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Preface

The 10" International Conference on Sustainable Energy and environmental Protection —
SEEP 2017 was organised on June 27 — 301 2017 in Bled, Slovenia, by:

e Faculty of Chemistry and Chemical Engineering, University of Maribor,
Slovenia,
e University of the West of Scotland, School of Engineering and

The aim of SEEP2017 is to bring together the researches within the field of sustainable
energy and environmental protection from all over the world.

The contributed papers are grouped in 18 sessions in order to provide access to readers
out of 300 contributions prepared by authors from 52 countries.

We thank the distinguished plenary and keynote speakers and chairs who have kindly
consented to participate at this conference. We are also grateful to all the authors for their
papers and to all committee members.

We believe that scientific results and professional debates shall not only be an incentive
for development, but also for making new friendships and possible future scientific
development projects.

General chair
Emeritus Prof. dr. Jurij Krope

Ky
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Plenary Talk on
The Relation between Renewable Energy and Circular
Economy

ABDUL GHANI OLABI - BIBLIOGRAPHY

Prof Olabi is director and founding member of the Institute of
Engineering and Energy Technologies (www.uws.ac.uk\ieet) at the
University of the West of Scotland. He received his M.Eng and Ph.D.
from Dublin City University, since 1984 he worked at SSRC,
HIAST, CNR, CRF, DCU and UWS. Prof Olabi has supervised
postgraduate research students (10 M.Eng and 30PhD) to successful
completion. Prof Olabi has edited 12 proceedings, and has published
more than 135 papers in peer-reviewed international journals and
about 135 papers in international conferences, in addition to 30 book
chapters. In the last 12 months Prof Olabi has patented 2 innovative
projects. Prof Olabi is the founder of the International Conference on Sustainable Energy
and Environmental Protection SEEP, www.seepconference.co.uk

He is the Subject Editor of the Elsevier Energy  Journal
https://www.journals.elsevier.com/energy/editorial-board/abdul-ghani-olabi, also
Subject editor of the Reference Module in Materials Science and Materials Engineering
http://scitechconnect.elsevier.com/reference-module-material-science/  and board
member of a few other journals. Prof Olabi has coordinated different National, EU and
International Projects. He has produced different reports to the Irish Gov. regarding:
Hydrogen and Fuel Cells and Solar Energy.

CORRESPONDENCE ADDRESS: Abdul Ghani Olabi, Ph.D., Professor, University of the West of
Scotland, School of Engineering and Computing, D163a, McLachlan Building, Paisley, United
Kingdom, e-mail: Abdul.Olabi@uws.ac.uk.
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Plenary Talk on
Energy Footprints Reduction and Virtual Footprints
Interactions

JIR{ JAROMIR KLEMES & PETAR SABEV VARBANOV

Increasing efforts and resources have been devoted to research during environmental studies,
including the assessment of various harmful impacts from industrial, civic, business,
transportation and other economy activities. Environmental impacts are usually quantified
through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient
and useful indicators to use within LCA. The footprint assessment techniques has provided a
set of tools enabling the evaluation of Greenhouse Gas (GHG) — including CO,, emissions
and the corresponding effective flows on the world scale. From all such indicators, the energy
footprint represents the area of forest that would be required to absorb the GHG emissions
resulting from the energy consumption required for a certain activity, excluding the proportion
absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for
hydropower.

An overview of the virtual GHG flow trends in the international trade, associating the GHG
and water footprints with the consumption of goods and services is performed. Several
important indications have been obtained: (a) There are significant GHG gaps between
producer’s and consumer’s emissions — US and EU have high absolute net imports GHG
budget. (b) China is an exporting country and increasingly carries a load of GHG emission
and virtual water export associated with consumption in the relevant importing countries. (c)
International trade can reduce global environmental pressure by redirecting import to products
produced with lower intensity of GHG emissions and lower water footprints, or producing
them domestically.

To develop self-sufficient regions based on more efficient processes by combining
neighbouring countries can be a promising development. A future direction should be focused
on two main areas: (1) To provide the self-sufficient regions based on more efficient processes
by combining production of surrounding countries. (2) To develop the shared mechanism and
market share of virtual carbon between trading partners regionally and internationally.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technicka 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz. Petar Sabev Varbanov, Ph.D., Associate Professor, Brno University of
Technology - VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process
Integration Laboratory — SPIL, Technicka 2896/2, 616 69 Brno, Czech Republic, e-mail:
varbanov@fme.vutbr.cz.
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JIRI JAROMIR KLEMES - BIBLIOGRAPHY

Head of “Sustainable Process Integration Laboratory — SPIL”, NETME
Centre, Faculty of Mechanical Engineering, Brno University of Technology
- VUT Brno, Czech Republic and Emeritus Professor at “Centre for Process
Systems Engineering and Sustainability”, Pazmany Péter Catholic
University, Budapest, Hungary.

Previously the Project Director, Senior Project Officer and Hon Reader at
Department of Process Integration at UMIST, The University of Manchester
and University of Edinburgh, UK. Founder and a long term Head of the

: Centre for Process Integration and Intensification — CPI2, University of
Pannoma Veszprem Hungary. Awarded by the EC with Marie Curies Chair of Excellence (EXC).
Track record of managing and coordinating 91 major EC, NATO and UK Know-How projects.
Research funding attracted over 21 M€.

Co-Editor-in-Chief of Journal of Cleaner Production (1F=4.959). The founder and President for 20
y of PRES (Process Integration for Energy Saving and Pollution Reduction) conferences.
Chairperson of CAPE Working Party of EFCE, a member of WP on Process Intensification and of
the EFCE Sustainability platform.

He authored nearly 400 papers, h-index 40. A number of books published by McGraw-Hill;
Woodhead; Elsevier; Ashgate Publishing Cambridge; Springer; WILEY-VCH; Taylor & Francis).

Several times Distinguished Visiting Professor for Universiti Teknologi Malaysia, Xi’an Jiaotong
University; South China University of Technology, Guangzhou; Tianjin University in China;
University of Maribor, Slovenia; University Technology Petronas, Malaysia; Brno University of
Technology and the Russian Mendeleev University of Chemical Technology, Moscow. Doctor
Honoris Causa of Kharkiv National University “Kharkiv Polytechnic Institute” in Ukraine, the
University of Maribor in Slovenia, University POLITEHNICA Bucharest, Romania. “Honorary
Doctor of Engineering Universiti Teknologi Malaysia”, “Honorary Membership of Czech Society
of Chemical Engineering", "European Federation of Chemical Engineering (EFCE) Life-Time
Achievements Award" and "Pro Universitaire Pannonica" Gold Medal.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technickd 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz.
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Plenary Talk on
Renewable energy sources for environmental protection

HAKAN SERHAD SOYHAN

Development in energy sector, technological advancements, production and consumption
amounts in the countries and environmental awareness give shape to industry of energy.
When the dependency is taken into account in terms of natural resources and energy,
there are many risks for countries having no fossil energy sources. Renewable and clean
sources of energy and optimal use of these resources minimize environmental impacts,
produce minimum secondary wastes and are sustainable based on current and future
economic and social societal needs. Sun is one of the main energy sources in recent years.
Light and heat of sun are used in many ways to renewable energy. Other commonly used
are biomass and wind energy. To be able to use these sources efficiently national energy
and natural resources policies should be evaluated together with the global developments
and they should be compatible with technological improvements. Strategic plans with
regard to energy are needed more intensively and they must be in the qualification of a
road map, taking into account the developments related to natural resources and energy,
its specific needs and defining the sources owned by countries. In this presentation, the
role of supply security was evaluated in term of energy policies. In this talk, new
technologies in renewable energy production will be shown and the importance of supply
security in strategic energy plan will be explained.

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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HAKAN SERHAD SOYHAN - BIBLIOGRAPHY

Professor at Sakarya University, Engineering Faculty. 50 % fot teaching
and the rest for reasearch activities.

Teaching, courses taught:
Graduate courses:

- e Combustion technology;
? e Modelling techniques;

Undergraduate courses:

e  Combustion techniques;
e Internal combustion engines;
e  Fire safety.

Tehnical skills and competences professional societies:

25 jurnal papers in SCI Index. 23 conference papers;

Editor at FCE journal. Co-editor at J of Sakarya University;
Head of Local Energy Research Society (YETA);

Member od American Society of Mechanical engineers (ASME);
Member of Turkish Society of Mechanical Engineers (TSME).

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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Assesment of Plasma Actuator’s Position on Stall Angle for
an Airfolil

HURREM AKBIYIK, HAKAN YAVUZ & YAHYA ERKAN AKANSU

Abstract In recent years, there has been an increase in the number of
research papers on plasma and its use in flow control. The main objective
of this study is to improve the performance of the airfoil by shifting the stall
angle. In addition, optimization of the plasma actuator position and
configuration is to be studied to identify the optimum configuration for
maximum stall angle shift. These flow control study is performed for a
NACAQ015 airfoil. The experiments were conducted in a wind tunnel at
Reynolds number of 4.8x104. The plasma actuators are mounted on various
positions (x/C) starting from the leading edge to trailing edge of the airfoil.
The electrical parameters used for the plasma generating device are set to
constant values of 7 kV, applied voltage and 3.5 kHz excitation frequency.
The experimental results on force measurement is presented to illustrate the
effect of the generated plasma on shift of the stall angle. The results of the
study suggest that the energy efficiency of airborne systems can be
improved with the use of plasma actuators due to its increasing lift and
decreasing drag coefficient effects. This result becomes a vital finding
considering that same flight can be achieved with less fuel and less amount
of environmental pollution for the same distance of journey.

Keywords: « plasma actuator « airfoil * stall angle « drag coefficient lift
coefficient « Reynolds number ¢

CORRESPONDENCE ADDRESS: Hiirrem Akbiyik, Ph.D., Assistant, Cukurova University, Engineering
and Architecture Faculty, Sarigam, Adana, Turkey, e-mail: hakbiyik@cu.edu.tr. Hakan Yavuz,
Ph.D., Professor, Cukurova University, Engineering and Architecture Faculty, Sarigam, Adana,
Turkey, e-mail: dr.hakanyavuz@gmail.com. Yahya Erkan Akansu, Ph.D., Associate Professor,
Omer Halisdemir University, Engineering Faculty, Bor, Nigde, Turkey, e-mail:
akansu@nigde.edu.tr.
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1 Introduction

The dielectric barrier discharge (DBD) plasma actuators are one of the most common
aerodynamic active flow control techniques of the recent years. They are constructed
using two conducting electrodes and a dielectrics material placed between them.
Typically, the DBD plasma actuators can be mounted on leading edge, trailing edge,
and/or mid-chord of an airfoil for improving the aerodynamic efficiency. They generate
the plasma on the surface of the electrodes. The plasma generated by the actuator leads
to an induced flow around the airfoil. The DBD plasma actuators have very high potential
for improvement of the aerodynamic performances of the airfoils in terms of efficiency
as well as lift, drag and stall-shifting properties. Moreau et al. (2016) studied about the
delaying flow separation from leading edge to trailing edge of a NACAQ015 airfoil at Re
= 1.33x10°. They used three single DBD plasma actuators in the experiments and
activated them separately in order to see the effect of varying actuator location. The
separation delay is improved 14% for the single DBD plasma actuator located at x./C =
18% compared to the baseline flow. Also, this actuator (x/C = 18%) has been reported
to be more effective than the other actuators located at 27% and 37% of the chord in their
presented study [1]. In a numerical study of Rhoskhoo and Jahangirian (2016), the effect
of the unsteady plasma body force is compared with steady force over a stalled
NACAO015 airfoil at Re=4.5x10* Their numerical results indicate that for both situations
(steady and unsteady cases), the flow separation from the leading edge area of the airfoil
is prevented. It has also been reported that the DBD plasma actuator with steady mode
has stronger prevention of flow separation effect than that of unsteady mode. However,
the DBD plasma actuator with unsteady mode has been reported to have consumed 20%
less energy compared with steady mode. Also, it is concluded in their results that the
increase in duty cycle gives rise to the change of attachment of the flow separation [2].
Zhang et al. (2016) placed a symmetrical plasma actuators on SC (2)-0714 supercritical
airfoil model to show the effect of the plasma actuators for controlling the turbulent
boundary layer separation at high Reynolds numbers. They have reported that they have
successfully suppressed the turbulent boundary separation. In addition, they concluded
that the increase in the maximum lift coefficient is around 8.89% and the stall angle of
attack is delayed by 2 degrees [3]. It is also reported that using the duty cycle approach
leads to significant reduction in the power consumption of the plasma actuators. The Duty
cycle rates between 10-90% comparing via steady actuation gave rise to %25 increment
in lift coefficient of the NACAOQ015 airfoil. Also, using duty cycle approach on activation
of the plasma actuators have been reported to have consumed less power [4]. Besides, an
experimental study on NLF0414 airfoil has shown that the duty cycle approach helps to
change the separation point at 18° angle of attack and 50 Hz excitation frequency.
However, it has also been reported that the effect of plasma via various duty cycles has
no effect on pressure distribution at 16° angle of attack and 100 Hz excitation frequency

[5].

The main objective of this study is to investigate the ways improve the performance of
the airfoil with the aim of shifting the stall angle. In addition, optimization of the plasma
actuator position and configuration is to be studied to identify the optimum configuration
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for maximum stall angle shift. These active flow control approaches are tested to control
the flow around a NACAO0015 airfoil.

2 Experimental setup

Experiments are conducted on a wind tunnel with a test section of 570 mm x 570 mm x
1000 mm. In Figure 1., the test model and experimental setup of plasma actuator are
illustrated. The NACAO0015 airfoil is used as a test model in the experiments. The chord
length and spanwise length of the airfoil are 150 mm and 540 mm, respectively.

Air Flow

Figure 1. The Test Model And Experimental Setup Of Plasma Actuator

As it is seen in Figure 2., four different plasma actuator positions and configurations are
considered. The plasma actuators are mounted horizontally on the NACAO0015 airfoil at
x/C= 0.1, 0.2, 0.5, and 1.0 where “x and C” denotes direction and chord length,
respectively. Each plasma actuator consists of embedded and exposed electrodes. The
dielectric material, Kapton, is a dielectric tape with thicknesses of 0.07 mm and it is
placed between the plasma electrodes.

x/C=0.1
x/C=0.2

x/C=0.1
x/IC=0.2
x/IC =0.5

x/C=0.1
x/C=0.2

xIC =0.5
x/C=1

Figure 2. The Electrode Geometry Configurations
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In Figure 3, the force measurement system devices and plasma production system devices
are illustrated. A custom-made power amplifier is used in order to produce the voltage
required for plasma generation. The applied plasma voltage and frequency are set to 7
kVyp and 3.5 kHz, respectively. The sinusoidal signal waveform is measured by using
Tektronix TDS2012B model oscilloscope. The applied voltage is monitored by use of
Tektronix P6015A model voltage probe connected to the oscilloscope.

