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chloride solution at 50 °C was investigated under three conditions: as-welded, lower post-weld heat treatment at
800 °C, and higher post-weld heat treatment at 1000 °C. Microstructural examination revealed severe pitting in
the as-welded sample. The lower heat-treated sample had larger pits, while the higher heat-treated sample showed
homogeneous corrosion with a protective oxide coating. The as-welded sample had the highest corrosion rate,
followed by the lower heat-treated sample, which had a moderate rate, and the higher heat-treated sample had the
lowest rate. Electrochemical noise measurements confirmed these findings, with the higher heat-treated sample
showing negligible localized corrosion and homogenous corrosion behavior.
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Corrosion Studies on Post-Weld Heat Treated
Dissimilar AISI 2205 and AISI 310 Joints
Using Electrochemical Noise Analysis

Mahadevan Govindasamy X — Lloyd Jenner Mangalakaran Joseph Manuel — Senthilkumar Thamilkolunthu

Department of Mechanical Engineering, University College of Engineering, Anna University, India
P< gmahadevan80@aubit.edu.in

Abstract The corrosion behavior of dissimilar weldments between AISI310 and AlSI2205 stainless steels in a 5 % calcium chloride solution at 50 °C was
investigated under three conditions: as-welded, lower post-weld heat treatment at 800 °C, and higher post-weld heat treatment at 1000 °C. Microstructural
examination revealed severe pitting in the as-welded sample, with pit widths ranging from 270 um to 360 um. The lower heat-treated sample had larger pits
(310 um to 370 um), while the higher heat-treated sample showed homogeneous corrosion with a protective oxide coating. The as-welded sample had the
highest corrosion rate, followed by the lower heat-treated sample, which had a moderate rate, and the higher heat-treated sample had the lowest rate. The
corrosion current densities were 5.26x10~2 mA/cm?, 4.6x10~* mA/cm?, and 1.4x10~* mA/cm?, respectively. Electrochemical noise measurements confirmed

these findings, with the higher heat-treated sample showing negligible localized corrosion and homogenous corrosion behavior.

Keywords AISI2205, AlSI310, corrosion, electrochemical impedance spectroscopy, CaCl,

Highlights:

= Dissimilar AISI2205 and AISI310 joints were subjected to post weld heat treatment (PWHT) for improving its corrosion resistance.

= PWHT improved the corrosion characteristics of the dissimilar joints.

= Electrochemical noise evaluation revealed that noise intensity was lower in higher temperature PWHT 1000 °C than other joints.

1 INTRODUCTION

The requirement for advanced engineering applications requires
high-performance materials, often requiring welding of incompatible
metals. Dissimilar stainless steel welding is particularly notable for its
combined benefits of corrosion resistance, mechanical strength, and
cost-effectiveness [1] and [2]. AISI 2205 duplex stainless steel and
AISI 310 austenitic stainless steel are frequently used in industries
such as chemical processing, oil and gas, and marine environments
[3] and [4]. This combination leverages the high strength and
weldability of duplex stainless steel with the high-temperature
resistance of austenitic steel [5]. However, welding different stainless
steels poses challenges, particularly regarding corrosion behavior,
which affects the durability of welded structures in chloride-rich
environments [6]. Welding can alter the microstructure at the
weld junction, leading to variations in corrosion resistance [7].
Issues like residual stresses, phase transitions, and microstructural
heterogeneities near the weld interface can become sites for localized
corrosion, compromising joint integrity [8]. Research on corrosion in
stainless steel welds focuses on factors like welding procedures, filler
materials, and environmental conditions [9]. Galvanic corrosion,
driven by the electrochemical potential difference between base
metals, is a primary concern in dissimilar welds [10]. The corrosion
behavior is significantly influenced by welding process parameters
and post-weld heat treatment (PWHT) [11]. Calcium chloride (CaCl,)
solution is often studied for its resemblance to industrial chloride-rich
conditions, which promote pitting and crevice corrosion in stainless
steels [12] and [13]. PWHT mitigates the adverse effects of welding
by relieving residual stresses and homogenizing the microstructure
[14] and [15]. Methods such as high- and low-temperature treatments
each affect the welded joint’s properties differently [16]. Proper
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PWHT parameters can significantly enhance the corrosion resistance
of dissimilar welds in harsh chloride environments [17]. This study
evaluates the corrosion resistance of AISI2205-AISI310 dissimilar
joints subjected to PWHT at two temperatures, using electrochemical
techniques to monitor corrosion behavior in 5 % aqueous calcium
chloride over 12 days.

2 MATERIALS & METHODS
2.1 Material Preparation and Welding

The base materials used in this research were AISI 310 stainless steel
(SS) and AISI 2205 duplex stainless steel (DSS), both acquired from
Kheteshwar Metals, Mumbai, India, as rolled sheets with a thickness
of 5 mm. Selecting the right filler wire is crucial for achieving
optimal joint quality. ER2205 filler wire is particularly sought
after due to its lower ferrite content, which demonstrably improves
weldability [18]. As a better option, 2.6 mm ER2205 filler wire was
chosen for conducting welding studies. The chemical aspects of both
the base material (BM) and filler wire were determined by using
spark spectrometer. Sparks were ignited at various regions, and the
elemental composition was subsequently recorded. The BMs were
sectioned into rectangular pieces measuring 150 mm in length and
100 mm in width using abrasive cutting machine, and the edges were
then properly ground. Then, the cut pieces underwent a thorough
cleaning process for removing any dirt, oil, or impurities. The
welding process was done using a single V-butt joint configuration.
According to ASTM E8M 04 standards [19], V-shaped grooves were
prepared with a 40° angle and a root gap of 1.2 mm [20].
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A dual shielding gas controller and a customized GTAW welding
setup were used for fabrication of the joints. A 2.4 mm diameter,
2 % thoriated tungsten electrode that was positioned at a 45° angle
was used for the welding tests. The shielding gas was directed by
a (12.2 mm internal diameter) nozzle that was positioned 5 mm
distance. An electronic gas management unit was designed so that
shielding gases could be switched between. Two timing circuits, one
for each solenoid valve regulating the gases, were present in this
machine. To maintain a balanced 50 % duty cycle, both gases were
supplied at equal flow rates but alternated at regular intervals. Based
on the reported literatures [21] and [22] and trial experiments, specific
technological parameters for the welding experiments were selected
and are detailed in Table 1.

Table 1. Designation of joints, welding parameters and heat treatment details

Joint AISI310-AISI2205

Designation As-welded LPWHT HPWHT
Ageing temperature [°C] - 800 1000
Welding current [A] 90t0 120 90t0 120 90t0 120
Welding voltage [V] 141018 141018 141018
Welding speed [mm/s] 35 3.5 3.5
Gas flow rate [I/min] 8 8 8

e)

After joining AISI310 SS with AISI2205 DSS, the specimens
underwent PWHT. The dissimilar welds were heated for 90 minutes
at two aging temperatures, namely 800 °C at lower post-weld heat
treatment (LPWHT) and 1000 °C at higher post-weld heat treatment
(HPWHT), and subsequently quenched in water. Three sets of joints
were subjected to heat treatment, while one set was left untreated for
comparative analysis. The designations for the heat-treated joints and
information regarding aging temperatures are shown in Table 1.

2.2 Studies on Corrosion Characteristics

Aqueous calcium chloride with a concentration of 5 % was used to
create the caustic solution. To conduct each experiment, 100 ml of
corrosive solution was added to an open flask and heated to 55 °C
using an electrical heater. AISI2205-AISI310 dissimilar joints in
as-welded, LPWHT and HPWHT conditions were used to make the
electrodes. After being cut to the dimensions of 10 mm x 5 mm x
2 mm, the samples for the electrochemical procedures were polished
using silicon carbide paper, rinsed with distilled water, cleaned with
acetone, and dried in a warm air stream. For the electrical connection,
the specimens were spot-welded to a 150 mm long, 1 mm diameter
80.0Cr-20.0Ni wire. This wire was then separated from the corrosive
solution by enclosing it in glass tubes and filling the gap between

Spectrum 1

10 12
Full Scale 2375 cts Cursor: 0.000

Spectrum 1

2 4 6 8 10 12 14 16 18
f) Full Scale 2375 cts Cursor: 0.000 kev

Fig. 1. Micrographs and EDX analysis of dissimilar AISI310-AISI2205 samples exposed to an aqueous CaCl, solution: a) SEM as-welded sample, b) ADYX as welded sample in the as-welded condition,
¢) SEM - LPWHT sample, d) EDAX - LPWHT sample, e) SEM - HPWHT sample, and f) EDAX - HPWHT sample
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the glass tubes and the electrical connecting wire with refractory
silicon. Applying over-potential with a sweep rate of 1 mV/s, ranging
from —400 mV below to 800.0 mV above the corrosion potential, the
polarization curves were developed [23] and [24].

The electrochemical cell consisted of working electrodes (as-
welded, PWHT1, PWHT2), a reference electrode (Ag/AgCl), and
an auxiliary electrode (platinum wire). Electrochemical potential
and current noise measurements were carried out using a three
‘identical’ electrode configuration, with one reading per second to
compile records of 1024 points every four hours for 12 days. All
three electrochemical procedures were performed with an ACM Gill
8AC potentiostat accurately controlled by a personal computer. For
qualitative examination, the surface morphology of the corroded
specimens was investigated using scanning electron microscopy
(SEM) in conjunction with energy dispersive X-ray analysis
(EDAX). The SEM examination was carried out utilizing the JEOL
JSM-6490LV microscope.

3 RESULTS AND DISCUSSION
3.1 SEM-EDX Analysis

SEM-EDX images of the three corroded dissimilar AISI2250-
AISI310 joints (as-welded, LPWHT & HPWHT) which underwent
corrosion in CaCl2 solution are shown in Fig. 1a and b, Fig. 1c and d
and Fig. le and f, respectively.

According to the SEM with EDX examination, the three types of
welded samples exhibit diverse corrosion behaviors. The as-welded
sample exhibited heavily corroded surface with pits ranging from
270 um to 360 pm in diameter. EDX analysis found chloride species,
indicating that chromium and iron were selectively dissolved, most
likely as chlorides. This mixed corrosion process shows localized
pitting and general degradation, which are characteristic of untreated
weld joints exposed to chloride [25]. The LPWHT sample indicated
a morphology similar to the as-welded condition, but with slightly
larger pits (310 um to 370 pum). This indicated that, while LPWHT at
800 °C was intended to relieve tensions and polish the microstructure,
it was not completely efficient in preventing the beginning of
localized pitting corrosion, particularly in chloride environments.
Localized pitting and similar elemental trends reported in both
LPWHT and as-welded samples lend support to this theory. The
HPWHT sample exhibited an evenly corroded surface with no pits.
EDX examination revealed the creation of a protective oxide layer
predominantly formed of chromium and iron oxides, with nickel and
manganese present in trace levels [26]. Surface ruptures occur in as-
welded samples because there is no persistent oxide layer, resulting
in localized pitting and selective dissolving of alloy components
such as chromium and iron. This makes the surface susceptible
to hostile substances such as chlorides. In HPWHT samples, high-
temperature treatment promotes the creation of a homogeneous and
protective oxide layer, predominantly composed of chromium and
iron oxides, which greatly lowers surface deterioration and the risk
of localized corrosion. This homogeneous corrosion pattern, together
with the existence of a persistent oxide layer, suggests that HPWHT
at 1000 °C effectively reduces localized corrosion, offering increased
resistance to chloride-induced pitting [27].

3.2 Polarization Curves

Fig. 2 presents the polarization curves of AISI310-AISI2250 at
as-welded, LPWHT and HPWHT conditions. The parameters of
potentiodynamic polarization curves of dissimilar joints AISI2205-
AISI310 with different PWHT conditions exposed in the corrosive
solution are shown in Table 2. At higher temperatures, the as-welded,
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LPWHT, and HPWHT samples behaved differently, according to the
corrosion characteristics (Table 2).

Table 2. Parameters of potentiodynamic polarization curves of dissimilar joints AISI2205-AISI310
with different PWHT conditions exposed in the corrosive solution

AISI2205-AISI310" \s10905. AISI310 AISI2205-AISI310

dissimilar joint
Condition As-welded LPWHT HPWHT
L. [mV/decade] 304.7 291.2 134.6
p. [mV/decade] 71.2 99.6 51.3
E... [MV] 231.3 -14.8 56.9

L, [MACM?]  5.26x10° mA/cm® 4.6x107 mA/cm® 1.4x107* mA/cm?

600
500 by,
—-— As-Welded|; !
s 407 —tPwHT |1
E 300 o= HPWHT i,.' 7
© -
2 200 B N
L /"I ~.
&£ 100+ _o R
=< 7 .
0- — RN
-100 ™
200 +— ; : ; :
1x10°%  1x10* .01 1 100

Corrosion current density [mA/cm?]
Fig. 2. Polarization curves of AISI310-AISI2250 at as-welded, LPWHT and HPWHT

The as-welded sample had the maximum corrosion rate
(8,=304.7mV/decade, .= 71.2 mV/decade). The corrosion potential
E.,. was measured at 231.3 mV, and the corrosion current density
L.om Was 5.55x1073 mA/cm?, suggesting maximal susceptibility.
Corrosion potential (E£,,,,) denotes a material’s ability to corrode; a
lower E,,,, indicates greater susceptibility. Corrosion current density
(L.0,,) indicates the rate of material degradation. Higher /., values,
as seen in the as-welded sample, indicate faster corrosion and a
greater sensitivity to corrosion in severe conditions. In comparison to
the as-welded sample, the LPWHT sample demonstrated a moderate
improvement in corrosion resistance. With £, at 291.2 mV/decade
and f, at 99.6 mV/decade, the corrosion potential E,,,,. was found to
be —14.8 mV.

The corrosion current density was 4.71x 10 mA/em? (I,,,,),
indicating a medium corrosion rate. Among the samples tested,
sample C (HPWHT) exhibited the superior resistance to corrosion.
This was evident by its lowest Tafel slopes (8, at 134.6 mV/decade
and f, at 51.3 mV/decade). Additionally, it had the lowest corrosion
potential (E,,,. at 56.9 mV) and current density (1., at 1.45x10%
mA/cm?), signifying minimal corrosion susceptibility.

3.3 Electrochemical Noise Measurements

Fig. 3 presents the current and potential time series at 55 °C for as-

welded, LPWHT and HPWHT. These data were used for showing

the major localized corrosion activity, taking into account the three

typical forms of electrochemical noise generated by different types of

corrosion processes [28]:

a. Type I (Pitting): Consist of transients of high intensity with a high
repetition rate. This type of corrosion is often characterized by the
sudden appearance of small holes or pits in the metal surface.

SV-JME = VOL71 = NO12 = Y2025 = 5
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b. Type II (Mixed): It is a combination of transients of type I and
oscillations of short amplitude. This type of corrosion suggests a
combination of localized pitting and a more general attack on the
metal surface.

c. Type III (Uniform): The pattern noise is formed by oscillations
of low amplitude. This type of corrosion refers to a gradual and
relatively even attack on the entire exposed metal surface.

The as-welded specimens exhibited the highest corrosion rate,
indicated by significantly higher current density values compared
to LPWHT and HPWHT. As-welded specimens generally showed
potential and current time series with random oscillations of
extremely low intensity, resembling those observed at LPWHT
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& HPWHT. In comparison to LPWHT & HPWHT samples, the
potential noise for as-welded specimens showed a greater range,
roughly 118 mV, suggesting a nobler nature. This is consistent with
the distinct way that the CaCl, corrosion system responds to heat
treatment and lines up with the behavior shown in the polarization
curves. LPWHT sample’s current and potential time series showed
a clear noise pattern with noticeable transients and oscillatory
behavior. In electrochemical noise studies, oscillatory behavior in
LPWHT samples showed occasional breakdown and recovery of the
passive oxide layer caused by localized pitting corrosion [29]. This
indicated increased activity, especially on 5% and 6% day, which was
compatible with localized corrosion or the breakdown and recovery
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Fig. 3. Current and potential time series of the dissimilar joints exposed to CaCl, solution; a) current time series for as-welded, b) potential time series for as-welded,
c) current time series for LPWHT, d) potential time series for LPWHT, e) current time series for HPWHT, and f) potential time series for HPWHT
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of the passive film. Interestingly, the transient activity that was seen
on those days did not persist for the duration of the experiment,
suggesting that the process was localized and only took place on
those days. It is possible to interpret the notable transients seen on
those two days as the rupture of the passive oxide coating or localized
corrosion events because they were marked by abrupt current rises,
potential decreases, and recovery. The rupture of the passive oxide
coating in LPWHT samples happens when the protective film that
typically protects the metal from corrosion becomes unstable due to
localized pressures, impurities, or environmental conditions. This
disintegration exposes the underlying metal to corrosive chemicals,
which accelerates localized corrosion. Factors such as chloride ions,
temperature variations, and mechanical stressors can all weaken
the oxide layer and cause it to break. Once the protective coating is
compromised, corrosion accelerates until the oxide layer reforms or
stabilizes [30].

Even though these transients were noticeable on those two days,
the remaining time series showed low-amplitude random oscillations
that might have contributed to the localised activity in addition to a
mixed corrosion process [31]. This aligned with the findings from the
SEM analysis, indicating both techniques identified the susceptibility
of AISI2205-AISI310 joints to a combination of localized and mixed
corrosion processes. HPWHT showed no notable anodic or cathodic
transients in the current and potential time series, in line with the as-
welded condition. For HPWHT, the current density stayed negative
and extremely low, indicating a low expected rate of corrosion.
The cathode electrode’s preferential dissolution was indicated by
the negative values, which essentially reversed the direction of the
current. The present time series indicated low-amplitude random
oscillations without any notable anodic transients and just two
notable cathodic transients that would indicate the metallic oxide film
recovering [32]. As-welded specimens displayed markedly higher
current densities than PWHT?2, indicating accelerated corrosion
rates with rising temperature, a characteristic observed in the CaCl,
corrosion system as reported in previous studies [33].

3.4 Localization Index

The localization index (LI) was computed in order to measure the
correlation between the electrochemical noise signals and the
corrosion process. Localized corrosion activity is shown by L/, which
is the ratio of the current noise standard deviation (o;) to the root-
mean-square current value (/,,,,). The range of L/ values, typically
between 0 and 1, is taken into account in the study. L/ approaches
1 for current fluctuations that are noticeably greater than the mean
current. On the other hand, L/ values near 0 suggest that current
fluctuations are negligible in relation to the mean current [34].

Localization index of AISI2205-AISI310 dissimilar joints
exposed to CaCl, at different PWHT conditions are shown in Fig.
4. Throughout the experiment, L/ values were computed from
each time series record derived from the electrochemical noise
measurements. Values for the localization index were primarily
found in the interval between the uniform and mixed corrosion
zones. The mixed corrosion zone was primarily where the L/ of the
as-welded sample was located. This observation was consistent with
multiple transients being present in the electrochemical noise pattern,
indicating a combination of more widespread corrosion processes
and localized assault. Multiple transients in the L/ show the presence
of various corrosion mechanisms, including both localized and
uniform corrosion processes. This indicates that the electrochemical
environment is unstable, with fast swings in corrosion activity
resulting in pitting and general degradation, which is typical of mixed
corrosion behavior [35]. SEM data, which show a greater vulnerability
to localized corrosion attack, supported this observation.
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Fig. 4. Localization index (dimensionless) of AISI2205-AISI-310 dissimilar joints exposed to
CaCl2 at different PWHT conditions

The LPWHT sample exhibited L/ values positioned near the
border between uniform and mixed corrosion zones. This suggested
an intermediate behavior, where localized corrosion was less
pronounced compared to the as-welded condition. In mixed corrosion
zones, intermediate behavior in LPWHT samples results from partial
stabilization of the passive oxide layer, which reduces the severity
of localized corrosion when compared to as-welded samples. This
results in less noticeable pitting while yet allowing for some localized
attack, showing a balance of uniform and localized corrosion
processes [36] and [37]. This might be attributed to the absence of
significant transients in the corresponding electrochemical noise
data, potentially indicating a reduction in localized activity due to the
low-temperature post-weld heat treatment. In contrast, the HPWHT
sample maintained the L/ firmly within the uniform or generalized
corrosion zone. This consistency aligned with the minimal transients
observed in the electrochemical noise pattern, suggesting a
predominantly uniform corrosion process [38].

4 CONCLUSIONS

The corrosion performance of post-weld heat-treated AISI2205-
AISI310 dissimilar stainless steel joints exposed to a 5 % CaCl,
solution for twelve days was investigated experimentally. The
study incorporated SEM analysis alongside polarization curves,
electrochemical noise data, and electrochemical impedance plots.
According to the results, LPWHT joints and as-welded joints
displayed a mixed corrosion process, while HPWHT joints (treated
at 1000 °C) displayed a uniform corrosion process. HPWHT joints
had noise signals with a low amplitude and high-frequency pattern,
according to electrochemical noise analysis, which coincided with
the uniform corrosion that was seen visually. As-welded and LPWHT
joints, on the other hand, showed many medium-intensity transients,
indicating a more intricate corrosion process. A helpful indicator
of corrosion localization was produced by the localization index
parameter, which matched the visual observations of the corroded
samples quite well.
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Studija korozije neenakih zvarov AISI2205 in AISI310 po varjenju
z elektrokemiéno analizo Suma

Povzetek Korozijsko obnasanje neenakih zvarov nerjavnih jekel AISI310 in
AlSI2205v 5-odstotni raztopini kalcijevega klorida pri 50 °C je bilo raziskano
pod tremi pogoji: kot varjeno, z nizjo toplotno obdelavo po varjenju pri 800
°C in z visjo toplotno obdelavo po varjenju pri 1000 °C. Mikrostrukturna

Production Engineering

analiza je pokazala izrazito jamasto korozijopri varjenem vzorcu, pri cemer so
bile Sirine jamic med 270 um in 360 um. Vzorec z niZjo toplotno obdelavo
je imel vecje vdolbine (310 um do 370 um), medtem ko je pri vzorcu, ki je
bil toplotno obdelan visje, opaziti homogeno korozijo z zascitno oksidno
previeko. Najvisjo stopnjo korozije je imel varjeni vzorec, sledil mu je nizko-
toplotno obdelani vzorec z zmerno stopnjo, najniZjo stopnjo korozije pa
je imel visoko-toplotno obdelani vzorec. Gostote korozijskega toka so bile
526x103 mA/cm?, 4,6x10* mA/cm? oziroma 1,4x10% mA/cm?
Elektrokemi¢ne meritve Suma so potrdile te ugotovitve, pri Cemer je vzorec,
ki je bil obdelan z visjo toplotno obdelavo, pokazal zanemarljivo lokalizirano
korozijo in homogeno korozijsko obnasanje.

Kljuéne besede AISI2205, AISI310, korozija, elektrokemijska impedancna
spektroskopija, CaCl,
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Nader Afsharzadeh — Mohammad Eftekhari Yazdi XX — Arash Mirabdolah Lavasani

Islamic Azad University, Department of Mechanical Engineering, Iran
DX moh.eftekhari_yazdi@iauctb.ac.ir

Abstract Fin and tube heat exchangers (FTHEs) are utilized for gas-liquid applications frequently. In the current study, a differential evolution (DE) algorithm
and JDE as its variant, with o-level constraint-handling technique, are effectively applied to optimize an FTHE. Total weight and total annual cost are selected as
objective functions. Seven design variables are taken into consideration: outside tube diameter, transverse pitch, longitudinal pitch, fin pitch, number of tube
rows, height, and width of shape. Meanwhile, the logarithmic mean temperature difference (LMTD) method is used for heat transfer analysis under identical
conditions such as mass flow rate, inlet and outlet temperatures, heat duty, and other thermal properties. The research findings indicate that the implementation
of the DE algorithm coupled with a-level comparison method on optimization problems leads to better solutions for both objective functions compared with those
achieved by other approaches such as the genetic algorithm (GA) and heat transfer search (HTS) algorithm. In addition, a parametric analysis is performed
for design parameters at the optimum points to show the effects on the objective functions and to identify the feasible design space. The proposed method is
straightforward and can generally be employed for thermal design and optimization of FTHES as well as any other type of compact heat exchangers (CHES) under

different specified duties.

Keywords Fin and tube heat exchanger, thermal design, constrained optimization, differential evolution (DE) algorithm, total weight, total annual cost

Highlights

= Compact heat exchangers aim to minimize weight and annual cost in industrial use.

= Metaheuristic algorithms outperform trial-and-error methods in optimization.

= Differential evolution with o-level constraints achieves superior optimization results.
= Proposed method cuts weight by 9.33% and cost by 6.87 % from previous best results.

1 INTRODUCTION

The process of heat exchange between two fluids that are at different
temperatures and separated by a solid wall occurs in many engineering
applications. The device used to implement this exchange is termed a
heat exchanger (HE), and specific applications may be found in space
heating and air-conditioning, power production, waste heat recovery,
and chemical processing [1]. The area density is the ratio of heat
transfer surface to HE volume. A compact heat exchanger (CHE) has
a high area density compared to traditional HEs. CHEs are highly
effective and low in weight and cost. Fins are used on the gas side of
CHEs to compensate for high thermal resistance and enhance the heat
transfer coefficient. Plate-fin heat exchangers (PFHESs), fin and tube
heat exchangers (FTHESs), and rotary regenerators are examples of
CHE:s for gas flow on one or both fluid sides [2].

The most common criteria for the optimization of CHEs are
the minimum initial cost, minimum operation cost, maximum
effectiveness, minimum pressure drop, minimum heat transfer area,
minimum weight, or material. The optimization of a CHE can be
transformed into a constrained optimization problem and then solved
by modern optimization algorithms [3].

The following could be highlighted after looking into the studies
accomplished on the thermal design and optimization of PFHEs:
Rao and Patel [4] applied the particle swarm optimization (PSO)
algorithm for the thermodynamic optimization of a PFHE based
on three individual objective functions: total number of entropy
generation units, total volume, and total annual cost. Ahmadi et al.
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[5] used the e-NTU method and a nondominated sorting genetic
algorithm (GA) for the thermal modeling of a PFHE to minimize
cost and entropy generation. Wang and Li [6] introduced and carried
out an improved multi-objective cuckoo search (IMOCS) algorithm
for multi-objective optimization, including efficiency maximization,
minimization of pumping power, and total annual cost. Hajabdollahi
[7] compared two cases of similar and non-similar fins on each
side of the PFHE by using a PSO algorithm for thermo economic
optimization.

If one fluid is a liquid, different fin and tube configurations are
frequently used; the liquid passes through the tubes while the gas
flows across the bank of finned tubes. Various tube shapes might
be used such as circular tubes, ovals, rectangles, and any other
complex type. Compressor inter-coolers, air-coolers, and fan coils
are examples of power engineering and chemical applications that
employ FTHEs. Xie et al. [8] and Raja et al. [9] were seeking to
achieve the optimal design of an FTHE based on total weight and
total annual cost by employing GA and heat transfer search (HTS)
algorithms, respectively.

Compared to most other evolutionary algorithms (EAs),
differential evolution (DE) is much simpler and more straightforward
to implement. The main body of the algorithm takes a few lines to
code in any programming language. Also, the performance of DE
and its variants is largely better than other optimization algorithms
such as PSO, PCX, ALEP, etc. [10]. Babu et al. [11] applied DE
algorithm and its various strategies for the optimal design of shell
and tube heat exchangers. Ayala et al. [12] proposed a novel multi

DOI: 10.5545/sv-jme.2023.887



objective free search (FS) approach combined with DE (MOFSDE)
algorithm for heat exchanger optimization. Segundo et al. [13] by
considering a shell-and-tube heat exchanger and the total annual
cost as the objective function, employed DE algorithm, and Tsallis
differential algorithm (TDE) to optimize it. Also, Yuan et al. [14]
compared two helically coiled tubes’ heat transfer characteristics
and hydrodynamics by implementing an adaptive multi-objective
optimization DE algorithm.

Now, what is the best solution? Perhaps, this is the main question
that arises in an engineering optimization problem. However, in
most discussed thermal design and optimization studies about
CHEs, penalty function-based methods are employed to handle the
constraints and seldom can achieve a global solution that satisfies all
constraints. Differential evolution with Level Comparison (DELC)
for the first time is proposed by Wang and Li [15] and achieves
superior searching quality on all the problems with fewer evaluation
times than other algorithms. In this paper, DELC and JDE as a variant
of standard DE with level comparison (JDELC) are applied to the
thermal design and optimization problem of an FTHE.

