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Preface

The First International Conference on Recent Advancement of Mechanical
Engineering (ICRAME 2020) was held from 7 to 9 February 2020 at National
Institute of Technology Silchar, Assam, India. The conference aimed to bring
together experts from academic, scientific and industrial communities to address
new challenges and present their latest research findings, ideas, developments and
perspective of the future directions in the field of mechanical engineering. ICRAME
2020 invited researchers to participate in the conference. In this conference, ideas
were discussed across the borders among the delegates. Participations of this
conference were from all the neighbouring states of the Northeast India and also
from other parts of India as well as abroad. There were different topics of interest
considered in ICRAME 2020. These were related but not restricted to the following
broad areas of mechanical engineering—thermal engineering, design engineering,
manufacturing/production engineering and surface engineering. The recent devel-
opments in these areas were dealt with in this conference. The conference invited
technical papers that addressed the state of the art in the mentioned areas of
mechanical science and technology. The papers related to the theoretical modelling
works, and analytical and numerical modelling including CFD, experimental
investigations and also the state-of-the-art review papers in the relevant areas were
considered in ICRAME 2020. The book proceedings publishes all the accepted and
presented papers in the said conference. The following are the broad topics of the
conference:

e Thermal Engineering: Bio-thermal, techniques in fluid flow, compressible flows,
biofuels, advancement in renewable energy sources, solar thermal, renewable
energy, off-grid renewable energy.

e Design Engineering: Computing in applied mechanics and product design,
dynamics and control of structures/systems, fracture and failure mechanics, solid
mechanics, differential/dynamical systems, modelling and simulation artificial
intelligence: fuzzy logic, neural network, etc. Finite element analysis, advanced
numerical techniques, advancements in tribology nanomechanics and MEMS,
robotics.
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e Manufacturing/Production Engineering and Surface Engineering: Casting,
welding, etc. Intelligent and advanced manufacturing system, composites,
conventional and non-conventional machining, ergonomics: human factors in
seating comfort.

Silchar, India K. M. Pandey
Silchar, India R. D. Misra
Silchar, India P. K. Patowari

Guwabhati, India U. S. Dixit
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Abstract The current investigation highlights the impact of Diesel-biodiesel blends
on performance and exhaust emission profiles of a single-cylinder, common rail
direct injection (CRDI) engine. Experiments were performed at constant engine
speed (1500 rpm) and three engine loads (50, 75 and 100%) under high fuel injec-
tion pressure (900 bar) with volume proportions (10, 20 and 30%) of Karanja with
Diesel. Utilizing CRDI engine experimental data, an artificial intelligence (AI)-
affiliated artificial neural network (ANN) model has been created with the intention
of forecasting brake thermal efficiency, oxides of nitrogen, unburned hydrocarbon
and carbon monoxide emissions. From various tested ANN models, one hidden
layer with three neurons along with logsig transfer function has been noticed to be
optimum network for Diesel-Karanja paradigms under high fuel injection pressure.
While developing the optimum model, standard Levenberg—Marquardt training algo-
rithm has been employed. The optimum ANN model is capable to estimate the CRDI
engine performance—emission profiles with an overall correlation coefficient value of
0.99742, wherein 0.99783, 0.99951 and 0.99969 for training, validation and testing
datasets, respectively. Results made clear that the formulated Al-based ANN model
is viable for predicting the existing CRDI engine performance and emission profiles
of Diesel-Karanja blends operating under high fuel injection pressure.
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1 Introduction

The global energy demand in transportation sector has immensely relied on fossil
fuels [1]. Fast reduction of petro-fuels and their deleterious effect on environment
are creating huge concern over usage of fossil Diesel in conventional Diesel engines.
However, Diesel engines are acknowledged for their operational reliability, higher
thermal efficiency and lower carbon monoxide (CO) and unburned hydrocarbon
(UBHC) emissions [2]. Despite these benefits, stringent emission mandates and
limited fossil Diesel reserves may scotch the production and employability of conven-
tional Diesel engine in coming years. Accordingly, most of the research is now
intended toward finding an alternative renewable fuel source with acceptable perfor-
mance and emission characteristics. Research studies [3—6] show that biodiesel has
great potential to meet future global energy demand.

The properties of biodiesel primarily depend on the feedstock and processing tech-
nology, but usually it has ~11% (by mass) fuel-bound oxygen, high cetane number
and low aromatic content when compared to fossil Diesel [5]. Biodiesel also exhibits
high flash point temperature which is beneficial for safe storability and transportation
[4]. However, the problematic issues of biodiesel are high viscosity and density which
result in inferior spray characteristics [2]. Many researchers [3—6] have concluded
that the usage of biodiesel in CI engines has resulted in approximately higher oxides
of nitrogen (NOx) emissions and decreased particular matter (PM), CO and UBHC
emissions. In a study by Lee et al. [7] concurred that biodiesel blends have resulted
in lower brake thermal efficiency (BTE)and torque but higher NOx emissions than
pure Diesel operation.

In order to study the performance—emission profiles of a compression ignition
(CI) engine over its entire operational range, arduous experimentation is required. To
prevail over this problem, computational models are necessary. In this present study,
artificial neural network (ANN) technique has been chosen because of its ability
to learn, model curvilinear process and flexibility to changes in real time. Yusuf
cay [8] developed an ANN model by using feed-forward back propagation method
and demonstrated the viability of ANN model in forecasting the performances and
exhaust fumes of gasoline engine. In another study Bhowmik et al. [9] devised an
ANN model with high accuracy for estimating the indirect injection engine outcomes
under ternary blends of Diesel, kerosene and ethanol. Paul et al. [10] discussed
the effect of diesel-ethanol pilot fuel on performance—emission characteristics of
compression ignition engine operating in dual-fuel mode with compressed natural
gas as the main fuel. They created ANN model by using experimental data and stated
that the model has good relationship between estimated and experimental values with
an overall correlation coefficient (R) value of 0.99689. Bhowmik et al. [11] devised
an ANN model for predicting output parameters of Diesel engine. The proposed
model has given R value which ranges from 0.999312 to 0.999852.
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In this study, first experimentation was performed with Diesel-Karanja blends
to evaluate performance and emission characteristics. Later, by utilizing this exper-
imental data, an ANN model was formulated by considering the engine load and
Karanja biodiesel share in the blend as input parameters and BTE, NOx, UBHC and
CO as output parameters.

2 Experimental Setup and Procedure

A single-cylinder, four-stroke, water-cooled, CRDI engine was used for the present
investigation. The engine is synchronized to a crank angle sensor for measuring
engine rpm. An eddy current dynamometer is synchronized to the CRDI engine
for load measurement. By employing, NIRA®-based centralized data acquisition
system, each and every instrument fitted to the engine is interfaced to the computer.
Gaseous emissions from the CRDI engine are measured by using an AVL MDS
250 and an AVL 437 smoke meter. The engine experiments were performed at three
different load conditions, namely 50, 75 and 100% for all the fuel blends (B10, B20
and B30), and high fuel injection pressure of 900 bar is employed for injecting fuels
into combustion chamber. During the experimentation, speed of the CRDI engine
is kept constant at 1500 rpm. Prior, to experimentation, the engine was first run on
fossil Diesel fuel at the same operating points to acquire baseline data. To increase
the authenticity, the engine experiments were conducted three times, and their mean
value has been considered as the final output. Figure 1 encapsulates the schematic
of CRDI engine setup.

3 ANN Modeling

ANN is a computational model based on biological processes, predominantly
inspired by human brain. Its architecture involves three layers, for instance, input
layer, hidden layer and output layer. The experimental data provided to ANN is
divided into three sets, namely training dataset, validation dataset and testing dataset
[11]. Training dataset is utilized to improve the generalization of the network in
predicting the input—output relationship, validation data is used to lessen overfitting
of network, and testing data is utilized to validate the generalization capability of
model [12]. Complex nonlinear engineering problems can be simulated with the help
of neural network tools.
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Fig. 1 Schematic diagram of CRDI engine setup

3.1 Selection of Input and Output Parameters

In this study, load and Karanja biodiesel share in the blend are considered as input
parameters for predicting the output parameters, namely BTE, NOx, UBHC and
CO. While developing ANN model, 70% of the experimental data was defined for
training, 15% of the experimental data was defined for validating, and the rest of the
15% data was utilized for testing the network.

3.2 Selection of Transfer Function

The transfer function introduces curvilinear transformation into neural architectures
so that the model is capable of having nonlinear match between input and output
layers [14]. The performance of the neural network is greatly affected by selection
of appropriate transfer function. Three basic transfer functions that are available in
MATLABO are logsig, tansig and purlin. Research studies [12—-14] concluded that
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logsig transfer function is appropriate for predicting the output parameters of a Diesel
engine.

3.3 Selection of Training Algorithm

In simple, training algorithm is the method followed for updating the connecting
weights and bias in order to make improved generalization of input—output relation-
ship. In this study, single hidden layer feed-forward neural network has been used
by employing Levenberg—Marquardt back propagation training algorithm (trainlm).
Many researchers [15—17] reported that trainlm is fast compared to other training
algorithms and it has superior convergence.

4 Result and Discussion

Various network topologies were created by changing the number of neurons from
two to twenty-five for each of the three basic transfer functions. All the constructed
topologies were tested to measure their individual performance. The optimum model
has been noticed to occur with logsig transfer function, and the topology comprises of
three neurons in its hidden layer, two neurons in its input layer and four neurons in its
output layer. Figure 2 shows the overall R value obtained for the optimum model. The
overall R value of the optimum ANN model is 0.99742 wherein 0.99783, 0.99951
and 0.999609 for training, validation and testing datasets, respectively.

All the test fuels containing any proportion of biodiesel have shown decreased
BTE compared to mineral Diesel operation. This is due to higher viscosity and
existence of long chain of unsaturated fatty acid molecules in Diesel-Biodiesel blends
compared to mineral Diesel. Among all the test fuels, the D90B10 fuel sample has
shown maximum decrease in BTE, which when compared with 50% engine load
mineral diesel operating condition it was found to be 15.9% lesser. The developed
ANN model has estimated BTE with an R value of 0.998266. Figure 3 shows the
comparison of ANN predicted BTE and experimental BTE. Hence, from the value
of R, it can be inferred that ANN model can be employed for estimating the BTE
of CRDI engine energized with Diesel-Biodiesel blends operating with high fuel
injection pressure.NOx emissions of Diesel-Karanja blends have been observed to
be lower than Diesel fuel. Among all chosen test fuels, the D70B30 fuel sample has
shown maximum decrease in NOx emissions. It was found that this fuel sample has
resulted in 32.3% lesser NOx emissions at 50% load condition when compared to
pure Diesel. The fabricated ANN model has predicted NOx emissions with an R value
of 0.9983; from this, we can conclude that the suggested ANN models has proved
its viability in approximating the poisonous NOx emissions (as shown in Fig. 4).
Biodiesel blends has resulted lesser UBHC emission than Diesel fuel. The minimum
UBHC emissions among all the test fuels were noticed for D70B30 fuel sample.
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Fig. 2 Overall correlation coefficient of developed model

When compared to mineral diesel operation, it was found that this fuel sample has
shown 56.98% lesser UBHC emission at 100% engine load. The fabricated ANN
model has predicted UBHC emission with an R value of 0.9880. The comparison
of ANN model mapped UBHC and experimental UBHC is shown in Fig. 5. By
comparing the R value of UBHC emission with that of BTE and NOx emissions, it
can be deduced that the proposed model has lesser accuracy in estimating the UBHC
emission compared to BTE and NOy.

At most experimental conditions, CO emissions resulted from Diesel-biodiesel
blends were higher compared to pure Diesel operation. This is due to higher viscosity
and existence of long chain unsaturated fatty acid molecules in diesel-biodiesel
blends compared to mineral Diesel. The developed optimum model has predicted
CO emission with an R value of 0.9810. Figure 6 delineates the comparison of ANN
model mapped CO and experimental CO. By comparing the R value of CO emission
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with that of BTE and NOxemissions, it can also be deduced that the proposed model
has lesser accuracy in estimating the CO emission compared to BTE and NOx.
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5 Conclusion

The major findings from the experimental cum Al-based ANN model of CRDI engine
fueled with various Karanja biodiesel share and engine loads under high fuel injection

pressure are as follows:
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e Atevery load condition, Diesel-Karanja blends have shown decreased BTE than
Diesel fuel operation.

e NOx and UBHC emissions of Diesel-Karanja blends were lower than fossil Diesel
at every load condition.

e At most experimental conditions, CO emissions resulted from Diesel-Karanja
blends were higher than pure Diesel operation.

e The model developed with logsig transfer function and three neurons in its hidden
layer has been noticed to be the optimum model for predicting performance—
emission profiles of diesel-biodiesel blends under high fuel injection pressure.

e The optimum model has shown overall R value of 0.99742 wherein 0.99783,
0.99951 and 0.99969 for training, validation and testing datasets, respectively.

ANN has proved its viability in predicting the performance and emission param-
eters of CRDI engine fueled with Diesel-Karanja biodiesel blends operating under
high fuel injection pressure. By utilizing the developed Al-affiliated ANN model,
the present investigation can be extended to map the output values at any distinct
points of the input parameters under Diesel-Karanja strategies without conducting
new experiments which will eliminate the experimental cost, time and effort.
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Abstract The present work investigates the ability of oxygenated Butanol on perfor-
mance and exhaust emission characteristics of a single-cylinder, four-stroke, water-
cooled, common rail direct injection (CRDI) engine. Experiments were performed
at constant engine speed (1500 rpm) and six different load conditions, varying from
5to 30 Nm. Based on CRDI engine experimental data, an artificial intelligence (AI)-
affiliated adaptive neuro-fuzzy inference system (ANFIS) model has been formu-
lated for predicting the output parameters, namely brake thermal efficiency (BTE),
brake specific energy consumption (BSEC), oxides of nitrogen (NOx), unburned
hydrocarbon (UBHC) and carbon monoxide (CO) by considering the engine load
and Butanol share in the blend as input parameters. With the increasing Butanol
share in the Diesel-Butanol blend, the BTE and BSEC were significantly increased,
and exhaust gas emissions, especially NOx and CO, were also reduced. The devel-
oped Al-based ANFIS model has the capacity of mapping the relationship between
input—output parameters of the CRDI engine with good accuracies. In this study,
the statistical performances obtained from ANFIS predicted model are (0.0000107—
0.0000755) of mean square error, (0.000353—0.001533) of mean square relative error,
(0.999722-0.999939) of correlation coefficient and (0.999444-0.999878) of abso-
lute fraction of variance, which elevated the model capability to a higher stage under
Diesel-Butanol strategies.
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1 Introduction

In vehicles like buses, trucks and earth moving machineries, high torque is needed.
The higher torque can be produced by the utilization of Diesel engines. Diesel engines
have been broadly used to move heavy loads. However, the usage of conventional
Diesel fuel in internal combustion engines is one of the major issues for air pollution,
due to the high level of exhaust gas emissions, such as particulate matter (PM),
oxides of nitrogen (NOx). In recent days, to reduce exhaust gas emissions, from
Diesel engines, researchers have shifted toward renewable and eco-friendly sources
of alternative energy. Many alternative fuels are available like alcohols, biodiesel, etc.
[1]. Among all alternative fuels, alcohols have shown better effects to decrease the
emissions from conventional Diesel engines [1]. Alcohols are oxygenated fuel and
contain a low amount of sulfur and carbon content as compared to conventional Diesel
fuel. Alcohol fuels are restricted for their direct use in Diesel engines because of their
poor cetane number [2, 3]. Among various alcohols, the autoignition temperature of
Butanol (365 °C) is less than ethanol (479 °C) and methanol (434 °C) [4]. When the
blend of Diesel-Butanol is used in the compression ignition (CI) engine, it a has high
ability to ignite easily. Dogen [5] has concluded that with the increasing proportion
of Butanol in Diesel, the performances of the CI engine are significantly improved
along with NOx and smoke emissions. Nour et al. [6] investigated that the addition
of Butanol share in Diesel, brake thermal efficiency (BTE) and brake specific energy
consumption (BSEC) relatively improved alongside NOx, unburned hydrocarbon
(UBHC) and carbon monoxide (CO). Compared to other alcohol fuels, Butanol
has a higher cetane number and less corrosion and oxygen content. Due to these
properties, it is a more suitable additive in CI engine operation than other alcohols
[, 6]. By the process of fermentation of biomass, Butanol can be produced, especially
from wastage of plants, corn and algae. Because of its inherent fuel properties and
availability, Butanol nowadays is widely used in CI engine operation to partially
replace the dependency on conventional Diesel and reduce higher exhaust emissions.

Using the artificial intelligence (Al)-based adaptive neuro-fuzzy inference system
(ANFIS) model, the majority of the researchers have developed their model in order
to predict the input—output relationship of CI engine [7-9]. Hosoz et al. [10] reported
that ANFIS model is a combination of both neural network and fuzzy logic principles.
Due to this combination, compared to other artificial intelligence models, this model
is able to forecast very efficiently the engine output parameters in a short time.
ANFIS also has a great ability to make the fundamental relationship between input
and desired output parameters of any sector [11]. Bhowmik et al. [12] surveyed
the indirect injection engine outputs for Diesel-Kerosene—Ethanol blends using the
ANFIS approach. They reported that the developed model has an overall correlation
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coefficient (R) value greater than 0.98. The other parameters, such as mean square
error (MSE), Theil U2, were also helpful to validate the developed the ANFIS model.