In order to measure drag and lift forces, ATI Gamma model six axes load cell is used.
Test model mounted on a rotary unit to measure the attack angle of the model.
Measurements are taken at 1000 Hz sampling frequency during 10 second period.
Therefore, 10000 sampled values are taken for each measurement and it is repeated twice
for each experimental testing session.

1. Test Section
2.Cold Light Source
3. Smoke-Wire
4.Loadcell & Rotary Unit
5.LoadCell Traverse

12. Hot-wire Anem om eter
7. Micro m anom eter 13. Hot-wire Probe

8. Test Model 14. Computer

9.DC Power Supply 15.BNC connector

10. Traverse Control Unit 16. Oscilloscope .
11.2 axes Traverse 17. High Voltage Amplifier

Figure 3. General and Schematic View of the Test Setup

6. Pitot tube

In order to calculate the net drag forces acting on the airfoil, drag of endplates, holder
rod, connector between model and holder rod are exiled from total drag forces.
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3 Results

The optimization of the plasma actuator position and configuration is studied to identify
the optimum configuration for maximum stall angle shift. These flow control approaches
are used to control the flow around a NACAQ015 airfoil. The plasma actuators were
activated at 3.5kHz excitation frequency and 7 kVp, applied voltage. As it is seen from
Fig. 4, the stall angle is shifted from 8° to 10° by all plasma actuator configurations. This
is due to the configurations of the activation of plasma actuators. Also, the shifting of the
stall angle means that the separation point slightly shifted from the leading edge to the
mid chord. However, the flow visualization is necessary to calculate how much the
separation point is delayed. It is seen that a single pair of plasma actuators is sufficient to
shift the stall angle and this enables more efficient usage of the energy. For this study,
the use of other plasma actuators appears to be only contributing to the increases in the
lift coefficient. In first step, one plasma actuator placed at x/C=0.1 is activated. At this
point, the value of the lift coefficient is observed to be increased from 0.49 to 0.83. This
is the minimum enhancement in lift coefficient in comparison with other configurations.
In the next stage, the plasma actuators placed at x/C=0.1 and 0.2 are activated together.
For this configuration, the improvement in the lift coefficient is measured to be about
77%. The reason for this configuration being more effective than first one is mainly due
to the position of the second plasma actuator. The study of Jolibois et al. (2008) has shown
that the placement of the plasma actuators leads to more effective separation control when
it is mounted on the upstream separation point [6].

In the following stage, one more plasma actuator, placed x/C=0.5, is added to previous
configuration and all plasma actuators are activated all together. The induced flow
appears to add momentum to the separated flow, and then the separated flow becomes
closer to the surface of the airfoil.

1,0 7——x/C=0.1
—+—x/C=0.1-0.2 .
0,9 4= x/C=0.1-0.2-0.5
—=—x/C=0.1-0.2-0.5-1.0 /-
087 ——pK 4 \_ .
- ] \ i Y
g o7 \ \ —
£ 06 \\ . \\\_ /
Qo \ N / v
2 o054 \ 7
E=ahe AN
: N
O 04+
5 034
0,24 / Reynolds Number = 48000
014 k4 Applied Voltage = 6.5kVpp
' . Applied Frequency = 3.5kHz
0,0 T T T T T

T T T T T
2 0 2 4 6 8 10 12 14 16 18 20 22
Attack Angle, a

Figure 4. Effect of the Plasma Actuator Positions on Lift Coefficient of the NACA0015
Airfoil



6 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
H. Akbiyik, H. Yavuz & Y. Erkan Akansu: Assesment of Plasma Actuator’s Position
on Stall Angle for an Airfoil

The last experimental configuration consists of four plasma actuators that are positioned
at x/C=0.1, 0.2, 0.5 and 1. The maximum increase in the lift coefficient is observed in
this configuration. The lift coefficient value is observed to be increased from 0.49 to 0.92
(approximately 88%) at the stall angle.

4 Conclusion

The main objective of this study is to improve the performance of the airfoil with the aim
of shifting the stall angle. In addition, optimization of the plasma actuator position and
configuration is being studied to identify the optimum actuator configuration for
maximum stall angle shift. The plasma actuators were mounted horizontally on the
NACAO0015 airfoil (at x/C=0.1,0.2,0.5, and 1.0) for Re=4.8x10% The applied plasma
voltage and frequency are set to 7 kVy, and 3.5 kHz, respectively. The effect of plasma
on lift coefficient of the airfoil is examined by varying the attack angle. It is shown that
the stall angle is shifted from 8° to 10° by all plasma actuator configurations. The
actuation of one or multiple plasma actuators gives rise to same shifting stall angle value.
Therefore, the shifting stall angle can be provided by using lowest energy consumption
levels. The lift coefficient value is observed to be increased from 0.49 to 0.83 at x/C=0.1.
This is the minimum enhancement in lift comparison with other configurations as only
one plasma actuator is used. The last configuration is consist of four plasma actuators that
are positioned at x/C=0.1, 0.2, 0.5 and 1. The maximum increase in lift is observed in this
configuration. The observed increase in lift coefficient value is approximately 88% at the
stall angle.

Nomanclature

CL : Lift coefficient based on D, FL/0.5p LDUZ2
C : Chord length (mm)

PK : Plasma Off

Re : Reynolds number based on D, pUc D/p
o : Attack angle

Vpp : Peak to peak applied voltage

X : Direction
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1 Introduction

In recent years, plasma actuators have become an important tool in flow control
applications. The plasma actuators basically maintain a surface discharge that starts with
delaying flow separation on airplane wings. Besides, it becomes more effective with
control applications. It is well-known that the generated plasma contributes to the flow
around the bodies. In terms of flow control efficiency, parameters such as thickness of the
dielectric material, dielectric constant of the dielectric material, the distance between
electrodes, the electrode lengths, applied voltage level, applied voltage signal properties,
electrode geometry and the number of electrodes appear to play an important role in the
prosess.

Erfani et al. (2013) conducted a study in which the plasma structures formed by placing a
plasma actuator having a multiple encapsulate electrode structure with an electrode in
contact with air on a flat plate. The induced flow velocity is increased and more momentum
is provided by using multiple-encapsulate electrodes. Also, the most effective electrode
structure is identified in their study [1]. Hale et al. (2010) reported that the multiple
encapsulate electrode structure effects the induced jet structure. Their results revealed that
the generated induced jet positions have influence on the jet length. Also, the jet velocity
appears to increase linearly along the embedded electrodes. In their experiments, all
multiple-encapsuled electrode geometries provide higher velocity values than the classical
models [2]. Wang et al. (2011) placed four electrode geometries on a flat plate and
produced three dimensional vortex structures in their numerical study. Three dimensional
effects such as compression and expansion were observed by using square and serpentine
plasma actuators in the flow over the electrode. Numerical results have shown that the
linear actuator is less effective in creating the vortex structure in the flow direction than the
other designed models [3]. Roy and Wang (2009) used serpentine and horseshoe shaped
plasma actuators in order to change boundary layer’s thickness. They investigated that the
serpentine and horseshoe shaped plasma actuators lead to three dimensional flow
structures. Not only these actuators help to reattach the flow on model surfaces but also
with momentum transfer they convert the flow type from two dimensional flow to a three
dimensional volume flow [4]. Akbiyik et al. (2017) reported that intermittent plasma
actuators give rise to reduction in drag coefficient of a bluff body and lead to changes in
wake width of the bluff body. Two dimensional flow structure around the bluff bodies is
converted into a three dimensional flow structure by intermittent plasma actuators [5].
Akansu et al. (2013) placed plasma actuators at different positions (x/C= 0.1, 0.3, 0.5, 0.9)
in order to control flow around a NACAO0015 airfoil. The plasma actuators led to reattach
flow over the airfoil and also lift coefficients was increased [6]. In their numerical study,
of Zhang et al. (2009) reported that the lift effect is increased when the plasma actuators
are placed on the Gurney flaps [7]. Lu et al. (2016) reported results of an experimental
work based on sawtooth plasma actuators mounted on the NACAOQ0015 airfoil at
Re=7.7x10% In this study, with the help of sawtooth plasma actuators, success in delaying
the attack angle of the airfoil by 5° and achieving %9 increases in maximum lift force is
reported. Compared to standard type linear plasma actuators with sawtooth plasma
actuators at the same input power, the attack angle shift is about 3° and increase in lift force
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is about 3% [8]. All these studies on plasma actuators have been carried out in order to
improve the efficiency in flow control.

The aim of this study is to present the results for flow separation control and increase in lift
force by placing plasma actuators in different electrode structures on the aerodynamic body
of NACAOQO015 aircraft wing. In addition, it is aimed at studying the different electrode
geometries that are used most effectively in aerodynamic applications.

2 Experimental setup

Experiments are conducted on a wind tunnel with a test section of 570 mm x 570 mm x
1000 mm. In Figure 1., the test model and experimental setup of plasma actuator are
illustrated. The NACAOQ015 airfoil is used as a test model in the experiments. The chord
length and spanwise length of the airfoil are 150 mm and 540 mm, respectively.

Air Flow

Figure 1. The Test Model and Experimental Setup of Plasma Actuator

As it is seen in Figure 2., three different electrode geometry configurations namely as
linear, sawtooth and square types are used. The plasma actuators were mounted
horizontally on the NACAO0015 airfoil at x/C=0.1 where “x and C” denotes direction and
chord length, respectively. Each plasma actuator consists of embedded and exposed
electrodes. The dielectric material, Kapton, is a dielectric tape with thicknesses of 0.07 mm
and it is placed between plasma electrodes.

Figure 2. The Electrode Geometry Configurations
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In Figure 3, the force measurement system devices and plasma production system devices
are illustrated. A custom-made power amplifier is used in order to produce the voltage
required for plasma generation. The applied plasma voltage and frequency are set to 7 kV
and 3.5 kHz, respectively. The sinusoidal signal waveform is measured by using Tektronix
TDS2012B model oscilloscope. The applied voltage is monitored by use of Tektronix
P6015A model voltage probe connected to the oscilloscope.

In order to measure drag and lift forces, ATI Gamma model six axes load cell is used. Test
model mounted on a rotary unit to measure the attack angle of the model. Measurements
are taken at 1000 Hz sampling frequency during 10 second period. Therefore, 10000
sampled values are taken for each measurement and it is repeated twice for each
experimental testing session.

1. Test Section
2.Cold Light Source
3. Smoke-Wire
4.Loadcell & RotaryUnit
5.LoadCell Traverse

6. Pitot tube 12. Hot-wire Anem om eter
7. Micro m anom eter 13. Hot-wire Probe

8. Test Model 14. Computer
9.DC Power Supply 15.BNC connector

10. Traverse Control Unit 16. Oscilloscope =
11.2 axes Traverse 17. High Voltage Am plifier

Figure 3. General and Schematic View of the Test Setup

In order to calculate the net drag forces acting on the airfoil, drag of endplates, holder rod,
connector between model and holder rod are exiled from total drag forces.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 13
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
H. Akbryik, H. Yavuz & Y. Erkan Akansu: Investigation of the Electrode Geometry
Configurations of Plasma Actuators

3 Results

The effects of the plasma actuators shapes placed along the chord length of the NACA0015
airfoil are investigated. Three different electrode geometry configurations, linear, sawtooth
and square, are used for the experiments. The plasma actuators were activated at 3.5kHz
excitation frequency and 7 kVp, applied voltage. As it is seen from Figure 4, the stall angle
is shifted from 8° to 10° by using linear and sawtooth plasma actuators compared with the
no plasma condition on the airfoil at Re=4.8x10*. The square shaped plasma actuator is not
effective for delaying stall angle for the same experimental parameters. On the one hand,
for the attack angle of 10°, the lift coefficient value is observed to be increasing from 0.70
to 0.80 (approximately %15 increase) when sawtooth shaped plasma actuators is activated.
The linear plasma actuator leads to increase approximately %8 at the same attack angle.
On the other hand, the square shaped plasma actuators give rise to reduction in lift
coefficient of the airfoil. For the attack angle of 12°, the lift coefficient was increased from
0.49 to 0.94 (approximately 91%) by sawtooth shaped plasma actuators. The lift coefficient
has nearly the same enhancement performance for the linear plasma actuators.

1,0 4 )
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099 —— Sawtooth / A
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Reynolds Number = 48000
Applied Voltage = 7.0kVpp
Applied Frequency = 3.5kHz
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Figure 4. Effect of the Electrode Geometry on Lift Coefficient of the NACAO0015 airfoil

Asitis seen from Figure 5, the reduction in drag coefficient was observed by square shaped
and linear plasma actuators. However, there is no significant effect in reduction of the drag
coefficient for the sawtooth shaped plasma actuators. The maximum reduction in drag is
31% at the attack angle of 10° for the square shaped plasma actuators. For the same plasma
actuator, the drag coefficient is decreased 34% at the attack angle of 12°.
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Figure 5. Effect of the Electrode Geometry on Drag Coefficient of the NACAO0015 airfoil

The sawtooth plasma actuators appear to be more suitable for obtaining more lift force on
take-off and reducing fuel consumption. However, it seems to be more convenient to use a
square-shaped plasma actuator to reduce the drag force acting on the airfoil when there is
no need for extra lifting force. This experimental study contributed to the determination of
the plasma actuator geometry to be used according to the necessary conditions of the
aircraft. In addition, the use of other models in comparison to conventional (linear) plasma
actuators appears to reduce fuel consumption due to enhancement in aerodynamic
efficiency.