The remainder of this paper is organized as follows: In Section
2, an FTHE is modeled by using a closed-form equation to predict
the heat transfer coefficient. The next section introduces objective
functions including total weight and total annual cost in addition to
corresponding constraints. Section 4 is about the traditional design
method used for FTHEs. Section 5 demonstrates the DE algorithm
and employs DE and JDE based on the a-level constraint-handling
technique. Section 6 illustrates a case study of FTHE and explains
the results and discussion. In Section 7, a parametric analysis is
carried out to obtain feasible design space. Finally, the conclusions
are delivered in Section 8, followed by the list of symbols and the list
of references.

2 THERMAL DESIGN

In the present work, an intercooler is considered as an FTHE
with a plain-fin type in which hot air flows normally to a finned
tube bundle while cold water flows inside tubes, as illustrated in Fig.
1. However, it is common to use other types of fins, such as wavy,
slotted, and louvered.
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2.1 Heat Transfer

For the geometry calculations of staggered tube arrangement, the
minimum free flow area on the airside is given by the following Eq.

(D 12]:
A —K_H—lJc+(P—d)(l—tN)}W 1)
‘min D t o S ’

t

where
c=2a if 2a<2b
e : o)
c=2b if 2b<2a
Values of 2a and b are determined as follows:
2a=(P~-d,)(1-1,N,), 3)
0.5
b=((05R) +P) —d,~(R~d,)i,N,. @)

The total heat transfer area of the heat exchanger is calculated as:

A=A4,+4,, ®)
where, 4, and A are the primary and secondary (i.e., fin) surface area
of the heat exchanger, respectively, and obtained by,

A, =md VN, (1-1,N,), (6)
T
A, = 2NfW(LH—ZdjN,j+21_,N,.WH, (N

where N, is the number of tubes and Nyis the number of fins per unit
length and defined as follows:

H

N, _(F,_IJN’ ®)
—+1

Ny=—p— €

For the air side, when number of tube rows is greater than one, the
Colburn factor (j,) correlation is suggested by Wang [16]:

o (FEYY(ENY(EN™
i =0.086ReN| 2| | 2| | 2|
Ja 0. [d J [dh] P (10)

c t

where j3 to jq is calculated by the following formulations:

Water d I d

Fig. 1. Fin and tube heat exchanger with cross section view
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0.41
F
Jy=-0361- 202N o ysgin| | 22| |, (11)
In(Re,, ) d,
P 1.42
0.076| -~
SRS YRR GV (12)
Ia ’ In(Re,)
Jo=—0.083+ 20BN (13)
ln(RedC)
Ji :—5.735+l.211n[%], (14)

then the heat transfer coefficient on the air side can be achieved by,

a”p,a . (15)

For the water side, the heat transfer area can be computed by the
following relationship:
A =ndWN,. (16)

The Nusselt number was approximated through the correlation
given by Gnielinski [17]:

L(Rew —1000) Pr,
Nu, =—3 , (17)

1+ 12.7(@')% (Prj/3 - 1)

where f;, is the friction factor and obtained by,

-2
£, =(1.82log ~1.64) " (18)
The heat transfer coefficient on the water side is as follows:
Nu_k
h, = LT . (19)
d

The basic quuation for the design of FTHE is developed in the Eq.
(20) [18],

Q=UA-T,=UA, T, =UA-T, (20)
under dry cooling conditions,
SR o I
—=——+R : @1)

it +R ot R
2wk WN, n,h,A

070

UA - 7/]ih[‘/‘li

where, R; and Ry, are the fouling resistances of inside and outside
tubes, respectively, and assumed negligible, #; and 7, are the fin
efficiencies of inside and outside tubes, respectively. The air side fin
efficiency is calculated from the modified Schmidt equation that has
been proposed by Hong and Webb [19],

_ tanh (mr)

22
n, - cos(mr¢), (22)
where
m= i, (23)
17k,

é :(%—1}[1+0.35m[%n. 24)

For rectangular fins, the equivalent radius is introduced by
Schmidt in the following correlation [20],

12 = SVJJME = VOL71 = NO 12 = Y2025

Vﬂ:mspf—/z( %—o.z], (25)

r r f

where r is the radius of the tube based on the outside tube diameter.
Then the air side surface efficiency can be obtained by,

ey

Here, the logarithmic mean temperature difference (LMTD)
method is applied for heat exchanger analysis.

0=UA4-T,,. 27

LMTD is the maximum temperature potential through the heat
transfer process that occurs in a counterflow heat exchanger and is
described as the following expression:

_ AT 4T,
AT, = AT (28)
In—L
AT,
where
AT, =T, -T,, (29)
AT,=T,, T, (0)

For a crossflow arrangement, Eq. (27) is modified with a
correction factor F,.,

Q=UAF.AT,,. @31

The correction factor F, is determined from charts or formulas
based on two dimensionless parameters: temperature effectiveness P,
and the ratio of heat capacity rates, R. Details of calculating these
parameters can be found in fundamentals of heat exchanger design

12].

2.2 Pressure Drop

On the air side, the friction factor is obtained from the following
correlation given by Wang [16],

12 13
P F
=0.0267Re]'| = | | 2| , 32
! 133 >
where
F
A :—0.764+0.739£+0.177—”—M, (33)
) d, N
f> =—15.689 + m,
ln(Redc) (34)
f,=1.696— %,
n( ed(:) (35)
Redr: = L,
H, (36)

where G, is the mass velocity of air regarding minimum free flow
area. Then the pressure drop on air side can be obtained as follows

[2]:

2
Apa:i f;ipa’i[ij +(1+O‘2) &_1 ,
2p; |77 A P.), P

[L] o [L] _1(L+L]. 57)
Pa)y  Pam Pa), 2\Pi P,

In the above equation, ¢ is the ratio of A,,;, to 4. Finally, the
pressure drop on the water side could be found by the following
equation,



2
ap, = LLII
2d,

i

(3%

3 OBJECTIVE FUNCTIONS AND CONSTRAINTS

Total weight and total annual cost are considered objective functions.
Total weight includes weight of fins and weight of tubes,

T
TW =A,p,t, + [ZJN,p,W(d; ~d}). (39)

Furthermore, total annual cost consists of investment cost and
operating cost which are given as:

TAC=C, +C,, (40)

c,=C,A", (41)

APV, AP
C, :(Kd,r ’] +(Kﬁ,r V’j . (42)
n J, L
The subsequent set of constraints is applied to the mentioned
objective functions:

AP, <AF, . 43)

AP, <AP, > (44)

1< Ai <1.2, (45)
3

dKo > 60, (46)

300 < Re, <2x10%, 47)

2300 < Re, <2x10°, (48)

where, Re, and Re, are Reynolds numbers based on d. and d,
respectively. The maximum allowable pressure drops on the air side
and water side, respectively, are denoted by AP, .y, and AP, 4y.

4 DESIGN METHOD AND PARAMETERS

The steps involved in heat exchanger design based on the LMTD

method using a trial-and-error process are as follows [18]:

1. Calculate the outlet temperature according to the heat transfer rate
(heat duty) and operating parameters using the steady flow energy
equation.

2. Look up the correction factor F,. and calculate LMTD; Eq. (28).

3. Select the size and arrangement of tubes and fins, and calculate
the heat transfer area Ag,; Eq. (5).

4. Calculate the convective heat transfer coefficients of the two sides
and then, the overall heat transfer coefficient U; Egs. (15), (19),
and (21).

5. Determine the Calculated heat transfer area 4_,;; Eq. (20).

6. Compare 4., With 4. If A 0> Ajyg, then go back to step 3, until
1 <A/ Aer<1.2.

7. Calculate pressure drops and Reynolds numbers on both sides;
Egs. (43), (44), (47), and (48). If they are larger than the allowable
pressure drops or are not in valid ranges of Reynolds numbers,
then adjust the size and arrangement of tubes and fins until they
satisfy specified allowable pressure drops, Reynolds numbers, and
step 6.

8. Calculate objective function.

Note that complex factors exist here without consideration and
this issue is covered by allowing an additional area of up to 20 %.

The outside tube diameter (d,), transverse pitch (P,), longitudinal
pitch (Py), fin pitch (), number of tube rows (), height of shape
(H), and width of shape (/) are assumed as seven design parameters.
These parameters and the range of their variations are listed in Table 1
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[8]. Shape length, L, is not considered an independent variable,
because it can be directly obtained from N and P,.

Constructional parameters except for the number of tube rows are
considered continuous for optimization purposes, however, they are
available in discrete quantities. If the precision of design parameters
is set to 0.01 (IV excluded, which takes values 2, 3, 4, 5, and 6), there
are 600, 1000, 1900, 750, 5, 350, and 200 choices for the above tabled
variables and therefore 600 1000 x 1900 % 750 x 5 x 350 x 200~ 10"
trial-and-error efforts are needed to find the optimal design which
is impossible. In the next section, first DE is explained, then we
implement DELC and JDELC algorithms instead of a trial-and-error
method to attain minimum objective functions in the feasible design
space.

Table 1. The upper and lower bounds of design variables

Design variable Search range
Outside tube diameter, [mm] 7t013
Transverse pitch, [mm] 20.51030.5
Longitudinal pitch, [mm] 131032
Fin pitch, [mm] 1108.5
Number of tube rows 2106
Height of shape, [m] 45108
Width of shape, [m] 3t05

5 DIFFERENTIAL EVOLUTION ALGORITHM

A heuristic called an evolutionary algorithm (EA) was first inspired
by biological evolution and employs mechanisms such as mutation,
recombination, and selection. In other words, EA evolves an initial
population after several generations. Therefore, the use of these
algorithms has become popular in solving many problems, including
engineering optimizations. In an optimization problem, the candidate
vectors represent the individuals of a population.

DE is a simple, yet powerful algorithm proposed by Price et al. [21]
and as a metaheuristic seeks to evolve an initial population toward
the optimal solutions by iteratively improving them. This algorithm
makes a few assumptions about the problem and can quickly reach
the best solutions.

5.1 Standard DE

The DE in its standard form has three main parameters: population
size NP, mutation factor F, and crossover rate CR. Attaining better
solutions and convergence completely depends on the setting of
these parameters. To adjust them, a few authors have suggested
as following: Price et al. [21] proposed the setting NP=10n,
where, n is the number of design parameters, F € [0.5,1], and CR
€ [0.8,1]. According to Ronkkdnen et al. [22], a reasonable choice
for population size is between 2n and 40n, F € (0.4,0.95], and CR
€ (0,0.2) or CR € (0.9,1) for separable and non-separable objective
functions, respectively. Note that here objective functions are non-
separable. Zielinski et al. [23] reported that, in many cases, the best
results are obtained with the setting of #>0.6 and CR>0.6.

The standard DE includes four principal operations during an
optimization problem: 1) initialization 2) mutation 3) crossover 4)
selection. The general structure of the algorithm is shown in Fig. 2.

5.1.1 Initialization

In a problem with » design variable, each candidate vector is defined
as X = (xy, xy, ..., x,,). The purpose is to optimize objective function
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f(X). In the beginning, an initial population is generated including
vectors as many as NP. Each member of the initial population is
generated from Eq. (49). As a result, the initial population is an NP
by n matrix.

Xip = X j(min) T rand (0,1)x (xj(maX) ¥ (min) )’ (49)

i=L2,...,NP and j=12,...,n,
where, Xjmax) and Xjmin) are the maximum and minimum values of
each design variable, respectively. Furthermore, rand(0,1) is a
uniformly distributed random number between 0 and 1.

Initialization

‘ Calculate fitness value of each vector }qi

v

Is termination
condition satistied?

*Yes

Save the vector with minimum fitness value as solution
vector

Fig. 2. Flowchart of standard DE algorithm

5.1.2 Mutation

In this step, a noisy population (donor vectors) is produced from
the initial population as follows: for each vector from the current
population, i, the mutated vector is obtained by combining three
randomly selected vectors according to the formulation below:

M, =(m,,....m, ) =X, + Fx(X,-X,), (50)
where, X, X,, and X, are three random vectors in the current
population between 1 and NP except ith. The mutation factor, F, is
a positive real number that controls the rate at which the population
evolves. F has no upper bound, however effective values are rarely
larger than 1 [21]. This mutation step is replicated for all original
vectors of the current population to produce new population members
that would improve the search space. This strategy, named DE/
rand/1, is the most popular and simplest DE variant, which uses one
difference as a perturbation of the base vector. There are many other
variants of the mutation mechanism that have been subsequently
proposed by Das et al. [10] and Price et al. [21], such as DE/rand/2,
DE/best/1, DE/best/2, etc. [24].

5.1.3 Crossover

After mutation, the ith original vector from the current population
is recombined with the corresponding vector from the mutated
population to produce the trial vector U;=(u;, ..., u;,,). Each element
of the trial vector is determined based on the following equation:

, 51
X, otherwise GD

{mm. if rand(O,l) <CRor j=R
i )
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where CR is between 0 and 1 which represents the probability of
selecting a trial vector from the original vector and mutated vector,
and R is a random integer number between 1 and 7.

5.1.4 Selection

As the last step, just one of the vectors, X; (original) and U; (crossed)
can survive. This selection is done based on the type of problem as
follows:

1. for an unconstrained problem, objective function values of the
two above vectors are the comparison criteria. If the goal is a
minimization problem, the vector with a lower objective function
value will be selected, and vice versa. Eq. (52) represents the
selection step due to the minimization of an objective function.
The following process is repeated for a certain number of
generations or until convergence criteria are satisfied.

X" = {U"t it f(ul)<s(x) (52)

X/ otherwise

2. If the problem is constrained, like the present case, in addition to
checking the objective function, the constraints’ fitness should
also be checked.

In the next section, we apply a-level comparison to handle the
optimization problem constraints.

5.2 Differential Evolution with Level Comparison

The canonical versions of EAs, including DE, lack a mechanism
to bias the search to the most feasible area since they were not
designed inherently to solve constrained optimization problems
[25]. Hence, this has triggered a significant amount of investigation,
and during the last years, many different methods for incorporating
constraints into the fitness function of an EA have been proposed
[26]. Practically, adjusting control parameters such as F and CR
and coupling them with suitable and effective constraint-handling
strategies can considerably enhance the search capability of DE
algorithms. Differential evolution with level comparison (DELC)
performs initialization, mutation, and crossover operations similar
to standard DE, but besides objective function values, a satisfaction
level for the constraints is considered, which indicates how well a
search point (candidate vector) satisfies the constraints. In other
words, this method quantifies the constraint violation [27].

Below, f(X) is assumed to be a general function that should be
minimized by the inequality constraints set g;(X) with k=1,...,p,
and equality constraints set 4y (X) withs=1,...,q.

m)in f(X) st. g, (X) <0;

k=12,...p; h(X)=0; s=12,..4. (53)

From the first generation (t=1) to the end (¢=Geny,,), the
selection between each original vector (X;) and its trial (U;) from the
current population, will be done regarding DELC. Also, f; and f; are
the objective function values of the mentioned vectors, respectively,

and u; and u, are their related satisfaction levels. For instance, the
resulting satisfaction level of vector X is determined by,

= (X)) =min{u, ()., (X)), oY

where all constraints are calculated from piecewise linear functions
as follows:

1 it g(X,)<0
u, (X)= 1—gk]()x") if 0<g,(X,)<h, (55)
k
0 otherwise



w, (X;)= b AR5 (56)
0 otherwise

where b, and b, are two positive numbers. In this study, the median
values of the constraint violations in the initial population are
employed and these parameters are updated after each generation.
Here, the selection between two sets of ( AX,), u(X;)) and ( f(U)),
1(U;)) based on DELC with « satisfaction level is according to:

et U (U= () lX)) o
X/ else

The a-level comparison <a and <a between (X)), u(X;)) =
(f1, ny) and (AU, u(U))) = (f5, u») are defined in this way:

Lt My Z
(fom) S, (fom) @ ishy if w=pm,, (58)
TR otherwise

It means that due to <a comparison, (f}, u,) is a better individual
compared to (f5, tp) when f] </ (in case of yu, uy>a or u; =pu,) or
11> u,. Similar consequences can be pointed for <o comparison. Fig.
3 depicts the detailed implementation of the DELC algorithm. For
those problems subjected to strong equality constraints, the a-level
should be controlled to obtain high quality results. However, in
this study, the a-level does not need to be controlled and like many
constrained problems, can be solved when a is constantly 1 [27].

5.3 JDE

A standard DE algorithm contains a set of parameters that are
remained constant throughout the optimization process. In order
to achieve optimal performance, the tuning of these parameters for
each optimization problem is necessary. Some researchers claim that
manually setting the DE inputs is not too difficult [21]. However,
some argue that this process may be effortful, especially for certain
optimization problems [28]. The setting of the control parameters
greatly affects the efficiency, effectiveness, and robustness of the
DE algorithm. Hence, best parameter selection is a problem-specific
question, because some may work well for some problems but not
for others [29]. JDE has self-adaptive control parameter settings and
shows acceptable performance in benchmark problems. JDE operates
in such a way that uses a self-adaptive approach to adjust /" and CR
parameters for the best optimization results. The control parameters
for JDE algorithm are:

Frl F,+rand F,, if rand,<rt, (60)
' F!, otherwise

CR™ — rand,, if rand,<t, ©1)
! CR/', otherwise -

randj with j € {1,2,3,4} are uniformly distributed random
numbers between 0 and 1 and 7; and 7, represent probabilities to set
factors F and CR where 7,=1,=0.1 is recommended, while F;=0.1
and F,=0.9, therefore the new range for F' value will be [0.1, 1] [30].

As well as DELC, we use JDE with level comparison (JDELC)
to obtain optimal structural parameters associated with an FTHE.
Note that JDELC has a similar procedure to Fig. 3, except that it
does not need to guess good values of ' and CR in the initialization
step and it has a self-adaption nature. The task of thermal design and
optimization by DELC and JDELC algorithms is conducted in the
Fortran programming language.
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Inputs:
n = number of design variables (x)
NP = population size, Gen,,,,, o, F and CR
Xpims Xpnay: Minimum and maximum values of each variable

v

Initialize population: each element is randomly generated between the
lower and upper limits
Initial population = [x; ]yps,
Then, calculate initial constraints violations

counterl =1

counter2 = 1

il

‘ Choose X = population(counter?2, :) ‘

olc

‘ counter2 = counter2 + 1 ‘

if counter2 < NP

Update constraints violations based on
updated population
counterl = counterl + 1

Determine best, median, mean and worst
results in the evoluted population

Select three random vectors from
3 |- A
current population except X

M (mutated vector)

U (Crossed vector)
A 4

a-level comparison

Fig. 3. Flowchart of DELC

6 A CASE STUDY AND RESULTS

To demonstrate the described procedure, a case study is considered
and the effectiveness of the proposed algorithm is assessed by
analyzing an application example that was earlier investigated by
GA [8] and HTS [9]. The model of FTHE is cross-flow and both
fluids are unmixed. The material of the tubes is stainless steel with
a thermal conductivity of 15 W/(m-K) and a density of 7820 kg/m3,
while the fin material is aluminum with a thermal conductivity of
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170 W/(m-K) and a density of 2790 kg/m3. Tables 2 and 3 show
operating conditions and cost function constants, respectively.

Table 2. Operating parameters

Variable Water side Air side

Flow rate, [kg/s] 39.2 58.2

Inlet temperature, [°C] 20 104

Outlet temperature, [°C] 51

Inlet pressure, [kPa] 174.5 174.5
Allowable pressure drop, [Pa] 5200 5200

Heat duty, [kW] 3115 3115
Table 3. Economic constants

Variable Value  Variable Value
Cost per unit area, [$/m2] 100 Electricity price, [$/MWh] 30
Exponent for area 0.6 Pump efficiency 0.5
Hour of operation, [h/year] 6500

For consistent comparison with previous works, air side, and
water side allowable pressure drops are considered as 30 Pa and 4500
Pa, respectively. Also, the thermophysical properties of the fluids

6.1 Minimum Weight Optimization

Table 5, reports the statistical results for total weight minimization,
including the best, median, mean, worst, and SD. The optimum
results are marked with boldface.

Table 5. Algorithms’ statistical results for total weight optimization

Gpax =500, NP =70, and o = 1

F Best  Median  Mean  Worst SD
02 1080.00 12065 12065 146411 1.27e2
04 101317 10137 101497 1041.77 59855

i 06 101317 101317 101317 1013.17 1.16e-16
08 101317 101502 101540 1019.14 15978
1 101317 101462 1017.11 1039.78 5.9981
12 102669 105582 105601 1089.65 16668

JDELC:

7,=1,=0.1, (Eq. (60

i ®0 OO0 401347 101347 101331 10165 0665

£,=09 (Eq. (61))

Table 6. Design results for minimum total weight consideration compared to GA [8] and HTS [9]

have been shown in Table 4. The subscript # m returns to the mean GA HTS DE
temperature value. Outside diameter, [mm)] 12.63 11.9 10.72
Transverse pitch, [mm] 28.94 30.8 20.5
Table 4. Thermophysical properties Longitudinal pitch, [mm] 27.26 30.7 14.89
Fluid Air Water Fin pitch, [mm] 1.23 1.2 1
T, = (T,+T,)/2, [°C] 775 205 Height of shape, [m] 7.29 7.79 8
pi» [kg/m’] 1612 ; Width of shape, [m] 4.08 3 3.39
Do [kg/m3] 1875 N Length of shape, [m] 0.0545 0.0614 0.0298
D1ms [kg/m3] 1734 9958 Number of tubes 502 504 779
Dave = (Prtpa)/2, [keg/m?] 17435 B} Number of fins 3318 2501 3391
Lo [P2S] 0.00002085 _ 0.0008059 Number of tube rows 2 2 2
_C;tm, [I/(kgK)] 1008 4180 Fin thickness, [mm] 012 0.12 0.12
Pr,., 07162 5.489 Volume, [m3] 1.62 1.43 0.81
k., [W/(mK)] N 06137 Heat transfer area, [m2] 2294.48 2165.3 1222.59
AT, = T),—T., - 104—39 =65 [°C] Pressure drop on air side, [Pa] 30 30 30
AT, = Th'o _ T“ =51-20=31[°C] Pressure drop on water side, [Pa] 4464 44951 4471.96
ATIm = (AT] —ATz) / (ln (ATI/ATZ)) =45916 [oc] Total annual cost, [$/year] 10873.7 10523 7580.1
F.=0.946 Weight of tubes, [kg] 584.66 406.45 630.61
Weight of fins, [kg] 750.42 711.65 383.12
Total weight, [kg] 1335.08 1118.1 1013.73

2000 +

Total weight [kg]
Y
8

1000

800

0 50 100 150 200 250 300 350 400 450 500
Number of generations

Fig. 4. Algorithms’ convergence performance for total weight minimization
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From the results provided in Table 5, it is observed that DELC with
F=04,0.6,0.8, and 1 and JDELC obtain the finest solution at least
once, but only DELC with = 0.6 and JDELC have a minimum of the
median, mean, and worst. Moreover, the SD of these two cases is the
lowest. So, these concluded as the best schemes. Fig. 4 demonstrates
the evolution process related to total weight optimization. As seen
from Fig. 4, DELC with F = 0.6 converges considerably earlier.
Also, after about 150 generations, there are very slight variations
in individuals, and finally, an acceptable level of optimal weight is
reached. As a result, DELC with F'= 0.6 provides better performance
than others and has been chosen as the best manner.

Table 6 shows DELC algorithm’s optimum solution for minimum
total weight and those obtained by the GA and HTS algorithms
previously. When compared to the results of the HTS algorithm,
which were reported before as the best in terms of total weight, a
significant decrease (33.4 %) in transverse pitch leads obviously
to an enormous increase (54.6 %) in the number of tubes and,
consequently, the weight of tubes increases by 55.2 %. The number
of fins increases (35.6 %) due to the rise in width of shape (13 %) and
decrease in fin pitch (16.7 %). Despite an increase in the number of
fins, a significant decrease in the length of shape (51.5 %) besides an
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DELC algorithm for minimum total annual cost is gathered in Table
8.

Table 7. Algorithms’ statistical results for total annual cost optimization

Gnax = 500, NP =70, and o =1

F Best  Median  Mean Worst SD
0.2 6778.76 7377.44 7491.69 8605.47 508.364
0.4 6286.38 6287.96 6484.78 7002.65 261.387

D;}i 0 06  6286.38 6286.38 6286.38 6286.38 1.85-12
08  6286.38 6286.38 6286.39 628668 0.05068
1 6286.38 6286.38 628843 6298.81 3.86347
12 633365 640327 639635 6462.06 374456

JDELC: F

u=0=01, (€0 (60) gog635 6286.38 628658 6291.36 0.996

F=01, CR
F,=09 (Eq. (61))

Table 8. Design results for minimum total annual cost consideration compared to GA [8] and
HTS[9]

GA HTS DE
increase in the number of tubes (As confirmed by Egs. (5) and (7), Outside diamet 1 1 m
resulted in a noticeable decrease (43.5 %) in the heat transfer area, uside |am.e er, [mm]
and so weight of fins decreases by 46.2 %. Transverse pitch, [mm] 21.78 20.4 20.5
Overall, the combined effect of changes in the weight of tubes Longitudinal pitch, [mm] 27.26 24.6 16.89
and fins results in a reduction of total weight of about 24.07 % and Fin pitch, [mm] 2.87 2.37 1.5
9.33 % employing DE as compared to GA and HTS, respectively. Height of shape, [m] 7.59 5.8 5.54
Width of shape, [m] 4.95 5 5
6.2 Minimum Cost Optimization Length of shape, [m] 0.0545 0.0492 0.03378
Like the first objective function, shown in Table 5, outcomes for Number of tybes 454 567 539
total annual cost optimization are calculated and listed in Table 7. Number of fins 2645 2111 3335
Similarly, the optimal cases are mentioned in boldface. Number of tube rows 2 2 2
From the results presented in Table 7, five items achieve the elite Fin thickness, [mm] 012 012 0.12
solution, but the median, mean, and worst are minimum for DELC Volume, [m3] 2.05 1.43 0.9357
only with /= 0.6 and F = 0.8 besides the SD of both choices is too Heat transfer area, [m?] 1114.45 989.37 876.73
small. Again, DELC with F' = 0.6 has a .high.er speed of convergence Pressure drop on air side, [Pa] 30 29.14 30
Com],;aredf to the t.Other asd 1(111tlstrat.ed m F(;g' > F.lmhte.m(.)re’bthet Pressure drop on water side, [Pa] 2654 1856.9 415117
number of generations needed to gain a good approximation is abou Total weight, [kg] 138852 113746 105213
150. It may make sense that convergence curves have considerable -
: . oo - Capital cost, [$/year] 6733.4 6269.2 5830.69
overshoot in both weight and cost optimizations, as shown in Figs. 4 -
and 5, however, it has been observed that the behavior is significantly Operating cost, [$/year] 689.1 483.6 457.97
influenced by design variable N. The optimum solution found by the Total annual cost, [$/year] 74225 6752.8 6288.66
10000 T
9500 +
9000 +
B 8500 T
=
&, 8000 -
§ ol 0N T~ e DELC with F=0.6
g 7000 + - DELC with F=0.8
€ 6500 4!
6000
5500 +
5000 t t t t t t t t t |
0 50 100 150 200 250 300 350 400 450 500

Number of generations

Fig. 5. Algorithms’ convergence performance for total annual cost minimization
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As before, when comparing the optimum solution obtained
by the DELC method to HTS findings, as the best result for total
annual cost, while the width of shape remains constant, a remarkable
increase (58 %) in the number of fins occurred by a large decrease
(36.7 %) in fin pitch. Despite an increase in the number of fins, a
noticeable decrease (31.3 %) in the length of shape has resulted in a
significant decrease (11.4 %) in the heat transfer area (As expected
from Eqs. (5) and (7)) and a considerable decrease in capital cost by
7 %. Furthermore, an increase in transverse pitch and a decrease in
height of shape reduce the number of tubes by 4.9 % and operating
cost by 5.3 %. As a result, when compared to GA and HTS, the
DELC algorithm saves 15.28 % and 6.87 % of the total annual cost,
respectively. It is important to mention that the design variables are
rounded in Tables 6 and 8 and the objective functions are calculated
accordingly.

The achievements for both objective functions show that the
DE algorithm with a-level constraint control, provides significant
improvements in optimal designs by finding the desirable variables
with satisfied constraints, compared to GA and HTS.

