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About This Book

This book presents the proceedings of the 1st International Conference on Future
Trends in Materials and Mechanical Engineering ICFTMME-2020), organised by
the Department of Mechanical Engineering, SRM Institute of Science and Tech-
nology (formerly known as SRM University), Delhi NCR Campus, Ghaziabad, Uttar
Pradesh, India. The aim of this book is to provide a deep insight of future trends in
the advancement of materials and mechanical engineering. A broad range of topics
and issues in material development and modern mechanical engineering are covered
including polymers, nanomaterials, magnetic materials, fibre composites, stress anal-
ysis, design of mechanical components, theoretical and applied mechanics, tribology,
solar and additive manufacturing and many more. This book will prove its worth to
a broad readership of engineering students, researchers and professionals.
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Synthesis and Stability of Al;O3/Water m
Nanofluids Gt

Vinay Singh®, Ajay Kumar, Kaushal Kumar, and Munish Gupta

Abstract The nanofluids may be considered as multifaceted fluids, generally
employed to improve the effectiveness of thermal systems, though poor stability
due to sedimentation and agglomeration has limited their applications in practical
use. In this work, commercial Al,O3 nanopowders were dispersed in distilled water
using CTAB as surfactant. Stable Al, O3 /water nanofluids with weight concentrations
ranging from 0.02-0.5 wt% were synthesized using bath and probe ultrasonication.
Nanopowders were characterized using high-resolution TEM micrography. UV-Vis
spectroscopy and zeta potential tests were also conducted to check stability of the
nanofluids.

Keywords Al,Os/water nanofluid - Characterization - Aggregate + UV-Vis + Zeta
potential

1 Introduction

Recent developments in the nanotechnology have helped the researchers to carry
out research on nanofluids in vigorous manner. Ever since the introduction of
nanofluids [1-4], continuous research to study their thermophysical properties is
in progress. Some studies [5, 6] reported 100% enhancements in thermal conduc-
tivity with nanoparticles addition to base fluids. However, due to increase in density
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and viscosity because of nanoparticle concentration, which in turn, it increases power
consumption and hence becomes a barrier to use nanofluids [7].

One of the key issues in the field of nanofluids is preparing stable nanofluids,
because surface forces acting between particles are mainly responsible for stability
[8]. Agglomeration in nanofluids occurs because of interaction between attractive
and repulsive forces. So, to overcome this problem, stabilization techniques are
performed after the dispersion technique for obtaining long-term stable nanofluids
[9]. The above literature concludes that the stability of nanofluids depends upon pH
value and surface concentration. Zeta potential helps in identifying surface charge
of nanoparticles and associates it with stability of nanofluids. Zeta potential values
having +30 mV or —30 mV determine that nanoparticles remanis dispersed over a
time.

In this research paper, zeta potential values were determined for different weight
concentrations of Al,Osz/water nanofluids, and the stability of Al,O3 nanofluids was
evaluated.

2 Materials and Methods

2.1 Materials

Al,O3 nanopowders were purchased by order from High Purity Chemicals Limited
(HPCL), and no purification methods were used.

2.2 Methods

2.2.1 Characterization of Nanoparticles

The morphological characteristics of Al,O; nanoparticles were studied using high-
resolution transmission electron microscope (FEI, Technai G2 instrument at NIPER,
Mohali).

2.2.2 Formulation of Nanofluid

Al,Os/water nanofluids were formulated using two-step method. Samples with five
different concentrations, i.e., 0.02, 0.05, 0.1, 0.2 and 0.5 wt% were prepared by
adding appropriate amount of nanopowders in distilled water. Cetyl trimethyl ammo-
nium bromide (CTAB) was used as a surfactant. For ensuring the proper mixing of
nanofluids, (POWERSONIC 410) bath sonicator and (BANDELIN SONO PLUS)
probe sonicator were used for 3—4 h.
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2.2.3 Characterization of Nanofluids

UV-Vis-NIR spectrophotometer, Varian Cary 5000 (at Central instrumentation
Laboratory, GJUS&T, Hisar), was used for spectroscopy of nanofluids. It works
upon the principle that molecules possessing non-bonding electrons absorb energy
in the form of visible light or ultraviolet in order to excite the electrons to a higher
anti-bonding molecular orbitals. Higher the excitement between the electrons, longer
will be the wavelength of the light it can absorb. Zeta potential of the nanofluids was
measured for determining the stability of nanofluids using Malvern Zetasizer Nano
ZS 90. This Zetasizer works upon the principle of electrophoretic light scattering in
the measurement range of 3.8 nm—100 wm * (diameter) with 150 WL as minimum
sample volume. For aqueous systems, accuracy of the device is 0.12 wm cm/V s and
sensitivity is 10 mg/mL.

2.3 Nanofluids Stability

Stability in nanofluids is quite important as it can alter the thermophysical proper-
ties of the nanofluid. Heat transfer abilities may be lost because of agglomeration
of the nanoparticles. For stability evaluation of nanofluids, zeta potential is best
method. Zeta potential is the potential that develops between fluid medium and
charged nanoparticles. It shows the degree of repulsive forces between the particles
in the fluid [10]. For stable colloids, zeta potential must be higher (either positive
or negative). Low zeta colloids tend to lumps. Zeta potential is calculated by the
electrophoretic movement of the charged particles under the influence of electric
field. Zeta potential tests were performed at Bio and Nano Technology Department,
GJUST, Hisar, using Malvern Zetasizer at temperature of 25 °C.

3 Results and Discussions

3.1 Morphology and Crystalline Structure of Particles

TEM images are shown in Fig. 1. TEM micrograph of Al,O3; nanopowders showed
that particles are oval-shaped. The particle size as observed under TEM was found
less than 100 nm. Few particles of 0.2 wm were also observed/traced in the TEM
micrographs. The reason for this can be explained that some particles have seemed
to be agglomerated.
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(a) (b)

Fig. 1 TEM micrograph of Al,O3 nanopowders

3.2 UV-Vis—-NIR

The UV spectroscopy of all the five weight concentrations of Al,Os/water nanofluid
samples was performed in the wavelength range from 400 to 200 nm. In Fig. 2a—e,
absorbance vs. wavelength graph was plotted for five different concentrations of the
nanofluid. Maximum value of absorbance in all nanofluid samples was observed
with 0.5 wt% concentration at wavelength 304 was 3.569. At same wavelength,
minimum value of 1.614 was achieved using nanofluids with 0.02 wt% concentration.
However, least value of absorbance, i.e., 0.311 was observed by Al,O3 nanopowder
at wavelength 204.

3.3 Zeta Potential

According to electrophoresis theory, zeta potential (¢) is the measure of the repulsive
force between the two particles and increments or decrements in zeta potential can
be done by pH control. Solutions possessing a zeta potential value exceeding 60 mV
are highly stable. Physically stable solutions possess values above 30 mV. Fluids
having 20 mV values are limiting stable, and below this, solutions agglomerate.
Highest value of zeta potential was observed in 0.1 wt % nanofluids having value of
44.9 ensuring the best stability of nanofluids, whereas in 0.5 wt% nanofluids, zeta
potential of 36 was observed pointing towards less stability because of agglomeration
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a Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 36.0 Peak 1: 36.0 100.0 8.34
Zeta Deviation (mV): 8.34 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.245 Peak 3: 0.00 0.0 0.00

Result quality : CGood

Zeta Potential Distribution
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b Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 445 Peak 1: 452 26.5 748
Zeta Deviation (mV): 8.63 Peak 2: 18.0 35 3.20
Conductivity (mS/cm): 0.0909 Peak 3: 0.00 0.0 0.00

Result quality : Good
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Fig. 3 a Measurements of zeta potential for 0.5 wt% Al,O3 nanofluids. b Measurements of zeta
potential for 0.2 wt% Al,O3 nanofluids. ¢ Measurements of zeta potential for 0.1 wt% Al,O3
nanofluids. d Measurements of zeta potential for 0.05 wt% Al,O3 nanofluids. e Measurements of
zeta potential for 0.02 wt% Al>O3 nanofluids
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c Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 44.9 Peak 1: 449 100.0 50
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Fig. 3 (continued)



10 V. Singh et al.

e Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 44.2 Peak 1: 439 99.3 493
Zeta Deviation (mV): 6.23 Peak 2: 886 0.7 1.08
Conductivity (mS/cm): 0.0359 Peak 3: 0.00 0.0 0.00
Result quality : Good
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Fig. 3 (continued)

of nanoparticles in the solution. Figure 3a—e shows the zeta potential of different
weight concentrations of nanofluids.

4 Conclusions

This study incorporates with the synthesis of Al,Os/water nanofluids at different
weight concentrations. Different techniques were used for characterization of
nanopowders and nanofluids. Experimental results state about high purity and good
stability of synthesized nanofluids.

Noteworthy points are as follows:

e HRTEM images demonstrate the oval structure and nanometric range of Al,O;
nanopowder.

e Highest absorbance in all the five nanofluid samples observed using 0.5 wt%
concentration at wavelength 304 was 3.569. At the same wavelength, minimum
value of 1.614 was achieved using nanofluids with 0.02 wt% concentration.

e While selecting the conditions for dispersion of particles, zeta potential is an
important basis. 0.1 wt% nanofluids shows maximum zeta potential value of
44.9 ensuring best stability of nanofluids, whereas 0.5 wt% nanofluids shows
minimum zeta potential value of 36.0 indicating towards less stability because of
agglomeration of nanoparticles in the solution.
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Enhanced Electrocatalytic Activity m
of Poly (Trans-2,3-Dimethylacrylic Acid) i
Modified Electrode for Hydrazine

Sensing

Rajasree G. Krishnan, Beena Saraswathyamma, S. Gopika, P. Vibhooshann,
Anjitha Aravind, and M. G. Gopika

Abstract In this research work, authors have used poly (trans-2,3-dimethylacrylic
acid) modified electrode as a novel electrocatalyst for the electrochemical sensing of
environmental pollutant and group 2B carcinogen hydrazine. The modification was
attained using potentiodynamic electropolymerization in phosphate buffer medium.
Morphological analysis of the electropolymerized electrode was conducted using
field-emission scanning electron microscope, and the catalytic effect was studied
using cyclic voltammetry. A much lowered overpotential of 40.252 V versus
Ag/AgCl (1 M KCI) was obtained for the electrochemical oxidation of hydrazine
at the poly (trans-2,3-dimethylacrylic acid) film casted electrode. Differential pulse
voltammetry was applied to measure the hydrazine concentrations varying from
20 uM to 4 mM. Moreover, the sensor exhibited good selectivity, sensitivity, and
repeatability. Practical usage of the sensor was tested in different kinds of water
samples.

Keywords Hydrazine * Electroxidation - Polymer

1 Introduction

Environmental pollution has now become a dominant concern across the world.
Hydrazine (N,H4) is known to be one of the chief environmental pollutants. But
due to its widespread and multiple uses, it has become an indispensable part of
chemical, pharmaceutical, and energy industry. Tons of hydrazine are expelled into
air and aquatic bodies, and this in turn results in environmental hazards. Due to
its highly volatile nature, it is being easily adsorbed through the skin and finds an
easy way to enter into the body [1]. Prolonged exposure to hydrazine vapors in
work places create impairment to the central nervous system, kidney, respiratory
system, etc. [2]. Also it is recognized as a presumable carcinogenic chemical in
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human beings (group 2B) by International Agency for Research on Cancer (IARC)
in 1999 [3]. Hydrazine is also found to exhibit hepatotoxic effects too [4]. Several
methods like high performance liquid chromatography [5], spectrophotometry [6],
and electrochemical methods [7] are reported for hydrazine determination. Being
an easily oxidizable molecule and highly electroactive in nature, hydrazine can be
determined using electrochemical techniques which retain high sensitivity, simple
experimentation, cost-effective, fewer chemical utilization, etc., compared to other
analyses’ strategies [8, 9]. Electropolymerization is an established way of making
selective and sensitive electrode modifiers with a highly tailorable thickness and
morphology [10]. It produces homogenous, well adherent surface films in dimensions
ranging from nano to micrometers [11]. Also thus formed films are highly stable in
nature [12].

Herein, a facile and enhanced electrocatalytic ability of poly (trans-2,3-
dimethylacrylic acid) modified pencil graphite electrode (poly DMAA/pencil
graphite) for the effective quantification of hydrazine is presented. This is the first
on the electropolymerization of trans-2,3-dimethylacrylic acid also known as tiglic
acid in phosphate buffer medium to our knowledge best. Real sample analysis of the
modified electrode was also verified in different water samples with externally added
hydrazine.

2 Experimental

2.1 Chemicals

Hydrazine hydrate and potassium chloride (KCI) were obtained from Merck.
Trans-2,3-dimethylacrylic acid was purchased from Sigma-Aldrich. Thin pencil
was procured from a local shop. The brand of pencil is Cello. Analytical-grade
reagents were used for the entire studies further purification. Room temperature was
maintained for all the experiments.

2.2 Instrumentation

Electroanalysis using cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were carried out with CHI 610E electrochemical workstation (CH Instru-
ments, USA). Poly DMAA/pencil graphite was considered as the indicator electrode
with platinum wire as auxiliary (counter) and silver/silver chloride [Ag/AgCl (1 M
KCI)] as the reference electrode. The potentials mentioned in this report are in refer-
ence to Ag/AgCl (1 M KCl). Surface studies were carried out with field-emission
scanning electron microscope FEI, NOVA NANOSEM 450.
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Fig. 1 FE-SEM image of unmodified pencil graphite and poly DMAA/pencil graphite

2.3 Fabrication of Poly DMAA/Pencil Graphite

The poly DMAA/pencil graphite was constructed using electropolymerization
method. The film growth of trans-2,3-dimethylacrylic acid was achieved in 0.1 M
phosphate buffer medium with pH 7. The potential sweeps were varied from —1 to
+1.5 V at a scan rate of 100 mV/s. This potential-assisted polymerization of trans-
2,3-dimethylacrylic acid in PB 7 medium is presenting for the first time to the best
of our knowledge. The substrate to develop the polymer film was selected to be an
easily available and low-cost pencil lead. Pencil lead was covered using Teflon tape
with exposing 0.5 cm of its length to carry out the polymerization reaction.

3 Results

3.1 Surface Analysis of Bare and Polymer Coated Electrode

Figure 1 represents the FE-SEM image of unmodified pencil graphite and poly
DMAA/pencil graphite. Figure 1a shows the flakes morphologies of graphite, which
is the chief constituent of the pencil material [13]. Also Fig. 1b proves that the flake
like graphite structure is covered up by the polymer layer and hence can conclude
that modification has been successfully incorporated onto the pencil material.

3.2 Electrochemical Behavior of Hydrazine at Poly DMAA
Film

Figure 2a, b shows the cyclic voltammogram obtained for the unmodified elec-
trode and poly DMAA modified pencil graphite electrode with and without 200 uM
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Fig.2 aCV of unmodified pencil graphite, b poly DMA A/pencil graphite with and without 200 uM
hydrazine in 0.1 M KCI

hydrazine in 0.1 M KCI solution, respectively. CV was carried out by sweeping
the potentials from —0.2 to 0.8 V by a scan rate of 100 mV/s. Upon anodic run,
no characteristic peaks were noticed for the poly DMAA modified electrode at the
potential window investigated. In the presence of 200 wM hydrazine added into the
KCl solution, a new faradic peak was observed at potential 0.356 and 0.634 V for poly
DMAA/pencil graphite and unmodified pencil graphite, respectively. These oxida-
tion peaks were not spotted to follow an electrochemical reduction process upon the
reverse scan on both the modified and unmodified electrode surface.

Even though there are peaks observed on both modified and unmodified electrodes,
there exists a large potential difference of 278 mV for the electroxidation of hydrazine
at the two electrode surfaces. The overpotential was considerably reduced at the
modified electrode surface showing its excellent electrocatalytic behavior toward
the electroxidation of the analyte.

3.3 Effect of Electrolyte

Effect of different electrolyte media was recorded and analyzed using DPV. The
current response for 200 WM hydrazine electrochemical oxidation at the poly
DMAA/pencil graphite electrode in different electrolytes like 0.1 M phosphate buffer
solution (PBS 7), 0.1 M NaOH, 0.1 M H,SOy4, 0.1 M HCIOy is given in Table 1.
Results show that the maximum current response was obtained from 0.1 M KCl, and
so it was specified as the medium of further studies.
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Table 1 Choice of electrolyte media

Electrolyte Current (LA) Potential (V)
0.1 M KC1 1.387 0.295
0.1 MPBS7 0.845 0.317
0.1 M H,SOyq4 No peak
0.1 M HCIOq4 No peak
0.1 M NaOH No peak
-2

Current (uA)
.

1
(=2
'l

-8
0.6

Potential (V)

Fig. 3 DPV response of different supporting electrolyte concentration

3.4 Choice of Supporting Electrolyte Concentration

Finalizing KCl as the best electrolyte for hydrazine electroxidation at poly
DMAA/pencil graphite surface, the effect of various concentrations of KCI was
examined. Results are shown in Fig. 3. Optimum response in respect of both peak
current response and overpotential were noticed for 0.05 M KCI and hence chosen
0.05 M KCl as the optimum electrolyte concentration.

3.5 Influence of Polymerization Cycles

Further, the number of DMAA polymerization cycles was optimized using DPV. As
the response current was higher for six cycles, it was chosen as the optimal poly-
merization cycle. Table 2 shows the data obtained by optimizing the polymerization
cycles.
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Table 2 Influence of polymerization cycle
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No. of scans Current (LA) Potential (V)
3 1.387 0.295
6 1.53 0.248
9 1.24 0.236
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Fig.4 aCV of poly DMAA/pencil graphite in 0.05 M KCl containing 400 WM hydrazine at varying
scan rates from 10 to 100 mV/s, b linear plot between current versus square root of scan rate

3.6 Variation of Scan Rate

Figure 4 A depicts the CV of poly DMAA in 0.05 M KCI containing 200 M
hydrazine at scan rates varying from 10 to 100 mV/s. When the scan rates were
varied from 10 to 100 mV/s, the peak current corresponding to the hydrazine
electrochemical oxidation also got increased. A linear relation between the peak
anodic current and square root of scan rate gives a linear fit narrating a diffusion-
controlled process (Fig. 4 B). The corresponding linear equation is /,, (WA) = 1.485
+0.4786 * v’2 (mV/s)'? with R?> = 0.9814.

3.7 DPV Response of Hydrazine at the Poly DMAA Film

Figure 5 A depicts the DPV response of poly DMAA/pencil graphite in 0.05 M KC1
containing different concentrations of hydrazine from 20 uM to 4 mM. New peak that
formed at +0.252 V ascribed to hydrazine electroxidation at the electropolymerized
film was noted to be increasing as the quantity of hydrazine got increased. The
possible mechanism of electroxidation of hydrazine is [14—16]:

N>H4 + 4H,O — N, + 4-H3O+ +4e”
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Fig. 5 a DPV of poly DMAA/pencil graphite in 0.05 M KCI containing different concentrations
of hydrazine in the range of 20 uM to 4 mM, b calibration plot

Linear plot was generated with peak anodic current to the concentration of
hydrazine, and a linear dynamic range was obtained from 20 uM to 4 mM (Fig. 5 B).
The equation describing linearity was obtained as I, (WA) = 0.8134 4 0.0052 * C
(WM) with regression coefficient R? as 0.9929.

3.8 Effect of Interferants

To effectively utilize the developed sensor as a tool for hydrazine determination in
water samples, it is necessary to ensure that it is free from interferences caused by
other ions present in water bodies. For that, selectivity study was performed using
DPV. The electrochemical response of hydrazine (100 wM) was drawn out along with
0.1 mM NaCl, 0.1 mM Ca**,0.1 mM SO,2~, and 0.1 mM NO?~.DPV response for the
effect of interferants is shown in Fig. 6. It was shown that only hydrazine exhibited
faradic peaks, whereas other ions failed to exhibit faradic peaks. This proves that
the fabricated sensor is applicable for hydrazine electroanalysis to use without any
interference from commonly existing ions in water.

3.9 Practical Utility of the Sensor

Practical usage of the developed sensor was demonstrated in tap water and pond water
samples. Standard addition method was employed by spiking hydrazine concentra-
tions into the real sample matrix. DPV data was collected and is given in Table 3.
Recovery percentages obtained were of acceptable range.
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Fig. 6 Selectivity study of the developed hydrazine sensor

Table 3 Practical utility of the developed sensor toward the electrochemical sensing of hydrazine

Samples Added (WM) Found (uM) Recovery (%)
Tap water 100 112.8 112.8

200 214.5 107.25
Pond water 20 18.9 94.5

400 418.26 104.56

3.10 Comparison Table

The as-fabricated sensor was compared with the recent literature reports of electro-
chemical hydrazine sensors. Our sensor was found to exhibit the highest linear range
compared to other sensors. Also, the overpotential for hydrazine electroxidation is
the lowest for our sensor. This shows the excellent electrocatalytic ability of the poly
DMAA modified pencil graphite electrode toward the electroxidation of hydrazine.
Table 4 shows the comparison data.

