlen (ChZT) i biologiczne zapotrzebo-
wanie na tlen (BZT) oraz skladniki mineralne (garbniki). W la-
boratoriach przy oczyszczalniach podczas badania Sciekéw okresla
sie: ChZT, BZT, zawieszong materi¢, azot amonowy i catkowity,
zawarto$¢ chromu, pH, fosfor catkowity, siarczki, temperature oraz
zawartosé thuszezu [18, 28]. Srednio do procesu technologicznego
produkcji skor dodawane jest ok. 500 kg érodkéw chemicznych wpty-
wajacych na wlasciwosci chemiczne i fizyczne skér, a tym samym
na wlasciwosci fizyko-chemiczne odpadéw. Pod hastem wody uzytej
znajduje sie woda procesowa oraz woda wykorzystywana do techno-
logicznych proceséw w celu czyszczenia, wytwarzania energii. Sama
ilo§¢ wody procesowej jest w duzej mierze zalezna od rodzaju pro-
ceséw, surowca czy produktéw. Srednio przyjmuje sie, ze na 1 tone
przetwarzanej skéry przypada 15-50m? éciekéw [4]. Ogélnym mier-
nikiem stezenia $ciekéw jest chemiczne zapotrzebowanie na tlen.
Stad tez zaklady garbarskie, ktére zuzywaja mniej wody produkuja
Scieki o wickszym wskazniku ChZT. Barwniki dodawane do procesu
barwienia i dogarbowania wplywaja za zwiekszenie ChTZ i BZT,
a takze uwalnianie przyswajalnych chlorowcow organicznych. Jezeli
poziom zastosowanego barwnika przekroczy 10 ppm w Sciekach to
jego obecno$é staje sie widoczna nawet dla ludzkiego oka i potra-
fig zmieni¢ ich kolor. Srodki te sa bardzo drogie, dlatego garbarnie
daza do maksymalnego wyczerpania kapieli z barwnika, udaje sie
to w ponad 90%. Stosowane podczas tej operacji barwniki lacza sie
za pomocy jonowych oddzialtywan pomiedzy anionowo-sulfonowsg
grupa barwnika i grupa kolagenu kationowo-aminowsa. Ilo$¢ sto-
sowanego barwnika w duzej mierze zalezy od produkcji zakitadu
i obecnych trendéw na rynku [19]. Na etapie wykonczalniczym pig-
menty zawierajace otow lub chromiany sa zakazane przez poprawki
dla dyrektywy 67/548 / EWG i 76/769/EWG, okreslone jako niebez-
pieczne [8]. W Tab. 12.6 i Tab. 12.7. znajduja sie przykladowe dane
dotyczace iloéci wody pobieranej do procesu dogarbowania skor oraz
powstajacych z tego $ciekéw w przeliczeniu na rok i miesiac, a takze
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sktadu $ciekow surowych pochodzacych z procesu chemicznej ob-
rébki skér (dogarbowanie i barwienie) oraz tych wstepie oczyszczo-
nych w przyzaktadowej podczyszczalni z podaniem przykladowych
zawartosci poszczegdlnych zwiazkéw. Ilosé éciekéw produkowanych
w garbarni moze dochodzi¢ nawet do 60 000-80 000 m?/rok, przy
ilosci wody wprowadzonej do garbarni na poziomie okoto 80 000-
90 000 m3/rok, jak to zostalo przedstawione w Tab. 12.6. Trudno
jednoznacznie okresli¢ sktad sciekow garbarskich. Wyniki poszcze-
gbélnie badanych parametréw zmieniaja sie w czasie i zalezne sg
od kilku sktadowych. Bardzo duzy wplyw ma rodzaj i ilo$é¢ uzytej
chemii, ilo$¢ i rodzaj przetwarzanych skér (skéry chromowe i nie-
chromowe), a takze jako$¢ skor i ich zdolno$¢ wchlaniania chemii.
Wykorzystujac przyktadowe wyniki sktadu $ciekéw surowych jak
i oczyszczonych poziom ChZT jest bardzo wysoki. Zgodnie z wyni-
kami podanymi w Tab. 12.6. w $ciekach surowych moze dochodzié¢
nawet do 8000-14000, a po wstepnym oczyszczeniu udaje si¢ go zre-
dukowaé¢ nawet do 2000-4000. Niestety ten poziom jest wciaz za
wysoki i pojawia sie potrzeba redukcji w wigkszym stopniu ChZT-
ow. Zwlaszcza, ze produkcja skér jest zmienna w czasie, a takze
wykorzystywane sa nowe srodki chemiczne. Ilos¢ ich znacznie wzra-
sta w porownaniu do garbowania skor jeszcze kilka lat temu. pH
$ciekow oczyszczonych utrzymuje si¢ na poziomie zasadowym i wy-
nosi 7,5-8. Scieki surowe ze wzgledu na zawarto$é¢ réznych zwiaz-
kow chemicznych sa w tolerancji kwasowej 4-4,5. Chrom w $ciekach
surowych ma znacznie przekroczong wartos¢ dopuszczalna. Oczysz-
czanie w podczyszczalni pozwala na silng redukcje. Taki chrom jest
odbierany ze $ciekow i trafia do osadu po procesie oczyszczania wraz
z innymi sktadnikami. Ilo§¢ osadu w poréwnaniu do Sciekéw moze
wynosié¢ okolo 5-6%. Kazdy z parametréw ma tolerancje, ktéra nie
moze by¢ przekroczona. Scieki wstepnie oczyszczone i zawierajace
poszczegblne parametry w tolerancji trafiaja do miejskiej oczysz-
czalni, gdzie sg ponownie badane, a takze taczone z innymi $ciekami
i w kolejnych stopniach oczyszczane. Przykladowe maksymalne war-
tosci, ktére sg dopuszczalne dla Sciekéw dla zakladéw wodociagdéw
i kanalizacji zostaly zawarte w Tab. 12.8. Wynika z niej, ze ilos¢
ChZT nie moze przekraczaé¢ 8000, natomiast pH powinno si¢ mie-
$ci¢ w tolerancji 6,5-9,5.



12.1. WSTEP LITERATUROWY 363

Poza procesami dzialu mokrego, Scieki pojawiaja podczas wykon-
czania skér, ktére ma na celu nadanie odpowiednich wtasciwosci
wizualnych i haptycznych skor. Etap ten powoduje wysokie zuzy-
cie wody, a takze obecnos¢ w Sciekach pigmentéw, rozpuszczalnikéw
czy lakieréw. Z powodu wysokiej zawartosci zwigzkow chemicznych,
pojawia sie duzy problem dla érodowiska, co wymaga specjalnego
zarzadzania nimi [8]. Oszacowano, ze podczas procesu efektywnym
zuzyciem srodkéw chemicznych okresla sie, gdy zawartosé ich w pro-
dukcie gotowym wynosi 15%. Wynika z tego, ze az 85% trafia do
Sciekéw [20]. Mechaniczne oczyszczanie $ciekéw prowadzi do wy-
tworzenia ogromnych ilosci osadéw i szlaméw, ktére sa trudnym
i powaznym problemem dla srodowiska. Osad powstaly po oczysz-
czaniu Sciekéw jest bogaty w réznego rodzaju zwiazki chemiczne,
w tym chrom. Na chwile obecna nie znaleziono racjonalnego spo-
sobu na utylizacje tego rodzaju odpad, dlatego tez jest on jedynie
skladowany na specjalnych wysypiskach. Bydlece garbarnie zloka-
lizowane w Europie wytwarzaja nawet okolo 300 ton osadu/ mie-
siecznie, ktérych wilgotno$é waha sie w granicach 40-80%. Wstepna
obrébka $ciekéw generuje okoto 5-10% stalych substancji, w odnie-
sieniu do objetosci Sciekéw. Osad, ktéry jest produktem konicowym
tych proceséw jest w postaci stalej.

Sposoby jakimi unieszkodliwiane sg tego typu osady w duzej mierze
uzaleznione zostalo od lokalnych mozliwosci sktadowisk.

Tab. 12.6: Srednie przykladowe parametry wody wykorzystywane
podczas proceséw garbowania skor.

Parametry wody Wartosci
Roczne uzycie wody [m?] 80 000-90 000
Miesigczne zuzycie wody [m?] 6 000-9 000

Roczna produkcja $ciekéw [m3] 60 000-80 000
Miesieczna produkeja $ciekéw [m3] 5 000-7 000
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Tab. 12.7: Srednie przykladowe parametry sciekéw powstajacych
podczas proceséw garbowania skor.

Parametry Scieki surowe Scieki oczyszczone
pH 4-4.5 7,5-8,5
Przewodno$¢ mS/ml 9-11 12-,19
Chlorki mg/1 500-2000 2000-5500
NH4 mg/1 2-9 5-14
Siarczany mg/1 2000-4000 2000-4000
ChZT 8000-14000 4000-7000
BZT - 1500-2000
Cr3t [mg/1] 12-40 0,2-1,0
N og [mg/]] 70-100 40-60
P og [mg/l] 30-60 2-6
Zawiesina ogdlna - 30-70

Tab. 12.8: Przykladowe maksymalne dopuszczalne wartosci.

Maksymalna
Parametr ..
dopuszczalna wartosé
pH 6,5-9,5
Przewodno$¢ mS/ml -
NH4 mg/1 200
Chlorki mg/1 6000
Siarczany mg/1 5000
ChZT 8000
BZT 3000
Cr3* [mg/]] 1
N og [mg/]] 300
P og [mg/]] 15

Zawiesina ogdlna 1500
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Garbarnie skor bydlecych maja zaproponowane przez Komisje do
spraw Srodowiska Miedzynarodowego Zwiazku Inzynieréw i Tech-
nikéw Przemystu Skérzanego wartodci érednie zanieczyszczen, ktore
zostaly przedstawione w Tab 12.9.

Tab. 12.9: Wartosci okreslone przez Komisje ds. Srodowiska Mie-
dzynarodowego Zwiazku Inzynieréw i Technikéw Przemystu Sko-
rZanego.

Wartoéci namoczonej woda ChZT BZT zawiesiny Cr’t  S2_
surowej skéry [ na tong] [m3/t] (kg/t) (kg/t)  (kg/t) (kg/t) (kg/t)
Solone bydlece skéry

mokry warsztat 7-25 120-160  40-60 70-120 - 2-9
garbowanie 1-3 10-20 3-7 5-10 2-5 -
wyprawa -
4-8 15-40 5-15 10-20 1-2
(dogarbowanie, barwienie) ?
wykanczanie 0-1 0-10 0-4 0-5 - -
Razem 12-37  145-230  48-86 85-155 3-7 2-9

Aspekty prawne dotyczace odpadéw garbarskich

Podzial garbowania jest zalezny od stosowanych srodkéw garbuja-
cych. Pomimo coraz wiekszej swiadomosci dotyczacej zanieczysz-
czen $rodowiska, wcigz w 80-90% $wiatowej produkeji skor, proces
technologiczny opiera sie¢ na garbowaniu skér za pomocg soli chromu
(III). Zalacznik X Ramowej Dyrektywy Wodnej 2000/60/WE po
uaktualnieniu poprzez dyrektywe 2008/105/WE nie posiada w kwe-
stii substancji priorytetowych zawartego w swoim spisie chromu
(III) . Wykaz europejski odpadéw niebezpiecznych [KATALOG OD-
PADOW NIEBEZPIECZNYCH ] nie zawiera w swoim zestawieniu
odpadéw garbarskich z zawartoscia chromu (IIT), sa one klasyfiko-
wane jako ” Odpady skéry wygarbowanej zawierajace chrom (wiéry;
obcinki; pyt ze szlifowania skér),, pod kodem 04 01 08- jak przedsta-
wia to Tab. 12.10 [8]. Powodem tego jest brak charakterystyk be-
dacych podstawa do podporzadkowania ich jako niebezpieczny od-
pad [13]. Chrom (VI) nie jest stosowany podczas procesu garbowa-
nia skor, natomiast moze powstawaé¢ na drodze utleniania chromu
(I1I) [9, 15]. Reakcjami doprowadzajacymi do tworzenia sie chromu
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(VI) jest utlenianie posrednie, wykorzystanie w reakcji chemicz-
nej produktéw przejéciowych , jak i procesy starzeniowe materiatu
i promieniowanie UV [3]. Czyni go to rakotwérczym [15] i wysoko
toksycznym dla czlowieka [16], poniewaz posiada zdolno$é penetra-
cji komoérek ludzkiego ciata [21]. Szybko wchlaniany poprzez system
transportu siarczandéw moze spowodowaé wiele zmian wewnatrzko-
morkowych jak réwniez mutacje DNA [22]. Przepisy Unii Euro-
pejskiej wg Rozporzadzenia Komisji EU Nr. 301/2014 z 25 marca
2014 pozwalaja na prég zawartosci chromu (VI) dla artykuléw sko-
rzanych majacych kontakt ze skéra ludzka w tolerancji | 3 mg/ kg,
w przeliczeniu dla calkowitej suchej masy 0,0003% [29]. Dlatego
tez garbarnie stosuja specjalne srodki ostroznosci, aby zapobiegaé
reakcjom utleniania chromu (III) do chromu (VI) [23]. Wg normy
ABNT/ NBR 10004 wszystkie odpady stale wytwarzane w garbar-
niach zawierajace chrom (III) zostaja sklasyfikowane jako odpad
wklasy 17 [22].

Tab. 12.10: Europejski katalog odpadéw.

Odpady z przemystu skérzanego i futrzarskiego

Kod Rodzaj odpadu
odpadu
04 01 01 Odpady z mizdrowania (odzierki i dwoiny wapniowe)
04 01 02 Odpady z wapnienia
04 01 03* Odpady z odtluszczania zawierajace rozpuszczalniki (bez fazy cieklej)
04 01 04 Brzeczka garbujaca zawierajaca chrom
04 01 05 Brzeczka garbujaca nie zawierajaca chromu
04 01 06 Osady zawierajace chrom, zwlaszcza z zakladowych oczyszczalni $ciekéw
04 01 07 Osady nie zawierajace chromu, zwlaszcza z zakladowych oczyszczalni Sciekéw
04 01 08  Odpady skéry wygarbowanej zawierajace chrom (widry, obcinki, pyl ze szlifowania skér)
04 01 09 Odpady z polerowania i wykanczania
04 01 99 Inne nie wymienione odpady

Emisja do atmosfery zanieczyszczen
W przypadku emisji do powietrza pojawia sie¢ podzial na emisje
pochodzace:
1. z procesu technologicznego (weglowodory alifatyczne, pyl),
2. ze spalania paliw: dwutlenek siarki, dwutlenek azotu i pyt

3. ze zbiornikéw usredniajacych: aceton, amoniak, siarkowodér
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Tab. 12.11: Przykladowe liczby Zrédel emisji i ich sktad.

Emisje
Zidentyfikowana taczna ilo$¢ zrédet zanieczyszczen 18
Zr6dla zanieczyszezen z procesu technologicznego [liczbal 8
WWA [kg/rok] 1-47
Pyt PM 2,5 [kg/rok] 0,84-1,27
Zrédla zanieczyszczen ze spalania [liczbal 1
NO2[kg/rok] 1299
Zrédla zanieczyszezeni ze zbiornika usredniajacego [liczbal 1
WWA [kg/rok] 0,05-1,8

Tlos¢ przykladowa zrédet zanieczyszczen oraz ich sklad znajduje
sie w postaci zestawienia w Tab. 12.11. Dodatkowo pewna emisja
pochodzi z mechanicznych proceséw podczas odpowietrzania zbior-
nikéw oraz ostrzenia nozy. Niektore z emisji moga by¢ toksyczne,
a takze zawieraja substancje zapachowe [30]. Dyrektywa dotyczaca
emisji przemystowych, rozdzial V, reguluje kwestie prawne o mi-
nimalizacji lotnych zwiazkéw organicznych w wydzielanej do po-
wietrza emisji. W przypadku zbyt wysokiego poziomy tego typu
substancji wymaga sie wprowadzenia wentylacji, ktéra umozliwia
oczyszczanie powietrza z pyléw powstajacych w wyniki réznego
typu operacji mechanicznych oraz z uzywania Srodkéw chemicznych
sypkich. Zawarto$é¢ pyléw jest uzalezniona od przebiegu procesu
oraz produkcji skor, moze wynosi¢ §rednio okoto 0,84-1,27 kg/rok.

FEmisje z proceséw spalania dla celow energetycznych, lotnych zwigz-
kéw lotnych (LZO) i siarczkéw sa bardzo wazne ze wzgledu na
jako$¢ powietrza atmosferycznego. Spalanie odpadéw garbarskich
staje si¢ problematyczne z powodu wydzielania toksycznych zwiaz-
kéw takich jak chrom (VI), wyzszych weglowodoréw alifatycznych.

FEmisje powstajace dla celow energetycznych nie maja negatywnego
wplywu na pobliskie okolice, natomiast wplywaja na wzrastajacy
efekt cieplarniany.

FEmisje LZO wynikaja gtéwnie z wykorzystania w procesie wykon-
czania skor rozpuszczalnikéw. Ich ilo$¢ w duzej mierze uzalezniona
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jest od produkcji oraz rodzaju uzytego srodka, a moze wynosi¢ do
300 gr/mg gotowej juz skéry. Czes$é jednak powstaje w wyniku szli-
fowania skor. Podczas ich ograniczania stosuje sie filtry z wegla
aktywnego, jednak wérdéd garbarni nie jest to zbyt powszechny spo-
séb [8].

Miejsce wydzielania amoniaku gltéwnie wystepuje przy operacji od-
wapniania i barwienia. Jednak juz poprzez ptukanie jak i kontrole
procesowa garbarnie s w stanie zminimalizowac jego ilos¢.

Sama wentylacja nie jest dobrym sposobem, poniewaz moze powo-
dowaé¢ uwolnienie emisji do $rodowiska.

Garbarnie zobowigzuja sie do przestrzegania przepiséw prawnych
rozporzadzenia (WE) nr 1069/2009, poniewaz poprzez niekontrolo-
wane wycieki chemii ptynnej i odpady moga w duzej mierze wpltynaé
na glebe jak i wody gruntowe [4, 17].

Energia wykorzystywana w procesach garbarskich

Wielko$¢ zuzycia energii podczas przetwarzania skér zalezy od kilku
istotnych czynnikéw. Pierwszym z nich sg metody produkcji oraz
jej wielkos$¢. Wieksza produkcja powoduje, ze zuzycie wzrasta i jest
koniecznos¢ uzytkowania wiekszej ilosci maszyn. Sama metoda pro-
dukcji jest zalezna od rodzaju skér, na ktére pojawil sie popyt.
Moga sie¢ one réznié iloScia przeprowadzanych operacji. Bardzo
istotne jest zaawansowanie silnikéw elektrycznych i ich wiek.

Suszenie jako operacja wymagajaca dostarczenia iloSci energii jest
procesem silnie energochtonnym, pochlania nawet 45% catkowitego
zuzycia energii zaktadu. Ilo$¢ energii wykorzystywanej do tej ope-
racji zalezy w duzej mierze od wilgotnosci skor i warunkow panuja-
cych na hali, jezeli w pomieszczeniu znajduje sie wysoka wilgotnosé
pojawia sie konieczno$¢ zwiekszenia energii podczas suszenia lub
powtorzenie go dwukrotnie.

Poziom rozwiniecia zakladu wptywa na jakos¢ i wiek maszyn, jezeli
ich stan nie jest prawidtowy, moze dojé¢ do strat cieplnej energii
ze zbiornikéw procesowych i hal produkcyjnych. Utrate tego ciepta
mozna ograniczy¢ za pomoca termoizolacji. Zwiekszenie jej spowo-
dowane za$ moze by¢ poprzez spadek zewnetrznej temperatury.
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Poréwnywanie energii pomiedzy garbarniami jest dos¢ trudne, po-
niewaz wystepuja réznice w procesie technologicznym jak i pod
wzgledem zmechanizowania zaktadu. Dlatego najlepszym sposobem
jest monitorowanie energii i jej zuzycia dla kazdego z etapoéw tech-
nologicznych z osobna.

Podsumowujac najwieksze zanieczyszczenia pochodzace z garbarni
pojawiaja sie¢ bardzo problematyczne i trudne do ograniczenia aspekty:

e zuzycie wody
e oczyszczanie $ciekow

o zuzycie energii (ograniczenie lub wykorzystanie alternatyw-
nych zrédel energii)

o+ odpady stale (chromowe i niechromowe)

o zanieczyszczenia powietrza [4].

12.2 Produkcja skér w branzy Automotive

12.2.1 Rynek motoryzacyjny

Skoéra samochodowa pojawila sie na rynku od momentu powstania
pojazdéw napedzanych silnikiem. Jest ubocznym produktem prze-
mystu migsnego i ma wysoki potencjal, zwlaszcza w pojazdach luk-
susowych, pomimo dostepnoéci znacznie tanszych wariantéw. Po-
mimo, ze zawsze byla bardzo wazna czedcia Swiatowego przemystu
skorzanego, w ciagu ostatnich lat stata sie réwniez jednym z naj-
bardziej zaawansowanych sektoréw. Stato sie to za sprawa wysokich
standardéw, ktére sa wymagane, zaréwno w zakresie specyfikacji
jak i wydajnosci. Skora naturalna zdominowalta rynek $wiatowy sko-
rzanych wnetrz samochodowych w 2017r. pod wzgledem wartodci.
View Research, bedacy sektorem wyposazenia samochodéw, w 2017
roku zostal wyceniony na 28 320 mln USD. Przewiduje sie, ze w la-
tach 2018-2025 uda sie osiggnaé poziom 6,5% rocznie. Poréwnujac
ogb6lna wartos¢ wnetrza samochodu rozktada sie ona nastepujaco
pomiedzy dwie sktadowe: skora 55,3% i podloze sztuczne 44,7%.
Popyt na skéry samochodowe w 2017r. wyceniono na 15 667,2 mld
USD, a prognozy wskazuja, ze w 2025 r. osiagnie 24 652,7 mln USD,
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co zostalo przedstawione na Rys. 12.10 z doktadnym podzialem na
poszczegdlne lata .
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Rys. 12.10: Przychdéd roczny ze skoér samochodowych w latach 2014-
2025.

W roku 2016 sektor motoryzacyjny przejal 15-18% wszystkich skor
produkcji $wiatowej. W 2020 nastapil wzrost do okoto 25%. Wzrost
ten determinowany jest poprzez rozwdj gospodarki wschodniej Azji
i Pacyfiku, jak na przyktad Chin czy Indii, co wiaze si¢ z przenie-
sieniem czedci produkeji motoryzacyjnej do tych panstw.

Rozwdéj rynku wnetrz samochodowych jest uzalezniony od zapotrze-
bowania na sztuczne i syntetyczne podtoza, ktére jest coraz wieksze.
Powodem jest konkurencyjna cena jak i znacznie tatwiejsza produk-
cja tego typu materialéw w poréwnaniu do skéry.

Biorac pod uwage cala branze skorzana to artykuly do tapicerki sa-
mochodowej sa najbardziej wymagajacymi produktami ze wszyst-
kich produkowanych artykuléw skérzanych [24].

12.2.2 Wlasciwosci skor Automotive

Skéra wykorzystywana we wnetrzach samochodéw okreslana jest
mianem produktu luksusowego, wszystkie wymagania dotyczace pro-
dukcji skér stawiane firmom produkujgcym je sa bardzo rygory-
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styczne. Dotyczy to jakosci skor jak i aspektow Ssrodowiskowych
i podejscia do ekologii.

Klienci odbieraja ja jako naturalny i trwaly produkt, ktéry musi
spelnia¢ wymagajace kryteria okreslone przez producentéw ory-
ginalnego wyposazenia (OEM). Stworzyli oni profile wydajnosci,
w ktérych zawarte zostato zuzycie mechaniczne, niska emisja, ochro-
na przed warunkami atmosferycznymi (miedzy innymi odpornosé
na dziatania swiatta, mozliwo$¢ odbijania Swiatta, dzieki czemu sie-
dzenia nie nagrzewaja sie¢ w lecie) czy zréwnowazona produkcja.
Specyfikacje i wymagania stawiane artykutom motoryzacyjnym sa
najsurowsze w branzy.