1.1 Motivation of Present Work

Global petro-fuel energy plays an important role in the economy growth of society.
According to Krishna et al. [13], in most of the developing countries, the rate of
energy consumption is expected to be increased by 84% by 2035. At present, due
to a large number of automobile sectors, a huge amount of energy is consumed by
heavy load vehicles in the form of Diesel fuel. With the increased Diesel consump-
tion, the fossil Diesel reserves are reducing day by day and also the pollution level in
the environment is increasing due to its higher exhaust gas emissions. To solve the
above-mentioned issues, researchers [ 14, 15] have focused on an alternative source of
energy which helps to partially reduce fossil Diesel consumption and decrease envi-
ronment pollution. For this purpose, alcohol is considered one of the best sources of
alternative fuel for Diesel engines because of its oxygenated property. In this present
investigation, common rail direct injection (CRDI) engine has been used because
its advanced features like control of injection pressure by use of electronic control
unit (ECU) make it more efficient to control the poisonous emissions. Even though
Al-affiliated models are not a new advancement in the area of internal combustion
(IC) engine, however because of their high accuracy and less time consumption for
forecasting the performance and exhaust gas emission parameters, it is being used
by the various researchers. ANFIS model with Diesel-Butanol blends in the CRDI
engine has not been explored.

1.2 Objectives of the Present Work

The present study proposed the following objectives:

e To investigate the output parameters of a CRDI engine under different loading
conductions and Diesel-Butanol blends.

e To develop an ANFIS model for mapping the input—output relationship of the
CRDI engine fueled with Diesel-Butanol strategies.

e To explore the viability of the ANFIS model to give the result of complex
calculations in a short time with less cost.
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2 Experimental Setup and Methodology

The engine operation was performed on a Mahindra Jeeto 11 HP, single-cylinder,
four-stroke, water-cooled CRDI engine. For maintaining the different loading condi-
tions, the engine has been coupled with a dynamometer. To calculate the rotational
speed of the engine, a crank angle encoder has been used with a one-degree step angle.
Rotameter is provided for engine cooling water flow measurement. Figure 1 delin-
eates the schematic of the CRDI engine setup. In this study, 5% and 10% (by volume)
Butanol were included to mineral Diesel, and denoted as D95BS and D90B 10, respec-
tively. The engine was operated at six different load conditions such as 5 Nm, 10
Nm, 15 Nm, 20 Nm, 25 Nm and 30 Nm at a constant engine speed of 1500 rpm.

3 Experimental Uncertainty Analysis

With the intention of scrutinizing the errors that arise while operating the CRDI
engine, the root mean square methodology was used (as shown in Eq. (1)) [9]. Using
Eq. (1), the total percentage of uncertainty (TSU) for the performance parameters
is found to be 1.99. Table 1 shows the accuracy of the AVL MDS 250 exhaust gas
analyzer. The study also added standard deviation for increasing the superiority of
error analysis. Table 2 details the TSU and standard deviation for the exhaust emission
parameters.
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Table 1 Accuracy of AVL MDS 250 gas analyzer

Measurand | Range Resolution Accuracy

CcO 0-15% vol. 0.01% vol. <10.0% vol.: £0.02% vol., £3% o. M
>10.0% vol.: £5% o.M

CO, 0-20% vol. 0.01% vol. <16.0% vol.: £0.3% vol., +3% o.M
>16.0% vol.: £5% o.M

HC 0-30.000 ppm vol. | <2.000: 1 ppm vol. | <2000 ppm vol.: £0.3% vol., 3% 0. M

>5000 ppm vol.: £5% o. M
>10,000 ppm vol.: £10% o. M

0, 0-25% vol. 0.01% vol. +0.02% vol
+1% 0. M

NO 0-5.000 ppm vol. |1 ppm vol. +5 ppm vol
+1% 0. M

Table 2 Average TSU and

standard of exhaust gas Parameter | Average TSU (%) | Average standard deviation

emissions NOx 1.247 0.7
UBHC 1.682 0.9
CcO 0.845 0.3

AU \? AU \? AU \*
AU = — ) XAx1+(— | XAxp+---+ X Ax, (D)
dx1 0x7 0x,

4 ANFIS Modeling

ANFIS, in its essence, is a combined form of artificial neural network and fuzzy
logic system. An ANFIS model is capable of mapping the complex relationships
of any system in real life. Even though ANFIS was introduced three decades ago,
due to its more accuracy and less time-consuming process, it is being more popular
among all Al models in the field of internal combustion (IC) engines [9]. ANFIS
model is made up of six layers. Each layer has multiple nodes (except the last layer),
and the summation of all nodes consists of a network. Every layer is responsible for
performing a particular function. In the ANFIS model, the fuzzy membership func-
tion is tuned with the assistance of the least-square and back-propagation gradient
descent method [9]. In this present CRDI engine operation, two inputs such as engine
load and Butanol share in the blend are considered to predict the output parameters,
namely BTE, BSEC, NOx, UBHC and CO. While developing the ANFIS model for
Diesel-Butanol blends, 70% of the total data (30 cases) were preferred for training
(21 cases) the model and rest of the data were preferred for validation (9 cases) of
the model.
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5 Result, Discussion and Validation of ANFIS Modeling

To develop the fundamental relationship between CRDI engine input and output
parameter under Diesel-Butanol blends, ANFIS models have been formulated. The
models have been validated in terms of mean square error (MSE < 0.01), overall
correlation coefficient (R > 0.98) and mean absolute percentage error (MAPE <
5%). The comparison of ANFIS forecasted BTE and experimental measured BTE is
demonstrated in Fig. 2a, b. The uncertainty for the Bth is found to be 1.985. The MSE,
MAPE, mean square relative error (MSRE), R and absolute fraction of variance (R?)
value are 0.000049, 1.79%, 0.00035, 0.999921 and 0.999841, respectively. In the
same fashion, ANFIS predicted BSEC with respect to experimental measured BSEC
is shownin Fig. 3a, b. The values of experimental uncertainty, MSE, MAPE, MSRE, R
and R? are 1.985, 0.000237, 2.92%, 0.000958, 0.999939 and 0.999878, respectively.
ANFIS prediction for NOx emissions depicted in Fig. 4a, b with MSE value of
0.0000579, MAPE of 2%, MSRE value of 0.000636, R value of 0.999903, R? value of
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0.999806 and experimental uncertainty of 1.247. Figure 5a, b explains the difference
between ANFIS forecasted UBHC and experimental UBHC with value MSE of
0.0000755, MAPE of 2.28%, MSRE of 0.000615, R of 0.999833, R? of 0.999667
and experimental uncertainty of 1.682. ANFIS prediction of CO with experimental
uncertainty of 0.845, R value of 0.999722 with MSR value of 0.0000107, MSRE value
of 0.001533 and R? value of 0.999444 is shown in Fig. 6a, b. All developed models
have performed higher prediction quality with noteworthy errors. From the above, it
is deduced that the ANFIS model has the capacity of mapping complex relationships

of CRDI engine under Diesel-Butanol strategies with higher accuracies.
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6 Conclusion

In this study, ANFIS models have been developed for forecasting the output parame-
ters, namely BTE, BSEC, NOx, UBHC and CO of CRDI engine fueled with Diesel—
Butanol strategies. For this aim, the CRDI engine was run by varying engine load
from 5 to 30 Nm with a step size of 5 Nm and at a constant speed of 1500 rpm. Based
on experimental and developed ANFIS model, the following important outcomes are
summarized below:

e Diesel-Butanol blends improved the exhaust gas emissions along with the
improvement in BSEC and BTE.

e The developed ANFIS models are found to be optimal for predicting CRDI engine
output parameters.

e Statistical analyses given by the ANFIS model have shown excellent correlations
(R: 0.999722-0.999939) with praiseworthy errors.
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Development and Workspace Study )
of a 4-PP Planar Parallel XY Positioning T
Stage Using SMA Actuators

Rutupurna Choudhury, Deep Singh, Anuj Kumar, Yogesh Singh,
and Chinmaya Kumar Sahoo

Abstract The necessity to fabricate micron-sized objects at present is increasing
rapidly. Planar parallel manipulators, an area of robotics, is also employed to develop
motion stages for various applications. The present study proposes a 4-PP planar
positioning motion stage. The end-effector of the proposed positioning stage under-
goes motion along both the axis in a plane and restricts any angular motion. The
planar parallel positioning device (manipulator) possesses four active input pris-
matic joints which are actuated by implementing Shape Memory Alloy (SMA) based
smart material springs. The SMA spring-based actuators are very lightweight and
provide higher work per unit mass in comparison to other actuators. The proposed
manipulator possesses two degrees of freedom. This study presents the workspace
analysis of the proposed manipulator actuated by smart materials. The study depicts
the experimental workspace efficiency of 42.87% for the proposed motion stage in
comparison to the feasible workspace region. The planar parallel motion stage has the
ability to displace in microns within the workspace domain. This study also shows the
adequacy of SMA spring-based actuators in the development of micro-positioning
devices.
Note: P represents a prismatic joint.
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1 Introduction

Automation is one of the important parts of any industry. Nowadays, necessity of
automation is vital in every field like industry, medical, transportation, etc. Robotics
is one of the keys to automation. It plays a vital role in automating manual activities.
Planar parallel manipulators (PPM) is an important content to robotics. An XY posi-
tioning stage is a PPM device used for movement and positioning of object. The XY
positioning mechanism is driven by actuators for its motion and possesses wide appli-
cations including material handling and processing, micro-machining, fabrication,
etc. XY motion stage is also used for precise positioning of objects or components.
The literature consists of various planar positioning devices that actuate on conven-
tional motors which are bulky and requires higher current as driving force. Presently,
smart materials like shape memory alloy (SMA), piezoelectric material, etc., have
gained remarkable recognition due to their great potential and self-transformation
properties [1]. Fesperman et al. [2] developed an XY stage driven by linear motor
which floats on a thin film of air. The object was displaced using three heterodyne
displacement sensors. The object has the ability to displace 10 mm along both X-
and Y-axes. The overall size of the position stage mechanism was 477 m?. Shimizu
et al. [3] developed millimetre-order XY micro-motion stage to position lightweight
objects precisely. This positioning stage is driven by friction to recognize long range
travel motion with the help of small stroke piezoelectric actuators. Lee et al. [4]
designed a novel micro-XY motion stage mechanism with the application of thermal
actuators. This motion was carried out by the thermal expansion force of the SU-8
thermal actuators. This actuator has the maximum displacement of 41 pm at 250 °C.
This material is more suitable for an actuator that needs large displacement for use
in micro-XY stages. Basic design issues like static, dynamic and tracking control are
investigated by Qin et al. [5]. It addresses the fundamental problems of establishing
a decoupled XY stage motion mechanism. The motion is carried out by two piezo-
electric actuators. It was observed that the statically indeterminate structures are able
to decouple the cross-axis coupling with increased stiffness and stability. Yao et al.
[6] studied the design and the performance of parallel micro-positioning XY motion
stage mechanism. This is also driven by piezoelectric actuators. The kinematic and
dynamic study showed that the stage possesses larger workspace, good linearity and
high bandwidth as compared to the serial kinematic designs. Wang et al. [7] studied
the design of the flexure-based XY precision stage and obtained large task space under
reduced driving force. Choi et al. [8] developed an XY stage motion mechanism by
considering cross-strip flexure joints and over-constrained mechanism. The motion
stage is composed of flexural joints, links and is driven by a linear motor. For large
rotation cross-strip, flexural joints are used. Horizontal straightness, repeatability
test and yaw are studied in this work. From the literature, it was observed that SMA
actuators can be used as the best substitute for conventional actuators like servomo-
tors, hydraulics and pneumatics [9] because of its unique behaviour and mechanical
properties. So, this leads to the development of advanced and cost-effective actuators
with a considerable reduction in complexity, weight and size. Chang-Jun et al. [10]
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developed a micro-wheeled robotic device using SMA actuator. Similarly, Kim et al.
[11] developed an earthworm-based micro-robot using SMA spring as actuator.

1.1 Contribution in the Present Paper

This paper presents the SMA spring actuation-based 4-PP XY micro-motion stage
mechanism and addresses the development of conceptual design and kinematics
of the manipulator. In addition, feasible workspace analysis is also presented. The
proposed motion stage consists of two legs configured prismatic-prismatic along X-
direction and the other two legs configured prismatic-prismatic along Y-direction.
The motion stage consists of four active prismatic joints at each leg actuated by
nitinol (NiTi) SMA springs. The 4-PP XY micro-motion stage was fabricated, and
the experiment was performed to determine the associated workspace and also the
feasibility of smart materials for the development of the motion stage. The manip-
ulator is designed in such a way that the angular orientation of the end-effector is
restricted.

2 Shape Memory Alloy Actuator

Smart materials have the potential to recover large strains due to transformation
in phase from martensite (lower temperature) to austenite (higher temperature) as
in case of SMAs [12]. SMA or nitinol spring possesses a special behaviour called
shape memory effect (SME) [9, 12]. This exceptional characteristic is the prime
reason behind the wide application of the SMA in different fields like the surgical
tool, aeronautical application and micro-actuators. According to the microscopic
studies, SMA rearranges its crystal structure during phase transformation under the
application of heat. This is the mechanism of SMA to recover its original shape.
The major advantage of SMA is that it could restore its original memorized shape
under thermal loading [9]. The SMA implemented as an actuator in the present
study is nitinol tension spring of 0.75 mm wire diameter. It can elongate and contract
maximum up to 140 mm and 29 mm, respectively. The material has Young’s modulus
and density of 120 MPa and 6.4 E-06 kg/mm?, respectively.

3 Development of Smart Actuation-Based XY
Micro-motion Stage

This paper presents the SMA actuation based XY micro-motion stage. The paper
studies the workspace associated with the XY motion stage by implementing smart
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Fig. 1 Schematic diagram of SMA spring actuation-based 4-PP XY motion stage mechanism

material, nitinol spring, as actuators for the active prismatic joints as depicted in
Fig. 1.

Figure 1 illustrates the schematic diagram of shape memory alloy spring actuation-
based XY robotic micro-motion stage. The XY motion stage consists of four legs of
which each leg has prismatic-prismatic (PP) configuration. All the four legs of equal
lengths together form a square configuration as depicted in Fig. 1. This device consists
of eight numbers of nitinol SMA springs (1 — 8) as actuators for the active input
prismatic joints (M, M, M3 and My). Each leg consists of two springs at either side
of the active prismatic joints which help to undergo bidirectional movement along
its orientation axis. The contraction of the springs (1, 6) and (2, 5) results in forward
and backward motion of the end-effector along X-axis, respectively. Similarly, the
contraction of the springs (4, 7) and (3, 8) results in forward and backward motion of
the end-effector along Y-axis, respectively. The blocks A|, A;, A3 and A4 are fixed to
which one end of the SMA springs is connected forms the fixed base. The other ends
of the SMA springs are connected to the active prismatic joints (M, M,, M3 and
My,). The links L; and L, form passive prismatic joints at M1, M,, M3 and M 4 of each
leg. The links L; and L, form a rigid joint at a point (Q) which is known as the end-
effector of the motion platform. The ry, r,, r3 and r4 at each leg represent the stroke
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length of the active input translational joints which is directly proportional to the
amount of contraction of either spring at the respective legs. The coordinates or the
pose of the end-effector is represented as (Q,, Q). The manipulator does not possess
any revolute joints in order to avoid the rotation of the end-effector. Further, to avoid
the end-effector rotation, the active prismatic joints (r; and r3) and (r, and r4) are
actuated simultaneously and maintained the same value. ‘C” and ‘E’ represented on
the springs indicate its deformed nature as compressed and elongated, respectively.

3.1 Kinematics of the Proposed XY Motion Stage

The motion of the end-effector is dependent on the active input translational joints
and vice versa. The position of the end-effector can be calculated based on the active
translational joints (r}, 75, r3 and r4) based on the following equations:

X=r =r,y=r=r

4 Fabrication of 4-PP Planar Parallel Robotic Motion Stage

A four-legged 4-PP planar parallel robotic motion stage as depicted in Fig. 1 has
been fabricated in-house to perform an experiment to determine the workspace. The
experiment is performed to analyse the workspace associated with the manipulator.
The fabricated model is depicted in Fig. 2.

The rigid manipulator’s base represented by yellow area possesses fixed lengths of
220 mm and 220 mm along X and Y-axes, respectively. The fabricated manipulator is
basically a wooden model comprised of NiTi SMA springs as actuators. The passive
links used in the model is welding filler rod. The active input translational joints
present at each leg move freely in the guide made of electrical wire casing. The
available workspace for the end-effector motion is represented by the red box of
160 mm x 160 mm (25,600 mm?) area.

5 Experimental Procedure

The fabricated prototype has been incorporated with nitinol (NiTi), an SMA, in
order to actuate the active prismatic joints at each of the legs of the manipulator.
The actuator, nitinol, is in the shape of spring with 19 helical windings of which
maximum contraction length is ~29 mm under thermal loading. In order to actuate
the SMA springs, an electrical current is supplied across it. Due to the resistance
of SMA, its temperature rises, thereby leading to thermal loading. Due to a rise in
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Fig. 2 In-house fabricated model of 4-PP robotic XY motion stage

temperature, the SMA contracts and reaches its maximum contraction length under
a certain range of current. The current supplied to the nitinol spring is DC which is
supplied with the help of DC power supply (Model: Scientech 4180).

The experimental setup developed for the analysis of 4-PP SMA actuation-based
micro-motion stage as depicted in Fig. 3 consists of various devices as specified in
Table 1.

The electric current is supplied to only one out of two spring at each leg of the
manipulators which leads to its contraction due to thermal load. This leads to the
linear motion of the active prismatic joint at the legs of the manipulator. This motion
is further transferred with the help of passive joints to the end-effector which reflects
in the variation of its position. The new position so obtained is captured as an image
in the digital camera (Nikon D5600). Further, AutoCAD is employed to interpret the
position of the end-effector in x and y coordinates.