4 Conclusion

In short, the authors have employed a poly DMAA modified electrode for the
electrochemical sensing of environmental pollutant and carcinogen hydrazine
in KCl medium. The employed electrochemical polymerization using trans-2,3-
dimethylacrylic acid was reported for the first time to the best of our knowledge.
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Table 4 Comparison of the as-fabricated hydrazine sensor with other electrochemical hydrazine
sensors

S. Electrode Method Medium | Potential | Linear | References
No. V) range
(WM)
1 CSA-PTHA Amperometry PBS74 /0.5 10-90 [17]
2 PPy/CDs/PB/SAuNPE | Amperometry KCl1 0.3 0.5-80 |[18]
3 AgNP@PANI-rGO/GCE | Amperometry PB 8 0.51 0.4-22 |[19]
4 ZnO NPs/PEDOT:PSS | Chronoamperometry | PBS 7.4 | 0.5 10-500 | [20]
5 SPCE/p(TA) CV Tris 0.3 0.1-100 |[21]
buffer
8.5
6 Poly DMAA/pencil DPV KCl 0.25 20-4000 | This work
graphite

The developed electrode showed enhanced electrocatalytic ability toward the elec-
troxidation of hydrazine compared to bare pencil graphite. Also, it possesses higher
anodic current response at the modified electrode surface. The voltammetric current
response was increased linearly when the concentration of hydrazine was increased
from 20 WM to 4 mM with a regression coefficient 0.9929. The sensor is able to detect
hydrazine in the presence of other interfering ions like Ca**, SO4%~, etc. Practicality
demonstration of the sensor was demonstrated in tap water and pond water sample
matrix.
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Effect of Temperature on the Sliding )
Wear Behavior of HVOF Sprayed Al,O3 ek
Composite Coating

Ankit Tyagi, S. M. Pandey, R. S. Walia, Qasim Murtaza, and Ajay Kumar

Abstract In present study, Al,O3-based composite coating has been deposited on
mild steel substrate using HVOF thermal spray process in controlled process param-
eters. For analyzing the surface, FESEM of the developed coating was done. Its
hardness, residual stresses, and tribological properties are studied at room temper-
ature and at elevated temperature of 50, 100, and 150 °C. It is observed that
with increased temperature its hardness, residual stresses, and tribological perfor-
mance was enhanced, i.e., at 150 °C, wear and coefficient of friction decreased to a
value of 120 wm and 0.35, whereas its hardness was 520 HV and residual stresses
was —10 MPa, increased at evaluated temperature. This showed the temperature
dependency of the coating, with increased temperature the coating showed better
results.

Keywords Al,O3; composite coating - FESEM - Hardness - Wear + COF

1 Introduction

In a world where metals and metal alloys are almost used everywhere, from the auto-
motive industry, for military applications, to the aerospace industry, it is arduous to
find a single material that is ideal for use in all conditions [1-4]. Wear has always
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been a major concern for design engineers. Wear is defined as “damage to a solid
surface (generally involving progressive loss of material), caused by the relative
motion between two substances.” Among the various components of an engine, the
friction present at piston ring and cylinder liners accounts for 50% total loss [5]
and also affects engine efficiency [6]. Nowadays, anti-wear coatings [7] have been
used to reduced friction and wear for machine components. Reduction of COF helps
in enlightening energy proficiency by decreasing depletion of energy due to fric-
tional losses. Suitable range of materials and application of lubricants are some of
the approaches of opposing losses due to friction. Surface alteration establishes new
method, where a wear resistant layer on material is deposited to avoid losses due to
friction [8]. As such, the tribological characteristics of materials with respect to hard-
ness, resistance to erosion, and abrasion are considered for the selection for industrial
applications, so that individual parts can have a longer life span [10]. However, the
production of parts made entirely out of the materials with aforementioned proper-
ties is generally not always practical or economically feasible. This is where metal
surface coatings come into play [11]. Surface metal coatings are an economical alter-
native to an entire solid body of metal of the coating material in cases where only
surface interaction between two dissimilar materials is considered.

In the present study, development and characterization of Al,O3-based composite
coating were studied. Aim of present work is to evaluate hardness, residual stress,
COF, and wear of developed composite coating.

2 Experimental Procedure

The mild steel substrate of the size of 50 x 50 x 5 mm was ground using 100—
2500 grit emery paper to get the smooth surface, and chemical composition of mild
steel substrate is given in Table 1. After polishing, plates were grit blast at 0.6 MPa
air pressure with Al,Os, to increase the adhesion strength. The high-quality Al,Os-
based composite coating was developed using HVOF coating techniques. Initially,
high velocity jet was used to sprayed Al,Os-based composite powder, in order to
developed composite coating. The parameters of HVOF used to deposit the composite
coating have been given in Table 2 while process parameters for experimentation have
been shown in Table 3.

Table 1 Chemical composition of mild steel substrate
Element C Mn Si S P Cr Ni Mo Cu
% Composition |0.16 |1.07 |024 |0.01 |0.01 |0.10 |0.02 |0.02 |0.17
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Table 2 Parameters of HVOF used to deposit the composite coating

Sr. No. Parameters used Values

1 Deposition technique HVOF process
2 Powder driving temperature (°C) 120

3 Hydrogen flow rate (mm?>/min.) 13

4 Argon flow rate (mm?>/min.) 112

5 Mixing powder time (min.) 90

Table 3 Process parameters for experimentation of composite coating

Sr. No. Process parameter Ay Ap Az Ay
1 Load (N) 50 50 50 50
2 Sliding velocity (m/s) 1 1 1 1

3 Temperature (°C) 30 50 100 150

3 Results and Discussion

Figure 1a, b having magnification x2000 and scale of 10 and 500 pm, respectively,
shows coating thickness while Fig. 1¢ having magnifications x4000 and scale 1 pm
shows the surface characterization of Al,Os.based composite coating. It is quite
clear from surface morphology that composite powder is properly mixed and formed
a curved laminar structure. Carbide and oxides are formed might be during polishing
process which finally may result in increasing the hardness value of the coating [9—
11]. Figure 1d shows the EDS results of composite coating. SEM/EDS (Fig. 1d) for
EDS) image over here to show the presence of oxygen which clearly depicts the
formation of oxides in coating. Figure 1c of SEM images clearly shows that splash
splat and melting bond droplet surface are illustrating that confirm homogeneous
coating.

Figure 2 shows the experimental test result of residual stresses for Al,O3-based
composite coating. The stresses values are —100, —70, —40, and —10 MPa at 30,
50, 100, and 150 °C, respectively. The residual stress value is maximum at 30 °C
(—100 MPa), while minimum at 150 °C. While Fig. 3 shows the variation of hardness
versus composite coating. The figure shows that the hardness is maximum at 150 °C,
i.e., 520 HV and minimum at 30 °C, i.e., 350 HV. The increase in residual stresses
may be occurred due to plastic deformation of coated sample under high temperature
[O-11].

Figure 4 shows variation of COF while Fig. 5 shows the deviation of wear of
Al,O3 coating. The COF values are 0.7, 0.5, 0.45, and 0.35. The COF is maximum
at 30 °C while minimum at 150 °C. The wear values are varied from 300 to 120 pm.
The wear is minimum at 150 °C while maximum at 30 °C. The increase in specific
wear rate may be due to tribofilm formation on Mo blend composite coating [9—11].
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Fig. 4 Experimental results of COF versus Al,O3 composite coating

4 Conclusions

The Al,O3-based composite coating was effectively developed with good surface
morphology and enriched tribological properties using HVOF coating procedure for
wear resistance applications. The hardness and residual stress values of composite
coating are maximum at 150 °C. The experimental result of Al,O3; coating shows
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Fig. 5 Experimental results of wear versus Al,O3 composite coating

that as the temperature varies from 30° to 150°, COF decreases from 0.7 to 0.35,
while wear was decreased from 300 to 120 wm, respectively. The decrease in wear
and decrease in COF may be due to the tribofilm formation on composite coating.
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Abstract The experimental study on the use of Cu nanofluid as engine lubricant
in reducing the friction between piston ring and liner contact has been undertaken.
The Cu nanoparticles of CuS and CuO were synthesized and blended in commercial
engine oil in varying concentrations for preparation of Cu nanofluid. The experi-
ments were performed on reciprocating tribo-tester to simulate the piston ring and
liner contact. The actual ring—liner specimens were used to perform the experiments.
The contact was lubricated with commercial engine oil and blends of CuS and CuO
in commercial engine oil. The contact friction was continuously recorded. Further-
more, the influence of nanoparticle concentration and applied load along with recip-
rocating frequency on the coefficient of friction was studied. It has been observed
that the blending of Cu nanoparticles reduces engine friction. The optimum dose
of the nanoparticles was observed to be 4% by weight. Of the two nanoparticles
studied, the CuS nanoparticles resulted in significant reduction in coefficient of fric-
tion to the order of 33% as compared to the base lubricant. The findings of the study
will be useful for lubricant chemists to develop new lubricants by blending the Cu
nanoparticles.

Keywords Engine friction - Piston ring and liner - Cu nanoparticles *
Reciprocating tribo-tester + Tribology

1 Introduction

The automotive sector is one of the major sectors around the globe that helps in
transfer of persons and commodities. Hence, it can be considered that the auto-
motives drive the world economy. Considering the average number of automotives
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running on the roads, they are considered as one of the most energy-consuming
commodity. Of the total energy generated by the combustion of fuel, a major chunk
of it is lost in overcoming friction between various tribo-contacts of the automobile.
The study undertaken by Holmberg et al. [1, 2] on the passenger cars, trucks and
buses reveals that over 33% of energy generated by fuel combustion is consumed
in overcoming friction in engine, gear box, tires, and brakes. Among these tribo-
contacts, the engine has a lion’s share of energy consumption and loss [3]. As the
tribo-contacts are lubricated with either mineral or synthetic lubricating oils blended
with high performance additives, they form thin films of sufficient thickness that tries
to minimize the actual metal-to-metal contact thereby reducing the contact friction.
The oils used for engine lubrication are characterized by physico-chemical charac-
teristics on the basis of their chemistry and often the physico-chemical, rheological,
and the tribo-performance of these lubricants can be correlated [4]. With the use
and even high temperatures prevailing in the engines, degrade the performance of
the lubricants, thereby increasing the contact friction [5]. In order to enhance the
performance behavior of engine oils, they are often blended with additives such
as ZDDP. The additives provide strong boundary films capable of protecting the
surfaces from wear damage. However, with the presence of ZDDP, increased fric-
tional losses are observed. These frictional losses are due to the friction encountered
in the inter-layer shearing of the lubricating films. The higher values of pressure coef-
ficient of boundary shear strength provide a suitable justification of higher contact
friction [6]. Recently, use of nanoparticles as lubricant additives has gained signifi-
cant interest. The nanoparticles due to their inherent physical characteristics impart
desired performance characteristics to the lubricants [7]. The role of nanoparticles
in reducing friction and wear has been reviewed by Sundeep et al. [8] and Shahnazar
et al. [9]. The nanoparticles owing to their nano dimensions possess high surface
energies and therefore are prone to agglomeration and settling down. The concentra-
tion of nanoparticles and their settling rate predicts the physico-chemical properties
of the lubricants. Selvakumar and Wu [10] presented a theoretical model to predict
the density of nanofluids. The developed model takes into account the aggregation
of nanoparticles, interfacial layer formation, particle size distribution, etc.

The early use of nanoparticles as lubricant additives gained significant interest in
heat transfer fluids, metal working fluids, and hydraulic fluids. Due to the promising
values of thermal conductivities, the nanoparticles of Al,O3, CuO, TiO, were exten-
sively used in formulated oils and ethylene glycol [11]. The study revealed that
the heat transfer capability increases with particle concentration. Wang and Xu [12]
investigated the influence of Al,O3 and CuO nanoparticles on the thermal conductiv-
ities of water and mineral base fluids. The study revealed higher thermal conductivity
of nanoparticle-fluid mixture when compared with the base fluid. Because of their
superior heat transfer capabilities, the nanoparticles are being used in metal working
fluids [13]. The nanoparticles of PTFE, nanotori, MoS,, WS,, g-C3Ny4, etc., have
been extensively studied by researchers in various mineral and synthetic base fluids
[14-20]. The PTFE nanoparticles significantly enhanced the tribological character-
istics of base fluids. Similarly, the nanotori nanoparticles enhanced the load carrying
capacity by up to 950%. The g-C3;N,4 nanoparticles reduced friction by nearly 32%
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as compared to base fluid. Due to their improved tribological performance and heat
transfer capabilities, use of nanoparticles was explored in engine applications. Ali
and Xianjun [21] reviewed the recent developments in the use of nanoparticles in
engine oils. The studies revealed that the particle shape and size influence the fric-
tion and wear behavior. The size of Al,O3 nanoparticles in particular influences the
wear of the coating applied on the internal surfaces of the engine [22]. However,
most of the tribological studies pertaining to the use of nanoparticles in engine oils
have been undertaken on pin on disk tribo-tester [23]. The pin-on-disk tribo-tester
utilizes a rotary drive and hence is often incapable to simulate the reciprocating
contact between the piston ring and liner. Recently, Rasheed et al. [24] investigated
the tribological performance of graphene nanoflakes-blended engine oil in an actual
engine. The study revealed that by mere blending of 0.01% graphene by weight in
commercial engine oil reduces the friction coefficient by 21%. The use of graphene
also decreases the ring wear over extended hour engine testing. The use of actual
engines to test the efficacy of nanoparticles is a costly affair. Hence, Woydt and
Kelling [25] developed a test procedure to investigate the tribological performance
of lubricants outside the engines. The method uses actual piston ring segments and
cylinder liner specimens. Similarly, Ali et al. [26] investigated the combined effect of
Al,O3 and TiO, nanoparticles on the tribological performance in a reciprocating test
rig and reported that 0.05 wt% each of Al,O3 and TiO; resulted in 40-51% reduction
in contact friction.

Thus, literature survey undertaken reveals that use of various nanoparticles is
being explored in the commercial engine oils. However, most of these studies are
either being performed on a four-ball tribo-tester or pin-on-disk tribo-tester which
is incompetent to simulate the actual piston ring—liner contact. Hence, the present
communication is about the influence of CuS and CuO nanoparticles on the friction
behavior of actual piston ring—liner contact in a reciprocating rig.

2 Materials and Methods

The CuS nanoparticles were synthesized by reacting copper acetate with Na,S in
equimolar ratios. The product thus obtained was isolated by centrifugation and dried
in an oven. The dried CuS nanoparticles were then functionalized using oleic acid.
Similarly, CuO nanoparticles were synthesized by reacting copper acetate with NaOH
in equimolar ratios and functionalized using oleic acid. Prior to functionalization, the
synthesized nanoparticles were examined using scanning electron microscope (SEM)
to ascertain the shape and morphology of the particles. SEM micrographs revealed
that the synthesized Cu nanoparticles are spherical in shape. The functionalized
nanoparticles were then added to the base lubricant in varying doses. The lubricant
blends were prepared by blending functionalized CuS and CuO nanoparticles in 0.1,
0.5, 1, 4, and 6% concentrations by weight. The base lubricant used for the blending
purpose was a commercial fully formulated engine oil of SAE 5 W-40 grade. Table
1 shows the physico-chemical characteristics of the base lubricant.
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Table 1 Lubricant properties

Kinematic viscosity, cSt Density @15 °C, kg/l | Pour point, °C | Flash point, °C
@40 °C @100 °C
74.4 13.1 0.840 -39 215

In order to obtain a homogeneous blend, the nanoparticles were stirred and
sonicated using ultrasonic bath. The homogeneity of the blend was verified by
using imaging and UV-Vis spectroscopy techniques. The blends were prepared
for different concentrations of Cu nanoparticles and stored undisturbed in glass
sample vials. The images of the undisturbed blends were captured on daily basis
and settling/separation of nanoparticles were monitored. The images revealed clear
lubricant solution with no visible settling/separation. This process was followed for
a span of 30 days. A portion of prepared lubricant blends was inspected using UV—
Vis technique. The UV light when passed through the sample is absorbed by the Cu
nanoparticles. This absorbance causes a characteristic peak in the UV spectrum. The
intensity of peak diminishes with decrease in concentration of the nanoparticles in the
medium. In case the nanoparticles settle down or get separated, the intensity of peak
will decrease with the extent of separation. In the present case, the prepared blends
were tested over a span of 30 days, and almost negligible change in the intensity of
peak was observed. This study proved that the developed blends were homogeneous.

The experiments to investigate the efficacy of the Cu nanoparticles in reducing the
contact friction between ring—liner contact were performed on a tribo-test rig shown
in Fig. 1. With the help of reciprocatory drive, the tribo-tester is able to simulate the

Piston ring

Liner

Fig.1 Experimental test setup
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reciprocating motion between the piston ring and liner. The cut section of the liner
was fixed on the stage that moved in a to-and-fro motion of desired stroke length and
frequency. The ring was housed in a stationary fixture and loaded with the help of
servo motor in the vertical direction. The liner was lubricated using base lubricant and
the Cu nanoparticle-blended base lubricant. The experiments were performed over a
range of operating conditions. The contact was loaded at 25, 50, and 100 N, while the
reciprocating frequency was set to 1, 3, and 5 Hz. The experiments were performed at
room temperature and the test duration of individual tests was maintained at 16 min.
40 s in line with the standard test method of ASTM G: 133. The contact friction in
the form of coefficient of friction was continuously captured with the help of data
acquisition system. The experiments were repeated to check the repeatability of the
data. A fresh pair of ring, liner, and lubricant sample was used to perform each of
the experiments.

3 Results and Discussion

The friction behavior of the base lubricant and nanoparticle-blended lubricant in the
piston ring—liner contact is shown in Fig. 2. It is observed that the base lubricant has
relatively higher friction as compared to that of the CuO- and CuS-blended lubricant.
The base lubricant reported a kinetic friction of 0.1414 while the 1% CuO and 1%
CuS blended in base lubricant reported a kinetic friction of 0.1339 and 0.1027,
respectively. The percentage reduction in friction was 5.3 and 27.3% for the CuO-
and CuS-blended lubricant. Thus, from the figure, it is revealed that blending of Cu
nanoparticles helps in reducing the contact friction to a significant extent.

Figure 3 presents the influence of nanoparticle concentrations on the contact
friction. It is observed that the contact friction decreased continuously with increase
in nanoparticle concentration. The CuS nanoparticle-blended lubricant resulted in

0.17
]Frequency: 5Hz, Applied Load: 25N
0.15 ]
e
= 0.13 ]
2 ]
R ]
£ 011 ]
-
5 :WWMM
% 0.09 ]
Q -
bt ]
] ——Base lubricant
0.07 A 2
1 =——Base lubricant +1%Cu0
] ——Baselubricant +1%Cu$S
0.05 T T T T T T T T T T I T T T T T T T AT T T T I T O T I T ey

Z 52 162 272 382 492 602 652 762 872 982
Time (s)

Fig. 2 Friction behavior of the lubricants



34 A. K. Jain et al.

0.15
0.14
0.13
0.12
0.11

Coeff. of Friction (p)
P [=]
8k

0.08 4
0.07 1
0.06 1
0.05

Applied Load: 25N, Frequency: SHz I =@=CuS =B=-Cul
T T T

T

0 0.1 0.5 1 4 6
Nanoparticle Concentration (% by Wt.)

Fig. 3 Effect of nanoparticle concentration on friction reduction

lower friction values as compared to the CuO nanoparticle-blended lubricant. The
friction coefficient reduced from 0.1414 (base lubricant) to 0.0921 and 0.1287 in
case of 6% (by wt.) CuS- and CuO-blended base lubricant. The percentage change
in friction coefficient for 6% CuS and CuO is of the order of 34.87% and 8.98%,
respectively.

The friction coefficient (kinetic) along with the percentage decrease in friction
values with respect to base lubricant for different concentrations of the nanoparticles
is given in Table 2. A steep decrease in friction till 4% concentration of nanoparticles
has been observed. However, beyond 4%, the percentage decrease in friction is not
that significant. The trend observed is same for both the CuS and CuO nanoparticle
blends. Hence, it may be concluded that 4% by weight is the optimum concentration
of nanoparticles for significant reduction in contact friction.

The influence of operating parameters viz. load and the reciprocating frequency
on the friction within the contact lubricated with Cu nanofluids was investigated by
varying the applied load and the reciprocating frequency. Figure 4 shows the coeffi-
cient of friction observed within the contact lubricated with CuS- and CuO-blended

Table 2 Percentage decrease in friction

Lubricant Coeft. of % decrease in Lubricant Coeft. of % Decrease in

sample kinetic Friction sample kinetic friction
friction friction

Base 0.1414 - - - -

lubricant

0.1% CuS 0.1336 5.5 0.1% CuO 0.1378 2.56

0.5% CuS 0.1107 21.71 0.5% CuO 0.1343 5.02

1% CuS 0.1027 27.37 1% CuO 0.1339 5.3

4% CuS 0.0942 33.38 4% CuO 0.1300 8.06

6% CuS 0.0921 34.87 6% CuO 0.1287 8.98
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lubricants for different loads. The coefficient of friction decreases with increase in
load in case of CuO nanoparticle blends. The coefficient of friction observed at
25 N load is 0.1339 which reduces to 0.1185 at 100 N load. This accounts to 11.5%
decrease in friction in case of CuO nanoparticle-blended lubricant. However, in case
of CuS-blended lubricant, the friction coefficient observed is constant over the entire
load range tested. The friction coefficient observed is 0.102. This may be due to the
presence of sulfur in the CuS because of which enhanced lubricant film thickness
and strong boundary film must have been formed. Due to this, no significant change
in contact friction is observed in case of CuS with increase in load.