Dodatkowo skéra uzyta w branzy Automotive musi charakteryzo-
wacé sie walorami estetycznymi takimi jak odpowiednia miekkosc,
Scistosé, kolor, dotyk czy zapach. Bardzo istotna jest niska zawar-
to$¢ lotnych zwiazkéw organicznych (LZO). Ze wzgledu na bar-
dzo zaostrzone normy, przetworzone skory sa powtarzalne. Skora
jest produktem znacznie bardziej zréwnowazonym niz materialy
sztuczne. Dodatkowo cechuje sig¢ znacznie wigksza trwaloscia.

Zaréwno wysoka ochrona jak i wytrzymalo$é sa osiagalne dzieki
polimerowym powlokom. Niestety ulega ona podczas eksploatacja
uszkodzeniom i zuzyciu, przez co peka i sie Sciera. Mozliwe jest
sprawdzenie zachowania sie skéry po wielu latach uzytkowania. Ta-
kie testy przeprowadzane sg w laboratoriach, gdzie skora podda-
wana jest badaniom starzeniowym. Polega to na wystawianie po
wykonczeniu skory na kilka cykli Swiatla przy wczesniej okredlonej
wilgotnosci i temperaturze. Daje to mozliwo$¢ sprawdzenia skory
pod wzgledem mechanicznych wilaéciwosci, gtéwnie jak elastyczna
jest nalozona powloka [31]. W wykonczaniu skér tapicerki samo-
chodowej wykorzystuje sie PUD, ktore wspomagaja stabilno$é¢ diu-
goterminowa [25].

W ostatnich latach zaobserwowano na rynku motoryzacyjnym roz-
powszechnianie skér garbowania ,wet-white” , co oznacza, ze chrom
zostal zastapiony garbnikami rodlinnymi, a takze uzyto do procesu
aldehyd glutarowy. . Dzieki temu takie skéry sg biodegradowalne,
gdyz nie zostal zastosowany w nich poza chromem zZaden metal
utrudniajacy ten proces [26].
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12.2.3 Generowanie odpadéw podczas produkcji ta-
picerki samochodo

W  ostatnich dziesigcioleciach nastapil gwaltowny rozwdj
branzy motoryzacyjnej co pociagneto za soba wzmozong produk-
cje odpaddéw poprodukeyjnych i poeksploatacyjnych. Dlatego tak
wazne stalo sie utworzenie i utrzymanie zasad prawnych i tech-
nicznych dotyczacych zarzadzania i unieszkodliwiania powstalych
odpadow. Koszty odbioru odpadéw garbarskich jak i odpadow po
oczyszczaniu Sciekéw w formie osadu wzrosty w przeciagu roku na-
wet dwukrotnie. Dodatkowo staje sie problematyczne znalezienie
odbiorcy tych odpaddéw, gdyz samo sktadowanie zajmuje zbyt wiele
powierzchni a takze powoduje zanieczyszczanie Srodowiska, nato-
miast przetwarzanie ich w cementowniach stanowi niewielki procent
catkowitej iloéci generowanych odpaddw.

12.2.4 Emisja lotnych zwigzkéw organicznych w bran-
zy motoryzacyjnej

Zgodnie z europejskimi przepisami LZO sa zwiazkami o preznosci
pary 0,01 kPa lub wiekszej w temperaturze 293,15K. Oznacza to,
ze juz w temperaturze pokojowej majg wysoka preznosé pary, a do-
datkowo czesé z nich moze byé¢ toksyczna dla ludzi i srodowiska.
Dlatego tak wazna staje sie eliminacja badz przynajmniej minima-
lizacja.

Ponad 20 lat temu do przemystu motoryzacyjnego zostata wprowa-
dzona kontrola emisji lotnych zwiazkéw organicznych. Test Fogging
byl jednym z pierwszych kontrolujacych LZO. Opisuje on parowanie
substancji chemicznych z danego materiatu stosowanego do wnetrz
pojazdu pod wplywem ciepta. Dochodzi do kondensacji tych sub-
stancji na szybach samochodowych, co powoduje powstawanie met-
nej warstwy zwanej zamgleniem.

Sam test polega na ogrzewaniu wczesniej wysuszonej skory w szkla-
nej zlewce. Substancje odparowane skraplaja sie na szklanej ptycie,
zw. zamglenie reflektometryczne badz na aluminiowej folii — zamgle-
nie grawimetryczne.

Zamglenie refleksometryczne okresla w okreslonych warunkach czasu
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i temperatury, stopien zamglenia na plytce szklanej przez odparo-
wujace substancje. Wyrazone w %. Zamglenie grawimetryczne jest
okresleniem substancji skondensowanych i odparowanych na alumi-
niowej folii w okreslonych warunkach czasu i temperatury. Wyra-
zone w mg.

Kazdy z testéw majacych na celu okreslenie LZO ma swoje za-
lety i wady, dlatego tez nie mozna poréwnywac otrzymanych réz-
nymi metodami wynikéw. Dla minimalizacji LZO proponuje sie
prace z produktami, ktore zawieraja $ladowe iloéci takich zwigz-
kéw. W celu zatwierdzenia nalezy doktadnie zbadaé¢ kazdy produkt.
W lotnych zwiazkach organicznych obecne sa dwa zwiazki: alde-
hyd octowy i formaldehyd. Dla kazde zostaly przygotowane normy.
W przypadku formaldehydu wartosci wymagane wynosza < 3 ppm
(ISO 17226-3) lub < 10 ppm (ISO 17226-1), natomiast dla aldehydu
octowego < 0,6 mg [27].

12.3 Proces rozktadu skér niegarbowanych

12.3.1 Drobnoustroje w garbarstwie

Drobnoustroje naleza do grupy jedno- lub wielokomérkowych orga-
nizméw, w postaci zarodnikéw wystepuja w duzej iloéci w przyro-
dzie. Ze wzgledu na to, iz skora surowa jest doskonata pozywka dla
nich, sg bardzo obficie rozsiane na jej powierzchni.

Podzial drobnoustrojéw przedstawia sie nastepujaco:
1. Bakterie
2. Drozdze
3. Plesniaki
4. Grzybki skérne
5. Wirusy

Bakterie sg jednokomoérkowcami, ktére w korzystnych dla siebie wa-
runkach moga wydawaé pokolenie nawet co 30 minut. Po przepro-
wadzeniu prostych obliczen pojawia sie wynik, pokazujacy iz z jed-
nej bakterii po dwéch dniach powstaje ok. 280mln bakterii. Z po-
wodu tak szybkiej rozrodczosci bakterie sa bardzo niebezpieczne
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dla surowej skéry. Dochodzi jednak do pewnego hamowania roz-
woju bakterii, w wyniku antagonizméw pomiedzy réznymi rodza-
jami drobnoustrojéw. Rozrodczosé bakterii jest rowniez zalezna od
temperatury otoczenia, odczynu Srodowiska, ilosci pokarmu czy
srodkéw konserwacji skory. Jednak te drobnoustroje maja zdolnoéé
przechodzenia w spory, przetrwalniki. Dzieki temu potrafia dosto-
sowywac sie do panujacych warunkéw i uodparniaé¢ na niekorzystne
srodowisko, jak na przyktad wysoka temperatura czy obecnos¢ srod-
kéw chemicznych. W takiej postaci bakteria moze przetrwaé wiele
lat, w momencie poprawy warunkéw przechodzi w wegetatywna po-
staé [1].

Wyrézniamy dwa rodzaje bakterii:

1. Aerobowe- tlenowe; potrzebujace tlenu pochodzacego z po-
wietrza do rozwoju

2. Anaerobowe- beztlenowe; rozwijajace sie bez powietrza, a tlen
pobieraja z rozkladanej substancji

3. Bakterie rozwijajace si¢ w warunkach tlenowych i beztleno-
wych

Skoéra zywych organizmdw posiada na swojej powierzchni wiele bak-
terii, jednak nie sa one aktywne. Dopiero podczas zranienia czy
uszkodzenia staje si¢ ona miejscem, gdzie bakterie moga sie rozwi-
ja¢. Na martwiej skérze, gdzie pojawiaja sie ognojenia i pozostatosci
krwi zaczynaja uaktywniaé si¢ bakterie proteolityczne, czyli zdolne
do rozktadu biatek. Tego typu bakterie zaczynaja atakowaé martwa
skoére i powoduja jej gnicie. Proces ten jest bardzo skomplikowany
pod wzgledem chemicznym, ale ostatecznym produktem jest amo-
niak. Dodatkowo istnieja inne rodzaje bakterii, ktére wydzielaja
pigmenty, stad na martwej skérze czesto pojawiaja sie plamy od
strony mizdry (strona nieowlosiona).

Drozdze nie maja wplywu na skére. Natomiast wprowadzane ze
skora do kapieli procesowych mogg wywolywaé w nich zmiany. Maja
zdolnos¢ fermentowania cukréow. Rodzaje drozdzy mozemy podzieli¢
na hodowlane, ktore stosowane sg miedzy innymi w piwowarstwie
oraz dzikie. Réznia si¢ one ksztaltem [21].
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Plesniaki naleza juz grzybow, czyli do grup wyzej zorganizowanych
niz drozdze czy bakterie. Wystepuja w postaci nitek. Mozliwe jest
ich zaobserwowanie na skérze w postaci nalotéw. Moga rozwijaé sie
powierzchniowo tylko badZ wewnetrznie, czyli w catej masie skory.
Powoduje to, ze potrafia one wnika¢ w gtab komérek a nie tylko je
otacza¢. Bardzo czesto wystepuja w rozworach wodnych roslinnych
garbnikéw, co powoduje ich rozkladanie. Zuzywaja takze kwasy, co
doprowadza do rozwoju bakterii. Te drobnoustroje pojawiaja sie na
skoérach surowych juz zakonserwowanych sposobem suchym, a takze
wyprawionych magazynowanych w wilgotnych pomieszczeniach [1].

Grzybki skérne sa drobnoustrojami wielokomérkowymi, budowa po-
dobne do plesniakéw. Réznig sie jednak tym, iz te zyja na zwierze-
tach zywych, stad tez moga powodowaé choroby skéry, co pozniej
przeklada sie na surowiec i jego jako$¢. Ten rodzaj grzybdéw po
zdjeciu skéry ze zwierzecia i zakonserwowaniu jej wymiera.

Wirusy nalezg do najmniejszych znanych mikroorganizmoéw. Powo-
duja réznego rodzaju choroby, z ktérych znang jest tzw. pryszczyca.
Ich odporno$é na érodki chemiczne jest bardzo wysoka, a najsku-
teczniejsze w ich eliminacji jest formalina lub silne zasady.

12.3.2 Drobnoustroje i ich rozwdj
Do prawidlowego rozwoju drobnoustrojow bardzo wazne sg naste-
pujace czynniki:

1. Wilgotnosé

2. Temperatura

3. Swiatlo

4. Odczyn $rodowiska

5. Srodki chemiczne

Kazdy rodzaj drobnoustrojow wymaga optymalnej temperatury do
swojego prawidlowego wzrostu. Tolerancja dla réznych grup waha
sie od 20 do 70 °. Dodatkowo bardzo istotna jest wilgotnosé w po-
zywce. Dla drozdzy czy bakterii minimalna wilgotno$é wynosi 30%,
natomiast dla pleSniakéw wystarczy juz 12%. Jezeli ta warto$¢ nie
zostanie osiagnieta rozwdj drobnoustrojéw zostaje zatrzymana.
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W przypadku odczynu srodowiska bakterie najlepiej rozwijaja sie
przy odczynie obojetnym lub stabo zasadowych, zas drozdze i ple-
$niaki potrzebuja srodowiska kwasnego. Bakterie gnilne wystepu-
jace na skorze surowej rozwijaja sie przy pH 6,5-8,4. Czerwone
plamy na skérze surowej od strony mizdry tworzg bakterie, ktore
sg odporniejsze na $rodowisko zasadowe. Sama surowa skora zdjeta
ze zwierzecia ma pH obojetne badz stabo kwasne, a dodanie sody
podczas procesu konserwacji z sola, powoduje, ze bakterie nie moga
sie rozwijac.

Swiatlo rozproszone nie jest szkodliwe dla bakterii, a znane sa bak-
terie proteolityczne, gdzie w takich warunkach dochodzi do wzmo-
zonego ich wzrostu. Natomiast $wiatto nadfioletowe dziata juz ha-
mujaco na rozwdj bakterii, stad lampy z takim $wiattem sa wyko-
rzystywane w magazynach skér surowych. Srodki chemiczne dzia-
taja na drobnoustroje bardzo negatywnie, hamujac ich wzrost i nisz-
czac je. SOl jest jednym z nich, powodujac odwadnianie ich poprzez
osmoze i doprowadzajac do postaci nieaktywnej badz wrecz niszczac
je calkowicie [21].

Kwasy i zasady nalezace do mocnych niszcza wszystkie drobno-
ustroje, tak samo jak etanol 50-cio procentowy, ktéry powoduje
odwadnianie ich. Etanol 100-procentowy jest juz stabszy i nie ma
tak niszczacego dzialania. Powodem jest to, ze Scina biatko znaj-
dujace sie na powierzchni surowej skéry, przez co nie przedostaje
sie do wnetrza. Fenole i ich pochodne czy formaldehyd jest réwnie
niszczacy ze wzgledu na reakcje biatkiem plazmy komérki [1].

Drobnoustroje antagonistyczne to takie, ktore niszcza sie wzajemnie
lub przynajmniej hamuja swéj rozwéj. Wynika to z wydzielin, ktore
reaguja z innym rodzajem drobnoustrojéw i ich biatkiem [1].

12.3.3 Enzymy

Bakterie powoduja hydrolityczny rozpad biatek, weglowodanéw oraz
ttuszczéw. Nie dzialajg jednak na nie bezposérednio a wykorzystuja
do tego enzymy, tzw. fermenty. Enzymy sa bialkowymi substan-
cjami produkowanymi przez drobnoustroje, o dzialaniu katalizuja-
cym, ale w waskim zakresie.
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Pierwszym rodzajem enzyméw sg hydrolazy, ktére odpowiedzialne
sg za hydrolize poszczegdlnych substancji. Wsréd nich mozemy wy-
mienié¢: proteazy, lipazy, karbohydrazy. Proteazy sa enzymami przy-
spieszajacymi poszczegllne stadia hydrolizy biatka. Lipazy powo-
duja rozpad hydrolityczny ttuszczoéw, natomiast karbohydrazy sa
odpowiedzialne za hydrolize zlozonych weglowodanéw [1]. Desmo-
lazy sa to enzymy, ktére przyspieszajag reakcje chemiczne typu utle-
niania, redukcji.

W przypadku skér surowych istotne sg proteazy, ktore swoja role
odgrywaja podczas poczatkowych etapéw hydrolitycznego rozpadu
biatka. Rozktadajg one biatka do peptonéw, a nastepnie te do wielo-
peptydéw. Proteazy mozemy podzieli¢ w zaleznoéci od srodowiska,
w ktérym funkcjonuja na:

1. Trypsyna — érodowisko zasadowe

2. Katepsyna — $rodowisko obojetne (wystepuje w duzej ilosci
w skorze)

3. Pepsyna — $rodowisko kwagsne.

Za kolejny etap rozktadu odpowiedzialne sa peptydazy, powoduja
one redukcje wielopeptydéw do peptyddéw prostych, a nastepnie do
aminokwasow. W skorze surowej mozna znalezé lipazy, a w naskorku
czy warstwie podskérnej amylaze, ktora rozklada krochmal [1].

W wodzie enzymy tworza koloidalne roztwory, dzigki czemu daja sie
wysalaé¢. Oznacza to, ze koaguluja z konkretnymi solami, gtéwnie
z NaCl, po czym przestaja dziala¢. Enzymy maja jednak zdolnoéé
uszkadzania skory, bez wzgledu na to czy pochodza ze srodowiska
zewnetrznego czy z wnetrza. Skéra jezeli nie jest zakonserwowana
lub tylko w niewielkim stopniu zabezpieczona moze ulega¢ dziata-
niu drobnoustrojow, ktérych na skérze zywej nie byto. Ich dziatanie
degradacyjne na skére opiera sie na wydzielaniu przez nie wtaénie
enzyméw. Enzymy, ktére byly wytwarzane za zycia zwierzecia réw-
niez mogg przyczynia¢ sie do jej rozkltady po zdjeciu na zasadzie
samotrawienia, czyli tak zwanej autolizy. Polega ona na tym, iz
enzymy, ktére juz nie otrzymuja tlenu dostarczanego przez krew
atakuja wlokniste biatka skéry i doprowadzaja do ich rozktadu.
Speptyzowany kolagen zostaje rozpuszczony koloidalnie w wodzie.
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Najlepsze warunki dla samotrawienia to temperatura 40°, pH stabo
kwasne i brak tlenu. Schemat hydrolitycznego rozpadu biatek skory
przebiegajacy przy udziale enzyméw wyglada nastepujaco:

Biatka — Peptony — Wielopeptydy — Dwupeptydy —
Aminokwasy — Amoniak

Peptony maja zdolnosé rozpuszczania sie koloidalnego w wodzie,
za$ aminokwasy tworza roztwory wtasciwe. Jednak aby enzym miat
wladciwosci rozkladajace musi wystepowaé przynajmniej w mini-
malnym stezeniu dajacym mu ta zdolno$¢. Stezenie to nazywane
jest stezeniem progowym. Natomiast cecha wspoélna wszystkich en-
zyméw jest zakres temperatur 0-70 °, poza ktérym nie dzialaja
w ogdle, a jego przekroczenie powoduje, ze sa nieaktywne. Przekro-
czenie gornej granicy temperatury doprowadza do nieodwracalnego
zniszczenia enzymu [1].

12.3.4 Powody konserwacji skor surowych

Skoéra surowa przebywa dluga droge od Sciagniecia jej ze zwierzecia
do garbarni. Biorac pod uwage transport, magazynowanie, szczegol-
nie w porze letniej, konserwacja jest jedng z najistotniejszych eta-
péw w przygotowaniu skory do dalszej obrébki. Dodatkowo wazny
jest czas, po ktérym skéra zostala zakonserwowana po uboju, opdz-
nienie moze spowodowac, ze mikroflora, gtéwnie w postaci proteoli-
tycznych bakterii, uszkodzi surowiec. Doprowadzi to do gnicia skéry
co spowoduje, ze nie bedzie mozliwe jej przetwarzanie. Bardzo cze-
sto surowa skéra po zdjeciu musi poczeka¢ w magazynie na wziecie
jej do produkcji, ze wzgledu na ograniczone zdolnosci produkcyjne
garbarni [32].

Skéra surowa zaraz po zdjeciu ze zwierzecia jest idealna pozywka
dla bakterii. Powodem jest to, iz wilgotnosé¢ jej jest w granicach
50-70%, a temperatura jest zblizona do ciala, inaczej traca czyn-
nosci zyciowe, a tym samym nie wydzielaja enzyméw. Dodatkowo
nie dochodzi do autolizy, gdyz enzymy wtasne rowniez sa w fazie
nieaktywnej. Skére po uboju nalezy schtodzié, co zapobiega tworze-
niu plam solnych. Nastepnie taka skore sie oczyszcza sie, po czym
przechodzi do konserwacji [1].
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12.4 Wnioski

Przemyst garbarski wytwarza odpady bedace jednymi z najtrudniej-
szych do zagospodarowania co stanowi problem na skale globalng.
Ich zlozony charakter, a takze ilo$¢ strumieni odpadéw, réznig-
cych sie od siebie silnie wlasciwoéciami, spowodowalo, ze na chwile
obecng nie ma racjonalnego sposobu ich utylizacji. Powyzsza praca
pokazuje réwniez, ze ilos¢ poszczegdlnych odpaddéw w przeliczeniu
miesiecznym dla jednej garbarni jest bardzo duza- dochodzi na-
wet do kilkudziesieciu ton. Niestety dotychczas prowadzone bada-
nia nad ich przetwarzaniem nie przyniosty zadowalajacych wynikdw
dla zaktadéw garbarskich. Ilo$¢ odpadéw, a takze ich szkodliwosé
powoduje, ze garbarnie nazywane ,trucicielami” $rodowiska maja
coraz wiekszy problem do rozwiazania. Powodem jest zawartosé ra-
kotworczego chromu (+6) a takze innych zwiazkéw chemicznych,
dodawanych w poszczegblnych etapach przetwarzania. Sktad oraz
posta¢ uzytych srodkéw chemicznych powoduje, ze kazdy z odpa-
dow wymaga indywidualnego podejscia. Obecnie stosowany sposob
radzenia sobie z odpadami poprzez ,sktadowanie” jest najbardziej
niekorzystng forma dla Srodowiska, natomiast wciaz najbardziej po-
wszechng. Dodatkowo zauwazamy ciggly i do$¢ silny wzrost zapo-
trzebowania na skére samochodowa, ktéry bedzie w najblizszych
latach mial miejsce. Skutkiem tego bedzie dynamiczna eskalacja
probleméw z odpadami garbarskimi. Powyzszy przeglad literatu-
rowy ma na celu pokazanie skali problemu i zwrécenie uwagi, ze
skora na swojej drodze od $ciagniecia ze zwierzecia do gotowych
siedzen w samochodzie pozostawia znaczacy s§lad w S$rodowisku,
ktéorym sg grupy ogromnych ilosci odpadéw na kazdym etapie jej
przetwarzania. Dlatego tak wazna jest cyrkularna gospodarka zwia-
zana z odpadami, ktéra umozliwi pozyskanie cennych sktadnikéw,
a takze wytworzenia warto$ciowych produktéw z jednoczesng re-
dukcja produkowanych odpadéw. Na chwile obecna bardzo wazne
jest znalezienie sposobu ich utylizacji, ktory pozwoli rozwiazaé pro-
blemy srodowiskowe w przemysle garbarskim. Jest to istotne w row-
nym stopniu dla ekologii jak i dla garbarni, ktére same nie potrafia
poradzi¢ sobie z narastajacym problemem.
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Streszczenie

W réznych galeziach przemystu zaréwno w kraju jak i na Swiecie
ogromne ilosci ciepta odpadowego w postaci goracych spalin emi-
towane sa do atmosfery. Jednym z mozliwych wariantéw zagospo-
darowania tego typu odpadowych zZrodet ciepta sa instalacje ORC,
ktére ciesza sie coraz wigkszg popularnoscig. Tania energia odpa-
dowa z jednej strony, i wciaz rosnace koszty wytwarzania energii
z jednostek opalanych paliwami kopalnymi z drugiej strony, przy-
czyniaja sie do intensyfikacji prac nad zaawansowanymi sitowniami
ORC, w ktérych jednym z najwazniejszych elementéw sg wymien-
niki ciepta. Prawidlowy dobér konstrukcji wymiennikéw ciepta i ich
péZniejsza optymalizacja jest niezmiernie wazna w kontekscie po-
prawnej pracy instalacji, ale takze kosztow budowy oraz oplacal-
nosci calego przedsiewziecia. W pracy zaproponowano nowy typ
parownika do mikrositowni ORC z bezposrednim grzaniem czyn-
nika roboczego. Parownik ten zostal zaprojektowany w uktadzie
plaszczowo-rurowym typu NKN, w ktérym spaliny plyna rurami
a czynnik roboczy odpowiednio uksztaltowanym ptaszczem. Dla
tak zaprojektowanego parownika przeprowadzono szereg obliczen,
w ktérych okreslono parametry cieplno-przeptywowe wymiennika
w zaleznosci od liczby rurek. Optymalnym rozwiazaniem okazal sie
wymiennik NKN skladajacy sie z 344 gtadkich rur procesowych
w rozmiarze ¢$20x1 mm i dtugosci 3000 mm. Calkowita powierzch-
nia wymiany ciepta wyniosta 63 m? a uzyskana moc cieplna 217 W.