4 Conclusion

In this study, the effects of the plasma actuator shapes placed along the chord length of the
NACAOQ015 airfoil are investigated at Re=4.8x10%. Three different electrode geometry
configurations as linear, sawtooth and square are used for the experiments. The plasma
actuators are activated at 3.5 kHz excitation frequency and 7 kVy, applied voltage. The lift
and drag coefficient of the airfoil are examined by varying the attack angle. The following
list of conclusions achieved,

o For the attack angle of 12°, the lift coefficient is increased approximately 91%
by sawtooth shaped plasma actuators. Also, the linear plasma actuator enhanced
the lift coefficient significantly.

e The stall angle is shifted from 8° to 10° by using linear and sawtooth plasma
actuators.

e The linear and square shaped plasma actuators also lead to more reduction in the
drag than no plasma and sawtooth shaped plasma actuators cases.

e The maximum reduction in drag is 31% at the attack angle of 10° for the square
shaped plasma actuators. For the same plasma actuator, the drag coefficient is
decreased 34% at the attack angle of 12°.
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Nomanclature

Co : Drag coefficient based on D, Fp/0.5p LDUZ,
CL : Lift coefficient based on D, FL/0.5p LDU?%
C : Chord length (mm)

Re : Reynolds number based on D, pUcw D/p

o : Attack angle

Vpp : Peak to peak applied voltage
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Abstract Welding is the most common process to join two types of metal.
Capacitive welding is used in small alloys, jewelry and temperature
sensors. A good quality welding is composed by a homogeneous
distribution and uniformity of the material at welding point and a mass
conservation, keeping the metal crystalline proprieties. Capacitive welding
consists in submitting a metal to an electric arc, storing energy in
capacitors, when released will melt alloy and creates a union. In an inertial
chamber the atmosphere is controlled and Argon is injected by a solenoid
valve, responsible to control Argon from a cylinder. Argon is an inertial
gas responsible for the non-inclusion of external elements in the weld. This
study develops equipment able to make capacitive welding using the
principles mass and energy conservation in alloys and gauges pre-
established, of different types of metals in an inertial environment, with the
objective of create a good quality and efficient weld with low cost
equipment with easy manipulation.
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1 Introduction

Capacitive welding is one of the most common methods to weld small alloys. One of main
characteristics is the simplicity of the system. Welding by capacitive discharge consists the
support of an electric arc by a small fissure between the conductive substrate that is keep
in the neighbourhood of a wire, subject a high electrical potential. The high temperature
produced melts part of the material near the outflow, what suddenly occupy the empty
spaces and solidify, creating the union of the metal alloy involved [1].

A thermocouple is an example of capacitive welding application in small gauges.
Thermocouples are composed by 2 wires of pure or homogeneous mixture alloys that need
a resistant and almost perfectly homogeneous union, acquiring characteristics as a single
metallic alloy, to obtain high levels of precision of temperature measurement.

The thermocouple measurement point can be made by a method that will keep the alloy
proprieties and a good electrical conduction. The measurement point can be made of two
types, twisted or top.

There are some thermocouples that are larger used in industrial process, usually metallic
thermocouples, the thermocouples are divided in types, the most common are: type T
(cupper-constantan; -180 to 370 °C); type E (chromel- constantan; -200 to 900 °C); type J
(Iron-constantan; -40 to 750 °C); type K (Chromel-Alumel; -180 to 300 °C) [2].

The mass conservation of the alloys involved is important to assure the quality of the
welding in a thermocouple, because there is no addition of a third alloy or element in the
system. The inclusion of a third element between the pair of metallic in the welding process
must be avoided what attribute a high efficiency and precision the measure equipment [3].

Similar equipment was developed by Zanstra [1] and G. Orr and M. Roth [3]. In a market
research, we found these welding equipment [4], [5] and [6], in this equipment there is just
a voltage regulator and there is no way of automation of the amount of energy to be used,
depending of the thermocouple or alloy gage. In this work, we propose a piece of equipment
that can be pre-programed to weld small metal alloys, to minimize the energy consumption
and provide a high-quality welding.

Capacitive welding equipment create an electric arc thought the energy stored in a capacitor
bank. This system intends to avoid unnecessary use of energy during the process, which
can lead a low-quality final product. An Arduino microcontroller controls the charge of the
capacitor bank according to the type of alloys and metal gages used in the welding.
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2. Methodology
2.1 Developing the equipment

The developed equipment of capacitive welding is able to weld metallic wires, commonly
find in jewellery and thermocouple. The equipment is composed of a symmetrical direct
voltage source of 31 V associated to a capacitive bank of 37600 pF, a microcontroller
Arduino UNO, 2 relay, one that will be used as a switch between the capacitive bank and
the voltage source, and the other that will be used to control the argon gas valve.

The process of the capacitive relies on direct voltage source is monitored by
microcontroller Arduino though the measurement of the voltage of the capacitive bank.
Arduino’s compatible levels of voltage are achieved through a tension division in order to
calculate the energy stored in the capacitors.

The microcontroller Arduino controls the charge stored in the capacitor bank according to
its voltage levels. The Arduino is also responsible for determining the charge level of the
bank considering the material used in the alloys. To control the charge circuit of the
capacitive bank it was used a relay which is responsible by connecting and disconnecting
the charging circuit of the source. It was necessary to use a relay for the bank voltage level
is not compatible with the tension level supported by the Arduino. Therefore, it was
necessary an isolated circuit Fig.1 illustrates a diagram of the welding process.

Voltage Capacitor
Source Relay Bark [ | Weud
Voltage
Divider
Button Arduino -
Panel

Figure 1. Welding process diagram

The capacitor bank is composed of an association of 8 capacitors in parallel, so that the
resulting capacitance is summed and the necessary charge is obtained. For this circuit, it
was chosen 8 electrolytic capacitors of 4700 pF and 63 V, connected by a 2.5 mm? wire of
cupper. Under its max load, the capacitive bank provides an energy od 74.62 J
approximately. The energy stored it’s enough to weld the pre-established gauges and types
of thermocouple and there is an energy over to future new gauges and alloys.

It was necessary the development of a circuit called Shield (Hardware circuit able to extra
activities for Arduino) to make the connection between the capacitive bank and the charge
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circuit and the connection between the Arduino and the solenoid valve. The Arduino
microcontroller cannot operate the relay of load circuit and the valve directly through its
digital gate, so it was necessary to develop a circuit able to activate the relay and promote
electric isolation between the microcontroller Arduino and the load circuit. The chosen
relay has a coil with working voltage of 5 V and current of 25 mA model SRD-05VDC-
SL-C. The relay contacts are able to operate up to 10 A. The digital gate chosen does not
supports the necessary current, was necessary to develop an auxiliary circuit to amplify the
circuit current.

It was used a BJT (Bipolar Junction Transistor) from the type NPN model BC548 in
common emitter to develop the voltage amplifier. In this configuration, the transistor
emitter is connected to ground, the collector is connected at one side of coil relay and the
other to a 5 V voltage. The digital gate of the microcontroller Arduino is connected at the
transistor base in series with a 1 kQ resistor. A high-level logic in the digital output causes
a base-emitter polarization and saturate the transition and turns the relay active. A diode
1N4007 was added in parallel with the coil to avoid voltage spikes. Fig 2 illustrates the
Shield schematic diagram.

Relay
SRDC-05VDC-SL-

I—h
1N4007 3 \
B
5V 1kn
digital 'VV\'—E Bcsag
signal

Figure 2. Relayghield diagram

The voltage source responsible for feeding the capacitive bank is formed by a transformer
that lowers the voltage from 127/220 V to 24 VV AC. Then a diode rectifies the signal
provided by the transformer, the rectification is made by a diode bridge, composed by 4
diodes 1N4007. After the rectification, there will still an oscillatory characteristic at the
signal and a filter made by 4700 uF electrolytic capacitor is used to solve this issue.

After the grid voltage is lowered and filtered is necessary adjust it using the dispositive
LM317 from positive and LM337 from negative side, since there is a symmetric power
source. With the regulator, it was added potentiometers, that are responsible to create a
voltage division, generating a controlled output to the source. Before the final output, it is
necessary a new filter, that is made by a pair of 10 nF and 100 nF ceramic capacitors,
respectively. The final result is a DC symmetrical voltage source with positive amplitude
of 31 V, able to obtain 62 V of amplitude in DC current. The symmetrical characteristic
was chosen because the available components at the market by a low-coast, if necessary
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the components can be changed and a simple source can be produced. Figure 3 illustrates
the steps of signal conversion.

AC - . ) DC
Inpul4r> Transformer 9+  Rectification  —»| Filter m  Regulation 4\>outpu1

Figure 3. Steps of signal conversion
2.2 Energy consumption estimations

Conservation mass and energy balances were done to calculate the necessary energy used
in each metallic alloy. A good welding makes a perfect union between both the
materials, keeping their physical and chemical proprieties. Therefore, it is necessary to
provide enough energy to melt the metallic alloys involved. The variables involved in the
calculation of heat transfer process were: specific heat, density and melting temperature of
the metallic alloys.

The equipment was developed by 3 gauges of metallic alloys to be welded, 24, 26 and 32
AWG. Reference values of satisfactory radius to weld metallic alloys were established
though practical experiments. They were considered to be 2.4 times the diameter for 32
AWG, 1.9 times the diameter for 26 AWG and 24 AWG. With the reference values for the
generated weld sphere, it was calculated the weld sphere volume to be generated and that
would be used to energy calculation. Table 1 presents the theoretical calculation for the
energy needed to melt metallic alloys.

Table 1. Melt Energy (J)

Gauge (AWG

Element 2 26 2
Iron 3,535 14,136 24,120
Cupper 2,615 10,464 17,842
Platinum 3,408 13,637 23,253
Constantan 3,037 12,154 20,725
Alumel 4,164 16,662 28,411
Chromel 3,815 15,266 26,020

It was calculated the energy stored by the capacitive bank according to the voltage, to
control the stored energy in the capacitor bank and assure that the right values are used in
different gauges and alloys by the microcontroller Arduino. The composition of each
thermocouple type is shown at Table 2 and the results of energy mensuration are shown in
table 2.
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Table 2. Thermocouple Composition

Thermocouple Alloy composition
E Chromel and Constantan
J Iron and Constantan
K Alumel and Chromel
T Cupper and Constantan

Table 3. Necessary Melt Voltage (V)

Thermocouple Thermocouple Gauge (AWG)
24 26 32
E 49.869 38.191 19.091
J 50.198 38.442 19.217
K 53.813 41.210 20.6
T 49.293 34.686 17.339
2.3 Arduino programming and welding

In this part values, theoretical calculated will be converted to values that are compatible
with the Arduino.

The voltage values that will be monitored by microcontroller Arduino are not compatible
with the microcontroller scale. Therefore, it is necessary a circuit to do the voltage
conversion from capacitive bank to values between 0 VV and 5 V. To obtain this conversion
it was developed a circuit known as voltage divider, that use 2 resistors to create a
proportional voltage, a resistor of IM5€ and another of 100 kQ, as illustrated at Figure 4.

R1
1.5MDQ
>
Capacitor
bank
R2
giﬂﬂ.ﬂhﬂ Arduino

Figure 4. Conversion circuit for Arduino.

Voltage values from the capacitive bank to the 0 V to 5 V scale we obtain the values shown
in table 4.
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Table 4. Capacitive Bank Voltages at divider (V)
Thermocouple Gauge

Thermocouple

24 AWG 26 AWG 32 AWG
E 3.059 2.343 1.171
J 3.080 2.358 1.179
K 3.301 2.528 1.264
T 2.779 2.128 1.064

The microcontroller Arduino make an analogic conversion to values between 0 and 1023,
being 0 to 0 V and 1023 to 5 V, in a linear scale. So, it is necessary to create a conversion
constant to these units, that will be 4.8828x 10-. Thus, we can program the equipment
using a button panel. The result conversion is shown at Table 5.

Table 5. Conversion variables for Arduino

Thermocouple Thermocouple Gauge
24 AWG 26 AWG 32 AWG
E 627 480 240
J 631 483 241
K 679 518 259
T 569 436 218

The coupling of the welding terminals will be made of an object with conduction
characteristics. To make the conduction from the capacitive bank to metallic alloy 6.0 mm?
wire was been chosen.

An efficient welding connection depends on a good metallic alloy to the welding terminal
where it was used an orthodontic forceps to keep the alloys together during the welding
process. The forceps were connected to a positive terminal and for the negative terminal it
was used a coal brush, usually used in induction motor. The coal was chosen given it is low
electrical resistance and high fusion point, important characteristics for a non-inclusive
element in the welding.

The weld will be done inside an inertial chamber, the chamber is made of glass and has a
cylindrical form, in one side it’s opened and in the other there is a connection with a Argon
tube, which is responsible for inject the gas during the welding.

The chamber was developed by use in 2 different kinds of weld, twisted and top. The glass
chamber is shown at figure 5.
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Figuré 5. Glass chamber at weld equipment.

The equipment is illustrated in Figure 6.

Figure 6. Equipment layout



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 25
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
I. R. Fermo, V. R. R. V. Da Silva, M. Y. G. De Giovanni, R. L. Acorsi, R. Z. Sakiyama
& C. M. G. Andrade: Inertial Envirolment Small Alloy Welding Equipment

3 Results

The experiments were made with thermocouples, type T with gauge 32 AWG. The welding
was observed at microscope 260x to verify the quality using the established parameters,
such as: format, size, colour and homogeneity.

The Figure 6 show the comparison between the thermocouple weld with Argon (right) and
without (left). As we can see the Argon avoid the oxidation, what can be inferred by the
colour, the dark characteristic is common by oxidation, what we see in less frequency at
the Argon weld experiment.

Figure 6. Thermocouple type T 32 AWG

Figure 7 shows a weld with a good appearance, the weld presents a spherical format, as we
proposed in this work and with homogeneity at weld point. At the left side we can see a
weld without use of Argon, and the right side the Argon use welding, as we saw at Figure
6, the oxidation is clear at non-use Argon welding.

Figure 7. Thermocouple type T 32AWG with argon use (right) and without(left).

Figure 8 show a detail of a weld made without argon, as we can see there is dark points at
sphere surface, what indicate the oxidation and the inclusion of external elements at the
weld point, this will generate a non-good precision union.
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Figure 8. Spherical Weld in a Thermocouple type T in open atmosphere.

The Figure 9 presents a weld sphere made in an inertial atmosphere, the result is a fusion
sphere without oxidation and non-inclusion of external elements, assuring a good union
with the alloy fusion and presents a good format.

Figure 9. Spherical Weld in a Thermocouple made in an inertial atmosphere
4 Conclusion

It was shown a development and use of a piece of equipment to small alloy metallic
welding. This equipment can be easily operated. The equipment was developed to use
exactly the necessary amount of energy to weld each metallic alloy and gauge. The test
objects had a high-level quality.
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Abstract The world is increasing the production of renewable fuels
(bioethanol or biodiesel) in industries that can produce food (sugar or
soybean oil). In the case of sugar factories, in addition to ethanol, electricity
is generated by the combustion of sugarcane bagasse, which, after serving
the plant, its surplus is exported to the grid. In this paper we will present a
brief review of the process of crystallization of sucrose, which is one of the
fundamental steps to obtain sugar with good yield and quality. It will also
be shown the influence of the equipment and schemes used in this process
in the energy balance of a mixed plant (which produces sugar, ethanol and
electricity) and why the use of continuous equipment and the simplification
of the crystallization step with the use of two massecuite scheme are the
better choices (from the energy point of view) for this type of industry.
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1 Introduction

The world is expanding the production of renewable fuels (bioethanol or biodiesel) in
industries that can produce food (sugar or soybean oil). In the case of sugar factories, in
addition to the production of ethanol, electricity is generated through the combustion of
sugarcane bagasse, which after serving the plant its surplus is exported to the grid. There
are several studies that, to increase energy efficiency, seek improvements that can be made
in the sugar and ethanol production process in order to reduce the vapor consumption of
these stages.