The effect of reciprocating frequency on the friction within the contact lubricated
with CuS- and CuO-blended lubricants is shown in Fig. 5. It is observed that in
case of CuS-blended lubricant, the contact friction remains almost constant at 0.101
irrespective of the reciprocating frequency. However, in the case of CuO-blended
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Fig. 5 Effect of reciprocating frequency on contact friction



36 A. K. Jain et al.

lubricant, the coefficient of friction was 0.143 at 1 Hz and 0.134 at 5 Hz reciprocating
frequency, respectively.

As the Cu nanoparticles are spherical in shape, they act as micro bearings in the
contact vicinity because of which reduction in friction is observed. The blending
of Cu nanoparticles in engine oils therefore helps in reducing the contact friction.
Furthermore, due to the presence of S in CuS, improved tribological performance in
terms of reduced friction is observed. The S molecules not only enhance the lubricity
but also improve the strength of boundary film formed on the contacting surfaces.

4 Conclusions

An experimental study pertaining to the use of Cu nanoparticles in engine oils
to reduce contact friction between the piston ring and liner was performed. The
experiments were performed on a reciprocating rig utilizing actual piston ring and
liner specimens. The Cu nanoparticles, namely CuS and CuO were synthesized and
blended in commercial engine oils to prepare Cu nanofluid and the experiments
performed. On the basis of the study undertaken following salient conclusions have
been made:

e The friction coefficient within the contact reduces with the blending of Cu
nanoparticles in the base lubricant.

e The friction coefficient decreases with increase in the concentration of the Cu
nanoparticles.

e The optimum concentration of the Cu nanoparticles is 4% by weight that results
into significant reduction in contact friction.

e At the optimum dose, the CuS nanoparticles result in 33% reduction, while CuO
nanoparticles result in 8% reduction in the contact friction.

e With the use of CuO nanoparticles, the contact friction reduces with increase in
load and reciprocating frequency. While the CuS nanoparticles report constant
and lowest values of coefficient of friction irrespective of the applied load and
reciprocating frequency.

e Of the two selected Cu nanoparticles, CuS nanoparticles result in significant
reduction in the contact friction.
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Review of Transformer Core )
and Winding Design with Material Used L

Sumit Saroha, Vineet Shekher, Pankaj Kumar, and Suvir Kumar

Abstract Energy efficiency is the key issue in electricity supply network, so to
assure higher efficiency there is requirement of higher energy-efficient devices from
supply-to-consumer network end. On the basis of this fact, this is needed to go
through the study of new technological advancement in the field of transformer
design. Nowadays, in this field, number of research papers has been published in the
design aspects with modern technologies. Therefore, this paper detailed a compara-
tive analysis of core and winding design of transformer. The core has been analysed
on the basis of material used, their annealing temperature with corresponding struc-
ture, core coating/making technique, magnetic or electric properties with loss of
energy. Similarly, winding design is also analysed on the basis of material used, type
of design (architecture/structure) with corresponding magnetic and electrical prop-
erties. Latest literature in the field of core and winding design has been reported. In
addition to this, new technologies have been lime lighted in the field of transformer
design.

Keywords Core + Magnetic material - Transformer + Winding

1 Introduction

The transformer is one of the most important components of the electricity supply
network from generation to distribution part. The fault at any part will cause unre-
liable supply of electricity as a result of that power supply will be interrupted [1].
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Basically, transformer is a static induction principle-based electrical device which
consists of single or two or more electrically of magnetically coupled windings.
They have a variety of constructional features such as material used for winding,
core, insulating mediums or agents with dielectric and thermal properties. Actu-
ally, energy conservation with its supply and efficiency is the very important task
of power engineers, and in order to achieve this, highly efficient equipment must be
required, from generation to distribution end of electric power supply network. In
this, transformer will play a central role for maintaining the voltage balance among
all distribution, transmission and generation of power systems [2].

From last 100 years, the electrical transformer has not faced any significant
changes as per its function and operations. However, designers and manufacturers
have reached in advance stage of design optimization with an aim to offer high
efficiency with higher capacity and reliability of power supply with its continuous
operation. The design aspects of transformer are quite complex job in which the
designers have to ensure low manufacturing cost by keeping in mind all parame-
ters with compatibility to meet out the desired specifications. Besides this, there is
variation the design aspects with their methodology as per the application of trans-
former such as sensor based, instrumental, distribution, power with corresponding
operational frequency which may vary from 40 Hz to megahertz [3].

This paper detailed a comparative analysis of core and winding design of trans-
former. The core has been analysed on the basis of material used, their annealing
temperature with corresponding structure, core coating/making technique, magnetic,
or electric properties with loss of energy. Similarly, winding design is also analysed
on the basis of material used, type of design (architecture/structure) with corre-
sponding magnetic and electrical properties. In the next section, existing core and
winding design are discussed. Section 3 limelights the different core material used,
their annealing temperature with corresponding structure, core coating/making tech-
nique, magnetic or electric properties with losses; Sect. 4 presents key issues with
findings of this review, and finally, review concludes in Sect. 5.

2 Existing Core and Winding Design

As per ANSI/IEEE [4], it is a static electrical device (machine) which consists of
single or two or more than two (magnetically/electrically) coupled windings, in order
to introduce mutual coupling between these electric circuits there may or may not be
requirement of magnetic core. In electrical power systems, it is comprehensively used
to transfer electrical power between circuits on the basis of electromagnetic induction
at a constant frequency; generally, there is change of voltage and current values. It is
one of the primary components for electrical supply networks for transmission and
distribution electricity. Their constructional design mainly depends on the basis of
application, rated power and level of voltage. During electrical energy conversion,
the power loss accounts for a large percentage loss mainly heat dissipation at the
time of transmission and distribution of electricity. This issue is not only felt by end
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users in terms of efficiency at their power electronic components; but, also one of the
major concern of high power applications in the power inverters generally utilized
in solar power plant installations. There are two major loss involved in transformer
no-load and load losses.

2.1 No-Load Loss

These losses are because of the core of transformer so they are also known for the core
loss of transformer. The overall core or no-load components of power are broadly
categories into three components, namely hystereses, eddy current and anomalous
losses all are having different mechanisms. All these are highly dependent on the
operating frequency of device as the frequency increase then the eddy current and
anomalous losses will become more dominant (when f > 100 kHz). Hysteresis losses
are described by the type of magnetic material used for core. This is because of
demagnetization and demagnetization of magnetic material. The loss occurs due to
small circulating currents which actually oppose the main applied current (produce
heating effect) in the core is called eddy current loss. Last component of loss in core
is known as stray or anomalous loss, and they do not directly attribute to eddy current
or hysteresis loss. The power loss in eddy current is defined by following Eq. (1):

P, = Ko f2(Buma)*t*V W (1)

where Bp,x maximum flux density in tesla (Wb/m?), ¢ is thickness of laminations
in metres, K, is eddy current coefficient depends on type of core material, V is the
volume of core material in m>. The hysteresis loss can be defined as by Eq. (2):

Py = K f (Buax)"°V W 2)

K, is hysteresis (Steinmetz) coefficient depends on range of flux density.

2.2 Load Loss

These losses are occurs only when load is applied to the transformer, i.e. because
of load current. These are also known as winding or copper losses of transformer.
These are derived from product of 7°R, I is the winding current and R is the winding
resistance, both components of winging losses are the Joule losses and the stray
losses. These losses are measured on the basis of measured DC resistance which is
because of winding conductors used and current / measured at a given applied load
[5-T7].
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3 Design Optimization
3.1 Magnetic Core

It is the main component of transformer which is generally form by laminated stacks
of grain-oriented or cold-rolled silicon steel. For the improvement of energy effi-
ciency of magnetic core-based energy conversion devices, the soft magnetic material
(SMM)-based core plays a key role. The magnetic properties of above-mentioned
materials have material’s intrinsic property which has been governed by magneto-
crystalline anisotropy which is strongly correlated with hysteresis loss of core.
Whereas, eddy current loss depends on extrinsic properties of materials, the magni-
tude of these losses decreases with decreasing thickness core material used. But the
manufacturing cost of thinner core is higher as compared to thick. For low-frequency
applications such as transformer used in power systems core with 200 pwm thickness
is generally used; but, for high-frequency applications thickness of 50-100 pwm is
widely used [8]. For amorphous and nanocrystalline, the thickness of single core lies
between 20 and 30 wm at a temperature of nearly 500 °C and 750 °C, respectively
[9]. Core materials with on different parameters with coating and their magnetic
properties are given in Table 1.

3.2 Winding

Second most important component of transformer is its winding which carries
the current. Over a century, the windings conductors of transformer are made of
copper and aluminium. Lot of developments have been carried out in order to
find new conductor materials with good conductivity to get better efficiency and
mechanical performance. For the development of superconducting transformers, new
research is in the recent trends for the development of high-temperature supercon-
ducting materials [1, 21]. The main objective is to design compact size (less core
and winding material), highly efficient with higher overload capacity transformer.
Over last two decades, due to unique excellent properties, the carbon nanotube
(CNT) has also been studied and it is find that they are the true alternative of
copper wire in transformer and other machines windings [22]. Reference [23] has
designed a 630 kV high-temperature superconductor (HTS) winding base three-phase
transformer which operates under liquid nitrogen with amorphous alloy core. The
efficiency of transformer was upto 98.5%.

In electricity supply network, there is utilization of power, distribution and instru-
mental transformer. In power transformer with higher frequency (dual active bridge
DC/DC converters & dual resonant DC/DC converters), one of the major concerns
is the distribution of magnetic flux throughout the winding conductor. The diameter
of winding conductor of power transformer is higher, and due to this, the skin effect
will become dominant. Therefore, there is need to consider the physical structure of
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conductor also. Actually, skin effect is used to describe the distribution of current
which is not uniform throughout the whole conductor and its associated resistance
increases with increase in frequency of supply through the conductor. The reactance
(X1 = 2mfL)at the depth of conductor increase with increase in frequency (f), due to
the increase in reactance inside the conductor the distribution of current at surface of
conductor will be more. Hence, current density at surface of conductor is more due
to this entire conductor is not utilized properly. Now comes to magnetic flux part,
the eddy current flows at inner depth of conductor which will oppose the effect of
current or flux inside the conductor and the flux is always move towards air gap due
to fringing effect; therefore, the flux linkage is outer surface of the conductor only.
The skin effect has been compensated using multi-wire co-axial winding for testing
a power transformer winding [24].

The foil winding can also be a good alternative to improve the thermal stability
of high-frequency power transformer. In this, the cooling area of foil is large as a
result of that it will allow higher current densities. But, the edges of foil are more
due to this there is problem of skin, proximity, fringing and some other AC effects.
Therefore, the presented research has presented different field shaping techniques
which includes magnetic, non-magnetic, foil and winding techniques to reduce the
above-mentioned effects [21]. The skin and proximity effect in high power medium-
frequency transformers can also be compensated using Litz wire; but, the space
occupied for the winding by Litz wire is more, i.e. require big size window and
bobbin [25]. This large area window problem is minimized by foil winding. In order
to compensate skin effect, the foil winding should be used at LV side as the flow
of current is higher at that side. As the width of window and thickness of foil is
limited (fixed), therefore, the overall winding thickness will be increased (number of
winding layer is more); this will lead to proximity effect. Thus, for compensation the
proximity effect, the LV winding (foil winding) layer needs to be wound in between
HV windings [26].

A traction transformer of capacity 6.5 MVA has been designed using HTS
conductor winding with an aim to achieve higher efficiency in with lighter in weight.
For the winging four different single-phase winging units has been utilized in which
Roebel cable of 5 mm wide is used for LV side winding and REBCO supercon-
ductor of 4 mm wire for HV side winding [27]. In 2016, Thummala et al. [28] have
investigated the transformer winding self-capacitance, leakage inductance and AC
resistance using analytical approach. The leakage inductance is the energy stored
in the form of magnetic field in the winding, self-capacitance is the electric field
energy stored which is considered as self-lumped element. The last one AC resis-
tance is correlation with skin and proximity effect of transformer winding architec-
ture (TWA). In this research, investigation of parameters has been carried out on four
different schemes with seven TWA. Some of the important factors corresponding to
transformer design are shown in Fig. 1.



46 S. Saroha et al.

Fe-Alloys
Core Design
Amorphous
Transformer Crystalline
Design
Electrical Effects
Winding
Design

Magnetic Effects

Fig. 1 Important factors in transformer design

3.3 Special Design

While designing any of the devices, the saving of material is also very important
subject of concern. Because it is highly correlated with cost of device designed.
Reference [29] has proposed a 3-D wound core design, as per results 3-D design
can also easily maintain the electromagnetic properties within permissible limits.
The proposed model has been compared with three-phase three-column laminated
core transformer, and there is saving of almost 27% of copper, 24% core material
which makes the transformer cost almost 24% cheaper. In Ref. [30], Moghimi et.al
designed a 3-D distribution network transformer and compared it with conventional
transformer. For designing, silicon steel-based core with optimum transformer sizing
theory is used and there is saving of 23.7% in overall cost of transformer design. On
the other hand, Ref. [31] has designed a core on the basis of 3-D printing technology.
By using 3-D printing, the thickness of coating material can be optimized easily as
per requirement as a result of that transformer can be more responsive. In order to
reduce the losses, Ref. [11] has designed a core sections with different materials as
per the magnetic properties and load requirement and space between each section has
been filled with Teflon and magnetic composite material made of Co—-B—Nb-Si—Cu.
Reference [32] has proposed a simulation algorithm for three-phase transformer with
step lap wound joints.

4 Key Issues and Findings

This analysis of literature covers lot of research articles in the field of transformer
design. But, in author’s opinion the core design and winding design with their material
and structure are very important topics of research. Therefore, both designs have
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been taken into consideration for the analysis of review. It is observed that both the
design (core and winding) concepts have their own characteristics and importance
as per required specifications of device (core, shell, toroid, instrumental, 3-D, and
auto-transformer). However, these are the following key issues and findings of this
literature:

e Nanocrystalline and amorphous alloy-based cores have good electrical and
magnetic properties with small no-load losses; but, there making process is not
only time-consuming but also costly. Highly advanced machinery is required for
making of such cores.

e The winding conductors with their structure/scheme and architecture must be
designed by taking care of skin, proximity, fringing, line charging current, AC
resistance and self-capacitance effects of winding.

e Thin core and winding conductor must be use to avoid different electrical and
magnetic effects.

e It is found that there should be a good interlink between industry and academic
to integrate the latest technology. Lot of research is going in the field of core and
winding materials; but, it has not been implemented on ground level by industries.

® As per existing literature, it has also been observed that there is very limited use
of adequate nano-technological concepts in the field of transformer design.

5 Conclusion

As the demand of electricity is growing at a very fast pace and energy-efficient
devices can play a crucial role for conservation of energy. With an objective to analyse
the energy efficiency of transformer with its design aspects, this paper provides an
overview of latest literature concern to the transformer core and winding design with
material used. For the proper analysis, latest research articles relevant to transformer
core and winding designs have been also taken into consideration. For the compara-
tive analysis, literature has been presented in tabular form with all necessary electrical
and magnetic properties. By analysis, it has been observed that limited research work
is in the field of winding design; whereas, core design with its structure and material
used become a norm for most of the researchers. Currently, nanocrystalline structure
of various alloys is being a latest topic of research in the field of core design because
they show good magnetic and electrical properties among all structures of materials.
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Develop an Al-Alloy )
for High-Pressure—High-Temperature i
Applications by Enhancing

Thermo-Mechanical Properties

J. Joy Mathavan, A. Kunaraj, and N. Sakthivelnathan

Abstract The aim of this research work is to develop an aluminium alloy which
can be used in conditions like high temperature and high pressure. High pressure die
castings, especially engine components of automobiles and heavy vehicles, are the
important components which need to survive in such challenging working environ-
ment. Silicon, nickel and chromium found to be suitable filler materials to be used
in high-pressure and high-temperature conditions based on the literature reviews.
Based on the individual physical, chemical and thermo-mechanical properties of Si,
Ni and Cr, these elements were selected as alloying elements and alloys Al-Si, Al-
Si—Cr and Al-Si-Ni were prepared. The prepared samples were tested for various
thermo-mechanical properties, and the results were analysed. Tensile strength values
are obtained from hardness values based on Mayer’s hardness. Thermal conductivity
values were obtained from electrical conductivity values based on Wiedemann—
Franz law. Void content is calculated from practical and theoretical density values.
At the end of the research, the new aluminium alloys proposed in this work found
to be better replacements for aluminium metal which is currently in use for many
high-pressure—high-temperature applications.

Keywords Thermo-mechanical property + Al-alloy - Engine components

1 Introduction

The automotive engines are to be operated in high temperature and under high pres-
sure. Piston is the key component which has to undergo such challenging situation.
Piston has to move back and forth rapidly; therefore, it must withstand high temper-
ature, high pressure, and also, it should be wear resistant. For a long time, aluminium
alloys are considered as the ideal material for piston. The high strength, good casta-
bility, wear resistance, low density and low thermal expansion make (Al-Si) alloys
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good for automobile industry [1]. But they still have disadvantages while consid-
ering their thermo-mechanical properties [2]. The focus of this paper is to find an
aluminium alloy so as to reduce the drawbacks of piston alloy and to mitigate the
issues in other related applications. It is sophisticate to identify an alloy (Al-Si,
Al-Si—Cr and Al-Si—Ni) beyond technical and economic limitations to best suit the
piston alloy by considering variation of thermal expansion and wear resistance.

2 Literature Review

M. Jinnah Sheik Mohamed mentioned in his paper that, the piston of internal combus-
tion engines are alloys made up of aluminium-silicon cast alloys alloyed with
chromium, nickel and magnesium. The reason is the ability of high wear resistance
and low thermal expansion coefficient. AI-Si cast alloys are suitable for application
less than 230 °C. Above this temperature, the microstructure strengthening mecha-
nism of these alloys becomes unstable. Addition of nickel to Al-Si piston alloy will
improve the high-temperature performance [1]. Cr increases strength at indoor and
higher temperature [3].

Al-Ni-Si alloys are used for a wide range of engineering applications because
of their high strength, good wear resistance, good castability, lightweight and low
thermal expansion [4]. Aluminium alloys are generally used in the automobile
industry particularly to reduce weight and thereby decrease fuel consumption and
increase the efficiency [2]. Every 100 kg weight reduction in the weight of the vehicle
can save around 0.5 I of petrol usage for 100 km drive [5—-8]. Fuel economy can be
significantly improved by reduction of weight in a vehicle [9, 10]. Onyebueke B
Ifeanyi et al. further mentioned that, Al-Si alloy is the most cast friendly aluminium
alloy. Addition of Co, Cr, Mn, Mo and Ni improves strength at high working temper-
ature. Strength and fatigue resistance can be improved by adding copper without
any harm to castability, but it will reduce corrosion resistance. Addition of magne-
sium increases the strength, especially after heat treatment, but it will affect ductility.
Adding chromium to Al-Si alloy as a modifier at elevated temperatures suppresses
the grain growth. It also decreases the vulnerability to stress corrosion cracking of the
alloy. At elevated temperatures elements like Ni, Co, Cr and Mo with high melting
points defend the decline in strength to some extent [2]. From these literature reviews,
it can be observed that the strength is also playing an important role in the selection
of piston alloy material. So it is appropriate to calculate the hardness and tensile
values.

The reason behind the usage of Al-Si alloys as piston alloy over cast iron is its
high thermal conductivity. The extraction of heat produced by combustion is more
rapid in Al-Si alloys than cast iron. Low coefficient of friction and resistance to wear
are the main features essential for engine block materials. Softening of hypoeutectic
Al-Si piston alloys while operating in high temperature requires high-temperature
strengthening of the Al-Si piston alloys. The thermal conductivity could be increased
by liner-less Al-Si alloy cylinder blocks. The creep strength of the alloy improved
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by the addition of nickel to the alloy; but, the effect of it is very small on the tensile
strength at high temperature. The alloy containing nickel has fatigue strength almost
20% higher than that of the Al-Si—-Mg alloy [11]. The ductility of the material can
be increased significantly by adding nickel particles [12].