13.1 Wprowadzenie i cel pracy

Instalacje ORC sa coraz czeSciej stosowanym rozwigzaniem zago-
spodarowania wysoko i sredniotemperaturowych zrédet energii, nad
czym pracuje wiele firm z calego Swiata. Instalacje te cieszg sie po-
wodzeniem w skali zaréwno mikro jak i makro, a znajduja swoje
zastosowanie w ukladach gdzie spalana jest biomasa [1-3], w ukla-
dach geotermalnych [4-6], w ukladach odzysku ciepla z goracych
spalin [7—10] czesto o temperaturze przekraczajacej 400°C, a takze
w uktadach wspélpracujacych z turbing gazows lub innych apli-
kacjach charakteryzujacych sie wysoka temperatura ciepta odpa-
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dowego [11, 12]. Mape ukladéw ORC zainstalowanych na $wiecie
przedstawiono na Rys. 13.1. Jak mozna zauwazy¢ dominujg insta-
lacje wykorzystujace ciepto pochodzace z biomasy oraz ciepto odpa-
dowe. Calkowita liczba uktadéw zainstalowanych na $wiecie wynosi
1149 [13]. Najwiecej instalacji powstalo kolejno w Europie, Ame-
ryce Polnocnej i Azji. Pojedyncze jednostki pracuja w Ameryce
Poludniowej, Australii oraz Afryce.

L :
8
L o
T N

Rys. 13.1: Mapa instalacji ORC na $wiecie wraz z zaznaczonym
rodzajem zrédla ciepta: kolor zielony — biomasa, kolor czerwony —
geotermia, kolor z6lty — energia stoneczna, kolor niebieski i poma-
ranczowy — ciepto odpadowe [13].

W ostatnim czasie obserwuje si¢ duze zainteresowanie budowa in-
stalacji ORC, co przedstawiono na wykresie stupkowym przyrostu
mocy zainstalowanej, Rys. 13.2 Ostatni stupek obrazuje moc insta-
lacji w budowie. Wartos¢ przyrostu mocy od roku 2011 nie spa-
dta ponizej 180 MW rocznie. Najwiekszy udzial mocy przypada na
uktady wykorzystujace ciepto geotermalne, a wiec uklady charak-
teryzujace sie stosunkowo duza moca zainstalowana w pojedynczej
jednostce.

W uktadach ORC o mocy przekraczajacej kilkanascie kWe bardzo
czesto stosowane sa wymienniki plaszczowo-rurowe [9, 15-20]. Od-
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Rys. 13.2: Roczny przyrost tacznej mocy zainstalowanej instalacji
ORC w latach 1984-2016 [14].

powiednio zaprojektowane tego typu urzadzenia, charakteryzuja sie
solidna, spawang budowa, pozwalajaca na prace w warunkach za-
réwno wysokiej temperatury, jak i wysokiego ciSnienia roboczego.
Tego samego nie mozna powiedzie¢ o wymiennikach ptytowych,
gdzie grubosci chociazby plyt grzewczych zazwyczaj nie przekra-
czaja wartosci 0,5 mm. Wymienniki ptaszczowo-rurowe, w odrdz-
nieniu od wymiennikéw plytowych, zazwyczaj projektuje sie indy-
widualnie, dla konkretnych parametréw pracy. W przypadku wy-
miennikéw plytowych, dobiera sie urzadzenie z danego typoszeregu,
gdzie geometria plyty jest juz narzucona i istnieje jedynie mozliwosé
doboru odpowiedniej ilosci ptyt grzewczych, co stanowi pewnego ro-
dzaju ograniczenie.

13.2 Analizowana mikrosilownia

Przedmiotem analizy jest mikrositownia ORC przedstawiona na
Rys. 13.3, ktorej celem jest wykorzystanie ciepta odpadowego spa-
lin, o temperaturze 510°C.

Uklad ten zostal zaprojektowany przy zalozeniu, ze gorace spaliny
ogrzewaja czynnik roboczy, tym samym powodujac odparowanie
z jednoczesnym przegrzaniem par do temperatury 211,8°C (1). Spa-
liny na wylocie z wymiennika wychladzaja sie do temperatury okoto
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Rys. 13.3: Schemat ukladu ORC: sl — spaliny gorace, s2 — spa-
liny wychtodzone, 1 — $wieza para czynnika roboczego, 2 — prze-
pracowana para czynnika roboczego, 3 — przepracowana para po
schlodzeniu w regeneratorze, 4 — skropliny (niskie ci$nienie), 5 —
chlodna ciecz opuszczajaca pompe (wysokie ci$nienie), 6 — ogrzana
ciecz zasilajaca parownik (wysokie ci$nienie), ¢l — ciecz chlodzaca
(woda/glikol), ¢2 — ogrzana woda/glikol.

224,24°C (s2) i nastepnie odprowadzane sa do atmosfery. Czynnik
roboczy w postaci par toluenu o temperaturze 211,8°C (1) pozba-
wiony w zupelnosci fazy cieklej, kierowany jest na topatki mikro-
turbiny napedzajacej generator elektryczny o mocy znamionowej
30 kWe.

Nastepnie, rozprezone pary czynnika roboczego o temperaturze
144,1°C (2) kierowane sa do regeneratora, gdzie ulegaja wychlodze-
niu do temperatury 107,95°C (3) podgrzewajac plynacy po drugiej
stronie czynnik roboczy do temperatury 87,44°C (6). Wychtodzony
w regeneratorze toluen trafia do skraplacza, gdzie ulega kondensacji.
Przemiana fazowa nastepuje na skutek odbioru ciepta przez roztwor
glikolu, ktory zasila obieg pomocniczy. Wykroplony w skraplaczu
toluen przy pomocy gléwnej pompy obiegowej tloczony jest po-
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przez regenerator do parownika, tym samym rozpoczynajac kolejny
cykl obiegu zamknietego. Parametry pracy parownika zamieszczono
w Tab. 13.1.

Tab. 13.1: Parametry robocze parownika.

Strona Rury Strona Plaszcz
Medium Spaliny (COg, Oz, No, HoO) Toluen (C¢HsCHs)
Temperatura wlot/wylot [°C] 510/ 222 87,44/211,8
Przeplyw [kg/h] 2340 1422
Ciénienie robocze [bar (abs)] 1,04 8,45
Dopuszczalny spadek cinienia [kPa] 04 3,0
Moc cieplna [kW] ~217

Swiatowi producenci wymiennikéw ciepla postuguja sie na co dzien
zazwyczaj jednym z dwbch najbardziej zaawansowanych programéw
stuzacych do doboru wymiennikéow ptlaszczowo- rurowych. Pierw-
szym z nich jest Aspen Exchanger Design&Rating [21], drugim
HTRI [22]. W obu tych programach mozna zasymulowaé¢ niemal
kazdy proces wymiany ciepta pomiedzy dwoma dowolnie wybra-
nymi ptynami, poczawszy od wody, pary wodnej, glikolu, czynni-
kéw chlodniczych, a skonczywszy na réznego rodzaju weglowodo-
rach czy tez mieszaninach gazow i cieczy. Obszerne bazy plyndéw
daja szerokie mozliwosci symulacji proceséw wymiany ciepta, znaj-
dujacych zastosowanie w energetyce zawodowej, przemysle rafine-
ryjnym, przemysle chemicznym, przemysle papierniczym, przemysle
farmaceutycznym, chtodnictwie, i wielu innych. Oba wspomniane
programy bazuja na konstrukcjach i wytycznych norm TEMA [23],
uznanych i stosowanych przez inzynieréw na calym Swiecie.

Celem niniejszej pracy jest dobér parownika o konstrukeji NKN
wg. norm TEMA [23]. W celu wykonania niezbednych obliczen
cieplnych, postuzono sie specjalistycznym oprogramowaniem Aspen
Exchanger Design&Rating.

13.3 Propozycja nowej konstrukcji

Na podstawie kompletu danych termodynamicznych obiegu, w tym
parametréw parownika, zostang przeprowadzone obliczenia majace



390 ROZDZIAE 13. DOBOR I OPTYMALIZACJA ..

na celu wytypowanie najlepszego rozwiazania konstrukcyjnego we-
dlug standardu TEMA [23]. Biorac pod uwage ze spaliny sa za-
pylone i zachodzi koniecznos$¢ czyszczenia powierzchni wymiany
ciepta, zdecydowano sie na konstrukcje w ktorej spaliny zostang
umieszczone w przestrzeni wewnatrz rurowej. Wymiennik petni funk-
cje parownika, dlatego po analizie wielu r6znych rozwiazan wybrano
aparat wyparny typu ,kettle reboiler” [24] w nieco zmodyfikowanej
wersji. Typowy wymiennik ciepta typu ,kettle reboiler” to urza-
dzenie o konstrukecji BKU wg. norm TEMA [23], gdzie B oznacza
zastosowanie komory przedniej demontowalnej, K to typ ptaszcza
kettle o srednicy wigkszej anizeli $rednica komory przedniej, zas
U oznacza, iz zastosowano pek rur w postaci u-rurek i wymiennik
pozbawiony jest komory tylnej, a plaszcz zamkniety jest dennica
elipsoidalng. Typowa konstrukcje wymiennika typu ,kettle rebo-
iler” przedstawia Rys. 13.4.

Rys. 13.4:  Wymiennik  ciepta  typu BKU, 2Zrédio:
https://rpadams.com/aku-series-heat-exchangers.

7 uwagi na wspomniany problem zanieczyszczenia spalin, niemoz-
liwe jest zastosowanie typowej konstrukcji BKU. W urzadzeniach
tego typu, zgodnie z zalozeniami TEMA [23], czynnik odparowy-
wany zawsze znajduje sie¢ w przestrzeni miedzyrurowej czyli w ptasz-
czu. Spaliny, z uwagi na zawarte w nich zanieczyszczenia powoduja
koniecznos$¢ wprowadzenia zmian w typowej konstrukcji.
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Wymog okresowego wykonywania czynnosci serwisowych, polega-
jacych na mechanicznym czyszczeniu wewnetrznej powierzchni rur
procesowych eliminuje z dalszych rozwazan zastosowanie konstruk-
cji z u-rurami, gdzie takiej mozliwosci nie ma. Dodatkowo, spa-
liny jako noénik ciepta odpadowego, charakteryzujacy sie ciSnieniem
roboczym niewiele wyzszym od ci$nienia atmosferycznego, wymu-
sza poszukiwania rozwigzania charakteryzujacego sie niskim opo-
rem przeplywu, nie przekraczajacym 0,4 kPa. Dlatego tez, zapropo-
nowano zastosowanie wymiennika jednoprzeplywowego po stronie
spalin z rurami prostymi o Srednicy wewnetrznej umozliwiajacej
czyszczenie. Przekréj nowej konstrukcji parownika przedstawiono
na Rys. 13.5.

Rys. 13.5: Pogladowy rysunek wymiennika typu NKN w przekroju
wzdluznym.

Przedstawiona na Rys. 13.5 konstrukcja to wymiennik typu NKN [23],
ktory umozliwia realizacje zadanego procesu wymiany ciepta zacho-
dzacego pomiedzy goracymi spalinami, a toluenem. Dla tej wybra-
nej konstrukcji zostaly przeprowadzone obliczenia cieplne.

13.4 Obliczenia projektowe

Opracowanie koncepcji wymiennika to pierwszy etap projektowa-
nia. Kolejnym jest wykonanie obliczen cieplno-przeptywowych, kté-
rych celem jest wytypowanie optymalnej powierzchni wymiany cie-
pla, niezbednej do osiggniecia zadanej mocy cieplnej oraz parame-
tréw towarzyszacych, takich jak temperatury na wylocie oraz do-
puszczalne maksymalne wartoéci spadkdéw cisnienia.
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Wszystkie przedstawione wartosci i wyniki w postaci tabel oraz ry-
sunkéw, zostaly obliczone przy pomocy programu Aspen Exchanger
Design&Rating [21].

Wymiennik typu NKN (Rys. 13.5) jest urzadzeniem jednoprzeply-
wowym, dzigki czemu przy odpowiedniej ilosci rurek zapewnia sie
niskie warto$ci oporéw przeptywu, a takze gwarantuje staly i sta-
bilny rozklad temperatury na calej dlugosci rur procesowych.
7 uwagi na fakt, iz projektowany jest nowy parownik w juz istnieja-
cej instalacji w zabudowie kontenerowej, nalezy uwzgledni¢ ograni-
czenie co dtugosci urzadzenia, ktére nie moze przekroczy¢ 4100 mm.
Przy zalozeniu ze komora wlotowa i wylotowa w sumie beda mialy
dtugosé w zakresie 1000-1100 mm, zaktada sie, iz maksymalna dtu-
gos¢ rur wymiennika powinna wynies¢ nie wiecej anizeli 3000 mm.
Przy pomocy programu Aspen Exchanger Design&Rating wyko-
nano obliczenia majace na celu wytypowanie najbardziej optymal-
nej srednicy rur procesowych oraz ich ilosci, przy zalozeniu maksy-
malnej dtugosci rur réwnej 3000 mm. W celu wykonania obliczen za-
ktada sie dla kazdego rozwazanego przypadku identyczng konstruk-
cje zgodnie z (Rys. 13.5) i formuluje bilans cieplny (Rys. 13.6) przy
zachowaniu wymaganych parametréw roboczych (patrz Tab. 13.1).

Hot Stream (1) Cold Stream (2)

Tube Side Shell Side

Fluid name Flue gas Toluene
In Out In out

Mass flow rate kg/h ~ (2340 1422
Mass flow rate multiplier 1 1
Temperature < - 510 : 87,44 2118
Vapor mass fraction 1 1 o 1
Pressure (absofute) bar - 1,04 1036 8,45 842
Pressure at liquid surface in column
s e C——
Heat exchanged multiplier !
Exchanger effectiveness
Adjust if over-specified Flowrate - Outlet ternperature i
Estimatesd pressure drop har » | | 0004 003
Allowable pressure drop kPa - 04 3
Fouling resistance me-KwW * | 0,00175 9E-05

Rys. 13.6: Bilans cieplny w programie Aspen Exchanger
Design&Rating.
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Spaliny o temperaturze 510°C, przy ci$nieniu na wlocie do wymien-
nika réwnym 1,04 kPa i przeplywie 2340 kg/h zasilaja wymiennik
po stronie rur. Celem jest uzyskanie mocy cieplnej 217 kW. W tym
celu formutuje sie kompletny bilans cieplny po stronie czynnika ro-
boczego, przy zalozeniu temperatury na wlocie 87,44°C, za$ na wy-
locie przy uwzglednieniu przegrzania 211,8°C. Toluen na wlocie do
wymiennika ma ci$nienie 8,45bar(a), a warto$¢ strumienia prze-
plywu wynosi 1422 kg/h.

Tab. 13.2: Tabela poréwnawcza parametréw cieplno-przeptywowych
dla rury procesowej o wymiarze ¢35x1 i liczbie rur n=100-500.

n=100 n=150 n=200 n=250 n=300 n=350 n=400 n=450 n =500

Regr(s) 82013 55121 41533  3321,1 27465 23410 20634 18459 16720
Pre.(s) 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78

Vs m/s] 13,98 10,05 6,9 6,0 4,64 4,34 347 3,33 3,01

k [W/m?K] 33,8 24,5 193 15,3 11,5 9,1 8,7 8,3 8.1

Ap(sy [kPa] 0,191 0,100 0,056 0,041 0,028 0,023 0,016 0,014 0,012
Ter(s) [°C] 214,57 212,11 210,74 209,84 209,1 208,37 207,98 207,72 207,5

Q [kW] 1758 184,2 189 1885  180,7 1753 1824 1889 1953

A [m?] 31,9 47,9 63,9 79,9 95,8 11,8 1278 1437 1597
Tuigs °C] 510 510 510 510 510 510 510 510 510
Tuys °C] 28858 277,73 271,62 272,21 282,82 289,34 281,25 271,61 263,38

Tuw °C] 8744 8744  8T44 8744  8T44 8744 8744 8744 8T
Tuye °C] 20534 205,34 205,34 205,34 20534 20534 20534 20534 205,34
ATy, °C] 249,33 243 239,39 239,74 24599 249,76 24507 239,38 234,42

Poszukiwane parametry, ktore postuzyly wytypowaniu najlepszego
rozwigzania obejmowaly: uérednione wartosci liczby Re, liczby Pr,
predkoéci przeptywu v, wspdlczynnika przenikania ciepta k, opory
przeptywu po stronie rur Ap , temperature Scianki rurki Tg,., moc
cieplna Q oraz powierzchnie wymiany ciepta A, wynikajaca z liczby
zastosowanych rur. W tabelach uwzgledniono dodatkowo tempe-
ratury na wlocie i wylocie spalin (Tyy(s), Tuwyi(s)) oraz czynnika
roboczego (Tyyr), Tuwyir)), @ takze srednia logarytmiczna réznica
temperatur AT, bazujaca na punktach koncowych. Do rozwa-
zan przyjeto rury procesowe w nastepujacych rozmiarach (Srednica
zewnetrzna [mm] x grubosé $cianki [mm)):¢35x1, ¢30x1, ¢25x1,
¢20x1. Jako material rur procesowych przyjeto dla wszystkich opcji
stal austenityczna kwasoodporna w gatunku 1.4404 (316L). Do ana-
lizy przyjeto nastepujace wartosci ilosciowe rur procesowych n=100,
150, 200, 250, 300, 350, 400, 450, 500. Dla konstrukcji wymien-
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nika z rurami procesowymi ¢35x1, wyniki obliczen przedstawiono

w Tab. 13.2.

MMoc cieplna 0 [KWN]

F3 Lo

[T R ]

=
W e
(ST ST < T = =1
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100 150 200 2500 300 350 400 450 500

Liczha rur procesowychn [szt.]

Rys. 13.7: Zmiana mocy cieplnej wymiennika w zaleznosci od liczby

rur (¢35x1).

Spadek cisnieniaw rurach dp [kPal
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Rys. 13.8: Zmiana oporéw po stronie spalin w zaleznosci od liczby

rur (¢35x1).

Wiadciwe rozwiazanie konstrukcyjne powinno spetniaé¢ dwa warunki.
Pierwszy to osiagniecie mocy cieplnej na poziomie 217 kW, wartosc¢
te zaznaczono linia koloru pomaranczowego na wykresie Rys. 13.7,
za$ drugi to maksymalny dopuszczalny spadek cisnienia 0,4 kPa,
co réowniez zaznaczono linig koloru pomaranczowego na wykresie
Rys. 13.8. Na wykresach dla kolejnych serii obliczen, warunki te

zostang oznaczone

w ten sam sposéb. Opory przepltywu po stronie
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toluenu maja niskie wartosci, dlatego tez zostaly pominiete.

Na wykresie Rys. 13.8, na ktérym przedstawiono wartosci spadkdw
ci$nienia w funkcji liczby rur, wyraznie wida¢, iz warunek dotyczacy
oporow przepltywu zostal spelniony dla wszystkich wariantéw ana-
lizowanych ilosci rur procesowych w zakresie od 100 do 500, co
wynika z do$¢ duzego calkowitego pola przekroju i niskich wartosci
predkosci spalin. Jak mozna zaobserwowaé na wykresie Rys. 13.7
warunek osiagniecia mocy cieplnej na poziomie 217 kW nie zostat
spelniony dla zadnego wariantu, a najwyzsza wartos¢ mocy ciepl-
nej to 195,3 kW dla ilosci rur n=500. Brak osiagniecia wymaganej
mocy cieplnej oznacza, ze w zadnym z przypadkéw zadany strumien
czynnika roboczego wynoszacy 1422 kg/h nie zostal w calosci od-
parowany. Dalsze zwigkszanie powierzchni wymiany ciepta poprzez
dodawanie rur mija sie z celem, poniewaz juz przy ilosci rur n=>500
powierzchnia wymiany ciepla wynoszaca 159,7 m? nie jest dobrym
rozwigzaniem pod wzgledem konstrukcyjnym i ekonomicznym.

Na wykresie Rys. 13.10 przedstawiono wspotczynnik przenikania
ciepta, bedacy jednym z najistotniejszych parametréw procesdéw
wymiany ciepta. Stuzy on do okreslenia intensywnosci wymiany
i uwzglednia transport ciepta, w tym przypadku ze spalin poprzez
Scianke rurki do czynnika roboczego.

100 150 200 250 300 350 400 450 500

Liczba rur procesowychn [szt.]

Rys. 13.9: Zmiana liczby Reynoldsa po stronie spalin w funkcji
liczby rur (¢35x1).
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Rys. 13.10: Wartoéci wspolczynnika przenikania ciepta w funkcji
liczby rur (¢35x1).

Wykres Rys. 13.10 pokazuje spadkowy trend wspdlczynnika prze-
nikania wraz ze wzrostem ilosci rur. Ma to zwiazek z coraz to niz-
szymi wartosciami predkosci spalin dla rosngcej iloéci rur, co w re-
zultacie pogarsza warunki wymiany ciepta. Nizsze predkosci spa-
lin majg swoje odzwierciedlenie na wykresie Rys. 13.9 w postaci
spadkowego trendu wartosci liczb Re. Na potrzeby analiz, jako za-
kres przeplywu przejsciowego przyjeto 2300<Re<10000. Dla liczby
rur procesowych w zakresie od 100 do 350 odnotowuje sie prze-
plyw przejsciowy, zas juz dla wiekszej ilosci rur jest to przeplyw
laminarny. W zadnym z analizowanych przypadkéw nie osiagnieto
zadanej temperatury wylotowej czynnika roboczego na poziomie
211,8°C. Zgodnie z Tab. 13.2 dla wszystkich przypadkéw tempera-
tura toluenu na wylocie wyniosta 205,34°C i jest to temperatura
nasycenia dla ci$nienia 8,45bar(a). Zatem nie tylko nie udato sie
odparowaé¢ wymaganego strumienia toluenu, ale takze nie uzyskano
nawet malego stopnia przegrzania par czynnika roboczego.

Kolejna serig¢ obliczen, tym razem dla rury o wymiarze ¢30x1, przed-
stawiono w Tab. 13.3.
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Tab. 13.3: Tabela porownawcza parametréow cieplno-przeptywowych
dla rury procesowej o wymiarze ¢30x1 i ilosci rur n=100-500.

n=100 n=150 n=200 n=250 n=2300 n=350 n=400 n=450 n =500
Reg(s) 97478  6553,2 49415 39644 32999  2808,8 24421 21709 19659

Pre,(s) 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78
Ve /] 19,27 13,84 9,5 8,23 6,32 5,93 48 4,64 415
k [W/m?K] 445 32,3 25,6 21,1 17,3 13,5 10,8 95 9,2

Apg [kPa] 0401 0209 0,115 0085 0057 0048 0034 0030 0,024
Toe C] 2159 21316 211,58 21054 209,79 209,21 2086 2081 207,84

Q [kW] 1846 1930 1983  201,0 1999 1931 1868 1868 193
A [m?) 31,9 47,9 63,9 79,9 95,8 11,8 1278 1437 1597
Tuigs) °C] 510 510 510 510 510 510 510 510 510

Tuysy °C] 277,25 266,35 259,5 255,94 257,49 266,22 275,19 274,43 266,38
Tuwie) [°C] 87,44 87,44 87,44 87,44 87,44 87,44 87,44 87,44 87,44
Tuyie [°Cl 205,34 205,34 205,34 205,34 205,34 205,34 205,34 205,34 205,34
ATy [°C] 242,72 236,23 232,08 229,9 230,85 236,15 241,51 241,05 236,25

Po zilustrowaniu wynikow z Tab. 13.3 na wykresie Rys. 13.11 mozna
zauwazy¢ nieznaczne przekroczenie dopuszczalnego spadku ci$nie-
nia dla liczby rur n=100. W pozostaltych przypadkach opory sa po-
nizej maksymalnej dopuszczalnej wartoéci oznaczonej linia koloru
pomaranczowego i nie przekraczaja 0,209 kPa. Warunek spadku ci-
$nienia dla ilo$ci rur n>150 zostal speliony.

Spadek cisnieniaw rurach fp [kP:
(=]
i
W= nora bnowoun

100 150 200 250 300 350 400 450 500

Liczba rur procesowychn [szt.]