7 PARAMETRIC ANALYSIS

In this section, sensitivity analysis is used to determine how objective
functions are affected based on changes in structural parameters
and to indicate the feasible design space. For this purpose, each
variable is changed within the predefined ranges, while others are
kept constant at their optimum obtained by DE. Figs. 6 and 7 show
the influence of variation of outside tube diameter, transverse pitch,
longitudinal pitch, fin pitch, number of tube rows, height of shape,
and width of shape on total weight. In these figures, only areas shown
with symbols are feasible.

35
30
25

20

=@ -Outside Diameter
=& -Transverse Pitch
=& -Longitudinal Pitch
=<--Fin pitch

Outside tube diameter, Longitudinal pitch,
Transverse pitch, and Fin pitch (mm)

600 800 1000 1200 1400 1600 1800
Total Weight (Kg)

Fig. 6. Effect of outside tube diameter, transverse pitch, longitudinal pitch,
and fin pitch on total weight

As seen from these figures, increases in the outside tube diameter,
longitudinal pitch, number of tube rows, height of shape, and width
of shape lead to a linear increment in the total weight of the heat
exchanger, furthermore, as expected when transverse pitch and fin
pitch increase, the mentioned objective function values decrease.
Figures show that parametric optimization results agree with the
solutions acquired by DE algorithm because total weight is optimum
when transverse pitch and fin pitch are minimum and height of shape
is maximum. Accordingly, the optimum solution occurs when there
are two rows of tubes and the outside tube diameter, longitudinal
pitch, and width of shape are equal to 10.72 mm, 14.89 mm, and
3.39 m, respectively. Moreover, the feasible space for the design
parameters; outside tube diameter, longitudinal pitch, and width of
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shape is obtained in this way: 10.72 mm to 13.5 mm, 14.89 mm to
23.95 mm, and 3.39 mm to 3.41 m. Beyond this range, constraint
violation happens. As a result of parametric analysis, 24.45 % of
the solutions are practicable around the obtained optimal point.
Similarly, Figs. 8 and 9 illustrate the variation of those parameters in
the solution space for the total annual cost objective function.
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Fig. 7. Effect of height of shape, width of shape, and number of tube rows on total weight
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Fig. 8. Effect of outside tube diameter, transverse pitch, longitudinal pitch,
and fin pitch on total annual cost
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Fig. 9. Effect of height of shape, width of shape, and number of tube rows on total annual cost

The above figures indicate that an increase in the outside tube
diameter and fin pitch leads to a decrease in the total annual cost of
the heat exchanger, primarily due to the reduction in pressure drop,
which subsequently lowers the operation cost. However, increases in
transverse pitch, longitudinal pitch, number of tube rows, as well as
the height and width of the shape, result in a higher total annual cost.
This cost is optimal when the outside tube diameter, transverse pitch,



and width of shape are at their maximum (13 mm), minimum (20.5
mm), and maximum (5 m), respectively. Also, the optimum solution
is obtained where the longitudinal pitch, number of tube rows and
height of shape are equal to 16.89 mm, 2 m and 5.54 m, respectively.
In addition, as shown, those parameters are feasible for outside tube
diameter, longitudinal pitch, fin pitch and height of shape which are
within 13 to 13.5 mm, 16.89 mm to 25.57 mm, 1.17 mm to 1.5 mm,
and 5.54 m to 8§ m, respectively. It should be noted that an outside
tube diameter between 7 mm and 13 mm is selected as the search
range in the DE routine, but up to 13.5 mm is in the valid range [16],
and used in the parametric analysis. A violation of the constraint
occurs outside of these ranges. As a whole, 24.68 % of the space in
total annual cost parametric analysis is applicable.

8 CONCLUSION

In this paper, the DE algorithm and JDE as a variant of standard DE
are successfully implemented in the thermal design of a plain fin and
tube heat exchanger based on the minimization of the total weight
and total annual cost as two individual objective functions. For this
purpose, the a-level constraint-handling method is incorporated
into the global search capability of DE. Improvements in the results
are observed for both objective functions with those reported by
GA and HTS approaches previously. Finally, 24.07 % and 9.33 %
reduction in total weight, and 15.28 % and 6.87 % in total annual
cost are achieved using the DELC algorithm as compared to the two
mentioned procedures. Consequently, applying the DELC algorithm
to optimize FTHEs could give better results than the others. The
performance of the gas side in the present FTHE may be improved
by replacing continuous plain fins with high-performance fins, i.e.,
strip fins, slit fins, and louver fins. Furthermore, this study can be
extended to the optimization of other types of heat exchangers for
different goals in future work.

NOMENCLATURES

A initial heat transfer area, [m2]

Ay, hea;t transfer area based on overall heat transfer coefficient,
[m7]

A; water side heat transfer area, [m?]

Apin  minimum free flow area, [m?]

A, air side heat transfer area, [m”]

CR crossover rate,

Cy price per unit area, [$/m?]

Ci annual cost of investment, [$/year]

C,,  annual cost of operation, [$/year]

C, specific heat at constant pressure, [J/(kgK)]

d, fin collar outside diameter, [mm)]

d, hydraulic diameter, [mm]

d; inside tube diameter, [mm)]

d, outside tube diameter, [mm]

f friction factor,

F mutation factor,

F, correction factor,

F, fin pitch, [mm]

F, fin space, [mm]

H height of shape, [m]

k thermal conductivity, [W/(m’K)]

Ny number of fins per unit length,

NP population size,

N, number of tubes,

Nu Nusselt number,

m fin parameter defined by Eq. (23),

n number of design variables,

Process and Thermal Engineering

p exponent of area,

P, longitudinal tube pitch, [mm]

Pr Prandtl number,

P, transverse tube pitch, [mm]

R radius of tube based on d,, [mm]

Treq  €quivalent circular fin radius, [mm]
Re Reynolds number based on d,

Re,;.  Reynolds number based on d..,

Ry internal fouling resistance, [m?K/W]
Ry, external fouling resistance, [m?K/W]
Iy fin thickness, [mm]

TA total annual cost, [$/year]

TW  total weight, [kg]

U overall heat transfer coefficient, [W/(m?K)]
14 volumetric flow rate, [m>/s]

w width of shape, [m]

X design variable,

X vector of design variables

Greek letters

n pump and compressor efficiencies,
ny fin efficiency,

7, internal surface efficiency,

Mo external surface efficiency,

) minimum flow velocity, [m/s]

u fluid dynamic viscosity, [Pa-s]

o contraction ratio of cross-sectional area,
) density, [kg/m°]

T hours of operation per year, [hours/year]
AP pressure drop, [Pa]

AT, mean temperature difference, [K]
AT, logarithmic mean temperature difference, [K]
@ parameter defined by Eq. (24)
Subscripts

a air side

c cold side
f fin

h hot side

i inlet

m mean

min  minimum

max maximum

o outlet

t tube

w water side
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Uporaba diferencialnega evolucijskega algoritma
za termodinamicéno snovanje in omejena optimizacija
cevno orebrenega prenosnika toplote

Povzetek Cevno orebreni prenosniki toplote (COPT) so vrsta kompaktnih
prenosnikov toplote (KPT), ki je razsirjena v aplikacijah prenosa toplote med
plini in tekoCinami. V pricujoci Studiji se za optimizacijo COPT ucinkovito
uporabljata algoritem diferencialne evolucije (DE) in njegova razli¢ica JDE
s tehniko obvladovanja omejitev na ravni o. Za ciljni funkciji sta bili izbrani
skupna teZa in letni stroSek obratovanja prenosnika toplote. Zajetih je bilo
sedem konstrukcijskih spremenljivk: zunanji premer cevi, preéni razmik,
vzdolzni razmik, razmik reber, Stevilo vrst cevi, viSina in Sirina oblike. Za
analizo prenosa toplote pod enakimi pogoji, kot so masni pretok, vstopna in
izstopna temperatura, toplotna obremenitev in druge toplotne lastnosti, se
uporablja metoda srednje logaritemske temperaturne razlike. Za reSevanje
optimizacijskih problemov so bistveno primernejsi metahevristicni iskalni
algoritmi. Pri obeh cilinih funkcijah so se izboljSali rezultati v primerjavi z
genetskim algoritmom (GA) in tako imenovanim algoritmom iskanja prenosa
toplote. Parametricna analiza je potrdila, da sta vrednosti cilinih funkcij
minimalni pri najmanjsi vrednosti precnega razmika. Predlagana metoda
je preprosta in v sploSnem uporabna pri termodinami¢nem snovanju in
optimizaciji COPT in drugih vrst KPT za razliéne namene.

Kljuéne bhesede cevno orebreni prenosnik toplote, termodinamicna
zasnova, optimizacija z omejitvami, diferencialni evolucijski (DE) algoritem,
skupna teZa, skupni letni stroSek



Strojniski vestnik - Journal of Mechanical Engineering = VOL71 = NO 1-2 = Y2025 © The Authors. CC-BY 4.0 Int. Licencee: SV-JME

Microstructural and Mechanical Characterization of
WAAM-fabricated Inconel 625: Heat Treatment Effects
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Abstract Wire arc additive manufacturing (WAAM) is a promising technique for producing complex geometries of nickel-based superalloys, such as Inconel 625.
In this work, the microstructure and mechanical properties of Inconel 625 alloy produced by gas tungsten arc welding (GTAW) process of WAAM technology were
analyzed to investigate the effects of heat treatment on the top and bottom zones of the multi-layered wall structure. The deposited specimens were heat treated
at 980 °C for 2 hours, then water quenched (solution annealing). After heat treatment, microstructure reveals that the most common phases like laves, gamma,
and mono carbides (MC) are dissolved, which is clear by optical microscopy (OM), scanning electron microscopy (SEM), and energy dispersive spectroscopy
(EDS). Even after the heat treatment process, mechanical properties, such as micro-hardness results, demonstrate that the bottom zone of the multilayer wall
structure has a higher hardness value than the top zone. After the secondary phases were eliminated by the solution annealing procedure, the ultimate tensile
strength and yield strength were increased by nearly 17 % to 38 % and 15 % to 22 % in the top and bottom one of the multilayer wall structures, respectively.

Keywords wire arc additive manufacturing (WAAM), heat treatment, optical microscope, tensile strength

Highlights:

= WAAM with GTAW used to build multiwall Inconel 625 nickel-based superalloy structures.

= Heat treatment at 980 °C for 2 hours followed by water quenching was applied.

= Phases like Laves, gamma, and MC carbides dissolved after heat treatment.

= Hardness and strength improved; tensile strength increased by 17 % to 38 % after annealing.

1 INTRODUCTION

Additive manufacturing (AM) has revolutionized the production of
components with complex shapes, offering increased production
flexibility and efficiency [1]. This method allows for the creation of
fully dense parts using engineering and industrial materials such as
steel, titanium, and aluminium [2]. wire arc additive manufacturing
(WAAM) is a type of additive manufacturing (AM) that uses a
digital model to build complex metal parts by melting and adding
metal wire to the base material [3]. WAAM differs from powder-bed
fusion systems, such as laser and electron beam ones, since it uses
wire feedstock instead of powder [4]. WAAM has several advantages
over powder-based AM technologies, including more availability
of wire feedstock, cost-effectiveness, higher quality feedstock and
deposition, and less work-in-progress waste [4]. Laser bed fusion
and wire arc additive have their own advantages and disadvantages,
and the choice between them depends on the specific requirements of
the project. Laser powder bed fusion is better for small to medium-
sized components with high detail and internal features, while
WAAM is more suitable for large builds and customized objects with
decent precision and accuracy [3] and [4]. Particularly, arc-welding-
based additive manufacturing techniques, like WAAM, have gained
popularity in the manufacturing industry for their ability to assemble
large metal components quickly and cost-effectively [5]. WAAM
utilizes an electrical arc as a heat source to melt and deposit filler
wire layer by layer, creating near-net structure components. The
process has successfully produced massive metallic components,
demonstrating its potential for cost-effective manufacturing [6].
Three main types of WAAM processes exist: gas tungsten arc
welding (GTAW), gas metal arc welding (GMAW), and plasma arc
welding (PAW). GMAW boasts a higher deposition rate (2 to 3 times)
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compared to GTAW or PAW, but it comes with drawbacks such as
instability, increased weld smoke, and spatter [7]. On the other
hand, GTAW-based WAAM provides direct control over energy and
material inputs, allowing for more stable welding. Unlike traditional
automatic welding, GTAW WAAM follows a non-unidirectional
welding path [8].

AM technologies, such as direct laser deposition (DLD),
microplasma additive manufacturing (MPAM), and cold metal
transfer wire arc additive manufacturing (CMT-WAAM), have
garnered significant attention in the manufacturing industry due
to their ability to produce complex metal parts with high precision
and minimal material waste. Among these technologies, WAAM,
particularly the cold metal transfer (CMT) variant, has shown
notable advancements in the production of heat-resistant superalloys
like Inconel 625, making it a preferred method for manufacturing
components that require high strength and durability under extreme
conditions [9] and [10].

Crucial parameters influencing the WAAM process with GTAW
include welding current, voltage, polarity, gas flow rate, welding
speed, and electrode tip angle [11]. Inconel 625, a nickel-based
superalloy renowned for its exceptional corrosion resistance, high
strength, and toughness, finds applications across various industries
like aerospace, chemical processing, and marine engineering. When
produced using WAAM, Inconel 625 exhibits a microstructure
characterized by elongated crystallites, accompanied by favorable
mechanical properties [12]. WAAM offers several advantages,
including high energy density, excellent surface forming capabilities,
and the ability to customize microstructures by adjusting process
parameters. Refractory metals like niobium and molybdenum, present
in nickel-chromium alloys, contribute to solid-solution hardening,
further enhancing the properties of alloys like Inconel 625 [13].
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The CMT discontinuous WAAM strategy, in particular, allows
for lower heat input and improved control over the welding process,
leading to finer details and enhanced performance in thin-walled
components. Recent studies have demonstrated that this method
can significantly improve the material properties of Inconel 625,
including a 15 % increase in ultimate tensile strength at room
temperature and improved wear resistance at elevated temperatures
[14] and [15].

The selection of Inconel 625 for this study is based on its
exceptional properties, including high strength, corrosion resistance,
and weldability, which are essential for applications requiring
durability under extreme conditions. The alloy’s higher nickel content
compared to other Inconel grades enhances its performance in high-
temperature environments, making it a preferred choice in sectors
like aerospace and chemical processing. Furthermore, the ability to
fabricate complex shapes directly from digital models using WAAM
provides significant advantages in design flexibility and material
utilization, which are critical in modern engineering applications.
As the research into Inconel 625 continues to evolve, the findings
not only contribute to the understanding of additive manufacturing
techniques but also support the development of innovative solutions
for high-performance engineering challenges [9], [10], [14], and [15].

Studies exploring Inconel 625 production using WAAM
techniques have shown diverse results. A low heat input WAAM
process with a metal inert gas technique demonstrated increased
hardness, while a pulsed tungsten inert gas (TIG) welding process
with activated flux improved penetration and tensile strength
[16]. Additionally, WAAM-produced Inconel 625 alloys exhibited
favorable microstructure, forming quality, and metallurgical bonding,
with Ni and granular precipitated phases identified and promising
microhardness values reported [17]. The WAAM method has been
extended to create functionally gradient materials, such as SS321/
Inconel 625, with minimal interface issues. The resulting alloy
displayed a columnar dendritic structure with enhanced mechanical
properties [18]. Furthermore, the adoption of AM technology and
practices has been explored, focusing on their impact on mechanical
properties, microstructures, and welding parameters [19].

Optimization studies on WAAM techniques, such as activated
tungsten inert gas welding, have been conducted to identify ideal
welding process parameters for specific plate thicknesses [19].
Discussions on WAAM techniques and commonly used metallic
feedstock materials emphasize the cost-effectiveness and efficiency
of wire-based AM compared to powder-based AM for producing
large structural metallic components [20] and [21]. Following the
GTAW of the WAAM process, a solution annealing process at 980
°C for two hours is employed to dissolve secondary phases further
enhancing the mechanical qualities. Subsequently, water quenching
is utilized to rapidly cool the material, preventing the formation of
new secondary phases and improving tensile qualities. In summary,
the WAAM production method for Inconel 625 alloy, incorporating
the GTAW process, solution annealing, and water quenching,
consistently delivers high-quality, mechanically sound parts suitable
for diverse industrial applications. The significance of selecting 980
°C and a 2-hour duration for annealing WAAM-printed Inconel 625
alloy lies in the observed effects on material properties. Research
indicates that annealing at 980 °C for 2 hours increases the yield
strength of the material. Specifically, the yield strength remains
stable up to 1 hour of annealing but exhibits growth after the 2-hour
heat treatment. Additionally, this annealing process is linked to
the dissolution of a significant amount of the Laves phase and the
precipitation of the § phase, signifying a substantial impact on the
material’s microstructure. Moreover, the annealing conditions have
been associated with the absence of softening behavior in Inconel
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625 at 980 °C, in contrast to the observed softening at 1050 °C.
Therefore, the deliberate choice of 980 °C and 2 hours for annealing
is crucial due to its profound influence on the mechanical properties
and microstructure of WAAM-printed Inconel 625, ultimately
shaping the material’s strength and behavior [16], [22], and [23].

In the realm of AM, particularly with WAAM utilizing the GTAW
process, the current research aims to delve into the microstructural
and mechanical characterization of Inconel 625. This nickel-based
super alloy, renowned for its remarkable corrosion resistance and
high strength, plays a pivotal role in diverse industries, including
aerospace, chemical processing, and marine engineering. The
novelty of this study lies in its comprehensive exploration of the
effects of heat treatment on Inconel 625 additively manufactured
through WAAM with the GTAW process. By investigating crucial
parameters, the research not only contributes to the understanding of
the manufacturing process but also delves into the intricate details of
post-processing techniques. The incorporation of solution annealing
at 980 °C offers a unique perspective on enhancing mechanical
qualities and mitigating the formation of secondary phases. This
novel approach promises to provide valuable insights into optimizing
the production of high-quality, mechanically robust Inconel 625
components, advancing the field of AM with practical implications
for various industrial applications.

2 METHODS AND MATERIALS

A Gantry semiautomatic welding robot and a Fronius TPS 400i LSC
ADV power source are utilized to complete the WAAM process,
which was employed to construct the multilayer wall structure using
the GTAW method, as shown in Fig. 1. The multilayer wall structures
are additively welded onto a base plate made of Inconel 625 alloy
with a thickness of 13 mm. To determine the elemental composition
of the base plate, an optical emission spectroscopy (OES) test is
performed. Table 1 displays the elemental compositions found in the
base plate.

b)

(a)
Fig. 1. Images of a) GTAW welding machine setup with gantry,
and b) WELDING TORCH nozzle and WAAM printed multi-layered wall

Table 1. Chemical composition of Inconel 625 Alloy

Elements Si Mn Cr Mo Nb Fe Ni
wt. % 0.27 025 2112 8.84 3.80 426  60.15

The substrate was machined using a grinding machine and cleaned
with acetone to get rid of faults and ensure a flawless weld structure.
The process parameters considered were: current of 220 V, travel
speed of 90 mm/min, and filler wire feed speed of 380 mm/min. The
voltage was kept between 12 V and 14 V. The plate is firmly fixed
on the fixture after the parameters are established to avoid distortion.
Using a 3.2 mm diameter thoriated tungsten electrode that cannot
be consumed, the base metal is fused to create the molten pool. To
construct the thin-walled component, a molten pool was formed in



the base plate and filled with Inconel 625 alloy filler wire with a 1.2
mm diameter using a GTAW method based on WAAM technology.
The shielding gas used throughout the deposition procedure was pure
99.99 % argon inert gas with a flowing at a rate of 15 I/min.

By using the selected process parameter, the thin multilayer
wall structure is built layer by layer. By keeping a cooling period
of 120 seconds between succeeding layer depositions, the interlayer
temperature was decreased to room temperature. As shown in Fig. 1b,
the multilayer wall structure was built, which has 10 mm thickness,
66 mm height, and 120 mm length.

2.1 Heat Treatment Process

A muftle furnace, a kind of furnace that delivers homogeneous heating
of the material, is commonly used for the heat treatment process. This
makes it easier to make sure that the whole material is heated to the
needed temperature and maintained there for the necessary amount
of time, leading to a more uniform microstructure throughout the
material. The material is heated to a certain temperature, with 980
°C, and maintained at that temperature for a specific amount of
time 2 hours, throughout the heat treatment process [23] and [24].
Based on the material being annealed and the required qualities, this
temperature and time are carefully selected [12]. Overall, the solution
annealing procedure is a crucial step in producing high-quality
Inconel 625 weldments made by WAAM since it helps to enhance
the material’s mechanical qualities and make sure it satisfies the
specifications of several industrial applications.

2.2 Specimen Processing and Characterization

The top and bottom zones of the fabricated multilayer wall
structure’s microstructure, mechanical properties, and fractography
morphologies were then examined in two states: as-deposited and
heat-treated condition.

Samples from the top and bottom zones of the multilayered wall
structure are obtained, each measuring 10 mm by 10 mm, to perform
a microstructural examination. The extracted samples are polished to
a mirror-like finish without any noticeable scratch marks using coarse
and fine grid emery sheets. Sample specimens are electrolytically
etched for 15 to 20 seconds while connected to the direct current
(DC) supply using 2.1 grams of oxalic acid mixed with 200
milliliters of distilled water. To obtain the samples’ microstructures,
etched samples were analyzed for microstructure under an optical
microscope and with a SEM at various magnifications and locations
in as-deposited and heat-treated condition.

The top and bottom zones of the constructed multilayer wall
structure were subjected to tensile, fractography, and microhardness
tests, both in as-deposited and heat-treated condition. The American
Society for Testing Materials (ASTM) E8 standard’s tensile test was
carried out using a Universal Testing Machine (UTM) 600 kN [25].
The tensile specimens are extracted from the multi-layered wall
structure using wire-cut EDM machining process. This test is used
to determine the metallic material’s tensile strength, yield strength,
and ductility.

10,

30

All dimensions are in mm

Fig. 2. Schematic of Tensile specimen dimensions as per ASTM - E8 standard [25]
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The dimensions of the tensile specimen according to the ASTM
E8 standard are displayed in Fig. 2 Also, the fractography test on
the fractured surface of the broken tensile specimen was analyzed in
the SEM system to better understand the properties of the fractured
surface. To determine the hardness of the samples from the created
multilayer wall structure in as-deposited and heat-treated condition,
a microhardness test was carried out in the Vickers hardness machine
with a force of 1 kg.

3 RESULT AND DISCUSSIONS

3.1 Physical Characteristics

The GTAW process’s semi-automatic welding robot deposits the
multilayer wall structure, which consists of 42 layers with a height of
65 mm and a length of 120 mm. Due to the unidirectional deposition
technique, building and collapse are seen at the beginning and end
of deposition in the produced multilayer wall structure, as shown in
Fig. 3.

Collapse Built region
Multi layered wall

Base plate (Inconel 625 )

Fig. 3. Image of WAAM printed Inconel 625 Multilayer wall structure

The built zone reaches its maximum height in comparison to the
collapse region as the number of layers rises. This leads to inaccurate
deposited component dimensions. This issue is fixed by adding extra
passes at the wall’s end point to maintain an equal height between the
starting and ending points.

3.2 Microstructural Analysis

An optical microscope (OM) and a SEM were used to conduct
a microstructural study on the sample in order to understand the
underlying changes in phases and grain structure morphology in the
top and bottom zones of the constructed multilayer wall structure in
as-deposited and heat-treated conditions. The constructed multilayer
wall structure exhibits the effective grain structure.

3.2.1 Optical Microstructure as-Deposited Condition

The top and bottom zones of the created multilayer wall structure’s
optical microstructure pictures in their as-deposited form are depicted
in Fig. 4.

Most of the heat input during the WAAM process is lost by
convection and radiation to the surrounding atmosphere. The
bottom layer has efficient heat conduction because of the heat
being transported away through the substrate as well; as a result,
solidification happens quickly. Equiaxed blocky-like structure and
crystallite morphology are only practically feasible at very low
temperature gradient levels. The rate of solidification, however,
is slower at the top of the formed structure than it is at the bottom
because of the slow heat transfer. The observed microstructure has
varied in various areas of the deposit because of this difference
in thermal behavior during the additive welding process. The
microstructure in the top zone appears to be layered, and the
deposited layer can be identified by elongated crystallites, as shown
in Fig. 4a. The equiaxed blocky structure in the bottom zone of
the multilayer wall structure is shown in Fig. 4b due to the varied
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solidification rates. Moreover, gamma phases are only present in the
top zone of the multilayer wall structure, while secondary phases
can be found in both the top and bottom zones of the built structure.
These secondary phases’ generation and distribution in Inconel 625
produced by WAAM can be influenced by several process variables,
including heat input and cooling rate. Controlling these variables
is crucial for reducing the production of detrimental phases and
improving the material’s properties for the intended application. This
can be achieved by performing a heat treatment process.

Disi::nntim_mus
Grvstallites

Cellular
Crystallites

Elongated
Continuaus
LCrystallites

Fig. 4. Optical microstructure of Inconel 625 alloy in as - WAAM deposited condition from:
a) top zone, and b) bottom zone

3.2.2 Optical Microstructure with Heat Treatment

After heat treatment, it is found that there is an elimination of
secondary phases that can lead to a more homogeneous microstructure
in both the top and bottom zones of the multilayer wall structure.
Improvements in mechanical characteristics and microstructure can
all be attained through the disappearance of secondary phases after
heat treatment of multilayer wall structures.

Crystallites
10um

Fig. 5. Optical microstructure of Inconel 625 alloy in WAAM deposited and post heat treated
condition from: a) top zone, and b) bottom zone

Due to recrystallization occurring during the heat treatment
process in the bottom zone of the built structure, the microstructure
changes from the blocky structure to the refined grain structure,
as shown in Fig. 5b. Moreover, there is less uniaxial segregation

24 = SV-JME = VOL71 = NO1-2 = Y2025

of microstructure. After heat treatment, the precipitates in the
microstructure were dissolved, and evenly distributed re-precipitation
occurred.

Overall, recrystallization is encouraged by the heat treatment
process, which also improves the microstructure, and produces finer,
more equiaxed grains and better material properties. As a result,
components made in as-deposited and heat treated condition using
Inconel 625 WAAM have different optical microstructures. The
blocky microstructure of Inconel 625 also changes into a fine-grained
one after heat treatment, which enhances the material’s mechanical
properties.

i, i }%A'&blr- .'ﬁ\ E.(’ i == .
6. SEM image of: a) top zone as-deposited condition alloy by WAAM manufacturing,
and b) hottom zone as-deposited condition alloy by WAAM manufacturing

Fig.

To understand the microstructure in its as-deposited condition, a
SEM image at higher magnification, as shown in Fig. 6 was utilized.
The top zone of the constructed multilayer wall structure’s zones 1
and 2 (Fig. 7a and b) revealed by EDS analysis has a composition that
is nearly identical to that of the Inconel 625 alloy’s primary phase,
the Ni-based matrix. This composition amply demonstrates the solute
segregation with the erratic bright patches known as the ‘laves phase’
and the small particle sizes also visible in the microstructure image,
which is identified as MC carbides. The EDS data presented in Fig.
7d further elucidates the elemental distribution across three spots,
showing the following weight percentages.

(d) Ni Nb Cr Mo Si M Ti C
_spot Weight %

1 57.22 278 26.77 914 08 0.16 0.21 062

2 56.52 2.34 28.03 10.24 043 0.01 0.43 055

3 95 198 528 3.1 042 061 033 112

Fig. 7. EDS spectra from: a) spot 1 of top zone, b) spot 2 of top zone,
¢) spot 3 of bottom zone, and d) elemental analysis at the spots

The Cr-rich M23C6 carbides at the grain boundaries were
confirmed by the EDS image in Fig. 7c, according to a spot
examination of the bottom zone. Further the EDS data indicates
a high niobium content in Spot 3 suggests the formation of MC
carbides, which are critical for enhancing the strength and stability of
the alloy at elevated temperatures.

Fig. 8 displays the presence of delta precipitates, which are formed
due to the dissolution of secondary phases like laves phase, gamma
matrix, and MC carbides.

The dissolution of secondary phases is clear by the EDS spot
analysis, which is shown in Fig. 9 on the top and bottom zones of
the multilayer wall structure, and some of the secondary phases are
undissolved, which results in the reduction of ductility after the heat
treatment process of additively deposited Inconel 625 alloy. Notably,
the chromium (Cr) content is significantly higher in the bottom zone
(34.04 %) compared to the top zone (20.79 %), which may enhance



corrosion resistance and strength. Additionally, niobium (Nb) is much
lower in the bottom zone (2.34 %) than in the top zone (11.32 %),
potentially explaining the observed decrease in ductility.