The AMAG Company in its report of 2012 mentioned that, the addition of alloying
elements will reduce the thermal conductivity considerably. In Al-Si cast alloys,
both electric conductivity and thermal conductivity decline very closely linearly
with increasing nickel content. It is essential to understand the effects on thermal
conductivity due to addition of nickel. For applications under high temperature,
nickel is considered as a main alloying element with Al-Si cast alloys. Heat produced
in compression cycle of a working engine needs to be removed as fast as possible
to avoid hot spots and thermal stresses on the surface of the piston. Therefore, high
thermal conductivity is also having a major impact on selection of the material for
piston [13]. Aluminium has a conductivity-to-weight proportion twice that of copper
and its strength-to-weight proportion is 30% more noteworthy than copper [14].

3 Methodology

The samples were prepared on burnout furnace. The aluminium rod is cut in to
small pieces, and the surface is cleaned. Then it is introduced in a crucible made
of silica and kept inside the burnout furnace. The time, maximum temperature and
temperature increasing rate were set. Chromium, silicon and nickel were preheated
and added according to the decided percentages to molten aluminium which is taken
out of the furnace at 750 °C. Then the crucible containing this mixture was stirred
well to emphasize the uniform mixture of all the components throughout the sample.
Again it was kept inside the furnace for some time. Then the crucible was taken out
of the furnace, stirred well and the slag formed on the surface of the molten mixture
was removed. Then it was poured into the preheated split-type mould and allowed
to cool for room temperature. Finally, the prepared samples were removed.

Impact of Ni and Fe in Al-Si alloys with Si content above 5% dramatically reduces
corrosion resistance, fluidity and plasticity [3]. So in our studies, we did not add Ni
or Cr above 5%. Different combinations of Al-Si, Al-Si—Cr and AI-Si—Ni matrix
were prepared to analyse the change of various factors. The percentage addition of
these elements is given in Table 1. Pure sample of aluminium also prepared.

3.1 Vickers Hardness Test

The Vickers hardness testing method is based on visual dimension measuring system.
The microhardness test is conducted according to ASTM E-384 procedure. The tests
are conducted using an indenter, which may specify a range of light loads to make
an indentation on the sample, and then it is measured, calculated and converted to a
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Table 1 Percentage addition of filler materials to base metal aluminium

Sample Aluminium (%) Silicon (%) Chromium (%) Nickel (%)
Al 100

Al-2%Si 98 2

Al-4%Si 96 4

Al-2%Si2%Cr 96 2

Al-2%Si4%Cr 94 2

Al-2%Si1%Ni 97 2 1
Al-2%Si2%Ni 96 2

Al-2%Si3%Ni 95 2

hardness value. Since the indentation needs to be observed through microscope, the
test samples must be highly polished. A square-based, pyramidal-shaped diamond
inventor is used for testing the Vickers hardness. The range of loads can be from
10 gmf to 1 kgf. The hardness values obtained here are of the average of 10 readings.
Tensile values are calculated using Eq. 1. This equation is used in several researches
[15—17]. Tabor has developed an empirical correlation between hardness and tensile
strength. This way of tensile and hardness testing methods is possible upon metals Al,
Cu and steel, but not in Mg. The presence of profuse twinning at low stress levels can
be the reason for not applying this equation in magnesium. Meyer, in 1908, propose
this relationship H,, = 4w/mr? (Meyer hardness has the dimensions of stress) H,,
= 2.8 o [17]. A cold-worked material’s yield stress is given by o, = H/3. This
formula is applicable for brass, steel in either hot-tempered or cold-rolled condition,
and aluminium alloys in either aged or cold-rolled condition. Marcinkowski et al.
found that for annealed Fe—Cr alloys, this expression appeared to be o, ~ H/5 due
to strain hardening. Speich and Warlimont showed that for Fe-Ni alloys and low
carbon martensites, o, ~ H/4 [15]. Here Hv represents Vickers’s hardness and o
represents tensile strength. The specific reasons to use empirical equation to calculate
the tensile values from hardness measurements are as follows. First, the preparation
and testing of a hardness testing sample are less costly and need less experience
and time when compared to the preparation and testing of tensile testing sample.
Secondly, the tensile values could be obtained without destructing the sample, if the
empirical equation is followed. This feature is smart from the production expense
point of view.

Hv =~ 30 @9)
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3.2 Density Calculation

The two major defects occurring in casting process which strongly weakens the
fatigue strength is porosity and oxide enclosures [11]. Increase in porosity leads to
poor tensile and fatigue strength. [18, 19]. The void content is under control in current
research. It did not exceed more than 2%. Equation 2 is used to obtain the theoretical
density of an alloy in terms of weight fraction.

Pms = 1/[(wa/pa) + (ws/ps) + (wn/pn)] or
Pms = 1/[(wa/pa) + (ws/ps) + (we/pc)] 2)

The weight fraction and density are represented by w and p, respectively. The
suffix a, s, n, ¢ and ms stand for aluminium, silicon, nickel, chromium and the
mixture, respectively. Water immersion method is followed to calculate the actual
density (p.m) of the specimen by experiment. Equation 3 is used to calculate the
volume fraction of voids (V) in the alloy. Here ct is theoretical density and cp is
practical density

Vv= (pct - pcp)/pcl (3)

3.3 Thermal Conductivity

Parameters that improve thermo-mechanic fatigue (TMF) resistance are high thermal
conductivity and low thermal expansion coefficient [20-22]. Thermo-mechanic
fatigue resistance is improved by decreasing thermal expansion coefficient [11],
and Ni decreases the coefficient of thermal expansion of Al alloys [3]. The thermal
conductivity value of pure aluminium of the current experiment is very close to that
of theoretical value.

The ratio between thermal conductivity K and electrical conductivity o is propor-
tional to the absolute temperature, at moderately low temperatures with a propor-
tionality constant called “the Lorenz number” L = 2.45 x 10~8 W Q/K?. This is
known as Wiedemann—Franz law [23, 24]. In the current studies, the resistance is
measured with a milli-ohm metre. It has precision of 0.01milli-ohm. Subsequently,
the value of resistivity and conductivity is determined by using appropriate Eqs. 4
and 5. Wiedemann—Franz law (Eq. 6) is used to find the thermal conductivity values
from electrical conductivity values. In 1853, Gustav Wiedemann and Rudolph Franz
reported that «/o has approximately the same value at the same temperature for
different metals. Wiedemann—Franz law is named after this incident.

V=1IR €]
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Tablg 2 The(?retical and Sample Theoretical | Practical | Void content
practical density values density density
(g/cm?) (g/cm?)
Al 2.7 2.66 1.481%
Al-2%Si 2.6917 2.65 1.549%
Al-4%Si 2.6828 2.62 2.34%
Al-2%Si2%Cr | 2.725 2.662 2.311%
Al-2%Si4%Cr | 2.76 271 1.811%
Al-2%Sil%Ni | 2.71 2.682 1.033%
Al-2%Si2%Ni | 2.729 2717 0.439%
Al2%Si3%Ni | 2.7484 2.723 0.924%
R=pl/A (5)
kjo = LT (6)

4 Results and Discussion

4.1 Density Values

Weight of the component should be considered while deciding material for piston
alloy. It can be noticed from Table 2 that the density values of aluminium alloys are not
varying significantly while comparing it with the density of aluminium sample. As
mentioned earlier, the decrease in weight of the components is highly appreciated in
the automobile industry. Nickel (density = 8.9 g/cm?), chromium (density = 7.15 g/
cm?), and silicon (density = 2.33 g/cm?) are added as alloying elements, and the
change in density is occurred. In current studies, the density of alloy samples did not
show a wide variation. Rather, A1-2%Si1, Al-2%Si2%Cr and Al-2%Sil1%Ni show
very close density values to that of aluminium. Since there is no significant increase
in weight, the new proposed materials will neither lead to the increase in weight of
parts nor to the decrease in performance of the vehicle.

4.2 Hardness and Tensile Values

Equation 1 is used to calculate the tensile values from hardness values. It can be
noticed from the graph that, the tensile and hardness values are increasing with the
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Fig. 1 Hardness and tensile value comparison among the prepared samples

addition of Si and Cr. But with the addition of Ni, the hardness and tensile values
started decreasing after 2% addition of Ni. It can be decided that 2% nickel addition
would be the optimum value to obtain better results. All three alloying elements,
namely chromium, nickel and silicon, are harder than aluminium which is the reason
for the increase in hardness. These outcomes are shown in Fig. 1. Due to the better
results obtained for hardness and tensile results of aluminium alloys than aluminium,
the suggestion of new proposed alloys to automobile industry is meaningful.

4.3 Thermal Conductivity Values

The thermal conductivity value of aluminium obtained in current studies
(238.19 W/mK) and the theoretical value (which is varying from 236 W/mK to
240 W/mK with temperature) are more or less similar in value. So it can be assumed
that the errors in this practical are negligible. From Table 3, it is noticeable that

Table 3 Electrical and thermal conductivity values

Sample Electrical resistivity (x | Electrical conductivity | Thermal conductivity
1078 Qm) (x107Q T m1) (W/mK)

Al 3.073 3.254 238.1928

Al-2%Si 3.763 2.657 194.4924

Al-4%Si 4.617 2.165 158.478

Al-2%Si2%Cr | 3.57 2.801 205.0332

Al-2%Si4%Cr |3.922 2.549 186.5868

Al-2%Sil1%Ni | 3.202 3.123 228.6036

Al-2%Si2%Ni | 3.451 2.897 212.0604

Al-2%Si3%Ni | 3.599 2.778 203.3496
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the addition of foreign material to aluminium slightly reduces the thermal conduc-
tivity. Except Al-4%Si, Al-2%Si4%Cr and Al-2%Si, the other compositions seem
to have acceptable thermal conductivity. Si is a non-metal is the reason for the drastic
reduction in thermal and electrical conductivity values of Al-4%Si and Al-2%Si.

5 Conclusion

Maximum hardness and tensile strength values are obtained for Al-2%Si4%Cr, Al-
2%Si2%Ni and Al-2%Si4%Cr. These samples have far better results compared to
other samples tested.

The density values of all the samples are almost equal to that of aluminium sample.
Since the density values are not varying much, it can be stated that the weight will
also be almost equal for all the samples. Due to this fact, the proposed material will
not affect the weight of the vehicle; and thereby the performance of the vehicle will
not be affected. Also, the void content of the sample is ranging only from 0.4 to
2.4%.

The thermal conductivity of Al-2%Si1%Ni and Al-2%Si2%N:i is slightly lower
than that of aluminium sample. It is a slight drawback that these samples cannot
conduct heat as fast as aluminium. But Al-2%Sil1%Ni and Al-2%Si2%Ni will
remove heat from engines in a slightly slower rate than aluminium. When considering
other qualities, the slight reduction in thermal conductivity is acceptable.

When considering all the experiments, Al-2%Si2%Ni sample seems to be the
better replacement for aluminium in high-pressure and high-temperature conditions,
and it is followed by Al-2%Si2%Cr sample.
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A Review on Mechanical Properties m
of Bamboo Fiber-Based Composites L

Jagdeep Kumar, Shivaji Chaudhary, Vikas Goyat, and Amit Goyal

Abstract Composite materials can be tailored to provide application-based prop-
erties; therefore, they are suitable material for modern-age applications. Synthetic
fiber-based composites are conventional composite materials and they possess excel-
lent mechanical properties and applicability. Whereas synthetic fiber-based compos-
ites are not environment-friendly materials further, they are nonrenewable. Natural
fiber-based composite materials can be a sustainable substitute for synthetic fiber-
based composites as they are environment friendly, biodegradable, cost effective,
low weight, good mechanical properties, and renewable. Bamboo fiber is one of the
best natural fibers in terms of availability and mechanical properties. It is compatible
with several matrix materials. This work presents a review on mechanical properties
of bamboo fiber, bamboo fiber-based composites, and hybrid bamboo fiber-based
composites.

Keywords Natural fiber - Bamboo fiber -+ Bamboo fiber-based composite -
Mechanical properties

1 Introduction

Bamboo is a natural and traditional structural material, which is available around
the Earth. Its fiber has unique antibacterial, UV protection, biodegradability, low
cost, good thermal resistance, and superior mechanical properties among natural
fibers [1, 2]. Bamboo fibers can be used as a reinforcement material for the matrix of
rubber, plastics, and biopolymers. Nowadays, bamboo fiber is replacing the synthetic
fibers to a significant extent in wide range of applications such as automobiles,
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aerospace, railway coaches, building materials, ceiling, separation boards, furni-
ture, packaging, consumer products, etc. [3]. Enhancement of bamboo fiber and
its composite applications will surly increase the employment especially in the rural
sector [4]. Researchers are working continuously to replace the harmful material with
ecofriendly biodegradable materials and natural/bamboo fiber bio-composite is one
of the significant outputs of their work [5]. The motivation of this study is to explore
the scope, applications, and capabilities of natural bamboo fiber in comparison with
conventional synthetic fibers. The recent improvements in mechanical properties of
bamboo fiber composite is also discussed in this work.

2 Bamboo Fiber

Bamboo fibers are sustainable substitutes to synthetic fibers due to their low cost,
easy availability, non-exhaustibility, environmental friendliness, good thermal resis-
tance, and comparable mechanical properties [2]. Bamboo fiber constituents and
their composition are depicted in Fig. 1. The major constituents of the bamboo fiber
are cellulose, hemi-cellulose, and lignin. Due to high composition of cellulose, the
bamboo fiber belongs to the family of cellulose fibers. The lignin is the unwanted
constituent and need to be removed in order to produce the good fiber as well as
composite. The Weibull statistics of tensile strength of bamboo fiber represents that
the tensile strength of bamboo fiber depends on the gauge length of the fiber. The
tensile strength decreases with an increase in the gauge length as the probability of a
number of flaws increases with an increase in gauge length [6]. The transvers tensile
strength of the bamboo fiber was noticed nearly 22 times less than the longitudinal
strength [5]. It is observed from another Weibull analysis of mechanically extracted

3.16% 0.37%
10.15%

12.49%

73.83%

M Cellulose B Hemi-Cellulose Lignin M Aqueous Extract M Pectin

Fig. 1 Bamboo fiber constituents and their composition [5]
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(blasting extraction process) Moso bamboo fibers that the average mechanical prop-
erties also depend on the diameter of the fiber. Bamboo fiber with higher diameter
shows the least tensile strength [7]. Trujillo et al. [8] presented a modified Weibull
analysis for Guadua Angustifolia bamboo fibers extracted by the pure mechanical
extraction process. The average tensile strength of bamboo fiber decreases with
increase in the length of fiber as 943 MPa (I mm) to 733 MPa (40 mm). Table 1
shows the tensile strength of different bamboo fibers.

Table 1 Tensile strength of bamboo fiber

Gauge length (mm) Fiber diameter Bamboo type | Tensile strength Reference
(um) (MPa)

1 132 +33 Guadua 943 + 94 [8]
angustifolia

2 137 + 36 Guadua 898 £+ 124 [8]
angustifolia

5 90-250 Guadua 833 + 101 [2]
angustifolia

5 161 + 27 Guadua 833 £ 113 [8]
angustifolia

10 90-250 Guadua 836 + 119 [2]
angustifolia

10 156 + 27 Guadua 8221 £ 125 [8]
angustifolia

20 200 £+ 15 - 555 [6]

20 196.6 Moso 568 [7]

20 317.3 Moso 553 [7]

20 398.4 Moso 523 [7]

20 508.8 Moso 491 [7]

20 584.3 Moso 483 [7]

20 164 + 32 Guadua 754 £ 72 [8]
angustifolia

30 200 £ 15 - 523 [6]

30 112+ 8 Guadua 733 + 121 [8]
angustifolia

35 90-250 Guadua 778 £ 122 2]
angustifolia

40 90-250 Guadua 772 £ 113 2]
angustifolia

40 200 £+ 15 - 492 [6]

40 156 + 23 Guadua 748 £ 115 [8]
angustifolia

50 200 £ 15 - 451 [6]

60 200 £ 15 - 442 [6]
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3 Bamboo Fiber-Based Composites

The mechanical properties of bamboo fiber composites depend on different param-
eters such as fiber extraction method, fiber surface treatment, length of fiber, the
orientation of fiber, volume fraction, aspect ratio, dispersion, matrix material, the
chemistry between matrix, and fiber and fabrication method [4]. The orientation of
fibers proportionally affect the mechanical properties of bamboo fiber composites.
The longitudinal oriented fiber composite sample has comparably higher strength
than an inclined fiber composite sample. Chattopadhyay et al. [9] investigated the
applicability of Maleic anhydride-grafted polypropylene (MA-g-PP) as a compat-
ibilizer for bamboo fiber-reinforced polypropylene composite. The 50% fiber and
5% MA-g-PP has been suggested for optimum mechanical and thermal properties.
Afrin et al. [10] tested the degumming method so-called green method of bamboo
fiber extraction and reported that bamboo fiber loses its antibacterial and UV protec-
tion properties during the degumming process. Osorio et al. [11] proposed a novel
mechanical technique for extraction of long bamboo fiber. Obtained fibers have
improved tensile strength (800 MPa) and Young’s modulus (43 GPa). Aiping et al.
[12] analyzed Young’s modulus and the tensile strength of the natural bamboo fiber
and its matrix using a hybrid approach. The Young’s modulus and tensile strength
have been observed as 30 GPa and 450 MPa for fiber whereas 120 MPa and 11 MPa
for matrix. Copper sag and red mud can be used as a filler material for bamboo fiber
epoxy composite to enhance the tensile strength whereas by doing so reduces the
impact and flexural strength [13]. Addition of nanoclay (Cloisite) as a filler material
in bamboo fiber epoxy composite ensures the significant improvements in tensile
impact and flexural strength while it reduces the dielectric constant [14]. Bamboo
fiber composites possess higher thermal insulation than ordinary glass fiber compos-
ites and the thermal conductivity increases with increase in fiber-orientation angle
[15]. The alkali bamboo fiber extraction method is superior to steam explosion, and
chemical extraction method in terms of the high tensile strength of fiber [16].

The cloisite nanoclay can be used as a filler material for bamboo fiber poly-
lactic acid composite to enhance the compatibility between polylactic acid and
bamboo fiber by increasing mechanical interlocking between them. This results in
the improved mechanical properties and a significant decrease in dielectric constant
[17]. Long Guadua angustifolia bamboo fibers can be extracted with a mechan-
ical extraction process with tensile strength around 800 MPa. Long G. angustifolia
bamboo fiber-reinforced polypropylene and maleic anhydride-grafted polypropy-
lene thermoplastic composite consist longitudinal tensile strength of ~180 MPa
and ~160 MPa, respectively. With epoxy resin, the Long G. angustifolia bamboo
fibers produced tensile strength of ~222 MPa [2]. The starch-based biodegradable
resin and stem explosion extracted long bamboo fiber composite exhibit a tensile
strength of 270 MPa and flexural strength of 263 MPa that are comparable to glass
fiber-reinforced composite [18]. The bamboo fiber mat and unsaturated polyester
composite consist equivalent tensile strength with jute fiber mat and unsaturated
polyester composite. Though kneaf fiber mat and unsaturated polyester composite
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show higher tensile strength than bamboo- and jute fiber-based unsaturated polyester
composite [19]. Polylactic acid is a biodegradable and environment-friendly polymer.
Its compatibility with bamboo flour can be enhanced by grafting glycidyl methacry-
late onto it. By adding glycidyl methacrylate-grafted polylactic acid in bamboo
flour (15 %wt) and polylactic acid composite, the tensile and impact properties
can be enhanced significantly [20]. The addition of long Dendrocalmus giganteus
bamboo fibers in the polyester matrix will results in a considerable improvement in
tensile strength. The interfacial shear stress has been found relatively low [21]. The
mechanical properties such as tensile and flexural strength/modulus of high-density
polyethene can be improved by reinforcing 30% of bamboo pulp fiber as tensile
strength 29 MPa, tensile modulus 1.4 GPa, flexural strength 45 MPa, and flexural
modulus 2.15 GPa [22]. The composite of phenol-formaldehyde matrix and oriented
bamboo (Maso) fiber mat produces tensile strength 248 MPa, compressive strength
173 MPa and shortbeam strength 19 MPa [23]. Leera and nordin [24] reported the
effect of bamboo powder addition in the polyester matrix. The 25% bamboo power
composition ensures the maximum tensile and flexural strength whereas maximum
impact strength can be achieved by adding 20% bamboo powder in the polyester
matrix. Eberts et al. [25] fabricated single-ply plain-weaved and stockinette-weaved
bamboo fiber composite with pinesap-based bio-resin using wet layup technique. The
plain-weaved composite has a tensile strength of 19 MPa, while stockinette-weaved
has a tensile strength of 14 MPa without pre-strain and 18 MPa with 100% pre-strain.
The maximum tensile strength of bamboo fiber composites has been noticed one third
to the glass fiber composite. Charpy toughness of giant D. giganteous bamboo fiber-
reinforced epoxy composite increases with increase in reinforcement and it has a
maximum value of 70 J/m with 30% bamboo fiber composition [26].