Rys. 13.11: Zmiana oporéw przeptywu spalin w funkcji liczby rur
(¢30x1).
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Rys. 13.12: Zmiana mocy cieplnej w funkcji liczby rur (¢30x1).

Drugi warunek, dotyczacy osiagniecia mocy cieplnej na poziomie
217 kW podobnie jak dla rury ¢35x1 nie zostal spetniony dla catego
badanego zakresu. Maksymalna wartos¢ mocy cieplnej (Rys. 13.12)
dla liczby rur n=250 wynosi 201 kW.

wu
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Rys. 13.13: Zmiana wspoélczynnika przenikania ciepta w funkcji
liczby rur (¢30x1).

Analizujac Rys. 13.12 mozna zaobserwowaé¢ pewna nieliniowo$¢,
ktora pojawita si¢ do$¢ niewyraznie réwniez na Rys. 13.7. Nielinio-
wos¢ ta polega na spadku wydajnosci wymiennika ciepta przy licz-
bie rur n=300 i ponownym wzroécie przy n>450. W efekcie zmniej-
szenia Srednicy rury procesowej z 35 mm do 30 mm uzyskano nieco
wyzsze warto$ci wspotezynnikéw przenikania ciepta (Rys. 13.13),
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Rys. 13.14: Zmiana liczby Reynoldsa po stronie spalin w funkcji
liczby rur (¢30x1).

ktére ksztattuja sie w zakresie od 44,5 [W/m?K] do 9,2 [W/m?K].

Wykres liczby Reynolds’a (Rys. 13.14) podobnie jak dla wigkszej
Srednicy rur ¢3b5x1, w wiekszoéci analizowanych przypadkow za-
wiera sie w zakresie przeplywu przejSciowego, zas dla ilosci rur
n>450 jest to juz przepltyw laminarny.

Wynik dla wymiennika z rura ¢25x1 przedstawiono w Tab. 13.4.

Tab. 13.4: Tabela porownawcza parametréow cieplno-przeptywowych
dla rury procesowej o wymiarze ¢25x1 i ilogci rur n=100-500.

n=100 n=150 n=200 n=250 n=2300 n=350 n=400 n=450 n =500
Reg(sy 119721 80510 60718 49049 41044 35179 30733 27450 24053
Pre,(s) 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78
Vo) m/s] 2838 2036 13,96 12,03 9,19 8,56 6,9 6,7 6,12
k [W/m2K] 61,6 44,6 35,5 24,4 21,4 18,4 15,7 13,0 12,0
Apg [kPa] 0,982 0,51 0279 0208 0,139 0,115 0084 0074 0,060
To [C] 218,02 21468 212,77 2233 21935 217,54 211,03 20595 208,54
Q [kW] 1934 2019 207,01 216,01 2198 2197 2183 2127  197.9
A [m?] 22,9 34,3 458 57,2 68,7 80,1 91,6 1030 1145
Tuigs) °C] 510 510 510 510 510 510 510 510 510
Ty °C] 26576 25481 239,13 23627 232,16 23145 234,56 240,64 260,02
Tuw °C] 8744 8744 8744 8744 8744 8744 8744 8T 8TM
Tuy C] 20534 205,34 206,93 209,86 214,06 214,79 211,61 20538 205,34
ATy, °C] 235,88 2292 21872 21571 211,39 210,65 213,91 220,30 2324

Jak mozna zauwazy¢ na Rys. 13.15, zmniejszenie Srednicy rury
procesowej o kolejne 5 mm znaczaco wplywa na wzrost opordw
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przeplywu, wartos¢ dopuszczalna 0,4 kPa zostata przekroczona dla
dwoch badanych przypadkéw, n=100 i n=150.

Spadek cisnieniaw rurach &p [kPal
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Rys. 13.15: Zmiana oporéw przeptywu po stronie spalin w funkcji
liczby rur (¢25x1).

Moc cieplna 0 [KW]

I ™
[ B = TR — T~ S SO N 1
(=T R =R R~ T R = T < I ]

700 250 300 350 400 450

100 150 200 2500 300 350 400 450 500

Liczba rur procesowychn [szt.]

Rys. 13.16: Zmiana mocy cieplnej w funkcji liczby rur (¢25x1).

Wozrost oporéw przeptywu jest skutkiem zwickszenia predkosci spa-
lin o okolo 50% dla kazdego z analizowanych przypadkéw, w po-
réwnaniu do obliczen dla rury ¢30x1. Warunek zachowania mak-
symalnych oporéw przeplywu zostal spetniony dla iloéci rur proce-
sowych n>200. Z wykresu na Rys. 13.16 wynika, ze zmniejszenie
$rednicy rur pozwolito takze na uzyskanie w wickszoéci analizo-
wanych przypadkéw wymaganej wydajnosci na poziomie minimum
217 kW, z podobng nieliniowoscia spadku mocy przy n>400, jednak
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tym razem bez wyraznego odbicia. Dla badanej liczby rur w za-
kresie 200-450 uzyskano przegrzanie czynnika roboczego nawet do
214,97°C dla ilosci rur n=350. Warto doda¢, iz dla poprzednich
analizowanych $rednic rur nie odnotowano przegrzania par czyn-
nika roboczego w zadnym przypadku.

100 150 200 250 300 350 400 450 500

Liczba rur procesowychn [szt.]

Rys. 13.17: Zmiana liczby Reynoldsa po stronie spalin w funkcji
liczby rur (¢25x1).
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Rys. 13.18: Zmiana wspoélczynnika przenikania ciepta w funkcji
liczby rur (¢25x1).

Na wykresie Rys. 13.18 mozna zauwazy¢ wzrost wspotczynnika prze-
nikania ciepta dla rury ¢25x1 w poréwnaniu z rura ¢30x1 (Rys. 13.13),
najbardziej widoczne jest to dla najmniejszych analizowanych war-
tosci n w zakresie od 100 do 200. Dla pozostatych ilodci rur wzrost
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ten jest niewielki. Zaréwno wspolczynnik k jak i liczba Re zacho-
wuje staly spadkowy trend, co mialo miejsce takze w poprzednich
analizowanych przypadkach. Analizujac wykres Rys. 13.17 mozna
zauwazy¢ iz, po raz pierwszy przekroczono granice przeptywu przej-
Sciowego dla najmniejszej analizowanej liczby rur n=100.

Wyniki obliczen dla rury ¢20x1 przedstawiono w Tab. 13.5.

Tab. 13.5: Tabela poréwnawcza parametréw cieplno-przeptywowych
dla rury procesowej o wymiarze ¢20x1 i ilosci rur n=100-500.

n=100 n=150 n=200 n=250 n=300 n=350 n=400 n=450 n =500

Regr(s) 15438,2  10430,3  7862,2 6331,2 5233,1 4498,5 3946,5 3508,0  3153,33
Prg,(q) 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78 0,78
Vir(s) [m/9] 46,28 32,95 22,57 19,49 15,04 8,97 6,22 10,84 9,76
k [W/m?K] 91,7 54,6 40,3 34,8 30,4 27,5 24,6 22,1 194
Ap(s) [kPa) 3,041 1,595 0,884 0,641 0,426 0,352 0,255 0,226 0,188
Ter(s) [°C] 221,24 225,77 234,33 231,14 229,12 227,84 224,55 222,54 219,33
Q kW] 202,3 214,7 219,3 225,1 217,9 220,4 222.8 222.7 2217
A [m?] 18,3 27,5 36,6 45,8 54,9 64,1 73,3 82,4 91,6
Tyd@)[°C] 510 510 510 510 510 510 510 510 510
Tuyi(s) [°C] 254,20 238,02 233,60 224,48 234,34 230,56 227,61 227,52 228,92
Ty [°C] 87,44 87,44 87,44 87,44 87,44 87,44 87,44 87,44 87,44
Tuy [°Cl 205,34 208,08 212,6 221,9 211,84 215,7 218,71 218,8 217,37
ATy [°C] 228,83 217,55 212,90 203,3 213,68 209,71 206,6 206,51 207,98

Whyniki obliczen zilustrowano na wykresach.

Rys. 13.19: Zmiana

7]
in

Spadek cisnieniaw rurach &p [kPal

liczby rur (¢20x1).

(=]
L [25)

(=]

100 150

200 250

300 350

Liczba rur procesowychn [szt.]

opordéw przeplywu po stronie spalin w funkcji
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Rys. 13.20: Zmiana warto$ci mocy cieplnej w funkcji liczby rur
(¢20x1).

Po ostatniej analizie aparatu wyparnego z rura procesowg o wymia-
rze ¢20x1, na podstawie wykresow Rys. 13.19 i Rys. 13.20 mozna
stwierdzié, iz ten rozmiar rur przy stosunkowo nieduzej powierzchni
wymiany ciepla spelnia warunek dopuszczalnego spadku ci$nienia
oraz osiggniecia zadanej mocy cieplnej. Optymalne rozwiazanie znaj-
duje sie w przedziale liczby rur pomiedzy 300<n<350, co przeklada
sie na przedzial powierzchni wymiany ciepla pomiedzy 54,9 m?
a 64,1 m%. Oba warunki sg takze spelmione dla iloéci rur n>400,
jednak z uwagi na wicksza powierzchni¢ wymiany ciepta i zwigzane
z tym koszty produkcji, rozwigzania te nie sg brane pod uwage.

Wspélczynnik przenikania ciepta (Rys. 13.21) dla optymalnego roz-
wiazania 300<n<350 zawiera sie w zakresie pomiedzy 30,4 a 27,5
[W/m?2K]. Wyzsze wartosci predkoéci spalin i w efekcie wyzsze war-
tosci liczby Reynoldsa, (Rys. 13.22) wynikaja ze zmniejszenia prze-
kroju przeptywu po stronie spalin, w stosunku do wcze$niejszych se-
rii obliczen z rurami o wigkszych $rednicach. Na wykresie Rys. 13.22
mozna zauwazy¢, iz optymalne rozwigzanie znajduje sie w zakresie
przeplywu przejéciowego, niemniej jednak jest to najlepsze i najbar-
dziej optymalne rozwigzanie do konstrukcji analizowanego wymien-
nika ciepta typu NKN. Na Rys. 13.23 zestawiono wartosci mocy
cieplnych dla réznych wariantéw wymiennika z rura ¢35x1, ¢30x1,
¢25x1 oraz ¢20x1.
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Rys. 13.21: Zmiana wspoélczynnika przenikania ciepta w funkcji
liczby rur (¢20x1).

An SN 300 250 AT AST 00

100 150 200 250 300 350 400 450 500

Liczba rur procesowychn [szt.]

Rys. 13.22: Zmiana liczby Reynoldsa po stronie spalin w funkcji
liczby rur (¢20x1).

Analizujgc Rys. 13.23 zaobserwowano, iz warunek spelnienia mocy
cieplnej zostal osiagniety jedynie dla kilku badanych rozwigzan kon-
strukcyjnych z rura procesows ¢25x1 oraz ¢20x1. Rury o wigkszych
rozmiarach sg dla rozwazanego przypadku nieefektywne, o czym
$Swiadcza niskie wartosci liczb Reynoldsa i w rezultacie wspotezyn-
nika przenikania ciepla. Interesujacym zjawiskiem jest efekt nie-
liniowoéci zmiany mocy cieplnej obserwowany wraz ze wzrostem
liczby rur procesowych. Dla wszystkich badanych rozmiaréw rur
(Rys. 13.9, Rys. 13.14, Rys. 13.17 i Rys. 13.22) obserwuje sie¢ spa-
dek mocy przy wartosciach Re okoto 6000 i ponowny wzrost przy
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wartoéciach od 3000 do 4000. Nieliniowo§¢ ta ma zwiazek z cha-

rakterem przejSciowym przeplywu i byé moze wrzeniem toluenu
w przestrzeni miedzyrurowe;j.
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Rys. 13.23: Zestawienie charakterystyk mocy cieplnej dla réznych
rozmiaréw rur wymiennika NKN.

W programie Aspen Exchanger Design&Rating wykonano kilka do-
datkowych serii obliczenn w celu okreslenia doktadnej ilodci rur ¢20x1
z przedziatu 300<n<350. Obliczenia wykonano dla iloéci rur pro-
cesowych od 305 do 345 z czestotliwoscia co 5, a nastepnie od 341
do 344 z czestotliwodcia co 1. Jako kryterium przyjeto minimalna
ilo$¢ rur procesowych, niezbedng do uzyskania wlasciwego stopnia
przegrzania par toluenu na wylocie z wymiennika 211,8°C. Wyniki
obliczen nie zostaly zamieszczone, a jako rezultat wskazano jedynie
doktadna ilo$¢ rur procesowych w ilodci 344. Kazda z rur proceso-
wych ma dhluigosé¢ 3000 mm, za$ catkowita powierzchnia wymiany
ciepta dla optymalnej konstrukeji wynosi 63m?. Szkic konstrukcji
parownika przedstawiono na Rys. 13.24.
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spolin

Rys. 13.24: Szkic parownika w postaci aparatu wyparnego typu
NKN z prostymi rurkami.

Pek rurowy zalany jest czeSciowo czynnikiem roboczym gdzie do-
chodzi do wrzenia, pozostata jego cze$é¢ przeznaczona jest na strefe
przegrzania par toluenu (Rys. 13.24, Rys. 13.25).

strefo separacl

par toluenu

stiref o

przegrzanto

1]

strefao

wWrZemd

Rys. 13.25: Przekrdj przez plaszcz aparatu wyparnego NKN.

Zaréwno wrzenie jak i odparowanie ma miejsce jedynie w obrebie
obrysu peku rurowego. Objetosé plaszcza powyzej poziomu skraj-
nych rur procesowych pelni role strefy odseparowania par toluenu
(Rys. 13.24, Rys. 13.25), ktéra wykorzystywana jest do swobodnego
rozdziatu faz. Bardzo istotnym elementem jest zachowanie stosunku
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srednicy plaszcza Dy /Dy >1,4 (Rys. 13.25). Konieczno$é zapewnie-
nia odpowiednio duzej objetosci nie zalanej czynnikiem roboczym
zapewnia wiaéciwe oddzielenie sie pecherzy parowych od kropli cie-
czy, co wyklucza potencjalne uszkodzenie topatek turbiny.

W tym przypadku zastosowano trojkatny uktad rurek z podziatka
25 mm (Rys. 13.26). Dla nowej konstrukeji zastosowano nieco wiek-
sza réznice stosunku $rednic D2 /D5 ( Rys. 13.25) anizeli méwi o tym
literatura. W rozwazanym przypadku D1=950 mm, za§ D2=550 mm
co w rezultacie daje D2/D; =(950 mm)/(550 mm)=1,73. Rezul-
taty obliczen cieplnych przedstawiono w karcie doboru urzadze-
nia (Rys. 13.28). Spadek ci$nienia dla spalin wyni6st nieco ponad
0,3 kPa, ale nie przekroczyl zadanej wartosci 0,4 kPa przy predko-
Sci przeplywu przez rurki w zakresie 12,53 — 15,9 m/s. Po stronie
toluenu projektowa maksymalna warto$é¢ spadku cisnienia zostata
przekroczona i wyniosta 3,41 kPa, przy ograniczeniu 3 kPa. Wynika
to z konstrukeji urzadzenia, zwartej zabudowy peku rurowego i jego
dtugosci. Jest to jednak najlepszy mozliwy kompromis pomiedzy
wydajnoscia, wielko$cia wymiennika oraz ograniczeniem wynikaja-
cym ze spadku ci$nienia gltownie po stronie spalin.

i

e o]

i
Tl

Rys. 13.26: Uktad rur procesowych.
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Przekrdj przez pek rurowy parownika pokazuje Rys. 13.27.

g-

0
'8
ose
o 2e
RORS

RO

50058*9

-
50
L...":-CO
=0
R0
Pty

f-:_}\-:'i
8
(&)
0
@)
20
2080
)

@)
RO

O
%
Ll

L
)
»

o
o
o0

R0

U\. C.}-‘r o
o)

0
%
8
i

8
'8}
g
o)
o
L)
o
%)
e}
o
%)
e}
'8
'8}
'8}

)
3
@)

o
-
)
o)

SOROE
@)
)

.
()
()
()
8

()
(&)
()
)
-

o8
%)
50
()
o
&)
20
S5

)

o)

b;

8)

()
ey

O
)
@)
()

Vet
i

-
=
-
=

Rys. 13.27: Przekroj przez plaszcz.

L seeeson Heat Exchanger Specification Sheet
T [Company SECESPOL 5p 200
2 JLocation: Nowy Dwor Gdariski, Poland
3 | Sanvice of Linit: [T
4 [item No_ Parownik “four Reference
5 | Date: 01112021 Rev No: 0 Job No
B [ E mm ype K Hor m:ﬂ 1 w—mﬁ 1 senes
7 I&lﬂ-’undteﬂ'] 83 me Sheflsiund 1 Suif/shelijafl ) 63 mt
T FERFORMANCE OF ONE UNTT
@ JFluid allocation Shell Sida Tubeg Selg
10} Fluid nama Tokiena Flue gas
11| Fluid quantiy, Total Hah 1422 2340
12 Vapor (In'Outh kah 0 1422 2H0 2340
13| Liqud Kah 1422 0 [ 0
% Noncondensabie kgis 0 0 [ o
15
16 Tamperatire (in/Out) 'C a7.44 218 50 2344
17 Bubble | Dew point T |5 T T T 7
18] Dansity VaporiLaguid kg | 80505 | 227 | 67461 | 047 | 072 |
18] Viscosity mPa-s [ 026683 [00116 / 01384 00348 / 00253 /
20] Motecular wt, Vap 82,13 260 2801
|2 1] Molecutar wt, NC
22 Specific haat klilkgK) {1895 | 1870 | 22% 1256 | 1176 /
23] Thermal conductivity Wim-K) /D187 | 0,0267 ! 0,0842 00577 / 0,076 /
24] Latent haat kdikg 2032
25] Pressure (abs) har 8,45 8541589 1,13 1,12675
26] Velocity (Meanhiax) ) 0,13 /0,18 12,53 /158
27| Pressure drop. allow /caic kPa 3 [ 341 04 | 0.325
28] Fouling resistance (min} me-KAY 9E05 000176 0.,00198 Ao based
291 Heat exchanged 2175 [ WD [cotracted) 115,83 *C
qunslsr rate, Servica Al Dirty 32 Clean M2 Wim*-K]

Rys. 13.28: Karta obliczen cieplnych z programu Aspen Exchanger
Design&Rating.
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W wierszu numer 30 karty obliczert (Rys. 13.28) znajduja sie war-
tosci wspoélezynnikéw przenikania ciepta. Warto$é oznaczona jako
,, Transfer rate” jest wartoscig obliczeniows bazowa, czyli wartoscia
w sytuacji gdy wymiennik jest dobrany ,w punkt”, bez jakiego-
kolwiek naddatku powierzchni wymiany ciepta. Wartos¢ ,, Service
dirty” charakteryzuje wspotczynnik przenikania ciepta dla wymien-
nika w sytuacji, w ktorej zaklada sie naddatek w postaci zwiek-
szenia powierzchni wymiany ciepta poprzez wydtuzenie rur, zwiek-
szenie ich ilosci itp. Dzielgc warto$é¢ ,Service dirty” przez war-
tos¢ obliczeniows bazowsg otrzymuje sie procentowa warto$é¢ przewy-
. . . . . . . 32 [W/m2K] _
miarowania powierzchni wymiany ciepta, czyli m—&?)%.
Wartosé ,Service clean” z kolei charakteryzuje wsp()aczynni , ktéry
uwzglednia nie tylko naddatek w postaci bezposrednio powierzchni
wymiany ciepta, ale takze wspoélczynnik zanieczyszczenia plynéw
po obu stronach. Czyli dzielac wartos¢ ,,Service clean” przez wartoscé
obliczeniowa bazowa uzyskamy catkowite przewymiarowanie po-
wierzchni wymiany ciepla, ktére wyniosto %%:13,6%. Pro-
gram doboru uwzglednil degradacje powierz’chni wymiany ciepla na
skutek zastosowania wspdlczynnikéw zanieczyszczenia o wartosci
réwnej 13,6%-6,3%=7,6% calkowitej powierzchni wymiany ciepta.

Rating / Checking Shell Side Tube Side

Total mass flow rate kag/h 1422 2340

Vapor mass flow rate (In/Oul) kgfs a 0,395 085 0.65

Liquicl maze fiow rate kg/h 1422 o o o

Vapor mass fraction o 1 1 1

Temperatures 5 744 2118 510 2344

Bubble / Dew point C| 20534 / f ! {

Operating Pressures bar BAS 841589 113 112675

Film coefficient Wim®-K) 8321 358

Fouling resistance m-KW 9E-05 0.00176

Velocity (highest) mys e 159

Pressure drop (allow./calc) kPa 3 ! 341 04 ! 0325

Tatal heat exchanged W 2175 Unit MEN 1 pass 1 ser 1 par

Overall dean coeff, (plam/finned) Wim*-K) Mz Shed size 530 - 3000 mim Har

Owverall dirty coeff. (plain/finned) W/m*-K) 32 ! Tubes Piain

Effective area (plain/finned) m| 63 /! Insert Hone

Effective MTD *C 11593 Mo, 344 oD 20 Ths mm
cquaned area ratio ¢ 106 / 1.14 Pattern 30 Pach 25 mm

Vibration problem [HTFS) Mo Baffies Unbaffled Cutd]

RhoV2 problem Mo Total cost 0205  Doller(Us)

Rys. 13.29: Zestawienie najwazniejszych parametréw parownika.

Rys. 13.29 przedstawia zestawienie gléwnych parametréw roboczych
wymiennika, zaréwno po stronie plaszcza, jak i po stronie rur.
Pierwszy wiersz patrzac od goéry zawiera parametry robocze, ta-
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kie jak przeplywy masowe, rodzaj frakcji, temperatury oraz ci-
$nienia wejscia i wyjscia. Kolejny wiersz zawiera dane dotyczace
wspOlezynnikéw przenikania ciepla po stronie plaszcza i rur (z ang.
film coefficient), przyjete wartodci zanieczyszczenia ptynéw, érednie
predkosci ptynéw oraz wartosci dopuszczalnego oraz obliczeniowego
spadku cignienia. Wspétczynnik przejmowania po stronie rur wynosi
a1= 35,8 W/m?K, za$ po stronie ptaszcza as= 832,1 W/m?K, gdzie
wartosc ta jest wynikiem przemiany fazowej na skutek odparowania
czynnika roboczego. Oba wspotczynniki sa niezbedne do wyliczenia
catkowitego wspolczynnika przenikania ciepta dla rozpatrywanego
wymiennika plaszczowo-rurowego, w mys$l wzoru:

1
k= ———— (13.1)
T 0, 1
o Tt o,
Na Rys. 13.30 pokazano wartoéci liczb kryterialnych na wlocie i wy-
locie wymiennika, z lewej strony dla toluenu, z prawej dla spalin.

| Heat Transfer Parameters In Out In Out

[Prands mumbers Vapor 082 0.75 0
Liquid 476

| Reynetds numbers Vapor Nominal 8115678 384441 527945
Liusd Nominal 316054

Rys. 13.30: Liczby kryterialne dla przeplywu toluenu i spalin.

Liczba Reynoldsa po stronie toluenu na wlocie do plaszcza wynosi
3160,54 i plasuje sie w zakresie przeplywu przejSciowego, za$ po
zmianie fazy na gazowa na wylocie z plaszcza wynosi juz 81156,78
i jest to juz zdecydowanie przeptyw burzliwy. Po stronie spalin war-
tos¢ liczby Re na wlocie wynosi 3844,41, zas na wylocie 5279,45, obie
wartosci znajduja sie w zakresie przeplywu przejsciowego, a réz-
nica pomiedzy nimi wynika z réznic temperatury pomiedzy wlotem
a wylotem, co w rezultacie wptywa na gestosé i predkos¢ przeptywu
spalin.