Modifications in the juice extraction system are presented in [1], [2]. Improvements in the
evaporation step are [1], [3], [4]. Optimization proposals for the integration of heat sources
are detailed in [3], [4]. The use of bagasse to obtain other sources of renewable energy is
discussed in [5], [6].

Among the studies that detail the crystallization step, few present the reduction of steam
consumption with the change of the scheme used [7]. This paper presents a review of this
step, seeking to increase the efficiency of a sugarcane plant.

2 Methodology

This article uses an industry steam cycle consisting of a boiler that produces live steam at
65 bar and 510 ° C and an condensing-extraction turbine, which can supply the process
with saturated exhaust steam at 2.5 bar and condense the remainder of the live steam for
the production of electric energy, according to the flowchart shown in Figure 1.

I: Boiler

II: Steam Turbine
III: Process

IV: Deaerator

V: Condenser

\

(_r ‘]_\
: v

Figure 1: Flow diagram of cogeneration of electric energy with condensing-extraction
turbine.[3]
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Table 1 shows the kWh ratio generated for each ton of steam under the extraction and
condensation conditions.

Table 1. Consumption of live steam at 65 bar and 510 ° C [8]

Conditions kWh/ton steam
Extraction 181.82
Condensation 277.78

How much less exhaust vapor at 2.5 bar is consumed by the process, the more electricity
will be generated by the condensation of the steam, which has higher efficiency.

3 The Sucrose Crystallization Process
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Figure 2: Supersaturation curves for pure sucrose.[9]

The sucrose crystallization step occurs after the juice concentration on evaporation. The
syrup, then so-called, is fed into vacuum pans where the introduction and development of
the sugar crystals will occur. These devices work under vacuum to reduce the boiling
temperature of the massecuite, providing less inversion of the sucrose and saving in the
consumption of steam. After the completion of this process the massecuite is sent to the
crystallizers, where depending on the type of equipment used, the crystals can develop a
little more. At the end of this stage the massecuite feeds centrifuges whose function is to
separate the crystals formed from the exhausted mother liquor, which is now called
molasses.
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The quality of the sugar may vary depending on the sequence of processes and equipment
used. In this paper, we focus on the main processes of crystallization, with their respective
yields and energy consumption.

The objective of this step is to obtain crystals of sucrose through the concentration of a
sugar solution. For this, one must evaporate part of the water in order that the solution
reaches supersaturation. In Figure 2 it is possible to see the supersaturation zones for a pure
sucrose solution.

The sucrose crystals may be formed spontaneously if conducted above the metastable
region. However, this practice is not recommended because of the irregularity of the size
and quantity of crystals formed. Currently in the industry is carried out the total seeding of
the pan, process in which is introduced selected crystals in the amount necessary to take
advantage of the total capacity of the equipment. Thus, the crystallization is conducted in
the metastable zone, where only the added crystals develop, guaranteeing the
standardization of the sugar produced.

3.1 Vacuum pans

The principle of a vacuum pan is analogous to that of one of the bodies of a juice evaporator
[10]. The pans can be operated in batch or continuous mode.

A batch pan has only one chamber where crystallization and crystal development takes
place. In this way, in a well-designed equipment, the properties of cooked pasta at any point
in the chamber are equivalent and vary with time. These devices follow the following steps
during their operation:

Suction of the sugary solution
Concentration

Seeding

Growth of crystals

Discharge

Cleaning

Normally the agitation of the contents of these equipment’s is natural, however they may
have mechanical stirrers to increase the speed of recirculation and consequently reduce the
batch time. Depending on the purity of the massecuite can reduce the batch time by up to
50% [10]. In addition, it significantly improves the quality of the crystals developed in each
batch.
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Figure 3: Batch vacuum pan. [10]

Continuous equipment has several chambers that allow the feeding in a uniform way. The
size of the crystals varies between the chambers, but the cooked mass of each has properties

that remain with the time.
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U 3

Figure 4: Continuous vacuum pan.

Batch equipment’s are present in large numbers in industry, but gradually the continuous
are taking up their space, as they have among their advantages the uniformity of steam
consumption, eliminating the peaks and possibility of total automation. Among the
disadvantages is the time required to start operations during its first operation and the
additional care that must be taken during prolonged stops [11].

3.2 Crystallizers

When the cooked pasta leaves the vacuum pan it is in high supersaturation [10]. This means
that if it rests, the diluted sugar in the mother liquor, which has not yet crystallized, may
migrate to the existing crystals, increasing its size. However, to enable this, the massecuite
must be in motion, because due to its high viscosity there is the formation of a film that
prevents this transfer.

To ensure the massecuite mobility, U-shaped equipment called crystallizers are used which
have mechanical stirrers that slowly stir their contents [12].

Currently most of the crystallizers have a cooling system, which reduces the size of the
equipment and maximizes the depletion of the liquor. As the massecuite cools, it reduces
the solubility of the sucrose in the solution by increasing the rate of deposition of this in
the existing crystals. After cooling the mass should be reheated to reduce its viscosity and
allow its introduction into the centrifuges.

In mixed plants, where there is the production of ethanol with the fermentation of the final
molasses, this step can be simplified. In this way, it is used only as a lung between the pans
and the centrifuges, since the uncrystallised sucrose can be used in the production of
ethanol.
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3.3 Crystals separation

The sucrose crystals separate from the depleted liquor with the force of gravity. However,
the massecuite has very high viscosity, so that the sedimentation operation is not applied
on an industrial scale. In this way, centrifuges are used to increase the G force and reduce
the time for the separation of the crystals. Currently, 02 basic types of centrifuges stand out
in the manufacturing units being the automatic intermittent ones, based on the machine of
Weston [13], and the continuous ones, commonly used in low purity massecuites [14]. The
depleted liquor, separated from the crystals, is now called molasses after this step. Figure
5 shows the operating curve of an automatic intermittent centrifuge.
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Figure 5: Operating curve of an automatic intermittent centrifuge. Adapted from [12]
34 Cristallization schemes

During the crystallization step about 50% of the sucrose contained in the massecuite is
crystallized. That is, if only the steps described above were applied approximately half of
the sucrose would be diluted in the molasses. To increase the yield of the sugar mill,
crystallization schemes are used where molasses are recycled in the process.
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Figure 6: Flow diagram of two massecuites. Adapted from [10]

Final Molasses
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There are several configurations diffused in the industry, however the great majority is
based on one of the following:

e Two massecuite scheme;
e Three massecuite scheme.

A flowchart of a two massecuite scheme is shown in figure 6. In this scheme, molasses
generated in the centrifugation of the first massecuite, denominated A molasses, feed a
vacuum pan where selected crystals will be added to produce B massecuite. This
massecuite is centrifuged producing B molasses, which is the poorest in sucrose (in this
scheme) and is denominated final molasses, and B sugar, with inferior quality to the sugar
obtained in the first centrifugation. This is then mixed with the clarified juice or syrup and
it is then called magma. The magma has the crystals that will develop in the crystallization
of the A massecuite and composes a third of the work volume of the vacuum pan, the
remainder of this volume being the syrup fed into the equipment. The A massecuite is
centrifuged generating the sugar and A molasses, thus closing the cycle. This scheme is
commonly used in mixed plants, where the sucrose diluted in the final molasses can be
used in another process, or in the implantation of new factories, reducing the capital needed
to start operations.

The three massecuite scheme has all of the steps of the previous one with the difference
that B molasses is fed into another vacuum pan, where selected crystals producing the C
massecuite will also be added. This is then centrifuged to generate C molasses, which in
this scheme is called final molasses, and C sugar, which is diluted with clarified juice to be
fed together with the syrup. In this way, this scheme generates a molasses with less diluted
sucrose, increasing the efficiency of the sugar mill. But it requires a larger sector of
crystallization.

35 Mass and energy balances

Mass balances were performed using the soluble solids content, the crystallization by-
products purity and the proportion of massecuites presented in [10]. For the energy balance,
a factor K was considered equal to 1.5 and was used the Equation (1).

SC =K xEW 1)

Where SC is the vapor consumed by the vacuum cleaner and EW is the evaporated water
in the equipment.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 37
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
P. Eduardo de Morais Gonzales, I. Rossi Fermo, E. Leandro Almeida & C. Marcos
Gongalves Andrade: Industrial Processes of Sucrose Crystallization: A Brief Review

Table 2: Crystallization by-products mass flow in the massecuite schemes (ton / h)

By-product Two Mass. -'\r/lh;:: Dif. %
Syrup 100.00 100.00 0.00
A Massecuite 90.45 96.93 7.17
A Molasses 82.18 84.11 2.35
B Massecuite 49.72 48.47 -2,53
B Molasses 24.25 64.42 165.63
C Massecuite - 38.77
C Molasses - 16.24
A Sugar 37.92 44.18 16.49
E’:ﬁ:’r‘fgfs 6.17 3.09 15000

Table 2 shows the difference of the mass flow rates calculated for the two schemes
considering the same amount of syrup fed with 60% soluble solids concentration and 83%
purity (sucrose / soluble solids ratio). Analyzing Table 2, it can be observed that for the
same syrup flow there is a 16.49% increase in sugar production, with a reduction of half
the ethanol production from molasses. However, it is necessary A massecuite equipment’s
of 7.17% greater and B massecuite section 2.35% higher, in addition of the equipment for
C massecuite. The significant difference in the B molasses flow is due to the same being
diluted with water in the three massecuite scheme, resulting in a larger flow rate.
Performing the energy balance for these flows reaches the values shown in Table 3:

Table 3: Crystallization schemes vapor consumption (ton / h)

Step Two Mass. Three Dif. %
Mass.

A Massecuite 57.13 62.23 16.19

B Massecuite 48.69 53.46 44.36
C Massecuite - 38.48

'\D"IZ:f‘ISIfoon 24.15 1208 | -50.00

Total 129.97 166.24 44.88

The table 4 shows that the consumption of steam increases by 44.88%. This means an
increase in the V1 bleed from the evaporation (1.8 bar) and consequently the increase in
the amount of exhaust steam (2.5 bar) required in the pre-evaporators. In this way, it
decreases the electric energy production through condensation and increases it production
through the extraction that as shown in table 1 is less efficient.
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Table 4: Electrical energy generation in the massecuite schemes (MWh / h)

Two Three .

Step Mass. Mass. Dif. %
Condensation 12.97 2.90 -77.67%
Generation
Extraction 25.43 32.02 25.94%
Generation
Plant 6,16 6,39 3.77%
Consumption
Energy Surplus 32.24 28.53 -11.52%

Table 4 shows the variation in the amount of electric energy produced by each portion of
the generator and the amount exported according to the scheme used. Therefore, it is
verified that there is less electric energy sale when the three massecuite scheme is used.
Together with lower production of bioethanol this scheme is less interesting from an energy
point of view.

4 Conclusion

In this work, a brief review was presented on the processes involved in the sucrose
crystallization stage. Although there are some modeling and simulation studies of this stage
[15]-[17], there is not a deepening in the change of the consumption of steam according to
the crystallization scheme or type of equipment used. For this, empirical correlations
presented in [10].

It was demonstrated that the mixed plants do not seek the maximum exhaustion of their
molasses not only due to the possibility of the use of this uncrystallized sucrose in the
bioethanol process, but also due to the lower consumption of steam, which increase the
quantity of electric energy surplus. This is also verified in [18] in a broader way, that is,
without the focus on the crystallization step.

Acknowledgements

This work was supported by Chemical Engineering Department from State University of Maringa.
The authors would like to thank Coordenagéo de Aperfeigoamento de Pessoal de Nivel Superior (CAPES) for
the financial support.

References

[1] A. V. Ensinas, M. Modesto, S. A. Nebra, and L. Serra, “Reduction of irreversibility generation in
sugar and ethanol production from sugarcane,” Energy, vol. 34, no. 5, pp. 680-688, 2009.

[2] M. Modesto, R. J. Zemp, and S. A. Nebra, “Ethanol Production from Sugar Cane: Assessing the
Possibilities of Improving Energy Efficiency through Exergetic Cost Analysis,” Heat Transf. Eng.,
vol. 30, no. 4, pp. 272-281, 2009.



(3]

(4

]
(6]
(7]
(8
[
[10]
[11]
[12]
[13]
(14]

[15]

[16]
[17]

[18]

10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 39
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
P. Eduardo de Morais Gonzales, I. Rossi Fermo, E. Leandro Almeida & C. Marcos
Gongalves Andrade: Industrial Processes of Sucrose Crystallization: A Brief Review

A. V. Ensinas, S. A. Nebra, M. A. Lozano, and L. M. Serra, “Analysis of process steam demand
reduction and electricity generation in sugar and ethanol production from sugarcane,” Energy
Convers. Manag., vol. 48, no. 11, pp. 2978-2987, 2007.

L. F. Pellegrini and S. de Oliveira Junior, “Combined production of sugar, ethanol and electricity:
Thermoeconomic and environmental analysis and optimization,” Energy, vol. 36, no. 6, pp. 3704—
3715, 2011.

M. Toelovich, “Recent Findings and the Energetic Potential of Plant Biomass as a Renewable Source
of Biofuels-A Review,” BioResources, vol. 10, no. 1, pp. 1879-1914, 2015.

L. Mesa- and E. Castro, “Revamping strategy of diversified industry of sugar cane for combined
production of bioetanol and co-products,” Rev. Fac. Ing., pp. 189-198, 2013.

N. A. Filho, “Uma Anélise Energética da Cristalizacdo Por Resfriamento na Industria da Cana-de-
agtcar,” Escola de Economia de Sdo Paulo — FGV-EESP, 2012,

T. D. Vecchia, “Curso de Tecnologia Sucroenergética - Modulo Balango de Massa e Energia.”
Reunion Engenharia, Ribeirdo Preto, p. 46, 2011.

R. L. Earle, Unit operations in food processing, Second. Oxford: Pergamon Press.

E. Hugot, Handbook of Cane Sugar Engineering, THIRD. New York: Elsevier Pub. Co, 1986.

E. E. McDougall and G. A. Wallace, ““The racecourse continuous vacuum pan,” Proc. ASSCT, p. 383,
1982.

G. P. Meade, Manual del Aziicar de Caiia, 9 edicion. Barcelona: Montaner y Simon, S. A., 1967.

P. Honig, Principles of sugar technology. New York: Elsevier Pub. Co, 1953.

G. F. EASTAUGHFFE, “An analysis of continuous centrifugation,” in Proc. 39th Conf. QSSCT,
1972, p. 223.

E. Bolafios-Reynoso, K. B. Sanchez-Sanchez, G. R. Urrea-Garcia, and L. Ricardez-Sandoval,
“Dynamic modeling and optimization of batch crystallization of sugar cane under uncertainty,” Ind.
Eng. Chem. Res., vol. 53, no. 33, pp. 13180-13194, 2014.