Latha et al. [27] evaluated the effect of stacking sequence on mechanical prop-
erties of bamboo/glass fiber mat-reinforced epoxy resin composite. Outer glass
mat plies and inner bamboo mat plies show higher tensile modulus as well as
tensile strength. All bamboo plies based epoxy composites have the maximum wear
resistance. Abilash et al. [28] studied the delamination of bamboo fiber polyester
composite and it is reported that the delamination can be minimum with 500 RPM,
18 mm/min feed and 4 mm tool diameter during the drilling process. Zuhudi et al.
[29] explored the twill-woven bamboo fabric as reinforcement in a polypropylene
matrix for automotive components. The introduction of the twill-woven bamboo
fabric improved the impact, flexural, and tensile strength of polypropylene by 160%,
170% and 238%, respectively. Chopped G. angustifolia bamboo fibers reinforced
potassium-based geopolymer provided flexural strength of 7.5 MPa in four-point
flexural test [30]. Steam explosion processed and alkali-treated Moso bamboo fiber
reinforced in biodegradable polylactic acid composite (cross-ply) shows a propor-
tional increase tensile strength and Young’s modulus with an increase in bamboo
fiber compositions [31]. Sanchez et al. [32] successfully fabricated the agglomer-
ated bamboo fiber composite with higuerilla resin made up from vegetable oil and
Guadua bamboo fibers of 15 MPa compressive and 10 MPa tensile strength. Zhou
et al. [33] investigated the effect of nanoparticals of Carbonized Ramosissima on the
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mechanical properties of bamboo fiber-based epoxy composite. By adding the 0.5%
nanoparticles, the tensile strength is increased by 18%.

4 Surface-Treated Bamboo Fiber-Based Composites

Concentrated NaOH treatment on bamboo fiber enhances the mechanical strength
and Young’s modulus but reduces the ductility. The NaOH-treated bamboo fiber and
unsaturated polyester (Reservol P 9509) composite show higher interfacial shear
strength compared to untreated bamboo fiber polyester composite [34]. Silane treat-
ment on bamboo fiber epoxy composite is not suitable to enhance the mechanical
strength of composite [35]. Alkali-treated bamboo fiber polylactide composite also
shows significant improvement in mechanical and thermal properties. Further, the
coupling agent silane (aminopropyl triethoxysilane) enhances the bonding strength
between bamboo fiber and polylactide [36]. Kushwaha et al. [1] explored different
chemical treatments for bamboo fiber to improve the mechanical (tensile strength,
flexural strength, and impact strength) and water-resistant properties. They suggested
permanganate treatment for bamboo epoxy composite and benzoyl chloride treatment
for bamboo polyester composite. Alkali treatment of bamboo fibers ensures the high
bonding strength between treated bamboo fiber and acrylonitrile-butadiene—styrene
(ABS) matrix as it produces the rough surface of bamboo fibers. Impact strength
and thermal stability of the composite have been improved by alkali treatment [37].
The surface treatment of bamboo fiber with alkali, silane, and combined alkali and
silane shows combined alkali (5%) and silane (0.5%) surface treatment promise
higher water resistance and mechanical properties in bamboo fiber vinyl ester resin
composite [16]. The isocyanatoethyl methacrylate treatment on bamboo fiber consid-
erably enhances the water resistance flexural strength and tensile strength in bamboo
fiber composite with unsaturated polyester whereas it decreases the impact strength
of composite [38]. Hot compressed water treatment on bamboo fibers enhances the
mechanical properties [39]. The oxygen plasma treatment on bamboo fiber improved
its crystallinity index and interfacial adhesion capabilities. The treated bamboo fiber-
reinforced unsaturated polyester composite shows a significant value addition in
tensile and fracture strength [40]. The elevation in the operating temperature from
40 to 80 °C enhances the tensile as well as flexural strength and a further increase in
operating temperature will cause a significant decrement in all mechanical properties
of alkali-treated bamboo fiber polyester composite. On the other hand, the increase
in operating temperature diminishes the compressive strength and bending stiffness
of composite [41].

Li et al. [42] explored the effect of surface treatment of bamboo fiber on
mechanical properties of bamboo fiber-reinforced nanohydroxyapatited-poly(lactic-
co-glycolic) composite. Alkali treatment on bamboo fiber surface enhanced the
tensile strength of composite whereas silane treatment followed by alkali treat-
ment improves the bending strength significantly. Azwa and Yousif [43] fabricated
the untreated and NaOH treated randomly oriented bamboo fiber composite with a
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polyester resin matrix to study the moisture and mechanical properties. The effect of
moisture on thickness swelling has been observed same for treated—untreated bamboo
fiber composite and it is comparably higher than pure polyester resin. The tensile
strength of moisture degraded composites has been noticed poor than resin. The
study of fracture mechanics of alkali-treated bamboo fiber-based epoxy composite
reveals that deboning between fiber and matrix, fiber pulls out, and resin cracking
are the causes of fracture. The higher value of fracture toughness has been noticed
with 25 mm fiber length as 2.7 [44]. Dopamine treatment of bamboo fibers signifi-
cantly enhanced the mechanical and interfacial properties of the bamboo-polylactic
acid composite. The 4% concentrated alkali treatment followed by dopamine treat-
ment shows some improvements in mechanical properties of composite; however,
further increase in concentration has a negative effect on tensile and flexural strength
[45]. Nabinejad et al. [46] confirmed the advancement in tensile and flexural proper-
ties of NaOH-treated bamboo fiber-based unsaturated polyester composite prepared
by vacuum assisted resin transfer molding technique. Alkali treatment on bamboo
fiber surface enrich its adhesion and compatibility parameters in bamboo fiber-
based polylactide acid composite [47]. Liquid polypyrrole treatment on bamboo
fiber slightly enhanced the tensile, flexural, and wear property of bamboo fiber
polyamide composite [48]. Hybrid bamboo fiber-based composite in bamboo/glass
fiber vinyl ester as well as unsaturated polyester hybrid composite, the bamboo fiber
can replace 25% glass fiber without lowering down the tensile strength and other
mechanical properties [49]. Replacing 30% glass fiber with bamboo fiber in a glass
fiber polypropylene composite will result an enhancement of fire resistance without
much compensating the impact strength [50].

Ramachandran et al. [51] have presented a comparative analysis of mechan-
ical properties of bamboo fiber, bamboo—banana fiber, and bamboo-linen fiber-
reinforced epoxy resin composites. Charpy test value of bamboo—banana fiber-based
epoxy composite was found maximum as 5 J. Bamboo-linen fiber-based epoxy
composite shows highest Rockwell hardness as 40 HRN. The hybrid composite of
glass hollow micro-spheres and bamboo fiber with a matrix of maleic anhydride-
grafted polypropylene and polypropylene as 1:9 showed the preferable mechanical
properties [52]. A hybrid epoxy composite of flax and bamboo fiber shows high
compatibility with resigning. However, the tensile strength of hybrid composite has
been observed less than bamboo—epoxy composite and flexural strength has been
noted lower than flax—epoxy composite [53]. Inserting carbon nanotubes in hybrid
bamboo—epoxy composite results in a slight increase in tensile strength while flex-
ural strength decreases by increasing nanotube volume fraction [54]. Haddou et al.
[55] analyzed mechanical properties of bamboo fiber-reinforced polyamide 11 (a
bio-based thermoplastic) composite, and they noticed that the Young’s modulus is
significantly increased to 11.9 GPa by adding the bamboo fibers. Huang and Young
[56] investigated the untreated- and alkali-treated bamboo fiber epoxy composite. The
density of the treated bamboo fiber was found increased as the alkali treatment remove
the lignin and hemi-cellulose. Treated bamboo fiber composite has high strength
in comparison with untreated bamboo fiber composite. Kumari et al. [57] fabri-
cated Euphorbia coagulum-treated polyester resin-based bamboo fiber composite.
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The 40% fiber composition of pristine and 5% NaOH-treated bamboo fiber have
optimal Young’s modulus, flexural, and tensile strength. Chin et al. [58] investi-
gated the alkali-treated Gigantochloa scortechinii bamboo fiber and their thermoset
resign composites for microstructural, mechanical, and thermal properties. They
noticed that the 10% NaoH treatment is best for bamboo fiber to remove unwanted
constituents and offer high tensile strength, i.e., 319.52 MPa. The bamboo fiber-
reinforced epoxy composite with 40% fiber concentration has the highest tensile
strength of 119.39 MPa. Irawan et al. [59] fabricated the socket prosthesis with
bamboo epoxy composite with 50% of bamboo fiber composition. The compressive
strength was noticed significantly higher than the requirement of socket prosthesis.
Zhang et al.[60] experimentally analyzed the failure of 6% NaoH-treated bamboo
fiber reinforced poly-benzoxazine composite under impact loading. The bamboo
fiber significantly added the impact strength to the poly-benzoxazine matrix. Table
2 shows the notable mechanical properties of different bamboo fiber composites.

5 Conclusion and Future Trends

In summary, bamboo fiber can replace the synthetic fibers in the future. To improve
the mechanical properties as well as to make chemical-free bamboo fiber-based
composites, following research interest needed to be explored.

(a) The strength of bamboo fiber directly depends on the extraction method; thus,
a sound environment-friendly extraction method may be developed to enhance
the quality as well as mechanical properties of the fiber.

(b) Thefirstrequirement to make abamboo fiber-based green composite (Chemical
free) is a biodegradable and renewable matrix material. Now, a few articles are
available on such materials; therefore, biodegradable and renewable may be
explored in pursuit of high mechanical strength and good compatibility with
bamboo fiber.

(c) To enhance the mechanical and surface properties of bamboo fiber, some non-
ecofriendly chemical surface treatments have been noticed in this review. These
chemical treatments may be replaced by other/ecofriendly surface treatment
methods in the future.

(d) A few articles have been found on additives and filler materials in bamboo
fiber-based composites. This field may be explored to enhance the mechanical
and water absorption properties.
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Abstract The global level market penetration of electric vehicles (EVs) is rising
every year. Faster adoption of electric vehicles has hindrances such as performance
deficiencies, low range, and frequent need of charge. A common denominator of most
of the roadblocks is the climatic sensitivity of the batteries leading to performance,
life, and safety concerns. There lies a temperature range for the optimal performance,
life and safety during the operation. Thus, maintaining the temperature in this range
is the primary purpose of the battery thermal management system. There are mainly
two categories in battery thermal management systems, namely active and passive
systems. These systems manage the battery temperature in a vast range of climatic
and usage conditions. They are continuously being researched and modified. Experi-
mental techniques to determine the optimal performance of such systems are cost and
time inefficient. Instead, modeling the battery along with the thermal management
system provides a promising alternative. In recent years, hybrid systems are being
proposed for effective thermal management.

Keywords Li-ion battery - Battery thermal management system + Electrochemical
characteristics + Phase change materials + Heat pipe
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Gohmic Rate of ohmic heat generation, W
Genwopic  Rate of entropic heat generation, W

Gsink Rate of heat removal from battery, W
h Convective heat transfer coefficient, W m—2K !
A Surface area of battery, m?

m Mass of battery, kg

DoD Depth of discharge

Ot Theoretical battery capacity, Ah

Y Conductance, Q!

T et Reference temperature, K or C

Bi Biot number

t Time

Subscripts

bat Battery

surr Surrounding

ref Reference

X X-axis

y Y-axis

z Z-axis

PCM Phase change material

1 Introduction

The ‘Global EV outlook 2019’ report suggests that the year 2018 marks a milestone
in the history of electric vehicles (EVs), since, for the first time, the worldwide stock
of electric vehicles exceeded 5 million, representing a whopping 63% rise from the
year before, number of charging points reaching close to 5.2 million, 44% more
than previous year [1]. The recent advancements in electric vehicle technology have
revolutionized the mobility concept all over the globe. The trend is likely to continue
in forthcoming years despite the temporary slowdown of the auto-industry around the
end of the year 2019. The whole dynamics are governed by a lot many factors such as
technological advancements, fuel prices, sustainability objectives and government
policies, to name a few. Especially in ambitiously developing countries, the mobility
sector is expected to cater to the mobility requirements of billions of people, also
meeting the ambitious ‘Go-Green’ goals set forth by the world toward a sustainable
future. With ever-rising fuel prices and the alarming air pollution indices, the battery
electric vehicles (BEVs), hybrid electric vehicles (HEVs), and plug-in hybrid electric
vehicles (PHEVs) will be the future of the transportation sector. The prime features



Review of the Approaches and Modeling Methodology for Lithium-Ion ... 77

of EVs, namely their high energy efficiency and low pollution rate, are responsible
for their popularity.

There are still many roadblocks in a full-fledged implementation of EVs, battery
replacement cost and battery life, availability of charging stations, charging time, and
single-charge range, to name a few prominent ones. The high energy density (high
capacity) and high charge—discharge rate (high performance), and more number of
cycles (longer life) are the three most sought features of the batteries. Researchers
are continuously striving to devise different battery chemistries to meet these
requirements to make EVs compatible with conventional ICE vehicles.

Battery capacity and performance cannot be increased beyond a specific limit
owing to the internal heat generation causing battery temperature to rise beyond
allowable limits, which in turn poses a safety challenge in front of EVs. Main-
taining the temperature of Li-ion battery (LIB) packs within safety limits is critical
since a high temperature causes degradation of the electrodes. In contrast, extremely
low temperature increases the internal resistance of the cells leading to a decrease
in capacity and slower charge—discharge rates [2]. The cycle life of batteries is also
adversely affected when operating at extreme-temperature conditions. Another factor
that affects the life of a LIB is the cell temperature gradient. The cell-to-cell temper-
ature gradient must be limited to maximize LIB life. The reduction in LIB cycle
life, performance, and capacity ultimately affects the cost-to-customer, making EVs
a less viable option for manufacturers and customers against conventional vehicles.
Thus, researchers all over the world are concentrating their efforts to maintain the
temperature of the batteries within limits to improve safety, life, and performance.

Battery thermal management systems (BTMSs) have a significant role in the
overall implementation strategies of EVs. BTMS is expected to fulfill two primary
requirements, to maintain the LIB temperature within limits of 15-35 °C [3] and to
reduce the temperature gradient among the cells <5 °C [4]. Apart from these, there
are several requirements for BTMS, mainly from vehicle manufacturers. It includes
less dead weight and parasitic power consumption, compact and cost-effectiveness,
secure packaging, and compatibility with the location in the vehicle, reliability, and
easy accessibility for maintenance. BTMS has evolved from a simple natural convec-
tion system to as complicated as the hybrid ones that utilize the pros of two or more
methods and try to eliminate the cons. Nevertheless, BTMS still fails in adverse usage
or extreme climatic conditions and is hence continuously being researched upon and
developed.

Researchers have been working in the area of battery thermal management for
more than two decades. The systems are either active or passive in operation. There
have been at least 4 groups of equally competent options for battery cooling, viz.
air, liquid, and PCM and heat pipe, among few others. The selection criterion for
the right BTMS approach is based on the overall feasibility, also considering the
climatic variations and the usage conditions. It is not possible to experimentally test
each BTMS option to find the best one that suits most of the requirements. Hence,
modeling the cell and thermal management system becomes of utmost importance.
To summarize, as said earlier, the temperature of the cell decides its performance,
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life, and safety that, in turn, decide the acceptability of the EVs. The temperature of
the cell depends on heat generation, thermo-physical properties, and heat removal.

Notable review papers in this area include Rao and Wang [5], who compared air-,
liquid-, and PCM-based thermal management systems in BEV and HEVs. Another
notable contribution is from Pan et al. [6], who reviewed different combinations
of phase change materials (PCM) and detailed the ways of improving the thermal
conductivity of PCMs. Wang et al. [7] reviewed different thermal characteristics
of lithium-ion batteries and their importance in the design consideration of thermal
management systems. In 2017, Liu et al. [8] analyzed recent advancements in thermal
management systems based on solid—solid and solid-liquid phase change processes.
Xia et al. [9] analyzed the problem of thermal management in cell level and module
level perspectives separately. They dealt with the heat generation on the cell level
and heat balance equation on the module level, where BTMS is implemented. In
particular, air-based systems were compared to the liquid-based ones.

A review paper is required to take a holistic overview of battery thermal
management systems from the below perspective.

(a) System parameters involved in deciding the cell temperature (open-circuit
potential, internal resistance, heat capacity)

(b) System parameters that quantify the system performance (voltage, capacity)
and the effect of (a) on (b)

(c) Surrounding parameters involved in deciding the cell temperature (BTMS
types)

(d) Modeling methodology for the system (cell) and surroundings.

This paper is arranged as follows. Section 2 of this paper establishes in detail the
need for thermal management of lithium-ion batteries, followed by a brief overview
of a few of the fire incidents case studies. Section 3 introduces existing Li-ion
cell chemistries and details the typical electrochemical and thermophysical param-
eters of Li-ion cells that characterize them. Section 4 briefs the battery and BTMS
modeling philosophy followed by Sect. 5 that enlists research carried out in devel-
oping various battery thermal management systems. Lastly, a future direction to the
ongoing research is proposed, which involves combining two or more BTMS options.

2 The Need for Thermal Management

BTMS has an impact on the performance, life, and safety of the EVs and hence is
becoming an inseparable part of them. Generally, the acceptable operating range for
LIB is —20 to 60 °C, though the range for optimal performance and life is pretty
narrow, about 15-35 °C [10]. If the temperature is out of these bounds, it causes either
the performance or life or the safety issues. Performance is measured in two aspects:
power delivery and storage capacity. Most of the temperature effects on LIBs can be
attributed to slowing down or speeding up chemical reactions. Other than that, the
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ionic conductivity of the electrolyte and the electrodes also gets affected at adverse
temperatures. The effect of temperature on these parameters can be split into 2 parts.

2.1 Effect of Low Temperature

There are various scenarios in which LIBs can be subjected to low temperatures.
They include seasonal variation, high latitude countries, space missions, etc. There
is much research on low-temperature performance degradation of LIBs. In 2001,
Nagasubramanian [11] shown that the energy and power density a Panasonic 18,650
cylindrical cell dropped by over 95% when taken from 25 to —40 °C. It will be
seen in Sect. 3 how performance quantifying parameters like battery capacity and
voltage get affected due to low temperature. The reasons for this were attributed
to the loss in ionic conductivity due to increased viscosity of electrolyte, charge
transfer resistance, slow diffusion of ions in the electrodes, and lithium plating.
These all ultimately cause an increase in the internal resistance of the battery. Due
to these effects, low temperature hampers the battery capacity far more than the high
temperature, as shown in Fig. 1.

To avoid loss of ionic conductivity, various electrolyte additives like LiPO,F,
were suggested [13] for NMC pouch cells. To counter other effects, the research is
still ongoing. Nevertheless, managing the temperature by an external BTMS is still
a cost-effective and promising option.

1.2

Capacity relative to 25°C

-40 -30 -20 -10 0 10 20 30 40 50 60

Temperature °C

Fig. 1 Relative capacity retention at low temperatures [12]



80 I. Naik and M. Nandgaonkar

2.2 Effect of High Temperature

High temperature is a more probable cause of performance and life sacrifice or, in
cases, safety issues than low temperature. This is because there are several scenarios
which can result in high temperature. High ambient temperatures are typical with low
latitude countries, where most of the world’s population is concentrated. High power
applications demanding high discharge rates, and hence, high internal heat genera-
tions are another cause. Even in low ambient, high heat generation rates can supersede
the heat rejection rates causing performance degradation due to high temperatures.
Insufficient heat ventilation provided is another cause of high temperatures. The
high-temperature effect is attributed to an increase in the charge transfer resistance
at the interfaces and solid electrolyte interface (SEI) layer, increase in resistance of
electrodes and electrolyte [14], inhomogeneous distribution or diffusion of lithium-
ions, etc. [15]. As can be seen in the graph, at the nth cycle, the discharge capacity
is less at a higher temperature.

High temperatures have an impact on the cycle and calendar life of LIBs as well,
as shown in Fig. 2. The battery is considered unfit for EV applications after its
capacity reaches below 80% of its nominal capacity. Cycle life is defined as the
number of cycles a battery can perform before its capacity falls below 80% of the
nominal capacity. This impacts the most onto the consumer’s pocket and hence by
and largely governs the EV acceptance.

Thermal aging is mostly because of the aging of electrodes or electrolytes. The
electrode capacity irreversibly reduces due to the permanent intercalation of Li-ions
into the cathode structure. The electrolyte also changes in chemical composition
resulting in a life loss. Another result of high temperature is a significant roadblock

35

=
<
Z I 80% of nominal capacity
© 1 |
o | |
2.1 | |
1 I | =—10°C
: 1 | 45 °C
1.7 ! I 60°C
1 1
15 1 !
0 200 400 600 800

Number of cycles (N)

Fig. 2 Effect of high temperatures on cycle life [16]
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in the overall implementation strategies of EVs. In case of faulty manufacturing
or handling practices, high temperatures sites may witness thermal runaway, which
finally can cause fire and explosion of the battery, posing a safety challenge. Although
such mishaps are not very common, they are not something to get completely ignored.
Table 1 briefs a few cases of fire hazards that, at times, made manufacturers call back
all the vehicles sold.