Dane dotyczace Srednich temperatur $cianki plaszcza i $cianek rur
(Rys. 13.31) w wymiennikach plaszczowo-rurowych wykorzystuje
sie do obliczenn wydtuzen cieplnych i ich ewentualnej kompensaciji.
Kompensacja wydluzen odbywa sie poprzez zastosowanie na plasz-
czu wymiennika odpowiedniego kompensatora typu soczewkowego
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Temperature Difference “C_| Heat Flux (based en tube 0.0) kWim*
Overall effective MTD 11593 | Overall flux n
One pass couterfiow MTD 116,74 | Ciitical heat flux (a1 highest ratic) 41843

LMTD based on end points 21374 | Highest local flux 075
Eifective MTD correction factou 0,54 | Highest localrcriticsl flux 0,03
Wall Temperatures '

Shell mean metal temperature 0442

Tube mean metal temparature 21188

Tube wall temperat 216,89 ! 20314

Rys. 13.31: Srednie temperatury $cianek oraz logarytmiczna réznica
temperatur.

lub mieszkowego. Na Rys. 13.32 pokazano kolorem blekitnym roz-
ktad temperatury $cianki rur na calej dtugosci rur procesowych
czyli 3 000 mm, gdzie 0 na osi y oznacza poczatek wymiennika,
gdzie wpltywaja gorace spaliny.

Temperatura ']

Dlugodd rary procescwe] [mm]

Rys. 13.32: Rozklad temperatur w rurkach wymiennika po stronie
spalin (kolor niebieski — temperatura splin, kolor czerwony — $rednia
temperatura Scianki rury z uwzglednieniem wspétczynnikéw zanie-
czyszczenia, kolor blekitny — $rednia temperatura Scianki rury bez
uwzglednienia wspdlczynnikéw zanieczyszczenia).

Temperatura na calej diugoséci rur ksztaltuje sie w zakresie
225-200°C i maleje w kierunku krééca wylotowego spalin. Kolorem
czerwonym zaznaczono temperature Scianki uwzgledniajaca dodat-
kowy opdr cieplny wynikajacy z zanieczyszczenia powierzchni wy-
miany ciepla na skutek dzialania uwzglednionych wspdtczynnikéw
zanieczyszczenia. Dla tego przypadku intensywnosé wymiany cie-
pla jest pogorszona, a $rednie temperatury Scianek sa nieco wyzsze
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i ksztaltuja sie w zakresie 240-200°C. Kolorem niebieskim ozna-
czono krzywa wartosci Sredniej temperatury spalin.

13.5 Podsumowanie i wnioski

W wyniku przeprowadzonej analizy i obliczen cieplnych za pomoca
programu Aspen Exchanger Design&Rating wskazano optymalne
rozwigzanie dla przyjetej konstrukcji wymiennika typu NKN. Roz-
wigzaniem spelniajacym zadane parametry pracy jest urzadzenie
zawierajace 344 rury procesowe w rozmiarze ¢20x1 i dlugosci jed-
nostkowej odcinka 1=3000 mm. Objetos¢ przestrzeni plaszcza to
0,99 m?, objetoéé przestrzeni rur 0,41 m3. Calkowita powierzch-
nia wymiany ciepta parownika to 63 m?, a waga pustego urzadze-
nia pozbawionego ptynéw roboczych to ~1650 kg. Najlepsze wyniki
zostaly osiagniete dla najmniejszej z analizowanych érednic rur pro-
cesowych ¢20x1, co jest bezpoérednio zwigzane z wyzszymi predko-
Sciami ptynéw roboczych, liczbami Reynoldsa i w efekcie wyzszym
wspotczynnikiem przenikania ciepta. Im mniejsza $rednica rury pro-
cesowej, tym lepsze wspoélczynniki wymiany ciepta i w rezultacie
mniejsza powierzchnia wymiany ciepta. Wyniki obliczen cieplnych
ukazujace nieliniowe charakterystyki mocy wskazuja, iz procesy wy-
miany ciepla polegajace na przemianach fazowych nalezy traktowaé
ze szczegblng uwagg i poddawaé wielokrotnej analizie.

W obecnie eksploatowanej mikrositowni o mocy 30 kWe bazuje
sie w dalszym ciggu na odparowaniu posrednim. Zamiast jednego
parownika w ukltadzie zainstalowane sa dwa wymienniki. Pierw-
szym 7z nich jest ekonomizer, ktérego zadaniem jest odbiér cie-
pla ze spalin i przekazanie go do dodatkowego obiegu olejowego.
Podgrzany przez spaliny olej termalny zasila kolejny wymiennik,
w ktérym zachodzi odparowanie czynnika roboczego. Rozwiaza-
nie to jest znacznie drozsze, poniewaz wymaga rozbudowy calego
uktadu o obieg olejowy, na ktory sktada sie ekonomizer, parownik,
pompa obiegowa, rurociagi, olej termalny, armatura zabezpiecza-
jaca i kontrolno-pomiarowa.

W niniejszym opracowaniu wytypowano optymalne rozwiazanie kon-
strukcyjne plaszczowo-rurowego wymiennika ciepla, stuzacego do
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bezposredniego odparowania czynnika roboczego. Rozwiazanie to
umozliwia usunigcie z uktadu calego obiegu olejowego, co stanowi
realne oszczednosci nie tylko w budowie tego typu instalacji, ale
takze w trakcie dlugoletniej eksploatacji.

Podziekowanie

Praca zostala zrealizowana w ramach II edycji programu Minister-
stwa Edukacji i Nauki ,,Doktorat wdrozeniowy”.



Bibliografia

[1]

Guoquan Qiu, Yingjuan Shao, Jinxing Li, Hao Liu, and Saffa B
Riffat. Experimental investigation of a biomass-fired orc-based
micro-chp for domestic applications. Fuel, 96:374-382, 2012.

Hao Liu, Yingjuan Shao, and Jinxing Li. A biomass-fired
micro-scale chp system with organic rankine cycle (orc)—
thermodynamic modelling studies. Biomass and bioenergy,
35(9):3985-3994, 2011.

Serafim Georgousopoulos, Konstantinos Braimakis, Dimitrios
Grimekis, and Sotirios Karellas. Thermodynamic and techno-
economic assessment of pure and zeotropic fluid orcs for waste
heat recovery in a biomass igcc plant. Applied Thermal Engi-
neering, 183:116202, 2021.

Zhang Shengjun, Wang Huaixin, and Guo Tao. Performance
comparison and parametric optimization of subcritical organic
rankine cycle (orc) and transcritical power cycle system for
low-temperature geothermal power generation. Applied energy,
88(8):2740-2754, 2011.

Zvonimir Guzovié¢, Boris Majcen, and Svetislav Cvetkovi¢. Po-
ssibilities of electricity generation in the republic of croatia
from medium-temperature geothermal sources. Applied energy,
98:404-414, 2012.

Tao Guo, HX Wang, and SJ Zhang. Fluids and parame-
ters optimization for a novel cogeneration system driven by

414



BIBLIOGRAFIA 415

[10]

low-temperature geothermal sources. Energy, 36(5):2639-2649,
2011.

Paola Bombarda, Costante M Invernizzi, and Claudio Pietra.
Heat recovery from diesel engines: A thermodynamic compari-
son between kalina and orc cycles. Applied thermal engineering,
30(2-3):212-219, 2010.

EH Wang, HG Zhang, BY Fan, MG Ouyang, Y Zhao, and
QH Mu. Study of working fluid selection of organic rankine
cycle (orc) for engine waste heat recovery. Energy, 36(5):3406—
3418, 2011.

Manuel Jiménez-Arreola, Roberto Pili, Christoph Wieland,
and Alessandro Romagnoli. Analysis and comparison of dy-
namic behavior of heat exchangers for direct evaporation in

orc waste heat recovery applications from fluctuating sources.
Applied energy, 216:724-740, 2018.

Manuel Jiménez-Arreola, Christoph Wieland, and Alessandro
Romagnoli. Direct vs indirect evaporation in organic rankine
cycle (orc) systems: A comparison of the dynamic behavior
for waste heat recovery of engine exhaust. Applied Energy,
242:439-452, 2019.

R Chacartegui, D Sdnchez, JM Mufioz, and T Sanchez. Alter-
native orc bottoming cycles for combined cycle power plants.
Applied Energy, 86(10):2162-2170, 20009.

Fahad A Al-Sulaiman, Ibrahim Dincer, and Feridun Hamdul-
lahpur. Energy and exergy analyses of a biomass trigeneration
system using an organic rankine cycle. Energy, 45(1):975-985,
2012.

T Tartiere and M Astolfi. Orc world map. https://orc-world-
map.org/, 2021.

Thomas Tartiere and Marco Astolfi. A world overview of the
organic rankine cycle market. Energy procedia, 129:2-9, 2017.



416

[15]

[21]

BIBLIOGRAFIA

Ivanka Milcheva, Florian Heberle, and Dieter Briiggemann.
Modeling and simulation of a shell-and-tube heat exchanger
for organic rankine cycle systems with double-segmental baf-
fles by adapting the bell-delaware method. Applied Thermal
Engineering, 126:507-517, 2017.

Rita Mastrullo, Alfonso William Mauro, Rémi Revellin, and
Luca Viscito. Modeling and optimization of a shell and lo-
uvered fin mini-tubes heat exchanger in an orc powered by an
internal combustion engine. FEnergy conversion and manage-
ment, 101:697-712, 2015.

Fan Wei, Guo Senchuang, and Han Zhonghe. Economic ana-
lysis of organic rankine cycle (orc) and organic rankine cycle
with internal heat exchanger (iorc) based on industrial waste
heat source constraint. FEnergy Procedia, 158:2403-2408, 2019.

Maria Anna Chatzopoulou, Steven Lecompte, Michel De Pa-
epe, and Christos N Markides. Off-design optimisation of orga-
nic rankine cycle (orc) engines with different heat exchangers
and volumetric expanders in waste heat recovery applications.
Applied energy, 253:113442, 2019.

Cheng Zhang, Chao Liu, Shukun Wang, Xiaoxiao Xu, and Qi-
bin Li. Thermo-economic comparison of subcritical organic
rankine cycle based on different heat exchanger configurations.
Energy, 123:728-741, 2017.

Tallapureddy Subba Reddy, Thimmasandra Venkata-
swamy Sreerama Reddy, Erappa Rajj Babu, and Hosur
Nanji Reddy Reddappa. Modified kinetic gas molecule optimi-
zation for four fluids of organic rankine cycle in shell and tube
heat exchanger. Materials Today: Proceedings, 47:2258-2262,
2021.

Aspen  technology  inc., aspentech  exchanger de-
sign&rating (edr). https://www.aspentech.com/en/products/
engineering/aspen-exchanger-design-and-rating, 2021.



BIBLIOGRAFIA 417

[22] Heat transfer research, inc. https://www.htri.net/software,
2021.

[23] TEMA. 10th edition tema standards. 2020.

[24] Ennio Macchi and Marco Astolfi. Organic rankine cycle (ORC)
power systems: technologies and applications. Woodhead Pu-
blishing, 2016.



Rozdziat 14

Uproszczona analiza
numeryczna flatteru
lopatek wirnikowych
ostatniego stopnia
turbiny parowej niskiego
ciSnienia

ARKADIUSZ KOPROWSKI, ROMUALD RZADKOWSKI

Institute of Fluid Flow Machinery, Polish Academy of Sciences,
Fiszera 14, 80-231 Gdansk, Poland

418



14.1. FLATTER 419

14.1 Flatter

Flatter to zjawisko drgan samowzbudnych powstajacych pod wpty-
wem sit aerodynamicznych, sprezystej reakcji oraz sit bezwladnosci
[1]. Zwykle pojawia sie przy niskich czestotliwosciach drgan wla-
snych topatek lub ukladu topatek potaczonych z tarcza. Jest ono
niebezpieczne, poniewaz moze powodowaé pekniecie lopatek, skré-
ci¢ okres miedzy remontami oraz prowadzi¢ do awarii.

Drgania topatek w turbinach wynikaja gléwnie z Sladow krawe-
dziowych wywolywanych przez topatki poprzedzajacej palisady oraz
niedokladnoéci wykonania palisad topatkowych. Slady krawedziowe
powoduja wymuszenia wysokoczestotliwosciowe [2]. Zjawisko flat-
teru wystepuje natomiast zwykle przy niskich czestotliwosciach.
Wplyw lopatek kierowniczych wydaje si¢ by¢ jednak istotny dla
tego zjawiska. Artykul ten stanowi wstep do rozwazan majacych
na celu ustalenie wplywu niestacjonarnych zjawisk powodowanych
przez topatki kierownicze na wartosci oraz rozktad wspotczynnikéw
ttumienia aerodynamicznego.

W tym artykule analizie poddano ostatni stopienn niskocisnienio-
wej czedci turbiny 18K370 wyprodukowanej w zaktadach ZAMECH
w Elblagu na licencji firmy BBC Baden [3]. Przeprowadzono analize
modalna, obliczenia przeptywu oraz analize flatteru dla zadanego
kata przesuniecia fazowego miedzy topatkami wynoszacego -90° me-
toda energetyczng dla modelu uwzgledniajacego caly stopien oraz
dla modelu zakladajacego jednorodny rozklad parametréw na wy-
locie z kierownic.

14.2 Wplyw ltopatek kierowniczych na drga-
nia topatek wirnikowych w turbinach
i sprezarkach osiowych

Istnienie wpltywu lopatek kierowniczych na flatter topatek wirniko-

wych w turbinach i sprezarkach osiowych opisano dotychczas w réz-
nych publikacjach.

Badania przeprowadzone przez Manwaringa i Wislera w [4] poka-



420 ROZDZIAL 14. FLATTER OSTATNIEGO STOPNIA ..

zuja, ze sasiadujace palisady majg istotny wptyw na sily aerodyna-
miczne dziatajace na topatki wirnikowe, ktére udato im sie zmie-
rzyce.

Xiaojie w [5] opisal wplyw wlotowych lopatek kierowniczych do
sprezarki oraz topatek kierowniczych znajdujacych sie za topatka
wirnikowg na charakterystyke flatterowa topatek wirnikowych. W ar-
tykule wykonano obliczenia numeryczne metoda objetosci skonczo-
nych dla tréjwymiarowych modeli. Na ich podstawie stwierdzono,
ze w kazdym z rozwazanych przypadkéw, czyli dla uwzglednienia
wplywu jedynie topatek wlotowych, dla uwzglednienia wplywu to-
patek kierowniczych za wirnikiem oraz dla przypadku kontrolnego,
w ktorym nie uwzgledniono ani poprzedzajacych ani nastepuja-
cych po wirniku kierownic wspotczynnik thumienia aerodynamicz-
nego jest inny. Autorzy wskazali, na to, ze wspélczynnik tlumie-
nia aerodynamicznego w przypadku uwzgledniajacym kierownice
wlotowe ma warto$é o 150% wyzszg niz w przypadku izolowanego
wirnika. Autorzy poszukiwali réwniez optymalnej metody modelo-
wania wplywu poprzedzajacych i nastepujacych palisad i analizuja
wplyw odstepu pomiedzy poszczegdlnymi palisadami.

Podobnym zagadnieniem zajal sie Zhang w [6]. Przeprowadzil on
obliczenia metodami numerycznej mechaniki ptynéw dla izolowa-
nego wirnika wentylatora NASA Rotor 67 oraz dla tego samego
wirnika z uwzglednieniem kierownic wlotowych. Pokazano, ze je-
zeli czestotliwosé zaktdcen wywotywanych przez kierownice wlotowe
w wyniku ruchu obrotowego wirnika jest bliska czestotliwosci drgan
wtasnych, to moze ona spowodowaé wystapienie flatteru, nawet gdy
w wyniku obliczen wirnika izolowanego uzyskano wysokie wartoéci
wspolczynnika thumienia aerodynamicznego. Gdy czestotliwosé wy-
nikajaca z topatek kierowniczych byta znaczaco rézna od czestotli-
woéci drgan wlasnych, wartosé wspoétczynnik tltumienia aerodyna-
micznego istotnie sie réznila miedzy w zaleznoéci od uwzglednienia
kierownic i ich nie uwzgledniania. W przedstawionych wynikach,
przy uwzglednieniu kierownic, wartos¢ wspdétczynnika thumienia ae-
rodynamicznego byla nizsza.

Zagadnieniem flatteru z uwzglednieniem topatek kierowniczych od-
niesieniu do turbin parowych zajal sic Huang w [7]. Analizowatl
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on ostatni stopnien turbiny parowej niskiego ci$nienia. Przeprowa-
dzit obliczenia dla modeli dwuwymiarowych oraz tréjwymiarowych.
7 jego obliczen wynika, ze obecnos¢ topatek kierowniczych w mo-
delu znacznie zmienia charakterystyke stabilnosci lopatek wirnika
pod wzgledem drgan samowzbudnych. Wskazana jest rowniez moz-
liwo$¢ optymalizacji wielkoSci odstepu miedzy topatkami wirniko-
wymi i kierowniczymi, tam aby kontrolowaé¢ wystepowanie flatteru.

Kubitz w [8] przestawil wyniki obliczen dla lopatki sprezarki silnika
SO-3. W symulacjach zostala wykorzystana metoda energetyczna.
Uzyskane wartosci wspotczynnika ttumienia aerodynamicznego réz-
niag si¢ miedzy symulacjami uwzgledniajacymi lopatki kierownicze
i bez topatek kierowniczych. Ponadto w obu przypadkach ujemne
wartosci wspotezynnika ttumienia aerodynamicznego pojawiajg sie
dla innych katéw przesuniecia fazowego miedzy topatkami (IPBA).

Dynamika analizowanej w tym artykule lopatki wirnikowej bytla
analizowana w [3]. W przypadku metody energetycznej ujemne
wspoltczynniki ttumienia aerodynamicznego wystapity dla pierwszej
czestotliwosci drgan wlasnych dla katéw IPBA zblizonych do -90°.

W artykule przeanalizowano ostatni stopien turbiny niskiego ci$nie-
nia. Przeprowadzona zostala analiza modalna, obliczenia przeptywu
oraz analiza flatteru dla zadanego kata przesuniecia fazowego mie-
dzy topatkami wynoszacego -90°.

14.3 Metody przewidywania wystapienia flat-
teru lopatek turbinowych

Analiza flatteru w turbinach opiera sie o rozwiazanie réwnania ru-
chu:
Mi+ Di+ Kz = F(t) (14.1)

gdzie M, D i K to macierze mas, tlumienia i sztywnosci, = to
wektor przemieszczenia, a F(t) to wektor sil aerodynamicznych,
ktéry zmienia sie w czasie.

Metody modelowania flatteru mozna podzieli¢ pod wzgledem po-
dejscia do analizy oddziatywania przeptywu z cze$cia mechaniczna
na dwie kategorie. Wyréznia sie metody klasyczne oraz metody cal-
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kowe. Metody klasyczne charakteryzujg traktowaniem nieliniowego
zjawiska wzajemnego oddzialywania przeptywu i struktury jako od-
dzielne zagadnienia o charakterze liniowym. Metody catkowe roz-
patruja obszar przeptywowy oraz strukturalny jako jeden ciagly
osrodek [8].

14.3.1 Metody klasyczne

Metody klasyczne traktuja zjawiska wzajemnego oddzialywania
przeptywu i struktury jako oddzielne zagadnienia.

Jednym z waznych poje¢ w aerosprezystoéci w turbinach jest kat
przesuniecia fazowego miedzy lopatkami (interblade phase angle
IBPA). Zaklada sie, ze gdy nie wystepuje rozstrojenie topatek, to
lopatki w pojedynczej palisadzie drgaja z ta sama amplituda, cze-
stotliwoscig oraz forma. Lecz miedzy topatkami wystepuje pewne
przesuniecie w fazie, ktérym jest IBPA. Kat ten jednoczeénie od-
powiada liczbie Srednic weztowych ulopatkowanej tarczy [8]. Me-
tody klasyczne czesto opieraja sie o wyznaczenie drgan swobod-
nych. Forma oraz czestotliwos¢ drgan swobodnych nastepnie stuzy
do wyznaczania sit niestacjonarnych. Na podstawie wyznaczonych
sit niestacjonarnych okresla sie stabilno$¢ uktadu pod wzgledem
wystapienia flatteru.

Zalety metod klasycznych to miedzy innymi mozliwosé uproszcze-
nia modeli, a wraz z tym mniejszy koszt obliczeniowy. W wielu
przypadkach uzyskiwana z obliczen informacja o stabilnosci lub jej
braku jest wystarczajaca, szczegdlnie przy wstepnych obliczeniach
projektowych.

Wadami tych metod jest upraszczanie przez nie zjawiska, szczegol-
nie w przypadkach, w ktorych w przeplywie wystepuja fale ude-
rzeniowe. Zapobiega sie temu zadajac drgania o malej amplitudzie,
pozwalajacej osiagnaé do pewnego stopnia liniowa odpowiedz prze-
plywu na drgania topatek.

Jedna z metod klasycznych jest metoda energetyczna. Polega na
wyznaczeniu sumy pracy wykonywanej przez sily aerodynamiczne
dzialajace na topatki, ktére poruszaja sie zgodnie z przypisanym ru-
chem zgodnym z forma i czestotliwoscia drgan swobodnych. Metoda
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ta zaktada, ze zjawisko flatteru zachowuje sig¢ liniowo. Jezeli energia
jest doprowadzana do topatki, czyli gdy praca aerodynamiczna jest
dodatnia, oznacza to, ze przypadek nie jest stabilny. W przeciw-
nej sytuacji przypadek jest stabilny. Ustalenie, czy utopatkowana
palisada jest stabilna wymaga przeprowadzenia obliczen dla kaz-
dego kata fazowego oraz dla kazdej czestotliwosci i formy drgan
wtasnych.

14.3.2 Metody calkowe

Metody catkowe nie rozdzielaja analiz przeptywu od analiz ruchu
czedci mechanicznych. Uzywane sa, aby uwzglednié nieliniowe zjawi-
ska pojawiajace si¢ w niestacjonarnych analizach przepltywéw pty-
noéw lepkich o wysokiej predkosci. W szczegdlnodci dazy sie do uchwy-
cenia wplywu zjawisk takich jak fale uderzeniowe i oderwania war-
stwy przysciennej. Kolejnym uzasadnieniem dla stosowania tych
metod jest uwzglednienie zjawisk nieliniowych takich jak tlumie-
nie mechaniczne w obliczeniach strukturalnych [8].

o Catkowanie czedciowe

Przy catkowaniu cze$ciowym rozwiazania rownan dla prze-
plywu oraz dla czesSci mechanicznych sa wyznaczane osobno,
ale przy kazdym kroku czasowym informacje dotyczace ob-
ciazen i przemieszczen sa przekazywane miedzy domenami.
Powierzchnie, ktérymi sie stykaja dwie domeny stanowia wa-
runki brzegowe dla siebie nawzajem.

e Periodic Mode Updating Method

Jest to metoda bedaca potaczeniem metody klasycznej i me-
tody calkowania czeSciowego. Drgania swobodne sa wyzna-
czane w domenie czestotliwosciowej. Wyniki stuzg do prze-
prowadzenia obliczen metodami numerycznej mechaniki pty-
néw dla odpowiedniej czestotliwoscei i formy drgan uzyska-
nej z obliczen drgan swobodnych. Po zasymulowaniu pierw-
szego okresu, forma drgan jest wyznaczana ponownie, tym
razem z uwzglednieniem wspoélczynnika ttumienia aerodyna-
micznego wyznaczonego z obliczen przeptywu. Obliczenia sa
powtarzane w takim cyklu, az do osiggniecia zbiezno$ci form
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drgan wlasnych.
Calkowanie pelne

Metody wykorzystujace calkowanie pelne polegaja opisaniu
calego modelu jednym uktadem réwnan. W przeciwienstwie
catkowania czeSciowego réwnania dotyczace przeptywu i struk-
tury sa rozwigzywane jednocze$nie. Metody te ze wzgledu
na brak réznicy w czasie miedzy przemieszczeniem struktury
a przekazaniem obciazen na strukture dokladniej modeluja
transfer energii.