Fig. 8. SEM microstructure of WAAM printed Inconel 625 alloy from:
a) top zone heat treated condition, and b) bottom zone heat treated condition
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Fig. 9. EDS spectra from: a) spot 4 of the top zone after heat treated condition,

and b) spot 5 of the top zone after heat treated condition

3.3 Mechanical Characteristics

To analyze the mechanical property of the multilayer wall structure,
a tensile test was taken on the top and bottom zones. Additionally,
a fractography test was carried out in the fractured zone of the
tensile specimen to correlate the results of the mechanical and
microstructural property tests. Microhardness tests were also carried
out. These tests were carried out both in as-deposited and heat-treated
condition in the top and bottom zones of the built multilayer wall
structure.

3.3.1 Tensile Test

The top and bottom zones of the multilayer wall structure’s tensile
specimens, as per ASTM-ES8 standard dimensions, were extracted
using wire cut EDM and tested using a universal testing machine
(UTM) under two different conditions: as-deposited and heat-treated.
Tensile test data, including yield strength, elongation, and tensile
strength, are displayed in Table 2. In the as-deposited condition, the
yield strength of the Inconel 625 alloy ranges from 340 MPa to 394
MPa, with the top zone exhibiting slightly higher values than the

Table 2. Tensile test results of as deposited and post printing heat treated Inconel 625 alloy
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bottom zone. This variation is likely due to differences in cooling
rates and thermal gradients during the deposition process. The
tensile strength also shows notable differences between the top and
bottom zones, with values ranging from 527 MPa to 623 MPa. The
elongation percentage was observed to be higher in the bottom zone
(59 %) compared to the top zone (53 %), suggesting a more ductile
microstructure in the bottom region, possibly due to lower residual
stresses or a more favorable grain structure.

According to the results of the tensile tests, the yield strength and
tensile strength in the top and bottom zones are improved by 15 % and
22 % and 17 % and 38 %, respectively, after the heat treatment process.
Specifically, the yield strength increases to 457 MPa in the top zone
and 416 MPa in the bottom zone, which aligns with literature data,
suggesting that heat treatment promotes precipitation strengthening
and the relaxation of residual stresses, leading to improved yield
strength. The tensile strength also improves significantly, reaching
approximately 729 MPa in both zones. However, the elongation
percentage decreases after heat treatment, with the top zone showing
43.5 % and the bottom zone 47 %. This reduction in elongation could
be attributed to the formation of precipitates that hinder dislocation
movement, resulting in increased strength but reduced ductility.
The comparison with literature data indicates that the mechanical
properties of Inconel 625 fabricated using WAAM are competitive
with traditional methods such as casting.

3.3.2 Fractography Test

The fractured surface of the tensile specimen was analyzed by using
SEM is shown in the Fig. 10a and b which represents the top and
bottom zones of multilayer wall structure in as-deposited condition,
whereas Fig. 10c and d represents the top and bottom zones with
heat treated condition. Fractography test was conducted using the
fractured tensile specimen to identify the connection between the
microstructure and the mechanical properties.

Fig. 10. Fractography micrograph of: a) and b) samples in as-deposited condition,
and c) and d) in heat treated condition of top and bottom zone of the multilayer wall structure

The deep dimples in the as printed samples corroborates the
occurrence of micro void coalescence and associated ductile fracture
with an elongation of 50 % to 60 %. However, on the other hand, the

) ) As deposited Heat treated
Mechanical properties - - As cast
Top zone Bottom zone  Literature data [9], [10], [26] Top zone Bottom zone Literature data [9], [10], [26]
Yield strength [MPa] 394 + 12 340 + 08 376.9 t0 400.8 457 =+ 11 416 + 6 41410 615 350
Tensile strength [MPa] 623 + 11 527 + 09 647.9 t0 687.7 729 + 8 728 + 11 827 t0 1024 710
Elongation [%)] 53 +5 59 + 2 4310 46.5 435 x4 47 = 4 30to 60 40
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heat treated sample shows a shallow dimples with plateau formation,
which indicates the chances of localized plastic deformation and
inter-granular cracking along with a minimal amount of micro-void
coalescence. Similar observations were reported in welding studies of
Ramor 500 Armor Steel [27] and [28]. Further studies are required to
understand the mechanism.

3.3.3 Microhardness Test

The built multilayer wall structure’s top and bottom zones were
measured for microhardness using the Vicker’s hardness testing
machine under two conditions: as-deposited and heat treated. Table
3 displays the results that were obtained. The hardness values for the
samples that were heat-treated and that were as-deposited is appear
to have undergone minimal change. However as compared to the
top and bottom zone of the constructed multilayer wall structure,
the hardness value in the bottom zone has improved in both the
conditions. When compared to the literature data, the hardness values
from the present study is higher than the reported ranges of 145 HV to
220 HV for the annealed condition and 243 HV to 247 HV for the as
printed condition. This indicates that the multilayer wall structure in
the current investigation demonstrates enhanced hardness properties
relative to previously documented results.

Table 3. Microhardness of WAAM deposited Inconel 625 alloy in as-deposited and heat-treated
condition

Mechanical Heat treated condition As-deposited condition
properties

Micro-hardness (HV) Topzone  Bottomzone  Top zone  Bottom zone
Present study 2159+ 09 273.8+08 209.4 +04 287 =06
Literature data [10] 14510 220 243 to 247

4 CONCLUSIONS

The Inconel 625 alloy multi-layered wall construction underwent
unidirectional GTAW welding, resulting in decreased height
at the end of the process, necessitating additional passes for
dimensional accuracy. Following a 2-hour heat treatment at 980
°C, the microstructure exhibited fine dentrites, a transformation
from discontinuous and elongated dentrites. The multilayer wall
structure primarily comprised Ni-Cr matrix-based gamma phase,
laves phases, and MC carbides, dissolved through the heat treatment
process. This treatment led to a 17 % to 38 % improvement in
ultimate tensile strength and yield strength in the top zone and a
15 % to 22 % enhancement in the bottom zone, attributed to delta
precipitate formation and laves phase dissolution. While the average
microhardness showed no significant change post-heat treatment, the
bottom zone exhibited a higher microhardness value compared to the
top zone.
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Karakterizacija mikrostrukture in mehanskih lastnosti
Inconela 625 po obloénem navarjanju z Zico:
ucinki toplotne obdelave

Povzetek Oblocno navarjanje z Zico (WAAM) je obetavna tehnika za izdelavo
kompleksnih geometrij superzlitin na osnovi niklja, kot je Inconel 625. V
pricujoCi raziskavi smo analizirali mikrostrukturo in mehanske lastnosti zlitine
Inconel 625, izdelane s postopkom oblo¢nega varjenja s plinskim volframom
(GTAW) v tehnologiji WAAM, da bi raziskali ucinke toplotne obdelave na
zgornjo in spodnjo cono vecplastne stenske strukture. Vzorci so bili dve uri
toplotno obdelani pri 980 °C, nato pa ohlajeni z vodo (Zarjenje z raztopino).
Po toplotni obdelavi mikrostruktura razkriva, da so najbolj pogoste faze, kot
so laves, sekundarne faze (y’) in monokarbidi (MC), raztopljene, kar je jasno
opazno z opticno mikroskopijo (OM), skenirno elektronsko mikroskopijo (SEM)
in energijsko disperzijsko spektroskopijo (EDS). Tudi po postopku toplotne
obdelave mehanske lastnosti, kot so rezultati mikrotrdote, kazejo, da ima
spodnja cona vecéplastne stenske strukture visjo vrednost trdote kot zgornja
cona. Po odstranitvi sekundarnih faz s postopkom raztopinskega Zarjenja
sta se natezna trdnost in meja plasticnosti v zgornjem in spodnjem delu
vecplastne stenske strukture povecali za skoraj 17 % do 38 % oziroma 15 %
do 22 %.

Kljuéne besede oblocno navarjanje z Zico (WAAM), toplotna obdelava,
opticni mikroskop, natezna trdnost
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Quantitative Sequential Modelling Approach
to Estimate the Reliability of Computer Controlled
Pneumatically Operated Pick-and-Place Robot
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Abstract Pneumatically controlled pick-and-place robots are an integral part of contemporary manufacturing processes and have the potential to enhance
the precision and velocity of numerous production-related tasks. As automation continues to disrupt various sectors, the role of these robots is becoming
increasingly crucial. Achieving peak performance in robot operations requires a relentless focus on safety and reliability. As a result, subsequence reliability
should be considered carefully from the initial part of the design phase. Roboticists need to identify the dependable subsequences and parts of the robot’s
operational framework in prior to access the system’s overall reliability. This analytical technique aids in component identification and demonstrates how to
measure redundancy to ensure dependability and robustness. Based on recent theories and frameworks, the researchers can understand the factors that have
more impact towards the reliability of pneumatically driven pick-and-place robots. Thus, this research work improves an exhaustive dependability analysis of a
computer-controlled pneumatically operated pick-and-place robot. As part of our methodology, we use modern LabVIEW software to conduct a comprehensive
failure analysis and estimate the reliability of the sequence.

Keywords pneumatically controlled pick-and-place robots, automation, reliability, LabVIEW software, failure analysis

Highlights:
= Modern factories use pneumatic robots to boost production speed and accuracy.

= Subsequence reliability ensures safety and optimal system performance.
= LabVIEW aids in dependability analysis, identifying key parts and redundancies.
= MRPM model focuses on redundancy and quantitative reliability calculations.

1 INTRODUCTION

Pneumatically operated pick-and-place robots are essential
components of contemporary manufacturing operations, providing
accuracy and efficiency in task execution. These robots employ
compressed air as propulsion, enabling them to execute rapid and
precise pick-and-place operations within assembly lines and other
manufacturing settings. The relevance of these entities lies in their
capacity to optimize efficiency through the reduction of cycle times
and the augmentation of throughput. Pneumatically controlled
pick-and-place robots significantly enhance efficiency and quality
assurance within manufacturing operations by effectively managing
a wide range of materials and components [1].

The importance of automation in manufacturing is growing, as it
brings about a significant transformation in industries by improving
efficiency and production. Robots facilitate this shift by optimizing
industrial processes accurately and efficiently. Their adaptability
enables the completion of diverse activities, ranging from assembly
to packaging, with uniformity and precision. In the current market
landscape, firms are compelled to adopt automation and robots to
maintain competitiveness, foster innovation, and effectively address
the changing needs of consumers [2] and [3].

Safety and reliability are of utmost importance in robot activities
within industrial settings, owing to the substantial hazards associated
with such operations. Robots frequently collaborate with humans,
operating extensive machinery and possibly dangerous substances.
Using stringent safety standards mitigates the likelihood of accidents,
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injuries, and equipment damage. Moreover, ensuring dependable
robot performance is essential for sustaining output and averting
expensive periods of inactivity. The prioritization of safety and
reliability serves the dual purpose of safeguarding workers and assets
while cultivating a working environment that promotes efficiency
and success [4].

Ensuring the entire reliability of the system is crucial during the
design phase of robotics, with a particular emphasis on sequence
reliability. Through careful evaluation of the dependability of
each subsequence from the beginning, engineers will detect any
vulnerabilities and enhance them for optimal reliability. This entails
evaluating individual elements’ dependability and interplay within
the administrative structure. Through this approach, designers
can minimize potential hazards and boost the robot’s overall
dependability, resulting in heightened operational availability,
decreased expenses associated with maintenance, and improved
efficacy in practical scenarios [5] to [7].

Analytical methodologies are of paramount importance in
evaluating the dependability of robotic systems. Roboticists employ
many techniques, including failure mode and effect analysis
(FMEA), fault tree analysis (FTA), and reliability block diagrams
(RBD), to detect potential failure modes and assess their influence
on system reliability. Identifying components is a crucial aspect of
this process, as it enables the recognition of essential elements and
their respective probabilities of failure. Furthermore, redundancy
techniques are employed to improve reliability and resilience, which
may include the integration of backup components or duplicate
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systems. By utilizing these analytical methodologies, roboticists can
proficiently assess and enhance the dependability of robotic systems,
guaranteeing optimal functionality across a wide range of operational
contexts [8].

Current studies have concentrated on comprehending the variables
that impact the dependability of pneumatically operated pick-and-
place robots. This entails analyzing the impact of factors such as
air pressure variations, component deterioration, and environmental
circumstances on the system’s functioning. Researchers can
build theories and frameworks to optimize these robots’ design,
maintenance, and operation by gaining insights into these issues.
The comprehension of these factors has significant importance
in enhancing the overall reliability of a system, as it empowers
engineers to enact proactive steps, such as carefully selecting sturdy
components and establishing regular maintenance plans, to reduce
prospective concerns. Eventually, it improves the reliability and
durability of pneumatically operated pick-and-place robots in many
industrial settings.

The primary aim of this study is to conduct a comprehensive
examination of the reliability of a computer-controlled pneumatically
operated pick-and-place robot. This seeks to assess multiple elements
that impact the dependability of the robot, such as its components,
operational conditions, and environmental factors. Through a
comprehensive examination, this research aims to offer valuable
insights that can improve the design, maintenance, and operation
of comparable robotic systems. Finally, the objective is to enhance
the reliability and performance of these systems in industrial
environments.

The research approach employed in this study entails the utilization
of contemporary LabVIEW software to perform an exhaustive failure
analysis and assess the reliability of sequences. LabVIEW is a robust
programming environment that empowers researchers to create
customized programs to accomplish their research requirements. In
our research, it enables the examination of several failure modes and
their influence on the dependability of the pneumatically controlled
pick-and-place robot. Using LabVIEW’s functionalities, researchers
can effectively collect and analyze data, enabling a comprehensive
assessment of the system’s reliability [9] and [10].

2 METHODS AND MATERIALS

The computer-controlled robot uses three pneumatic cylinders to
rotate its base, lift things, and clamp them. The movable arm of the
robotic system is fixed on a rotating base that can move from the
source point to the target point in the appropriate locations. The base
rotation is controlled by rack and pinion mechanism, which is fully
operated by pneumatic cylinders and controlled with computers
through solenoid direction control valves (DCV) [11]. The electrical
relays and data acquisition cards (DAQ cards) with hardware
interfacing circuits are connected with LabVIEW software are used
to control the robot. The major components in automatic robot are
shown in the Fig. 3.

The pneumatic cylinders 1, 2, and 3 in the pick-and-place robot
are sequentially activated by energizing the solenoid coils 1, 2, and
3. The first cylinder serves the purpose of securing the objects within
the conveyor line. In contrast, the second cylinder elevates the robotic
arm to a predetermined height, preventing potential collisions with
other peripherals linked to the machining center. Subsequently, the
third cylinder is engaged to rotate the base to the designated position
to position the components. The operational sequence exhibits
a uniform temporal delay of five seconds. To obtain the reverse
sequences in the pick and place robot, the computer consecutively
energizes solenoid coils 2, 1, and 3 with a time delay of five seconds.

Fig. 1 depicts the connectivity diagram of a computer-controlled
pick-and-place robot [12].

The successive parts encompass the steps
sequence reliability estimation, the collection of failure data for
cach subsequence, the experimental test, the assessment of the
failure probability function, the analysis of computer reliability,
the subsequence reliability model, the results obtained, and the
subsequent analysis and interpretation.

involved in

Regulated power

Compressed air supply
Filter LED indicators
regulator

lubricator

l Mechanical Module

. MICRO
pheumatic Display CONTROLLER
switch DC motor Robot
P—— drives arm
terfacing [
module

Electronic module
selenoid coils

B

Fig. 1. Connectivity diagram of computer-controlled pick and place robot

The concluding section elucidates the outcome of this endeavor.
The image of the pick and place robot (prototype) is taken for
reliability analysis is shown in Fig 2.

Fig. 2. Computer controlled pick and place robotic arm

2.1 Steps in Sequence Reliability Estimation

Sequential reliability estimation is a process used to assess the
reliability of a system or process over time, often in the context of
ongoing operation or testing [13] and [14]. Here are the general steps
involved in sequential reliability estimation:

* Define the system: Clearly define the system or process you are
evaluating for reliability. This includes identifying all compo-
nents, subsystems, and their interconnections.

+ Identify failure modes: Determine the potential failure modes
of each component or subsystem within the system. This entails
knowing the circumstances or stresses that can lead to failure as
well as how each component can fail.

 Define reliability metrics: Establish the reliability metrics that will
be used to evaluate the system. Common metrics include mean
time between failures (MTBF), probability of failure within a giv-
en time frame, or reliability function over time.

* Data collection: Collect data on system performance and failures
over time. This data may come from field observations, testing, or
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Fig. 3. Major components of automatic pick and place robot

simulations. Ensure that the data is comprehensive and accurately
reflects the operational conditions of the system.

Model development: Develop a statistical model to represent the
reliability of the system based on the collected data. This model
describe factors such as time, usage, environmental conditions,
and maintenance activities.

Initial reliability assessment: Use the initial data and model to es-
timate the current reliability of the system. This provides a base-
line for comparison as the analysis progresses.

Continuous monitoring: Continuously monitor the system for ad-
ditional failures and collect updated data. This may involve real-
time monitoring, periodic inspections, or ongoing testing

Update model: Incorporate new data into the statistical model and
update the reliability estimates accordingly. This allows the relia-
bility assessment to adapt to changes in the system’s performance
over time.

Evaluate trends: Analyze the trend of reliability over time to iden-
tify patterns or anomalies. Look for factors that may be influenc-
ing reliability, such as changes in operating conditions or mainte-
nance practices.

Risk assessment: Assess the implications of the observed reliabil-
ity trends on system performance, safety, and cost. Identify poten-

tial risks associated with ongoing operation and determine if any
corrective actions are necessary.

» Decision making: Use the reliability estimates and risk assessment
to inform decision-making processes regarding system mainte-
nance, repair, or replacement. Consider factors such as cost-effec-
tiveness, safety, and operational requirements.

 Iterative process: Sequential reliability estimation is an iterative
process that may require periodic updates and adjustments as new
data becomes available or as the system undergoes changes. Con-
tinuously refine the analysis to improve the accuracy of reliability
assessments and optimize system performance.

By following these steps, organizations can effectively assess and
manage the reliability of their systems over time, helping to ensure
safe and efficient operation.

Fig. 5 illustrates the systematic failure analysis of each sub-
sequential component in the computer-controlled pick-and-place
robot as part of the reliability analysis.

2.2 Connectivity of the Sequences

The concept of connectivity within a pick and place robot system
pertains to the coherent integration and synchronization of diverse

Cuy G

ic Cylinder -1 Ball Joint
(Clamping) Cy Clamping) C

Cis
Sequence 1
USB6008 Computer
card Cqy Ci3
Can | €2 ‘ [ Cys ‘ Pneumatic Cylinder -2
‘ (Up and Down) Cy¢
Sequence 2
USB6008 Computer
card C Ca3
' ‘ Pneumatic Cylinder -3
C3y C3z Cs3s (Rotating)
J ‘ g Sequence 3
USB6008 Computer
card Cyy iy

Fig. 4. Connectivity diagram of the sequences
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components and processes that are fundamental to the functioning
of the system [15]. The major components in the sequences are
illustrated in Fig. 4.

2.2.1 Sequence 1

The activation of the solenoid DCV is accomplished by the computer,
which transmits a signal to the universal serial bus (USB) card [16].
The solenoid DCV is responsible for starting pneumatic cylinder 1,
which facilitates the execution of the clamping action via the ball
joint. Activating the pneumatic module involves using pneumatic
accessory components, including an air compressor, filter, and
solenoid DCV.

Start

|

Define the procedure for
determining the dependability

| Determine the various modes of |
failure

| Establish Reliability Metrics |

|

| Data Acquisition |

|

| Construct a Statistical Model |

|

| Preliminary Reliability Evaluation

|

| Constant Observation |

]

| Update the Model

]

| Analyse Patterns |

|

Evaluation of potential hazards and
reliability

‘ Generafion of Logical codes using
software

‘ End ‘

Fig. 5. Steps in sequential reliability estimation

Let, Py, probability of failure for component C;;, P}, probability
of failure for component C,,, P;; probability of failure for component
C,3, P4 probability of failure for component C,4, P,5 probability of
failure for component C;s, Ps probability of failure for component
C,¢, and Py, probability of failure for component C,,.

2.2.2 Sequence 2

In sequence 2, the robot comprises a pneumatic module and a USB
acquisition card connected to a computer. This configuration is
similar to sequence 1, except for the ball joint.

Let, P,; probability of failure for component C,;, P,, probability
of failure for component C,,, P»; probability of failure for component
Cy3, P4 probability of failure for component C,y, P,s probability

of failure for component C,s, and P,s probability of failure for
component Cyg.

2.2.3 Sequence 3

Sequence 3 encompasses all the constituent elements included in
sequence 1 except the ball joint. Additionally, it incorporates the rack
and pinion, base, and column structures.

Let, P53, is probability of failure for component Cs;, P53, probability
of failure for component Cs,, P33 probability of failure for component
Cji3, P34 probability of failure for component Csy, P35 probability of
failure for component Css, Ps¢ probability of failure for component
Cs6, P37 probability of failure for component Cs, and Psg probability
of failure for component Csg.

2.3 Failure Data Collection for Each Sub Sequence

The failure rate for each sub-sequential component of sequences 1,
2, and 3 is measured in million hours. The fault data is obtained by
measuring the difference between the necessary output value and
the actual output value of the subcomponents under the condition of
random input values. The robot’s overall functioning primarily relies
on a computer connected to a USB 6008 DAQ card. It is necessary
to employ a distinct evaluation approach to assess the reliability
of both the computer and the USB DAQ card. This dependability
prediction model is beneficial for obtaining accurate outcomes in
analytical tasks [17]. Except for the failure rate data for the computer
and USB DAQ card, the remaining component data is presented in
the subsequent table, arranged sequentially, specifically numbered 1,
2, and 3.

3 EXPERIMENTAL

Accurate prediction of reliability in mechanical subsystem is crucial
for the robot as it significantly influences its total functionality. The
reliability of each material in the mechanical structure is computed
and utilized as input values to forecast the entire automatic machine
using the merged reliability prediction model (MRPM). Tension
and torsion tests are performed on various materials, including
mild steel, cast iron, and aluminum. Subsequently, to determine the
failure probability and dependability for each material, obtaining the
failure rate distribution for different load circumstances is necessary.
Therefore, the probability distribution is employed to represent
the distribution of failure rates. The selection of the appropriate
material for constructing the mechanical frame structure of automatic
machines based on the failure probability and reliability values.

Computer-based pneumatically controlled pick and place robots
utilize materials such as mild steel, cast iron, and aluminum due to
their adequate mechanical strength and stress resistance for various
operating load circumstances at each structural point. Furthermore,
these components can endure thermal characteristics, such as heat
capacity, thermal expansion, thermal conductivity, and thermal stress,
at the operational temperature of the automation system within each
sub-module. Therefore, the materials mentioned above are chosen to
conduct tension and torsion tests to analyze reliability [18].

3.1 Failure Probability Function
Probabilistic distribution for loads
()]
=

N

P(XX<XS):F(XS): (D

Standard deviation of load
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(10aa) = Xs = Xy . (2
Failure probability
(Py) =1 - F(Xy). 3)

The given equation, Eq. (1) uses the normal probability
distribution function to characterize the distribution of loads on
the materials. This distribution, which spans the range between the
ultimate load and the actual load, determines the materials’ failure
rate. When the load fluctuates within its elastic limit about the mean
load, every material undergoes a failure rate. The average probability
distribution determines the probabilistic distribution of failure rates
for the actual load applied during material testing [19]. The failure
rate and reliability data for the selected materials and standard
mechanical accessories are presented in Tables 1 and 2.

Table 1. Failure rate and reliability of various materials

Predicted  Probabilistic

Actual Probabilistic

Material operating - distribution stress  distribution for Reliability
lOTjENf(X ]]2;3’0;2?: [N/mm?2]  actual stress 1-PEX)
Mild steel 30 9.973x10-3 1492  2.005x10-3  0.99899
Castiron 5 0.1101 10.1859 0.06228 0.8899
Aluminum 0.8 0.054200 15.915 0.07574 0.92426

Table 2. Failure rate and reliability data for common Mechanical parts

) ) Probability of L=
Time  No.of Failure : . T =
Components [0°h] failres rate fa|I>Lir1e30r:¥e Reliabiltiy § %
Directional 1 8.993  8.993 0.09 0.999991
control 2 35.972 17.986 0.36 0.999964 é
valves 3 80.937 26.979 0.81 0.999919 &
(solenoid), 4 143.888 35972 1.44 0999856 =
Cra 5 224825 44965 225  0.999775
1 11.498 11.498 0.12 0.999988
Pneumatic 2 45992 22996 0.46 0.999954
actuators, 3 103.482 34.494 1.04 0.999896 §
Cis 4 183.968 45.992 1.84 0999816 &
5 287.45 57.490 2.3 0.999770
"(Py=1-e"), *(Ry=1-Py)
Table 3. Probability of failure and reliability data for accessories
Component Probability of failure (P) Reliabiltiy (R)
Compressor 0.00621 0.99379
Filter 0.00600 0.99400
Ball joint 0.00300 0.99700
Rack and pinion 0.10194 0.89806
Base and column 0.10840 0.89150
Table 4. Failure rate and reliability data for DAQ card
. Probability of failure Reliabiltiy
Components Failure rate (4 _
P W Pu=1-eM)x 100 (Ry=1-Py)
DAQ card (C36) 0.035 0.0343 0.9657

All components’ reliability and failure statistics, except for the ball
joints, are extracted from the table above and recorded in sequence 2.
The compressor and filter unit failure rate was obtained from Tables
3 and 4 and recorded.
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3.2 Reliability Analysis of Computer

The assessment of computer reliability comprises the analysis of the
stability and dependability of computer systems, hardware, software,
and networks to ensure consistent and error-free operation over
the course of their lifetime [20] to [22]. Computer engineering and
system design play a crucial role in various businesses, mainly where
downtime or malfunctions can result in substantial financial losses,
safety risks, or data breaches.

3.2.1 Reliability Prediction Model for Computer

The non-Poisson process model has been chosen as the framework
for assessing the performance and measuring the reliability of the
computer system. To evaluate the reliability of a computer system,
the likelihood of failure is determined by calculating the anticipated
number of failures. During the testing phase, data is collected
periodically and utilized in the non-homogeneous Poisson process
(NHPP) and programmable logic controller (PLC) prediction models.

3.2.2 Failure Data Collection of Computer

The calendar testing method involves providing input values to the
system and collect the data on certain computer failure. This aids in
identifying certain failure issues under vaious scenarios within the
system. The quantity of disparities between the actual and desired
production is recorded and organized in the Table 5.

Table 5. Fault data of computer in testing phase

No. of Actual failure No. of Actual failure

Week failures rate (1) Week failures rate ()

1 4 0.066 9 3 0.05

2 3 0.05 10 5 0.0833

3 2 0.033 11 6 0.100

4 6 0.100 12 8 0.133

5 1 0.0166 13 4 0.066

6 7 0.1166 14 3 0.05

7 4 0.066 15 2 0.033

8 2 0.033

3.3 Goodness of Fit Test

The goodness of fit test is used to determine whether the failure data
obtained is sufficient to anticipate the computer’s reliability. In this
experiment, the hypothesis is chosen based on the adequacy of the
acquired data for predicting dependability.

As computed, the total difference between F and F* is compared
with the standard values in the Table 6. The computed (F—F*) value
is lower than the critical value of 3.5 (0.3740) found in the Table
6. As a result, the above hypothesis is accepted and the reliability
calculation use the data above. The hypothesis test’s outcomes
indicate that the failure data gathered has enough predictive power
to estimate the computer’s reliability. Therefore, the reliability model
that follows predicts the computer’s reliability [23].

The model computes the reliability R; and the P,(x) probability of
failure.

Expected number of failures is defined in Eq. (4) as follows

1
=0t +—. 4
K vty “4)
Failure probability is calculated by Eq. (5) as
=t )
tCPU



and the reliability as in Eq. (6)

Rw =1- Pw 5 (6)
where, fcpy is CPU execution time for week, and 6 probability
parameter (assumed as 0.16). Sample calculation to find R, using Eq.
(6), and to find P,, we have to calculate uw as given in Eq. (5) as
follows. For #,,=5,2=10.0714 and § = 0.16, uw is calculated as

~(0.0166x0.16x5) +1
" 0.16
where t-py = 8x7x5 =280, P,, = 6.333/280 = 0.0226, and
R, =1-0.0226 =0.9774.