The list is unending, and hence, an efficient BTMS is of utmost importance. The
first step toward the design of an efficient BTMS is the understanding and modeling
of cell behavior under versatile usage and climatic conditions. For this to happen, a
study of electrochemical and thermophysical characteristics is essential in predicting
the response of Li-ion cells to the electrical loads and climatic conditions. This will
enable modeling the cell and the BTMS around it and designing an efficient BTMS
accordingly.

3 Li-lon Battery Characteristics

It is important to note that Li-ion cell is not a single chemistry, but the termi-
nology covers a wide variety of chemistries. Li-ion cells have provided a promising
option to electric vehicle technology due to their high power, high energy density,
lightweight, low self-discharging behavior, and longer life cycle compared to their
counterparts. Several Li-ion cell chemistries are being discovered to attain the goals of
higher energy density and power density. Table 2 gives specifications of the typical
chemistries that have been used with the electric vehicles for the last 3 decades.
Although versatile in chemical composition, all types of cells possess a typical set of
electrochemical and thermophysical characteristics that categorize them under the
single umbrella of ‘lithium-ion cells.” These characteristic parameters follow their
unique patterns specific to cell chemistry and type, though the way these character-
istics govern the overall cell performance is similar. The next section describes how
these characteristic parameters respond to change in operating conditions such as
discharge profile, temperature, and cycle age.

3.1 Electrochemical Characteristic Parameters

Performance, life, and safety of the battery can be quantified in terms of electro-
chemical characteristics that include terminal voltage, open-circuit voltage (OCV),
capacity, overpotential resistance, etc. The electrochemical parameters can again be
splitinto two types. The first type is the governing parameters that include OCV, over-
potential resistance, and entropic coefficient. As the name suggests, these parameters
govern the overall electric and thermal behavior of the cell under operating conditions.
The other category is performance parameters. This includes the voltage, capacity,
and power, which quantify the performance. The operating conditions include the
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Fig. 3 OCV-SoC curves at
various temperatures for
NMC cell [21]

OCV (V)

0 20 40 60 80 100
SoC (%)

discharge profile and the ambient temperature decide the electrical and thermal state
of the battery by defining the two parameters, namely state of charge (SoC) and
battery temperature (T'pyy). A direct link of the performance, life, and safety can be
established through SoC and T, with the operating conditions such as discharge
profile and temperature.

Open-circuit voltage (U). Open-circuit voltage is the voltage across electrode
terminals when there is no chemical reaction going on inside it to drive the current.
Thus, it is the theoretical maximum terminal voltage across the cell when it is deliv-
ering no current. In other words, it is the theoretical voltage when two half cells are
combined. During operation, when the cell delivers current, the voltage across it is
less than the OCV. This is because the cell has its internal resistance that causes
the potential to drop and hence results in loss of available energy. The open-circuit
voltage is a function of the charge that is left on the cell-state of charge (SoC) and its
temperature. It also is a function of the number of cycles performed by the cell [19,
20].Battery terminal voltage and the rate of heat generation inside the cell depend
on OCYV, and hence its study carries importance in modeling the cell. Figure 3 shows
the variation of OCV with respect to SoC, temperature. It is important to note that
this curve is specific to the cell tested and every chemistry will have its typical curve
that depicts the dependence of OCV on SoC and temperature. Especially, whether
the increase or decrease in OCV with temperature depends on the next electrochem-
ical characteristic parameter, the entropic coefficient, which indicates the sign of the
change in U with respect to T.

Entropic coefficient: The entropic coefficient signifies the response of OCV toward
the cell temperature. It is defined as the rate of change of OCV with respect to
temperature, U/T. If the entropic coefficient is negative, it means the OCV decreases
with the increase in temperature and vice versa. We have seen that the OCV is a
function of SoC and temperature. It is observed that the OCV of a Li-ion cell follows
approximately a linear trend with temperature when SoC is kept constant. Hence, its
slope U/T will be a constant at a particular value of SoC. In other words, the entropic
coefficient U/T is a function of SoC alone and hence is expressed as a polynomial
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Fig. 4 Entropic coefficient across all SOC levels for LFP cell [22]

in SoC. The significance of studying the entropic coefficient traces back to the rate
of heat generation, which, as we will see in Sect. 4, is a combination of ohmic and
entropic heat generations. The entropic heat generation is directly proportional to the
entropic coefficient, and in fact, the sign of the entropic coefficient decides whether
the entropic heat component will be liberated or absorbed. As we can see the typical
nature of the curve in Fig. 4, the entropic coefficient is positive when the battery SoC
is high, but shifts to negative values when the battery SoC is low. It is important to
note that this curve is specific to the cell tested in the literature [22], and any other
chemistry or other cells of the same chemistry need dedicated testing done to get
their unique entropy coefficient profile.

Battery terminal voltage (V), power delivery, and storage capacity: Battery
terminal voltage is the actual voltage that appears across the terminals of the cell
when in operation. It is a function of DoD, temperature, and the current drawn from
the cell. There is always an upper and lower cut-off on this voltage for the cell to
function without compromising its life and safety of the operation. These cut-offs are
different for different cells. Nevertheless, the family of lithium-ion cells generally
follows typical curves for different charge—discharge rates.

Temperature also affects the terminal voltage as the temperature dictates the rates
of chemical reactions and the properties of cell components. Figure 5 indicates the
variation of terminal voltage with respect to the temperature and discharge current for
an LFP cell [23]. The voltage decreases with decreasing temperature and increasing
current. However, it can be evidently seen that the effect of current on the capacity
is less dominant as compared to the temperature. Needless to say, that these curves
are specific to the LFP cell tested and need to be established for different chemistries
separately. The voltage curves get similarly affected while charging as well, as is
came across in the literature [24].

The significance of studying battery terminal voltage is in deciding battery power
delivery and storage capacity. Battery power delivery is defined as the product of
terminal voltage and discharges current. It decides the torque and the speed of the
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Fig. 5 LFP battery voltage and capacity for varying a temperature, b discharge rate [23]

vehicle. Reduction in temperature reduces the power delivery. Hence at low climatic
temperatures, higher charge—discharge rates are not possible. It is important to note
here that the internal heat generation of the battery acts as a savior at low climatic
temperatures. The overpotential resistance that is the next electrochemical parameter
increases to such large values at low temperatures that the rate of heat generation
is very high. This leads to self heating of the battery increasing its temperature
and thereby reducing the resistance and increasing the available power and storage
capacity. Storage capacity is defined as the total amount of charge the battery can
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deliver (product of current and time of discharge) before its terminal voltage falls
below the cut-off limit. Determination of the battery capacity holds its importance
in the determination of time for which the battery will last at given discharge cycle
and temperature; in essence, it tells us the range of an EV. It is also useful in the
determination of the SoC of the battery. Reduction in temperature brings the terminal
voltage close to the lower cut-off sooner, and hence, the storage capacity decreases
at lower temperatures.

Overpotential resistance (R): When the current passes through the battery, there
is a drop in the potential across its electrodes due to various effects, called the
overpotential and the associated resistance is termed as overpotential resistance.
It is given as R = (U — V)/I, where U is OCV, V is terminal voltage, and [ is
the current passing through the battery. It can also be defined as the slope of the
voltage—current characteristics curve for a battery, as explained in the literature [25].
The V-I characteristics during discharge are linear and the slope, or in essence,
the resistance changes as a function of SoC and temperature. Three effects sum up
to this loss in the potential, namely activation overpotential, ohmic overpotential,
and concentration overpotential. The first one deals with the energy required for the
reaction to take place. Second is the resistance to the flow of electrons inside the
electrolyte and across the interfaces. The third is generated due to spatial variations
and is more prominent when the charge concentration on the electrodes is reduced.
The reason for the existence of overpotential is the chemical reactions taking place
inside the cell, and hence, temperature is another factor, apart from the SoC that
affects it. Figure 6 represents a variation of overpotential resistance with respect to
temperature and SoC and aging.

The inverse of this overpotential resistance is called conductance, denoted by Y.
This parameter will be relevant in Sect. 4, where the modeling of the Li-ion cells is
discussed.

30
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Fig. 6 Equivalent overpotential resistance of the LMO cell during the discharge [26]
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3.2 Thermophysical Characteristic Parameters

Battery temperature dictates not just the safety and life of the battery, but also
its performance. Temperature affects the OCV and overpotential resistance of the
battery, which in turn controls the available terminal voltage and capacity of the cell.
The rate of heat generation, if not entirely compensated by the battery heat sink, trans-
lates to the temperature of the cell depending on the thermophysical characteristics
of the cell. Specific heat capacity is the most critical thermophysical characteristic
parameter that decides the temperature of the cell.

Specific heat capacity (C): Itis, in general, defined as the heat absorbed or released
by a unit mass of material when it undergoes a unit temperature change, indicated in
SI units as (J kg~! K=!). The average specific heat capacity of a cell is a function of
cell chemistry (NMC, LFP, LCO, and NCA), cell type (pouch, prismatic, cylindrical,
etc.), and temperature. There are various methods of heat capacity determination, heat
balance equation being at the heart of all. One approach is the method of calorimetry.
There are different types of calorimeters, such as accelerating rate calorimeter, heat
flow calorimeter, and differential scanning calorimeter [27, 28]. The second approach
is to take a mass-weighted average of the specific heat capacity of each of the cell
components such as cathode, anode, electrolyte, separator, container [29]. The third
approach is by mixing method, where the Li-ion cell is brought in contact with another
metal of known thermal capacity. From the final temperature, the heat capacity of
the cell can be calculated [30]. The fourth method is the transient thermal resistance
method, where the cell is preheated either using external means or by internal heat
generation during discharging and then allowed to cool under natural convection. The
rate of fall of temperature and natural heat transfer coefficient can give the specific
heat capacity using Newton’s law of cooling [31]. Evaluation of the heat capacity of
the cell is essential since it decides the transient thermal response of the cell toward
the heat generation and removal rates. The heat capacity of the Li-ion cell varies with
respect to temperature and SoC, as indicated in Fig. 7.

Thermal conductivity (k). It is known that the thermal conductivity of electrode
and electrolyte materials is so low (usually k ~ 1 W m~! K~1) [33] that they can be
considered as insulating toward heat. The copper and aluminum foils that support
the electrodes, on the other hand, are excellent conductors [34, 35]. The result of
this is a very low thermal conductivity of the pouch and prismatic cells in thickness
direction [34] and cylindrical cells in the radial direction [36]. Such low thermal
conductivity causes a significant temperature gradient inside prismatic or cylindrical
cell geometries since Biot number for them is usually >0.1; unlike pouch cells, where
small volume-to-area ratio reduces Biot number to <0.1. A significant temperature
gradient is an indicator of temperature non-uniformity within the cell, making the
core temperature higher than the surface [37]. Thus, thermal conductivity has arole to
play in the performance, safety, and life of the battery. A typical method implemented
in the determination of thermal conductivity of pouch/ prismatic cells is based on
Fourier’s law of heat conduction [32]. It involves sandwiching the cell between two
metal plates, where one plate is given known heat flux. By measuring the temperature
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Fig. 7 Variation of specific heat capacity with temperature and SoC [32]

on either face of the cell, the thermal conductivity can be determined. The thermal
conductivity of the Li-ion cell is as well a function of temperature and SoC, as
indicated in Fig. 8.

High climatic temperatures, coupled with high discharge rates, can lead to high
battery temperature and hence an effect on its performance and life. It is not always
possible to carry out experimentation for the study of the impact of climate and
usage conditions on cell performance, considering the time and the costs involved.

Thermal conductivity (W m K1)

=4=50C0.0
0752 =@=50C0.5
SoC1.0
0.51
-20 -10 0 10 20 30 40 50 60

Temperature (°C)

Fig. 8 Variation of thermal conductivity with temperature and SoC [32]
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Modeling thus stands as the backbone of the modern BTMS design process. Modeling
also helps in optimizing the system for performance and cost. An outstanding
performing BTMS may not always be an economic one and vice versa. It is always
a trade-off between performance and cost that makes modeling a crucial aspect of
the whole BTMS design process.

4 Battery Modeling Approach: The Thermal Model

Newman, with other researchers, laid a foundation of battery modeling [38]. Since
then, researchers all over the world have proposed various models to analyze the
thermal behavior of a Li-ion cell under given climatic and usage conditions [39].
The modeling methodologies can be split into three categories, viz. mathematical
models [38, 40, 41], physical models [42-44], and circuit models [45, 46]. Each
category involves literature based on the prediction of electric, thermal, and aging
aspects of the battery. These models can be one-, two-, or three-dimensional. The
right model can be selected based on the nature of the physical problem, accuracy
required, and computational power available.

The most popular modeling approach among all is the mathematical modeling due
to its simplicity in implementation and low computational time. One of the first and
still the most popular ‘thermal model’ was prescribed under this approach by Bernardi
et al. [38]. The implementation of the thermal model can be split into two steps.
The first step is the estimation of electrochemical parameters using experimental
techniques. The second step is to evaluate the rate of heat generation and temperature
using the thermal model. The former step gives parameters necessary for estimation
of the rate of heat generation as a function of the battery discharge profile and
temperature. Latter one gives the battery temperature as a function of the cell’s
rate of heat generation, the rate of heat rejection to the surroundings, based on the
geometrical parameters and thermophysical characteristics.

4.1 Estimation of electrochemical parameters

As said earlier, experimentation helps to establish functional relationships for the
electrochemical parameters OCV (U) and conductance (Y). U and Y are both func-
tions of the DoD and the temperature of the battery. They describe the battery chem-
istry, and hence, they are the link between the application environment and the battery
behavior.

There are different polynomial function forms prescribed in the literature for
expressing these parameters [19]. The most popular form is-
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n=0

an, by, C1, C, being the constants of the polynomial. The detailed process for the
evaluation of these parameters and regression analysis for polynomial fitting can also
be found in the literature [39, 47].

The DoD that appears in the above expressions depends on the usage discharge
profile (I-t profile) and battery total deliverable capacity (Qr). It can be given as-

o Idt
T

DoD = 3)

Tt is taken as 298 K. T, the temperature of the battery, is not known in the beginning
and is, in fact, an output of the thermal model. It is assumed as an initial guess for
the evaluation of these parameters. They are then fed to the thermal model, which
evaluates the temperature of the battery. This temperature is then given as feedback
to the first step so that a revised estimate on the electrochemical parameters can be
made.

4.2 Thermal Model

It gives the heat balance for the battery between the heat generation, rejection, and
accumulation. The thermal model can either follow a differential equation approach
where the cell’s internal temperature gradients are taken into consideration [48],
or a more commonly adopted approach of lumped model, where the entire cell is
assumed at the same temperature. The lumped model can be used if Bi < 0.1, which
is valid for thin pouch cells only. In either case, the thermal model uses the rate of
heat generation based on the electrochemical parameters received from the previous
step, and the rate of heat removal that is specific to the heat sink/BTMS. Based on the
thermophysical properties of the battery, it can give the temperature of the battery at
any time instant.
The heat generation rate in the battery is given as per the literature [38, 49-51].

ITdU
Jgen = ohmic + {entropic = Iu-v)- d—T 4)
The voltage V, which is gauging parameter of the system performance, can be
given as
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I
V=U-— 5
7 &)
Hence, heat generation can be modified as,
I? dUu
Joon = — — 1T — 6
qg Y dr (6)

As can be seen in the above equation, the rate of heat generation has two compo-
nents to it [52]. The first being ohmic generation, which is on account of the overpo-
tential drop explained in the previous section. This is an irreversible component and
is positive irrespective of whether the cell is charging or discharging. The second
component, however, is a reversible component of heat generation, which means
it can be positive or negative depending on whether the reaction is exothermic or
endothermic. The entropy coefficient U/T discussed previously decides the nature
of the reversible component of heat.

A lumped energy balance model for the battery then can be set as

ar .
mca = Qgen — {sink (7)

In case, a three-dimensional differential heat conduction equation for pouch/
prismatic cell can be set as,

T Goen 3’1 3T 3T

A similar equation for cylindrical cells can be set as

0T  qgen 190 aT 1 9 aT ad aT
el e O )y () Sk 9
ot 1% rr(r 3r>+r28®(®8@>+81<131) ®

This model predicts the temperature and is then fed back to the previous step for
the evaluation of electrochemical parameters for the next estimate of the rate of heat
generation. The rate of heat generation by the battery and removal by the sink/BTMS
in the above equation are both are functions of the battery temperature itself.

The rate of heat removal becomes a boundary condition for the heat balance
equation considering the boundary between the battery as the system and BTMS as
the surrounding. This boundary condition changes with a change in BTMS system
design.

For example, if the battery is exposed to surroundings where natural convection
is the only mode of heat rejection, we will have

q.sink = hA(Tbatt - Tsurr) (10)
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If a passive BTMS that has PCM surrounding the cells is implemented, the
boundary condition will be modified as, where x = ¢ stands for the pouch/prismatic
cell-PCM interface

QSink ‘CPCM‘ ‘ 1 1
x=t

For cylindrical cell, the equation will be

R dTr
gsink = —kpcmA e (12)
r r=R

Hence, to set this boundary condition, the BTMS designer must have proper
knowledge of the construction and properties of the BTMS. Different types of existing
and under research BTMS will be discussed in the next section.

S Battery Thermal Management Systems

BTMS has evolved from basic systems based on natural air convection to compli-
cated systems such as PCM-liquid-based hybrid ones. As said earlier, there are two
broad categories in which the BTMS can be split. They are active systems and passive
systems. Active systems include forced air- and liquid-based cooling, which need
external power to run. Though they can take higher loads, their operation adds to the
cost/km of the EVs. Passive systems, on the other hand, are based on natural convec-
tion, phase change material (PCM), and heat pipe, which do not need external power.
These systems cannot take higher loads since the rate of heat rejection ultimately
depends on the natural convection heat transfer to the air. Both categories have their
list of advantages and disadvantages which will be discussed at respective places.
More recent research is on hybrid systems that combine the advantages of the two
types and try to eliminate the cons. A comparative review among these systems is
carried out at the end of this chapter considering the parameters such as heat removal
rate, temperature uniformity, parasitic power consumption, compactness, range of
climatic conditions, cost, and complexity.

5.1 Air Cooling

BTMS using air as a cooling medium came into existence as the pioneers in this
field. There were two variants, viz. natural convection and forced convection-based
systems, although forced convection is most widely used. The source of air also puts
them into different categories as the systems using outside air, conditioned cabin air,
and especially conditioned air. Air cooling has been the very first BTMS used for
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the battery cooling application. This is primarily because of the easy availability and
low complexity in its operation.

Natural convection is seldom used as a standalone system for battery thermal
management due to the meager rate of heat transfer. It is found incapable of handling
the heat generation rates that are encountered during higher discharge rates. Instead,
natural convection is used in conjunction with other options. In the research involved
with BTMS, natural convection is considered as a basis of comparison for gauging the
effectiveness of a particular system. In 2002, forced BTMS was compared against the
natural convection by Wu et al. [53]. The test set up consisted of a 12 Ah cylindrical,
lithium-ion battery. They investigated the temperature distribution during discharging
of the battery from 100% state of charge (SOC) till battery voltage falls to 2.8 V.
They found that the temperature of the battery rises above the upper limit for a 0.5C
discharge rate. Forced convection seems to lower the maximum temperature reached
by about 15 °C, but the achieved temperature drop isn’t found worth the parasitic
power consumption and the non-uniformity generated.

Another innovative attempt was made by Mahamud and Park [54], where they
proposed a forced air-based cooling system that reverses the direction of airflow in a
fixed period. They found that with a 120 s reversal period, the temperature gradient
reduced by 72%, and the maximum temperature came down by 1.5 °C compared
with the unidirectional flow configuration.

Park [55], in the year 2013, worked on the air manifold shape design. He compared
different manifold designs and found the one with a rectangular shape and tapered
along the length that gives adequate heat and harmful gases removal. Fan et al. [56],
in 2013, performed a 3D numerical analysis of a 15 Ah prismatic cell by changing
the cell gap and the flow rate of air. It was observed that the decrease in either of these
parameters causes the peak temperature of the cell to drop but with a simultaneous
increase in temperature non-uniformity among the modules. Optimization of the
numerical model is carried out, which yields 3 mm and 40.8 m*h~! as the optimized
parameters.

The same year, Xun et al. [57] also came up with a similar conclusion when
they numerically analyzed the effect of size and number of cooling channels on
prismatic and cylindrical cell battery packs. They proposed two parameters to assess
the cooling system performance, namely compactness of the battery stack, where
smaller value means more compactness, and the energy efficiency that represents
cooling performance compared to parasitic energy consumption. A smaller channel
size is better for more energy density of the battery pack. But it increases the pumping
power necessary, decreasing energy efficiency. So there is always a trade-off between
energy efficiency and parasitic weight.

In 2014, Yu et al. [58] devised a system that has two inlet airports, one on each
side of the battery. This facilitated the heat transfer to cells that were far off from one
inlet, and they could directly receive the cold air from the second inlet. This helped
in reducing the temperature gradient across the modules.