The four active translational or prismatic joints are termed as inputs to the motion
stage while rest being passive. The passive joints are dependent on the motion of the
active input translation joints. The linear motion at the active prismatic joints with
the help of four passive prismatic joints leads to variation in pose (motion along X-
and Y-axes) of the end-effector.
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Fig. 3 Experimental setup

Tabl‘? 1 List of devices for S. No. Devices Specifications
experimental setup
1 DC power supply | Scientech 4180 (output:
0-30V,0-5 A)
2 Planar parallel 4-prismatic-prismatic
manipulator configuration
3 Digital camera Nikon D5600
with tripod

6 Results and Discussion

On application of thermal loading to the SMA springs, the SME occurs which results
in a change in shape and size of the SMA to its original form. The spring contracts and
its size reduces. The thermal loading is applied by supplying direct electrical current
(3-5 A) to the spring which is also known as joule heating. The variation in size of the
SMA spring varies the position of the active input translational joints which further
affects the end-effector’s pose with the help of passive prismatic joints. The forward
movement of the active input translational joints in leg 1 and leg 3 together leads to
variation in end-effector’s pose toward positive X-axis, and its backward movement
leads to the motion of the end-effector toward negative X-axis. Similarly, the forward
movement of the active input translational joints in leg 2 and leg 4 together leads to
variation in end-effector’s pose along positive Y-axis, and its backward movement
leads to the motion of the end-effector along negative Y-axis.

The pose of the end-effector is kinematically coupled to the active input translation
joints (ry, rp, r3 and r4). Hence, the position of the end-effector is obtained based
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Table 2 Four sets of experimental data of the end-effector’s pose of the 4-PP motion stage

Direction | Pose of the end-effector (mm)

ofthe  ger g Set-2 Set-3 Set-4
actuation

during Qx Qy Qx Qy Qx Qy Qx Q»
heating
of the

SMA

springs
Initial 116.470 114.319 | 114.470 | 120.124 | 117.830 | 116.046 | 110.440 | 114.041
position
ri, r3:F | 121.390 116.781 | 121.510 | 122.217 | 124.120 | 115.661 | 108.900 | 115.085
ri, r3:B | 110.770 115.358 | 109.280 | 120.517 | 107.570 | 116.170 | 100.320 | 115.386
ro, ra:F | 114.610 124.716 | 113.590 | 126.167 | 115.490 | 122.773 | 101.880 | 120.193
ra, ra:B | 111.550 108.950 | 114.720 | 119.744 | 115.590 | 108.874 | 101.330 | 110.288

ry, r3:F | 122.110 119.949 | 123.220 | 126.275 | 123.170 | 121.858 | 107.970 | 116.913
and rp,
rq:F
ry, r3:F | 118.580 107.581 | 122.570 | 117.827 | 126.830 | 111.057 | 108.600 | 108.765
and rp,
r4:B
ri,r3:B | 107.740 119.777 | 109.330 | 125.430 | 105.750 | 123.870 | 100.440 | 119.362
and rp,
rq:F
ry, r3:B | 113.740 115.476 | 111.010 | 115.958 | 108.450 | 114.309 | 100.570 | 109.539

and rp,
r4:B

on various combinations of active prismatic joints and its direction of motion as
specified in the first column of Table 2.

Initially, the image of the motion stage is captured and the pose of the end-effector
was obtained. Then, the joints r; and r3 were forward actuated which leads to the
motion of the end-effector along positive X-axis as discussed previously. After full
contraction of the SMA springs (1, 6), an image of the manipulator is captured and
the pose of the end-effector was extracted. Furthermore, the backward motion of the
same joints r; and r; were considered which led to the motion of the end-effector
along negative X-axis. The pose of the end-effector was obtained for the maximum
backward movement of the joints r; and r3. Similarly, the pose of the end-effector
was obtained for the forward and backward actuation of the active prismatic joints
r, and r4 which led to motion of the end-effector along Y-axis.

Till now, the motion of the end-effector was along a single axis. Now, the active
prismatic joints ry, r,, r3 and r4 were actuated in the combination of forward and
backward movements which led to the motion of the end-effector along both X
and Y-axes simultaneously. The image was captured, and the end-effector pose was
extracted for each condition as specified in Table 2.
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Fig. 4 End-effector pose of the proposed XY micro-motion stage

Four sets of experiments were conducted on the in-house fabricated 4-PP planar
parallel micro-motion stage, and the obtained data are presented in Table 2 of which
few experimental images are depicted in Fig. 4.

where F and B represent forward and backward actuation of the SMA springs,
respectively.

The experiment showed gradual variation in the pose of the end-effector with
gradual variation in the position of the active input translational joints. From the
experimental data in Table 2, the minimum and maximum position of the end-effector
along both X and Y-axes obtained are specified in Table 3. The range of deflection
along both the axes denotes the stroke length of 26.51 mm and 18.694 mm along X
and Y-axes, respectively. Hence, the total experimental workspace area is 495.578
mm? as depicted in Fig. 5.

Although the available workspace area is 160 mm x 160 mm, the presence of — (i)
certain width of active prismatic joints, (ii) presence of hooks to which springs are
connected and (iii) maximum possible contraction of spring is 29 mm — minimizes
the workspace area. Hence, the workspace area in which the end-effector is feasible
to undergo motion is 34 mm x 34 mm (i.e. 1156 mm?) and is represented as feasible
workspace in Fig. 5.

Figure 5 clearly depicts the variation in workspace regions of feasible workspace
and experimental workspace which is an indication of the presence of certain
inefficiency. The percentage of loss in the workspace is given as

Percentage loss = (Feasible Workspace — Experimental Workspace)
100/Feasible Workspace = (1156 — 495.578)100/1156
=57.13%

Table 3 Stroke length of the

Direction | Deflection of the end-effector Stroke length
end-effector along the

coordinate axes Minimum (mm) | Maximum (mm)
(mm)
X-axis 100.320 126.830 26.510
Y-axis 107.581 126.275 18.694
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Hence, the efficiency associated with the in-house fabricated model is 42.87%.

Conclusion

The major conclusions associated with this study have been outlined below:

1.
2.

A 4-PP planar parallel robotic micro-motion stage was fabricated.

The feasible and experimental workspace associated with the in-house fabricated
model is 1156 mm? and 495.578 mm?, respectively.

The experimental workspace of the in-house fabricated model showed an
efficiency of 42.87%.
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Abstract In recent times, the progress and activities on renewable energy sources
are growing exponentially. Amongst the various kinds of renewable resources, wind
energy is one of the most preferable due to its abundant availability, lesser cost, zero
emission compared to other sources. Amongst the various kind of vertical axis wind
turbines (VAWT), H-Darrieus rotor is more popular in the built environment for their
simple constructions and higher power coefficient which also suffers from poor self-
starting features. Again, the Savonius rotor is having the good self-starting ability
but possess lesser power coefficient. To address all such limitations, existing inves-
tigations of hybrid H-Savonius rotor have been reported here in terms of the design,
various parameters and aerodynamic performances which are used to improve their
self-starting and efficiency. From this study, it is seen that the coaxial arrangement
of the H-Savonius rotor is capable to exhibit higher efficiency and better self-starting
characteristics than the staging assembly or the individual Savonius or H-rotor. Again,
a newly designed hybrid H-Savonius rotor exhibits the maximum power coefficient
of 0.414 at TSR2.5. Modification of the Savoniusblade and thicker H-rotor airfoil
blade helps to increase the efficiency of the hybrid rotor. This present paper offers
an overall idea on the research growth to improve the design and performance of the
hybrid H-Darrieus rotor.

Keywords Hybrid H-Savonius rotor - Self-starting + Power coefficient - Torque
coefficient -+ Computational fluid dynamics

1 Introduction

Energy is akey element for social and economic development and growth of a country.
The world demands energy in the form of low cost. Since the beginning of the eleva-
tion, human society has been depending upon the conventional energy resources. The
conventional fossils fuels are depleting so fast day by day, as it has limited resources.
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Burning these fuels affects the environment critically by emitting greenhouse gases,
which is the cause of global warming. The energy demand in the form of electricity
is exponentially increasing very rapidly. Scientist and researchers are trying to meet
the demands by using alternative renewable energy resources to power generation.
This is why it motivates towards the development of wind energy in 1973 due to the
high price of oil and limited fossils fuel resources [1]. Mankind has been using wind
power for agriculture development, irrigation, to simplify mechanical work, naviga-
tion purposes, etc. In the past few decades, the researches and development activities
in the field of renewable energy have been increased. Amongst various renewable
energy sources, wind energy has got great attention as an alternative resource to coal,
petroleum and nuclear energy which is more abundant, renewable, widely distributed,
economically affordable, and most importantly, it has zero emission. To reduce the
global energy-related carbon emission require a high growth rate of wind energy as
a source of clean renewable energy.

1.1 Wind Turbine and Its Classification

Amongst the renewable energy sources, wind energy is one of the options for green,
well-economic energy generation. The wind turbine is a device which converts the
wind energy for power generation. Depending upon the axis of rotation, wind turbines
are generally classified into two categories: horizontal axis wind turbine (HAWT)
and vertical axis wind turbine (VAWT). HAWTs are well known for their compara-
tively high efficiency over VAWTS, and it has been used for medium- to large-scale
power generation. Again, VAWTs have advantages over the HAWTs such as lower
installation and cost, compact design, easy to assemble, good self-starting ability, low
cut-in speed, create less noise and omni-directional. VAWTSs can be also classified
into two types: Darrieus and Savonius turbines or rotor. H-Darrieus rotor is a variant
of the curved-bladed Darrieus rotor, which has straight vertical blades [2]. In Fig. 1,

(a) (b) [J (c)

Fig. 1 a Savonius rotor, b Darrieus rotor and ¢ H-Darrieus rotor
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(b)

Fig. 2 a Single-stage hybrid H-Savonius rotor and b multi-stage hybrid H-Savonius rotor

the classification of the wind turbines is reproduced from the available literature [3].

H-Darrieus rotors are lift force-based device. The energy is taken out from wind
by the component of lift force working in the direction of rotation. Such turbines
have the highest efficiency amongst the VAWTs, but it suffers from its poor starting
torque. The Savonius rotors are drag forced-based device. The main advantages of
such a rotor are its ability to self-staring in contrast to the other VAWTs. In Fig. 2,
there are two diagram; one is single-stage hybrid H-Savonius rotor [4], and another
is multi-stage hybrid H-Savonius rotor [5] which are presented in the classification
of staging of hybrid rotor.

There is aspecial kind of hybrid rotor known as hybrid H-Savonius rotor, where
both the lift and drag mechanisms are useful for the self-starting and performance
improvement of such hybrid rotor [6]. The combined rotor is a combination of two
different rotors (Darrieus and Savonius) which are mounted on the same shaft. Hybrid
rotors are generally a combination of H-Darrieus and Savonius rotors. It is seen that
a hybrid design of Darrieus with Savonius can make it fully self-starting, along with
higher aerodynamic performances compared to any of the single rotor [7].

1.2 Purpose of the Present Study

Since the past few decades, the experimental and theoretical researches and appli-
cations on improving the design and overall performance of the VAWTs have been
increased rapidly. Most of the works have been performed on either Darrieus or Savo-
nius rotor, but only a few studies are there regarding the theoretical and experimental
investigations of the hybrid H-Savonius rotor. In order to utilize the properties of both
lift- and drag-type rotors, hybrid H-Savonius rotor came into the picture. The present
review has covered most of the research works done on the design and performance
improvement of hybrid H-Savonius rotor.
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2 Experimental Study on the Hybrid Rotor

Compared to a Savonius rotor, one of the greatest advantages of the Darrieus rotor is
its higher power coefficient (Cp). However, the Darrieus rotor suffers from its poor
self-starting features. In order to use the advantages of both the rotors, the hybrid
rotors came into existence to overcome the self-starting problem as well as to enhance
their aerodynamic performances.

Bhuyan and Biswas [4] have experimentally investigated and found the results of
three S818 unsymmetrical-bladed hybrid rotor having maximum Cp of 0.34 at tip
speed ratio (TSR) 2.29 and Reynolds number of 1.92 x 103 for the optimum 0.15
overlap of the inner Savonius, followed by maximum Cp of 0.28 at TSR 2.42 and at
same Reynolds number for the simple H-rotor. Mousavi et al. [8] studied experimen-
tally the performance of a coaxial hybrid vertical axis wind turbine having DUW200
airfoils for the H-rotor. The performance has been compared with another hybrid
turbine having a multi-staging arrangement and with simple H-rotor having same
airfoils. The results showed that the coaxial system exhibits self-starting features and
higher power coefficient compared to the others. Gawade and Patil [9] attempted an
experimental study to measure the performance of individual Savonius and coaxial
H-Savonius rotor. The maximum power coefficient for Savonius was obtained as
0.16, while for coaxial H-Savonius rotor, the maximum Cp of 0.39 was obtained.
Here, the combined rotor showed the self-starting ability at wind speed of 3 m/s.

Abid et al. [10]concluded from their experimental study that a combination of
NACA 0030 blade H-Savonius rotor showed the starting characteristics at low wind
speed. Here, the three-bucket Savonius was mounted on top of the three-bladed H-
rotor. The H-rotor blades with NACA 0030 airfoil has a higher thickness which
resulted in an increase in the self-start capability of the rotor. Sahim et al. [11]
studied on the hybrid H-Savonius rotor and showed how the radius ratio of the
hybrid rotor affects the torque coefficient and power coefficient. It was observed
that the higher radius ratio (RL = radius of Savonius/radius of Darrieus) resulted
in lower power coefficient and higher torque coefficient. Siddiqui et al. [12] have
experimentally analysed the performance of the five different arrangements of VAWT,
viz. individual Savonius, Darrieus, two-stage Savonius in the middle of the H-rotor,
two-stage Savonius on the top of the H-rotor and lastly Savonius below the H-rotor. It
was found that the coaxial system showed the highest efficiency than the rest four. The
highest power coefficient of about 0.41 was achieved at TSR of 1.6. Therefore, from
the above experimental studies, it was found that coaxially placed H-Savonius rotor
is the most efficient rotor system compared to the individual Savonius, individual
Darrieus, H-Savonius rotor of multistage arrangements of such rotors.
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3 Computational Fluid Dynamics (CFD) Analysis
on the Hybrid Rotor

On this hybrid H-Savonius rotor, researchers have performed CFD simulations based
on various design parameters and system arrangements to enhance their self-starting
features and power performances. Some notable and important findings are briefly
described below.

Hosseini and Goudarzi [13] have performed a CFD study on the design of an
innovative hybrid H-Savonius rotor for obtaining an extended operative range and
enhancing the self-starting capabilities. This hybrid rotor consisted of two buckets
modified Savonius Bach-type rotor and three-bladed Darrieus rotor while the whole
arrangement included setup of these two rotors in two stage. The result showed
that the maximum value of Cp is 0.414 at TSR of 2.5. This design of the hybrid
rotor being suitable for low and high wind speed also improved its self-starting
ability and operating range. Gupta et al. [14] have studied the performance of a
combination of three-bucket Savonius and three-bladed Darrieus rotor arrangement
with the Savonius placed at the top over the Darrieus. It has been seen from this
study that with the increase of overlap, the power coefficient started to decrease. The
highest power coefficient obtained was 0.51 at TSR 0.61 without overlap, which is
higher than the efficiency of the Savonius rotor at any overlap positions under the
same test conditions. Letcher [15] has carried out an experiment in three different
directions which are: CFD modelling, generator design and materials/manufacturing
process. From the data, it was concluded that the power output of the combined setup
is higher than the single Savonius and single Darrieus rotor. Some notable results of
CFD analysis along with a comparison of various hybrid rotor systems have been
discussed in Table 1.

In Fig. 3, Cpvs TSR graph of various designed hybrid rotors have been plotted.
From this figure, it has been noticed that two-stage two buckets modified Savonius
Bach-type rotor-combined three-bladed Darrieus rotor setup has the maximum Cp
value of 0.414 at TSR 2.5.

Sharma et al. [16] also investigated on the hybrid three-bladed Darrieus—Savonius
rotor, where Darrieus mounted on the top of the Savonius for overlap variation from

Table 1 Notable results of CFD analysis along with a comparison of various hybrid rotor systems

Turbine Optimum TSR | Maximum Cp | Minimum TSR | Maximum TSR
Bhyuan et al. (with Savonius | 2.29 0.19 - ~3

overlap 0) [6]

Bhyuan et al. (with Savonius | 2.29 0.34 - ~3

overlap 0.15) [6]

Hosseini et al. [15] (hybrid | 2.5 0.414 Self-starting 4.5

rotor)

Sunetal. [19] 1.8 0.33 1.25 2.25

Liu et al. [20] 2.24 0.41 0.4 2.58
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Fig. 3 Cp versus TSR curve for various designs

10.8% t025.8%. The maximum Cp of 0.53 was obtained at 0.604 TSR for an optimum
overlap position of 16.8%. It was observed that Cp increases with the increase of
overlap. However, there is an optimum value of overlap for which Cp is maximum,
and beyond this, Cp started to decrease. The similar results are observed for Ct as well.
Sun et al. [17] performed numerical analysis on the performance of the hybrid H-
Savonius rotor with four different hybrid models; the numerical result indicated that
the power coefficient (Cp) of the hybrid H-Savonius rotor is dropped down when the
distance between its centre axis and the Savonius blades, whereas the starting torque
can be significantly improved. The comparison of power coefficient amongst all the
simulated turbines, the optimum TSR of four hybrid turbines that having maximum
power coefficient is around 1.75. Amongst all four turbines, the Cp is highest of their
hybrid turbine 1 (with zero distance in between the rotation axis and Savonius blade),
the value of the highest obtained Cp is around 0.33 at TSR 1.80. Roshan et al. [18]
investigated on the effects of non-dimensional parameters like initial overlap ratio
(&), arc angle (¥) and curvature («) of the Savonius blades on the performance of the
18 hybrid H-Savonius models at 7 different TSRs. From the result of CFD simulation,
it has been observed that model 12 having the maximum power coefficient (Cp) of
0.195 at TSR of 3 amongst all 18 models. Liu et al. [19]investigated that the larger
modified Savonius (MS) rotor has a better self-starting capability. However, the power
coefficient of hybrid Darrieus-modified Savonius (HDMS) VAWTs decreases when
the size of MS rotor increased. An appropriate size of an MS rotor can maintain
the power efficiency of HDMS compared to the Darrieus. The maximum power
coefficient of the HDMS-1Xi VAWT is 0.41 which is 13% higher than the MS VAWT.
Abdolahifar and Karimian [20] were done CFD analysis on the hybrid H-Savonius
VAWT with the suitable wall and proper Savonius blade. In the comparison of the
normal straight blade Darrieus rotor to the hybrid H-Savonius rotor, the hybridone
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produced 2.3% more average moment along with 40% less moment fluctuation at
TSR 0.9.