=6.333,

Table 6. Goodness of fit test

Number Expected number

RS, :[I_PII].[I_Plz].[1_1313]’[1_;4]'[I_Rs]'[l_Pla]+[l_P17]

_ [Rll]'[Rlz]'[Rla]'[R14]'[R15]'[R16]+ [Rw].
2

(N

For sequence 2:
RS, ={[1-P, ] [1- P [1= Ps] 1= B {1 - Ps] [ - ]} 8)
here, Py =Py, Py =P1y, Pp3=P13, P2a=P14, Pys=Pys, and Pyg=Pg.
RS, = {[RZI]'[RZZ] ’ [st]‘[Rm]} '{[RZS] ’ [R24]}- ©)
For sequence 3:
{[1-PJ 0= Pa] L= R 1= R 1= ] [1- 2

Week ot ailures ¥ of failures o D=[FF {[1-2, ) [1- B}
1 4 0.066 6.316 0.0619  0.0041 RS, = 7 - 5 . (10)
4 6 0100 6.650 00652 00348 s - AR [Re ][R ] [Rea] [Res]-[Rus [y +{[ R ][R} a1
5 1 0.0166 6.333 0.0621 0.0455 ’ 2 '
6 7 0.1166 6.949 0.0682 0.0484
7 4 0.066 6.712 0.0658 0.0002 Table 8: Reliability for all the sequences
8 2 0.033 6.514 0.0639 0.0309 Reliability of each  Reliability of
9 3 0.05 6.70 00657 00157 Sequences - Components (Cy) component sequencesy(RS)
10 5 0.0833 7.083 0.0695 0.0138 Air compressor (Cy;) 0.9938
11 6 0.100 7.35 0.0721 0.0279 Filter (C») 0.9940
12 8 0.133 7.846 0.0770 0.0560 Computer (C5) 0.9742
13 4 0.066 7.108 0.0697 0.0037 Sequence 1 USB 6008 DAQ (C4) 0.9657 0.9631
14 3 0.05 6.95 0.0682  0.0182 Solenoid DCV (Cs) 0.9999
15 2 0.033 6.745 0.0662 0.0332 Pneumatic actuator (C4) 0.9999
Total (F—F) 0.3740 Ball joint (C,5) 0.9970
Air compressor (C;) 0.9938
Table 7. Failure rate and reliability data of computer Filter (C»») 0.9940
Week No.of Actual failure Expected Pobability ~ Reliabity Reliabilty of Sequence 2 Computer (Cy3) 0.9742 0.9291
(w) failures rate for CPU  failures  of failure (R,)  computer USB 6008 DAQ (C»4) 0.9657
hours (4) (1) (Py) (Reom) Solenoid DCV (C»s) 0.9999
1 4 0.066 6.316 0.1127  0.8873 Pneumatic actuator (C,) 0.9999
2 3 0.05 6.35 0.0566  0.9434 Air compressor (Cs;) 0.9938
3 2 0.033 6.349 0.0377  0.9623 Fitter (C2) 0.9940
T e ox oo gari Gt (C)
6 7 0166 6949 00206 0979 Sequence 3 g;l:ni?g %g\ﬁ,\?c(fj)“) ggggg 0.8650
! 4 0.066 6.712 0.0171 0.9829 Pneumatic actuator (Cs) 0.9999
8 2 0.033 6.514 0.0145 0.9855 0.9742 Rack and pinion (Cs7) 0.8981
9 3 0.05 6.70 0.0132 0.9868 Base and column (Csg) 0.8915
10 5 0.0833 7.083 0.0126 0.9874
n 6 0.100 .39 00119 0.9881 The equation provided above is used to evaluate the reliability of
12 8 0.133 7.846 0.0116  0.9884 .
m 2 0.066 =108 00097 0.9903 each sequence for the con.lputer-cfontrol_led. Plck-and-placF: robot by
assessing the chance of failure with reliability. Table 8 displays the
14 3 0.05 6.95 0.0088 0.9912 computed dependability of sequences 1, 2, and 3.
15 2 0.033 6.745 0.0080 0.992

3.4 The Reliability of Computer, R,

The reliability values for each week execution hours are taken from
the Table 7 and average reliability of computer is calculated as R,
=0.9742.

3.5 The Reliability Model for Sub Sequences

For sequence 1:

3.6 Reliability Calculation for Each Sequence

Reliability calculation for each sequence can be calculated using Eqgs.
(7) to (10):
For sequence 1:
RS = {{0.9938%0.9940%0.9742%0.9657%0.9999x0.9999}
+0.9970} /2=0.9631.
For sequence 2:
RS, = {0.9938%0.9940%0.9999%0.9999} x {0.9742x0.9657}
=0.9876x0.9408 = 0.9291.
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For sequence 3:
RS; = {{0.9938%0.9940%0.9742%0.9657%0.9999 x0.9999}
+{0.8981x0.8915} }/2 = 0.8650.
The average values of the above sequential reliabilities are used to
quantify the overall robot system reliability as follows:
Total Reliability of robot
R = (RS} RS, +RS3)/3 = (0.9631+0.9291+0.8650)/3= 0.9191.

4 RESULTS AND DISCUSSION

The equation provided above is utilized to evaluate the reliability of
each sequence for the computer-controlled pick-and-place robot by
assessing the chance of failure. Figs. 6 to 8 display the computed
dependability of sequences 1, 2, and 3.

o
I
b}

°
7
2

Reliability

c1 €12 c14 c1s €16 a7
Component in sequence 1

Fig. 6. Reliability of each sub component in sequence 1

Reliability

21 c22 24 €25 €26

Component in sequence 2

Fig. 7. Reliability of each sub component in sequence 2
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Component in sequence 3

Fig. 8. Reliability of each sub component in sequence 3

The Figs 6 and 7 presents the specifics of sequences 1 and 2.
The USB DAQ card (Cy4) exhibits a imperfect level of reliability
compared to other subcomponents utilized in the primary rotation
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of sequence 1 within the pick and place robot. In sequence 1, the
solenoid DCV (C,5) and pneumatic actuators (C;4) exhibit superior
dependability compared to other components,
compressor (Cy), filter (Cy,), and ball joint (C).

The Fig. 8 presents the following data for sequence 3. The base
and column structure (Cjg) and rack and pinion (Cj7) exhibit the
lowest reliability compared to the other components.

The USB DAQ card (C34) demonstrates the second lowest
reliability in this sequence when compared to other components
such as compressors (Cy;), filters (Cs,), solenoid DCVs (Css), and
pneumatic actuators (Csg).

including the

Reliability

1 2 3 4 5 6 7 8 9

Week

10 11 12 13 14 15

Fig. 9. Reliability of computer (C 3, C53, and C53) from testing data

Fig. 9 illustrates that a computer’s reliability increases as
the testing duration is extended. This is because faults or bugs
are identified and rectified weekly during testing. Hence, the
dependability of a computer is enhanced before its integration with
operational components.
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0.8 45 : .'

Sequence 1

Reliability

A

Sequence 2 Sequence 3

Sequences

Fig. 10. Reliability for each sequence

In computer-controlled pick-and-place robots, the graph presented
above serves the purpose of identifying the essential sequence. The
pick and place robot utilizes the sequence 3 for base rotation, which
exhibits comparatively lower reliability when compared to other
sequences such as lift and down actuation and clamping. The crucial
sequence for the autonomous pick-and-place robot in this case study
is sequence 3. The key subcomponents of a computer-controlled
pick-and-place robot are determined by utilizing the prior probability
of failures derived from expert data and the failure rate data obtained
from testing [24] to [25]. The failure probability distribution function
and previously computed failure probability are used to rank all the
modules in the provided graph in Fig. 10.



5 CONCLUSION

To enhance the dependability of the automation system, it is necessary
to identify the intricacies of its functional components and develop a
reliability model to measure its reliability. Using the MRPM model
enables the designer to focus on the redundancy design. Quantitative
reliability calculations are employed to ascertain the sequences with
the highest criticality level. Qualitative and quantitative evidence
can also be used to forecast prior and posterior reliability. The
total reliability of the real-time mechatronic system was assessed
throughout the design phase through a comprehensive failure analysis
and a merged reliability prediction model. The absolute reliability of
the robot was evaluated by estimating the reliability of its mechanical
accessory components and materials. A number of materials, such as
aluminium, cast iron, and mild steel, have their likelihood of failure
assessed using the failure probability distribution function that was
created from experimental test data from the tensile test. The test is
performed on all materilas under operational load situation to find
the probability distribution function for failure. The reliability of
all materials pertaining to mechanical components is also evaluated
by the computation of failure probability. The selection of the
appropriate material for the material’s structure was determined
using a dependability calculation, as outlined in this research article.
Furthermore, it was determined that the base rotation sequences
(sequence 3) hold the utmost significance in the computer control
pick and place robot.
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Kvantitativno modeliranje sekvenc za ocenitev zanesljivosti
racunalnisko vodenega pnevmatskega prijemalno-polagalnega
robota

Povzetek Pnevmatski prijemalno-polagalni (pick-and-place) roboti so
kljuéni v sodobni proizvodni industriji, saj omogocajo natanc¢no in hitro
delo. Ker avtomatizacija Se naprej spreminja razlicne sektorje, postaja
vloga teh robotov vse pomembnejSa. Doseganje vrhunske ucinkovitosti pri
delovanju robotov zahteva nenehno osredotoc¢anje na varnost in zanesljivost.
Zato je treba Zeleno zanesljivost skrbno preuciti Ze v zacetnem delu faze
nacrtovanja. lzziv pa predstavija identifikacija zanesljivih podsekvenc in
kriticnih komponent v operativnem okvirju robotov za zagotavljanje celotne
zanesljivosti in robustnosti sistema. Za naslovitev omenjenega izziva in
potencialnih dvomov v zvezi z zanesljivostjo je potrebna podrobna analiza
nacinov odpovedi in ukrepov za zagotavljanje redundance. V raziskavi je bila
zato opravijena identifikacija kriticnih komponent in delovnih podsekvenc,
ki vplivajo na zanesljivost robotov. Razviti so bili ukrepi za redundanco, ki
izboljSujejo robustnost sistema. Celovita analiza odpovedi je bila opravijena
s programskim paketom LabVIEW. S simulacijo in analizo sekvenc robota je
bila ocenjena zanesljivost razlicnih delovnih podsekvenc in komponent za
podrobno oceno celotne zanesljivosti sistema.

Kljuéne besede pnevmatski prilemalno-polagalni (pick-and-place) roboti,
natancnost, hitrost, avtomatizacija, varnost, zanesljivost, analiza odpovedi
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of the Cutting Force and Machined Surface
in Abrasive Waterjet Machining
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Abstract This paper presents the results of research on the effect of traverse speed on cutting forces and machined surface in abrasive water jet machining.
The results indicated that there is a significant connection between the dynamic character of the cutting force in abrasive waterjet machining, namely, peaks
in the cutting force signal, with the appearance of irregularities and uncut parts in the machined surface. Also, the research showed that the increase of the
traverse speed produces an increase in the mean value of the static component of the cutting force. In experiments, the vertical component of the cutting force
has been measured for an Aluminium AIMg3 12 mm thick rod cut at traverse speeds from 900 mm/min to 1100 mm/min. Cutting with higher traverse speeds
yields more irregularities, which are connected with the appearance of peaks in the measured cutting force.

Keywords abrasive water jet, cutting force, traverse speed, machined surface

Highlights:
= Developed experimental setup for measuring AWJ cutting force.

= Proposed a new method for calculating AWJ cutting force.
= Analysed the effect of cutting force on machined surface.
= Analysed the effect of traverse speed on cutting force.

1 INTRODUCTION

With the development of new materials such as ceramics, reinforced
and composite materials and heat-sensitive alloys, the problem of
their machining has arisen. For machining of some new materials,
high cutting forces or low clamping forces are required. Some
materials must be machined so that high temperatures do not occur
in the cutting zone. Hence, there has been an increasing use of an
abrasive water jet (AWJ) in the machining of new materials. Almost
all types of materials can be cut with AWIJ [1]. It is widely used in the
contour cutting of materials and the machining of materials that are
difficult to process [2]. A great advantage of this machining procedure
is that contour cutting becomes very easy, no matter how complex the
contour [3].

The AWJ machining process consists of several complex processes
(formation of pressurised water, mixing of pressurised water and
abrasive, erosion of machined material and others). A short overview
of this AW]J cutting technology, with emphasis on the cutting forces,
will be given.

AWJ machining is an unconventional process of recent date, which
has been the subject of much research during the last two decades.
The output of the AWJ machining process is a machined surface. In
order to ensure the good quality of the machined surface and detect
errors, it is necessary to monitor and control the AWJ process. That is
why numerous experimental studies on process monitoring, such as
monitoring of cutting forces [4] and [5], monitoring through acoustic
and vibration signals [6] and [7] are currently being carried out. An
overview of these monitoring methods will also be given. When
cutting with an AWJ at high traverse speeds, there is an increase in
the value of the roughness parameters of the cut surface, especially
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in the zone where the AWJ exits the machined material. Increasing
the traverse speed results in decreasing the depth of the cut [8].
Depending on the traverse speed, occasionally the material is not
completely cut. However, this important subject has not yet been
thoroughly investigated.

Previous research of cutting forces in AWJ machining have
dealt with the development of a universal system for measuring the
cutting force [4] and [9], using the cutting force to determine some
parameters of the kerf geometry (mainly the maximum depth of cut)
[10]. However, there are very few works on this subject regarding the
modelling.

In this paper, a simple mathematical model for the calculation of
the cutting force is proposed. The equation for calculating the cutting
force in conventional cutting is applied to AWJ machining and the
abrasive water jet itself is represented as a cutting tool. When there is
an incomplete cut of the material, the cutting force increases, because
then the jet acts on the material of the workpiece with its entire
surface, that is, the cross-sectional area of the chip is a maximum.

For the purpose of investigation of the variation of the cutting
force with the traverse speed also at higher traverse speeds, a specific
system for measuring the cutting force has been developed. Thus, this
paper presents the experimental setup for force measurement based
on a personal computer (PC), the measurement results, along with
their discussion and important observations.

In their research, many authors have used the vertical component
of the cutting force as the main parameter for monitoring and
evaluating the AWJ cutting process. Kovacevi¢ [11] measured
the vertical force component when cutting with the AWJ. A
three-component dynamometer was used to measure the vertical
component force. The vertical component of the cutting force was
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measured for different values of the AWJ machining parameters. The
aim of the research was to control the depth of cut based on the signal
of the vertical force component. A precisely controlled depth of cut is
very important when milling with the AWJ, i.e. engraving contours
in the material. Measurements showed that the vertical component
of the cutting force increases with increasing water pressure, nozzle
diameter and abrasive mass flow rate. Also, it was found that it
decreases with increasing standoff distance. Large oscillations in the
values of the vertical force component indicated wear of the nozzle
and that the maximum depth of cut had been reached.

In further research, Kovacevi¢ et al. [9] used the same principle
for measuring the vertical cutting force component as in the previous
work, with the aim of investigating the possibility of connecting
the dynamic characteristics of the cutting force with the profile of
the machined surface. Various parameters of the AWJ machining
process were varied: water pressure, traverse speed, abrasive flow
rate and standoff distance, in order to determine their effect on the
cutting force and profile of the machined surface. It was found that
both the abrasive flow rate and traverse speed have a slight effect
on the vertical component of the cutting force. The influence of
the AWJ machining parameters on the cutting force was analysed
using stochastic modelling of the force data. Autoregressive moving
average (ARMA) models are suitable for processing the results of
measuring the vertical component of the cutting force for different
values of the machining parameters. It was observed that the spectral
density of the dynamic force ARMA model behaves in the same way
as the measured profile of the machined surface. Based on this, they
concluded that the signal of the vertical component of the cutting
force can be considered as a potential parameter for the monitoring of
the surface profile at the deformation wear zone.

Hassan et al. [10] proposed a model for monitoring the depth of
cut during abrasive waterjet machining based on acoustic emission
(AE) monitoring. The aim was to establish the dependence between
these two parameters, so that the depth of the cut could be predicted
based on the AE. Carbon steel AISI 1018 was used as a workpiece.
The cut length of the samples was 38 mm to ensure a steady-state of
cutting. During cutting, the working pressure values were varied from
100 MPa to 350 MPa. The vertical component of the cutting force
was measured for all values of the working pressure, and the AE was
also monitored. For all cuts, the mean value of the cutting force and
the root mean square of the acoustic emission energy (AErms) for
steady-state of cutting were calculated. It was observed that AErms
increases linearly with an increase in the depth of cut and could be
used for its on-line monitoring [10]. Hlava¢ et al. [4] constructed a
special device for cutting force measurements during machining with
AW]J. They monitored the signal of the cutting force in the normal
and tangential directions before the start of cutting and during the
cutting of the material. The workpieces were made of different
materials, such as steels, duralumin, copper, and brass. The cutting
of the workpiece was done in different modes. Also, the cutting
was performed both with and without rotation of the cutting head.
The tangential-to-normal force ratio (TNR) was taken as the most
appropriate indicator for monitoring the cutting force and the quality
of the machined surface. It was observed that the TNR reaches its
maximum value at approximately 50 % of the maximum value of the
traverse speed. Hlavac et al. [5] used the same measuring device as in
[4], only the obtained signal of the vertical component of the cutting
force was used for the detection of irregularities during cutting with
AW], i.e. for the detection of incomplete cutting of the material.

Orbani¢ et al. [12] measured the diameter of the AWJ. A hard
metal insert was the workpiece. During machining, the cutting force
signal was monitored. Three characteristic areas can be observed on
the obtained diagram of the cutting force: The first one was where the
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cutting force is equal to zero - the contact of the jet and the insert has
not yet occurred. The second one is where the force increases - the jet
comes into contact with the insert and the contact surface increases.
The third one is where the force has stabilised - the whole jet is on the
insert. The Vishay Transducers 1022 load cell was used to measure
the vertical force component. Based on the change in the value of the
vertical component of the force and the traverse speed, the diameter
of the jet was calculated.

Momber [13] analysed the efficiency of the energy transformation
using measurements of the vertical component of the cutting force. A
Kistler dynamometer, model 9273, was used to measure the vertical
component of the force. It was shown that the forces exerted by the
high-speed jet on the workpiece can be successfully used to analyse
the energy dissipation process during the formation of high-speed
water-jets and during the mixing and acceleration of solid particles
and air by high-speed waterjet (during the formation of the AWJ).

Barali¢ and Nedi¢ [14] measured the cutting force using a three-
component dynamometer for turning, KISTLER Type 9265A1, for
samples of X5CrNi 18-10 with various thicknesses. The aim was to
investigate the influence of the AWJ machining parameters (traverse
speed, operating pressure, abrasive mass flow and material thickness)
on the cutting force. It was found that an increase in the operating
pressure leads to an increase of the cutting force. The effect of the
abrasive mass flow on the cutting force is almost negligible, while an
increase of the traverse speed, as well as an increase of the thickness
of the material being machined, leads to an increase of the cutting
force.

In the literature, there is no simple model for expressing the
relation of the cutting force, as the significant output parameter of
the system that can be measured, and the traverse speed as the input
parameter that is set before the cutting of the material. Furthermore,
the relation between these two quantities has not yet been thoroughly
investigated for higher traverse speeds, when irregular cuts appear,
as well as peaks in the cutting force. The present paper focuses on
these shortcomings, with the goal of establishing a simplified F,(v,)
model, measure accurately the cutting force at higher traverse speeds,
analyse the peaks in the cutting force in relation to the roughness of
the surface, and validate the F,(v.) model for the peak values of the
cutting force. This paper contributes to the state of the art in the field
by introducing a new F,(v.) model and its experimental validation.

2 METHODS & MATERIALS

The main goal in today's production is to make as many products as
possible in the shortest possible time and with as little investment
as possible. In order to make this possible when machining with
an AWJ, it is necessary to perform the machining with the highest
possible traverse speeds. Machining with a high traverse speed
results in an increase in the roughness parameters of the machined
surface. This phenomenon is significantly expressed in the rough
zone of the machined surface, that is, at the exit of the AWJ from
the workpiece [15]. When the maximum traverse speed with which
it is possible to completely cut materials of a certain thickness, is
reached, the process of cutting with the AWJ becomes unstable and
the material is, occasionally, not completely cut. The assumption is
that in places where the material has not been completely cut, there is
a sudden increase in the vertical component of the cutting force.

In the case that material is not completely cut, in practice the
traverse speed is most often changed (reduced). The abrasive mass
flow rate is rarely changed, and the operating pressure is almost
never changed. Therefore, the influence of traverse speed on cutting
force was analysed, even though the process of machining itself is
influenced by numerous factors.
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2.1 Proposed Model for Calculation of Cutting Force
in AWJ Machining

During its movement through the machined material, the AWJ acts on
the material with some force. This force has the same direction as the
speed of the AWJ, that is, it is tangent to the path of the AWJ cutting
front line, Fig. 1.

(et

e

Fig. 1. Cutting force while machining with AW)

The cutting force with which the AWJ acts on the workpiece can
be divided into two components, vertical and horizontal:

F=F,+F, M

In general, the diagram of the change of the vertical component
of the cutting force F, with time has the form as shown in Fig. 2.
This diagram shows that the force F, has its dynamic and static
components. Due to the dynamic character of the AWJ machining
process, the cutting force has a distinctly dynamic character. During
a complete cut, the dynamic character of the cutting force is a
consequence of oscillations in the values of the working pressure and
the number of abrasive particles that are in contact with the object of
processing. Also, a peak in the value of the cutting force can occur
due to inclusions in the material of the workpiece. From Fig. 2, it
can be seen that the value of the vertical cutting force component F,
increases when the AWJ starts cutting the sample.
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Fig. 2. Diagram of the vertical component of the cutting force, /',

This value increases until the AWJ begins to cut completely
through the entire thickness of the material. After that moment,
there is no further increase in the value of the vertical cutting force
component.

Abrasive particles in AWJ can be approximated by the cutting
edge of a multi-cutting tool moving at a speed v,,, through the
material being machined. At the same time, the cutting head moves at
the traverse speed v,, Fig. 3.

In a case of conventional cutting, the work W of the mechanical
force F done along path L can be calculated in a simplified form as:

W=FL, )
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for a constant force along a straight path and when the force has the
direction of the path. This work, during the cutting with the AWJ, can
be equated with the cutting energy of the water jet, E,,,. Thus, the
force can be determined by this energy,

E. EV

A ®

where E. is the specific cutting energy of AWJ machining, V' is the
volume of removed material, and L is the length of the arc of the
cutting front line. It is the length over which the cutting force acts
(chip length).

g
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Fig. 3. Approximation of the abrasive water jet machining process

The volume of removed material can be calculated using Eq. (4).
V=Llw,. 4
The mean width of the cut w,, is the mean value of w,,, and w,,, the
width of cut at the entry of the AW into the material being machined
and the width of the cut at the exit of the AWJ from the material,
respectively:
w,, +w
w = en ex ) 5
w = ®)
The path of the cutting head, while the AWJ removes the material
along a single striation (cut the forehead through the whole material
thickness) is /, according to Fig. 3 it is equal to:
=L ©)

Va wj

According to Egs. (4) to (6), it follows that the volume of removed
material V' is:

V= Dw, . 0
vuw,f
By substituting the equations for calculating the volume of
removed material into Eq. (3), the equation for calculating the cutting
force can be written in the form:
F=ELw, —<. (8)
v

awj

In Eq. (8), the most influential factor is the traverse speed v..
The dependence of the cutting force on the traverse speed can be
approximately represented as linear. It can be concluded that with
an increase in the traverse speed, there is an increase in the value
of the cutting force, i.e. the vertical component of the cutting force.
The biggest peak in the cutting force occurs when the material of the
workpiece is not completely cut, because then the AWJ acts with its
entire surface of the machined material.

According to Fig. 1 and Eq. (1), the vertical component of the
cutting force, F,, can be calculated by:

v
— - e
F, =Fcosa,=ELw,

cosaL,. ©)
awj

where a, is the angle of the tangent of the cut front line.



2.2 Experimental Setup for Cutting Force Measurement

The phenomenon that when the cutting with an abrasive water jet
does not completely cut through the material, there occur extreme
values in the cutting force signal (peaks) and pronounced roughness
of the obtained cut surface imposes the need for specific research.
Accordingly, the research presented in this paper has focused
on the connection between the dynamic character of cutting forces,
peaks in the cutting force, and the appearance of irregularities and
uncut parts on the machined surface while machining at high traverse
speeds. The experimental measurements of the cutting force were
carried out for the PTV-3.8/60 abrasive water jet machine with a
KMT cutting head. The cutting was done over the water. The cutting
force has been measured at traverse speeds around 1000 mm/min
(much higher than usual). The maximum value of traverse speed at
which a complete cut can be obtained (based on the KMT calculator)
is 900 mm/min. Traverse speeds were chosen so to obtain a regular
cut and a combination of regular and irregular cuts, but not complete
uncut piece. Prior to the force measurement, a set of cuts was made
with the same sample at different traverse speeds, from lower to
higher, to determine the range of speeds that suits the purpose of the
planned research. Thereafter, relevant set of cuts and cutting force
measurement were done in the range of traverse speeds of interest.
Other parameters of the machining process were constant during
AWI cutting of the samples: the operating pressure was 4130 bar,
abrasive mass flow rate 350 g/min, standoff distance x, was 3 mm
and the abrasive was garnet mesh size 80. The water nozzle (orifice)
diameter was 0.3 mm and focusing tube diameter was 1.02 mm.

NICDAQ ! S

Load cell 2

pover ()3 !?__'l"!
Ex ==

ELVL I Pope
N19203| NUSBE LabviEw

supply

b)

Fig. 4. Experimental setup for cutting force measurement:
a) photograph of the components, b) block scheme of connections

The experimental setup for measurement of cutting force is
based on a PC. It consists of the following equipment: 1) the test
sample, fixedly mounted to 2) the load cell CZL623B (for 10 kg, up
to approximately 100 N), 3) the direct current (DC) power supply
for the load cell, 4) the data acquisition card NI 9205 (placed in the
chassis NI ¢cDAQ 9174) and 5) a PC with LabVIEW software. The
load cell is fixed to 6) the steel carrier profiled so it fits well one
side of the waterjet cutting machine. Fixed mounting of the carrier
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to the machine has been made with three large screws. A photograph
of the equipment used is shown in Fig. 4a, and a block scheme of the
connections is given in Fig. 4b.

The test sample is a 12 mm thick aluminium rod, 50 mm wide and
300 mm long. Aluminium is of ENAW-5754 (AIMg3) quality, the
main alloying element is magnesium. Tensile strength of AIMg3 is in
the range of 80 MPa to 280 MPa and Brinell Hardness (HB) from 52
to 88. It has been screwed to the load cell at one end by two screws
and the other end was free. The material has been selected because of
its often used in practice. The dimensions were chosen so to have a
significantly long cutting path, and the thickness of the sample so as
to obtain irregular cuts at higher speeds.

The load cell contains four strain gauges connected in full bridge
(Fig. 4b). Its sensitivity is rated by the manufacturer at 2 mV/V for the
mass of 10 kg, or in other terms it is 2mV/kg for 10 V supplied by the
DC power supply. Thus, the output voltage would be 10 mV for 10
V of input voltage and 5 kilograms of the load. The data acquisition
(DAQ) card NI 9205 is an analogue voltage input module of 16
bits resolution and 250 kS/s maximum sample rate (in samples per
second). Its lowest input range is 200 mV. Thus, it is suitable for the
measurement of low voltages from the load cell and is fast enough to
observe transients. During the measurements, the DAQ card acquired
1200 S/s. This card has been inserted into a chassis NI cDAQ 9174
which provides the power supply for the card and a connection with a
PC over the USB cable.

A standard DC laboratory supply of a stable DC voltage was
used as the power supply for the load cell. The laptop computer
was running LabVIEW 2014. A simple program for acquisition of
the voltage generated at the output of the load cell has been created
for the planned measurements. The program was set to continuous
sample acquisition and writing the data to the computer memory.

Prior the measurements of the force of the abrasive water jet
machine, the load cell was calibrated in the laboratory using precision
weights and by measurement of the output voltage. The calibration
has been performed using the measurement setup presented in Fig.
4b. The test sample 1, load cell 2 and steel carrier 6 were fixedly
mounted to the laboratory table (similarly to Fig. 4a). Supplied DC
voltage was set to 10 V. Laboratory weights of different masses, from
50 g to total 5000 g (about 49 N), were positioned on the test sample
and the output voltage was recorded using the LabVIEW application.
The measurement results obtained are graphically presented in Fig. 5,
together with the linear fit of these data.