M. J. da C. G. Meireles, “Modelizagdo e Simulagdo Computacional de Uma Unidade Industrial de
Cristalizacdo de Agucar,” Faculdade de Engenharia da Universidade do Porto, 1996.

N. C. M. Faria, “Quantificagdo da morfologia de cristais de agucar e sua aplicagdo a0 estudo das
cinéticas de Cristalizacdo,” Faculdade de Engenharia na Universidade do Porto, 2001.

E. F. Grisi, J. M. Yusta, and R. Dufo-Lépez, “Opportunity costs for bioelectricity sales in Brazilian
sucro-energetic industries,” Appl. Energy, vol. 92, pp. 860-867, 2012.



40 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND

)
NMENTAL PROTECTION (JuNE 27™ — 30™, 2017, BLED, -ﬁ-

ENVIRO

SLOVENIA), MECHANICAL ENGINEERING

J. Krope, A.Ghani Olabi, D. Gori¢anec & S. Bozi¢nik

University of Maribor Press

Optimisation of Wire Electro Discharge Machining
Parameter Using Desirability Based Multi Objective RSM

While Machining of AlI6061-Cenosphere AMCs

ABHUIT DEY, KRISHNA MURARI PANDEY & BIPLAB DAS

Abstract WEDM has tremendous potential in its applicability in the
present day metal cutting industry for achieving a considerable dimensional
accuracy, surface finish and contour generation features of products or
parts. But the influence properties that associated with the matel matrix
composites (MMCs) confronted a lot of challenges while machining
through WEDM. Hence, the present study focussed to investigate the wire
electro discharge machining behaviour of cenosphere fly ash reinforced
Al6061 alloys. An economic and modified stir casting method has been
implemented to synthesize the AMCs known as compo casting process to
improve the wettability of casting. Wire electrical discharge machining
(WEDM) was employed for cutting the prepared MMCs implementing face
centered central composite design (CCD) of response surface
methodology. ANOVA analysis was imposed to investigate the influence
of process variables and their interactions. Further, a second order quadratic
mathematical model has been developed in order to estimate the
performance characteristics. It has been observed that pulse-on-time and
pulse-off-time were found to be the most significant factors affecting all
the three responses. Finally, desirability function approach was employed
to optimize the parameters for maximizing the CR and minimizing KW and
SR.

Keywords: « Compocasting method « WEDM * RSM ¢« ANOVA analysis
* Desirability functions *

CORRESPONDENCE ADDRESS: Abhijit Dey, Ph.D., National Institute of Technology Silchar,
Department of Mechanical Engineering, Assam-788010, India,.
abhijit14302110@gmail.com. Krishna Murari Pandey, Ph.D., National Institute of Technology

Silchar,

Department of Mechanical Engineering, , Assam-788010, India,

e-mail:

e-mail:

kmpandey2001@yahoo.com. Biplab Das, Ph.D., National Institute of Technology Silchar,
Department of Mechanical Engineering, Assam-788010, India. e-mail: bpd@mech.nits.ac.in.

https://doi.org/10.18690/978-961-286-057-8.5 ISBN 978-961-286-057-8

©2017

University of Maribor Press

Available at: http://press.um.si.



42 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
A. Dey, Krishna M. Pandey & B. Das: Optimisation of Wire Electro Discharge
Machining Parameter Using Desirability Based Multi Objective RSM While Machining
of Al6061-Cenosphere AMCs

1 Introduction

The applications of existing MMCs are limited whereas the machinability is the major
concerned. Poor machinability of the material results in poor surface finish and excessive
tool wear. Most of the time the MMC’s are difficult to be machined by traditional
techniques due to possession of higher hardness and reinforcement strength. Hence,
electrical discharge machining (EDM) process becomes viable method that does not
required any mechanical energy for removal of the material. In EDM process, MRR does
not influenced by the mechanical properties like strength, hardness, toughness, etc.
Materials like composites and cemented tungsten carbide that has very poor machinability
can be processed by the EDM process without any noticeable difficulties [1, 2].

The explorations on the machining aspects of AI-MMCs with particle reinforcement have
been performed and reported. George et al. studied the carbon—carbon composites
considering three process parameters at two levels and disclosed that pulse on time and
pulse current are significant parameter for MRR and EWR [3]. The influence of rotation of
electrode on die sinking EDM of AI-SiC and Al-Al203 composites yielded significant
effect on MRR, EWR and SR [4, 5]. The effect of reinforcement percentage of SiC and
other machining characteristics were investigated while machining Al-SiC, and reported
that MRR get decreased with increase in SiC, whereas SR and EWR increases [6,7]. Kumar
and Paulo Davim have experimentally investigate the effects of machining parameters in
powder mixed ED- machining of Al-10%SiC MMC. They incorporated silicon powder
into the dielectric fluid and found that the MRR increases and SR decreases with addition
of silicon powder into the dielectric fluid of EDM [8]. However, literatures on the
machining of cenosphere reinforced Al MNCs are scarce in general and investigations on
the EDM characteristics in particular. In recent decades, the application of both Taguchi
and response surface methodology have implemented for appraisal of machining
performance [9]. Agarwal et al. carried out a comparative study of CNC turned parts
employing both Taguchi and response surface approach. They considered four machining
parameters at three levels of each and performed 27 trials for Taguchi method and 30 trials
for face centered CCD of response surface approach. The results conclude that (i) the
significance of interactions and square terms of process parameters is more clearly
anticipated in RSM than Taguchi approach. (ii) RSM technique can model the performance
characteristics in terms of significant process variables, their interactions and square terms,
which are not provided by Taguchi technique. (iii) 3D response surfaces developed by
RSM can help in visualizing the influence of process parameters on response in the entire
domain specified whereas Taguchi technique gives the average values of response at
specified level of parameters.

Thus, RSM approach can better predict the influence of process variables on performance
characteristics and is a better tool for optimization [10]. Hence, in this study the face
centred central composite design (CCD) of RSM is employing for the design of
experiments. The present work is confronted to investigate the microstructure of prepared
MMC and EDM studies by developing mathematical model and examine the effects of
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process parameters on the performance characteristics of prepared MMC using response
surface methodology. Consequently, the quantitative mathematical models have been
developing to study the effects of pulse current (Ip), pulse on time (Ton), percentage of
reinforcement (Vol. %) and flushing pressure (Pqy) on the material removal rate(MRR),
tool wear rate (TWR) and surface roughness (SR) by using RSM approach [11].

2 Experimental Details

Response surface methodology (RSM) is a collection of mathematical and statistical
techniques utilization for modelling and optimizing the response characteristics, which
incorporates quantitative independent variables . The quality characteristic of the system is
explained by a second order polynomial quadratic model also called regression model as
shown in Eqg.1. The coefficients of regression model can be approximated from the
experimental data by ‘Design Expert 9.0° software.

¥Y=C+EL,GXy + I, 4 X £= (1)

The experiments were designed in the present work based on face cantered central
composite second order design (CCD) technique. The CCD full factorial design with all
factors combination at two levels (high, +1, and low, - 1) are considered which composed
of eight star points, and six central point’s (coded level 0), corresponds to an a value of 1.
The ““face-centred CCD’’ includes 30 experimental trial at four distinct process variables.
Table 1 shows both actual and coded values of all the machining parameters and their
feasible ranges.

Table 1 EDM Machining parameters with their levels.

Parameters Units Labels | Levels

-1 0 |+1
Pulse on Time | ps A 12 16 | 20
Pulse off Time | us B 46 49 | 52
Wire feed m/min C 4 6 |8
“Wit. D 0 4 |8

percentage of | %
reinforcements

2.1 Performing experiments

The machining experiments on the prepared composites has been performed ina CNC Wire
Electro Discharge Machine (Sprintcut Electronica Machine Tools Ltd.). A schematic of the
wire EDM process have been shown in Fig. 1(a). Deionized water was used as the dielectric
fluid of the machine. 0.25+0.001 mm diameter cupper coated brass (Cu60Zn40) wire
material was selected for machining of the prepared AMCs. The spark gap maintained
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between wire and specimen was approximately 0.002 — 0.005 mm. The prepared composite
samples (0%, 2% and 4%, 6% & 8%) with dimension 20mmx20mmx6mm were polished
by a set of emery papers to ready for machining. The pre-set length of the slot was set
15mm for each machining cut at different process parameters of the WEDM. Three
different levels has been considered for each of the processing parameters (Pulse-on-time,
Pulse-off-time and Wire speed). The schematic of EDM process have been shown in Fig.1.

Servo control
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Figure 1. Schematic diagram of Wire EDM setup
2.2 Analysis of variance (ANOVA) for CS, KW and SR

The model fit summary prescribed that the second order quadratic model is significant
statistically for the analysis of CS, KW and SR. The model F value implies that the model
is significant. The value of ‘Probability, p greater than F’ for the models term are less than
0.05 (i.e., a=0.05, or 95% confidence) implies that the developed models are appraised to
be statistically significant and it is desirable as it indicates that the model terms have a
significant influence on the performance characteristics [12]. The probability of a greater
F-value caused by the unmanageable noise factors was noticed to be less (0.01%). The
obtains response model have better fits with actual data, when the multiple regression co
efficient R2 approaches to unity. It exists the less the deviation between the actual and
predicted values. The plot of actual vs. predicted values of all the responses prove the
degree of proximity. Most of the values are fall close to a straight line implying that errors
are distributed normally. Moreover, the value of adequate precision (AP) in present models,
which compares the span of the predicted value at the design point to the mean prediction
error, is fairly above 3. This represents the adequate model discrimination. These developed
models propose grater values of the determination coefficients (R2) and adequate precision
(AP) at the same time. The obtained values were as follows: R2 = 0.9239 and AP = 13.56
for CR; R2 = 0.9627 and AP = 20.808 for KW; R2 = 0.9783 and AP = 25.586 for SR.
Consequently, these developed quadratic mathematical models of CR, KW and SR can be
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influence significantly on fitting and predicting the observation results and concurrently
the lack-of-fit test also found to be insignificant. The process of backward elimination
eradicates the insignificant factors to alter the fitted quadratic response surface models.
These insignificant quadratic model terms can be eliminated and the test of lack of fit
reveals to be insignificant, as it is desired. The absolute quadratic models of response
surface equations obtained by using backward elimination technique are shown in Egs. (2)-
(4) as given below. This obtained model can be employing for navigate the design space as
the ratio of adequate precision illustrates an adequate signal.

Cutting rate (CS) = +213.7840+0.7989 * Ton - 9.0951 * Toff +2.2407 * Wfeed +0.1725*
Wt.% -6.8593E-003 * Ton * Toff -2.1015E-003 * Ton * Wfeed +6.6796E-004* Ton *
W1t.% -9.4687E-003 * Toff * Wfeed +8.0729E-004 * Toff * Wt.% +0.0175 * Wfeed *
W1.% -9.0558E-003 * Ton”2 +0.0944 * Toff*2 -0.1274 * Wfeed”2 -0.0522 * Wt.%"2.

@)

Kerf width (KW) = +357.8761-1.1207*Ton-9.5998*Toff-5.4333* Wfeed +0.0607 * Wt.%
-3.0052E-003*Ton*Toff +0.0341* Ton * Wfeed +0.0561* Ton * Wt.% +0.0430* Toff *
Weed -0.0289* Toff * Wt.% +0.0363* Wreed * Wt.% +0.0477 * Ton"2 +0.0952* Toff 2
+0.2789* Weed"2 -0.0381 * Wt.%"2 ®)

Surface roughness (SR) = +5.7935 +0.0695 * Ton -0.1392 * Toff -0.1649 * Wfeed -0.0108
* Wt.% -2.1718E-003 * Ton * Toff +4.4296E-003 * Ton * Wfeed+5.8984E-004 * Ton *
Wt.% -7.1874E-004 * Toff * Wfeed +1.5625E-005 * Toff * Wt.% -1.2578E-003 * Wfeed
* Wt.% +9.8863E-004 *on"2+1.8131E-003*Toff"2+0.0164* Wfeed"2 +8.8323E-003 *
Wt.%"2. 4)
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Predicted vs. Actual
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Figure 2. Predicted vs. actual plot for cutting speed (CS)
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Figure 3. Predicted vs. actual plot for Kerf width (KW)
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Figure 4. Predicted vs. actual plot for Surface roughness (SR)

2.3 Desirability based multi response optimization

The goals and ranges of process variables viz. pulse on time, pulse off time, wire feed and
percentage of reinforcement and the response characteristics viz. cutting speed, kerf width
and surface roughness are given in table 2. The goal of desirability approach is to find a set
of optimal processing conditions that will encounter all the goals. 1.0 desirability value is
not obligatory, as the value is entirely reliant on how intently the upper and lower limits
are set relative to the real optimum. A set 50 optimal solution is acquired for the specific
design space constraints for CR, KW and SR using statistical Design Expert software 10.0.
The set of parametric conditions possessing highest value of desirability is preferred as
optimal processing condition for the desired performance characteristics [13, 14]. The
optimal parametric condition with greater desirability function is given in Table 3. Once
the optimal set of the input parameters is chosen, the final measure is to predict and verify
the enhancement of the response characteristics using the optimal level of the processing
parameters.
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Table 2. Range of input parameters and responses for desirability.

Proces | Goal Low | Upp | Lowe | Uppe | Importa
S er er r r nce
Param Lim | Lim | Weig | Weig
eter it it ht ht
A:Ton | in 12 20 1 1 3
range
B:Toff | in 46 52 1 1 3
range
C:Wfe | in 4 8 1 1 3
ed range
D:Wit. in 0 8 1 1 3
% range
CS 406 |74 |1 1 5
maxim | 6 7
ize
KW 93.0 | 108 | 1 1 2
minim | 41 31
ize 4
SR 269 |36 |1 1 3
minim | 9 93
ize

Table 3. Predicted and observed values of responses of Al -Cenosphere MMC
Resp | Pred | 95% | 95% | 95% | 95% | Actual
onse | ictio Cl Cl Pl Pl value
n low | high | low | high

7.20 | 6.690 | 7.72 | 546 | 895 | 7.31

cS 963 3| 897 | 653 | 273
KW 100. | 99.37 | 102. | 96.1 | 105. | 99.87
732 6| 088 81| 283
SR 2.86 | 2.789 | 294 | 2.60 | 3.13 | 2.92

933 78 | 888 | 232 | 633

The desirability function for performance characteristics using ramp function graph and
bar graph illustrates in Figs. 11 and Fig. 12 respectively. Each dot on the ramp indicates
the parameter settings or response prediction for that performance characteristic. The
elevation of the dot reveals the amount of desirability of that response. A linear ramp
function is generated between the high value and the goal or the low value and the target
as the weight for each factor was set equal to one. Bar graph depicts the overall desirability
function of the quality characteristics. Depending upon the proximity of the response
towards goal the value of desirability varies from 0 to 1. The bar graph illustrates how well
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each process variable satisfies the design criterion, desirability value close to one are
appraised good.