14.3.3 Modele o zredukowanym rzedzie dokladnosci

Modele o zredukowanym rzedzie doktadnosci cieszyly si¢ zaintere-
sowaniem w przesztosci, ze wzgledu na niski koszt obliczen. Niestety
czesto prowadzity do niedoktadnych wynikéw. Wspotczesnie wigk-
sze znaczenie maja metody wykorzystujace metody numerycznej
mechaniki ptynéw. Jednak przy modelowaniu na przyklad przy-
padkow, ktore nie zachowuja osiowej symetrii lub innych wyma-
gajacych zamodelowania catej palisady metody te nadal pozostaja
przydatne. Sg to miedzy innymi:

o Projection methods [9]

Metody te polegaja na wykorzystaniu niewielkiej liczby roz-
wiazan dla pelnego modelu. Wykonuje si¢ obliczenia dla réz-
nych warunkow w zakresie roboczym, w ktérych istotna jest
doktadnos¢ wynikéw dla przeplywu. Nastepnie tworzone sa
wektory wychwytujace zachowanie przeptywu. W zaleznoéci
od zagadnienia mogg to by¢ na przyktad rozklady przestrzenne
parametréw przeptywu. Uzyskane wcze$niej wyniki sg rzu-
towane na przestrzen reprezentowana przez wektory. Na tej
podstawie rekonstruowane jest rozwiazanie dla calego prze-
plywu. W tej metodzie czesto jest wykorzystywana metoda
pochodzaca z analizy sygnaléw proper orthogonal decompo-
sition (POD).

Aerodynamic Influence Coefficients [9]

W metodzie tej przyjmuje sie zalozenia dotyczace malych
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przemieszczen, zaklada sie liniowo$¢, nakladanie sie zjawisk
oraz ze zaklécenia przeptywu wynikajace z drgan jednej
lopatki wplywaja jedynie na kilka sasiadujacych kanaléw
i szybko wygasaja. Symulacji podlega nieparzysta liczba to-
patek. Srodkowa lopatka drga zgodnie z przypisanym wcze-
$niej ruchem. Wplyw jej drgan jest wyrazony niestacjonarnym
rozkladem cisnienia jest zauwazalny na pozostalych niepo-
ruszajacych sie topatkach. Niestacjonarne obcigzenia mozna
wyrazi¢ liczbami zespolonymi przy pomocy transformacji Fo-
uriera. Taki zabieg mozna przeprowadzi¢ dla kazdej z topa-
tek i nastepnie potaczyé¢ wplyw wszystkich. Pozwala to na
analize rozstrojonych lopatek. Mimo przyjmowania zatozenia
o liniowosci i nakladaniu sie zjawisk metoda ta pozwala na
uzyskanie do$é¢ dokladnych wynikéw réwniez dla przepltywow
naddzwiekowych.

W ostatnim czasie pojawiaja sie nowe metody wykorzystujace sztu-
czne sieci neuronowe pozwalajace symulowaé odpowiedz przeptywu
na rézne zaktécenia. Ich zalety jest mozliwosé uwzglednienia zja-
wisk nieliniowych. Wada jest natomiast wysoki koszt obliczeniowy
zwiazany z uczeniem sieci [9].

14.4 Obliczenia modalne

Obliczenia modalne wykonano przy pomocy programu Ansys Me-
chanical APDL. Obliczenia modalne wykonano dla modelu topatki,
ktory uwzgledniat jej stopke oraz piéro. Na Rys. 14.1 przedstawiono
siatke obliczeniowa modelu. Liczba elementéw wynosi 21724. Wia-
snoéci materiatu, dla ktérego wykonywano obliczenia przedstawiono
w Tab. 14.1.

Tab. 14.1: Wlasnoéci materiatu topatki w obliczeniach modalnych.

Wtlasnosé Wartosé
Modut Younga 211.125 GPa
Gestosé 7800 X4

Wspélczynnik Poissona 0.2865
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Rys. 14.1: Siatka obliczeniowa do obliczen modalnych topatki.

W odpowiednich miejscach stopki topatki odebrano wszystkie stop-
nie swobody. W pierwszym kroku zadano predkos$¢ obrotowa wir-
nika wynoszaca 3000 %. Wyniki z tego kroku takie jak odksztal-
cenie topatki przekazywane sg jako wstepne naprezenie do drugiego
kroku. W drugim kroku wykonywane sa obliczenia modalne. W ich
wyniku uzyskiwane sa czestosci oraz formy drgan wlasnych topatki.
Czestoéci drgan topatki przedstawiono w Tab. 14.2. Forme drgan
dla pierwszej czestosci przedstawiono na Rys. 14.2. Maksymalne
przemieszczenia wystepuja w lewym gérnym rogu topatki.

Wyniki dotyczace czestosci i formy drgan wlasnych topatki zostana
w dalszej czesci wykorzystane przy wyznaczaniu wspélczynnika ttu-
mienia aerodynamicznego.



14.4. OBLICZENIA MODALNE 427

Tab. 14.2: Czestosci drgan wtasnych topatki

Ip. Czestotliwo$é [Hz]
119.13
179.44
257.03
344.46
496.94
530.68
605.51
765.93
920.92
10 1014.4

—_

© 00 N O T = W N

Rys. 14.2: Forma drgan dla pierwszej czestosci drgan wlasnych to-
patki.
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14.5 Obliczenia przeplywowe

Obliczenia przeptywowe wykonano przy pomocy programu Ansys
CFX [10]. W pierwszym kroku wykonano stacjonarne obliczenia
inicjalizacyjne dla przypadku uwzgledniajacego topatki kierowni-
cze. Warunki brzegowe, jakie przyjeto na wlocie do kierownic to
ci$nienie caltkowite na poziome 39900 Pa i temperatura catkowita
wynoszaca 75,8°C. Na wylocie z wirnika przyjeto natomiast Srednie
statyczne cidnienie wynoszace 10450 Pa. Predkosé obrotowa wir-
nika wynosita 3000 T?;Zl Interfejsem pomiedzy siatkami zawieraja-
cymi lopatki kierownicze a siatkami zawierajacymi topatki wirni-
kowe w obliczeniach stacjonarnych byl Mixing-Plane z ustawieniem
constant total pressure a w obliczeniach niestacjonarnych Transient
Rotor Stator. Model przedstawiono na Rys. 14.3. Natomiast rozktad
ci$nienia uzyskany w wyniku obliczen przedstawiono na Rys. 14.4.
Liczba objetosci skoriczonych w obliczeniach wynosita 3 270 062.

-
AN

VIR

T
|

Rys. 14.3: Model obliczeniowy przeptywu.

Jako model gazu przyjeto zawarty w programie Ansys CFX model
Water Ideal Gas [10]. Jest to model oparty o réwnanie stanu gazu
doskonaltego. Ze wzgledu na prace stopnia w warunkach pary mo-
krej, uzyskane przy pomocy tego modelu wyniki dotyczace tempe-
ratury sa nierealistyczne. Pociaga to za sobg bledy dotyczace para-
metréw takich jak gesto$é. Moze takze spowodowaé, ze w wynikach
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Rys. 14.4: Rozklad ci$nienia w przeplywie w przekroju w polowie
wysokosci kanatu przepltywowego.

zawirowania beda pojawia¢ sie w innych miejscach, niz w rzeczywi-
stoéci lub przy wykorzystaniu modelu dwufazowego gazu rzeczywi-
stego. Wplyw modelu gazu na wspélczynnik ttumienia aerodyna-
micznego rozpatrzono na przyklad w [11].

W symulacjach przyjeto model turbulencji SST [10], ktéry jest od-
powiedni do tego typu analiz [8].

W kolejnym kroku przygotowano obliczenia nie uwzgledniajace to-
patek kierowniczych. Warunek brzegowy dotyczacy wlotu, to w tym
przypadku rozklad cisnienia calkowitego, temperatury catkowitej
oraz rzutow wektoréw jednostkowych predkosci na osie uktadu wspot-
rzednych na wlocie do topatek wirnikowych. Rozktady te uzyskano
na podstawie wynikéow z modelu uwzgledniajacego topatki kierow-
nicze. Pozostale warunki brzegowe pozostaly takie same, jak w mo-
delu uwzgledniajacym topatki kierownicze. Model przedstawiono na
Rys. 14.5 Natomiast rozktad ci$nienia uzyskany w wyniku obliczen
przedstawiono na Rys. 14.6. Liczba objetosci skoniczonych w obli-
czeniach wynosita 2992268.

W obliczeniach przeptywowych nie uwzgledniono odksztalcenia to-
patki wynikajacego z dzialania sit odsrodkowych.
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Rys. 14.5: Model obliczeniowy przeptywu.

amnesm3

Rys. 14.6: Rozklad ci$nienia w przeplywie w przekroju w polowie
wysokoéci kanalu przeptywowego.
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14.6 Obliczenia flatteru

Obliczenia flatteru wykonano przy pomocy programu Ansys CFX,
wczesniej opisang metoda energetyczna. Obliczenia wykonano przy
pomocy metody transformacji Fouriera. W tym przypadku pozwala
ona zmniejszenie liczby kanaléw przeptywowych do dwéch. W me-
todzie tej fazie warunek brzegowy zwiazany z periodycznoscig, prze-
plywu jest przesuniety w fazie. Przeplyw w przekrojach sasiednich
kanaltéw przeptywowych jest periodyczny. Pozwala to na zastoso-
wanie szeregu Fouriera do przechowywania wynikéw symulacji na
brzegach obszaru.

Wymuszenia zwiazanie z oddzialywaniami miedzy topatkami wirni-
kowymi a kierownicami sa przekazywane przez odpowiednie réwna-
nie, ktore przekazuje dane o przepltywie miedzy wylotem z kanaléw
przeptywowych kierownic a wlotem do kanaléw przeplywowych
lopatek wirnikowych, tak aby zachowaé¢ odpowiedni rozktad mimo
réznej liczby topatek w obu palisadach.

Celem takich obliczen jest ustalenie, czy stopien jest stabilny pod
wzgledem flatteru, czy nie. Aby to ustalié¢ wyznaczany jest wspol-
czynnik tlumienia aerodynamicznego [8].

Obliczenia przeprowadzono dla kata przesuniecia fazowego IBPA
rownego -90° i dla formy oraz czestotliwoéci odpowiadajacym pierw-
szej czestotliwosdci drgan wlasnych. Forma zostala znormalizowana
do amplitudy wynoszacej 1 mm. Wykonano symulacje dla przy-
padku pomijajacego wplyw zaklécen przeptywu wynikajacych z to-
patek kierowniczych oraz symulacje je uwzgledniajaca.

Rysunek 14.7 przedstawia najwieksze przemieszczenie weztéw w da-
nym czasie. Przemieszczenia te sg informacja wejSciowa do obli-
czen flatteru. Rysunek 14.8 przedstawia zmiennos¢ sit wypadkowych
dzialajacych na topatki wystepujace w modelu. W przypadku braku
uwzglednienia kierownic sity dziatajace na topatki bylty wyzsze, co
prawdopodobnie wynika z umieszczenia warunku brzegowego blisko
rozpatrywanego obszaru. Przypadek ten charakteryzuje sie znacz-
nie mniejszg zmiennosScig sil, prawie pomijalng w poréwnaniu do
zmiennoéci zauwazalnej w modelu uwzgledniajacym kierownice.



432 ROZDZIAL 14. FLATTER OSTATNIEGO STOPNIA ..
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Rys. 14.7: Maksymalne przemieszczenie wezléw topatki w funkcji
czasu.
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Rys. 14.8: Sity dzialajace na topatki.

Na Rys. 14.9 przedstawiono zmienno$¢ pracy aerodynamicznej na
powierzchni topatki. Amplituda tej pracy jest wyzsza, gdy kierow-
nice nie sa uwzgledniane, co moze by¢ zwigzane z wyzsza wartoscia
sity w tym przypadku. Kierownice oraz wystepujacy wraz z nimi
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$lad krawedziowy powodujg dodatkowe zaktdcenia pracy aerodyna-
micznej.

—— praca na powierzchni topatki 1 - kierownice uwzglgdnione
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Rys. 14.9: Praca aerodynamiczna na powierzchni lopatek

Wspoélczynnik tltumienia aerodynamicznego znormalizowano przy
pomocy zaleznosci [8]
w

D:m,fQ,A2

(14.2)

gdzie:
o W — praca aerodynamiczna uzyskana w wyniku obliczen [J]
o m — masa lopatki [kg]
o f— czestotliwo$¢ [Hz|
o A — amplituda [m]

Dla modelu pomijajacego wplyw kierownic wyniost 0,000425 a w przy-
padku uwzgledniajacym 0,000922. Uwzglednienie kierownic wpty-
nelo na warto$é wspoétezynnika ttumienia aerodynamicznego. Jed-
nak obie te wartosci sa bardzo bliskie zera. Ich znak i réznica war-
tosci moze si¢ zmieni¢ w wyniku btedu numerycznego.
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14.7 Podsumowanie

Przeprowadzone obliczenia potwierdzaja, ze uwzglednienie w obli-
czeniach niestacjonarnych zjawisk wywolywanych przez topatki kie-
rownicze moze wplywaé na warto$¢ wspoétczynnika ttumienia aero-
dynamicznego. Jednak uzyskane wyniki nie sa wystarczajace. Na-
lezy kontynuowaé obliczenia, aby otrzymaé warto$ci wspotczynnika
tlumienia dla wiekszej liczby katow IBPA.

Uzyskane wyniki nie sa zgodne z wystepujacymi w literaturze [3].
Moze to by¢ spowodowane brakiem uwzglednienia w obliczeniach
przeptywowych odksztalcenia topatki wynikajacego z predkosci ob-
rotowej lub przyjeciem innych warunkéw brzegowych.

7 przeprowadzonych obliczen wynika, ze przy kacie przesuniecia
fazowego wynoszacym -90°, dla warunkéw w podanych w rozdziale
14.5 zjawisko flatteru nie powinno wystapic.
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15.1 Wstep

Polski system elektroenergetyczny stoi w najblizszych latach przed
duzym wyzwaniem przystosowania istniejacego systemu do nowej
specyfiki pracy. Zwiekszajacy sie udzial niestabilnych zrédet energii
(OZE) w miksie energetycznym wymusza prace JWCD (pol. Jedno-
stek Wytworezych Centralnie Dysponowanych) ze zwiekszona ela-
stycznoscia w szerokim tego stowa znaczeniu, tj. krotsze czasy uru-
chomien/ odstawieri, dynamiczniejsze nabory i zrzuty mocy, wiek-
sza liczba cykli w czasie roku, czy zmniejszenie minimum technicz-
nego.

Nowe jednostki wytworcze projektowane sg na takie uwarunkowa-
nia. Biorac jednak pod uwage uwarunkowania polityczne (polityka
dekarbonizacyjna), ekonomiczne (koszt i czas nowej inwestycji) oraz
bezpieczenstwa energetycznego RP (zapewnienie nieprzerwanych
dostaw pradu przy rosnacym zapotrzebowaniu), nowe jednostki nie
rozwigza problemu w pelni. Konieczne jest modernizowanie istnieja-
cych JWCD pod katem wydtuzenia czasu eksploatacji i zwickszenia
ich elastycznodci.

Okresélenie stanu naprezen w czasie rzeczywistym pozwala przepro-
wadzaé rozruchy/ odstawienia/ zmiany obciazen w sposéb zaréwno
bezpieczny dla gléwnych weztéw konstrukcyjnych jak i optymalny
pod wzgledem czasu trwania danego stanu. Najczesciej w tym celu
stosuje sie¢ metody posrednie. Za pomoca sond rozruchowych mie-
rzy sie temperature w lokalizacjach krytycznych, okreslanych droga
analiz teoretycznych i doswiadczen eksploatacyjnych. Gradient tem-
peratury w czasie rzeczywistym jest nastepnie wyko-rzystywany do
okreélenia naprezen. Wada takiego rozwigzania jest skomplikowana
konstrukcja i eksploatacja sond rozruchowych, trudnosé¢ uzyskania
rzeczywistej wartosci pomiarowej i lokalny charakter pomiaru.

Celem rozprawy doktorskiej ”Optymalizacja rozruchu turbiny paro-
wej z wykorzystaniem algorytméw genetycznych”realizowanej w ra-
mach III edycji programu ”Doktorat Wdrozeniowy”jest skrocenie
czasu rozruchow, czy tez naboréw/zrzutéw mocy z zachowaniem
optymalnego poziomu naprezen i minimalizacji zuzycia gtéwnych
komponentéw turbiny. Nowe mozliwoéci stwarza wykorzystanie al-
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gorytmow genetycznych, w systemie ograniczen termicznych tur-
biny. W literaturze [1-3] udowodniono, ze sieci neuronowe i algo-
rytmy genetyczne z duza dokladnosciag moga odwzorowaé rzeczy-
wisty stan naprezen w krytycznych lokalizacjach w czasie rzeczy-
wistym (ang. on-line). Modelowanie stanu naprezen algorytmami
genetycznymi otwiera pole do optymalizacji rozruchu w czasie rze-
czywistym, co nie bylo wczeéniej rozpatrywane, a co moze przyniesé
wielorakie korzysci.

W pracy pt. "Mechanizmy zuzycia i zywotnos¢ turbin parowych” [4]
w ramach corocznej monografii Trojmiejskiej Szkoly Doktorskiej
PAN Doktorant przedstawit wiedze pozyskang z szerokiego zakresu
literatury. Temat ten zostal wybrany réwniez Scidle pod katem te-
matu doktoratu. Istotne jest bowiem poznad fizyke zjawisk wptywa-
jacych na zuzycie i zywotno$¢ turbin parowych, jesli chce sie opty-
malizowaé rozruchy pod katem elastycznosci przy jednoczesnej mi-
nimalizacji spadku zywotnosci kluczowych komponentow. W pracy
tej przedstawiono aspekty eksploatacyjne, zywotnosciowe i zwig-
zane z systemami ograniczen termicznych turbin parowych.

Kolejnym krokiem bylo wykonanie modelu obliczeniowego i prze-
prowadzenie analizy MES rozruchu turbiny. Wyniki prac Doktorant
przedstawit w pracy pt. "Obliczenia zmeczenia niskocyklowego wir-
nika turbiny parowej metoda elementéw skonczonych pod katem
optymalizacji rozruchéw” [5] w ramach corocznej monografii Tr6j-
miejskiej Szkoty Doktorskiej PAN. Na wstepie w pracy opisano po
krétce wybrana maszyne i uzasadniono wybér konkretnego wezta
konstrukcyjnego i typu rozruchu poddanego analizie. W nastep-
nym kroku przedstawiono tworzenie modelu i definicje warunkdw
brzegowych. Obliczenia wykonano z wykorzystaniem komercyjnego
programu ANSYS Mechanical oraz dodatkowych narzedzi bedacych
wlasnoscig GE Power. Dla stworzonego modelu wykonano oblicze-
nia bazujac na krzywych rozruchowych dostarczonych przez produ-
centa turbiny. W nastepnym kroku wykonano obliczenia dla tego
samego typu rozruchu, bazujac jednak na pomiarach z rzeczywi-
stego obiektu. Dalo to mozliwos¢ poréwnania zatozen projektowych
z rzeczywistoscig eksploatacyjna. Mozliwe bylo réwniez dzieki temu
pokazanie, jak prowadzenie turbiny podczas rozruchu przektada sig
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na jej poziom zuzycia.

Na koncu zaproponowano we wnioskach kierunek dalszych prac,
w ktérym opisano mozliwe wykorzystanie algorytmu genetycznego,
ktory po zaimplementowaniu do systemu ograniczen termicznych
turbiny, pomagatby w prowadzeniu rozruchéw w sposéb optymalny.
Obliczenia stworzonym na potrzeby niniejszej pracy modelem MES
moga postuzyé¢ jako dane wejsciowe dla algorytmu genetycznego
optymalizujacego rozruch turbiny parowe;j.

Celem niniejszej pracy jest przedstawienie kolejnego etapu realizacji
zadania, tj. obliczenn optymalizacyjnych rozruchu turbiny parowe;j.
W tym celu nalezy opisaé¢ zjawisko, ktére podlega optymalizacji,
zdefiniowaé funkcje celu i kryteria optymalizacji. Przedstawiono
to w Sek. 15.2 Dodatkowo w Sek. 15.2.1 zostal opisany gléwny
czynnik ograniczajacy czas rozruchu, tj. zywotno$¢ turbiny parowe;j.
W Sek. 15.2.2 dokonano natomiast przegladu dotychczasowych préb
wykonania optymalizacji rozruchéw turbin parowych.

Nastepnie opracowano koncepcje wykonania optymalizacji roz-ruchu
turbiny parowej, ktora przedstawiono w Sek. 15.3 opisano szczego-
towo metode, jaka Doktorant zamierza rozwiaza¢ problem posta-
wiony w ramach pracy doktorskie;j.

Srodowisko programistyczne, ktére zostalo wybrane do wykona-
nia optymalizacji z wykorzystaniem algorytmu genetycznego jest
Python. Jezyk ten zostat wybrany, poniewaz dobrze wspélpracuje
ze $rodowiskiem Workbench, w ktérym to wykonany zostat model
MES w ramach pracy [5] i prowadzone byly obliczenia niestacjo-
narne. Jezyk ten ponadto dobrze sprawdza si¢ w przeprowadzaniu
optymalizacji z uzyciem algorytméw genetycznych. Srodowisko Py-
thon posiada bogata biblioteke narzedzi do zagadnien tzw. ,ma-
chine learningu”. Jako, ze zagadnienie optymalizacji i algorytmdw
genetycznych w srodowisku Python, jak i samo to srodowisko pro-
gramistyczne jest nowa dziedzina nauki dla Doktoranta, nalezato sie
z ta dziedzina zapoznaé¢. W Sek. 15.3 przedstawiono to srodowisko
i opisano, jakie daje ono mozliwosci, ktére planuje si¢ wykorzystaé
w celu realizacji postawionego zadania.
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15.2 Opis zjawiska oraz definicja celu
i kryteriow optymalizacyjnych

Celem optymalizacji jest maksymalne skrécenie czasu rozruchu przy
jednoczesnej minimalizacji zuzycia, czyli ograniczeniu wplywu me-
chanizmoéw zuzycia na gléwne komponenty konstrukcyjne turbiny.

Nalezy pamigtaé, ze ograniczony pod wzgledem elastycznosci pracy
jest proces nagrzewania podczas rozruchéw i studzenia podczas od-
stawienn elementow grubosciennych, ktéry musi byé kontrolowany
w taki sposéb, aby naprezenia powstajace w wyniku dzialania nie-
stacjonarnego pola temperatury nie przekroczyty naprezen dopusz-
czalnych. Przekroczenie podczas rozruchu naprezen dopuszczalnych
jest réwnoznaczne z przekroczeniem projektowej amplitudy napre-
zen podczas rozruchu, co skutkuje intensyfikacja zmeczenia nisko-
cyklowego, ktére to jest gldownym mechanizmem zuzycia turbiny
parowej i wplywa w najwickszym stopniu na zywotnosé turbiny
parowej. Pojecie zywotnosci turbiny parowej i zjawisko zmeczenia
niskocyklowego opisano pokrétce w Sek. 15.2.1.

Gléwny wniosek plynacy z fizyki zjawiska zmeczenia niskocyklo-
wego jest nastepujacy — im mniejsza bedzie amplituda naprezen
podczas rozruchu turbiny, tym wicksza liczbe cykli obciazenia be-
dzie mozna przeprowadzi¢. Sposobéw na ograniczenie amplitudy
naprezen podczas rozruchéw jest kilka — mozna zmienia¢ gradient
naboru obrotéw/mocy, mozna zmieniaé¢ gradient naboru parame-
tréw pary podczas rozruchu, lub mozna stosowaé przystanki pomie-
dzy naborami. Ostatni spos6b przedstawiono na Rys. 15.1. Stosujac
przystanek na wygrzanie turbiny, naprezenia przestaja dalej rosnaé
i po odpowiednio dtugim czasie nagrzewania mozna dalej prowadzié¢
nabér mocy bez wzrostu naprezen.

Bazujac na powyzszym opisie zjawiska, mozna okresli¢ zmienne,
ktére bedg brane pod uwage podczas budowy programu do opty-
malizacji rozruchu turbiny parowej, polegajacej na maksymalnym
skréceniu czasu rozruchu, przy jednoczesnym zachowaniu projekto-

wanej zywotnosci:
e gradient naboru obrotéw - im wieksze tempo naboru obrotéw,
tym szybsze osiggniecie wartosci nominalnej, ale tez i szyb-



442

ROZDZIAL 15. WPROWADZENIE DO METOD ..