4 Conclusions

To improve the overall efficiency and self-starting characteristics, hybrid H-Savonius
rotor is being analysed by researchers which have shown the better result on low cut-
in speed, wide operational range and especially in self-starting capability. From the
present literature review, some important findings are listed below.

e Experimental study reveals that the coaxial arrangement of the H-Savonius rotor
can exhibit higher efficiency and better self-starting features than the staging
assembly or the individual Savonius or H-rotor.

e From the CFD result, the highest of power coefficient of 0.53 is obtained for an
overlap position 16.8% of Savonius blade at TSR 0.604. The use of the modified
Savonius rotor generated higher torque coefficient which helps to achieve self-
starting characteristics of hybrid H-Savonius rotor.

e From the numerical analysis of an innovative new design of hybrid H-Savonius
rotor, the maximum power coefficient of 0.414 at TSR 2.5 is achieved.

e The HDMS produced maximum Cp of 0.41 which is very closer to the new
innovative-designed hybrid H-Savonius rotor, whereas the HDMS hybrid rotor
produced 0.4% a lesser amount of power coefficient.

The present study gathered most of the investigations regarding the performances
and designs of the hybrid H-Savonius rotor. It can act as a platform for future research
in the field of Hybrid H-Savonius rotor.
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Energy Storage Using Sensible Heat m
Storage Media: Thermal and Economic oo
Considerations

Laxman Mishra, Abhijit Sinha, Prasanta Majumder, and Rajat Gupta

Abstract Storage of energy is an important technology to bridge the time and space
gap between the source/supply and sink/utilization of energy. Thermal energy storage
has emerged as a means to capture heat from both low- and high-temperature sources.
Storage of waste heat and solar thermal energy is easier and cheaper with the appli-
cation of sensible heat storage materials. However, the knowledge of thermal and
physical properties of sensible heat storage materials is important for economical
and effective heat storage. Therefore, this paper presents the thermal and economic
aspects of liquid and solid-state sensible heat storage materials. Thermal aspects are
important for designing of the energy storage systems, while economic considera-
tions are important in material selection and payback calculations. From the thermo-
economic studies, it is found that water and rocks have great potential as liquid and
solid sensible heat storage materials, respectively, primarily due to their low cost.
Water also has impressive thermal properties which makes its storage density higher
as compared to other liquids. Also, cast iron and steel present good potential as heat
storage materials due to their high thermal capacity.

Keywords Cost - Sensible energy storage - Thermal capacity - Thermal
conductivity

1 Introduction

With rapid development and improvement in standard of living, demand for energy
has been increasing at an accelerated rate. Increased use of fossil-based energy
sources has led to environmental concerns in the international society [1]. Also,
the demand for energy varies depending on time of the day and month of the year.
For example, demand of energy is higher during evenings as compared to mid-day.
Thermal energy is in higher demand during winter months than those of summer.
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Fig. 1 Sensible heat storage Heat Exchanger With Storage Material
system
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Similarly, sources of energy like solar and wind are intermittent in nature. The exis-
tence of discrepancy in demand and supply makes it important to store energy when
it is in surplus so that it may be utilized during instances of high demand [2]. Storage
of energy is also important as it can be collected from place of availability, stored,
and supplied where and when it is required [3].

Various means and media have been used for storage of different forms of energy.
Thermal energy is one of the important forms of energy essential for both household
and industrial applications. It can be stored in three forms, viz. sensible heat, latent
heat, and thermo-chemical energy [4]. Schematic of sensible heat storage system is
shown in Fig. 1. The system is said to be charging when the material absorbs heat
from the heat transfer fluid (HTF). This happens when the inlet temperature (7',)
of HTF is greater than storage temperature (7's) of the storage material. Discharging
occurs when Tj, is lesser than 7. In this condition, the HTF gains heat from the
storage material and its outlet temperature (7o) is greater than T',.

Each method of energy storage holds some basic advantage over others and is
also associated with some drawbacks. Storing energy as sensible heat or latent heat
is simple and relatively cheaper [S]; however, it cannot be stored for longer periods in
these forms [1]. It has to be used within certain period of time after storage since it is
lost to the ambient once the source of energy supply has been removed. Hence, they
are mostly used for heating applications during intermittent cloudy hours or during
the night hours of the same day. However, thermo-chemical storage overcomes this
drawback. In such systems, thermal energy is stored in the form of chemical reactions,
usually by removing the water of hydration from hydrated salts. The stored energy
can be stored for months and recovered by mixing the separated chemical species
back to get the original product along with release of stored heat. In sensible and
latent mode of heat storage, there is loss of heat during storage. However, in thermo-
chemical storage, since the salt and water are stored separately there is no loss of
heat [6]. Also, the storage capacity or storage density of thermo-chemical storage is
much higher than sensible and latent heat storage. However, this technology is not
well developed yet which limits its practical application.

Effective methods of heat storage are also important for efficient use of solar
energy which is a free source of energy [7, 8]. Application of sensible heat storage
media enhances the absorption of solar flux and thus improves the daily output of a
solar energy-based system [9]. Storage of thermal energy is necessary for an unin-
terrupted supply of power from solar thermal plants [10]. The heat storage materials
are also useful for recovery of waste heat from thermal systems. Hence, this paper
presents the thermal and economic aspects of sensible heat storage materials. The
thermal properties of these materials are important for design of the energy storage
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system. While the economic aspects are important considerations that affect the
choice of materials for energy storage.

2 Methodology

The thermal capacity has been obtained as the product of the density of the material
and its specific heat capacity as shown in Eq. (1).

Thermal Capacity = Specific Heat Capacity x Density (D

The thermal conductivities of the materials have been obtained from the literature.
It is also important for faster and uniform distribution of heat within the bulk of the
material which enhances its overall performance as energy storage material. The cost
price of the materials has been obtained from online store [11]. The minimum price
for a reasonable purity of the materials has been reported. The price is expressed as
US dollars per ton of material.

3 Results and Discussion

Thermal and physical properties of materials are of important consideration while
selecting a material for sensible heat storage. The amount of heat stored depends on
thermo-physical properties of the material, viz. heat capacity and density. The rate of
storage and retrieval depends on the thermal conductivity of the materials. Sensible
heat storage materials have been divided into liquid materials and solids for the sake
of convenience.

3.1 Liquid Sensible Heat Storage Materials

Liquids like water, thermal oil, etc., have been widely used as thermal storage mate-
rials. A list of common liquid sensible heat storage materials and their thermo-
physical properties are shown in Table 1. Water is abundantly available and is free
natural resource. It also has high heat capacity which makes it popular among several
applications.

Figure 2 shows the thermal capacity of some common liquid materials and liquid
mixtures. Water has the highest thermal capacity of 4186 kJ/m>K followed by water—
ethylene glycol mixture in 50-50 fraction. Although engine oil has relatively lower
thermal capacity of 1669 kJ/m>K, it has been used by several researchers due to its
stability in the temperature interval of its application and relatively lower price.
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Table 1 Thermo-physical
properties of some common
liquid sensible heat storage
materials

Fig. 2 Thermal capacities of
some common liquid
sensible heat storage
materials

L. Mishra et al.

o

Material Density (kg/m®) Cp References
Water 1000 4.186 [12]
Water—ethylene | 1050 3.47 [13, 14]
glycol (50:50)
Draw salt 1733 1.55 [13, 14]
Ethylene glycol | 1116 2.382 [13, 14]
Molten salts 500-2600 1.5 [12]
Isobutanol 808 3 [13, 14]
Lithium 510 4.19 [13, 14]
Mineral oil 800 2.6 [12]
Propanol 800 2.5 [13, 14]
Synthetic oil 900 2.1-2.3 | [12]
Butanol 809 2.4 [13, 14]
Dowtherms 867 2.2 [13, 14]
Ethanol 790 24 [13, 14]
Isopentanol 831 2.2 [13, 14]
Octane 704 2.4 [13, 14]
Engine oil 888 1.88 [13, 14]
Therminol 66 750 2.1 [13, 14]
Sodium 960 1.3 [12]
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3.2 Solid Sensible Heat Storage Materials

Several solids have been adopted for sensible heat storage. One major advantage of
using solids is that they do not need any specialized mechanism for heat exchange
between the material and charging/discharging medium (heat transfer fluid). Liquids,
on the other hand, need better sealed heat exchangers to avoid leakage. Also, most
solids are stable and do not undergo any major changes under repeated cycles of
charging and discharging. Use of solids as sensible heat storage materials has several
advantages including lower cost, wider range of temperature application, absence of
leakage and corrosion, no requirement for freeze protection, and ability to use locally
available materials for energy storage [15]. Solids are also easy to handle, and there
is no loss of material with time (other than corrosion which is usually slow). Figure 3
shows thermal conductivity and thermal capacity of some solid sensible heat storage
materials.

Table 2 shows the thermal capacity and thermo-physical properties of some solid
sensible heat storage materials. These solid-state sensible heat storage materials
have a vast range of thermal capacities ranging from cast iron (4980 kJ/m3K) to
sandstone (2000 kJ/m3K). Materials below 2000 kJ/m>K are usually not preferred as
heat storage materials. They are used in some cases due to their lower price or some
other specific requirements. Compounds of iron, viz. cast iron, steel, and magnetite,
have highest thermal capacities. These are followed by gravely soil and wet earth
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Fig. 3 Comparison of thermal conductivity and thermal capacity of solid sensible heat storage
materials
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Table 2 Thermal capacity and thermo-physical properties of solid sensible heat storage materials

Material Density | Thermal Specific Thermal References

(kg/m>) | conductivity | heat (kJ/kg | capacity (x

(W/m K) K) 100 kJ/m? K)

Cast iron 7900 51.15 0.837 66.12 [10, 12-14, 16, 17]
Steel 7840 45 0.465 36.46 [12-14, 17]
Soil (gravelly) 2040 0.5 1.84 37.54 [12-14, 17]
Pure iron 7897 59.3 0.452 35.69 [13, 14, 17]
Copper 8954 373 0.383 34.29 [12-14, 17]
Brick magnesia | 3000 5 1.13 33.90 [12-14, 17]
Alumina (99.5%) | 3960 25.5 0.8 31.68 [10, 12]
Castable 3500 1.35 0.866 30.31 [12, 18-21]
Ceramics
Slag 2700 0.6 0.836 22.57 [10, 12]
Steatite 2850 2.5 1.024 29.18 [12]
Diorite 2900 2.5 1 29.00 [12]
Cofalite 3120 1.75 0.917 28.61 [10, 12, 18, 19]
Basalt 2650 1.75 0.965 25.57 [12]
Molten Salt 1750 1.075 1.5 26.25 [18, 19]
Schist 2700 2.55 0.945 25.52 [12]
Graphite 2680 2.43 0.95 25.46 [2,21]
concrete
High temperature | 2750 1 0.916 25.19 [12, 14, 19, 20]
concrete
Aluminum 2707 238.4 0.896 24.25 [12-14, 17]
Dolerite 2800 2.6 0.885 24.78 [12]
Brick 1698 0.5 0.84 14.26 [12-14, 17]
Gabbro 2950 2.05 0.8 23.60 [12]
Gneiss 2700 2.9 0.8745 23.61 [12]
High alumina 2400 0.2 0.98 23.52 [10, 12]
concrete
Concrete 2000 1.279 0.88 17.60 [12-14, 17]
Granodiorite 2700 2.35 0.835 22.55 [12]
Schale 2800 1.6 0.82 22.96 [12]
Hornfels 2700 2.25 0.82 22.14 [12]
Dolomite 2800 2.1 0.802 22.46 [12]
Stone, marble 2600 2.75 0.8 20.80 [12-14, 17]
Andesite 2650 2.55 0.815 21.60 [12]
Stone, limestone | 2500 2.2 0.9 22.50 [12-14, 17]
Granite 2750 2.9 0.892 24.53 [12, 13, 16, 17]

(continued)
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Table 2 (continued)

Material Density | Thermal Specific Thermal References

(kg/m>) | conductivity | heat (kJ/kg | capacity (x

(W/m K) K) 100 kJ/m? K)

Argillite 2450 22 0.838 20.53 [12]
Stone, sandstone | 2200 1.8 0.71 15.62 [12-14, 17]
Plain concrete 2451 1.02 0.81 19.85 [2, 14]
Rhyolite 2450 1.95 0.785 19.23 [12]
Quartzite 2550 4.3 0.7265 18.53 [12]
Sodium chloride | 2200 6.75 0.855 18.81 [12]
Silica fire bricks | 1800 1 1.5 27.00 [12]
Fiber-reinforced | 2440 1.16 0.63 15.37 [2, 14]
concrete
Lead 11,340 |35.25 0.131 14.86 [12-14, 17]
Soil (clay) 1450 1.3 0.88 12.76 [12-14, 17]
Graphite (solid) | 2200 155 0.879 19.34 [10, 12]

with thermal capacities of 3772 kJ/m>K and 3680 kJ/m’K, respectively. Both iron
compounds and soil are very stable materials which can be used for several cycles of
heating and cooling without causing major changes in their thermal properties. This
contributes to their wide acceptance as sensible heat storage materials.

3.3 Thermal Conductivity

Thermal conductivity of energy storage materials is an important factor while making
selection of materials. This is because the rate of storage and retrieval of heat to and
from the material depends largely on its thermal conductivity. A material with higher
thermal conductivity is more effective in storing energy and is preferred over other
materials with lower conductivities. Thermal capacity, on the other hand, determines
how much of heat energy can be stored by a given material. From Fig. 3, it can be seen
that copper has the highest thermal conductivity and also thermal capacity which is
desired from a sensible heat storage material. While pure iron, steel, and cast iron have
lower thermal conductivities and appreciably high thermal capacities. Aluminum
and graphite have high thermal conductivities and good thermal capacities. Rocks
and pebbles have average thermal capacity and low thermal conductivity. However,
they are widely used due to their economic aspects, easy availability, and thermal
stability. Copper, aluminum, and graphite are less popular in spite of their good
thermal properties. This is because of the economic considerations which is discussed
in the following section.
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3.4 Economic Aspects

Cost of the energy storage material is one of the most important factors which often
dominates over thermo-physical properties. Materials with lower cost are preferred
over others since it leads to lower initial investment and return on investment is faster.
Some materials may not be used for energy storage in spite of having high thermal
capacity and thermal conductivity because of its high cost. Figure 4 shows the cost
price of some common sensible heat storage materials in US dollars per ton. It can
be observed from the figure that copper has the highest price which makes it less
popular as energy storage materials even though it has high thermal conductivity and
thermal capacity as seen from Fig. 3. On the other hand, iron derivatives like steel
and cast iron have been in wide use due to their low cost and high thermal capacity.

4 Conclusion

The thermal capacities of some solid and liquid sensible heat storage materials have
been presented. Thermal conductivities and cost of some common solid materials
have also been discussed. Based on thermo-physical properties, thermal conductivity,
and cost of materials, it is found that certain materials having average thermal prop-
erties are more popularly used than others with better thermal properties due to their
low cost and availability. Among liquids, water is widely used due to its high thermal
capacity of 41.9 MJ/m>K and low cost. Among solids, rocks and pebbles find appli-
cation in several systems due to their low cost and easy availability. Iron derivatives
like steel (36.4 MJ/m*K) and cast iron (66.12 MJ/m>K) have good thermal capacities,
average thermal conductivities of 45 W/m K and 51.15 W/m K, respectively, and
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relatively low price. Hence, they are more popular than copper or aluminum which
have excellent thermal properties but are costly.
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and Pradeep Kumar

Abstract In this work, a microchannel heat sink (MCHS) of dimension 40 mm X
40 mm x 14 mm with a circular copper tube (ID 0.8 mm) is designed, mimicking
microelectronic component. The MCHS is subjected to a constant temperature
condition which is mitigated via convective flow of single-phase fluid and different
nanofluids. The investigation focused upon the heat transfer characteristics of all the
coolants and to elucidate the effect of non-spherical nanoparticles in nanofluid. Here,
the fluid flow and heat transfer parameters of the MCHS are focused experimentally at
a constant Reynolds number of 1170 (velocity 1.19 m/s). Four coolants were used to
study the heat transfer characteristics of the MCHS which was subjected to constant
surface temperature of 125 °C, namely de-ionized (DI) water (hereafter abbreviated
as water), Water + 0.0005% (v/v) CuO, Water + 0.0005% (v/v) multi-wall carbon
nanotube (MWCNT) and DI water + 0.0005% (v/v) wax-intercalated MWCNT
(WICNT). The wax is the phase change material (PCM) in this context which was
encapsulated within MWCNT via self-sustained diffusion. Carbon nanotubes had
an aspect ratio of 200. During the experiment, the temperature of particular depth
within the MCHS from the surface was monitored. The maximum allowable limit
of that particular point, aka the part of the integrated circuit (IC), was fixed between
70 and 50 °C, while the lower one is considered safe, whereas the upper one is
critical for IC. It was seen that over a long period of unsteady-state investigation,
the effect of WICNT was more pronounced in reducing the time required to lower
the temperature to the safe operating limit. The cooling time of MCHS is reduced
by 11.54% and 20.77% using Water + 0.0005% (v/v) multi-wall carbon nanotube
and wax-intercalated MWCNT, respectively, over water which explains that WICNT
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enhances the heat transfer which is beneficial to increase the total operation time or
computation time at the same memory usage rate.