ATon=160398 BToff=52

I e

4 8 0 8

CiWleed=591014 DIWL%=30399

T

4066 747 93041 108314

Cs=720963 KW=100732

Desirability = 0.790

2699 36903

SR=286033

Figure 5. Ramp function plot of Desirability for AA6061-cenosphere AMC.

Desirability

SR 0.828642

Combined 0.789594

I I I I I
0.000 0.250 0.500 0.750 1.000

Figure 6. Bar graph of Desirability of AA6061-cenosphere AMC.



50 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
A. Dey, Krishna M. Pandey & B. Das: Optimisation of Wire Electro Discharge
Machining Parameter Using Desirability Based Multi Objective RSM While Machining
of Al6061-Cenosphere AMCs

Desirability

C: Wrieed (m/min)

12 14 16 18 20

A: Ton (ps)

Figure 7. 3D Surface plot of desirability of AA6061-cenosphere AMC.

2.4 Conclusions

In the present study, machinability were studied on the newly prepared compo-casted
AMCs through wire electrical discharge machining using face centered central composite
design(CCD) of response surface methodology(RSM) by attending 30 experimental trials
with repetition of three in each for four processing parameters at three levels. The obtained
predicted values of R? for CR, KW and SR reflects the model adequacy. The Pulse on time
and Wt.% are two main significant factors that affect the CR. The CR increases with an
increase in pulse on time. The Wire feed and pulse on time have statistical significance on
both KW and SR. The combination of optimum parameter setting forAA6061— cenosphere
AMCs obtained by using desirability approach. The agreeable error percentage of predicted
and observed values of the CR, KW and SR confirm precision of the methodology.
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1 Introduction

Any system is under working condition generates heat. Sometimes, the amount of heat that
it generates reaches the threshold limit of the system. Therefore, in order to avoid the
damaging of the components of the system due to burning or overheating, it is very
important to remove the heat in an effective way. Thus, heat transfer in enhanced rate is
one of the important topics of thermal engineering. Enhancing the heat transfer rate with
the controlled system dimension in the equipment like electronics, heat exchangers,
aeronautical, internal combustion engine, etc. have always been a challenging task. To
conquer this, researchers are continuously giving their effort in designing or reconstructing
a new device with high thermal performance. These devices are intended for cost-effective
and energy efficient transfer of heat in the compact areas without any thermodynamic loss.
In this concern, an array of fins (or extended surfaces), is one of the possible ways to
increase the heat transfer rate from the base surfaces by two techniques. One of the
techniques is to produce turbulence in the flowing fluid through its perceptive geometry. It
can reduce the thermal resistance of the fluid by impinging stagnant film over the solid
surface. Secondly, by building up the fin arrays. This method can increase the heat transfer
area that comes in contact with the fluid. Fin geometries and fin arrays can create turbulence
in the fluid flowing, this further increase the heat transfer coefficient between systems and
surrounding and thus improve the performance. However, it gives rise to the pressure drop,
which is a critical condition in most high performance applications. Consequently, it can
be said that an optimized fin geometry and fin array combination is a conciliation of
performance, pressure drop, weight, and size.

The fin materials usually have a high thermal conductivity, thus it conducts the heat from
the wall in high rate. Mostly, fins are used to enhance convective heat transfer by creating
the temperature difference between the object and the environment. This in turn increases
the convection heat transfer coefficient. Pin fin heat sinks are one of the competent heat
exchanging devices used in many electric cooling appliances including CPU, transformer
and thyristor. Thus most of the high thermal performance application based fins are made
of copper or aluminum. Aluminum is always a preferred material for fins used in electronic
system for cooling applications, due to its higher thermal conductivity and light weight.

Researcher proposed many techniques through experimental, analytical and numerical
analysis for the performance augmentation of extended surfaces, specifically pin fin heat
exchanger. Pin-fin arrays induced turbulence in the flow field which further helpful in
enhancement of heat transfer. Axtmann et al. [1] focused their studies on thermally inactive
pin-fins and presented the heat transfer results in terms of Nusselt number and also
discussed about other individualities like pressure drop and thermal performance parameter
of investigated configurations. Sara [2], experimentally investigated the heat transfer,
pressure and performing individualities for the array of staggered square pin fins attached
on a flat surface in a rectangular duct and compared it with those for the inline arrangement.
Jeng and Tzeng [3] also explore the heat transfer and the pressure drop in square pin-fins
with variable inter-fin pitches for understandings of pin-fin arrays and systematic
experiments has been performed, consequently the optimal inter-fin pitches are provided.
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Metzger et al. [4] presented variation in stream wise heat transfer, overall array heat
transfer, and overall flow friction behavior for large aspect ratio ducts, that contained
uniformly spaced staggered arrays of circular pin fins. Agarwal et al. [5] explored the
effectiveness of pin fins for heat transfer in a channel cooled by air and agitated by a
translational oscillating plate. Park et al. [6] designed a staggered pin-fin radial heat sink.
The system was optimized for cooling of light-emitting diode (LED) device. They
developed a numerical model to simulate various pin-fin array heat sinks. The results were
verified experimentally. Huang et al. [7] estimated the optimal diameters for perforated pin
fin array based on the desired temperature difference between base plate averaged
temperature and ambient temperature and system pressure drop. The heat transfer and
friction factor characteristics of the perforated rectangular fins were determined by Sahin
and Demir [8]. The performances of 3-D conjugate thermo-fluid analysis of micro pin-fins
were presented by Abdoli et al. [9]. They considered a conventional circular shape, a
hydrofoil shape, a modified hydrofoil shape and a symmetric convex lens shape of a fin.
Joo and Kim [10] presented an analytical comparison of the thermal performances of
optimized plate-fin and optimized pin-fin heat sinks under fixed volume condition. McNeil
et al. [11] measured the heat-transfer coefficient and pressure drop measurements for a heat
sink comprising micro pin—fins. In order to improve the performance of thermoelectric
power generators in automotive applications Pandit et al. [12] evaluated the heat transfer
enhancement methods. Pin fin geometries were examined in this work in a fixed
configuration array. Sahiti et al. [13], [14] aimed at the comprehensive and systematic
investigation of the influence of pin cross-section on the pressure drop of pin fin arrays and
on their overall performance. Also in their work, authors found that elliptical pin fins with
a staggered arrangement gave the best performance. Sara et al. [15] obtain the correlation
equations of heat transfer and friction factor and studied the effect of various
geometrical and flow conditions on the effectiveness of the square pin-fin arrays
attached over a flat plate in a rectangular channel. Three-dimensional laminar fluid
flow and convective heat transfer around an array of solid and perforated rectangular fins
are analyzed numerically by Shaeri et al. [16].

In the following case, a study has been performed on triangular fins with different
geometrical parameters. The solver and the developed model is validated first with the
available literature. Further, the variation of Nusselt number and heat transfer co-efficient
is studied by varying the arrangement, orientation and the number of fins.

2 Formulations and Geometry

Thermal analyses of extended surfaces of different shapes are performed in this article.
Consideration is given to a 3-D numerical model of aluminum pipe bundle placed in an air

duct of dimension LxHxL “Fig. 1a”. The fins of diameter D and height I, arranged in a
. . o LxLxH
staggered formation are placed over a base plate of dimension b “Fig. 1”. The

. . . . H-L)/2 . .
arrangement is located inside the air duct at a distance ( Lb)/ from the inlet. With a
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- . S S, .
longitudinal and transverse pitch of - and T the system is analyzed for a forced
convection scenario. The considered numerical model is validated prior to the analysis of

Ty

different cases. Air is driven inside the duct at an isothermal room temperature and

velocity V' in the positive y - direction. Numerically, the outlet is considered to be at

(A-kVT =0)

atmospheric pressure (Po) and at outflow condition . The walls of the air duct

o (V]=0 .
are at no slip conditions (| | )and at an isothermal room temperature f”Fig.la”. The

base plate of the fin system is supplied with a total uniform heat of QS '
Thermal behavior of any system is determined by the participated modes of heat transfer,
and the thermo physical properties of the system. With a consideration of the conductive
and the convective modes of heat transfer, the energy equation given by

pcp(£+\7-VTj=V-(kVT)
a @)

p,C

Where, " P and k are the thermal properties of the system. With the known values of
thermal properties, evaluation of temperature field of the system from (1) requires the
knowledge of the velocity field. Hence, apart from the energy equation, the governing
equations of the considered system “Fig. 1a” also include steady form of continuity and
momentum equations, given by

V-(p\7):0 )
L1 -
V-W =-ZVp+ WV

P ©)

The governing equation (1)-(3) has been discretized using finite element method (FEM).
The discretization is performed using COMSOL Multiphysics, a commercially available
FEM solver. Solving (1)-(3) simultaneously using the above mentioned boundary
conditions gives the velocity and temperature profiles in the computational domain. The
average Nusselt number and the heat transfer co-efficient in such cases are calculated using,

QD h,D
Nu = S =
kAT, -T,) &

f (4)
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=L x
where A and Ty are the area of the base plate ( Lh Lh) and the average surface
temperature of the fin walls, respectively.

Fluid flow across a cylinder is a common in various engineering applications. There are
many works that has proposed empirical co-relationship for convection heat transfer co-
efficient. One of such special case is the flow over a cylindrical pin fin heat sink with
application in electronic thermal management system. Khan et al. [30] worked on such
cases and proposed co-relationship for convective heat transfer co-efficient of fin, hr. With

U (=),
an approaching fluid velocity of ( | |) the Reynolds number for this flow is defined as

_ v, ..

Re
> D 5)

U
where v is the kinematic viscosity of the flowing fluid and ~ ™ is the maximum fluid
velocity between the fins given by

S S
U, . = max —U, —U
s,-D 2(s,-D)

(6)

2
Sy =4St +(S;/2)" _ o
where is the diagonal pitch in the present case. The average

Nusselt number for the fin is

h,D
"~ —C,Rel2Pr/

' ()

Nu =

C _ 0l6181(:).0918|(_l053
1 1 _ 26—1.095L
where [12].

The calculated values of Nu and hs obtained from the numerical solution, and the empirical
relationship proves the correctness of the numerical modeling and the considered boundary
conditions. Further, consideration is given to analysis of triangular fins with different
parametric conditions. Schematic diagram of triangular fin systems are shown in “Fig. 27,
with inline and staggered arrangements. The relative angular orientation of the fins with
the direction of flow is assumed as 6. The Nu and the h; are calculated and compared for
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different cases with varying arrangements (staggered vs. inline), angular orientations (6)
and number of fins (N).

3 Results and Discussion

All headings should commence at the left-hand margin of the In the following, we validate
the formulations, the numerical model and the boundary conditions using the results
obtained from the empirical relations given by Khan et al. [30]. The 17 numbers of

B . _ 3 — .
k=237W/m-K, p=2700kg/m'andc, =900kg K)
S :19.6mma

of are arranged in staggered fashion as shown in Figure 1(b). With L

ST 30 mm’the fins (D = 100 mm, | = 100 mm) are fixed over a base plate of size 118
mm % 118 mm X 5 mm, maintaining a gap of 1 mm from both the side walls of the air duct.
The dimensions of the air duct are 120 mm x 120 mm X 320 mm. A total uniform heat (Qs)
of 115 W is supplied at the bottom of the base plate in all the considered cases. The heated
base plate conducts heat to the fins and finally the heat is dissipated into the air inside the
duct. The forced air inside the duct carries the heat in upward direction using a fan.

cylindrical Aluminum (

nd

(a) (b)

Figurel Schematic diagram of the (a) computational domain and the (b) fin geometry

Nusselt number is a parameter that depicts the strength of the convection heat transfer rate
compared to the conductive heat transfer rate. The performance parameters (Nu and hy) in
the considered system are calculated using the empirical relations “(5)-(7)” and
computationally “(4)”. With tetrahedral grid to discretize the computational domain, the
grid dependency tests were performed for different sizes of the grid. Using a grid having
1584685 numbers of elements, the governing equations were solved for a steady-state
condition. Table 1 shows comparative values of average Nu and h; for different cases of
inlet velocity. A comparative plot of the same is also presented in “Fig. 2a” and “Fig. 2b”.
From the results it has been observed that with increase in the inlet velocity of the air, the
convective heat transfer coefficient increases. The increased value of hy is due to elevation
in the convective heat transfer rate. That also increases the value of average Nu. The
compared results of average Nu and h; are found within the acceptable accuracy. The
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deviation in the numerical result from the empirical one is due to the ignored thermal
radiation phenomenon in the mathematical modeling.

60 T T T T T

100 T T T T T
Emperical (Kahna et al., 2005) 9F A Emperical (Khan etal., 2005)

A
~ o] Numerical e} Numerical
50 A1 80F

70F R &

Nu
>

T
1]

L

h, W/m'’K

2

T
>O
o>
L

o P
T

(a) (b)

Fig. 2 Comparison of numerical and empirical values of (a) Nusselt number and (b) heat
transfer coefficient

Tablel. Comparison of empirical and numerically obtained Nu and hs for various
conditions of Inlet velocity and temperature

Inlet Empirical Computational

WVeloc
Ty oC Eq' B

|I"|m/3 Nu Ry Nu iy
5
211 1.1 290 50.7 Lj"' 459
28 | 134 [ 315 | 551 |1 56.1
219 1.3 338 501 31:_' 63.0
- 3. "

218 1.81 371 64 8 &4 62.03
219 21 40.0 700 4? 7243
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Having validated the numerical solver, the fins of triangular shape are considered for study.
The fins are modeled in such a way that the volume of the system is always maintained
constant (229 mm?d). For the study of effect of number of fins, in order to maintain
uniformity in the modeling, the heights to base ratio of the fins are always kept same for
all the cases, i.e., 2.5.
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Inline vs. Staggered Arrangement

The relative position of the fins plays an important role in the heat transfer process. In this
study, the thermal analysis is performed on a 2-2 inline and 2-1-2 staggered arrangement
of fins as described in “Fig. 3”. The base (b) and the altitude (a) of the fin are selected in a
way to accommodate the fin-base plate assembly in a space of 13 x 13 mm?. For the inline
arrangement of the fins, the base (b) and the altitude (a) is taken as 4.9857 mm and 10 mm,
respectively.