10

9 | 0 Measurement data — Linear fit

Voltage [mV]

0 1000 2000 3000 4000 5000
Mass [g]

Fig. 5. Measurement data and linear fit obtained during the calibration of load cell

The slope of the linear fit is 2.001 mV/kg, which confirms the
rated sensitivity of the load cell given by the manufacturer, which is
2 mV/kg.

The manufacturer also stated the accuracy of the load cell 2 %
as 0.02 % of the full scale (10 kg), which is equal to 2 g of the
absolute error in the whole measurement range. This corresponds
to an absolute error of 4 pV at the maximal load cell output voltage
(20 mV). The manufacturer of the DAQ NI 9205 stated the absolute
error of 175 uV in the range of +0.2 V.
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The force F has been determined from the measured load cell
output voltage u; ¢ as:

F =g§£=9.80665@, (10)
LC LC
where S;c is the load cell sensitivity. The combined uncertainty
u (F) of force F' measurement is defined according to the sensitivity
coefficients, which are calculated as partial derivatives of F, and the
absolute uncertainties of each independent variable, as in [16]:

2 2
0 (F)= J[”j W, + [aFJ W, (11
Ouy. AV :

where uy=|0F/0X|up x, XE {uyc, Spct and ug,, ., ugs, . are Type B
standard uncertainty calculated by dividing corresponding absolute

errors with /3 , for a rectangular distribution with the confidence
level of 95 %. Sensitivity coefficients are calculated for maximal
voltage u;c, and previously calculated S;c. All calculated values
are given in Table 1.

Table 1. Type B uncertainty for load cell calibration at 49 N (5 kg)

Variable ULy Sie
Value 9.968 mV 2 mV/kg
Absolute error 175 uv 0.4 uV/kg
Sensitivity coefficient 4903.3 NV —244382 kg/V
Absolute standard uncertainty uy [N] 0.495 0. 056
Relative uncertainty [%] 1.014 0.115

The combined uncertainty value is 0.499 N and its relative value
is 1.02 %. A correction factor £ = 2 can be used for calculating the
expanded uncertainty. In such a case, the confidence level is around
95 % and expanded uncertainty is 1.00 N or 2.04 %. The calculations
need to be repeated to obtain the uncertainty for other values of the
force (mass).

It should be noted that the measured values of the force are not the
real ones because the cutting force is not developing coaxially to the
load cell. However, this issue was not considered significant, as the
bending of the steel carrier, load cell or sample was negligible, due to
their robustness.

3 RESULTS AND DISCUSSION

The measurements of the cutting force have been performed at higher
traverse speed to examine the relation between irregularities in the
machined surface and the cutting force applied to the test sample
made by the AWJ. Cuts have been performed in the longitudinal
direction of the sample. The cuts were 100 mm long. One transversal
cut has been made prior to all other cuts at lower speed (600 mm/min)
as a trial case. Other cuts have been performed at four traverse
speeds, namely: 900 mm/min, 950 mm/min, 1000 mm/min and
1100 mm/min.

A comparison of the forces obtained for 600 mm/min and
900 mm/min is presented in Fig. 6. Both traverse speeds are low
enough that the cutting through the material is regular.

The light grey line in Fig. 6 represents the original measured data,
whereas the blue and orange lines represent the smoothed measured
data (obtained using the built-in function Smooth of OriginLab
software). The force has the same level of 5 N before and after
the cutting and it increases up to 15 N for the transversal cut and
up to 18 N for the longitudinal cut. Thus, both directions can be
used for observing the cutting force and the quality of cutting. The
longitudinal cutting contains more pronounced oscillations in the
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force and even significant peaks in the range from 30 N to 40 N. All
that is a consequence of the higher traverse speed.

60

|F[N] Original 900 mm/min

1 —— Smoothed 900 mm/min|
50 —— Smoothed 600 mm/min

Fig. 6. Comparison of cutting force measured at lower (600 mm/min)
and higher (900 mm/min) traverse speeds

Further analysis of the results will be focused on higher traverse
speeds. The force profile for each of four cuts made will be discussed
in detail. Photographs of the bottom and side view for each cut will
be shown along with the force profile and their relation will also be
discussed.

A profile of the cutting force for a traverse speed of 900 mm/
min is presented in Fig. 7. The grey dashed lines represent the lower
(17.5 N) and upper (35 N) cutting force limits chosen so that most of
the measured data is within those limits when the cutting is correct. In
Fig. 7, below the cutting force signal, there are photographs of the cut
surfaces (orange box and black arrows) and a view from the underside
of the cut sample (magenta box and black arrow). Green arrows and
circles indicate cutting force peaks that are within (or slightly above)
the upper and lower limits, which correspond to normal cutting or
with irregularities of negligible size. In this case, the bottom view
shows no irregularities in the cutting. Small irregularities can be seen
in the side view, where the AWJ has created several cavities of small
sizes. Their position corresponds to the position of the force peaks.
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Fig. 7. Profile of cutting force for traverse speed of 900 mm/min,
along with photographs of the cut

The profile of the cutting force for the next traverse speed of
950 mm/min is presented in Fig. 8. This slight increase in the traverse
speed results in an increase in the number of peaks in the force profile.
Still, the cutting is regular, as can be seen from the bottom view, but
the number of cavities is evidently larger, and again it corresponds



well to the number of peaks. Also, the size of the cavities is larger
than for the lower traverse speed.
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Fig. 8. Profile of cutting force for traverse speed of 950 mm/min,
along with photographs of the cut

The profile of the cutting force for the third traverse speed of 1000
mm/min is presented in Fig. 9.
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Fig. 9. Profile of cutting force for traverse speed of 1000 mm/min,
along with photographs of the cut

The bottom view shows that the cutting is occasionally irregular,
as there are several smaller uncut regions and regions with material
remaining. Almost the whole cut is covered with cavities, as can be
seen in the side view. Many smaller peaks appear in the force profile,
as well as two larger peaks (marked with red arrows and circles).
These two peaks appear in the places where the material remained
uncut. The force reaches almost 50 N in those two cases. The number
of smaller peaks above 35 N has increased from 2 in the previous two
cases to 8 in this case.

Fig. 10 shows cavities on the machined surface for a traverse
speed of 1000 mm/min. Small uncut triangles can also be observed.
Cavities are formed when the material is not completely cut, so the
AW] reflects from the uncut material. AWJ, part of whose energy has
been spent, turns into solid material, where due to insufficient energy,
swirling of the AWJ and creation of cavities occurs. Jerman at al. [17]
noticed this phenomenon in their study of the development of the
cutting front in AWJ machining. This is due to the jet's redirection at
the bottom of the cut and not a reduction in the intensity of the AWJ.

The profile of the cutting force for the last traverse speed of
1100 mm/min is presented in Fig. 11.
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In this most extreme case, the cutting is mostly irregular (clearly
visible in the bottom view). Some smaller or larger uncut regions
exist, as well as regions with contiguous uncut parts. Two individual
uncut parts in the left half have produced two individual peaks, while
multiple uncut parts have produced multiple peaks (in the right side).
The duration of the peak is proportional to the length of the uncut
triangle. The force profile is such that the force is significantly higher
than the lower limit during the whole cut. Again, force peaks reach 50
N and more for the uncut regions. Furthermore, multiple cavities can
be observed in the side view of the region with multiple uncut parts.
Some of the cavities are quite large and moved from the surface to
the inside of the material (for up to one quarter of the thickness).

Fig. 10. Cavities on machined surface for traverse speed of 1000 mm/min
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Fig. 11. Profile of a cutting force for traverse speed of 1100 mm/min,
along with the photographs of the cut

A summary of the characteristic data related to all four traverse
speeds is given in Table 2. It contains the following data: the traverse
speed v,, the cutting time ., the number of smaller peaks N, the
number of larger peaks N,,, the number of uncut parts N, and the
maximum of the vertical force F,,, for the whole cut.

Table 2. Characteristic data for four cuts

v, [mm/min] . 1s] Ny Ny N, F,, N]
900 6.66 8 0 0 38.37
950 6.32 15 0 0 4110
1000 6.00 18 3 2 49.78
1100 5.45 14 12 18 56.84

The results for the number of peaks and cuts and maximal force are

related to the smoothed data. They depend slightly on the smoothing
parameters, but without any significant changes in the nature of the
overall force profile.
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Previous research has shown that the cutting force increases
with increase of the traverse speed in the range up to 100 mm/min
[18], and up to 300 mm/min [19]. Also, in [5], it was shown, using
the results of experiments on several different metals, that there is a
connection between peaks in the value of the cutting force and uncut
parts of the material.

Taking the data for traverse speed and peak of cutting force given
in Table 2 and taking into account that the peak of the cutting force
amounted to around 15 N for the speed of 600 mm/min (see Fig.
6), a variation of the cutting force with the traverse speed has been
presented graphically in Fig. 12. All values of the force are reduced
by the force made by the test sample (around 4.5 N), which exists
before and after the cutting (Figs. 6 to 11).

The measured data (black dots) have been fitted with a linear
function, and the result obtained is presented by a dashed blue line,
along with the data. The result in Fig. 12 confirms linear relationship
given by Eq. (8), when considering the cutting force peak and the
traverse speed. The linear dependence of the cutting force on the
cutting depth and feed also exists in conventional cutting machining
[20]. When machining with AWJ, cutting depth and feed depend on
traverse speed.

This simplified model could be useful for application in the
practice. However, such a linear relation should be investigated
experimentally also for other materials and parameters of AWJ
process. Also, the relationship of the cutting force and other input
parameters needs to be investigated to improve overall knowledge
about AWJ process and obtain other useful calculation tools. This
was out of the scope of this paper and might be a subject of a future
research in this field.
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Fig. 12. Variation of cutting force with traverse speed

4 CONCLUSIONS

This paper presents the results obtained by experimental
measurement of the vertical component of the cutting force, showing
that measuring the vertical component of the cutting force makes
it possible to observe a period when the machined material is not
completely cut. Also, online measurements of the cutting force can be
used for the evaluation of the quality of the machined surface.

The experimental results allow concluding that an increase of
the traverse speed, above a certain limit, results in the appearance of
irregularities in the cut and in an increase of the vertical component
of the cutting force. Even when the cut is regular, such as for speeds
0f 900 mm/min and 950 mm/min, the maximum values of the vertical
component of the cutting force can be more than two times larger than
the lower limit. In the case of higher traverse speeds, when irregular
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cuts appear, the maximum values of the vertical component of the
cutting force can be more than three times larger than the lower limit.

Beside the appearance of the uncut parts, smaller or larger cavities
are produced in the material during cutting at high traverse speeds.
These cavities significantly increase the roughness of the machined
surface. Such unwanted side effects would require additional
treatment of the machined surface after cutting. It can influence the
quality of the final product.

The results of the conducted experiment can also be used for a
better understanding of the material cutting process performed with
the AWIJ. There can be established a relation between the duration of
the cutting force peak and the length of the uncut part, as well as their
frequency. Also, based on the appearance of peaks in the profile of the
vertical component of the cutting force, the beginning of cutting with
an unsatisfactory quality of the machined surface can be determined.

In conventional cutting, increasing the auxiliary speed (feed)
causes an increase in the cross-sectional area of the chip, and
therefore the volume of the removed material, which further leads to
an increase in the value of the cutting force. In this paper, machining
with abrasive water jet is viewed as a classic cutting process. The
abrasive water jet is represented as a cutting tool, while the cross-
sectional area of material removed per unit of time is represented as
a cross-sectional area of the chip. By applying the formulas valid for
conventional cutting procedures, a new model was obtained for the
calculation of the cutting force during machining with an abrasive
water jet. This model is much simpler than the models presented in
previous research by other authors. In AWJ machining, traverse speed
is most often varied in practice, while operating pressure and abrasive
mass flow rate are less frequently changed. In these conditions, the
model presented in the paper shows that there is a linear relation
between the traverse speed and cutting force. With the increase of
traverse speed, there is an increase in the cross-sectional area of the
chip, and therefore the volume of the removed material. This further
leads to an increase in the value of the cutting force. Measurements
have shown that with an increase in the traverse speed, there is an
increase in the value of the cutting force, which confirmed these
assumptions. To determine the cutting force for a given material
and machining parameters, it is necessary to determine the specific
cutting energy, which can be the subject of further research. Also,
future research can deal with the influence of the operating pressure
and mass flow rate on the values of the cutting force.

AW]J requires a much larger number of input parameters than
considered in the conducted research. However, the focus was given
to the traverse speed as input parameter and the cutting force as the
output parameter to validate the model under specific conditions.
It was of a particular importance to investigate if the direct
proportionality of the simplified model still remains valid at higher
speeds.

To apply the conclusions presented in this paper to the current
manufacturing of parts using abrasive water jet technology, it is
essential to develop specialized cutting tables. These tables should
facilitate online monitoring of cutting force values, which could also
be a subject for further research.
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Povezava med dinamicnim znacajem rezalne sile in obdelano
povrsino pri obdelavi z abrazivnim vodnim curkom

Povzetek V Clanku so predstavljeni rezultati raziskave o vplivu hitrosti
premikanja na rezalne sile in obdelano povrsino pri obdelavi z abrazivnim
vodnim curkom. Rezultati so pokazali, da obstaja pomembna povezava med
dinamic¢nim znaCajem rezalne sile pri obdelavi z abrazivnim vodnim curkom,
natanéneje med vrhovi v signalu rezalne sile, ter pojavom nepravilnosti in
nerazrezanih delov na obdelani povrsini. Prav tako je raziskava pokazala,
da poveCanje hitrosti pomikanja povzroCi poveCanje srednje vrednosti
staticne komponente rezalne sile. V eksperimentih je bila izmerjena navpicna
komponenta rezalne sile za 12 mm debelo palico iz aluminija AIMg3, rezano s
hitrostmi premikanja od 900 mm/min do 1200 mm/min. Pri rezanju z vegjimi
hitrostmi se pojavijo vecje nepravilnosti, ki so povezane s pojavom vrhov v
izmerjeni rezalni sili.

Kljuéne besede abrazivni vodni curek, rezalna sila, pre¢na hitrost, obdelana
povrsina
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A Mathematical Model of the Dimensional Chain
for a Generation 2 Wheel Hub Unit
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Abstract This article overviews wheel hub design solutions and proposes a mathematical model of the dimensional chain and a tolerance formula for
calculating axial clearance for a generation 2 wheel hub assembly with ball bearings. The dimensional chain analysis and its synthesis are carried out using
three partial interchangeability methods. The possibility of manufacturing the hub bearing using selection compensation was proposed. The considerations

made provide an alternative to the current method of process design based on numerous trials and considerable cost.

Keywords rolling-element bearings, dimensional chain, tolerance formula, axial clearance, wheel hub unit

Highlights

= A mathematical model of the dimensional chain and the tolerance equations for axial clearance was developed.

= Axial clearance and its limit deviations were compared to the constructor’s values, revealing significant discrepancies.

= Calculations for component dimension tolerances show that achieving partial interchangeability in production is not feasible.

= Calculated tolerances of independent dimensions using selection compensation into 9 selection groups.

1 INTRODUCTION

The main objective of this paper is to present an approach to the
design of manufacturing processes using a mathematical model of
the dimensional chain to achieve the expected axial clearance. In
previous practice when designing bearing hubs, designers did not
build mathematical models of dimensional chains. Tolerances were
selected intuitively based on the knowledge and experience of the
designer. They were often suboptimal and economically unjustified.
Therefore, work was undertaken to build a mathematical model of the
dimensional chain of the axial clearance of a second-generation ball
bearing hub assembly, in order to use it to verify the hub design and
to plan the optimal manufacturing process. The hypothesis was made
that in cases where the tolerance values obtained using the model
would be less than the tolerances adopted by the designer, it would
be necessary to change the tolerances of the independent dimensions
and manufacture the product under interchangeable conditions using
a selective compensation approach.

Tolerance design is very important in product development and
manufacturing processes. It is particularly important when applying
the concept of concurrent engineering (CE). This ensures that
manufacturing costs are minimised with maximum product quality
[1]. Many articles address the issues of tolerancing the dimensions of
independent parts as well as assembling them into assemblies with
the indication of problems in building tolerance chain models [2].
Singh et al [3] and [4] characterise various studies and theories on
tolerance analysis and synthesis, which can be divided into traditional
and advanced ones. Traditional tolerance design approaches do not
consider the impact of tolerance on manufacturing cost as opposed
to advanced ones. The authors of the theoretical considerations have
not supported their application in industry with examples. Tolerance
optimisation for products with multidimensional chains was described
by Tsung [5] using the example of a ball bearing incorporated into a
bicycle bottom bracket using specialised software. Nonetheless, the
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measurement of components at the manufacturing stage and their
association at the assembly stage do not reflect the problems of
determining the independent dimensional tolerances themselves.

There are many methods of tolerance analysis in use today,
both manual and software-based. The use of computer software
is constantly being developed and the results obtained can be used
for analysis and optimal design [6] and [7]. In this paper, however,
manual methods have been used to determine the dimensional chain
model, perform its analysis and synthesise it for the axial clearance of
a generation II hub.

Fig. 1. Wheel hub unit with two tapered roller bearings
Bearing hubs have undergone extensive modifications over the

years in order to reduce their manufacturing costs and meet market
expectations. Decisions made at the design stage help minimize the
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Fig. 2. Generation | wheel hub unit with a double-row angular contact ball bearing;
1 outer ring, 2 inner ring, and 3 seal
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Fig. 3. Generation | wheel hub unit with a double-row tapered roller bearing; 1 outer ring, 2
inner ring and 3 clamping ring

risks of product failure, which may result from errors associated
with drawing interpretation, product manufacturing, or its primary or
secondary assembly. The major factors responsible for these errors
are the designer’s insufficient knowledge of the processes involved in
the manufacturing of the product and a low level of mechanization or
automation of the product assembly [8]. Designers making decisions
on tolerance sizes generally rely on intuition and experience. Such an
approach, however, may not be correct because if tolerances are too
small, the manufacturing costs increase substantially.

Wheel hub units for motor vehicles are precision products
where appropriate dimensioning and tolerancing of components are
critical aspects of engineering design. The simplest wheel hub unit
configuration, depicted in Fig. 1, features a pair of tapered roller
bearings in an adjusted face-to-face preload arrangement.

Another design solution is the first-generation wheel hub unit,
fitted with a double-row angular contact ball bearing (Fig. 2) or a
double-row tapered roller bearing (Fig. 3), lubricated for life with
defined and preset clearance.

The second generation unitized or integrated wheel hub unit
illustrated in Fig. 4 is a solution in which the bearing housing is
replaced by an outer ring with a flange to which the rotating parts
of the brake system and the road wheels are attached. It comes in
two variants based either on the ball bearing or tapered roller bearing
designs [9].

A more technologically advanced solution is the third-generation
wheel hub unit with ball or tapered roller bearings (Fig. 5), where
the outer flanged ring (1) takes over the function of the housing, and
the inner flanged ring (2) allows the attachment of the brake disc and
the road wheel. The wheel hub unit design has undergone various
modifications to suit specific purposes. For example, the unit shown
in Fig. 6 features a torque transmission gear system with an inner
flanged ring (2) and a halfshaft gear (3).

When designing wheel hub units, engineers need to determine
the tolerance limit for each toleranced dimension. This requires

Structural Design

Fig. 4. Generation Il wheel hub unit based on the ball bearing design; 1 outer flanged ring, 2
inner rings, and 3 seal

Fig. 5. Generation IIl wheel hub unit based on the tapered roller bearing design; 1 outer flanged
ring, 2 inner flanged ring and 3 standard inner ring

Fig. 6. Generation Ill wheel hub unit with a torque transmission gear system; 1 outer flanged
ring, 2 inner flanged ring with a face gear and 3 halfshaft gear with meshing teeth

robust design knowledge and previous experience. They also analyze
all the relevant measurement and simulation data. In some cases,
however, tolerances assumed by the designer may not ensure that
parts will function correctly [10]. Measurement methods used at
the manufacturing stage play an essential role [11] and [12]. These
days, geometrical tolerances can also be used to precisely define
the product, such as for the design of gears [13]. This methodology,
called geometrical product specification (GPS), described by EN
ISO 8015:2012 [14] and ISO 492:2014 [15] has supplemented the
traditional techniques for determining the geometrical requirements
of engineering products. GPS helps specify linear and angular
dimensional tolerances, geometrical tolerances, and surface texture
tolerances [16] and [17].
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Fig. 7. Generation Il wheel hub unit with a double-row angular contact ball bearing

In the study, the GPS dimensioning principles were employed
to develop the design of a second generation wheel hub unit
incorporating a double-row angular contact bearing (Fig. 7) [18].

2 A MATHEMATICAL MODEL

A mathematical model of the tolerance formula for the axial clearance
of the generation 2 wheel hub unite with a double-row angular
contact ball bearing is presented. The components of a double-row
angular contact bearing, such as the inner rings, the outer ring, and
the balls need to be carefully selected to ensure correct axial and
radial clearance. In practice, however, for this type of bearing, only
the axial clearance is measured under axial load, which is exerted in
the axial direction on the outer ring alternately on either face, with
the inner rings held stationary.
Assuming zero axial load, we obtained a dimensional chain with
14 components:
* m is axial distance between the raceways of the outer ring,
» n;axial distance between the raceway of the left inner ring and its
narrow face,
* n, axial distance between the raceway of the right inner ring and
its narrow face,
e r,radius of the left inner ring raceway,
* 1y, radius of the right inner ring raceway,
+ ryradius of the left outer ring raceway,
* 1., radius of the right outer ring raceway,
* d,, diameter of the left inner ring raceway,
* d,, diameter of the right inner ring raceway,
e d_ diameter of the left outer ring raceway,
* d,, diameter of the right outer ring raceway,
* a contact angle,
* d;diameter of the left raceway ball,
* d, diameter of the right raceway ball.
Thus, the dimensional chain equation for axial clearance is a
function [19]:

L:f (Wl, P Pps T'wis Twps Tzl Tzps dwla dwpa dzla dzp’ a, dla dp)
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Because of the symmetry, the number of dimensions was reduced
to half. Thus, the dimensional chain was simplified to an eight-
component chain. The function had the form:

L=f(m,n,r,r.,d,d.,a,d),

where m is axial distance between the raceways of the outer ring, n
axial distance between the raceways of the inner rings, r,, radius of
the inner ring raceway, 7, radius of the outer ring raceway, d,, diameter
of the inner ring raceway, d, diameter of the outer ring raceway, a
contact angle, and d ball diameter. In the study, a simplified design of
the wheel hub unit (Fig. 8) was considered.

Fig. 8. Simplified design of the wheel hub unit with a double-row angular contact ball bearing

The dimensional chain equation for the axial clearance was
written as:

m=n+2a—L. (N
Hence,

L=n—m+2a, 2)

a=\b"-c?, 3)

b=r,+r.—d, )

c=r,,+r.—0.5(dz—dw), 5)

a2:(rw+rzfd)27(rw+r270-5(dzfdw))2~ (6)
Let

R=r,+r, and S=0.5(d.—d,). 7
After substituting Eq. (7) into Eq. (6), we obtaine

a?=(R—d)?>—(R-S)?, (®)
and after the conversion, we had

a2=(d-S)(d+S-2R). 9

The equation of the dimensional chain for the axial clearance
was thus given as

L=n—-m+2(d-S)d+S-2R). (10)

The tolerance formula was derived wusing the partial
interchangeability method. It was assumed that the coefficient of
variation for all the components of the dimensional chain was equal

to 1. The tolerance formula for this complex chain was determined
from Eq. (11):

2
k=1 6L
T} = TA:. 11
; Z([M] , an
The partial derivatives were calculated as:
ai:l, 87L:_15 (12)
on om
2(d—-R
2R (13)
od \|(d-5)(d+S-2R)
2(R-S
oL ( ) (14)

oS Jd-5S)(d+S-2R)



oa__ 2AS-d) (15)
R J(d-S)(d+S-2R)

Since

B=\(d-5S)(d+S-2R), (16)

the tolerance equation took the following form:

T} =T +T? +%[(d—R)2 T2 +(R-S) T2 +(S~d) T;}, (17

T, :\/Tf +12 +%[(d—R)ZTdZ HR=S)' T} +(S-d)' T; | (18)

3 VALIDATION OF THE MATHEMATICAL MODEL

In this paper, the validation of the mathematical model of the axial
clearance dimension chain is reduced to analysis and synthesis to
confirm that the equation is mathematically and physically correct
and meets the specified functional requirements.

The nominal value of the axial clearance in the analysed wheel
hub unit was calculated using Eq. (18), derived under the assumption
of partial interchangeability. The assumption was made because there
were eight components in the dimensional chain and the designer’s
past experience in the design and production of similar products
indicated such an approach was correct. Table 1 summarizes the
nominal values of the dimensions shown in Fig. 8 together with their
tolerances.

Table 1. Nominal values and tolerances determined for the dimensions provided in Fig. 8

Dimension Unit Nominal value Tolerance
n=n;+n, [mm] 22.772 + 0.020
m [mm] 23.488 + 0.010
r [mm] 6.730 + 0.025
I [mm] 6.540 + 0.025
d [mm] 12.700 + 0.00975
o [°] 40 -

d. [mm] 65.878 + (.02
d, [mm] 40.211 + (.02
L [mm] 0.015 + 0.010

Due to the complex nature of the eight-component dimensional
chain, small tolerances, and measurement difficulties, the tolerance
of the contact angle a was assumed to be zero.

3.1 Dimensional Chain Analyis

Eq. (7) was used to calculate the values of R and S with tolerances.
R=6.54%0.025+ 6 73+0.025=13.27+0.05 mm,

5=0.5(65.878+0.02-4(0.2110.02) = 12.834+0.02 mm.

The numerical values from Table 1 and the calculated values of R
and S from Eq. (7) were substituted into Eq. (10) to get the nominal
value of the axial clearance, L = 0.0183 mm

L=22.772-23.488

+2x \/(12.7 —12.834)(12.7-12.834 - 26.54) =0.0133 mm.

The method of differential calculus, Eqgs. (19) and (20), was
employed to calculate the limit deviations.

L oL X OL
X, =) —a,,+) —b,, 19
> ZaA ZaB (19)
L oL X OL
X = Zaau + Z£b2i' (20)

i=1 i=1

Then, the values of the partial derivatives were determined using
Eq. (12 to 15) and Eq. (16) in order to calculate /.
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B =J(12.7-12.834)(12.7 +12.834 - 26.64) = 0.3672.

Thus
2(12.7-13.2 2(13.27-12.
oL _2(12.7-1327) 7)=—3.105, oL _2(1327-12837) 837)=2.375,
od 03672 as 03672
2(12.834-12.7
oL _2(12834-127) oo
R 03672

The upper limit deviation x, was:
Xx,=0.02+2.375%0.02+0.73%0.05+0.01 +(-3.105)x(—0.00975)

=0.144 mm,

while the lower limit deviation x; was:
x1=-0.02+2.375%(=0.02) +0.73%(~0.05) — 0.01

+(-3.105)x0.00975=-0.144 mm.

The axial clearance determined from the tolerances of the
components of the dimensional chain assumed by the designer was:

L=0.0183 20.144 mm

(with L = 0.015%0.010 mm assumed by the designer).

As can be seen, the calculated axial play was 3.3 pm greater than
that assumed by the designer. The calculated tolerance value did not
correspond to the nominal value of the axial clearance.

3.2 Synthesis of the Dimension Chain

The tolerances of the component dimensions were calculated for
partial interchangeability using the method of equal tolerance, equal
tolerance class and equal influence [20]. The experience of bearing
manufacturers shows that performing these calculations for total
interchangeability gives tolerance results of independent dimensions
so small that it is not possible to meet them during technological
process execution.

3.2.1 Method of Equal Tolerance

By substituting the numerical data into the tolerance equation; Eq.
(18) and assuming 7,,=T7,,=T,=Ts= Tz =T the result was obtained:

1= e (R T (k=5 T (5-0) 7

:\/T2+Tz +%[(d—R)2TZ +HR=S)T* +(5-d) T

:T\/2+ﬁ42[(d—R)2 +(R-S) +(S—d)2]

= T\/2+ 1 10325+0.19+0.018],
0.135

= ﬂ =0.005 mm.

T 4218

3.2.2 Method of Equal Tolerance Class for a Complex Chain

Egs. (21) and (22) were used to calculate tolerances using the equal
tolerance class method.