Keywords Multi-wall carbon nanotube - Phase change materials - Microchannel
convective cooling - Nanofluid - Nanoencapsulation

1 Introduction

Modern personalized device assistants (PDAs) require high power and fast processing
to deal with sophisticated calculations. With the advancement in this field, these
systems have become portable with rapid miniaturization, compact design, yet
billions of integrated circuits (IC) in one motherboard, per se. However, the reduction
in microelectronics size peril of heat dissipation arises. This causes further degra-
dation of electronics such as inducing thermal stresses which results in cracking of
soldered joints, thermal runaway and electric overstress resulting in more heat accu-
mulation [1]. Therefore, in order to increase heat dissipation, it requires an efficient
cooling system. There are two broad cooling techniques to increase the heat transfer
coefficient, i.e., active cooling and passive cooling. One of the most used forms of
active cooling is using forced convection of air [2]. Passive cooling includes a heat
pipe, heat spreader, installing fins on the heat sink (passive cooling), etc. which indi-
rectly either need power from board or are not effective enough. Going through the
basic relation of heat transfer coefficient 1 = (Nu - /D) [2], which suggests that
to increase h, either D (characteristic length) needs to be decreased or « (thermal
conductivity) of fluid is increased. By using the approach of decreasing characteris-
tics length, the microchannel heat sink was first used by Tuckerman and Pease [2]
which gained attention because of its capability to remove large amounts of heat
from a small area. The detailed study of micro heat pipes, their models, classifi-
cation and working fluids can be found in Ref. [3]. Further, in order to enhance
performance different configurations of microchannels [4] rectangular, triangular,
rectangular curved, triangular curved and trapezoidal are taken. Another approach
is by increasing the thermal conductivity of the fluid. Frequently and easily avail-
able fluid is water. Therefore, to make water more conducting in order to enhance
microchannel efficiency is enhancing water properties by selecting suitable addi-
tives and/or synthesizing nanofluids. After the invention of nanofluids [5], they seem
to be promising for cooling applications [6, 7]. Using these ideas, various works
on nanofluids for microchannel have been undertaken. Using copper and diamond
nanoparticles in water resulted in a 10% enhancement in heat dissipation as observed
by Jang et al. [8]. With the addition of CuO nanoparticles, the nanofluid absorbs
more heat at a low flow rate as discussed by Chein et al. [9]. A1203 nanoparticles
[10, 11] produced heat transfer enhancement of 21.6%. Recent growth in industrial
applications is also seen where several industries, inclined to automotive or heating
industries, are partnering with well-known research laboratories like.
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Argonne National Laboratory (ANL) for industrial grade cooling applications
[12] or for quenching applications [13]. The hydrodynamic property of nanofluid
depends on various factors like volume fraction, particle size which has been shown
by [14]. An unconventional nanomaterial for nanofluid is carbon nanotubes (CNTs)
which is used for nanofluid preparation demonstrating a 2.9 °C additional cooling
than base fluid water [15]. CNTs are expected to be the next-generation material
for interface materials electronics in order to overcome contact thermal resistance
because of their high thermal conductivity [16].

PCMs are lucrative options to extract a large amount of heat and maintaining
temperature for specific applications, like in solar heating or building heating appli-
cations. Details of several PCMs and their thermal properties are mentioned in Ref.
[17]. Apart from solar heating, PCMs are extremely useful for electronic cooling
applications, like in a heat sink with or without fins or porous matrix filled with
PCM [18-20]. The thermal properties of PCMs affect the heat dissipation rate. Low
thermal conductivity limits their usage despite having large latent heat, and hence,
various works have been undertaken to study the enhancement of thermal conduc-
tivity of PCMs by embedding nanoparticles within nanoconfinements like CNTs
and carbon nanofillers [21], TiO2 nanoparticles dispersed in n-octadecane, etc. A
new microencapsulated PCMs based on AI203 [22] nanoparticles were synthe-
sized through emulsion polymerization, and it was found that microencapsulation
enhanced thermal conductivity.

Here in this work the effective cooling of microchannel heat sink via various
coolants, namely DI water, Water 4+ 0.0005% (v/v) CuO, Water + 0.0005% (v/v)
multi-wall carbon nanotube (MWCNT) and Water 4+ 0.0005% (v/v) wax- intercalated
MWCNT(WICNT), is studied. The wax intercalation is achieved via self-sustained
diffusion which has followed the procedure from ref. 13. The work will demonstrate
the use of nanofluid for enhancement of the life cycle of a microelectronic component
by reducing the time required to bring a superheated integrated circuit from a critical
temperature of 70 °C to lower the safe temperature of 50 °C. This is to further add that,
over the course of this article, the additional positive effects of intercalating wax in
CNTs will be discussed which will further improve the cooling effects of nanofluids
flowing through microchannels over a microelectronic component. Following this
route, within a given time frame, a microelectronics is expected to perform more
computational cycles even under higher memory consumption, before falling under
critical operating condition.

2 Experiments

In this study, nanofluids have been used to increase the thermal performance of
microchannel with the aim to use the potentials of high thermal conductivity of
CNTs and storage property of paraffin wax. Magnetic stirrer set at 125 °C used as
an equivalent chip surface/Heater. Copper block of dimensions 40 mm x 40 mm X
14 mm was fabricated as the heat sink with two circular copper tubes of ID 0.8 mm
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Fig. 1 a Schematic diagram of the microchannel heat sink and its components and b electrical
circuit of the driving mechanism. The details of individual components are mentioned in Table 1.

x length 120 mm engraved in it as a microchannel passive cooling arrangement. The
entire working scheme is described in Fig. 1. Arduino Mega (6) is used to measure
the temperature of the microchannel. As thermocouple T3 reads 70 °C (upper critical
temperature), relay (7) is used to switch on the pump (5) and working fluid is forced
to flow in microchannel until temperature reaches 50 °C (lower safe temperature).
The temperature at inlet and at the outlet is measured by thermocouples T2 and
T1, respectively. Outlet working fluid is recycled to a reservoir (3), and then before
re-entering, it passes through the cooling coil (4) in order to keep the same inlet
temperature for all cycles. Four different working coolants are taken: water, copper
oxide (CuO) nanofluid in water, CNT suspension (0.0005 vol%) in water, paraffin
wax (as obtained from Sigma-Aldrich)-intercalated CNT suspension (0.0005 vol%)
in water. CNT suspension was prepared by mixing surfactant sodium dodecyl sulfate
(SDS) solution (five times weight of CNT) in water; however for WICNT suspension,
the SDS concentration was increased to 13 times to tackle the hydrophobicity of
wax, which may stick to exterior of CNTs. Wax-intercalated CNT is prepared by a
self-sustained mechanism [23] which is as follows 1.5 wt% wax solution made in
benzene was sonicated for 30 min. After sonication, 30 mg of CNT was added to
the solution and further sonicated for 3 min and the solution was left open in fume
hood. As benzene evaporates, wax diffuses into CNT and the driving force for this
process keeps increasing as the wax concentration keeps on increasing in evaporating
solution. Thereby, wax-intercalated CNT got prepared and further characterization
was done using differential scanning calorimetry for melting point and latent heat of
sample calculation, as shown in Fig. 2.

3 Results and Discussion

The DSC data of wax-intercalated CNTs is shown in Fig. 2, where it can be seen
that the melting peak was observed at 59.45 °C, with melting starting at 57 °C and
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Fig. 2 DSC thermogram of 0.10
wax intercalated CNTs

57.12°C Solidification peak

" 55°C Solidification ends

59°C Solidification starts

-0.10

Heat flow (mW/mg)

-0.15
62°C Melting ends

-0.20 57°C Melting starts

59.34°C Melting peak

40 50 60 70

-0.25

Temperature (°C)

Table 1 Components as

A 1. Microchannel 2. Hot surface 3. Reservoir
numbered in Fig. la

4. Cooling area 5. Pump 6. Arduino Mega

7. Relay 8. PC 9.Temperature monitor

ending at 62 °C. The calculated latent heat was 135.49 J/g, which was near similar
to 141 J/g as mentioned in ref. 13. This indicates to a filling of 90% within the CNT
cores.

As mentioned in Sect. 2, the experiment was conducted between two critical
temperatures 70 °C and 50 °C, which represented an upper critical temperature for
microelectronics and safe temperature, respectively. The intention of this experiment
was to understand whether the effect of CNT and wax-intercalated CNT can be
prominent in reducing the time required for cooling than water, which was otherwise
subjected to the same conditions. The effect of CNT should be more pronounced on
the thermal conductivity of water following Hamilton—Crosser model [24], which
describes the enhancement of thermal conductivity («) of any base fluid due to the
addition of non-spherical particles.

[kp + (n—Dip— (n— Dy —kp)]
[KP + (n— Dky + ¢(’<f - Kp)]

(D

an =

where k is thermal conductivity, ¢ is a particle concentration of nanofluid in %
(here, 0.0005), n is an experimental parameter.

n is an experimental parameter, called as ‘shape factor’, where n = 22.97 for CNT
and defined asn = 3 / Y where 1 is known as sphericity. It is defined as surface area
of a sphere with the same volume as the particle to the surface area of the particle.
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Fig. 3 Heating—cooling cycles for a different coolant where the upper temperature is 70 °C and
lower bound is 50 °C. Individual coolant cycle legends are embedded in the picture

Subscripts nf, f, p signify nanofluid, base fluid and particle, respectively. The thermal
conductivity of CNTs was taken as ~300 W/m K [25].

Following Eq. 1, the thermal conductivity of CNT-nanofluid was found to be
0.6048 W/m K, mere 1.08% greater than base fluid-water (0.6 W/m K). However, as
per Ref. [13], the uniaxial flow of CNTs in microchannels actually allows them to
align in the direction of flow and hence an apparent increase the volume percentage
at any local cross section could be experienced, which may result in higher temper-
ature reduction. Although the magnitude of thermal conductivity increment was not
lucrative by mere calculation, but from the arguments of Ref. [13], an indicative
efficient heat conduction could be predicted. During the experiments, the base plate
was kept at 125 °C.

The heating—cooling cycle was run ten times, where the entire process started
to come to a steady state on from seventh cycle, which can be seen in Fig. 3. The
performance of all the coolants is shown in a single graph, where the difference in
cooling time starts to become more prominent. Figure 4 explains the heating cooling
curve for different fluid for the tenth cycle, which is shown here for better visualization
and for sake of brevity. From the graph, it can be concluded that the heating time
is relatively close for all fluids, but cooling time was observed to be significantly
different. Due to the possible alignment and possible percolative network of CNTs
in CNT + water flow, it takes less time for cooling compared to water. For WICNT +
Water, additional cooling is obtained due to wax that absorbs a significant amount of
energy during the melting process. This is near analogous to the results mentioned in
Ref. [13], where the effect of cooling was studied in terms of reduction in temperature
at steady state, but it was evident from their result that at the transient condition, the
CNT nanofluid was able to remove heat quicker than base fluid (DI water). Here,
in this study, a similar effect was observed over a fixed temperature difference in
the transient condition. Given the flow rates were near similar. To visualize better,
within a domain of 70-60 °C, all the coolants’ performances are plotted in Fig. 4b,
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Fig. 4 Comparison of the heating—cooling curve for different fluid at a the tenth cycle, b cooling
variation for 70-60 °C, ¢ average cooling time to reach from 70 to 60 °C, d curve fitting for different
coolant

where it can be seen that CNT or WICNT suspension performed much better than
other coolants. Hence, this is an indication of the applicability of CNT suspension
as an effective coolant for the given situation. However, the additional effect of wax
melting was clear for WICNT suspension. Figure 4c¢ shows the average cooling time
to achieve 60 °C for different coolants used in microchannel cooling. WICNT +
Water takes 16 s less time to achieve a safe working temperature than DI water and
3 s lesser than CNT + water; definitely, melting of wax was evident in this working
domain, which correlates to data obtained from DSC thermogram.

The effect of wax melting on cooling behavior, in the temperature range of 68—
60 °C, is shown in Fig. 4d. The cooling rate of different coolant is shown as a zoomed-
in curve from the data elucidated in Fig. 4b. It is a safe assumption of linear decrement
in temperature over time, and hence, a linear fitting is a well-suited elaboration of
data to provide the temperature reduction gradient. The adjusted-R? value of data
fitting close to ~0.97 for all the cases is a clear statement of that [c.f. Figure 4d].
Figure 4d concludes the cooling effect of MCHS became more significant in case
of WICNT + Water suspension compared to CNT + Water suspension, where the
cooling rate was seen to be 68.4% more than base fluid (DI water) in the former case
and 36.17% additionally enhanced than pure CNT + Water suspension. The effect is
an ensemble effect of fresh PCM being pumped into the system which is subjected
to a temperature greater than its melting point, as suggested by Fig. 2. The readers
may note that the particle characteristic reaction time () is much smaller than the
particle retention time (¢), the latter being simply the process time scale, the former
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can be deemed to be insignificant than the latter, and hence, PCM melting will be in
effect.

The time required for heat transfer across wax in CNT, aka characteristic reaction
time, which is a function of thermal diffusivity (o) and characteristic length (L., in
this case, the inner diameter of CNT) is given by [26]

. L L2
Characteristic reaction time t = —< 2)
o

The melting time of confined wax is calculated using the characteristic reaction
time. In the present study, value of thermal diffusivity of wax was taken as ~10~’
m?/s following Ref. [26] and characteristic length is the inner diameter of CNT
(35 nm) which gives the value of 12 ns. It is also safe to mention, following Ref.
[13], that CNTs agglomerate during the flow in a microchannel and hence the local
volume fraction increases drastically which will lead to near metallic thermal diffu-
sivity across the channel and hence, CNTs near the wall will be subjected to wall
temperature almost instantly. On the other hand, the particle retention time as shown
in Eq. 3, yields a value of 76 ms.

L
Particle retention Time t = v 3)

where L is the length of the microchannel (90 mm) and V is the velocity at the inlet
of the microchannel (1.19 m/s). This proves that the processing time was immaterial
in regards to wax melting and hence over a period of 33 s, which is mentioned in
Fig. 4c, provides ample time for the wax to interact with the hot fluid surrounding
CNTs and melt to absorb more heat. The mere fact that near 55-52 °C, where the wax
is almost solidified (c.f. Fig. 2), the cooling curve of WICNT + water approaches
toward CNT + water.

Table 2 explains the cycle performance of MCHS for different coolants. Results
are analyzed in terms of cooling enhancement (70-50 °C) by reducing the cooling
time, which shows that once the process is stabilized, hereinafter 6th-7th cycle,
WICNT + water, allows ICs to run for additional time under the same duty cycle, or
on the same note the microelectronics can work at a higher capacity than any other
coolant mentioned herein under a stipulated time.

Table 2 Cooling time
reduction (70-50 °C) of
different coolants as Water 0

compared to base fluid water CuO + Water (0.0005% v/v) 6.92
CNT + Water (0.0005% v/v) 11.54
WICNT + Water (0.0005% v/v) |20.77

Coolant Cooling time reduction (%)
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4 Conclusion

Experiments were carried out to observe the heating cooling curve of microchannel
heat sink using different nanoparticles like CuO, CNT and WICNT with water as base
fluid. The automated system is used to increase the effective working of the cooling
techniques during the working condition of microelectronic. The study of the heating
and cooling behaviors is experimentally monitored and the enhancement of cooling,
aka cooling time reduction, is shown in Sect. 3. The data explains the total working
efficiency in terms of the number of cycle gain which directly elucidates the cooling
enhancement of coolant in the microchannel heat sink. The present study shows
the cooling performance enhancement in terms of cooling time, and the WICNT +
Water gives the maximum cooling time reduction of 20.77% as compared to water.
The cooling rate of WICNT + Water is 68.4% more than base fluid (water) and
36.17% more than CNT + Water during critical temperature. This result leads to a
potential increase in the number of cycles or increases the operating performance of
the chip. It can also be concluded from the above calculation that different types of
wax, with a variety of melting temperatures, can be used in the nanoencapsulated
systems to expand the domain of working temperature to extend for a wide range
of electronic cooling, depending upon the critical functioning of microelectronics.
The study hence proves to open a plethora of options to exercise the passive cooling
of microelectronics, where the integral effect of efficient phase change couple with
forced convection can be utilized.

Contribution of Authors M.K. and S.S.C. performed the heat transfer experiments and analyzed
data. V.B. conducted the experiments with CNTs. P.K. and S.S-R. conceived the idea. M.K., V.B.
and S.S.C. equally contributed in writing the manuscript.

Acknowledgements M.K. and V.B. acknowledge the scholarship from Ministry of Human
Resource and Development, Govt. of India and S.S.C. acknowledges the funding support from
DST-SERB (IITM/SERB/SSR/215).

Conflict of Interest Authors declare no conflict of interest.

References

1. Y. Shabany, Heat Transfer: Thermal Management of Electronics (CRC press, 2009)

2. D.B. Tuckerman, R.EW. Pease, High-performance heat sinking for VLSI. IEEE Electron.
Device Lett. 2(5), 126-129 (1981)

3. M. Groll, M. Schneider, V. Sartre, M.C. Zaghdoudi, M. Lallemand, Thermal control of
electronic equipment by heat pipes.Revue générale de thermique 37(5): 323-352 (1998)

4. C.B. Sobhan, R.L. Rag, G.P. Peterson, A review and comparative study of the investigations
on micro heat pipes. Int. J. Energy Res. 31(6-7), 664—688 (2007)

5. S.U.S. Choi, A.E. Jeffrey, Enhancing Thermal Conductivity of Fluids with Nanoparticles. No.
ANL/MSD/CP-84938; CONF-951135-29. Argonne National Lab., IL (United States), 1995.