Tuangular fins Triagular fins

o
tiv

(a) (b)
Fig. 3 Schematic diagram of (a) inline and (b) staggered arrangement of triangular fins

As the number of fins in the considered staggered arrangement is more than that of the
inline arrangement, the base and altitude of the fins in this case will reduce to 3.989 mm
and 10 mm to maintain a total volume of 229 mm3. The thicknesses of the fins are also
maintained at a constant value of 0.6 mm, throughout the study. The set of fins are placed
over a baseplate of 1 mm thickness with the trailing edge located at y = 0. The system is
supplied with a total uniform heat (Qs) of 2 W from the base of the base plate. A
unidirectional flow of air is imposed as the inlet condition with velocity of 5 cm/s. “Fig.
4a” and “Fig. 4b” shows the results obtained from the numerical simulations. The stream
line of velocity plot in a horizontal section (z = 6 mm) shows the flow over the considered
extended surfaces. In the staggered arrangement, the interaction between the solid and air
is observed to be more compared to the inline arrangement. It is due to the placement of
the fifth fin between two rows in the staggered arrangement. The contours in the “Fig. 4”
shows variation of temperature at the horizontal middle plane (z = 6 mm) of the rectangular
domain. Following the formulations in the previous section, the values of heat transfer co-
efficient h and the Nusselt number Nu is calculated for the considered inline and staggered
arrangement. For the staggered arrangement of triangular fins, h is observed to be 14.7
W/m-K, which is 6.6% higher than the value in case of inline arrangement, i.e., 13.8
W/m-K. The observed increment in heat transfer co-efficient is due to a better interaction
at the fluid-solid interface. The increased number of fins in this case also helped in
increasing the total wetted surface area of the fin by 2.56%, which in turn enhances the heat
transfer rate. The presence of the fins inside the rectangular duct induces a circulation in
the flow. The same is realized from the variation of y-component of velocity “Fig. 57,
immediately after the flow passes over the fins (at y=0). The clockwise and the
counterclockwise vortices formed due to the fin structure shows more prominent presence
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near the left and the right wall of the duct, respectively, for both arrangements. Therefore,
the air near these boundaries have almost equal thermal interaction and heat dissipation
near the walls as that of the core “Fig. 5”. With an improved rate of heat transfer in
staggered arrangement in triangular fins, next the study has been done on variation of
relative orientation of the fins with the flow direction.
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(a) (b)

Fig. 4 Velocity streamline, direction and surface temperature (in K) variation in (a) inline
and (b) staggered arrangement of fins in a plane at z =6 mm

(a) (b)

Fig. 5 Contour profile of y-component of velocity (v, m/s) in (a) inline and (b) staggered
arrangement of finsina planeaty =0
Relative orientation of the fins

A fin or extended surface that eases the heat transfer process by enhancing the wetted
surface area. However, presence of an extended surface also contributes in the pressure
drop along the flow direction. In this regard, the orientation of the surfaces plays a major
role. In the previous study, the triangular fins are made to fix over a base plate with
triangular face of the fin placed normal (6 = 90°) to the fluid flow direction. The current
study focuses on the study of relative orientation of the fins with flow direction on heat
transfer and fluid flow. Considering five variation of angles viz., 0°, 30°, 45°, 60° and 90°,

thermal analysis is made on triangular fins under same thermal load and boundary
conditions.



62 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
S.Yadav & Krishna M. Pandey: A Parametric Thermal Analysis of Triangular Fins for
Improved Heat Transfer in Forced Convection

A 564.96
600 15 A576.49
600

[erere——

N-ORNWANANBEONWE N

300
y v 28875 5 0 5 10 15

A 57249
600

Blo—NwsnauRS NG R

b {550
t {500
‘ as0
a00

350

300
¥ 290.89

600

[RRROPARP P S totvimitric

300
v 29244

Fig. 6 Velocity streamline, direction and surface temperature (in K) variation in staggered
arrangement of fins at z = 6 mm, with 8 = (a) 0° (b) 30° (c) 45° (d) 60° and (e) 90°

5 3 H 10 15

“Fig. 6” shows the surface temperature contour and the velocity streamlines at z = 6 mm
for all the considered cases. In case of triangular fins with 6 = 0°, the temperature contour
shows a better distribution of temperature of air throughout the computational domain.
However, due to angular orientation of the fins the flow is diverted towards one of the
boundary which is parallel to the horizontal axis. Therefore, in case 30°, 45° and 60°, the
temperature contour and the streamlines are observed to deviate towards the flow direction.
In case with 8 = 90°, for the fluid moving normal to the triangular face of the fins, the fluid
particles reaches a stagnation condition and imposes pressure on the fin wall “Fig. 7”. The
situation is less prominent as one moves from 90° through 0°. Therefore, due to symmetric
flow of air, in case of 6 = 0° with better thermal interaction, a better heat transfer
phenomenon is observed. The same may be realized from the calculation of Nu and h. “Fig.
8” shows a comparative bar diagram of all the above cases. For the fins with triangular
faces parallel to the flow direction, the Nu and h is observed to be 0.85 and 15.63,
respectively. For all other values of 6, the values Nu and h is found to be lesser than the
above values.
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Fig. 7 Contour profile of pressure (Pa) in staggered arrangement of fins with 8 = (a) 0° (b)
30° (c) 45° (d) 60° and (e) 90°
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Fig. 8 Variation of Nu and h for values of angle 0 of triangular fins arranged in 2-1-2
staggered arrangement.

Number of fins

With the understanding of heat transfer process in different arrangements of the fins, next
the study has been extended to observe the effect of number of fins in the system. Four
different cases with staggered arrangement of fins are considered with 2-1-2 (5 fins), 3-2-
3 (8 fins), 4-3-4 (11 fins) and 5-4-5 (14 fins) staggered arrangement. The fins are place at
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angle 8 = 0° with the flow direction. A schematic diagram of the same is shown in “Fig.
9”. To maintain uniformity, the volume of all the fins and the aspect ratio (altitude: base)
of individual fin is maintained the same as the earlier cases i.e. 2.5. “Table 2 shows the
results obtained from the numerical analysis for same boundary and thermal load
conditions. It has been observed that as the numbers of fins are increased, the wetted surface
area of the fins also increases, although the volume is remaining constant. However, the
characteristic length of the fins decreases with increase in the number of fins. This affects
the value of Nu and h. As the number of fins increases the Nusselt number and the
convective heat transfer co-efficient decreases.

J 7‘/
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(a) (b)
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(c) (d)

Fig.9 Schematic diagram of staggered arrangement of fins placed parallel to the flow
direction with (a) 2-1-2 (b) 3-2-3 (¢) 4-3-4 and (d) 5-4-5 configuration
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Table 2. Comparison of values of nu and h for various numbers of fins placed parallel to
the flow direction with staggered arrangements

Num Wetted .

ber h surface Characterl

Case Nu | (W/m2 stic length
of K) area (mm)

fins (mm2)

2-1-2 5 0.85 | 15.63 469.66 1.95
3-2-3 8 0.67 | 13.08 482.69 1.90
4-3-4 11 0.51 10.77 493.45 1.85
5-4-5 14 0.42 9.30 502.73 1.82

4 Conclusions

The present work reported thermal analysis of triangular shaped fins for different
parametric conditions. The problem is analyzed numerically using an FEM solver. The
numerical model, boundary conditions and the solver is validated for cylindrical fins of
staggered arrangement using the empirical relationship proposed by Khan et al [30]. The
comparison shows an acceptable agreement. Further, the analysis is done on triangular
shaped fins for a fixed value of inlet Reynolds number. A comparison of the inline and
staggered arrangement is shown and is observed that the staggered arrangement gives a
better heat transfer rate from a solid surface to the fluid. Fins with staggered arrangement
and placed parallel to the incoming flow is found to yield an enhanced value of Nu and h.
It has also been observed, as the number of fins increases the heat transfer rate deteriorate
due to reduced value of characteristic length of the fins geometries.
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1 Introduction

Distribution and water projects usually take Technical Standards into account. In Brazil the
Technical Standard is ABNT 5626 [1], which is based on the International Technical
Standard BS 6700: 1997 [2]. These Standards are usually conservative and lead to
oversized projects with high costs on equipment and energy costs.

Energy recovery in pressurized water distribution networks (both urban and irrigation) has
great significance. With regard to urban supply systems, energy consumption in water
supply networks accounts for 7% of world energy consumption [3]. In addition to energy
consumption, the energy analysis of these networks shows that the increase in pressure is
correlated with the increase in leakage [4]. This problem justifies the installation of
pressure relief valves in many water distribution networks. These valves reduce the
pressure and thus the leakage volume. This directly proportional correlation between the
pressures led to the pioneering study of alternatives to leverage the energy dissipated by in
water supply systems [5].

Water collection and supply systems can be classified into: upstream and upstream
reservoir systems, other upstream and upstream reservoirs, systems serving both upper and
lower zones [6].

EPANET [7] is free software, developed by the US Environmental Protection Agency
(EPA), which performs hydraulic and water quality simulations and their behavior within
pressurized pipe networks [8]. This simulator is characterized by a robust model with a
large amount of users worldwide [9], offering a user interface and without limitation in the
number of elements of the network. It uses either metric units or US units and enables the
calculation of load losses according to: Darcy-Weisbach, Hazen-Williams and Chezy-
Manning.

In this way, this work aims, through a case study of a real system designed according to
Brazilian Technical Norms, to show through simulations, using EPANET software, that
another network could replace the current one, with economy in the costs for the purchase
of mains pipes, valves, etc. And, that the new network could be safe from the point of view
of generating leaks, due to working with lower pressures. We also suggest at the end of the
paper that a more rigorous approach to a more realistic future analysis.

2 Methodology

For the simulation of a water distribution system of the real EPANET we use the water
distribution system of the UEM/Goioeré-PR-Brazil Regional Campus. The Campus has a
water tank structure with a capacity of approximately 45,000 liters, responsible for
supplying all the Campus units, thus using the water collection system of the distribution
network with a high upstream reservoir, according to [6]. Figure 1 shows the aerial view
of the location of the water distribution system that we want to evaluate. It is observed that
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we have a high water reservoir and three places of water consumption. The three blocks
are almost at the same level.

. »-~

EY ) * £ LS e &
Figure 1: Aerial image of the location of the water distribution system

Next there is the Figure 2, where have the scheme of the pipes and the nodes. We use
numbers for the nodes and letters for the pipes.

1
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Reservoir k
1

4
2

1
Figure 2: Hydraulic mesh of the cold water system CRG UEM

The current distribution network was dimensioned according to Standards [1], and the same
pipe, DN 80 mm, was used in all pipes.
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We will not enter here in the details of what the nodes are and we do not justify the demands
of flows, we only use those that we were told by the users of the system. With this, and
using the EPANET software, we arrive at Table 1: Pressure values with DN 80 mm.

Table 1: Pressure values with DN 80 mm.

Node Demand Hydraulic Pressure
LPS Loading mwcC
m

2 0.25 513.49 8.69
3 4.00 513.49 8.69
4 1.75 513.55 8.75
5 0.00 511.21 8.51
6 0.90 511.06 8.26
7 1.00 510.93 8.13
8 0.00 510.65 7.85
9 1.24 510.37 7.57
10 3.01 510.36 7.56
11 0.00 509.98 8.98
12 1.24 509.77 8.77
13 3.01 509.73 8.73
1 -16.40 515.80 0.00

The EPANET software also lists the data in table 2, as follows:

Table 2: speed values in the sections DN 80mm

Pipe Flow rate Speed | Cargo loss
LPS m/'s m/km
a 6.0 1.35 22.17
b 4.25 0.95 11.71
C 0.25 0.06 0.07
d 10.40 2.32 61.40
e 10.40 2.32 61.41
f 9.50 2.12 51.93
g 8.50 1.89 42.26
h 4.25 0.09 11.71
1 3.01 0.67 6.18
j 4.25 0.95 11.70
k 3.01 0.67 13.10
| 4.25 0.95 11.71
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The results presented in tables 1 and 2 are for the current network, it is noticed that the speeds and
pressures in the nodes meet the specifications of the Brazilian Standards [1].

Next, we simulate a new distribution network, with the same demands, but changing the pipe by
a DN 65 mm. In Table 3, we have the same variables as Table 1.

For the actual condition of the network; it is observed that it obeyed the requirements of NBR 5626
and the values obtained with maximum speed corresponded to 2.32 m/s, lower than the 3.0 m/s
recommended by NBR 5626.

The pressures recorded for the actual diameter (DN 80 mm, DI 75.6 mm) used in the network
varied between 7.56 m and 8.77 m. Note that the values also were well below the limit of 40 mWA
imposed by the standard.

Table 3: Pressure values with DN 65 mm

Node Demand Hydraulic Pressure

LPS Loading m mwcC
2 0.25 511.52 6.72
3 4.00 511.52 6.72
4 1.75 511.63 6.83
5 0.00 507.29 4.29
6 0.90 507.01 4.21
7 1.00 506.76 3.96
8 0.00 506.26 3.46
9 1.24 505.73 2.93
10 3.01 505.70 2.90
11 0.00 505.01 4.01
12 1.24 504.61 3.61
13 3.01 504.55 3.55
1 -16.40 515.80 0.00

Table 4 presents the same variables as Table 2, as we said, now for another pipe.
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Table 4: Speed values in the sections DN 65mm

Pipe Flow Speed Cargo
rate m/'s loss
LPS m/km
a 6.0 1.72 41.11
b 4.25 1.22 21.70
C 0.25 0.07 0.12
d 10.40 2.99 113.84
e 10.40 2.99 113.85
f 9.50 2.73 96.26
g 8.50 2.44 78.35
h 4.25 1.22 21.70
i 3.01 0.86 11.46
i 4.25 1.22 21.70
k 3.01 0.86 24.27
1 4.25 1.22 21.70

For the condition where it replaces the actual diameter with one immediately below the
current network, it is noted that the requirements of NBR 5626 were met and the values
obtained with maximum speed corresponded to 2.99 m/s, inferior to 3.0 m/s recommended
by NBR 5626. The pressures recorded for the diameter (DN 6580 mm, DI 66.6 mm) used
in the network varied between 2.9 and 6.83 m. Note that the values also were well below
the limit of 40 mWC imposed by the standard.

3 Methodology Results and Discussions

Table 5, below shows the speeds found in each of the systems, for DN 80 mm and DN 65
mm.
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Table 5: Speed in the pipes

Pipe Speed (m/s)
DN 80 mm DN 65 mm
a 1.35 1.72
b 0.95 1.22
C 0.06 0.07
d 2.32 2.99
e 2.32 2.99
f 2.12 2.73
g 1.89 2.44
h 0.09 1.22
i 0.67 0.86
j 0.95 1.22
k 0.67 0.86
1 0.95 1.22

In Table 6, we have the node pressures for the two systems considered.