/ Optymalny poziom mocy na
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Rys. 15.1: Przyklad optymalnego uruchomienia turbiny [4].

szy przyrost wartosci naprezen. Gradient naboru obrotéw jest
wartos$cig wejsciowa zadana przez operatora turbozespotu.
W zaleznoéci od typu rozruchu (np. zimny, cieply, goracy) pro-
ducent turbiny rekomenduje rézne wartosci gradientu.
Dodatkowo nalezy mie¢ na uwadze fakt, ze dla obsza-row
predkosci krytycznych, gradient ten nie moze by¢ wynikiem
optymalizacji, a musi przyja¢ warto$¢ zadang przez produ-
centa turbiny, w celu jak najszybszego przejécia przez obszar
predkosci krytycznych. Predkosci krytyczne wyznaczane sa
w trakcie analizy dynamicznej linii walu i sa to takie predko-
$ci, przy ktorej moze mieé miejsce zjawisko rezonansu. W celu
unikniecia takiej sytuacji gradient obrotéw przyjmuje wartosé
znacznie wyzszy od wartoéci projektowych (np. 500 obr/min?
zamiast 100-200 obr/min?), gdyz bezpieczenistwo eksploata-
¢ji i unikniecie powaznej awarii jest nadrzedne do aspektow
zywotnosciowych

gradient naboru mocy - podobnie jak z gradientem naboru
obrotéw, im wicksze tempo naboru mocy, tym szybsze osia-
gniecie wartosci nominalnej, ale tez i szybszy przyrost war-
tosci naprezen. Gradient naboru mocy jest wartoscia wej-
Sciowa zadana przez operatora turbozespotu. W zaleznosci
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od typu rozruchu (np. zimny, cieply, goracy) producent tur-
biny rekomenduje rézne wartosci gradientu. Nalezy réwniez
pamietaé, ze nabér mocy prowadzony jest po synchronizacji
turbozespotu, tj. po osiagnieciu nominalnej predkosci obro-
towej. Tak wiec gradient naboru obrotéw i mocy nie bedzie
optymalizowany jednoczesnie, ale jeden po drugim. Dodat-
kowo warto wspomnieé, ze istnieja rézne tryby regulacji tur-
biny, czyli regulacja na zadana moc, na zadany przeplyw
pary $wiezej, czy na zadane cidnienie przed turbina. Nato-
miast wszystkie te tryby regulacji sa ze sobg skorelowane, po-
niewaz sprowadzaja sie do odpowiedniego otwarcia zaworéw
regulacyjnych przez regulator turbiny. Tak wiec w celu uprosz-
czenia zadania rozp-atrywany bedzie jedynie tryb regulacji
mocy

« gradient naboru temperatury pary zasilajacej- jest to zmienna
majaca duzy wplyw na warto$¢ naprezen, gdyz jak
juz wezedniej wspomniano nagrzewanie elementéw gruboscien-
nych jest gtéwnym czynnikiem limitujacym elastycznosé¢ pracy
turbiny. Gradient ten jest zadawany przez operatora kotla.
Nalezy pamietac, ze nabér temperatury pary zasilajacej moze
by¢ prowadzony zaréwno podczas naboru obrotéw jak i mocy.
Pokazano to na Rys. 15.2. Tak jak i przy poprzednich zmien-
nych, producent turbiny w zaleznosci od typu rozruchu (np. roz-
ruch zimny, cieply, goracy) rekomenduje r6zne wartosci tegoz
gradientu

e poczatkowa wartos¢ naprezenia i temperatury w lokalizacji
krytycznej - wartodci te sg dostepne jako sygnal on-line z sys-
temu ograniczen termicznych turbiny

Koncepcja optymalizacji rozruchu zaktada, ze gotowe narzedzie na
podstawie stanu poczatkowego bedzie w stanie zaproponowaé taka
charakterystyke rozruchowa, aby przeprowadzi¢ rozruch w spo-séb
optymalny, tj, najkrétszy, przy jednoczesnym zachowaniu projek-
towanej zywotnosci, co sprowadza sie do zachowania dopuszczalnej
wartosci naprezen.
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Rys. 15.2: Przykladowa krzywa rozruchowa — rozruch ciepty, tur-
bina klasy 200MW [5].

15.2.1 Zywotno$é turbiny parowej

Najogolniejszg definicja zywotnosci jest zdolno$é elementu do wy-
konywania okreslonych funkcji w okreslonym czasie i okre$lonych
warunkach pracy [6]. W literaturze traktujacej typowo o turbinach
parowych [7] wprowadza sie pojecie zuzycia, jako wyczerpanie zy-
wotnoéci, czyli utracenie przydatnosci danego elementu do dalszej
eksploatacji.

W pracy [4] Doktorant pokazal, ze gléwnym mechanizmem zuzy-
cia wplywajacym na zywotnos¢ turbiny parowej jest zmeczenie ni-
skocyklowe. Zjawisko zmeczenia niskocyklowego jest bardzo istotne
dla konstrukeji narazonych na zmienne cykle obciazenia w dtuzszym
czasie. Takg konstrukcja jest turbina parowa, gdzie podczas jednego
cyklu pracy, tj. rozruch, praca ciaglta i odstawienie, pola tempe-
ratur, obcigzen mechanicznych i naprezen zmieniaja sie w sposéb
znaczacy. Wraz ze zwigkszaniem liczby cykli, zniszczenie moze na-
stapi¢ przy wartodci naprezen znacznie mniejszych od elementéw
obciazonych statycznie, co obrazuje wykres Wohlera przedstawiony
na Rys. 15.3.
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Rys. 15.3: Wykres Wohlera [4] o — naprezenia; A — odksztalcenia,
N — liczba cykli.

15.2.2 Przeglad podobnych prac

W pracy [1, 2] dzieki zastosowaniu systemu ograniczen termicz-
nych turbiny opartego na sieciach neuronowych typu NARX, oprocz
wielu zalet (dokladne odwzorowanie stanu termicznego i stanu
naprezen w czasie rzeczywistym, mozliwo$¢ rezygnacji z pomia-
réw sondami rozruchowymi i oparcie sie na ogélnodostepnych po-
miarach ruchowych (parametry pary oraz wydluzenia), mozliwa
jest rowniez predykcja on-line naprezen i temperatury w miejscu
krytycznym na 5 minut do przodu z zadowalajaca zbieznoscia.
W omawianej pracy jedynie sprawdzono i potwierdzono doklad-
noé¢ predykeji parametréw poprzez sieci NARX, jednak nie ba-
dano mozliwych korzysci pltynacych z wykorzystania tejze predykcji
w celu optymalnego prowadzenia rozruchu turbiny parowe;j.

Kolejna metoda mozliwa do zastosowaniu w czasie rzeczywistym do
optymalizacji rozruchéw turbiny parowej sg algorytmy genetyczne.
W pracy [3] pokazano na prostym przykladzie (nagrzewanie wir-
nika), jak z pomoca algorytmu genetycznego mozna zapewni¢ opty-
malny naboér temperatury, tj. taki, przy ktérym naprezenia wynika-
jace z niestacjonarnego pola temperatury beda w poblizu naprezen
dopuszczalnych. Metoda ta nie byla stosowana dla analizy pelnego
rozruchu turbiny, niemniej jednak wyniki przedstawione w oma-
wianej pracy pokazuja, ze algorytmy genetyczne moga by¢ zasto-
sowane do tego celu i moga z powodzeniem by¢ zaimplementowane
do regulatora turbiny.
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Kolejna metoda optymalizacji rozruchéw turbin parowych zosata
przedstawiona w pracy [8], gdzie w tym celu uzyto catki Duhamela,
ktora wykorzystuje sie w zlozonych algorytmach Blokéow Ograni-
czen Termicznych Turbiny. Wynikiem prac bylo uzyskanie
optymalnego przebiegu rozruchu turbiny. W pracy tej réwniez pod-
kreslono mozliwoéé¢ stosowania tej metody w czasie rzeczywistym
(ang. on-line).

Metody opisane powyzej zakltadaja zmiany w systemach ograniczen
termicznych turbiny. Jak zostanie pokazane w Sek. 15.3, koncepcja
optymalizacji przedstawiona w niniejszej pracy nie bedzie wyma-
gala dokonywania zmian w istniejacych systemach ograniczen ter-
micznych turbiny.

15.3 Srodowisko programistyczne Python

Python to jezyk programowania open source opracowany przez ho-
lenderskiego programiste Guido van Rossuma, nazwany na cze$é
brytyjskiej grupy Monty Python. Obecnie rozwijany perz organiza-
cje non-profit Python Software Foundation [9]. Python to jezyk [10]:

o interpretowalny - nie jest kompilowany, lecz jest przechowy-
wany w postaci kodu zréodtowego i dopiero podczas urucho-
mienia wezytywany, interpretowany i wykonywany przez in-
terpreter jezyka;

e wysokiego poziomu - czyli taki, ktérego kod jest w duzym
stopniu zblizony do jezyka uzywanego przez ludzi;

e dynamicznego typowania — to warto$¢ a nie sama zmienna
posiada typ, a wartosci przekazywane sa poprzez przypisanie;

e obiektowy;

o strukturalny;

o funkcyjny;

e modularny — swoiste funkcjonalnoéci zostaly wydzielone
z jezyka i sa dostepne w postaci bibliotek;

e uzywajacy wcie¢ akapitéw — wiekszos¢ jezykow programowa-
nia uzywa nawiaséw klamrowych;
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Czytelnosé i relatywna latwos¢ uzycia, szeroka spoltecznos¢ progra-
mistyczna, bogaty wachlarz bibliotek rozszerzajacych mozliwosci
srodowiska (szczegélnie w zakresie sztucznej inteligencji, przetwa-
rzania danych i proceséw w chmurze), wszechstronnosé, wydajnosé,
niezawodnos¢ i szybkos$¢ spowodowaly, ze jezyk Python jest najpo-
pularniejszym jezykiem uzywanym do prac naukowych i akademic-
kich [11]. Ze wzgledu na wymienione cechy, réwniez do tego projektu
srodowisko Python jest najlepszym wyborem wraz z bibliotekami:

o NumPy - oferujaca rozbudowane funkcje matematyczne, ob-
stuge wielowymiarowych tabel i macierzy;

e Pandas - wydajne w dziataniu, relatywnie latwe w uzyciu na-
rzedzie do analizy i manipulacji danymi tabelarycznymi;

e Scikit-learn - narzedzia do statystycznej analizy danych m.in.:
klasyfikacji, predykcji;

e TensorFlow - kompleksowa biblioteka do uczenia maszyno-
wego;

e PyAnsys - umozliwia korzystanie z technologii srodowiska
Workbench bezpoérednio z poziomu kodu programu;

e Matplotlib - obszerna biblioteka do tworzenia statycznych
i interaktywnych wykresow i wizualizacji;

Tworzenie kodu musi odbywacé sie réwniez w odpowiednim edyto-
rze. Do pracy nad projektem wybrano JupyterLab. Jest to srodo-
wisko programistyczne pozwalajace tworzy¢ notatniki zawierajace
kod i dane. Elastyczny interfejs pozwala konfigurowaé i organizo-
wac przeplyw pracy poprzez mozliwo$¢ dzielenia pliku na bloki kodu
(ang. chunks), co znaczaco ulatwia prace rozwojowe.

15.4 Koncepcja optymalizacji rozruchu

turbiny parowej

Problem optymalizacji, przy uwzglednieniu wszystkich czynnikéw
technicznych opisanych w poprzednich pracach Doktoranta, spro-
wadza si¢ z matematycznego punktu widzenia do maksymalizacji
ponizszej wartoéci chwilowej q:
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_ 1
q - fdop_f

Gdzie f to chwilowe naprezenie zalezne od zmiennych opisanych
w Sek. 15.2.1 a fg,, to dopuszczalne naprezenie podane przez
producenta. W tym miejscu nalezy rozrézni¢ dwa glowne narze-
dzia matematyczne, jakie powinny zostaé uzyte w celu predykcji
i optymalizacji. Pierwszym z nich powinien by¢ uniwersalny mo-
del predykcyjny, dzieki ktéremu mozna przewidzie¢ wartosci napre-
zen f powstalych w turbinie na podstawie pozostalych zmiennych,
majacych wplyw na te naprezenia. Model taki musi odwzorowy-
waé zachowanie ukltadu w réznych stanach, a z matematycznego
punktu widzenia, przy réznych wartosciach zmiennych wptywaja-
cych na tenze stan. Zachowanie turbiny jest procesem nieliniowym
i wielowymiarowym, stad wlasciwym narzedziem do zamodelowa-
nia takiego Srodowiska sa sieci neuronowe. Problematyka predykcji
zostala szerzej opisana w Sek. 15.4.2. Majac model, ktéry odpo-
wiada rzeczywistym zjawiskom wytrzymatoSciowym w miejscu kry-
tycznym turbiny, mozna przystapi¢ do optymalizacji parametréw
rozruchu, czyli maksymalizacji q. Istnieje wiele algorytméw opty-
malizacyjnych, jednak jednym z najwydajniejszych sa algorytmy
genetyczne, ktore dzialaja na zasadzie losowej mutacji populacji.
Problematyka optymalizacji zostala szerzej opisana w Sek. 15.4.3.
W Sek. 15.4.1 natomiast opisano zagadnienia tzw. preprocessingu
danych.

15.4.1 Tworzenie i praca ze zbiorem danych

Jak pisano we wstepie tej pracy, stworzony model MES jest baza
do stworzenia zbioru danych wejéciowych dla programu optymalizu-
jacego rozruch turbiny parowej. Podstawa Machine Learningu jest
licznos$é doswiadczen na ktérych model moze si¢ uczy¢ jak i jakosé
poszczegblnych rekordéw danych. Jeden przyktad uczacy krzywej
rozruchowej to zdecydowanie za mato by podjaé proébe stworzenia
uniwersalnej funkcji. Z tego powodu pierwszym
etap pracy nad zbiorem powinno by¢ stworzenie skryptow i pro-
cedur poprzez $rodowisko Python, ktére zautomatyzuje produk-
cje przyktadowych odpowiedzi modelu MES przy réznych stanach
poczatkowych i wprowadzonych charakterystykach cech opisanych
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w Sek. 15.2. Jakos$¢ modelu uczenia maszynowego w przewazajacej
wigkszosci zalezy od ilosci i jako$ci danych wejSciowych do pro-
cesu uczenia i testowania. Negatywnymi zjawiskami, ktére moga
wplynaé na przydatnosé danych sa przede wszystkim btedy wyni-
kajace z nieprawidtowego dziatania przyrzaddéw pomiarowych, badz
czynnika ludzkiego. Rekordy zawierajace dane nieobarczone btedem
ale znaczaco odstajace od spodziewanych wartosci (z ang. outlier),
wynikajace z anomalii wystepujacych podczas pomiaréw rzeczy-
wistych rowniez nie wplywaja pozytywnie na skutecznosé¢ modelu
i powinny zosta¢ usuniete ze zbioru.

W przypadku rozpatrywanego problemu i przyjetego podejscia, ja-
ko$¢ danych nie jest znaczacym wyzwaniem w procesie tworzenia
programu. Dane uzyskiwane z modelu MES nie sa obarczone bra-
kami wartosci, czy zakléceniami wystepujacymi w rzeczywistych
pomiarach.

Skalowanie zmiennych

W drodze budowania modelu predykcyjnego algorytm uczacy przy-
pisuje kazdej zmiennej objasniajacej wage, ktéra oznacza jak duzo
dana cecha wnosi do oszacowania zmiennej objasniane;j.
Mozna to interpretowaé jako wazno$é¢ danej cechy. Fakt, ze w przed-
stawionym problemie optymalizacji kazda z cech opisuje inne zjawi-
sko fizyczne i wyrazana jest w niemozliwych do poréwnania jednost-
kach oraz w zréznicowanym zakresie wartosci, powoduje ze wprowa-
dzone przez model wagi nie beda zapewnialy takiego
efektu jak mogtyby. W konsekwencji konieczne jest przeskalowa-
nie wszystkich predyktoréw do jednego zakresu, zachowujac jednak
wzajemne relacje pomiedzy poszczegdlnymi wartosciami. Jednym
z mozliwych do uzycia skalowan jest skalowanie min-max. Polega
ona na odnalezieniu ekstremalnych wartosci danej cechy zawartych
w zbiorze i zastosowanie wzoru:

/ __ _x;—minx
i = haxz—minz
Warto$ciom ekstremalnym przypisane zostana: 0 dla minimum i 1
dla maksimum, relacja pomiedzy warto$ciami posrednimi
zostaje zachowana. Inna metoda jest standaryzacja. Jest to metoda

powszechna w klasycznej statystyce, pozwala na okreslenie o ile od-
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chylen standardowych warto$é¢ odstaje od Sredniej.
T;—T
Dy (@i—2)?
W odréznieniu od metody min-max, standaryzacja nie posiada z géry
zalozonego przedziatu, jednak jej zaleta jest mozliwosé tatwego roz-
poznania wartoéci odstajacych.

r_
T =

Korelacja

Istnieja matematyczne miary wspdlzaleznosci dwéch zmiennych.
Dzigki nim mozna okresli¢ wzajemne powigzania w danym zbiorze
danych. Umozliwiaja one wczesne wykrycie obiecujacych zmiennych
skorelowanych z wartoscia, ktéra chcemy modelowaé badz tez par
cech, ktére wzajemnie wnosza te sama informacje. W drugim przy-
padku mozemy rozwazy¢ pozostawienie jedynie reprezentanta grupy
powiazanych ze soba zmiennych, jako ze zawsze preferowane sa mo-
dele najprostsze. Najczedciej uzywanym wspotczynnikiem korela-
cji jest wspotczynnik korelacji liniowej Pearsona. Wspdtczynnik ten
jest ilorazem kowariancjii iloczynu odchylen standardowych zmien-
nych. Pozwala on na wykrycie zaleznosci liniowych pary zmiennych.
Estymator tego wspotczynnika definiuje sie w naste-pujacy sposob:
Fay = > o (@i—2)—(yi—9)
\/Z::'lzl(g“_f)z\/Z:T;:l(yi_g)2
x; 1 y; to zmienne, dla ktérych wspélczynnik jest liczony, nato-
miast T i § to $rednie z tych wartosci. Estymator zwraca wartoscé
z przedzialu < —1,1 > gdzie 0 oznacza brak korelacji. Nie ma
jednej stusznej definicji mocnej i stabej korelacji — w niektorych
dziedzinach warto$¢ bezwzgledna 0,3 bedzie uznawana za istotna,
a w przypadku rozpatrywania zjawisk fizycznych 0,9 moze by¢ za
mata. W rozpatrywanym zagadnieniu nie ma potrzeby przeprowa-
dzania testéw korelacji wybranych cech. Doktorant posiada duza
wiedz¢ domenowa, ktora pozwolita wylaczy¢ z analizy pewne kore-
lujace ze soba parametry (opisano w Rodziale 15.2) a jak napisano
powyzej, uzyskanie wartosci estymatora nie pozwalaja jednoznacz-
nie stwierdzi¢, czy dana cecha moze zosta¢ pominieta. Jesli w przy-
sztodci podjeto by dzialania na rzecz rozbudowania programu o ko-
lejne parametry, to wskazane byloby przeprowadzenie testéw kore-
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lacji. Wspotczynnik Pearsona bazuje na odleglto$ci w przestrzeni po-
miedzy pewna wartoscia a érednia. Srednia arytmetyczna jest czula
na wartosci odstajace oraz bledy grube. Wspélczynnik dziedziczy
te ceche i w przypadku duzej licznoéci tzw. outlierow w zbiorze be-
dzie on zbiegat do zera. Jak napisano w tym rozdziale, zwazywszy
na sposob pozyskania danych dla rozpatrywanego zadania optyma-
lizacyjnego, zagrozenie wystapienia zestawu danych niskiej jakosSci
jest mato prawdopodobne.

Podzial danych

W przypadku uczenia nadzorowanego konieczne jest podzielenie
zbioru danych (proby wejsciowej) na czesei.

e treningowy — stuzy do utworzenia i dopasowania modelu.
Liczno$¢ tej préby powinna byé pomiedzy 40% a 70% préby
wejéciowej;

o walidacyjny — dalsza kalibracja modelu oraz monitorowanie
jakosci podczas jego budowy (20% - 30% préby wejsciowe;j);

e testowy — ocena i poréwnanie modeli na niezaleznym zbio-
rze, niewykorzystywanym w procesie tworzenia modelu (20%
- 30% proéby wejsciowe;j).

Mozliwe jest zrezygnowanie ze zbioru walidacyjnego ze wzgledu na
to, ze funkcje zbioru walidacyjnego pokrywaja sie w pewnym stop-
niu z poszczegdlnymi funkcjami zbioru testowego i treningowego.
Zastosowanie podzialu na czes¢ treningowa i testowa jest konieczne
w celu zbudowania poprawnego modelu. Podziatu zbioru dokonuje
sie najczesciej poprzez proste losowanie.

15.4.2 Predykcja charakterystyki naprezen

By rozwigzaé zagadnienie parametréw rozruchu turbiny Doktorant
postanowil wykorzysta¢ zagadnienia sztucznej inteligencji - uczenia
maszynowego. Uczenie maszynowe to dziedzina nauki, ktéra umoz-
liwia budowanie programu komputerowego na danych bez koniecz-
nodci ich jawnego programowania. O uczeniu programu kompute-
rowego mozna méwié¢ gdy na podstawie doSwiadczenia E w odnie-
sieniu do zadania T i pewnej miary wydajnosci P, jego wydajnosé
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(zmierzona poprzez miare P) wobec zadania T wzrasta wraz z na-
bywaniem doswiadczenia E [12].

p
[ Zdefiniowanie ] ; Algorytm
\ zadaniaT uczacy
\

Doswiadczenie Miara
E wydajnosci P

Ocena
rozZwigzania,

k"-‘—I\legatj-'\u\-'r‘lcl

P -
[ Rozw.qzani:\|
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Rys. 15.4: Schemat ideowy uczenia maszynowego.

Uczenie maszynowe dzieli si¢ na kilka typéw [13]:

Uczenie nadzorowane - uzywany zbiér danych zostal wstepnie
oznaczony i sklasyfikowany przez uzytkownikéw, aby umoz-
liwi¢ algorytmowi sprawdzenie doktadnosci jego dziatania;

Uczenie nienadzorowane - uzywany jest surowy zbiér danych,
a algorytm identyfikuje wzorce i zaleznosci w danych bez po-
mocy uzytkownikéw.

Uczenie czesciowo nadzorowane - zbiér danych zawiera ustruk-
turyzowane i nieustrukturyzowane dane, ktore prowadza al-
gorytm w drodze do samodzielnego wyciagania wnioskow. Po-
taczenie tych dwoéch typéw danych w jednym zbiorze umozli-
wia algorytmom uczenia maszynowego uczenie si¢ dopasowa-
nia nieoznakowanych danych.

Uczenie przez wzmocnienie - zbiorze danych zastosowano sys-
tem "nagrody/kara”, dzieki ktéremu algorytm otrzymuje
informacje zwrotna, aby uczy¢ sie na podstawie wtasnych do-
Swiadczen metoda prob i btedéw.

Glebokie uczenie (deep learning) - automatyczne uczenie sie
na podstawie zbioréw danych bez wprowadzania regut lub
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wiedzy cztowieka. Wymaga to ogromnych iloéci surowych da-
nych do przetwarzania, a im wiecej danych sie otrzymuje, tym
bardziej poprawia sie model predykcyjny.