6. X. Wang, X. Xu, S.U.S. Choi, Thermal conductivity of nanoparticle-fluid mixture. J.
Thermophys. Heat Transfer 13(4), 474—480 (1999)



60

10.

11.

12.

15.

19.

20.

21.

22.

23.

24.

25.

26.

M. Kumar et al.

. S. Lee, S.S. Choi, S.A. Li, J.A. Eastman, Measuring thermal conductivity of fluids containing

oxide nanoparticles. J. Heat Transfer 121(2), 280-289 (1999)

. S.P.Jang, S.U.S. Choi, Cooling performance of a microchannel heat sink with nanofluids. Appl.

Therm. Eng. 26(17-18), 2457-2463 (2006)

. R. Chein, J. Chuang, Experimental microchannel heat sink performance studies using

nanofluids. Int. J. Therm. Sci. 46(1), 57-66 (2007)

J.-Y. Jung, H.-S. Oh, H.-Y. Kwak, Forced convective heat transfer of nanofluids in microchan-
nels. Int. J. Heat Mass Transf. 52(1-2), 466472 (2009)

T.C. Hung, W.M. Yan, X.D. Wang, C.Y. Chang, Heat transfer enhancement in microchannel
heat sinks using nanofluids. Int. J. Heat Mass Transf. 55(9-10), 2559-2570 (2012)
https://www1.eere.energy.gov/manufacturing/industries_technologies/nanomanufacturing/
pdfs/ooling.pdfnanofluids_industrial_c

. https://www.uk-cpi.com/case-studies/cooling-of-nanoquenching-fluids-for-the-aerospace-ind

ustry

. PK. Singh, P.V. Harikrishna, T. Sundararajan, S.K. Das, Experimental and numerical inves-

tigation into the hydrodynamics of nanofluids in microchannels. Exp. Thermal Fluid Sci. 42,
174-186 (2012)

S. Sinha-Ray, S. Sinha-Ray, H. Sriram, A.L. Yarin, Flow of suspensions of carbon nanotubes
carrying phase change materials through microchannels and heat transfer enhancement. Lab
Chip 14(3), 494-508 (2014)

. PK. Schelling, S. Li, E.G. Kenneth, Managing heat for electronics. Mater. Today 8(6), 30-35

(2005)

. Jaconelli, L. and Anton, P. “Numerical Verification of Mobile Thermal Energy Storage

Performance.” (2017).

. FEL. Tan, C.P. Tso, Cooling of mobile electronic devices using phase change materials. Appl.

Therm. Eng. 24(2-3), 159-169 (2004)

R. Srikanth, P. Nemani, C. Balaji, Multi-objective geometric optimization of a PCM based
matrix type composite heat sink. Appl. Energy 156, 703-714 (2015)

Y. Cui, C. Liu, S. Hu, X. Yu, The experimental exploration of carbon nanofiber and carbon
nanotube additives on thermal behavior of phase change materials. Sol. Energy Mater. Sol.
Cells 95(4), 1208-1212 (2011)

S. Motahar, N. Nikkam, A.A. Alemrajabi, R. Khodabandeh, M.S. Toprak, M. Muhammed,
Experimental investigation on thermal and rheological properties of n-octadecane with
dispersed TiO2 nanoparticles. Int. Commun. Heat Mass Transfer 59, 68—74 (2014)

X. Jiang, R. Luo, F. Peng, Y. Fang, T. Akiyama, S. Wang, Synthesis, characterization and
thermal properties of paraffin microcapsules modified with nano-Al203. Appl. Energy 137,
731-737 (2015)

S. Sinha-Ray, R.P. Sahu, A.L. Yarin, Nano-encapsulated smart tunable phase change materials.
Soft Matter 7(19), 8823-8827 (2011)

R.L. Hamilton, O.K. Crosser, Thermal conductivity of heterogeneous two-component systems.
Ind. Eng. Chem. Fundam. 1(3), 187-191 (1962)

T.Y. Choi, D. Poulikakos, J. Tharian, U. Sennhauser, Measurement of the thermal conductivity
of individual carbon nanotubes by the four-point three-w method. Nano Lett. 6(8), 1589-1593
(2006)

E. George, R. Shah, D. Forester, Fuels and Lubricants Handbook: Technology, Properties,
Performance, and Testing (ASTM International, USA, 2003), p. 224


https://www1.eere.energy.gov/manufacturing/industries_technologies/nanomanufacturing/pdfs/nanofluids_industrial_cooling.pdf
https://www.uk-cpi.com/case-studies/cooling-of-nanoquenching-fluids-for-the-aerospace-industry

Fabrication of Treated and Untreated m
Coconut Fibre-Reinforced Epoxy-Based i
Composites of Different Fibre Content

and Comparison of Their Tensile

and Flexural Strengths

U. Deka, M. Bhuyan, C. Borah, S. Kakoti, and R. K. Dutta

Abstract The use of natural fibres has found impetus in recent times in place
of conventional composites. Coconut is widely grown in tropical and subtropical
regions. In the present work, an attempt has been made to study the use of coconut
fibre as reinforcements in epoxy-based composites. The tensile and flexural proper-
ties of the coconut fibre-reinforced composite are studied to investigate its external
load-carrying capacity. The quantity of fibre content was varied from 1% by weight,
3% by weight and 5% by weight of coconut fibre. These were employed as rein-
forcements in epoxy resin for both alkali-treated and untreated specimens. Alkali
treatment enhanced the mechanical properties of the composites by providing better
adhesive properties between matrix and fibre. The results revealed that composite
having 3% by weight of treated coconut fibre showed the best tensile and flexural
strength out of all the samples. In the light of these findings, it can be concluded
that coconut fibre-reinforced composites may be used in various domestic, construc-
tion and industrial purposes. However, there is a dearth of research on how to further
enhance their mechanical properties which might help in several applications by also
reducing the quantity of natural waste produced by coconut fibres.
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1 Introduction

A budding environmental consciousness for the need for sustainable development
has burgeoned during the recent years. This, in turn, has promoted interest in using
natural fibres as reinforcements in polymer composites instead of synthetic fibres.
The composites of natural fibres impart stiffness and strength to the product. More-
over, they have numerous advantages like low density, low cost, low energy content,
easy availability and recyclability [1]. Thus, natural fibres can be used to replace
conventional materials like plastic and wood in different structural and non-structural
applications.

Various investigations have been carried out to study the variation of properties
of natural fibres as reinforcements in the polymer. The chemical treatment of the
fibres showed to have enhanced the mechanical properties of the composites [2, 3].
Yan et al. studied how the mechanical and microstructural properties are influenced
by alkali treatment of the fibre-reinforced cement composites [4]. Kumar et al. [5]
prepared composites by taking different weight ratios of coir fibres with epoxy resin.
They then performed tensile, impact and hardness tests on them. Results showed that
the addition of fibres improved the strength of the composite. Comparison studies
have been made on the effects of different types of chemical treatments of the rein-
forced fibres [6]. Biswas et al. [7] found that the length of the fibres also significantly
influences the mechanical properties of the composites such as tensile strength, flex-
ural strength, impact strength and micro-hardness of the composites. Sharifah et al.
studied how the flexural strength depends on the location of high resin density areas
and orientation of fibres [8]. Furthermore, Sumesh et al. [9] studied how temperature
and compression pressure also affected the properties of coconut fibre-reinforced
epoxy composites. The dynamic mechanical properties of these composites have
also been studied [10]. Sarki et al. studied coconut shell-filled composites which
were prepared from epoxy polymer matrix containing up to 30 wt% coconut shell
fillers. The effects of coconut shell particle content on the mechanical properties of
the composites were investigated [11]. Ramaraj et al. studied the poly(vinyl alcohol)
(PVA) composites with 10, 20, 33 and 55 wt% of coconut shell powder, and it was
observed that the introduction of coconut shell powder varies the tensile strength and
affects percentage of elongation, tear and burst strengths, moisture content, density
and swelling capacity [12]. Yuhazri et al. developed a unique bulletproof vest made
of coconut fibre, which provides all the protection that can be found in a regular vest.
It is not only economical but also lighter. As opposed to a traditional bulletproof vest
which weighs about 9 kg, this particular vest weighs only 2 kg and is also less in
cost [13]. Yuhazri et al. utilized coconut fibres in the manufacturing of motor cycle
helmet. They used epoxy resins from thermoset polymer as the matrix materials and
coconut fibres as the reinforcement [14]. Although an extensive study has been done
on the different properties of coconut fibre-reinforced epoxy composites, there is a
bereft of research on how the smallest variations can change the mechanical proper-
ties of the composites as well as devising methods for making these composites more
robust for practical applications. Factors such as curing time also need to be studied
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Fig. 1 Coconut fibres

and expounded. In the present research work, we have carried out the mechanical
and flexural testing of treated coconut fibre and untreated coconut fibre-reinforced
epoxy composite of different compositions.

2 Materials and Method

2.1 Coconut Fibres

Coconut fibres were extracted manually from the husk of Cocos nucifera. The density
of the fibres was found to be 1.2 g/cm?. Figure 1 shows the extracted coconut fibres.

2.2 Resin

In the present investigation, Araldite XIN-100 IN epoxy and Hardener XIN-900 IN,
both supplied by Amazon India, are used.

In the present investigation, the volume percentage of epoxy used with hardener
is 10:1 [5].

2.3 Chemical Treatment of Coconut Fibres

In the present study, the fibres were treated with a NaOH solution. After extraction
of the fibres, they were cut to a length of 3 mm. Then, they were soaked in water for
60 min and were heated at 50 °C until a constant weight was obtained. The process of
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heating was done to ensure that there is no moisture left in the fibres. Some portion of
the total fibres was kept separately as untreated fibres. The other portion was soaked
in a 0.25 M NaOH solution for 60 min. After the alkaline treatment, the fibres were
rinsed with water to extract out the remaining alkali content and again dried at 65 °C
in a hot air oven for 7 h to remove moisture [4]. The treated and untreated fibres were
ready to be used for making composites.

Fig. 2 Tensile test sample

Fig. 3 Flexural test sample

2.4 Composite Preparation

The composites were cast in the mould by hand lay-up process. Cardboard moulds
were prepared according to the ASTM D638 Type I for the tensile test and ASTM
D790 for the flexural test (Figs. 2 and 3). The inside surface of the moulds was coated
with silicon spray for easy removal of the composites from the moulds. The epoxy
resin is mixed with a hardener in the volume ratio of 10:1 with a mechanical whisk
for 5-7 min. The prepared mixture is then poured into the cardboard moulds. The
coconut fibres were randomly placed over the resin. After 20 min, another thin layer
of resin is poured over the fibres. Then, the composites were left to cure for 3 days
so that the fibres were impregnated with epoxy. After the removal of the composites
from their moulds, they were heated at 65 °C for 7 h to eliminate any moisture left
in the fibres [4]. The weight percentage of fibres was varied at 1, 3 and 5% to the
weight of the resin.

2.5 Testing of Composite Material

2.5.1 Tensile Testing

For finding the tensile properties of coconut fibre-reinforced epoxy-based composite
material, an INSTRON-8801 Dynamic Universal Testing Machine was used. Seven
different samples (three untreated and four treated) with varying weight percentages
were tested using this machine shown in Fig. 4.
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Fig. 4 Tensile testing of
composite in
INSTRON-8801

2.5.2 Flexural Testing

For the flexural test, a jig was attached to the INSTRON-8801 Dynamic Universal
Testing Machine. The lower part of the jig was mounted and set according to the
span length before it was attached to the INSTRON machine shown in Fig. 5.

3 Results and Discussion

The results obtained from the tensile and flexural tests are analysed to make a compre-
hensive study on the effect of both treated and untreated fibres in epoxy composites
for 1, 3 and 5% by weight composites.

The various results are given in Tables 1 and 2.

From Fig. 6, it is seen that the composite sample having 3% by weight of treated
coconut fibres as reinforcement material has the maximum strength of 15.06 MPa.
Figure 7 shows that flexural strength is maximum for the composite having 3% by
weight of treated coconut fibres as a reinforcement which was found to be 50.97 MPa.
Both tensile and flexural strength showed improvement on addition of fibres to pure
epoxXy.

The mechanical properties of reinforced composites may be attributed to factors
like adhesive forces between matrix and fibres which ultimately account for the effec-
tiveness of load transfer, orientation, and length of fibres, aspect ratio and inherent
properties of both fibres and matrix [15]. The increase in weight percentage of fibre
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Fig. 5 Flexural testing of
composite

Table 1 Tensile strength of composites with different weight % of the fibre

Sample Weight % of Tensile load, F | Extension Tensile Tensile

the fibre (%) (N) (mm) strength modulus, E

(MPa) (MPa)

Pure epoxy 0 348.70 2.55 7.74 310.78
Coconut fibres | 1 534.71 5.26 11.88 350.53
treated with |4 677.67 1.92 15.06 733.33
NaOH solution

5 512.40 2.79 11.39 447.52
Untreated 1 490.48 2.25 10.90 421.34
coconut fibres | 3 535.20 1.80 11.90 768.11

5 518.90 2.70 11.53 400.00

Table 2 Flexural strength of composites with different weight % of the fibre

Sample Weight % of Flexural load, F | Extension Flexural Flexural

the fibre (%) (N) (mm) strength modulus, E

(MPa) (MPa)

Pure epoxy 0 35.10 5.76 12.19 144.38
Coconut fibres | 1 115.43 5.25 40.08 613.33
treated with | 3 146.80 5.07 50.97 847.24
NaOH solution

5 73.18 4.88 25.40 341.26
Untreated 1 79.61 4.67 27.64 205.52
coconut fibres |5 83.12 6.00 28.86 286.22

5 92.84 5.63 32.24 511.50
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Fig. 6 Comparison of ensile strength comparison chart

tensile strength
s I 1

= Ter

Fig. 7 Comparison of Flexural strength comparison chart

flexural strength 50
S | IH |

in epoxy resin tends to increase the tensile strength. This is mainly due to increased
stress transfer from the polymer matrix to the fibres [16, 17]. But after 3% by weight
of fibre reinforcement, its strength decreases for 5% by weight of fibre reinforce-
ment. This might be because as fibre wt% increases, the binding force and interface
between fibres to resin starts to decrease. This may be due to improper adhesion and
agglomeration of fibres. Moreover, both elongation and tensile strength increase for
composites reinforced with 1% by weight-treated coconut fibres when compared with
pure epoxy, which can imply that it is possible to have such reinforced composites
with both higher strength and flexibility. The trend seen in flexural strength is caused
due to bending and breaking of fibres [18].The flexural strength of untreated compos-
ites increases from 1 to 3 to 5% wt/wt composites. This implies that increased fibre
content resists the bending of the composite. This can be counterintuitive to research
where it has been found that increasing reinforcement can result in poor dispersion
of fibres and the formation of voids resulting in lower flexural strength [19]. Alkali
treatment of fibres helps to reduce the percentage of lignin and hemicelluloses and
increase that of cellulose, thus allowing better stress transfer to the reinforcement
by removing the hydrophilic nature of coconut fibres [5, 20]. Alkali treatment also
makes the breaks the fibres into further smaller fibres, thus increasing the surface
roughness and aspect ratio of the fibres. This improves fibre wet ability and is found
to improve the mechanical properties of the fibres [21]. Tensile strength of treated
fibre-reinforced composite is found to be more than their untreated counterpart for
1% by weight and more significantly so for 3% by weight fibre-reinforced specimen.
The untreated samples have a larger number of voids and weaker bonding than the
treated samples [17] for both 1% by weight and 3% by weight samples. Higher
strength of 1 and 3% wt/wt composites implies complete matrix fusion which facil-
itates fibre permeation and formation of strong fibre/matrix interfacial bonding [5].
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However, alkali treatment does not have a prominent effect on the tensile strength
of composite with 5% by weight of fibre as reinforcement. The flexural strength of
both 1 and 3% wt/wt treated composites is more than their untreated counterparts.
However, the flexural strength of 5% wt/wt untreated composite is greater than that
of 5% wt/wt untreated composite. One reason for this might be damage caused to
fibres due to the addition of NaOH which negatively affected the fibre and resin
adhesive properties.[22]. It is also to be noted that flexural strength also depends on
the orientation and presence of fibre rich areas, which might have been in play here
as well.