Xuand He [59]in 2015 analyzed the effect of changing the battery pack orientation
from longitudinal to horizontal and adding a bottom duct of double I and double U
type on maximum temperature rise and temperature gradient. Mohammadian and
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Zhang [60] in the same year, numerically analyzed a thermal management system
wherein a specially designed pin—fin was used to dissipate the heat from the 15 Ah
prismatic cells. The system was considered for six different cases from no fin to as
much as 40 pin fins of different length distributions between 1 and 36 mm. They
found that these pin fins reduce the maximum temperature of the battery by 1.5%
and temperature non-uniformity by about 13.7%.

There were subsequent attempts at the optimization of the airflow path, manifold
design by several researchers, including Chen et al. [61] in the year 2017. Their
numerical research included calculation of flow distribution using a flow resistance
network model using the CFD tool. They suggested that the maximum temperature
rise can be brought down by 41% by optimized flow distribution. In the same year, Xie
etal. [62] worked on-air inlet and outlet angles and found that maximum temperature
can be reduced by about 13% at angles of 2.5 °. In the subsequent year, Hong et al.
[63] added a secondary outlet vent in the duct and studied the effect of changing its
size and shape. It was found that the temperature gradient was reduced by over 60%.

The use of air for battery cooling is the simplest and the cheapest approach. It is
suitable for low power batteries. The other advantages of air-based cooling systems
are low parasitic power consumption compared to liquid cooling, lightweight, easy
maintenance, and no need for sealing as against liquid-based systems. These systems
are also compatible with the location of the battery in the EVs since, in most of the
cases, the battery is mounted at the base of the vehicle where the air is dragged over
the base of the battery due to the motion of the vehicle. The forced air systems are still
used in some of the EVs but are becoming less and less common owing to the high
capacity and power batteries. These systems still prove to be useful when clubbed
together with other passive systems.

By critical review of the literature, it is observed that with technological advance-
ments, the batteries of higher energy density are being used in applications that
demand higher discharge rates. The air cooling-based BTMS alone proves to be ineffi-
cient in such cases. This is evident because of the lower convective heat transfer coef-
ficient of air, which in turn reduces the rate of heat withdrawn by an air-based BTMS.
If an attempt is made to improve the heat transfer coefficient of air by increasing the
Reynolds number, it will result in increased parasitic power demand by the BTMS.
It also makes the air carrying ducts bulkier. Keeping sufficient space for the airflow
between the cells results in lower volumetric energy capacity of the battery packs.
Moreover, air cooling becomes ineffective at higher ambient temperatures.

5.2 Forced Liquid Cooling

This is another conventionally used BTMS. The coolants often used are water, oils,
glycols, etc. The air cooling system discussed before is seen inadequate for high
capacity, high power batteries due to low heat transfer coefficient and low specific heat
capacity of air. There are two variants with forced liquid cooling systems. The first is
where the battery directly comes in contact with the coolant, also called direct cooling.
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The coolant, in this case, needs to be electrically insulating but thermally conducting.
Obtaining such a combination has its own challenges and hence seldom used. The
second variant is indirect cooling, where the coolant is pumped to the battery through
a number of channels, which then absorbs heat from the battery. It is then sent to
an external system, either an air-cooled heat exchanger or a dedicated chiller for
re-circulation. The researches have focused mainly on three aspects regarding the
force liquid cooling BTMS, namely geometry, number of channels, and the flow
direction. In 2011, Jarret and Kim [64] studied BTMS with a cooling plate that
had serpentine channels. They varied the width and the position of channels and
studied the effect battery’s maximum temperature and gradient, the pump pressure
drop along the channel. They realized that wider channels give better performance
in bringing down the maximum temperature, but less temperature gradient needs
narrow channel tapering out toward the outlet. Thus, there was a trade-off, and all
the three parameters could not simultaneously be optimized. In 2014, Jin et al. [65]
worked on improving the decrease in convection performance along the length of the
channel. They cut another mini-channel inclined with the original straight channels in
the mini plate. They compared the two designs and found that the one with oblique
channels gives better cooling performance even at low flow rates. Huo et al. [66]
investigated the effect of changing the fluid mass flow rate, number of channels,
and the direction of flow on the battery maximum temperature and gradient. They
optimized these variables to attain maximum system performance. In 2015, Zhao et al.
[67] investigate the effect of the mini-channel liquid cooling system on the 42,110
cylindrical LiFePOj, at 5C discharge. The number of mini-channels was varied from
2 to 16, and the mass flow rate was varied from 5 x 107 kg s™! to 1 x 1073
kg s~!. The results were optimized for peak temperature, temperature gradient, and
the cost of the system, and an optimum number of channels was prescribed as 8
with an overall mass flow rate of 1 x 107* kg s~!. In the year 2016, Lan et al.
[68] numerically investigated the performance of microchannel-based BTMS with
the battery for varying discharge rates, flow rates, number of mini-channels, flow
direction through mini-channel. The flow rate of 0.8 LPM was found optimum for
discharge rates up to 2C. The performance was assessed for optimum pumping power
and cooling efficiency.

Nieto et al. [69] devised a BTMS for a battery developed for a traction applica-
tion directed to the railway industry. Prismatic cells of NMC chemistry with 40 Ah
nominal current and 3.7 V each were used. Two models were generated, optimized,
and the results of numerical simulation, viz. coolant flow rate and inlet temperature
were validated with the experimental setup. Qian et al. [70] analyzed the thermal
performance of the mini-channel cooling system numerically. When the number of
channels was varied from 2 to 7 with a width from 3 to 6 mm with a constant discharge
rate of 5C and a mass flow rate of 1 g s~!, 5 channels were found to be optimum with
6 mm channel width to reduce the pressure drop. Panchal et al. [71] investigated pris-
matic 20Ah LiFePOy battery at discharge rates upto 4C in various climatic conditions
from 5 to 35 °C. The highest rate of heat generation was observed at 4C discharge
and 5 °C temperature, the lowest being at 1C and 35 °C. Rao et al. [72] attached an
aluminum block with the battery and circulated cooling fluid through it. They found
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that the maximum cooling effect is observed by increasing the length of the block
and fluid velocity. Malik et al. [73] analyzed the battery pack with a cooling plate
on either side of individual cells and by changing the fluid temperature for different
discharge rates and drive cycles. They concluded that the liquid temperature of 30 °C
was sufficient to maintain the battery within the safe temperature range.

These systems are more efficient in terms of heat removal as compared to air
cooling systems. This is because of the high heat transfer coefficient and specific
heat capacity of liquids compared to air. Thus such systems are often seen in EVs or
series HEVs wherein higher heat generation rates are observed [74]. The cooling rates
observed by these systems are found satisfactory for reducing the peak temperatures.
The temperature gradient among the cells is reduced when compared to air cooling
but still remains a challenge.

It is observed that these systems consume more power and are more complicated,
mainly because of the insulation required over the cells from direct contact with the
liquid. The weight of these systems is more compared to the air-based systems due
to bulky components. The inherent limitation of the forced convection mechanisms
of having a temperature gradient along the cooling path lies in this method. Special
attention is needed for the optimization of the cooling path, considering the cooling
performance and the pressure drops.

5.3 Phase Change Materials

This method works on the latent heat absorption principal. The phase change material
absorbs heat generated by the battery and thus starts melting at its melting point. The
heat released is thus absorbed as latent heat, and hence, the temperature cannot
rise unless the entire PCM melts. The PCM rejects this heat to the surrounding
through natural convection, in which case it needs to be operated intermittently
[75]. It can reject the heat to another secondary cooling system, in which case it
increases parasitic power consumption. Selecting the right quantity of PCM is also
a crucial decision considering the improvement in performance against the added
weight and cost. PCM should not react with the battery material, should be non-toxic,
and have high latent heat. Paraffin is the most favored substance that satisfies these
requirements but comes with an inherent disadvantage of low thermal conductivity.
Hence, most of the research work in recent years concentrates on increasing the
thermal conductivity of PCM.

In 2000, Al-Hallaj and Selman [76] introduced a method to integrate PCMs with
the existing battery thermal management system. The results were obtained from a
numerical solution with 100 Ah battery, discharge varying up to 1C. They showed that
PCM not only lowers the temperature but also assist in uniform temperature distri-
bution. In 2004, Khateeb et al. [77] introduced a PCM couple BTMS for an 11 Ah
electric scooter battery. The battery was tested for discharge rate up to 2.4C, with
ambient temperature from 0 to 40 °C, 3 different configurations, and 2 different PCMs
with melting temperatures 12 and 42 °C. The numerical solutions were validated
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by the experiments. The results proved that the third configuration PCM with metal
foam matrix and aluminum fins provided repetitive satisfactory results for continuous
three charge—discharge cycles. In 2005, once again, Al-Hallaj et al. [78] investigated
the performance of a passive BTMS using PCM coupled with a graphite matrix. The
ambient was controlled from 30 to 45 °C with cylindrical cells consisting of a battery
pack. The performance was tested for currents varying from 4.8 to 10 A, and a signif-
icant improvement in BTMS performance was observed. In 2008, Kizilel et al. [79]
compared air-based active BTMS with PCM-based passive system and concluded
that the PCM performs better, especially when the battery is subjected to abusive
conditions. They performed numerical simulations where PCM was embedded with
the graphite matrix and surrounded the cylindrical cells. The ambient temperature
was kept 40 °C, and the battery was discharged at 6.67C.

In 2014, Javani et al. [8§0] numerically analyzed a PCM-based BTMS, where they
varied the thickness of the PCM layer over the cell. They found that increasing the
PCM thickness helped in reducing the peak temperature and optimized the design
to meet the cost, weight, and performance goals. The same year they worked on a
hybrid system that combined PCM with cooling plates on either side of the cells.
The cooling plates consisted of aluminum microchannels with ethylene glycol as a
coolant. The BTMS was tested upto the 5C discharge rate.

In the subsequent year, Ling et al. [51]worked on a BTMS that consisted of
paraffin PCM with expanded graphite surrounding the cells. The expanded graphite
increases the thermal conductivity of the PCM. By changing the concentration of
EG in paraffin, they could get PCM with different melting points, conductivities,
and latent heats. Heaters were used to simulate the batteries experimentally. Using
a numerical solution, they found that the optimum paraffin concentration was 75%
with 890 kg m~ density and 44 °C temperature. Wu et al. [81] proposed a pyrolytic
graphite sheet for increasing the effective thermal conductivity of the PCM. They
could achieve better cooling performance and thermal uniformity as compared to the
only PCM case. Zhao et al. [§2] used PCM with a heat pipe as a medium to conduct
away the heat from PCM. They investigate the effect of changing the velocity of
air at the condenser section of the heat pipe. They could achieve <50 °C battery
temperature with this hybrid system. Hemery et al. [83] developed a PCM-liquid
hybrid system where cooling plates were attached above and below the PCM. The
liquid temperature was maintained at 22 °C. They could achieve 2C discharge rates
by keeping battery temperature within safe limits. Rao et al. [8§4] and Wu et al. [85]
added copper foam to the PCM to improve its heat transfer efficiency. They, later in
2018, studied the effect of changing the thickness of the PCM and convective heat
transfer coefficient to optimize the performance considering the cost of the system
[86]. Table 3 gives the effect on the thermal properties of PCM due addition of
expanded graphite, which is the most preferred method in the literature, apart from
adding copper mesh or providing metal fins.

The PCMs prove to an efficient technique in BTMS applications due to their high
latent heats. Moreover, since the heat absorption takes place passively, the auxiliary
power requirement is low. They are easy to handle when they are in a solid state.
In general, the PCMs having their melting point from 35 to 45 °C are found most
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effective for the purpose. Cost-wise these systems are found to be advantageous. They
are reliable as long as the discharge rates and ambient temperatures are low, or they
are supported by active systems. Paraffin-based PCMs are found compatible with
the Li-ion cells, and hence, there is no risk of damage due to leakage like that in the
liquid cooling. One major drawback of the PCMs is the lower thermal conductivity.
PCM composites with EG or incorporation of a metallic foam/matrix are some of
the methods to increase the effective thermal conductivity of PCMs. The heat thus
being conducted out from the PCMs is to be released to the surroundings so that a
regeneration of the melted PCM occurs. An air or liquid-based active cooling system
serves the purpose of auxiliary cooling. Another disadvantage of PCMs is its dead
weight that, in turn, reduces the specific energy of the battery pack. So, in finding
the right quantity of PCM, it is always a trade-off between the cost of the reduced
specific energy and that of the improved performance and life.

5.4 Heat Pipe

Heat pipes are known to have versatile applications in the cooling domain. They
perform based on the successive evaporation—condensation mechanism between heat
source and sink. The rate of transfer of heat from the evaporator end to the condenser
end is governed by gravity, buoyancy, and capillary effect.

Wu et al. [53] suggested the use of a heat pipe with metallic fins for cooling
lithium-ion battery. The surface temperature of the battery was achieved as 32 °C.
But a uniform cooling was not achieved at the center of the battery. Burban et al. [88]
cooled electronics in hybrid EVs using a pulsating heat pipe. The effect of change
in the working fluid, inclination, airspeed, etc., was tested on the steady-state and
transient performance of the heat pipe. Tran et al. [89] studied the performance of a
flat heat pipe under natural and forced convection for various positions. They found
that the heat pipes are superior to natural and forced convection by about 30% and
20%, respectively. They found that natural convection in the condenser section was
not sufficient to maintain battery temperature within limits. Heat pipe with liquid
cooling at the condenser end was studied by Rao et al. [90]. The water bath was
maintained at 25 °C, and the heat pipe was inserted between the cells of commercial
prismatic LiFePOy, batteries. Ye et al. [91] numerically studied copper heat sink and
fin-based heat pipes for faster heat removal rates. The results of numerical simulation
established that fins enhanced the heat transfer at the cell level. Liu et al. [92] used
ultra-thin micro-heat pipe and compared natural convection and forced convection at
the condenser end. They found that forced convection is the only effective method to
control the battery temperature. Wang et al. [93] studied the performance of modified
L-shaped heat pipes where the condenser end of the heat pipe was immersed in liquid
below the battery, and the evaporator end was attached to the aluminum plate and
inserted between the cells. Zhao et al. [94] established that a combination of air
cooling and wet cooling at the condenser end of the heat pipe is the best strategy to
cool the battery pack.
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Heat pipe has the main advantage that it is a passive cooling strategy, consuming
no parasitic power and hence does not affect the energy efficiency of the battery pack
much [95]. The deadweight is very less, and the systems are not complex. Apart from
this, they are found very efficient conductors of heat, unlike the previously discussed
passive technology, the PCMs, which have very low thermal conductivity. The sheer
size, flexibility in geometry, long lifetime with almost no maintenance of heat pipes
makes them a competing alternative in BTMS technology.

Heat pipe strategy has, like the other passive systems, a limitation on account of
ambient temperature. They are ineffective in higher temperature zones. Moreover,
the rate of heat removal from the condenser end is governed by the convection rate
to surrounding air. If this does not match the rate of generation of heat, it may give
rise to certain other complications such as drying out of the heat pipe. In high load
cases, a liquid cooling system might be used at the condenser end, with an additional
cost burden. A small contact area in the evaporator section is another disadvantage
of heat pipes. The feasibility of heat pipe as a cooling strategy in Li-ion batteries
considering the material weight, compatibility, the effect of varying thermal loads,
vibrations, etc., still needs an examination.

5.5 Other Methods

There are other methods either in the concept stage or in the development stage for
achieving the task of battery thermal management. Hydrogel-based system is one
such option that is under study. The system is compact, easy to manufacture, and
cheap [96]. Another option, though not very popular due to its low efficiency, is ther-
moelectric cooling [97]. Another intuitive technology is refrigerant-based cooling.
Incorporating either the battery in the cabin air-conditioning loop or to have a separate
refrigerant loop are the two possible approaches [98]. But this technology involves
more complexity and hence not being widely used. An innovative technology is
proposed based on the boiling phenomenon of propane or ammonia in the liquid
phase [99]. The battery is submerged partially in these coolants. The pressure over
the coolant can be varied to change their boiling point as desired. There are many
hybrid technologies, even as discussed before, such as the ones that use heat pipes
[82] or liquid cooling [83] or metal fins [100] with PCM. Heat pipe with liquid
cooling at the condenser end [90] is another example of such hybrid BTMS. The
logic behind designing hybrid systems is to couple a passive, and an active system
together so that the hybrid BTMS can utilize the high heat transfer rate of active
systems and low power consumption of passive systems.

Thus, it can be seen that passive systems are better compared to the active systems
when considered from an auxiliary power consumption point of view, whereas active
systems prove to be effective for high discharge rate applications. The advantages
and disadvantages of each type of system discussed strengthen this argument. At
the same time, it is very important to note that only passive systems cannot suffice
the purpose for the sole reason that they reject the heat to surrounding via natural
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convection, making it a slow heat rejection process. For this reason, when there is
a higher heat generation rate involved, as in most cases nowadays, due to higher
battery capacity and power requirements and higher climatic temperatures, a passive
system must be assisted by an active system making it a hybrid BTMS. With ongoing
research in this field, more and more options are opening up in both passive and active
approaches. The feasibility of a combination should only be judged based on all the
above-discussed decision variables.

6 Discussion

EV manufacturers promise an average of 500 cycles of battery life with 80% DoD,
which the battery researchers are trying to extend over 2000 cycles. This cycle life,
however, is observed to depend on many variables; the most critical among all is
the battery temperature. The operating temperature range of Li-ion batteries consid-
ering the versatility of climates in different applications over different geographical
locations and seasonal variations is wide. Li-ion cells are found to have optimum
performance and life in a relatively narrow range from 15 to 35 °C. The performance,
life, and safety may get severely compromised if the temperature of the battery crosses
these bounds, costing money to the user and life in worst cases. To control the temper-
ature within bounds is possible with a thermal management system, but is a task that
costs money, both in installation and operation of BTMS. To design and develop an
efficient and cost-effective BTMS is thus a challenge that is faced by the industry.
Such an efficient and effective design demands the knowledge of

(a) Application requirements (I-t profile, SoC)

(b)  Surrounding characteristics (Qsink)

(c) Impact of above on the system’s (battery) characteristics (U, Y, C, k = f (SoC,
1))

(d) Dependence of heat source on the above parameters (Qgoyrce =f(, U, Y, T)

(e) Impact of system and surroundings parameters on system temperature profile
(T :f(Qsourcea Qsink, C, k))

(f) Impact of application, system, and surrounding on the system performance
parameters (V = f(U, I, Y)).

It was established that a study of Li-ion cell’s characteristics and their depen-
dency is of utmost necessity to gauge the response of the battery to varying applica-
tion requirements and surrounding conditions. It was also discussed how modeling
is the feasible option compared to experimentation for this task. The paper then
discussed modeling fundamentals and established a relationship of the application
requirements, surrounding conditions, and system characteristics with the system
performance. With application requirements and the corresponding system (battery)
already fixed, the only thing that remains in control is the surrounding conditions of
the battery. Developing a BTMS around the battery can modify the surroundings of
the battery so that its performance gets optimized. The point that is to be remembered
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while designing BTMS is that the cost of improvement in performance should super-
sede the cost of operation of BTMS. The paper then reviews the literature on different
BTMS alternatives, their advantages and disadvantages. They can be broadly clas-
sified into two types, passive and active. Passive systems include the use of PCM
and heat pipes. Researchers have tried modifying the thermal properties of PCMs
to optimize their performance. Heat pipes have been studied with different working
fluids, wick structures, orientations, and shapes. Passive systems, though energy
economical, are less efficient. Active systems include forced air or forced liquid
cooling. Researchers have established that the flow path design plays a vital role in
the efficient and effective implementation of active systems. These are found to be
more efficient in bringing down the temperature compared to passive ones but come
at a higher operating cost. The paper lists requirements from a good BTMS at the
end and compares various alternatives for BTMS. A comparative analysis between
these alternatives suggests that PCM and heat pipe are equally competent options in
the passive category. The right choice is to be made based on a list of requirements
specific to the application. In the active category, liquid cooling undoubtedly wins
over air cooling due to the superior thermal properties of liquids over the air. Liquid
cooling, though, should be carefully designed for preventing any leakages into the
battery.