_ 2
i -5 2 () e

i=1

T, =ai/4, (22)

By substituting the values from Table 1 into Eq. (22), the results
were:
T,=2.834a, T,,=2.862a, T;=2.333a, Ts=2.341a, Tp=2.368a.
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After substitution into Eq. (21), the following was obtained
T2 =a?(1x2.834%+ 1x2.8622+9.641x2.3332 4+ 5.641x2.341?

+0.533%2.368%)= ¢*x102.6, hence,

a:L=0.00197 mm.

V102.6
So the tolerances of the component dimensions are respectively:
7,=0.006 mm, 7,,=0.006 mm, 7,=0.005 mm, 75=0.005 mm, and
Tx=0.005 mm.

3.2.3 Method of Equal Impact

Based on Eq. (23) for the composite chain and assuming that the
components of the chain have a normal distribution i.e. £ = 1, the
result was obtained:

2 2 2

oL oL oL
Bl = =kl | = | T ==kl | — | T2 =’ (23
A‘(aAlj 4 Az(aAzJ 4y A”[aA,,j 4, =M ( )

For five dimensions of the chain 7}%=5xm?,

hence m = L = & =0.009 mm.

J5 2236
The tolerances of the individual dimensions are therefore
7,=0.009 mm, 7,,=0.009 mm, 7,=0.003 mm, 74=0.004 mm, and
T2=0.012 mm.

Table 2. Summary of results for three methods of calculating tolerances for partial
interchangeability

Tol. calculated
using the equal

Tol. calculated using  Tol. calculated

Tol. specified by the equal tolerance  using the equal

constructor tolerance method class method impact method
T, [mm] 0.04 0.006 0.009
T, [mm]  0.02 0.006 0.009
T,;[mm] 0.0195 0.005 0.005 0.003
T [mm] 0.04 0.005 0.004
Tg [mm] 0.10 0.005 0.012

Table 2 summarises the results for the three methods mentioned
above and the values adopted by the designer. No calculations have
been made for the minimum cost method because the cost functions
of making the rings as a function of changes in the dimension chain
values are not known.

3.3 Partial Interchangeability for Axial Clearance with Selective
Compensation

For small tolerances of the dependent dimension, it often turns out
that the tolerances of the independent dimensions determined under
the assumption of partial interchangeability are very small. Meeting
them results in a significant increase in manufacturing costs or is
even impossible. In turn, their enlargement generates an unacceptable
number of defects. In such cases, the most economical solution is
to make the individual parts within the tolerances achievable under
the given production conditions. The tolerance of the dependent
dimension will then be bigger than the tolerance assumed by the
designer, and additional work must be done during assembly to
achieve the resulting dimension within the assumed limits. This kind
of interchangeability, in which additional operations are needed to
obtain the correct product, is called conditional interchangeability.
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One of its types is the selection of parts with the right dimensions
- selection compensation. It involves measuring all the parts to
be made and dividing them into several dimensional groups and
associating them appropriately together with the rolling elements
during assembly [21] In the case of selection interchangeability,
dividing all the parts from a given lot into m selection groups allows
their production tolerance to be increased m times. We can therefore
write that the actual closure dimension tolerance T} is equal to
the product of the number of selection groups m and the closure
dimension tolerance in a given selection group 7; [22].

T, =mxTy. (24)

For dimension chains with multiple dimensions, they should be
divided into two chains I and II, trying to obtain an equal sum of the
tolerances of their component dimensions using Eq. (25).

chain I chain II
2| OL 2y | OL

—IT, = —I\T,, 25
;aA,. 4 ,,:,ZH o4, " (@)

where p is the number of component dimensions of one of the
two chains obtained from splitting the chain under consideration,
and m the number of independent dimensions of the chain under
consideration.

In the case of the wheel hub unit under consideration for the axial
clearance tolerance equation this looks like the following:

a—LTn +6—L 5 :a—LTm +a—LTd +6—L 2

on oS om od OR

The equality of parts I and II of the chains could not be achieved,
as the following calculation illustrates.

1x0.04+2.375%0.04~1x0.02+3.105%0.0195+0.73x0.1,

0.135 mm # 0.154 mm.

Actual tolerance of the closing dimension 7;'=0.135+0.154=
0.289 mm, and the desired tolerance is 7;=0.020 mm.

In order to meet the condition that the tolerance in a selection
group should not be greater than the tolerance of the closing
dimension using Eq. (24), the number of selection groups was
calculated, which should be no less than 15 [22]:

» executive deviations: x,'=0.144 mm and x,'=-0.144 mm,
* desired deviations: x,=0.01 mm and x; =—0.01 mm.

For the coordinates of the centre of the area of variation the
following condition must be met:

M;'= M, (26)

where M;' is coordinate of the centre of the performance tolerance
variation area, and M; coordinate of the centre variation area of the
tolerance desired. Using the formulas:

M, =0.5(x,+x,) and M,'— i[a&}% , 7)
M

i=1 i

where x;, x, are desired deviations, and A, are coordinates of the
centres of the area of variation of the compénent dimensions before
selection M;=0.015 mm, and M;'= 0 mm.

A zero value was obtained due to symmetrically distributed
deviations for each component dimension. In the present case, the
condition of equality of the coordinates of the centres of the areas of
variation M;'=M; is not satisfied. The fulfilment of the conditions
of equality of the coordinates of the area of variation Eq. (26) and
equality of tolerance Eq. (25) gives confidence in the constancy of
the resultant dimensions in each selection group [22]. In order to meet
this requirement, the dimensional deviations of some component
cells were changed and recalculated. New deviation values for the
ball diameter d were adopted on the basis of experience and deviation
calculations were carried out for R and S. Table 3 summarises the
previous and new tolerance values.



RN )5
M, = 0.5;(&41](% +Xy,)
=0.50x(—3.105% (—0.005) +0.73x (X, + X, )) = 0.015 mm,

and T =0.08 =xpz—x, Wwe get x;z=—0.03 mm and x,=0.05 mm.

Table 3. Previous and new tolerance values

Dimension Nominal value  Design tolerance ~ New tolerance
7, [mm] 6.730 + 0.025 +0.025, -0.015
7,, [mm] 6.540 + 0.025 +0.025, -0.015
R =r,+r, [mm] 13.270 + 0.050 +0.050, -0.030
d [mm] 12.700 + (0.0097 +0.001, -0.006
d, [mm] 65.878 + 0.020 +0.013

d, 40.211 + 0.020 +0.013

S = 0.5(d~d,,) [mm] 12.834 +0.020 +0.0125

After this change, equal values of the coordinates of the centres of
the tolerance variation areas were obtained. Rechecking the condition
of equality of tolerance of the two parts of the split dimensional chain.

1x0.04+2.375%x0.04~1x0.02+3.105%0.007+0.73 x 0.08,

0.135#0.1.

The condition of equality of tolerance is not fulfilled, which means
that the axial clearance will not reach the value between 0.05 and
0.025 mm. To avoid this, the tolerance of dimension S was changed
without changing the equality of values of the centres of the tolerance
variation areas of part [ of the chain. For this purpose, the necessary
tolerance for S was calculated.

The tolerance of Part I is equal to 1x0.04+2.375xTs" = 0.1 so
Tg'=0.025. Then S will be 12.834+0.0125 mm.

Calculation of actual tolerance for new tolerances on independent
dimensions 7;' = 1x0.04+1x0.02+2.375%0.0125+3.105%0.007+0.73
x(0.08 = 0.17 mm. For an actual axial clearance tolerance of 0.17 mm,
the number of selection groups will be 9.

4 DISCUSSION

Wheel hub units have numerous benefits and as such they are
replacing traditional wheel bearings in motor vehicles. To design
them, engineers now commonly apply GPS principles since these
help them better reflect their intentions and prevent drawing
interpretation errors. The mathematical model proposed in this article
was used to determine the amount axial clearance and the optimal
tolerances of toleranced dimensions for a generation 2 wheel hub unit
with a dual-row angular contact ball bearing. In this case the axial
clearance determined using the dimensional chain equation was 3.3
pm greater than the value assumed by the designer. The tolerance
values obtained with the model were validated by comparing them
with the values assumed by the designer for this product. These are
significantly smaller than the tolerances adopted by the designer. This
indicates that it is necessary to change the tolerances of the component
dimensions and manufacture the product under interchangeability
conditions using the selective compensation approach. In the case
under consideration, the division of the independent dimensions into
nine selection groups allows components to be manufactured with
tolerances that are achievable, economically justified and assembly
guaranteed to meet the designer’s requirements.

Structural Design

5 CONCLUSIONS

The proposed solution of using a mathematical dimensional chain
model in the design of a second-generation bearing hub is an
alternative to the frequently used product and process design method
based on designer experience, numerous tests and at considerable
cost. Its use will reduce the time and cost associated with designing
a bearing hub and putting it into production. The proposed solution
will still be documented and validated in series production of bearing
hubs which is planned in the near future.
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Matemati¢ni model dimenzijske verige
za enoto kolesnega pesta 2. generacije

POVZETEK Clanek predstavija pregled konstrukcijskih resitev pesta kolesa
ter predlaga matematicni model dimenzijske verige in enacbo za izracun
tolerance za izraCun osne zracnosti za sklop pesta kolesa 2. generacije s
kroglicnimi leZaji. Analiza dimenzijske verige in njena sinteza sta izvedeni
Z uporabo treh metod delne zamenljivosti. Predlagana je bila moznost
izdelave leZaja pesta z uporabo izbirne kompenzacije. Opravijeni razmisleki
predstavljajo alternativo sedanji metodi nacrtovanja procesa, ki temelji na
Stevilnih poskusih in precejSnjih stroskih.

Kljucne besede kotalni leZaji, dimenzijska veriga, tolerancna formula, osna
zracnost, enota kolesnega pesta
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Numerical and Experimental Investigation
of Aspect Ratio Effect on Aerodynamic Performance
of NACA 4415 Airfoil Section at Low Reynolds Number
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Abstract In this study, the effect of aspect ratio on the aerodynamic coefficients is investigated for a NACA 4415 airfoil profile. Four different aspect ratios which
are 3, 5, 7, and 9 are evaluated with the computational fluid dynamics (CFD) simulations and the experiments. The CFD studies are performed using a three-
dimensional (3D) computational domain and by using the k-w shear stress transport (SST) turbulence model for turbulence calculations. The measurements of
the aerodynamic forces are carried out in open jet type wind tunnel using a three-component balance. CFD and experimental studies are performed at angles of
attack from 0° to 25° and Reynolds number 85-103. The results show that as the aspect ratio increases, separation points move towards the leading edge of
the airfoil and the stall angle reduces. Furthermore, it is observed that the lift coefficients increase with the increasing aspect ratio. The results obtained indicate
that there is a harmony between the experimental data and the CFD solutions.

Keywords airfoil, wind tunnel, aspect ratio effect, aerodynamic coefficients, three-component balance, low Reynolds number

Highlights:

= The research investigates the aspect ratio effect on NACA 4415 airfoil at low Reynolds number.

= Four different aspect ratios are investigated both experimentally and numerically.

= Experiments and numerical studies show that with increasing aspect ratio, the coefficients of lift increase.

+ The research demonstrates that with increasing aspect ratio, the stall angle reduces.

1 INTRODUCTION

Airfoils are important components of many scientific and
technological fields, including wind energy, aerospace, defense,
transportation, jet engines, unmanned aerial vehicles (UAVs), mixing
of fluid products, etc. [1] to [3]. There are many studies in the literature
on the design and analysis of airfoil structures due to their frequency
of use and importance in different industrial application areas.
In aerodynamics, Reynolds numbers below 500-10° are typically
considered to be in the low Reynolds number range. Generally, high
Reynolds number studies are conducted and there is limited research
in literature related to low Reynolds numbers. Winslow et al. [4]
studied aerodynamic characteristics and separation characteristics at
Reynolds numbers from 10-10* to 10-10°. Akbiyik et al. [5] studied
the aerodynamic performance of a NACA 0015 airfoil at a Reynolds
number of 48-103 under different configurations of plasma actuator
electrodes. Bartl et al. [6] investigated the lift, drag and surface
pressure of an airfoil at low to moderate Reynolds numbers ranging
from 50-10° to 600-10°. Traub and Coffman [7] studied the leading
and trailing edge flaps at Reynolds numbers of 40-10% 60-103 and
80-10% Their results showed that the flaps affect the aerodynamic
characteristics positively. Xia et al. [8] briefed the flow structures
of airfoils at low Reynolds numbers. They examined the laminar
separation bubbles and their effects. Murayama et al. [9] studied the
aerodynamic performances of the low Reynolds numbers airfoil to
observe the effect of the robustness, and they used a flexible flap, a
bird-inspired wing, in their experimental study. Ayaz Umiitlii et al.
[10] experimentally revealed that the maximum lift and stall angle
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at low Reynolds number condition are lower in comparison with the
high Reynolds number region. Stutz et al. [11] investigated vertical
gust and airfoil interaction at Reynolds numbers 12-10° and 54.4-103.
Somashekar and Immanuel Selwynraj [12] examined the effect of
rain on the aerodynamic characteristics of an airfoil operating at a
Reynolds number of 200-10°.

It is important to define the flow characteristic of the airfoil in
order to improve the aerodynamic performance. The aspect ratio
(AR) has a substantial impact on the aerodynamic behavior of the
airfoil. In literature, there are studies considering the different aspects
of the aspect ratio effects. Ananda et al. [13] studied on flat-plate
wings with the aspect ratio range of 2 to 5 at low Reynolds numbers.
They found that from the wind tunnel tests the Oswald’s efficiency
factors exhibited considerable sensitivity in aspect ratio changes. As
the aspect ratio increased, it was observed that Oswald’s efficiency
factor declined. Lee et al. [14] numerically studied aspect ratio effects
on a revolving wing. They used a rectangular wing and considered
the Rossby number while conducting the study. The aspect ratio
ranges of their study are 1 to 10. Awasthi et al. [15] experimentally
studied the flow structure of the airfoil with the aspect ratio of 0.5.
They presented that in an airfoil with such a low AR, the interactions
of already existing complex flow structures are present even in the
mid-span of the airfoil. Zanforlin and Deluca [16] studied the effects
of the tip losses on the aspect ratio of the vertical axis wind turbines.
They investigated the AR interval of 0.25 to 3. They performed three
dimensional CFD analysis. They assessed high AR with low tip losses
or low AR with higher losses airfoil to achieve the maximum power
output. They identified the optimal aspect ratio that gives the highest
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power. Lee and Han [17] studied NACA 0012 airfoil with the aspect
ratios of 3, 4, 5, and 6 at high angle of attack (AoA). They measured
lift and drag by load cells. Ayaz Umiitlii et al. [18] experimentally
studied on NACA 4415 airfoil which has an aspect ratio of 9 and
proposed a new approach for stall detection.

The NACA 4415 airfoil profile is a type of cambered airfoil that
can be used in vertical-axis wind turbines (VAWTs). However, a few
experimental studies are using NACA 4415 airfoil at low Reynolds
number conditions. We aimed to fulfill this gap in the literature by
investigating the NACA 4415 airfoil experimentally at Reynolds
number 85-10%. Asr et al. [19] studied the start-up characteristics of
H-Darrieus vertical-axis wind turbines using NACA airfoils. They
utilized Ansys Fluent to conduct transient CFD analysis to investigate
this behavior. Parker et al. [20] studied the effect of chord-to-diameter
ratio on the wake of VAWTs. They investigated three different D/c
ratios which are 3, 6, and 9 and they used NACA 0022 symmetrical
airfoil in their experiments. Zhong et al. [21] studied the dynamic
stall control using a leading-edge rod on the Darrieus vertical-axis
wind turbine. They used NACA 4-digit symmetrical airfoil profiles in
their study. Song et al. [22] studied on aerodynamic characteristics of
the Darrieus vertical-axis wind turbine and they investigated varying
thickness (12 %, 15 %, 18 %, and 21 %) of the airfoil using CFD
simulations.

There are two important research which show the effects of the
Reynolds number and the aspect ratio. Miley [23] published a catalog
on the Reynolds number effect over the various airfoil profiles at
different test conditions. It is seen from Fig. 1 that as the Reynolds
number increases, the lift coefficient also increases. However, the
aspect ratio is not detailly presented in Miley’s study. Moreover,
Ostowari and Naik [24] studied on the aspect ratio effect of the NACA
4415 airfoil at Reynolds number of 250-10? for the aspect ratios of 6,
9, 12, and infinite span. Compared to Ostowari and Naik’s [24] study,
a lower Reynolds number is used in this paper while the aspect ratios
are 3, 5, 7, and 9. The results of this paper are evaluated in the light
of these two important studies in the literature. Fig. 1 shows some of
the results of Miley’s [23], and Ostowari and Naik’s [24] studies. The
main contribution of this paper is the investigation of the aspect ratio
interval of the NACA 4415 airfoil under the low Reynolds number
condition to cover the gaps that remained in the studies mentioned
above.

061

0.4 ——[23] Re = 83¢3 3D
-------- [23] Re = 6503 3D
—-=-[23] Re = 7003 2D
- = [24] Re = 2503 2D
—e—[24] Re = 250e3 AR =9
—6—[24] Re = 250e3 AR =6

021

0 5 10 15 20 25 30
Ao0A [deg]

Fig. 1. The results of the studies of Miley [23], and Ostowari and Naik [24]

There are many studies on airfoils, but the number of studies
considering the aspect ratio of the airfoil at low Reynolds number

52 = SV-JME = VOL71 = NO1-2= Y2025

are limited. In the present study, NACA 4415 airfoil is selected
as a model, and wind tunnel tests are conducted for four different
aspect ratios of 3, 5, 7, and 9 at low Reynolds number conditions.
Furthermore, the flow analyses are performed to compare the results.
The objective of this paper is to determine the aspect ratio effect
on the lift and drag coefficients of NACA 4415 airfoil section. In
addition, since it is difficult to study at low Reynolds numbers, we
aimed to fill the experimental study gap in the literature with this
study by examining the aspect ratio at 85-10° Reynolds number. For
obtaining the lift and drag coefficients, a three-component balance
system is utilized in the experiments.

This paper is structured as follows: The methods and materials
section explains the numerical and experimental procedures. In the
results and discussions section, the results of the simulations and
experiments are given and discussed in detail. The conclusion section
summarizes the key outcomes of the study.

2 METHODS AND MATERIALS

The numerical simulations and experiments were conducted to study
the aerodynamic characteristics of the NACA 4415 airfoil which had
a chord length of 105 mm, and the corresponding Reynolds number
was 85-10%. During the studies, the effect of the aspect ratio on the
coefficients of lift and drag was investigated. The aspect ratio is the
ratio of the airfoil span and the chord length. The investigated aspect
ratios within the scope of this study were 3, 5, 7, and 9. The aspect
ratio is defined as;
b b

AR 5= (1)
where AR, b, ¢, and S indicate the aspect ratio, span, chord length, and
the planform area of the airfoil, respectively. The Reynolds number is
expressed as;

Re=£%, @

u
where Re, p, v, u indicate the Reynolds number, density of the air,
free stream velocity, and the dynamic viscosity, respectively. The
formulae used for the calculation of the lift and drag coefficients are

given as;

2F,
¢ =2, G)

pv-S

2F,
C,=—, 4
D pV2S ( )

where F; is lift force and Fp is drag force. C; and Cp are the
coefficients of lift and drag, respectively.

2.1 Numerical Procedure
2.1.1 Model Definition

The numerical results of this study were obtained for a NACA 4415
airfoil profile. Boundary conditions had been set as velocity inlet,
pressure outlet, and the wall along the airfoil and along the sides of
the computational domain except for the right side. The symmetry
was applied to the right side of the domain to decrease the number of
elements created and accordingly the computational time.

2.1.2 Mesh Independence Study

Both hexahedral - tetrahedral and hexahedral - polyhedral meshes
were created to observe the effect of meshes on the simulation
time. Fig. 2 provides mesh details of the computational domain.
The computational domain was divided into two parts to generate
more successful mesh grids. The mesh quality in the near-field area



Fig. 2. Mesh details; a) computational domain; magnified mesh view around, b) the near-field, c) the airfoil; magnified view of the inflation layers around, d) the leading edge, and e) the trailing edge

a) | RS . b)

Fig. 3. a) Polyhedral mesh in the near-field area, and b) magnified view of the polyhedral mesh around the airfoil

around the airfoil was improved using the body sizing and face sizing
method. The sizing option of the overall mesh was proximity and
curvature. Inflation layer with 20 layers and a growth rate of 1.2 was
employed along the airfoil wall to provide the y+ < 5 requirement.
y+ values were around 1 for all analyses performed in this study. The
mesh statistics show that the number of nodes was 1730042 and the
orthogonal quality was 0.88.

The simulations were run using ANSYS® Fluent on a computer

converting the tetrahedral mesh to the polyhedral mesh affects the
computational expense positively. Table 1 summarizes the relation
between the simulation time and the applied meshes and Fig. 3 shows
the polyhedral mesh details.

Table 1. The effect of tetrahedral and polyhedral meshes on convergence time
at grid level =4 at 0° AoAfor AR=9

Hexahedral & Hexahedral &

with Intel Core i7- 6700HQ, 2.6 GHz CPU and 16 GB RAM. To Tetrahedral Polyhedral
reduce the convergence time and complete the analysis in a shorter Average time per iteration [s] 9.778 4.813
time, polyhedral meshes were used in the flow analysis. It means that Total convergence time [s] 12799 2411
Table 2. Mesh independence study at 0° AoA for AR =9
grid # max f[arlg]e size mal[xms]|ze b;)i%] g [f;c]e # of nodes or;huoagl;i(t);al r C,/Cp avei;t;argi:i (t)|rr]n[es ]per
1 3e-2 5e-2 1.5e-2 637048 0.83 1.05357 10.11 2.372
2 1.8e-2 2e-2 1e-2 1089297 0.86 1.05652 10.15 3.125
3 1.8e-2 2e-2 8e-3 1268383 0.87 1.05936 10.21 3.550
4 1.8e-2 2e-2 6e-3 1730042 0.88 1.05980 10.32 4.813
5 1.5e-2 1.8e-2 6e-3 2115060 0.89 1.06013 10.32 5.684
6 1.2e-2 1.5e-2 6e-3 2807537 0.90 1.06237 10.32 7.244
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Table 2 presents the results of the mesh independence study.
Mesh quality affects both computational accuracy and computational
time. The optimum element number is the point where the results
are accurate with the fewest elements. 4t grid was chosen for the
simulation not to increase the number of nodes and the computational
time. Fig. 4 shows the relation between the grid level and C;/Cp,.

10.35

grid #
Fig. 4. Grid # and C; / C, relation

2.1.3 Simulation Setup

As a turbulence model, &~ SST with a standard set of coefficients
was selected. The SIMPLE scheme was used to handle the pressure-
velocity coupling. Second-order upwind discretization scheme
was applied for all RANS equations due to its balance of accuracy
and computational efficiency. The residual convergence level of
the simulations was 10-7. The governing equations of the k~w SST
turbulence model are given by:

o(pU k
M+M:ﬂ_c pkcoJri p e ok ; &)
o axj u axj o, axj
d(pw) O(pU,0) ® 2
P T e P ¢ pw*+o(1-F)CD
or o, o i Cape’ e p(12F)

J

+i ‘u+i 8£ s (6)
ox, c, )ox;

where &, w, w, oy, o,, CD, F, C,, and C,, represent the turbulence
kinetic energy, specific dissipation rate, turbulent viscosity, turbulent
Prandtl numbers for £ and w, cross-diffusion term, blending function,
and model coefficients, respectively. Simulation parameters are
presented in Table 3.

Table 3. Simulation parameters

Turbulence model k- SST with a standard set of coefficients

Solver Pressure based SIMPLE scheme
Discretization Second-order upwind scheme
Residual convergence level 10-7

2.2 Experimental Setup

At the Izmir Katip Celebi University, Turkey, a wind tunnel was
employed to conduct experiments. The airfoil’s mounting frame was
constructed from 30 mm x 30 mm aluminum profiles, as depicted
in Fig. 5. The wind tunnel features an open-square jet section with
dimensions of 1000 mm x 1000 mm and has a maximum freestream
velocity of 12 m/s. The three-component balance system provided
structural support to the airfoil, which was attached via a shaft at
its quarter chord, and had a protractor on it that allows to set the
airfoil’s attack angle. A series of force measurements were conducted
using the three-component balance for the investigation of the
airfoil’s aerodynamic performance. Before the measurements, the
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wind-off load was subtracted to calibrate the measurement system.
The resulting force values were read from the display unit, and the
force values were evaluated using the calibration table which was
generated before the measurements.

NACA 4415 airfoil was modeled using a CAD program, and the
airfoil model was fabricated by a three - dimensional (3D) printer
using PLA material. The software’s printing settings were configured
with the following specifications: layer height at 0.2 mm, wall
thickness at 1.5 mm, wall line count at 3, and infill density at 15 %.
Also, a tri-hexagon infill pattern was used as an internal structure of
the airfoil. Fig. 6 shows the 3D printed airfoil model.

Fig. 5. Experimental setup; a) low-speed wind tunnel,
b) three-component balance, and c) display unit

3 RESULTS AND DISCUSSIONS

The numerical simulation results are utilized to support the
interpretation of the experimental part of this study. To interpret
the results, the velocity vectors and the vortices around the airfoil
are investigated. To investigate the separation characteristics of
the airfoil, the vector representation of the flow is given in Fig. 7.
Red arrows in the figure show the separation points. As the aspect
ratio and angle of attack increase, it can be seen that the separation
points move towards the leading edge of the airfoil. For low aspect
ratios flow remains largely attached to the airfoil at low angles of
attack. However, separation is stronger for high aspect ratio airfoils
compared to low aspect ratios. In other words, it has been observed
numerically that stall occurs at smaller angles of attack as the aspect
ratio increases. The performed experiments are compatible with the
data obtained as a result of numerical analysis.

Flow rolls around the tip of the airfoil from bottom to top, and it
is called tip vortex. Lambda2 vortex criterion is a detection method
of the vortices from a 3D flow. The method is used to identify and
analyze regions of rotational motion and they are visualized using
ANSYS® Fluent. Fig. 8 depicts the iso-surface plots of the Lambda2
criterion and tip vortices can be seen at the tip of the airfoil for all
Ao0A and the aspect ratios. It appears that the tip vortices do not
change with increasing AoA. However, the spanwise vortices form
through the airfoil, and they grow with the increasing AoA. At low
AoA, the spanwise vortices are weaker and more evenly distributed
across the span of the airfoil. As AoA increases, the strength of the
spanwise vortices increases. At higher AoA, while vortex structures
grow larger, the flow remains more organized for lower aspect ratio
airfoils than higher AR airfoils.



a) 2 b)
Fig. 6. 3D printed airfoil model; a) top-view, and b) side-view
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Fig. 8. Iso-surface plots of Lambda2 criterion

The aerodynamic coefficients’ relation with the AoA is given in aspect ratios of the airfoil, and the aspect ratio effect is observed on
Fig. 9, and the stall angles have been examined in detail concerning the NACA 4415 airfoil with chord length of 105 mm. The findings
AR and AoA relations. The results are obtained for the different of the present study are consistent with the results of Miley [23], and
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Ostowari and Naik [24] studies given in the introduction part. As
compared to Ostowari and Naik [24] study, the presented experiments
are conducted at a lower Reynolds number condition, and thus, the
maximum lift coefficients are lower than their study as expected.
Also, Miley [23] shows that when the Reynolds number is lower, the
stall happens at lower angles of attack.

Firstly, the outcomes of the experiments are presented. The
maximum lift coefficient for aspect ratio of 3 is 0.864 and the
corresponding angle of attack is 18°. The maximum lift happens at
17° of angle of attack for aspect ratio of 5 and the value of the lift
coefficient is 0.965. For aspect ratio 7, the maximum lift occurs at
15° of angle of attack and it is 1.068. The maximum lift coefficient is
1.164 for aspect ratio 9 and the corresponding angle of attack is 13°.

Secondly, the results of the numerical studies are shared. The
maximum lift coefficient is 1 for the aspect ratio of 3 and it occurs at
18° of angle of attack. For aspect ratio 5, the maximum lift happens
at 16° of angle of attack and the value of the lift coefficient is 1.05.
The maximum lift coefficient for the aspect ratio of 7 is 1.09 and the
maximum lift occurs at 15° of angle of attack. Aspect ratio of 9 has a
maximum lift coefficient of 1.19 at 13° of angle of attack.