4 Conclusion

It was observed that the tensile and flexural properties are influenced by the fibre
content as well as by chemical (alkaline) treatment of the composite. The composite
sample having 3% by weight of treated coconut fibre as reinforced material showed
the highest tensile strength (15.06 MPa) as well as the highest flexural strength
(50.97 MPa). Alkali treatment improved the properties in general, but it did not
show a favourable effect on the properties of a composite having 5% by weight of
coconut fibre as reinforced material. This implies that chemical treatment might not
always enhance the properties of the composites. The elastic modulus was noted
to be following a trend (rate of change) different from that of the maximum tensile
strength. Further investigation is necessary to account for this observation. The influ-
ential design factor is only limited to composition in this particular experiment.
However, more robust design modules are necessary to study the effect of chem-
ical treatment, curing time, the temperature on the properties of composites with
different fibre contents. The future scope of the use of coconut fibres as reinforce-
ments in composites is very wide and can pave the way for the manufacturing of
robust, economical, environmentally friendly and durable alternatives to synthetic
fibre based composites. Moreover, these reinforced composites pave the way to make
use of coconut fibres which are usually discarded as waste products as useful raw
materials for robust materials with excellent properties and strength.
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Number for Manufacturability L
of Polymer Gears
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Abstract Inrecent years, the utility of polymer gear increased tremendously due to
their substitutability over the conventional metallic gear for light load applications.
The gear is subjected to complex working conditions during the meshing; therefore,
manufacturing technique may play a crucial role to produce the gear with high mate-
rial characteristics and dimensional accuracy. The injection molding process is one
of the most useful techniques for mass manufacturing of the plastic parts and gear as
well because this process offers lower production cost and superior profile accuracy.
However, the injection molding product may contain some common defects, namely
weld line, shrinkage, residual stress, deflection, etc. This study emphasized to find out
the best gate location and gate number for the spur gear made of KEPITAL®F20-03
material. A set of designs and locations of the gate have been studied using molding
software with the aim to minimize molding defects. The result shows that the polymer
gear with four-gate central injection system (CIS) possessed better weld line location,
the maximum value of minimum weld line meeting angle of 13.292°, the minimum
value of maximum von Mises residual stress of 118.352 MPa and maximum weight
of 11.57 g. However, the polymer gear with two-gate CIS possessed minimum value
of maximum volumetric shrinkage of 14.454% and deflection of 0.26 mm.
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1 Introduction

The metallic gears are being used since a century ago to transfer the power from
driving shaft to driven shaft. In recent decades, these metallic gears are replaced by
polymer gears for light load applications. Since, polymer gears offer low weight,
low cost, self-lubrication, noiseless operation, high corrosion resistance, high accu-
racy, high efficiency and design freedom [1]. Therefore, replacing the metallic gear
from polymer gear can reduce 70% mass, 80% inertia and up to 9% fuel consump-
tion [2]. Due to these advantages, polymer gears are used in automotive applica-
tions, household machinery, food and textile industries [3]. The polymer gears are
manufactured using an abrasive water jet, milling, shaping, hobbing and injection
molding machine. Out of these machines, the injection molding is mostly used to
manufacture the polymer gear. Because this machine converts plastic pellets and
plastic powder into finished gear with a superior surface feature, low production
cost, high-dimensional and profile accuracy. However, the injection-molded gear
may contain defects like weld lines, air traps, shrinkage, residual stresses, deflec-
tion, etc. The weld lines are formed when two different fluid streams flowing in the
opposite direction and meet together due to geometrical constraints in the mold. The
meeting flow fronts might have different temperature and different meeting angle.
Due to this, weld lines may contain anisotropic material properties, which can be a
cause of failure. Therefore, meeting flow fronts should have a minimum tempera-
ture difference and maximum meeting angle. Imihezri et al. [4] have increased the
gate number from one to three, the number and length of weld lines increased in
V- and X-type rib clutch pedal made of polyamide. Similarly, Zhaoet al. [5] have
reported the minimum number of weld lines formed in the inner decoration part of
the automobile with a single gate. Therefore, the formation of weld lines depends
upon gate number, and it should be optimized. In polymer gear, the weld lines are
hazardous if these appear at flank, face and a tip portion of gear teeth. Since these
portions of teeth are subjected to severe mechanical and thermal loading during the
meshing of gear. The volumetric shrinkage is a volumetric contraction in the cavity
volume of injection molded part subjected to the cooling process. In the cooling
stage, the specific volume of polymer reduces and causes contraction in part dimen-
sions. If the reduction in a component is greater than the acceptable tolerance limit
of part, it causes a huge loss to the manufacturer. Mehat et al. [6] have compared gear
shrinkage in PA66-GF and recycled PA66-GF. They found gear shrinkage depends
56% on blending ratio, 24.1% on mold temperature and 10.6% on cooling time.
Yoon et al. [7] have reported a 9% improvement on shrinkage of P-type gear than
S-type gear at pressure released time of 4 s. Similarly, Wang et al. [8] have minimized
POM micro-gear shrinkage to 0.06% by optimizing process parameters. In shrinkage
of micro-gear, packing time was the most influenceable parameter with a 32.47%
contribution. Taifor et al. [9] have analyzed that volumetric shrinkage increased as
long as melt temperature increased; however, it decreased as the mold temperature
and packing time increased. The residual stresses are the process-induced stresses
frozen in the molded parts. The residual stresses influence the polymer part in a
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similar way to externally applied mechanical and thermal stresses. If, the magnitude
of the induced residual stresses becomes higher than the material strength causes
part either to change shape or crack generation. These stresses are flow-induced
residual stresses and thermal induced residual stress. However, the magnitudes of
flow-induced residual stresses are usually less than the thermal-induced stresses.
Shruik et al. [10] have found that in cooling stage, the skin of polymer parts cool
instantly and solidify while the core remains in a molten state. As cooling continues,
the core heat transfer through a solidified outer surface of parts which act as a barrier
in heat transfer. Due to non-uniform temperature distribution between the core and
skin of parts, compressive stresses at the skin and tensile stresses at the core region
were reported. Similarly, Siegmann et al. [11] have noticed that the compressive
stresses at surface and tensile stresses at the core of part. Moreover, Isaza et al.
[12] have found that mold and melt temperature as the most significant parameter
to control the residual stresses. Huang et al. [13] have observed a thinner portion of
SD card cools easily because less heat accumulates in this region but prone to high
residual stress, which causes the polymer part to deflect more.

2 Numerical Study

2.1 Polymer Gear

For the study, an involute profile spur gear was used as model. It was designed with
Solidworks 2014 (Fig. 1). The gear dimensions are given in Table 1. The keyway
of dimensions 10 mm x 3 mm x 2 mm was provided to fix the gear with a shaft
of 12 mm diameter. The numerical analysis was performed using CIS and surface

Fig. 1 Gear model
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Table 1 Gear dimensions

Dimensions Values
Module (mm) 3
Number of teeth 12
Face width of gear tooth (mm) 10
Pressure angle (°) 20
Tip diameter (mm) 42

Fig. 2 Gear mesh

injection system (SIS). In both types of injection system two, three and four gates

were employed alternatively.

2.2 Polymer Material

In this study, KEPITAL F20-03, Acetal (POM) copolymer material was used. This
is a medium viscosity grade thermoplastic material manufactured by Korea Engi-
neering Plastics Co. Ltd. for general-purpose injection molding applications [14].
The molding condition and properties of KEPITAL F20-03 are shown in Table 2.
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Table 2 POM properties [14] Property name Properties
Material structure Crystalline
Melt temperature (°C) 165
Melt density (g/cc®) 1.41
Melt mass flow rate (g/10 min) 9

2.3 Injection Moulding Process Parameters

Injection molding process parameters were fixed on the basis of material datasheet
of KEPITAL F20-03 [14] and the study carried out by Ramakrishna et al. [15]. The
numerical analysis was performed using gate diameter 1 mm, injection time 1.75 s,
injection pressure 100 MPa, melt temperature 180 °C, packing pressure 100 MPa,
packing time 25 s and cooling time 20 s, air temperature 25 °C, injection volume 8.
58267 cc® and ejection temperature 114.8 °C.

2.4 Tools and Outcomes

Gate location and gate number effect evaluated to minimize molding defect (weld
lines, volumetric shrinkage, residual stress and deflection) on POM gear. Mesh type
used was “mixed 3D mesh” (Fig. 2). Gear model consists of 1,949,807 solid elements.
The best gate location and best gate number for gear were determined numerically
using the “fill-pack-warp” analysis sequence.

3 Results and Discussion

3.1 Weld Line

In gate location and gate number analysis, 272, 274 and 364 weld lines were formed
in gear with three-gate SIS, two-gate SIS (Fig. 3a) and four-gate CIS (Fig. 3b),
respectively. Therefore, gear with three-gate SIS contains a minimum number of
weld lines. However, in all types of SIS, long weld lines were formed on the face and
flank of four teeth which would produce anisotropic material property at those teeth.
This may encourage early fatigue and wear failure of gear teeth. The maximum value
of minimum flow front meeting angle of 13.292° was found in gear with four-gate
CIS followed by 9.639° and 7.085° with two-gate CIS and two-gate SIS, respectively.
Moreover, gear with two-gate CIS contains weld lines with the maximum flow front
meeting angle 134.99° resulting in better mechanical strength but concentrated weld
lines at two teeth lead to failure of the gear part. Therefore, in injection system
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Fig. 3 Weld line distribution on gear with (a) two-gates CIS and (b) four-gates CIS

analysis, the gear with four-gate CIS contains 374 weld lines, maximum of minimum
flow front meeting angle and five teeth which were affected by small weld lines. These
can be further minimized by optimizing the process parameters.

3.2 Volumetric Shrinkage

In this study, the minimum value of maximum volumetric shrinkage of 14.454% and
the minimum value of average volumetric shrinkage of 5.59% were found at the end
of packing stage in gear with two-gate CIS (Fig. 4). Similarly, the minimum value of
maximum volumetric shrinkage of 17.358% was also obtained at the end of cooling
stage in gear with two-gate CIS. A larger value of maximum volumetric shrinkage
may indicate the chances of sink mark and voids inside the cavity. However, no
voids were found inside the gear cavity. In a 35.618% portion of gear, small amount
of positive sink mark was observed with the maximum value of 0.059 at a thicker
section; moreover, in remaining portion, negative sink marks were observed with a
value of —0.0008 at teeth and surface of the gear. Positive sink mark indicates that
more packing pressure is required at the thicker section, whereas negative sink mark
indicates over packing of teeth and surface of gear.

The minimum value of volumetric shrinkage was observed in gear with two-gate
CIS because this injection system provided lowest average temperature of 85.10°C
and highest average pressure of 35.087 MPa at the end of packing stage. Further, it
produced the highest average polymer density (Fig. 5) of 1.348 g/cc at the end of
packing stage and 1.391 g/cc at the end of cooling stage. The maximum volumetric
shrinkage was also found at thicker section of gear with all types of injection system.
This is due to the accumulation of heat at that section. As the polymer possesses
lower thermal conductivity, therefore, surface of polymer cools easily while the core
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remains hot and provides enough time to achieve a highly oriented structure at the
core [10]. The effect of gates location and gates number on the maximum volumetric
shrinakge of gear are shown in Fig. 8.

3.3 Residual Stress

In this study, the minimum value of maximum thermal induced von Mises stress
and minimum value of average thermal induced von Mises stress were found as
14.989 MPa and 37.284 MPa in two-gate CIS (Fig. 6). Similarly, the magnitude



78 B. S. Solanki et al.
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of 118.352 MPa and 38.03 MPa were found in four-gate CIS, respectively. The
minimum von Mises stress was found in two-gate CIS because this injection system
provides a minimum average temperature of 85.108°C and minimum average volu-
metric shrinkage of 5.593% at the end of packing stage. The effect of gates location
and gates number on residual stress are shown in Fig. 9.
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3.4 Deflection

In this study, the minimum value of maximum deflection of 0.26 mm found at tip of
gear teeth in two-gate CIS (Fig. 7) followed by 0.272 mm in three-gate CIS. However,
the minimum value of average deflection in two-gate and four-gate CIS was found
as 0.204 mm and 0.212 mm, respectively. The minimum deflection was observed
at a thicker section of gear, while the maximum deflection was observed in teeth of
gear with all the six analyzed injection system. The maximum deflection was found
at the tip of gear teeth because this zone has a larger surface area to transfer heat in
comparison to a thicker section, where large heat accumulates. Therefore, gear teeth
solidify easily but the thicker section of gear remains hot, which causes tensile stress
at a thicker section and compressive stress at the tip of teeth. As gear teeth have low
rigidity than thicker sections, these stresses produce more deflection at teeth [10].
The effect of gates location and gates number on deflection of gear are shown in
Fig. 10.

4 Conclusions

The gate location and gate number play a significant role in the manufacturing of
polymer gear. In this study, the numerical analysis was performed to observe the effect
of gate location and gate number on manufacture ability of high-quality polymer gear.
The following conclusions can be drawn from the present study:

e The minimum number of weld lines found in gear with three-gate SIS; however,
the maximum value of minimum flow front meeting angle observed in gear with
four-gate CIS.
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e The minimum volumetric shrinkage and residual stress found in a thicker section
of gear with two-gate CIS; moreover, the minimum deflection of 0.26 mm also
found at teeth of same gear.

The gear with two-gate CIS contains minimum volumetric shrinkage, residual
stress and deflection, but many weld lines were formed at gear teeth, which would
degrade the strength. However, the gear with four-gate CIS contains minimum weld
line at gear teeth; hence, this can be recommended for future work.
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Fuzzy-PID Control of Hydro-motor )
Speed Used in Heavy Earth Moving ek
Machinery

Shivdutt Sarkar, Mohit Bhola, Harsha Rowdur, and N. Kumar

Abstract Hydrostatic transmission (HST) system is widely used in the Heavy Earth
Moving Machineries (HEMM). The hydro-motor used in the HST system provides
the rotary motion for their traction, swing or other functions used in HEMM catering
to different load profiles. This causes continuous variation in speed of the hydro-
motor which reduces the efficiency of the HST system. Hence, controlling the speed
of the hydro-motor is very much indeed. Constant speed of the hydro-motor can be
achieved by controlling the input flow of it. Input flow can be controlled by control-
ling the displacement of the variable displacement hydraulic pump or by varying the
flow through a proportional directional control valve (PDCV). The main objective of
this research work is to design the PID controller which regulates the input flow to the
hydro-motor so that the speed of the hydro-motor remains constant irrespective of the
varying external load. To increase the PID controller performance, fuzzy control algo-
rithm has been employed using MATLAB/Simulink environment. The main function
of the fuzzy controller is to online tune the PID parameters which increase the perfor-
mance of the drive. Comparison has been drawn based on the results obtained using
Fuzzy-PID controller to the simple PID controller. The results show that Fuzzy tuned
PID controller provides minimum settling time and less overshoot when compared
to simple PID controller.

1 Introduction

In HST fluid power is used as a medium to transmit the mechanical energy at the
input shaft of the pump to the output shaft of the hydraulic motor. The main reason
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for the deployment of HST system is due to its high power to weight ratio, step-
less speed variations, and stable control. Essentially, an HST system can be of two
types: one is closed circuit and another one is open circuit. The hydro-motor (rotary
actuator) used in the HEMM provides the rotary motion for their traction, swing or
other operation used in HEMM catering to the different load profiles during their
operation. The speed of the hydro-motor is achieved by controlling the input flow to
it. Input flow to the hydro-motor can be controlled in 3 ways:

e By controlling the displacement of the Hydraulic Pump (VDP).

e By controlling the speed of the pump with the help of variable frequency drive
(VFD)

e By varying the flow through a proportional directional control valve (PDCV).

In fact, there are many types of controllers that exist in practical to get the desired
output. These controllers calculate the error and nullifies it to provide the desired
output. In this paper, an open circuit HST system is considered which comprises a
hydrostatic pump, directional control valves, pressure control valves, and the hydro-
motor. The speed of the hydro-motor is controlled irrespective of the load using
PID control. The parameters of the PID need to be tuned “on-line” depending on
the operation situation. Perfect tuning of the PID coefficients can make the system
stable and efficient. For this, fuzzy logic controller (FLC) serves the purpose. In this
regard, some of the recent works carried out on hydro-motor speed control by the
eminent researchers have been discussed.

Yang et al. [1] made a comparative study on PID control and fuzzy control of
the hydro-motor speed of an HST type wind turbine. The hydro-motor speed is kept
almost constant by controlling the input flow at the two hydro-motors with the help of
fuzzy controller. It is concluded that better dynamic response can be achieved using
FLC compared to PID controller. Sailan et al. [2] presented modeling, design and
implementation of steering system by using fuzzy-PID controller on an automated all-
terrain vehicle (ATV). Steering wheel angle and brake pedal are the input parameters
used to control the spool movement of the built-in proportional valve. Depending on
the movement of the spool, the flow entering into the hydro-motor will increase or
decrease which results in the change in speed of the hydro-motor.

Similar sort of work was carried out by Tran et al. [3] used fuzzy self-tuning PID
controller for investigating the speed stability of the shaft. Another research carried
out by Xu et al. [4] studied the control system of the coordinate controller of the fin
stabilizer used in marine applications by using two electro-hydraulic proportional
pumps. The work carried out by Varshneyet al. [5] has found that there is reduction
in fluctuation of brushless direct current (BLDC) motor speed up to 50% and 80%
during suddenly and gradual removal of load, respectively. This gets possible with
the incorporation of the fuzzy-PID controller over traditional PID control algorithm.

Barai et al. [6] carried out his research on hydraulically actuated hexapod robot
and its motion is effectively controlled using fuzzy logic tuned PID controller. It has
been found that the fuzzy logic controller is also suitable for nonlinear plants like
electro-hydraulic servo systems which have many non-linearities associated with it.
Sinthipsomboon et al. [7] proposed a combination of fuzzy -PID or simple FLC for



Fuzzy-PID Control of Hydro-motor Speed Used ... 85

the hydro-motor speed control in servo electro-hydraulic systems (SEHS) depending
on the deviation in the resulted error. In case of potential boom energy recovery of
the hybrid excavator using a fuzzy-PID control system was performed by Dai et al.
[8]. Fuzzy tuned PID control is used to work the generator in its most efficient zone.
Results obtained with the fuzzy-PID control are more accurate when compared to
results obtained through only PID controller.

Based on the above literature works, FLC is used to tune the PID parameters
for the robust development of the controller according to the motor speed error
and its derivative. Fuzzy-PID controller provides better performance and greater
adaptability for the control system. In this respect, the current research work is
focussed on controlling the speed of the hydro-motor using PID whose parameters
are tuned by FLC.

2 Proposed System

As per the test setup figure (a), The primary objective of the current work is to
control the hydro-motor speed by using Proportional Directional Control Valve
(PDCV). Referring to Fig. 1, The electric motor drives a fixed displacement pump.
The hydraulic fluid from the main pump flows to hydro-motor through a PDCV. To
control speed of hydro-motor, solenoid controls the displacement of the DCV spool

—— Control Signal
Hydraulic Line [Homs

—— Control Signal

loading unit = Hydraulic Line

LOADING SECTION

controller
(a) (b)

Fig. 1 Schematic diagram of a proportional DCV control HST system and b pump control HST
system
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along its axis. Thus, by varying the orifice area, the amount of fluid flowing through
hydro-motor is controlled. The stroke of spool is dictated by a PID controller working
in a closed loop with angular velocity as feedback signal. And for linear and better
control of the PID parameters, fuzzy logic is used.