Do prac nad modelem predykcji najlepiej sprawdzi sie uczenie nad-
zorowane dzigki danym dobrej jakosci i ich odpowiedniemu przygo-
towaniu (opisane w Sek. 15.4.1). Typowy algorytm nadzorowanego
uczenia maszynowego sktada sie z (w przyblizeniu) trzech elemen-
tow:

e Procesu decyzyjnego - formuta obliczen lub innych krokéw,
ktory przyjmuje dane (doswiadczenie E) i zwraca predykcje
wartosci objasniane;j.

o Funkcja bledu: Na podstawie zdefiniowanej metryki (miara

wydajnosci P) nastepuje weryfikacja rozwiazania, jak dobre
bylo przypuszczenie, poréwnujac go ze znanymi przyktadami.

e Proces aktualizacji lub optymalizacji: Algorytm analizuje i ak-
tualizuje sposéb, w jaki proces decyzyjny podejmuje osta-
teczna decyzje, tak aby nastepnym razem réznica pomiedzy
wartosciami przypuszczenia a przykladu byta zminimalizo-
wana.

Narzedzie matematyczne, ktére podlega uczeniu maszynowemu i znaj-
dzie wykorzystanie w omawianym problemie ze wzgledu na bardzo
wysoka skutecznosé w rozwiazywaniu problemoéw aproksymacji zja-
wisk nieliniowych to sztuczne sieci neuronowe (SSN badz z ang.
ANN - Artificial Neural Network). Sztuczne sieci neuronowe inspi-
rowane sg biologicznymi sieciami neuronéw tworzacych moézg. SSN
opiera sie na zbiorze polaczonych jednostek lub weztéw zwanych
sztucznymi neuronami. Kazde potaczenie, podobnie jak synapsy
w biologicznym modzgu, moze przekazywaé swdj wyjSciowy sygnal
do innych neuronéw.

Sztuczny neuron odbiera sygnal x, a nastepnie przetwarza i moze
przesytac¢ sygnal podigczonym do niego neuronom.

Pojedynczy neuron — perceptron, przyjmuje N sygnaléw wejscio-
wych ktére moga byé liczba rzeczyw

o= f(u) = f(CNX, wix;)
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Rys. 15.5: Schemat sztucznego perceptronu.

Wyjscie kazdego neuronu jest obliczane przez pewna nieliniowa (sko-
kowa) funkcje f z sumy u iloczynu jego wejsé¢ i wag. Funkcja ta
nazywana jest tez funkcja aktywacji.

Na ich podstawie wyznacza si¢ sygnal wyjsciowego o. Uczenie przed-
stawionego modelu perceptronu odbywa sie poprzez znajdowanie
odpowiedniego wektora wag poprzez aktualizacje wag w kolejnych
iteracjach. Ponizej przedstawiono aktualizacje poprzez tzw. regule
perceptronowa [12].

with = wt + Aw}

Awf =1y — o')z;

Aktualizacja wag moze obywacé sie ze wzgledu na to, ze dysponu-
jemy danymi x oraz y, gdzie y to rzeczywista warto$¢ zmiennej
objasnianej Indeks t jest oznaczeniem numeru iteracji.  to para-
metr sterujacy gwaltownoscia uczenia, ktéry z reguly powinien by¢
maly [12].

Inna reguly aktualizacji wag jest regula delta (zwana réwniez Ade-
line). Reguta delta bazuje na wyznaczeniu bledu sredniokwadrato-
wego SSE (ang. Sum Squared Error) danej iteracji i wyznaczeniu
gradientu zmian czyli pierwszej pochodnej wzgledem wag w. Poni-
zej przedstawiono implementacje perceptronu z funkcjg aktywacji
sigmoid oraz regula delta adjustacji wag.

Oproécz funkcji aktywacji sigmoid uzywa si¢ wielu innych funkcji
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import numpy as np
import pandas as pd

def sigmoid (x}:
return 1/ (l+np.exp(-x))

def sigmoid deriwvative(x):
return x * (1 - x}

def network(training inputs, training outputs, n iter):
waeights = 2 * np.random.random{(3,1)}-1
for it in range{n iter):
input layer = training inputs
outputs = sigmoid(np.dot(input layer, weights))
errcr = training outputs - cutputs
derivative = sigmoid derivatiwve (outputs)
adjustments = error * derivative
weights += np.dot(input layer.T, adjustments)
return outputs

np.random.seed (1)
outputs = network(training inputs, training outputs, 100)

Rys. 15.6: Implementacja perceptronu z funkcja aktywacji sigmoid
i aktualizacja wag poprzez metode spadku gradientu w jezyku Py-
thon z uzyciem NumPy.

— tanh,ReLU,maxout, ELU, ktore oferuja dziatanie sygnatowe, czyli
implikuja gwaltowna zmiane wartodci poprzez niewielka zmiane ar-
gumentu.

Wielowarstwowe sztuczne sieci neuronowe to zagadnienia matema-
tyczne, ktore skladaja sie z wielu zestawdéw neuronéw nazywanych
warstwami, gdzie pierwsza nazywana jest wejsciows i stuzy do wpro-
wadzenia danych. Kolejne warstwy nazywane sg ukrytymi. Kazda
z warstw polaczona jest tylko i wylacznie z kolejng warstwag w struk-
turze sieci. Ukryte warstwy nie przyjmuja danych spoza sieci, jedy-
nie od swoich poprzednikéw. Sygnal opuszczajacy warstwe ukryta
nie generuje ostatecznego sygnalu wyjsciowego. Odpowiedzialna za
to jest warstwa wyjsciowa. Kazda z warstw moze posiadaé¢ wiele
neuronéw, ktére mogg stuzy¢ jako wejscia dla tych samych neuro-
néw w kolejnych warstwach.
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Wielowarstwowe sieci neuronowe pozwalaja na rozwigzanie zadan
nieliniowych.

Poprawno$¢ dzialania sieci neuronowej z nauczaniem nadzorowa-
nym okresla sie blizniaczo jak dla kazdego przypadku aproksymacji
funkcja danych (zadanie regresji) — poprzez wyznaczenie jednej lub
kilku z miar:

« kwadratu korelacji R?;

e btledu sredniokwadratowegoRMSFE;

o $rednioprocentowego btedu bezwzglednego MAPFE;
e $redniego bledu bezwzglednego MAE.

15.4.3 Optymalizacja

Optymalizacja jest procesem wyznaczania najlepszego rozwiazania
wedlug okreslonego kryterium. Mnogo$¢ algorytmdéw optymalizacji
sktania do przyjrzenia sie kilku najszerzej stosowanym. Algorytm
Wspinaczki (ang. Hill Climbing) [14] to technika optymalizacji ma-
tematycznej nalezaca do rodziny przeszukiwania lokalnego. Jest to
algorytm iteracyjny, ktéry rozpoczyna prace w dowolnym punkcie,
a nastepnie prébuje znalezé¢ lepsze rozwiazanie funkcji f(x), gdzie
x jest wektorem wartosci ciggltych lub dyskretnych. Poszuki-wane
jest lokalne minimum funkcji f(x), poprzez wprowadzanie przyro-
stowych zmian w optymalizowanym rozwiazaniu. Jesli zmiana ta
przyniesie lepsze rozwiazanie, w nowym rozwigzaniu wprowa-dza si¢
kolejna przyrostowa zmiane, az do momentu, gdy nie bedzie mozna
znalezé zmiany, ktéra poprawilaby wartosé f(x). Wtedy méwi sie,
ze x jest ”lokalnie optymalny”. Algorytm wspinaczki niekoniecznie
znajdzie maksimum globalne, ale moze zbiega¢ do maksimum lo-
kalnego. Problem ten nie wystepuje, jesli heurystyka jest wypukla.
Poniewaz jednak wiele funkcji nie jest wypuktych, algorytm moze
czesto nie osiggaé¢ globalnego maksimum. Problem ten staraja sie
rozwigzaé inne algorytmy przeszukiwania lokalnego, takie jak Sto-
chastyczny Algorytm Wspinaczki (ang. Stochastic Hill Climbing),
Spacer Losowy (ang. Random Walk) czy Symulowane Wyzarzanie
(ang. Simulated Annealing). Ponizej przedstawiono przykladowa
implementacje Algorytmu Wspinaczki w jezyku Python z uzyciem
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biblioteki NumPy.

def hill_climb(membership, solution):
counter = @
while True:
counter += 1
neighbours = []
for num_index in range(len(solution)):
first_part = solution[@:num_index]
change = solution[num_index:num_index+1]
last_part = solution[num_index + 1:]
if change[2] != membership[1]:
change_add = change + 1
inc = np.concatenate([first_part,change_add,last_part], axis = @)
neighbours.append(inc)
if change[@] != membership[@]:
change_sub = change - 1
dec = np.concatenate([first_part,change_sub,last_part], axis = @)
neighbours.append(dec)
actual = fitness_function(solution)
best = actual

for neighbour in neighbours:
new_cost = fitness_function{neighbour)
if new_cost < best:
best = new_cost
solution = neighbour
if best == actual: break
return solution

Rys. 15.7: Algorytm Wspinaczki w jezyku Python z uzyciem
NumPy.

Stochastyczny Algorytm Wspinaczki jest ulepszona wersja
Algorytmu Wspinaczki. Podczas, gdy algorytm w wersji podstawo-
wej zawsze wybiera najbardziej stroma czes¢ funkcji, wersja
stochastyczna wybiera losowo jedno wzniesienie funkcji, a prawdo-
podobienstwo wyboru moze sie zmienia¢ w zaleznosci od stromosci
funkcji w tym punkcie.

Kolejnym wartym uwagi algorytmem jest Symulowane Wyzarza-
nie (ang. Simulated Annealing) [15]. Jest to probabilistyczna tech-
nika wyznaczania przyblizenia globalnego optimum dla danej funk-
cji. W szczegdlnosci jest to metaheurystyka stuzaca do aproksyma-
cji globalnej optymalizacji w duzej przestrzeni przeszukiwania pro-
blemu optymalizacyjnego. W przypadku probleméw, w ktérych zna-
lezienie przyblizonego optimum globalnego jest wazniejsze niz znale-
zienie doktadnego optimum lokalnego w okreslonym czasie, Symulo-
wane Wyzarzanie moze sprawdzi¢ sie¢ bardzo dobrze.
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Symulowane Wyzarzanie jest oparte na praktykach metalurgicz-
nych, w ktérych material jest podgrzewany do wysokiej tempera-
tury, a nastepnie chlodzony. W wysokich temperaturach atomy
moga sie nieprzewidywalnie przemieszczaé, czesto eliminujac
zanieczyszczenia podczas chlodzenia materiatu do postaci czystego
krysztatu. Mozna to odtworzy¢ za pomoca algorytmu optymaliza-
¢ji Symulowanego Wyzarzania, ktorego ,stan energetyczny” odpo-
wiada biezacemu rozwiazaniu.

W algorytmie definiuje sie temperature poczatkowa, czesto
réwna 1, oraz temperature minimalng, rzedu 10~%. Biezaca tempe-
ratura jest mnozona przez pewien utamek « i w ten sposéb zmniej-
szana, az osiagnie temperature minimalng. Dla kazdej roéznej
wartosci temperatury uruchamiamy procedure optymalizacji rdze-
nia stala liczbe razy. Procedura optymalizacyjna polega na znalezie-
niu sasiedniego rozwiazania i zaakceptowaniu go z prawdopodobien-
stwem ef(©=f(") odzie ¢ jest rozwigzaniem biezacym, a n jest roz-
wiazaniem sasiednim. Sasiednie rozwigzanie jest znajdowane przez
zastosowanie niewielkiego zaklécenia w biezacym rozwiazaniu. Ta
losowos¢ jest przydatna, aby uniknaé¢ czestego problemu heury-
styk optymalizacyjnych, jaka jest wpadanie w putapke lokalnych
miniméw. Akceptujac potencjalnie mniej optymalne rozwigzanie
niz to, ktoére aktualnie posiadamy i przyjmujac je z prawdopo-
dobienstwem odwrotnym do wzrostu kosztu, algorytm ma wieksze
szanse na zblizenie sie do globalnego optimum. Projektowanie funk-
cji sasie-dztwa jest do$¢ skomplikowane i musi by¢ przeprowadzane
indywidualnie dla kazdego przypadku. Przyktadows implementacje
Symulowanego Wyzarzania w jezyku Python zamieszczono ponizej.

Wydajnym i skutecznym algorytmem optymalizacji sa algorytmy
genetyczne [16] (ang. Genetic Algorithms). Algorytm genetyczny
to heurystyka wyszukiwania inspirowana teorig ewolucji naturalnej
Karola Darwina. Algorytm ten odzwierciedla proces doboru natu-
ralnego, w ktérym najzdolniejsze osobniki sg wybierane do repro-
dukcji w celu wytworzenia potomstwa w nastepnym pokoleniu. Pro-
ces selekcji naturalnej rozpoczyna sie¢ od wyboru najzdolniejszych
osobnikéw z danej populacji. Dajg one potomstwo, ktére dziedzi-
czy cechy rodzicéw i bedzie dotaczone do nastepnego pokolenia.
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def simulated_annealing(sol len = 12, domain = [8,9], temperature = 1, alpha = ©.99):
solution = np.random.randint(domain[l], size = sol_len)
step = 1
count = @
while temperature > 18%**-4
temp_solution = solution.copy()
index_to_change = np.random.randint(sol_len)
change = np.random.choice([-step, step])

if temp_solution[index_to_change] == domain[B]:
temp_solution[index_to_change] += step

elif temp_solution[index_to_change] == domain[1]:
temp_solution[index_to_change] -= step

else:

temp_solution[index_to_change] += change

loss = np.random.uniform(@,1)
cost = fitness_function(solution)
temp_cost = fitness_function(temp_solution)
probability = math.e ** ((-temp_cost - cost)/temperature)
if (temp_cost < cost or loss < probability)
solution = temp_solutien
temperature *= alpha
count += 1
return solution

simulated_annealing()

Rys. 15.8: Implementacja Symulowanego Wyzarzania w jezyku Py-
thon z uzyciem NumPy.

Jesli rodzice maja lepsza ,kondycje”, ich potomstwo bedzie lepsze
od rodzicéw i bedzie miatlo wigksze szanse na przetrwanie. Proces
ten powtarza sie, a na koricu zostanie znalezione pokolenie z naj-
zdolniejszymi osobnikami. Nie zawsze jednak z najlepszych rodzi-
céw rodzi si¢ najlepsze potomstwo. Czasami skrzyzowanie stabszych
jednostek powoduje powstanie zdecydowanie lepszego potomstwa,
co jest uwzglednione w algorytmie. Algorytm genetyczny przebiega
w pieciu fazach:

1. populacja poczatkowa;
2. funkcja fitness;

3. selekcja;

4. krzyzowanie;

5. mutacja.

Proces rozpoczyna sie od zbioru osobnikéw, ktéry nazywamy popu-
lacja. Kazdy osobnik jest pewnym rozwigzaniem problemu (w wiek-
szosci przypadkéw nieoptymalnym), ktéry checemy rozwiazaé. Osob-
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nik jest charakteryzowany przez zestaw parametréow (zmiennych)
zwanych genami. Geny sa laczone w ciag, tworzac chromosom (roz-
wiazanie). W algorytmie genetycznym zestaw genéw danego osob-
nika jest reprezentowany za pomoca tancucha znakéw, w postaci
alfabetu. Zazwyczaj stosuje si¢ wartosci binarne (ciag 1 i 0). Mé-
wimy, ze kodujemy geny w chromosomie.

Gen

0
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1
1
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QRO
RN =

0 0| O
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1 1 0
1 1 1

=R =00} =l

Populacja

Rys. 15.9: Schemat podziatu zbioru na chromosomy.

Funkcja fitness okresla, jak sprawny jest osobnik (zdolno$¢ osobnika
do konkurowania z innymi osobnikami). Kazdemu osobnikowi przy-
pisuje ona wynik kondycji, a prawdopodobienstwo, ze dany osobnik
zostanie wybrany do reprodukcji, zalezy od jego wyniku tejze kon-
dycji.

Idea fazy selekcji jest wybdér najzdolniejszych osobnikdéw
i przekazanie przez nich swoich genéw nastepnemu pokoleniu. Dwie
pary osobnikéw (rodzice) sa wybierane na podstawie ich wynikow
kondycji. Osobniki o wysokiej kondycji maja wieksze szanse na by-
cie wybranymi do reprodukcji.

Krzyzowanie jest najwazniejsza faza w algorytmie genetycznym.
Dla kazdej pary rodzicéw, ktérzy maja zostac polaczeni, wybierany
jest losowo punkt krzyzowania sposréd wszystkich genow.

W niektérych nowo powstalych potomkach niektére z ich genéw
moga by¢ poddane mutacji z malym prawdopodobienstwem loso-
wym. Oznacza to, ze niektére bity w ciagu bitowym moga zostaé
odwrécone. Mutacja ma na celu utrzymanie réznorodnosci w po-
pulacji i zapobieganie przedwczesnej konwergencji. Algorytm kon-
czy dzialanie, jesli populacja jest zbiezna (nie wytwarza potom-
stwa, ktére znaczaco rézni sie od poprzedniego pokolenia). Mowi
sie wtedy, ze algorytm genetyczny dostarczyl zestaw rozwiazan na-



15.4. KONCEPCJA OPTYMALIZACJI ... 461

szego problemu. Przykltadowa implementacje Algorytmu Genetycz-
nego w jezyku Python zamieszczono ponizej.

def gene_mutation(domain, step, solution):
index_to_change = np.random.randint{len{solution})
if np.random.uniforn(8,1) » 8.5;
if solution[index_to_change] + step <= domain[1]:
solution]index_to_change] #= step
else;
if solution[index_to change] - step >= domain[@]:
solution[index_to_change] -= step
return soluticn

def genes_crossover(domain, solut_1, solut_2];
dividing_index = np.random.randint{len{solut_1})
solut_1_new = solut_l[:dividing index] + selut_2[dividing_index:]
raturn solut_ 1 _new

def genetic{domain, fitness function, population_size = 58, step = 1,
mutation_prob = 8.3, elitism_fract = B.3, generations_num = 18@):
sol_len = 12
population = [np.random.randint{domain[1]+i, size = sol_len) fer
elitism_num = int{elitism fract * population_size)
population_costs = [fitness_function{solution} fer solution in population]
np_arre = npoarray([population, population_costs], dtype = i O

in range{population_size)]

for _ in tgdm(range{generations_num)):

zort_mask = np_arr[:,1].argsert()
np_arr = np_arr{sert_sask][:elitism_num]
new_population = []

while np_arr.shape[@] + len{new_population) < population_size:

if np.random.uniform{d,1) < mutation_prob:
m = np.random. randint{elitism_num}
to_mutate = np_arr[m,8]
mutated = gene_mutation(domain, step, to_mutate)
mutated = hill_clinb(domain, np.array{mutated))
new_population. append{mutated )

else:
to_cross_1, to_cross_2 = np.random,randint(#, elitism_num, size = 2)
crossed = genes_crossover{domain, list(np_arr[to_cross_1,8]), list{np_arr[to_cross_2,8]))
crossed = K11l cldinb{dosain, np.array{crossed)}
new_population. append{crossed)

new_costs = [Fltness_fenction{solution) for solution im new_population]
new_np_arr = np.array{[new_population, new costs], dtype s "object"}.T
np_arr = np.concatenate([np_arr, new_np_arr]}

sort_mask = np_arr[:,1].argsort()
np_arr = np_arr[sert_mask]
return np_arr

Rys. 15.10: Przykladowa implementacja Algorytmu Genetycznego
w jezyku Python z uzyciem NumPy.

Poniewaz algorytm genetyczny jest algorytmem wydajnym
i skutecznym, zdecydowano, ze jest on najlepszym wyborem do
przeprowadzenia optymalizacji parametréw rozruchu turbiny. Pro-
ces optymalizacji powinien minimalizowa¢ réznice pomiedzy aktu-
alna wartoscia naprezen w krytycznej lokalizajcji podczas rozru-
chu, wynikajacej z odpowiedzi modelu sieci neuronowych, a na-
prezeniami dopuszczalnymi producenta — co opisuje wskaznik q
przedstawiony na poczatku Sekcji. Jednoczesnie nalezy uwzgledni¢
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pewien margines bezpieczenstwa pomiedzy tymi wartosciami oraz
zadeklarowaé, ze réznica musi byé wieksza od 0 (ograniczenie
wskaznika q na przyklad do 1 pozwala zachowa¢ margines 1 MPa).
Wynika z tego, ze algorytm optymalizacyjny moze zostaé urucho-
miony dopiero po skonstruowaniu modelu sieci neuronowych i musi
dziata¢ bezposrednio na jego odpowiedziach.

15.5 Wnioski

Uczenie maszynowe jest jednym z najbardziej istotnych elementéw
kolejnej rewolucji przemystowej i towarzyszacej jej analityki. Kon-
centruje sie¢ na wykorzystywaniu duzych zestawéw danych, wyko-
rzystujac metody statystyczne by identyfikowaé wzorce, iteracyjnie
szkoli sie modele do klasyfikowania lub predykcji w ramach projek-
téw eksploracji danych réznych zjawisk fizycznych.

Koncepcja wykorzystania przedstawionych w niniejszej pracy roz-
wigzan matematycznych zaklada stworzenie sieci neuronowej, ktéra
symulowaltaby zjawiska fizyczne zachodzace w rozpatrywanej turbi-
nie parowej na podstawie zadanych cech wejsciowych. Opracowany
model jest niezbedny do poprawnego dzialania algorytmu genetycz-
nego. Algorytm ten po procesie uczenia bylby w stanie zwracaé
optymalne krzywe rozruchowe dla aktualnego stanu pocza-tkowego.

Korzysci ptynace z zastosowania algorytmu optymalizacyjnego w po-
réwnaniu do istniejacych systeméw spodziewane sa by¢ najwicksze
wlaénie w stanach posrednich pomiedzy projektowanymi krzywymi
rozruchowymi. Krzywe rozruchowe okreslaja bowiem warunki prze-
prowadzenia optymalnego pod wzgledem czasu rozruchu dla kon-
kretnego stanu poczatkowego (np. 8h od odstawienia dla stanu gora-
cego, czy 48h od odstawienia dla stanu goracego). Natomiast w rze-
czywistodci rozruchy sg przeprowadzane ze zréznicowanych standw,
dla ktérych to algorytm optymalizacyjny bedzie mégt okresli¢ inng
wartos¢ gradientéw, ktore to doprowadza do rozruchu w czasie szyb-
szym, przy jednoczesnym zachowaniu zywotnosci.

Zalety przedstawionej koncepcji optymalizacyjnej jest to, ze algo-
rytm optymalizacyjny jest odrebnym systemem od istniejacego sys-
temu ograniczen termicznych turbiny. Dzigki algorytmowi optyma-
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lizacyjnemu operator méglby otrzymaé optymalne krzywe naboru
obrotéw/ mocy/ temperatury na obiekcie, bezposrednio przed pla-
nowanym rozruchem dla rzeczywistych wartosci poczatkowych, aby
mozliwie skrocié¢ czas rozruchu, jednak turbina dalej chroniona jest
przez istniejacy i zwalidowany wieloletnia eksploatacja system ogra-
niczen termicznych, ktéry to bylby systemem nadrzednym do algo-
rytmu optymalizacyjnego. W wyniku tego ryzyko podczas testéw
wdrozeniowych proponowanego rozwiazania ograniczone bytoby do
minimum.

Kolejng zaleta proponowanej koncepcji jest fakt, ze po dopracowa-
niu kodu algorytmu genetycznego statby si¢ on uniwersalny dla kaz-
dej innej konstrukcji turbiny parowej. Konieczna do zmiany bytaby
sie¢ neuronowa, gdyz odpowiedZ ukladu (warto$é naprezeni) byltaby
inna dla innej konstrukcji. Niemniej jednak nalezy zauwazy¢, ze
proces generacji zestawow danych z modelu MES oraz algorytmy
uczenia sieci neuronowej réwniez pozostalyby niezmienne. Z tego
powodu stworzenie systemu dla innej turbiny, oprécz budowy mo-
delu MES byloby zautomatyzowane.

15.5.1 Podziekowania

Praca zostala wykonana w ramach III edycji programu ,,Doktorat
Wdrozeniowy” ustanowionego komunikatem Ministra Nauki i Szkol-
nictwa Wyzszego.
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