The maximum lift coefficient difference between the experimental
and numerical results gets closer as the aspect ratio increases
from 3 to 9. In airfoils with low aspect ratios, three-dimensional
characteristics like flow separation and tip vortices are significant.
Higher aspect ratios reduce these three-dimensional effects, resulting
in more two-dimensional flow and improved agreement between
numerical and experimental data. The percentage difference rates
are 15.74 %, 8.81 %, 2.83 %, and 2.23 % for aspect ratios of 3, 5,
7, and 9, respectively. The results of the numerical studies and the
experiments show similar tendencies. Although there are differences
in the maximum lift values, stall angles are coherent. The results of
the experimental and numerical studies are presented in Table 4.

Table 4. Comparative data of the experimental and the numerical studies

max C;. max C;. o N Corresponding
(experimental) ~ (numerical) % Difference AoA
AR3 0.864 1 15.74 18°
AR5 0.965 1.05 8.81 16°t0 17°
AR7 1.068 1.09 2.83 15°
AR9 1.164 1.19 2.23 13°
12 12 —CL- AR9-Exp
[ CL» ART-Exp
1 1 CL- AR5-Exp

- ARB-Exp
—_— CD- AR9-Exp
---- C ART-Exp

CD- AR5-Exp
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Fig. 9. Comparison of the experiment and CFD results

As the numerical and experimental results of the drag coefficients
are compared, they are in harmony in certain AoAs except for the
aspect ratio of 3. The experimental results are higher than the
numerical result of aspect ratio of 3 for all angle of attacks. For
aspect ratio 5, the difference between the experimental and numerical
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results is observed after 17° of angle of attack and the situation is
the same for the aspect ratio of 7. The difference begins at 13° of
angle of attack for aspect ratio of 9. The numerical results of the drag
coefficients are very close to each other and they are sorted from
aspect ratio of 9 as the smallest and 3 as the highest and after 16° the
sequence turns the opposite.

4 CONCLUSIONS

Experimental measurements and flow analysis were performed to
observe the influence of the various aspect ratios on the aerodynamic
characteristic of the NACA 4415 airfoil profile for low Reynolds
number. A low-speed, open section wind tunnel was used during the
experiments. Also, a three-component balance system was utilized
to measure the forces on the airfoil for different angles of attack.
The lift and drag coefficients were calculated using obtained forces.
ANSYS® Fluent software was used for comparing the results of the
3D flow analysis with the findings of the experiments.

The results of the experiments and the numerical studies show that
with the increasing AR, the lift coefficients increase. Furthermore,
the angles of attack in which the maximum lift is obtained, decrease
with the increasing AR of the airfoil. Namely, the stall angle which
is a critical parameter in airfoil design for aerodynamic systems
decreases. During the flow analysis with the increasing AR, the drag
coefficients decrease until AoA of 16°, while the drag coefficients
increase with the increasing AR after this AoA. In conclusion, there is
compatibility between the experimental and the numerical results in
terms of the aerodynamic coefficients of the airfoil.

Further studies are planned to examine the effect of aspect ratio on
airfoils at higher angles of attack and low Reynolds numbers.
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Numericna in eksperimentalna raziskava vpliva vitkosti krila
na aerodinamicne lastnosti profila NACA 44415 pri nizkem
Reynoldsovem stevilu

Povzetek V tej Studiji je raziskan vpliv vitkosti krila na aerodinamicne
koeficiente profila krila NACA 4415. S simulacijami racunalniske dinamike
tekoCin (CFD) in eksperimenti so obravnavane $tiri razlicne vrednosti vitkosti
kril, in sicer 3, 5, 7 in 9. CFD analize so izvedene s tridimenzionalno (3D)
racunsko domeno, za izracun turbulence pa se uporablia model k-w za
prenos strizne napetosti (SST). Meritve aerodinamicnih sil so bile opravljene
v vetrovniku z odprtim tokom z uporabo tri-komponentnega merilnika sil.
CFD analize in eksperimentalne meritve so bile izvedene pri naklonskih
kotih od 0° do 25° in Reynoldsovem Stevilu 85-103. Rezultati kaZejo, da se s
povecevanjem vitkosti krila locilne tocke pomikajo proti sprednjemu robu krila
in da se kriticni vpadni kot zmanjSuje. Poleg tega je opaziti, da se koeficient
vzgona poveCuje z narascajoco vitkostjo Krila. Dobljeni rezultati kaZejo, da
obstaja skladnost med eksperimentalnimi meritvami in rezultati CFD analiz.

Kljuéne besede aerodinamicni profil, vetrovnik, vitkost krila, aerodinamicni
koeficienti, tri-komponentni merilnik sil, nizko Reynoldsovo Stevilo
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Abstract The performance and comparative analysis of several solar desalination systems using various configurations and materials are examined in this
study. The study evaluates how these systems perform by measuring their overall productivity, temperature differentials, and thermal efficiency. A thorough
assessment across a variety of characteristics was made possible by the consistent environmental conditions of the experiments. When phase change materials
(PCM) were used as an energy storage medium, the overall amount of heat loss was significantly reduced. Studies comparing different solar stills revealed
clear benefits, especially when using heat exchangers. Improved evaporative heat transfer coefficients, higher temperature differentials (AT), more usable heat
absorption by the distilled water, and increased daily output were all seen in solar stills equipped with heat exchangers. The modified solar still with PCM and
a heat exchanger had the best thermal efficiency, reaching 56 %, according to the results. The key objective of the research was to minimize heat losses and
maximize freshwater yield. This thorough assessment and comparative study of several solar desalination systems offers insightful information for improving the

productivity and efficiency of solar-powered water distillation technologies under a range of environmental circumstances.

Keywords solar desalination, phase change materials, efficiency enhancement comparative analysis

Highlights:

= PCMs reduced heat loss and improved thermal efficiency in solar desalination systems.

= Solar stills with heat exchangers showed higher output and better heat transfer.

= Heat exchanger integration maximized freshwater yield and minimized heat loss.

1 INTRODUCTION

Energy conservation is vital for sustainability, especially in countries
like India where resources are precious. Solar energy is renewable, it
is essential to this endeavour. Solar stills demonstrate this importance
by efficiently harnessing solar energy to purify water, offering
a sustainable solution to address water scarcity while reducing
dependence on conventional energy sources. Solar desalination is a
method of separating clean water from seawater using solar energy,
which is still an economical way to provide clean water. There are
two categories of solar-assisted desalination systems: passive solar
stills (conventional) and active solar stills (modified). Conventional
solar stills consist a steel basin or black-painted copper that receives
solar radiation and contains saline or seawater. In order to create a
greenhouse effect and retain solar energy, the basin is encased in a
trapezoidal wooden box with a glass cover at an angle of 10° to the
horizontal. The glass wool insulation is packed between the basin
and the wooden box to minimize heat loss. The air above the water
surface gets saturated with water vapour equivalent to the water
temperature because of the phase equilibrium between seawater and
the air space. The surface temperature of the saline water increases
when solar energy reaches it and leading to an increase in the water
vapour’s saturated pressure near the water surface as well as in line
with the elevated temperature [1] to [3].

The partial pressure of water vapour at the glass surface lowers
because of the temperature differential between the water and the
inner surface of the glass cover, where the inner surface is cooler
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than the water surface. Condensation forms on the inside of the glass
as a result of the water vapour moving from the water's surface to
the glass's surface due to this difference in partial pressures. The
rate of condensation inside the glass cover is directly influenced by
the pace at which water vapour evaporates from the water's surface.
The still per square meter aperture's average annual performance is
usually restricted to 2.5 to 3 litres per day, even in areas with higher
sun intensity. Traditional solar stills are popular because of their
simple construction, economical running and maintenance costs, and
usefulness in isolated locations without access to power. However, the
limited production of these stills serves as a catalyst for academics to
investigate and develop novel techniques targeted at enhancing their
efficiency [4] and [5].

In the study of a solar still in Sultanpur, India, it was observed that
reducing basin water depth increases yield due to quicker attainment
of steady-state and early onset of evaporation. Additionally, increased
wind speed positively influences yield by accelerating condensation,
with minimal impact on basin mass temperature [6]. Soliman et al.
[7] experimented a solar still with an integrated heat exchanger that
was coupled to a solar collector in an experiment. It was discovered
that a connected solar still can produce 2.75 times as much as a
solitary solar still. It is estimated that the suggested still will operate
at a total efficiency of 6.45 kg/m2 half a day. A double slope active
solar still experiment was conducted by Muhammadi et al. [8]. Next,
the suggested heat exchanger’s performance is contrasted with that
of traditional stills, including serpentine and parallel channel heat
exchangers. A heat exchanger with a unique design achieved the
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greatest efficiency of 39.4 %. Use of the NDHE results in a 34.1 %
and 30.4 % increase in distillate production when compared to
parallel channel and serpentine heat exchangers, respectively.

Fathy et al. [9] conducted an experiment using a parabolic trough
collector and a dual slope solar still. It has been noted that a solar still
equipped with parabolic trough collector (PTC) has a temperature that
is higher than a standard solar still. Compared to a normal solar still,
which produces roughly 28.1 % less fresh water, a solar still using
PTC produces more. In an experiment, a solar still with an evacuated
tube collector and thermoelectric module was used by Shafii et al.
[10]. The study found that the use of forced convection improved the
system's water yield and hourly efficiency, which peaked at 1.11 I/m2
and 68 %, respectively. When the fan was removed from the system,
the efficiency and water yield were reported to be 60 % and 0.97 1/m2,
respectively.

Divagar and Sundararaj [11] conducted an experiment using a
solar distiller and a copper heat exchanger. A comparison was made
between the energy efficiency of the modified and conventional solar
stills. The modified still was found to have an energy efficiency
of 28 %, while the conventional still had an energy efficiency of
17 %. A modified still’s higher energy efficiency is 5.5 %, while a
conventional still is 1.1 %. According to research by Nafey et al. [12],
black rubber used as a storage medium within a single sloping solar
still increases productivity by more than 20 % at the condition of 60
1/m2 brine volume and 15° of a glass cover, respectively. Nafey et al.
[13] investigated the effects of using a floating perforated black plate
on two experiment still units, each measuring 0.25 m2. Studies show
that exposure to sunlight increases production by 15 % at 3 cm brine
depth and 40 % at 6 cm brine depth.

According to research by Akash et al. [14], employing various
absorbing materials, such as black rubber mats, enhanced daily water
productivity by 37 %, 45 %, and 60 % when combined with black
ink and black dye. El-Sebaii et al. [15] explored methods to reduce
the time required for the water in the basin of a solar still featuring a
baffle-hung absorber to heat up. The addition of the baffle absorber
results in a 20 % increase in productivity compared to a conventional
solar still without baffles. Bassam and Rababah [16] conducted
research using sponge cubes of varying sizes submerged in a basin.
In comparison, a similar still without sponge cubes, increased by 18
% to 273 %. Rahim [17] suggested a novel way to store additional
heat energy in a horizontal solar still throughout the day in order to
forward the research. By segmenting the horizontal still into discrete
zones for heat storage and evaporation, this technique stores more
than 42 % of the overall energy during the night-time.

As explained in Tamini [18] research, functioning under
various conditions with and without a reflector and black box still
significantly increased productivity. According to research by Badran
[19], the output of a still might rise by up to 51 % when coupled
enhancers like sprinklers and asphalt basin liners were applied to
the still. Using absorbent materials like cotton & jute fabric, sponge
sheet, and natural rock. Murugavel et al. [20] conducted research,
in comparison with other materials, cotton fabric yields higher
productivity. According to research by Tripathi and Tiwari [21], the
storage effect causes a greater yield to be produced during the off-
peak hours when compared to higher water depths. Many researchers
have tried in vain to speed up the rate at which water evaporates
and to maximize the quantity of solar radiation that strikes the still
in order to improve system efficiency and use the least amount of
still surface. This study introduces a novel approach by integrating
phase change material (PCM) to reduce heat loss in solar desalination
systems. Through extensive experimentation and comparison, the
study extends the boundaries of solar desalination technology to
identify the most efficient configuration.
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2 EXPERIMENTAL
2.1 Setup

In this experiment, there are two solar stills installed at Vellore,
Tamil Nadu, India. It is fixed to see how well this function in actual
operating environments. The basin liner made up of galvanized iron
sheet and the basin surface are painted with black paint to absorb
maximum amount of solar radiation incident on them. It was intended
the 4mm-thick glass condenser surfaces to be as heated- absorbing,
as light-reflective, as solar-letting as feasible, and as resistant to heat
loss as possible. For this reason, the surfaces were angled at a 10°
angle. There is a wood used to frame the glass coverings and silicon
rubber to seal them in order to keep everything together. Because it
permitted expansion and contraction between the different materials,
this seal was extremely crucial. The specifications for the glass cover
included absorption of heat, low solar reflectance, maximum solar
penetration, and exceptional heat retention in the basin. In order
to assess how well these stills worked, it was handled carefully to
document every detail of the experiment, including the temperatures
and the amount of water we generated.

In the setup, condensed distillate that collects on the interior
surfaces of the glass covers is collected in the setup utilizing a
galvanized iron (GI) sheet collecting trough inside the solar still.
This trough efficiently directs the condensate into a designated
collecting flask. To accurately measure the water depth, a steel rule
is securely fastened along the inside wall of the setup. Furthermore,
thermocol and wood layers are used as insulation on the sides and
bottom to reduce heat loss. Table 1 contains comprehensive technical
details about the solar still, and Fig. 2 shows the experimental setup.

Table 1. Technical specification of the solar still

Specification Dimension
Basin liner 0.5 m?
Glass area 0.508 m?
Glass thickness 4 mm
Number of glass sheets 1

Slope of glass 14°
Thermocol thickness 25 mm
Thermal conductivity of thermocol 0.015 W/(mK)
Wood thickness 12.5 mm
Thermal conductivity of wood 0.055 W/(mK)

Fig. 1 showcases various pictorial views of the absorbing
materials used in the setup, highlighting their specific placements
and configurations. Moreover, Fig. 3 presents a snapshot providing a
visual depiction of the experimental arrangement, offering an insight
into the overall setup and components in use.

The trials were carried out in May of 2022 in order to record
normal conditions characteristic of that season. Three separate days
were used for these trials in Vellore, India. The material used to store
energy was wax, which kept in copper tubes. This PCM released
heat when it wasn't in the sun and absorbed it during the day. Every
experiment ran for twenty-four hours, starting at nine in the morning
local time. During each experiment, a consistent water depth of 1 cm
was kept. Before beginning the next experiment with a new absorbing
material, the apparatus had to sit idle for at least one day in order
to guarantee uniformity and establish a steady-state condition while
switching between different absorbing materials.
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Fig. 1. Schematic diagram of experimental setup

This interval of inactivity continued from the end of the preceding
trial until the current absorbing material experiment started. Keeping
the water depth and inclinations constant, the following dynamic
parameters were measured hourly over the course of a day: air
velocity, solar radiation, distillate output, and many temperature
measurements for the basin, back wall, side wall, water, glass, moist
air, and ambient temperatures. K-type thermocouple combined with
a digital indicator with a resolution of 0.1 °C were used to measure
the water, basin, glass, and vapour temperatures. A pyranometer was
utilised to measure solar radiation, and a digital anemometer was
employed to monitor wind velocity. 30 mm steel rule is fixed in the
inside wall of solar still to measure water depth. And the readings are
shown in Tables 2 and 3.

Heat exchanger

PCM filled
copper tubes
Solar still

Temperature indicator

Thermocouple
Stand

Fig. 2. Experimental setup

3 THERMAL ANALYSIS OF SOLAR STILL

The performance thermal analysis is achieved through an energy
balance of the still. The energy transfer mechanisms for various
components of the still, which significantly influence the output, are
illustrated in Fig. 3.
To simplify the analysis, the following assumptions are
considered:
» The water level in the basin remains constant throughout.
* Condensation at the glass trough occurs in a film-like manner.
e Negligible difference exists in the heat capacity among the
absorbing material, insulating material, and the glass cover.
* No vapour leakage transpires within the still.
* The insulator's heat capacity, both at the bottom and sides of the
still, is assumed to be negligible.
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Fig. 3. Various components of conventional single slope solar still

By formulating an energy equation for a solar still and referencing
Fig. 1, the still's collecting efficiency can be determined.

I- a, = 0,+ Qrg + ch + 0+ O+ Ohrs (1
where [ is the hourly incident solar radiation, a, is exposed glass
sgrface area, (), is the heat flow rate needed for water distillation,
0, is the thermal radiation heat loss from the glass to the ambient
o is the convective heat transfer from the glass to the ambiqnt,
0, 1s the heat loss through the rear wall from inside to outside, Q,,
is the heat loss through the sidewall from inside to outside and O, ,
is the rate of heat transfer from the basin liner to the atmosphere
through the bottom wall.

The Eq. (2) for Qd is

Oy =i, - h, @
where #, is the mass flow rate of distilled water output, and /g,
enthalpy of vaporization of water (/15 = 2382 kJ/kg). The convection
from the glass to ambient is defined as

0, =heg ag (T,—T,), 3)
where A, is the convection coefficient amidst the glass and ambient
surroundings, a, is area of glass, T, is temperature of glass and 7,
is the temperature of ambient. Convection coefficient is primarily

reliant on velocity of the wind, given by the empirical expression
heg=57+387V, “)

where V is the wind velocity.

The thermal radiation from glass to the ambient surroundings
equals to

Qrg zgg'ag'o-'(Tg4_7;4)a (5)
where ¢, is the emissive coefficient of the glass material, o Stefan
Boltzmann constant (5.67 %108 W/(m2-K%)), a, is exposed glass
surface area, and T; is a temperature of the sky, which is lower than
the surrounding air.
Q,, is heat transfer through the rear wall from inside to outside

Oy, = apw U (Thyi— o), (6)
where a,,, is the area of back wall, and U is overall heat transfer
coefficient.
Heat transfer through the side wall from inside to outside is equal to

st =gy U ) (I;‘Wi - ZJ): (7)
where ay, is side wall area.

Q'bm is the rate of heat transfer from basin liner to atmosphere
through bottom wall, and expressed by conduction equation of
composite wall, defined as

Oy, =y U-(T,—T). (®)
Finally, the thermal efficiency 7 is
n=0,/20-100. )



4 RESULTS AND DISCUSSIONS

Without using any absorbing material, readings in a range of
temperatures across a range of time periods have been tabulated.
Through the use of an anemometer, the wind velocity was measured.
K-type thermocouples were used in conjunction with a digital
temperature gauge to record the water, basin, glass, and vapour
temperatures.

4.1 Comparison of Energy Distribution Percentages

The energy balance equation yields heat loss, which derived
from Egs. (2) to (8). Because the modified solar still with PCM is
more productive at producing fresh water than the basic solar still
with PCM, it is clear that the energy consumption for freshwater
conversion (Q ,) is much higher in the modified sun still. As a
result, less distilled water is produced during times when there is no
sunshine.

3500 B Modified solar still with PCM ~ m Simple solar still
3000

2500
2000
1500
1000

0 Or Oy On 0w Ou

Fig. 4. Comparison of percentage of energy distribution

Heat flow rate [W]

Table 2. Simple solar still with PCM
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Furthermore, a combination of radiation and convection factors
causes the main source of energy dissipation from the still to
happen at the glass surface. On the other hand, due to the extensive
insulation, heat losses through the side wall, back wall, and basin
liner are negligible. The addition of PCM to the basin liner's bottom
as an energy storage material improves its insulating performance. As
a result, when considering the other aspects of energy distribution,
the heat loss at the bottom wall for the modified and simple solar
stills is 139.6 W and 137.8 W, respectively. When compared to the
basic solar still with PCM, the improved performance of the modified
solar stills with PCM shows a 49.02 % improvement. Fig. 4 shows
comparison of percentage of energy distribution.

4.2 Comparison of AT (Temperature difference) for Modified and
Simple Solar Stills Equipped with PCM

One important component affecting a solar still's production is its A7.
A higher AT indicates a higher level of productivity from the solar
still. Fig. 5 shows the temperature differences between the water and
glass for several solar still types.

= Modified solar still with PCM

20
O 15
= Simple solar still with PCM
[\lfa 10
[\3
5
o1

9-10 1011 11-12 12-13 1314 1415
Time [h]

15-16 16-17

Fig. 5. Comparison of A 7" of modified and simple solar still having PCM

Sample number Time 1[W/m2] Ty [°C] T;; [°C] T, [°C] T,,[°C] T, [°C] 7, [°C] Mass [I/m2]  Wind velocity [m/s]
1 09-10 490 33 32 31 27 30 24.7 0.00 0.04
2 10-11 607 35 33 33 33 35 28.3 0.09 1.1
3 11-12 715 46 45 43 50 48 31 0.25 0.07
4 12-13 895 51 50 48 60 52 33 0.33 0.06
5 13-14 845 64 64 60 75 69 36 0.45 0.05
6 14-15 790 69 67 65 80 72 33 0.5 0.07
7 15-16 680 65 65 63 7”7 69 29 0.3 1.2
8 16-17 510 59 58 55 70 63 27 0.25 0.03
17-09 0.90
Total 3.07
Table 3. Modified solar still with PCM
Sample number Time 1[W/m2] T, [°Cl T;; [°C] T, [°C] T,, [°C] T, [°C] T,1°C]  Mass [I/m?]  Wind velocity [m/s]
1 09-10 495 43 40 35 45 35 25 0.09 0.05
2 10-11 603 47 45 37 50 38 29 0.18 1.2
3 11-12 720 53 51 45 63 48 32 0.53 0.08
4 12-13 889 59 60 48 72 55 35 0.65 0.06
5 13-14 853 69 63 59 87 68 36 0.88 0.07
6 14-15 793 71 69 63 89 69 34 1.01 0.08
7 15-16 685 65 64 60 85 67 31 0.57 1.3
8 16-17 520 61 60 58 80 63 29 0.5 0.02
17-09 1.82
Total 6.23
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A considerably larger temperature differential between the water
and the glass is seen in the modified sun still with a phase change
material (PCM) and a heat exchanger than in the standard solar still
with PCM. By allowing the water to be heated before it enters the
still, this improvement significantly improves the performance of the
modified solar still. Furthermore, it is clear that the AT for the basic
solar still varies, rising in the afternoon and falling somewhat in the
morning. Due to increased heat transfer between the water and glass,
both sun stills show a very high AT around the 13-hour mark.

4.3 Comparison of Water Mass Productivity Among Different Solar Stills

The use of storage materials plays a key role in storing more energy
in the form of sensible and latent heat. This results in a lower
temperature rise of the water surface, thereby delaying the occurrence
of maximum hourly yield. Significantly, a notable output is seen the
next day, which increases production as heat trapped in stills with
storage materials is released from 5 pm to 9 am.

The hourly productivity comparison of different solar stills
is shown in Fig. 6. The addition of energy storage materials and a
heat exchanger significantly increases the modified solar still's daily
output. This improvement is ascribed to a greater AT and the distilled
water absorption of usable heat (Q ,)- As a result, the improved solar
still's performance improvement hits 49.27 %, outperforming the
basic solar still with PCM.

1.2 4
NE 1 modified solar
Y still with PCM
g 0.8
o 0.6 -
~ 04 -
g 02 - simple solar
o still with PCM

Time [h]

Fig. 6. Comparison of hourly productivity for various still

4.4 Comparative Efficiency Analysis of Various Solar Stills

The efficiency comparison of several types of solar stills is shown in
Fig. 8. With a 56.75 % efficiency rating, the adapted solar still showed
the best performance among them. When compared to the basic solar
still, the upgraded solar still's average performance increase was a
staggering 71.01 %. The significant enhancement can be ascribed
to the elevated AT and the distilled water's absorption of usable heat
(0 ). Fig. 7 shows Comparison of efficiency of different solar still.

60

— 40

=
=X
e

=
20

Modified solar still with Simple solar still with
PCM PCM

Fig. 7. Comparison of efficiency of different solar still
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The combination of a heat exchanger and PCM in the solar still
helps to increase the AT and (), while decreasing total heat loss,
which results in increased yield. The total efficiency of the system is
improved as a result of this all-encompassing approach.

5 CONCLUSIONS

The study of the solar desalination system is based on the thermal
efficiency, determined by Egs. (1) and (9). The experimental trials
were carried out, covering a thorough investigation of several factors
such as the temperatures of the basin water, the glass cover, the
hourly yield, the back and side internal wall temperatures, and the
bottom surface temperatures. The trials were conducted under the
same climate to provide a comprehensive and equitable analysis for
comparison reasons. Notably, in all cases, the energy consumption for
the manufacture of distilled water () ,) peaks around three o'clock.
The use of PCM as a storage material successfully lowers heat loss
overall. When compared to the basic solar still, the improved solar
still has a greater thermal efficiency.

Throughout the trials, it was observed that heat losses through the
bottom ( Q'bm ) and side walls (Q\,W ) to the surrounding air remained
constant, gradually increasing over time. The utilization of energy-
storing materials facilitated significant heat release during periods of
reduced solar intensity, thereby sustaining production levels during
late afternoon and night-time. Among the designs evaluated, the
solar still equipped with a heat exchanger demonstrated superior
performance, attributed to its higher daily output (m,,), elevated
AT, enhanced evaporative heat transfer coefficient, and increased
absorption of usable heat by distilled water (Q ,)- Consequently,
overall heat losses were reduced, leading to an enhanced efficiency
of 56 %. In summary, the integration of a heat exchanger with the
solar still emerges as the most effective approach for freshwater
production, offering optimal efficiency and performance.

NOMENCLATURES

1 hourly incident solar radiation, [W/m?2]

0 ), heat flow rate for water distillation, [W]

i, mass flow rate of distilled water output, [kg/s]

hy enthalpy of vaporization of water, [kJ/kg]

0., convection heat transfer from the glass to ambient, [W]
heg convection heat transfer coefficient, [W/(m?K)]

ag exposed glass surface area, [m?]

T, temperature of the glass, [°C]

T, ambient temperature, [°C]

14 wind velocity, [m/s]

Q, thermal radiation from glass to ambient, [W]

&g emissivity of the glass, [-]

o Stefan-Boltzmann constant, [W/(m?K#)]
T, sky temperature, [°C]

0,, heat transfer through the rear wall, [W]
Apyy rear wall area, [m?]

U overall heat transfer coefficient, [W/(m?K)]
Ty inside temperature of the rear wall, [°C]
0., heat transfer through the side wall, [W]
gy side wall area, [m?]

Toni inside temperature of the side wall, [°C]
Qb,,, heat transfer through the bottom wall, [W]
ay bottom wall area, [m?]

T, basin liner temperature, [°C]

n thermal efficiency, [%]
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Uporaba fazno spremenljivih materialov in prenosnika toplote
za izboljSano solarno razsoljevanje - Primerjalna raziskava
ucinkovitosti

Povzetek V tej Studiji sta preuCena delovanje in primerjalna analiza
ve¢ solarnih sistemov za razsoljevanje z uporabo razlicnih konfiguracij in
materialov. Studija obravnava delovanje teh sistemov z merjenjem njihovega
splosnega delovanja, temperaturnih razlik, zmogljivosti shranjevanja energije
in toplotne ucinkovitosti. Temeljito oceno razliénih znacilnosti so omogoCili
dosledni okoljski pogoji poskusov. Pri uporabi fazno spremenljivih materialov
(PCM) kot medija za shranjevanje energije se je skupna kolicina toplotnih
izgub znatno zmanjsala. Studije, v katerih so primerjali razliéne sonéne peci,
s0 pokazale oCitne prednosti, zlasti pri uporabi prenosnikov toplote. IzboljSani
koeficienti izhlapevanja, vecje temperaturne razlike (AT), vecja absorpcija
uporabne toplote v destilirani vodi in vecja dnevna proizvodnja so bili opazeni
pri soncnih peceh, opremljenih s prenosniki toplote. Glede na rezultate je
imel spremenjeni solarni destilator s PCM in prenosnikom toplote najboljso
toplotno ucinkovitost, ki je dosegla 56 %. Kljucni cilj raziskave je bil ¢im bolj
zmanjsati toplotne izgube in povecati donos sladke vode. Ta zasnova se je
izkazala za najuspesnejso metodo za pridobivanje sladke vode. Ta temeljita
ocena in primerjalna Studija vec¢ solarnih sistemov za razsoljevanje vode
ponuja pomembne informacije za izboljSanje produktivnosti in ucinkovitosti
tehnologij za destilacijo vode na sonéni pogon v razliénih okoljskih okolis¢inah.

Kljuéne bhesede solarno razsoljevanje, fazno spremenljivi materiali,
primerjalna analiza povecanja ucinkovitosti
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