Figure (b) proposes another possible way of controlling the hydromotor speed by
controlling the flow discharged by the pump. In this case, the main pump used is the
VDP. A VDP is driven by an electric motor, fluid from pump flows to hydro-motor
via a flexible hydraulic hose. A pressure relief valve is incorporated to prevent the
damage of system in case if pressure rises above its set point. A rotating load is
attached to the hydraulic motor shaft. Electric motor is rotating at a fixed angular
speed. The main flow from the VDP is controlled by regulating the swash plate angle.
By varying the swash plate angle the volumetric displacement of pump is varied. By
varying the volumetric displacement, amount of fluid flowing to the hydraulic motor
is varied according to the requirement. For continuously varying load the swash plate
angle needs to be changed accordingly. For this purpose, a Fuzzy-PID controller with
angular velocity feedback is provided. The Fuzzy PID controller is tuned to give the
best results in terms of angular velocity by continuously changing swash plate angle
accordingly.

3 Mathematical Modelling of the Proposed System

The angular velocity of motor shaft can be calculated using this equation according

to the specifications and working conditions.
Wy = f (PI_PZ)Dm;Mload_Mloss 1.

Equations Used for Speed Control of Hydro-motor Through Proportional
DCV
Inlet and outlet flow across the hydro-motor is defined by

Q UdP1+D +P1—P0 (2)
1= 75— 'mWp
/3 de Rleakage
P, — P, dpP
Q2=men—g—£—2 (3)

Rleakage .8 dr

Equations of flow through proportional DCV are derived from the application of
flow continuity through the orifices of valve and can be given as

2

Q1 = Cqwxy (1), | ;(Ps - Pp) €]
2

Q2 = Cawx,y (1), | ;(Pz — Py) &)
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Here, Cy is discharge coefficient, x,(¢) is spool displacement,
Similarly, pressure across the hydro-motor defined below

pP,— P,
Po=L [ Dy, - 28 g, ©)
%) Rleakage
(P — P,)
ﬂ=ﬁ/@—mw—4—i— (7)
V1 Rleakage

Equations Used in Speed Control of Hydro-motor Using Variable
Displacement Pump

Inlet and outlet flow of the hydro-motor is defined by considering port valve resistance
at the inlet port of hydro-motor.

Py — Py n Vdp,
Rlea.kag :3 dr

P - P
Rvi

Dpwp = Qou + ®)

Qout = (9)

Similarly, pressure across the hydro-motor defined with considering external
leakage and port valve resistance

P—P, P,—P
&=ﬁ/(' 22 O—m%) (10)
Vv RVI Rleakage
P —P, P —P
P]:é/(Dpwp— : 2— : O> (11)
\% RVI Rleakage

4 PID Controller

The structure of the (Proportional Integral and Derivative) PID control algorithm
used for the angular velocity control of HST system is given below.

de(?)
dt

u(t) =kp.e(t) +k; }e(t)dt + kg (12)
0

The initial tuning of the PID control parameters was made based on the Ziegler—
Nichols tuning method and the gain coefficients are K, = 0.04, K; =0.75 and K; =
0.001. Likewise, in Fig. 1b for pump control HST system values of PID parameters
are Kp = 5, K] =2 andKD =0.5.
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5 Design of the Fuzzy-PID Controller

The basic schematic structure of the fuzzy-PID controller and rule base is shown in
Figs. 2 and 3 respectively. The inputs for the fuzzy block are the speed error ‘e(r)’
and the time differential of the speed error ‘de()/dt’. These parameters generate the
tuned PID controller coefficients.

Membership Function of Input and Output of Fuzzy-PID Control
in MATLAB/SIMULINK

Fuzzy Rules to Calculate the Coefficients of the Parameters of the PID
Controller

Figure 4 provides the logic for the calculation of the coefficients of the PID controller.
The range of PID parameters based on the speed error and its rate is defined.

Fuzzy logic

e(t) >

»
de(tydt

Sctpoin [
Demand_—. PID controller
eyl o {A'v- K. K Hydro-motor —E’

Measurement

'
N

Fig. 2 Self-tuning parameter fuzzy-PID control structure

Ay

{a) ih)

Fig. 3 Membership function for a proportional DCV control system and b variable displacement
pump control
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Fuzzy rules for Praportional gain (Kg) Fuzzy rules tor integral gain (Kp) Fuzzy rules for derivative gain (Kp)

e A¢ NB1|Ns1|z1|Ps1 PB1 e ‘| NB1 | NS1|z1 |ps1 |PB1 P N NB1 |NS1| Z1 |PS1|PB1
NB|(VB |VB |B |B M NB| V51 | V81|81 (M1 | M1 NB| M2 |82 |VS2|M2 | M2
NS |V B B |M |8 NS | V51 |51 M1 | M1 | Ml NS | M2 |82 |82 |s2 (M2

Z B M M| M S Z S1 S1 M1 | Bl Bl Z M2 |82 82 82 | M2

PS |B M S |8 Vs Ps | 51 M1 [ Ml | Bl VB1 PS | B2 |M2 |M2 |M2 |B2

PB M |8 8 |VS [Vs PB [ M1 (M1 |Bl1 |VB1|VB1||PB | VB2|B2 M2 |B2 | VB2

Fig. 4 Fuzzy rules calculated for online tuning of PID parameters

6 Simulation Work and Results

The simulation work has been carried out on MATLAB/Simulink is discussed below.

6.1 MATLAB/SIMULINK Model of the Fuzzy-PID Control

Test Setup for Proportional (DCV) Control

Figure 5 shows the hydraulic circuit developed for the HST drive operated by PDCV
developed in MATLAB Simulink environment. Hydro-motor speed error and its rate
are the input parameters fed to fuzzy system in order to optimize the PID parameters
for better response and control of the hydro-motor speed.

Figure 6 shows the actual speed response with demand speed using conventional
PID and FuzzyPID controller tuned by applying Ziegler—Nichols method. It has

Inlet pressure

DOV spool Displacement  Orifice of DCV = Orifice of DOV Outlet pressure

speed

Proportional DCV subsystem

PFID
Controller

Hydro-motor subsystem

Proportional gain

integral gain

Derivative gain

Fuzzy output

——= demanad

— | Signal Builder

Hydro-motor

Fuzzy tuned input for PID control subsystem

speed

= Actual

Fuzzy input

Fuzzy input Subsystem

Fuzzy Logic

Controller

Fig. 5 Proposed MATLAB/SIMULINK model of proportional DCV control system
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Fig. 6 a Hydro-motor load-torque versus time, b pressure difference across hydro-motor versus
time

been observed that there is a significant amount of oscillations during step demand
of the speed. After 2.27 s, the load on the hydro-motor varies results in fluctuation
of the speed at the time 4.1 and 4.6 s, respectively. So, to minimize the settling time,
overshoot and making the system linearly more stable conventional PID is tuned by
fuzzy logic.

The comparison has been made between the conventional PID controller and
fuzzy-PID controller. It has been observed that there is a significant reduction in
settling time and overshoot in the speed response of the hydro-motor using fuzzy-PID
controller.

Load and Pressure Varying Graph with Time
The pressure difference across the hydro-motor at different load and speed are shown
in Fig. 6. As the graph shows when the load varies, inlet pressure Pjincrease at the
same time outlet pressure P, decrease. Because when P increase then inlet flow will
decrease, hence to retain the flow across the motor the pressure P, decreases.
Figure 7 represents the comparison in response to the hydromotor speed variation
when system is employed under conventional PID and Fuzzy-PID controller. The
blue line represents system response with conventional PID control and red line
with Fuzzy-PID control. From the graph, it can be observed that the peak rise time
and settling time of the PID control is high compared to fuzzy-PID control. Hence,
fuzzy-PID control is more efficient and better in response compared to PID controller.

6.2 MATLAB/SIMILINK System Model of Fuzzy-PID
Control Test Setup for Pump Control

Figure 8 shows the hydraulic circuit developed for the HST drive operated by control-
ling the displacement of the VDP developed in MATLAB Simulink environment.



Fuzzy-PID Control of Hydro-motor Speed Used ...

91

[ETE SR A
o _.C ; Demand
T ——PID
. Fuizy PID
40— T
a4
1204 T !
)
=
= 100 4
&, Ll / L
L .
'§- s0+ r 4
- \ S |
§ ? MO 5 } T \v__.
E ' - o B
é e || \ o 7(....\&_.,(.-.\.;--
= an b an -4
=, ]
= 20 4+ - 204
g7 iy gy s g g o I_:” ,3". |i.u 431"
0 } } } } {
0 1 2 4 5

i 3
Time (s)

Fig. 7 System step response for the Fuzzy-PID control
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Fuzzy Input Subsystem

=

SPEED

Fuzzy Logie
Controller

Fig. 8 Proposed MATLAB/SIMULINK model of variable displacement pump control system

Hydro-motor speed error and its rate are the input parameters fed to fuzzy system in
order to optimize the PID parameters for better response and control of the hydro-
motor speed. Flow coming out the VDP is regulated based on the demand of the

hydro-motor speed.

From Fig. 9 it can be observed that response of the system following a first-order
system and fuzzy-PID controller is having better response compared to PID control
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Demand speed
5004 Actual Speed with PID
Actual sneed with FuzzvPID
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Time (s)

Fig. 9 System step response for the Fuzzy-PID control

system. Peak rise time and time required to achieve SteadyState has been shown in
zoomed portions.

Load and Pressure Varying Graph with Time

Figure 10 shows the actual speed response with demand speed using conventional
PID and Fuzzy-PID controller and it has been observed that there is a significant
reduction in settling time and overshoot in the speed response of the hydro-motor
using fuzzy-PID controller. The pressure loss between inlet pressure (P) and inside
pressure of hydro-motor (P5) is due to port valve resistant, nearly about 2 bar. Both
test setup performed at the same load of hydro-motor used in proposed model and
result has been found that the response time of VDP control system is more than
Proportional DCV control system.

7 Conclusion and Future Work

This manuscript mainly focuses on the controlling the hydro motor speed irrespective
of change in external load torque and speed demand. This is accomplished with
the help of PID controller and fuzzy-PID control. The comparative analysis has
been drawn based on the simulation results obtained from MATLAB Simulink
environment. From the above performance of Proportional(DCV) control system and
variable displacement pump control (VDPC) system. It has been concluded that the
speed response of hydro-motor is precisely controlled by fuzzy-PID controller when
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Fig. 10 Comparison between actual and demand pressure

compared with PID controller. The response of fuzzy-PID controller is much better
than PID controller in sense of various parameters like settling time, overshoot and
achieving the steady-state. Hence, it is much necessary for the online tuning process
of the PID parameters using fuzzy logic control, for smooth control of hydro-motor
for varying speed and load profiles. Due to irrespective change in external load torque
and speed demand of an HST system its stability, efficiency, accuracy & production
getting affected so this paper proposed a novel control system to control the all
these following parameters like Delay time, Rise time, Peak time, Time constant,
Settling time and Maximum overshoot as well that could optimize HST system at
any circumstances.

Appendix Factors

4.45¢-6 m>/rad Displacement of Hydro-motor (D,;,)

350e5 Pa Constant pressure supply by pump (P;)

0Pa Atmospheric Pressure (pressure of tank) (P,)
1e9 Pa The bulk modulus of oil (8)

0.001 kgm? Inertia load at Hydro-motor output shaft (J)
0.0l m Valve gradient (W)

0.8e-3 m The maximum opening width of Valve (x,(t))
1000 Filter coefficient (V)

1e12 n-s/m> External leakage (Reakage)

(continued)
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(continued)
Appendix Factors
lell n/m’ Bulk stiffness (£)
0.019 kgrn2 Inertia due to viscusfriction (Mgss)
16e-10 n-s/m’ Port valve resistance
VS Very small
S Small
M Medium
B Big
VB Very big
NS Negative small
NB Negative big
Z Zero
PS Positive small
PB Positive big
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Phase Change in an Enclosure Under m
Different Combinations of Boundary L
Wall Condition: A Numerical Study

Bhaskar Ranjan Tamuli, Sujit Nath, and Dipankar Bhanja

Abstract The research presented here studies heat transfer process in phase change
material (PCM) in an enclosure under three different combinations of boundary
heated surface. Isothermal conditions were imposed at the boundary, with adjacent
sides and opposite sides heated. Numerical techniques were implemented to solve
the governing equation employing “effective heat capacity” method for modelling
of the phase change. The fastest melting was observed for adjacent heating walls,
approximately 28.08 and 13.79% faster than other two. It was observed that natural
convection is the main reason driving the pace of melting and has different impacts
under different conditions. Natural convection is not significant while providing
heat through vertical walls which also corresponds to slowest response time. The
natural convection is also responsible for the wave-like shape attained by the solid—
liquid interface. The pattern of melting signifies a symmetric melting pattern for the
vertically heated sides.

Keywords Phase change material - Effective heat capacity - Melt fraction

Nomenclature

¢p  Specific heat of PCM (kJ/kg K)

g  Gravitational acceleration (m/s?)

Ly Latent heat of fusion (kJ/kg)

k  Thermal conductivity of PCM (W/m K)
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Pressure (Pa)

Temperature (K)

Melting temperature (K)

Time (s)

Velocity (m/s)

Coefficient of thermal expansion (1/K)
Melt fraction

Viscosity of liquid PCM (Pa s)
Density of fluid (kg/m?)
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1 Introduction

Flexibility in energy usage is one of the desired qualities for a better energy security.
Unlike other forms of energy, heat energy dissipates continuously and is difficult to
store. This problem is countered by energy storage systems which essentially stores
energy in the form of sensible or latent heat. Latent heat energy storage (LHES)
is more suitable than sensible energy storage due to its higher volumetric energy
density [1]. Phase change material (PCM) has been quite commonly used for the
purpose of energy storage and more research is now being focused in it. Apart from
energy storage, it has found different applications in the fields of electronic cooling,
solar PVT, building integrated cooling system, space heating, etc. [2, 3].

Heat transfer in enclosures has been widely studied as it resembles many engi-
neering problems e.g. solar energy collection, geothermal applications, reactor
cooling, insulation systems, etc. [4]. Natural convection plays a crucial role in the
convection inside these enclosures. Enclosures filled with PCM are also studied
by different researchers over the years. Experimental investigation on a rectangular
enclosure with lauric acid was investigated by Kamkari et al. [5] on the angular orien-
tation and reported that decrease in angular placement with horizontal enhances the
chaotic flow resulting in the formation of Benard convection cells. Enclosure with
PCM was also studied widely and one such numerical study is performed by Fadl
and Eames [6] with a different heat flux applied to one boundary. Most of the PCM
suffers the disadvantage of low thermal conductivity. Different techniques have been
employed to tackle this problem such as inserting of metal fins, nano-particles and
wire mesh. The phase change process can be subdivided into four stages: conduction,
transition, strong convection and weak convection. Experimental study by Shokouh-
mand and Kamkari [7] reported that the convection intensity decreases with the
evolution of melt front. Though conduction is equally dominant in phase change
phenomena, it is the buoyancy-driven natural convection which is responsible for
interface shape and the melting rate. The melting rate seems to be affected by hori-
zontal fins with different lengths attached to a PCM enclosure. Compared with equal
length fins, decreasing fin length ratio increases the melting rate and the melting
time is reduced significantly. The melt front propagation is subjected to the boundary
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condition applied and it greatly affects the heat transfer and flow physics. For latent
heat storage (LHS) system incorporating PCM, the natural convection plays an impor-
tant role in charging rather than discharging [8]. Hence, understanding the details
of natural convection and its variation with different applied boundary conditions is
of extreme importance. Impact of natural convection in an enclosure with PCM is
related to metal structure through which heat is provided and its orientation. Loca-
tion of the applied heated surface has been varied in a study by Dadvand et al. [9]
at three different locations and their result signifies that placing of heated surface at
top promotes high melting rate.

The above-mentioned literatures provide the evidence that natural convection
plays an important role in the melting process and it is applicable only after the liquid
phase is attained. This work presents a comparison of three different orientations of
boundary conditions in a view to study the natural convection induced in the process.
Observation of the melting pattern and the set-up of natural convection under the
influence of boundary conditions is the prime focus in this study. This is aimed to be
achieved by numerical techniques employing suitable models.

2 Physical Model

Figure 1 shows a schematic diagram of the different cases studied in the presented
paper. A square enclosure with the dimensions H = 0.05 m is filled with a phase
change material. Isothermal boundary condition is applied at the boundary of the
enclosure. Three cases are studied here, where the isothermal conditions are applied
in three different ways. In Case 1, two adjacent sides are kept at constant temperature
while the other two are maintained at adiabatic condition. In Cases 2 and 3 being
similar, isothermal boundary condition is implemented at two opposite sides. In
Case 2, two vertical sides are maintained in isothermal condition whereas same
situation has been made for two horizontal sides in Case 3. Natural convection set
up differently according to spatial position. Therefore, above-mentioned cases have

H H |1 PCM : H PCM
*
T 1
I ¥ Heat Source
Heat Source Heat Source
(a) Case 1 (b) Case 2 (c) Case 3

Fig.1 Schematic representation of the enclosure studied
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Table 1 Thermo-physical . . . ..
Specific heat ty (kJ/kg K) |2.18 (solid)—2.39 (liquid

properties of lauric acid [10] pecific heat capacity (ki/kg K) (solid) 9 (liquid)
Density (kg/m>) 940 (solid)—885 (liquid)
Thermal conductivity (W/m K) | 0.16 (solid)—0.14 (liquid)
Viscosity (Pa s) 0.004

Latent heat of fusion (kJ/kg) 187

Thermal expansion coefficient | 0.0008
(1/K)

Melting tempera