As said earlier, an efficient system might not be cost-effective, and vice versa, and
hence, a single BTMS option is not sufficient for modern batteries. Optimization of a
BTMS should be done considering the performance and cost aspects. A combination
of passive and active systems is thus advised, termed as hybrid BTMS. Many such
hybrid BTMS are being continuously researched upon. Such hybrid BTMS should
be so designed that they make use of the pros of both passive and active systems
and eliminate the cons. Finally, it is noteworthy that due to reducing the costs of the
batteries, the adoption of EVs is happening at an increasing pace. An efficient and
cost-effective BTMS will thus be a significant factor deciding the future of EVs.
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Failure Criteria for Composite Blades m
with Wavy Edge in Aerospace L
Applications

Prakash Jadhav

Abstract In many structural applications, either a notch or a hole is used for some
specific design intent. The notch could be contained within the plane of structure,
or it could be partially located along the edge of the structure. Although theoretical
formulae are available for computing the stress variation along the section passing
through a simple hole or a notch, for complicated structure or loading conditions, it
becomes difficult to evaluate the stress variation. One such example of complicated
structure is proposed wavy trailing edge on the composite fan blade where waviness
on the edge of blade could be in-plane as well as out of plane. It is important that for
evaluation of stress variation in these type of structures, a methodology (i.e., failure
criteria based on notch or hole strength) should be developed which will help in
predicting the mechanical behavior/failure load of new designs of these structures.
Based on preliminary coupon bending tests (coupons with and without wavy trailing
edge) and FEA analysis of the coupon models, the characteristic distance from the
edge is evaluated and later used to predict the failure for new wavy trailing edge
designs for composite fan blade.

Keywords Wavy trailing edge - Failure criteria - Notch sensitivity

1 Introduction

There are many attempts to make composite blades perform better in the aircraft
engine. As part of the efforts, there were many attempts by the author to implement
design changes in the composite fan blade to increase its efficiency and reduce the
weight [1-5]. Recently, there are some papers published which talks about the ways
to reduce the stress concentration near rectangular, circular, and other shaped holes,
using functionally graded material layers near the regions of interest [6—8]. They use
the finite element modeling to demonstrate the effect of use of functionally graded
material. Taheri-Behrooz computes characteristic distance as a failure criterion for
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a woven composite plate with a hole using numerical and experimental investiga-
tion and progressive failure [9]. They used the characteristic distance to predict the
strength of notched composite under tensile loading. Characteristic length-based
failure criterion has also been proposed by Chen.P, who used 0 degree plies failure
and tried to predict the tensile and compressive strength of notched (with a circular
hole) fiber reinforced composite laminates [10]. Srivastava [11] again has inves-
tigated notched strength prediction of laminated composites under tensile loading
using point stress criterion, characteristic length, and numerical calculations for a
plate with a hole. He proves the dependence of characteristic length on the hole size
and width of the plate. Zhang [12] demonstrates the use of numerical progressive
damage method to obtain characteristic lengths in order to predict failure of multi-
bolt joints. Small computation is enough, and time-consuming expensive tests are
avoided. He [13] also demonstrates the characteristic length method using testing
of composite plates with circular holes and semicircular notches under tensile and
compressive loading. Designing the edge of composite fan blade as wavy edge is
also part of the effort to increase the aeroefficiency which was demonstrated by some
researchers in their publications and patents [14, 15]. The problem under considera-
tion here prediction of strength of wavy edge for composite blade is unique, and no
published work is available on this so far.

2 Methodology

Many wavy edge designs needed to be evaluated for mechanical stress concentration
happening at the notch-like shapes due to waviness; and for that purpose, this research
work was proposed. Here, with the help of preliminary tests of composite coupons
with a couple of wavy edge designs incorporated inside them and also the FEA
analysis of the same coupon models, a method is devised, which can be used to
predict the mechanical behavior (stress concentration) of new wavy edge designs
without even testing them. For this study, three types of carbon composite coupon
FEA models were built, baseline flat, case 3 with in-plane waviness with bigger wave
size and case 19 with in-plane waviness with smaller wave size. As seen in Fig. 1,

Baseline

(In-plane) [in-plane]

Displace

9

Support
BC

Fig. 1 Baseline, case 3 and case 19 type of coupon models
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Fig. 2 Case 3 and case 19 type coupons under 4-point bend configuration

coupon models were built with symmetric and balanced quasi-isotropic layup of IM7-
8551 plies and based on this design, carbon composite coupons were manufactured
using hand layup and autoclave curing. The wavy shapes were designed in CAD, and
then using water jet cutting, the shapes were carved out on coupons. Coupons were
then tested under four-point bend boundary condition as shown in Fig. 2. As can be
seen, sculpted or wavy trailing edge was incorporated on one edge of the coupons.
This introduction of wavy features is supposed to create stress concentration on
the edge and supposedly lead to early coupon failure compared to the flat baseline
coupons. These 300 mm long coupons were tested in loading span of 100 mm and
support span of 200 mm configuration. A point stress criteria is used as given in
the theory for a transversely loaded hole in a plate. If the stress distribution is seen
along the cut section which is passing through the hole, 3 times higher stress level is
observed as per theory at the hole edge point compared to the far field stress.
Figure 3 shows the experimental failure strains and failure load results obtained
for baseline, case 3 and case 19 specimens at the locations shown in the figure.
Strain gage locations 1, 2, and 3 are on compression side while at location 2, there
is also a strain gage on tension side. In this study, the strains will be monitored at a
certain characteristic distance “a” from the scallop valley. Tensile and compressive

Sample Max Strain | Max Strain Max Scallop strain Scallop
(far field (far field load compression strain
Tension) compression) N tension
1 2 3 2
Average of 12971 16000 3650
baseline
specimens
Average of 11825 14934 3700 13529 | 12236 | 12493 15318
STE
Specimens
FEA-STE 11700 11700 3850 | 12900

Fig. 3 Strain and load results for specimen
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Trial Compressive | Tensile
modulus modulus GPa
GPa
1 63 98
2 77 105
3 84 91
4 84 112
5 105 119

Fig. 4 Baseline model for analysis and different moduli trials

side material moduli were tweaked in FEA to get the best possible representation of
load—displacement behavior. Using this modified moduli, baseline, case 3 and case 19
composite coupon models analysis were run in FEA and characteristic distance “a”
was found for which case 3 and case 19 failure strain level is equal to the baseline
failure strain. Based on the characteristic distance obtained from this FEA study,
failure load in new designs of wavy edge coupons STE 15 and 17 can be predicted.
This predicted load can be validated with the experimental failure load, and thus,
characteristic distance “a” can be proposed for particular new wavy edge design.
These case numbers 3, 19, 15, 17 are just the randomly selected design numbers of
the wavy features from the available 30 designs.

For all the finite element analysis runs, Ansys structural analysis software was
used with user-defined parametric codes as inputs. These codes allow the variation
in any geometrical parameters quickly and see the effect of it on the results.

For all the FEA runs, material properties of IM7-8551 carbon-epoxy fiber-
reinforced laminated composite available from literature are used. Due to space
limitations, the material properties input is not listed here. These are basically linear
static runs, and strain levels are monitored at the locations of interest at different load
levels (which is achieved through the displacement loading). Figure 4 shows the base-
line coupon symmetric model with rollers to include sliding contact effects. For this
model, top half thickness coupon model and bottom half thickness coupon model
are assigned combination of different modulus values as shown in the accompanied
table. From the load—displacement plots obtained using this nonlinear geometry static
analysis with roller contacts, and it can be seen that the trial 4 modulus combination
model generates much closer results to the experimental one. Hence, this modulus
combination is used for the further analysis.

3 Results and Discussions

Figure 5 shows the longitudinal strain variation obtained over the distance from the
edge (baseline flat edge specimen) or scallop valley (wavy edge specimen) along
the width of specimens by running the FEA models for baseline, case 3 and case
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Distance along width mm

Fig. 5 Strain over distance from the edge

19 models. Experimental failure load obtained using earlier experimental trials was
used in FEA to determine the failure strain variation along the width cross section.
For case 3 specimen, 1300 N failure load was used while for case 19 specimen
3700 N failure load was used. If the compressive side is considered for computing

[P 1]

characteristic distance “a,

as can be seen for case 3, “a” distance is 0.25 mm and for

case 19 the “a” distance is 0.65 mm. Therefore, the average “a” distance is 0.45 mm.

Fig. 6 STE 15 failure load prediction

a0
—a-0.0085 (0.2 mm)

—a-0.018% (0.425 mm)
— o025 (0.625mm)

Everage failure load 2800 N

L50% 200% 250%

e Stroin (%]
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Now as shown in Fig. 6, the new design STE 15 coupon model can be used
to predict the experimental failure load. The load at which strain at characteristic
distance “a” is equal to baseline flat edge compressive failure strain is computed for
different characteristic distances of 0, 0.212, 0.42, and 0.625 mm. The average failure
load obtained for experiments is around 2800 N. While a = 0.425 mm predicts the
most accurate load or strength of 2850 N. Figure 7 shows similar failure load predic-
tion for new STE 17 coupon designs. The distance “a” of 0.215 mm and 0.425 mm
predicts the accurate failure load of 3100 N which is closer to the experimental failure
load of 3150 N.

Figure 8 shows failure load predictions compared with experimental one for tensile
and compressive side. These failure load predictions clearly show the correctness of
prediction capability of this methodology. The slight difference in characteristic
distance “a” as listed in Fig. 9 is due to the difference in mesh density and scallop
geometry. So it can be said that characteristic distance of 0.4325 mm can be used for
all the cases successfully for predicting the failure load. In this way, Fig. 10 shows
that the same characteristic distance can be used to predict the failure load for any

——a-0.0085 (0.2 mm)

300 —0-00189 (0.425 mm)
— o025 (0.625 mm)
200
00
/lAverage failure load 3100 N
o
000% 050% 100% 1%0% 200% 2%0%
Odeg Stroin %)
Fig. 7 STE 17 failure load prediction
Failure load at compressive strains Failure load at tensile strains
4000 ® Predicted W Experimertal 4000 wPredicted  w Experimental
1000 o0 |
3500 0 |
3000 w0 |
2 2500 |
£ 2000 E 2000
500 = 1500 I
i 1000 I
500 500 l
o o
case 19 case 15 case 17 case 3 case 19 case 15 case 17

Fig. 8 Experimental and predicted failure loads
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Fig. 9 Characteristic Case distance 2 mm
distance “a” for all cases
Case 3 0.5
Case 19 0.4325
STE 15 0.425
STE 17 0.4325
0.00%
0 0.05 01 0.15 0.2 0.25 03 035 04 0.45 05
-0.50%

Case 3

STE 15
-1.00%
STE 17

c W e Baseline
5 -150% 7
=
& I
o
S
=t -2.00% P~
i
S
9
-2.50% o
-3.00%
-3.50%

Distance from Scallop Valley

Fig. 10 Characteristic distance 0.04325 mm (0.017 in.) for all cases (compressive)

new design case just by analyzing the model in finite element analysis, and there is
no need to make the new design specimens and test them experimentally.

The significance of this result is huge for the blade designers. As the composite
blade is very costly to actually make and test for every small change in the design, the
coupon method is devised here. Representative coupons were designed using FEA
and then manufactured using similar layup and material that of blade and tested under
representative boundary condition; and based on their behavior, we can come to some
conclusions that how the blade may behave under certain design conditions. So this
method can help reduce substantial efforts/cost of making and testing the actual size
blades. The design methodology devised here can help evaluate any sculpted edge
design which can increase the aeroefficiency of the blade.
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4 Conclusions

New prediction method is devised here which can predict the mechanical stress
concentration behavior of any new wavy edge/sculpted design of composite blade,
using the test database of few preliminary coupons tests with and without wavy
features inside them and the FEA analysis of similar coupon models. The charac-
teristic distance “a” which is the parameter of monitoring the stress concentration
is used here to compare different wavy edge designs. Three coupon configurations
baseline, case 3, and case 19 were used to compute the characteristic distance “a,” and
then this distance a was used to predict the failure loads for the coupons of case 15
and case 17. It can be concluded here that a characteristic distance “a” from the edge
can be computed/obtained using some preliminary experimental test data for wavy
edge and baseline flat edge specimens along with FEA analysis of similar coupons
and can be successfully used to predict the failure load for any new such designs
with notched/wavy edges. This can really help reduce the efforts of modifying the
blade designs, by eliminating most of the blade making and testing cost/efforts.
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Stress and Deformation Analysis of Hip )
Joint for Design of Hip Prosthesis i

Amiya Kumar Dash, K. Sai Vishwak, and Vaibhav Pahuja

Abstract Biomechanics is a study of the musculoskeletal system and the resulting
forces acting on them. Hip joint plays a vital role in the musculoskeletal system,
which is why there is a need to analyze it more critically. However, with today’s
knowledge of the mechanism of the hip, the study and analysis of stress distribution
over the joint are limited. Recreating the environment according to daily activities is
very important in the experimental analysis of the joint. This approach is difficult to
conduct without and changes to the physiological environment. Numerical methods
like finite element methods are used to analyze these systems without any damage
or invasive processes. This paper has adopted a novel approach to analyze hip joint
using 3D volumetric model generation techniques and finite element method. The
hip joint is segmented from the computed tomography (CT) scans of a patient, and
the bone model is developed with thresholding and volume generation algorithms.
The joint along with the complete hip anatomy has been meshed with octahedral
elements. A static load has been considered to apply at the hip joint, and the effect of
the load is computed and analyzed. The analyzed data will help for effective design
of hip prosthesis and an appropriate selection of material.

Keywords Hip - Stress  Deflection - Prosthesis *+ Design

1 Introduction

Biomechanics is a study on the motion of various body segments under the application
of forces. Study of various forces acting on different parts of the body helps surgeons
to keep the right amount of forces during operations, exact position for fixation, etc.,
and for doctors, it will be helpful to give exact medication for the patient. To study
and analyze these forces and the impacts of them on the bones, it is very difficult to
conduct experiments each time and perform an analytical study. To eliminate these
restrictions, finite element analysis was introduced into the study of biomechanics.
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Finite element method (FEM) is a numerical method which is used to solve physical
models that are represented in partial differential equations. Finite element methods
can be used to solve many engineering and scientific problems. It has much more
scope than the analytical approach because it can solve problems that cannot be solved
analytically. Main applications of finite element method are to find the stresses that
are produced in a body when subjected to various types of loads. Finite element
method, when applied to a real-life problem, requires a large amount of computation
and calculations. The method is now applied to a wide range of problems such as heat
flow, fluid flow, electrostatics, vibrations, and many more. Scope of using various
types of materials is also a very powerful feature of finite element analysis. Raja et al.
[1] have used the concept of reverse engineering and analyzed human hip femur joint
which was made by polycaprolactone material. After examining in ANSYS software,
it was obtained that the maximum pressure to be given for the artificial femur to fail is
0.5 MPa. The calcium hydroxyapatite is used on many artificial hips that enhance the
attachment of implement on living bone. Trask et al. [2] have determined whether the
current criteria for microfracture are correct for chondral lesions in the hips. It was
observed that the patients with high cartilage defects have high chances for total hip
arthroplasty. Patients who underwent microfracture surgery had grade-IV changes
to either femoral head or acetabulum. The current method should be divided through
sex, age, size, and shape of the chondral defect. Henak et al. [3] used finite element
method to evaluate the chondrolabral contact mechanics and congruency in dysplastic
hips and normal hips. The labrum supported more load in dysplastic hips as compared
to normal hips. He evaluated that the contact area on superior labrum was more in
dysplastic than the normal hips. Spikes of contact stresses were found larger in normal
than dysplastic hips. Labrum experienced 2.8—4.0 times the load of a normal hip when
there is a dysplastic hip. There is no significant difference between the congruency of
normal hip and dysplastic hip. Hua et al. [4] have investigated edge loading and effects
caused by it on the contact mechanics of a modular metal-on-polyethylene total hip
replacement. The maximum Von-Mises stress was obtained when 2000 pum of micro-
separation was much higher than that of stresses due to acetabulum inclination angle.
Piao et al. [5] after implementing the total hip joint simulation in vitro compared the
stress shielding effect of implantable anatomical and traditional prosthesis. Lee et al.
[6] has reconstructed labrum using iliotibial band autografts and semitendinosus
improved the biomechanical properties by increasing contact areas and decreasing
contact pressure. There is no significant change in the contact area of the joint than the
native intact state. Robert et al. [7] has presented the results of the initial study on the
structural analysis of the hip joint, by considering changes that occur in mechanical
properties of articular cartilage of the joint. Articular cartilage of the joint main
function is for smooth movement of the joint, and it absorbs shocks. The capability
of absorbing shocks decreases with the increase in age and degeneration of cartilage.
Henak et al. [8] developed and validated a series of finite element models which
are specimen specific, so that the characterization of the local response of human
hip cartilage in compression can be done. Moreover, the assessment of the effects
of material nonlinearity, inhomogeneity, and material coefficients on finite element
analysis predictions of cartilage contact stress and contact area. Hanz et al. [9] has
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estimated the hip-joint center using Harrington Equation and Geometric sphere fit.
Moreover, identification of most accurate functional and predictive methods along
with adequate range of motion was done. Elkins et al. [10] investigated the effects
femoral head size that will influence the stability in THA for several dislocation
prone motion and the mechanics of the wear at the trunnion surface by relating
the wear potential, the head size and also, they investigated cup orientation, type
of hip motion, and impaction load. Greater the cup orientation angle, greater was
the contact stress and contact pressure, causing instability. Wear was noticed at the
trunnion due to slipping and the horizontal cup orientation and edge loading resulted
in maximum contact stress. Christen et al. [11] developed a reverse approach for
the deriving of joint loads from bone microstructures which were acquired from
micro-tomography. Peak forces in human being were concentrated at a single point,
i.e., femoral head, whereas in case of a dog, peak force start from head, and then, it
distributes accordingly to full area. The force intensity of normal human is twice as
that of osteoporotic because of the lag in bone density. Askari et al. [12] analyzed
the effect of friction-induced vibration and contact mechanism due to the maximum
contact pressure and moment of artificial hip joints. Friction influenced hip implant
moment, and it influences the system dynamic response because of negative gradient
of friction coefficient. Moreover, the temperature of the articular cartilage, i.e., film,
influenced the value of friction coefficient between the femoral head and acetabulum.

The main purpose of this paper is to study the stress distribution on the hip
joint under different loading conditions and compare the results for the study of
stress distribution and displacement. In this research, MIMICS was used for three-
dimensional reconstruction of the hip joint and ANSYS R18.1 for finite element
analysis. The results obtained will help the engineers for effective design of hip
prosthesis and appropriate material selection. The research done in this paper will
also help experts from various fields like osteologists, archeologists, pathologist, etc.

2 Methodology

2.1 Forces Acting on the Hip Joint

The three major ligaments in the hip joint are iliofemoral ligament, ischiofemoral
ligament, and pubofemoral ligament. These ligaments are the ones which attach the
hip joint and the femur. These play an important role in the movement of the leg.
Any damage to the pubofemoral ligament results in excess abduction, and extension
causes muscle strains. The femur bone is one of the strongest bones in the human
body. Actions like walking, jumping, etc., result in application of forces on femur
which in turn act on the hip joint. So, it is very important to understand the forces
and the effects of these forces acting on the hip joint. Joint reaction forces in hip joint
can be calculated with Eq. 1.
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Joint Force Reaction = Body Weight + Abductor Force (D

The main elements in determining the join force reaction are bodyweight,
bodyweight momentum arm, abductor force, and abductor force arm.

The resultant force is more in dislocated hip than in normal hip. These forces are
used to determine the behavior of hip with other constraints.

2.2 Segmentation of the Hip Joint

Segmentation process plays an important role in 3D reconstruction of the bone struc-
tures from computed tomography (CT) scans. In this study, MIMICS was used to
perform segmentation of the required region by applying global thresholding tech-
nique with appropriate Hounsfield unit (HU) values. These HU values are carefully
selected, so that there is not much loss in the structure. Selecting only the required
region in all the three views for every frame makes this process cumbersome and diffi-
cult. Any small details missed during this process can affect the final finite element
analysis results. Figure 1 shows the segmentation in coronal, transverse, and sagittal
views and a 3D reconstructed surface model of the segmentation.

Fig. 1 Segmented regions in coronal, transverse, and sagittal views along with 3D reconstructed
surface model
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Table 1 Mechanical
. Parameter Value
properties of the model
Density (Kg/m?) 1980
Young’s modulus (MPa) 2413
Poisson’s ratio 0.33

2.3 Generation of Volumetric Model and Material
Assignment

The resultant surface model generated from the segmented regions now needs to be
converted into a volumetric model for meshing and finite element simulation. The
surface model generated is in STL format, and in-built MIMICS 3-MATIC software
can be used to create a volumetric model with meshing. Open-source software’s like
GMSH can also be used to achieve similar results. But MIMICS has better func-
tionality while performing meshing and model refinements. Usually, the segmented
process will not be very accurate. So, the model is to be refined and removed from
all minute damages.

Meshing is performed in MIMICS 3-MATIC software with an average element
size of 1 mm. Mesh refinements were performed of the model to remove the segmen-
tation errors and make the model more appropriate for the finite element analysis.
Material properties assigned to the model are considered to be isotropic in nature
and constant density throughout the model. In this research, the material proper-
ties are considered as isotropic in nature rather than anisotropic because the interest
is in analyzing local phenomena, and this assumption can be made to reduce the
complexity of the model and reduce the computational time required to perform the
simulation. Table 1 shows the material properties of the model.

2.4 Finite Element Method

Finite element model for a simple rod in one-dimension can be expressed with Eq. 2.

dp/dx + f =0 @
P—rEAx (™ 3
— EAx <a> 3)

where u is the displacement in the rod element, P is the stress, E is Young’s modu