Table 6: Pressure in the nodes

Node Pressure (inWC)
DN §0mm DN 65mm
a 8.69 6.72
b 8.69 6.72
C 8.75 6.83
d 8.51 4.29
e 8.26 4.21
f 8.13 3.96
g 7.85 3.46
h 7.57 2.93
i 7.56 2.90
] 8.98 4.01
k 8.77 3.61
| 8.73 3.55

Table 5 and 6 showed that the current campus network presented a maximum flow velocity
of 2.32 m / s and pressures ranging from 7.56 m to 8.77 m, when Diameter currently
installed in the mesh by the immediately lower commercial diameter obtained a maximum
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flow velocity of 2.99 m/s and pressures ranging from 2.9 m to 6.83 m, the alternative would
make the network more economical in its construction and would meet the current demand,
but leaves the flow velocity of 2.99 m/s in the maximum limit imposed by NBR 5464, that
value of 3.0 m/s.

4 Conclusions

Both the current network and the simulated network are within the Brazilian standards NBR
5464. The construction of the current network was more expensive than it would be if we
used the simulated pipe. The current network pressure is higher than the simulated network,
which can lead to leaks. Since in the water distribution system we have a high reservoir,
which if filled can have a high pressure.

More rigorous work could be done by simulating the pipe change for each stretch, which
would probably lead to even better results.
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1 Introduction

There is very vexed problem of cleaning high-viscous fluids from mechanical
contaminations in chemical, petrochemical, textile and food industries. High viscosity of
fluid and clogging of pores leads to the need of creating high pressure drop on the filtering
baffle. It is expediently to use combined action devices such as hydrodynamic filters
providing highly efficient separation processes to solve the problem. Hydrodynamics
filtration differs from traditional filtration by velocity component of speed v; tangential to
filtration surface (Fig. 1a, 1b). The hydrodynamic effect consists in the continuous removal
of the accumulated sediment layer and in the increasing of purification fineness due to the
fact that particles with a size smaller than the dimensions of the cells themselves do not
pass through the cells of the filter material. The realization of the latter effect requires a
high tangential velocity v; of the flow with respect to the filtration rate vo. Within reasonable
limits of the ratio of these velocities, the hydrodynamic effect appears for large particles of
contamination larger than 300 um. To reduce the size of particles that can be removed from
the filtering baffle, a combination of hydrodynamic filtering with additional force is used
(Fig. 1c, 1d). In this case, additional forces appear, usually centrifugal and vibratory, which
exert an additional influence on the particle of contamination near the filtering baffle and
do not allow it to adhere to it on the surface.

)jvib r (v
A

Vo Vo
YA T WK%'d

Figure 1. Filtration schemas:
a — traditional; b — hydrodynamic;
¢, d — hydrodynamic with force action

The field of application of hydrodynamic filters is wide enough. They can be used in the
chemical, petrochemical, mining, metallurgical industries, in the municipal services. The
advantage of these devices is that, with guaranteed compliance with the purity required in
the process, which is determined by the size of the cell of the filter material, they have a
self-cleaning ability, which increases the time to regeneration and the filter life.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 79
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
V. Devisilov, E. Sharai & A. Aleksandrov: Hydrodynamic Vibratory Filtration as a
Method Removing of Mechanical Impurities in Regeneration Systems of Highly Viscous
Working Fluids

In this paper, we consider the current schemes of hydrodynamic filters and the main
approaches to describing the processes occurring in them.

2 Main Types of Hydrodynamic Filters

At the present time, several types of hydrodynamic filters are known, differing in the
organization of the output streams, the shape of the working area channel, and the method
of swirling the flow, which provides the creation of an additional force field. Conditionally
they can be divided into the following groups [1].

2.1 Presence of slime fluid

The first class of hydrodynamic filters is characterized by the presence or absence of slime
fluid and includes two groups of filters — full-flow and bypass-flow. In the full-flow filters
(Fig. 2a), all fluid supplied for purification passes through the filtering wall. The advantage
of this mode of operation is obvious — this is the absence of slime fluid. However, the self-
cleaning ability of such filters is lower than that of incomplete flow filters (Fig. 2b). They
are used wherever a complete collection of impurities is required, with a low viscosity of
the medium to be cleaned with low obliteration properties or with a slight difference
between the densities of the solid and fluid phases.

In the case of bypass-flow hydrodynamic filters, part of the filtered fluid (usually 10-15%)
is bypassed along the filtering wall to flush the accumulated sediment from its surface, and
then is dumped together with contaminants into the filter fluid container or disposed as a
waste.

Liquid Liquid
Inlet Inlet
S 1 S !
O.m s 7] 1 g.m's |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
I I Concentrate I I
10+15%)-0, m’-s”
Filtrate ( 00 Filtrate
(85290%)-0, m"-s” (85+90%)-0, m’-s”
a b

Figure 2. Hydrodynamic filters schemas:
a — full-flow, b — incomplete flow
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2.2 Type of body form and filtering wall

There is a wide variety of hydrodynamic filters in the form of the body and the filtering
wall, which determines the configuration of the working channel, in which the separation
of particles by force fields occurs. The most common configuration is the cylinder-in-
cylinder (Fig. 2) [2], which is explained by the ease of manufacturing. In such filters, there
is an irregular load on the filter material due to the fact that as the flow of the fluid to be
cleaned flows along the working channel, the fluid consumption decreases, and also the
longitudinal velocity and, as a consequence, the hydrodynamic flushing effect decrease.
The mentioned disadvantages lack the hydrodynamic filters of the cylinder-in-cone type
(Fig. 3a) [3], [4], [5] and the cone-in-cylinder [6] due to the changing cross-sectional area
of the channel, but they require high manufacturing costs.

The least spread has devices such as disk and ball-in-ball due to their specific forms. In the
disk [7] hydrodynamic filter, the working channel is flat, formed by a filter partition and
the wall of the body, made in the form of horizontal disks. Passing through the channel, the
main part of the stream is filtered through a disk filtering baffle, and the remaining part
with the contamination concentrate is removed through the hole in the centre of the baffle.
Devices of such design are characterized by a low proportion of the bypass fluid (5-7%)
with the simplicity of the design, but they have a significant drawback, which consists in
the irregularity of the velocity along the length of the channel due to the reduction in the
flow rate of the fluid to be cleaned from the periphery to the centre. The problem is solved
by performing one of the channel surfaces in the form of a cone, however then the design
ceases to be simple.

The most complex in the design are ball-in-ball devices, which consist of a spherical shell
with a spherical filtering baffle inside. At the same time, they have the largest filtering area
with minimal overall dimensions, which is their advantage over all other types of
hydrodynamic filters of this classification group.

2.3 The method of force field creation

The third classification group includes hydrodynamic filters containing in their design
elements creating an additional flow twist that allows reducing the load on the filter
material by separating part of the impurities by a centrifugal mechanism. There are five
principal types of hydrodynamic filters: with rotating filtering baffle; with rotating and
vibrating filtering baffle; with rotating filtering baffle and protective shell; with large
curvature of the surface filter element; with special twist devices.

The greatest effect on the flow swirling can be obtained by devices with a rotating filtering
baffle [8] (Fig. 3, 4), because they have the ability to adjust the speed of rotation depending
on the properties of the medium to be cleaned and, as a result, to obtain the greatest force
effect on the cleaned flow with the minimum size of the filter. The combination of the
rotation of the filter baffle with vibration along the axis of rotation [3], [9], [10] (Fig. 3)
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increases the self-cleaning ability of the filter by destroying the accumulated sediment layer
and simultaneously removing it from the surface of the filter baffle by centrifugal and
hydrodynamic forces. However, the flow in the channel formed by the body and the
filtering baffle is close in structure to Couette-Taylor flow, which, as is known, can be
unstable [11].
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Figure 3. Hydrodynamic vibration filters schemas: a — cylinder-in-cone,
b — cylinder-in-cylinder

With the appearance of macro-vortex structures, the separation of particles worsens due to
the irregular distribution of radial and longitudinal velocities along the length of the
channel, part of the filtering wall can be excluded from work due to the circulation of
secondary currents. In addition, the presence of vortex structures increases the hydraulic
resistance in the filter. Therefore, for hydrodynamic filters with a rotating filter baffle, the
question is to choose the optimal operating modes, in which the flow in the working channel
is vortex-free and stable. It should be noted that in some literature hydrodynamic filters
with a rotating filter baffle, in which the separation of solid particles is carried out by a
centrifugal mechanism, have been called rotational filters [2].
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Figure 4. Flow schema in hydrodynamic filter: 1 — filter body; 2 — perforated shell,
3 —filtering baffle, | — tangential fluid input zone, Il — protective zone [12]

In [12], structures with a perforated protective shell located between the body and the
filtering baffle or with two protective perforated shells are provided, between which there
is a rotating filtering wall. In this case, the perforated protective shell can be fixed or
rotating at the same speed as the filtering baffle [12]. In the first case, the effect of using a
protective perforated shell is to reduce energy consumption for cleaning by reducing filter
pressure losses. The presence of a rotating perforated shell allows separation of not only
coarse but fine particles of contaminants too due to the fact that in the annular gap between
the filter plate and the perforated protective shell the fluid rotates as a solid with a constant
angular velocity, which creates an obstacle for penetration to the filtration surface of fine
contamination particles [12]. Thus, the rotating perforated shell allows to increase the
service life of the hydrodynamic filter by a self-cleaning of filtering baffle and to reduce
the size of the particles separated by centrifugal forces than at similar rotational speeds of
the filter plate, but in the absence of a protective perforated shell. However, this design,
complicated by the presence of additional moving elements, does not solve the problem of
vortex formation in the working ring channel and requires selection of the operating
parameters ensuring a steady flow.

The principle of creating an additional force field in the next group of hydrodynamic filters
is based on the use of stationary devices that allow the stream to be cleaned to receive an
initial twist at the entrance of the device. Such devices are swirlers in the form of ribbon
spiral guides installed in the inlet zone of the filter or an inlet branch installed tangentially
with respect to the filter body (Fig. 5) [3], [4], [12]. Such design allows the tangential
velocity component to be communicated to the stream being cleaned, which makes it
possible to discard solid particles of a certain size to the periphery of the shell, preventing
them from settling on the filtering baffle. The size of such particles depends on the intensity
of the swirling flow, which is determined by the flow rate or the average velocity at the
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entrance of device. In order to ensure that a particle of contamination does not reach the
filtering wall, it is necessary to create a high tangential velocity in the inlet zone of the filter
commensurate with the input velocities in the hydrocyclones, which deprives the
hydrodynamic filtering of the energy saving advantage.

Liquid
Inlet

Rotating
Porous
Baffle

Concentrate

*Filtrate

Figure 5. Hydrodynamic vibratory filter

In the case of using a special stationary twist device in the design of a hydrodynamic filter
with a rotating filtering baffle [3], [4], the particle separation zone by the centrifugal
mechanism is located along the entire length of the annular channel and there is no need to
create high speeds at the entrance to the apparatus.

In [13] the hydrodynamic filter designs are described, in which the flow being cleaned
moves not along the generatrix of the cylindrical filtering surface, as in [12], but across. In
this case, in addition to the hydrodynamic effect, inertial forces also appear that discard
particles from the filtering surface. However, to achieve this effect, a large curvature of the
surface is required, which leads to large overall dimensions of the device in one direction,
and a high velocity of fluid flow through the channel relative to the filtration rate, which
causes fluid loss with sludge drainage to 30%. To reduce the overall dimensions, designs
of a spherical shape have been proposed, but in this case the cost of the filter is associated
with the manufacture of a casing and a filtering surface of a complex shape.

Thus, from the view point of cleaning efficiency, production and operation costs, the most
promising are the hydrodynamic filters with a cylindrical filter baffle, cleaned flow in
which moves along the generatrix of the cylinder, and the design uses an additional twist
of the flow. By the authors wad developed the design of a hydrodynamic vibration filter
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[4] (Fig. 5). The device consists of a conical body in which a cylindrical filtering baffle
rotating around its axis is disposed. The fluid is supplied through a tangentially disposed
inlet. Due to this, the stream receives an additional twist. Under the influence of pressure
drop, the fluid is filtered through the baffle. A part of the fluid (15% of the input flow)
passes along the baffle and exits through the lower tangential pipe. To intensify self-
cleaning, the filter baffle can vibrate along the axis of rotation, which destroys the
accumulated layer of sediment. Rotation and additional swirling of the flow in the annular
channel create centrifugal forces that promote the movement of contaminant particles from
the baffle to the body. Then the particles enter the concentrate together with the bypass
flow (15% of the input flow). This flow arrangement reduces the load on the filter material.
Let's consider further analytical, numerical and experimental researches, concerning
exactly this performance of hydrodynamic filters.

3 Approaches to the Hydrodynamic Filtering Description

The currently available approaches to the description of hydrodynamic filtering through a
cylindrical filtering baffle affect two types of devices: cylinder-in-cylinder and cylinder-
in-cone, with a greater number of studies devoted to the first kind due to the less complex
geometric shape of the channel under study. The main task of most of the known works is
the description of hydraulic and separation processes in the annular channel formed by a
cylindrical filtering baffle and the filter body in order to determine the optimum operating
parameters of the filter operation, which guarantee the stable flow.

The most common is the deterministic approach to the description of the hydrodynamic
filtering process, and only a small part of the work [12] takes into account the presence of
random processes by a probabilistic-statistical approach to description. In this article, we
limit the discussion of known works using a deterministic approach for swirling flow in an
annular tapered channel with rotating internal filtering baffle.

The determination of the optimum operating parameters in a hydrodynamic filter with a
rotating filtering baffle and additional twisting of a cylinder-in-cone flow is reduced to
finding the ratio between the speed of filtering baffle rotation and the average flow velocity
at the filter inlet providing additional twist of the flow. A limited number of works are
devoted to the research in this field [14], [15], [16],[17]. In a certain approximation, one
can find an analogue between the processes taking place in the gap between the rotating
filter baffle and the conical body, with the currents being organized in the conical
hydrocyclone, and with a separate examination of the narrowing annular channel with an
inner permeable surface [18]. Known in this issue studies have not yet been applied to the
description of hydrodynamic filters such as a cylinder-in-cone. It should be noted that it is
impossible to directly use the existing descriptions, since they do not take into account all
the processes of hydrodynamic filtering. Thus, there are no papers describing the flow in a
tapered annular channel with a rotating permeable inner wall. When calculating cylinder-
in-cone type filters, numerical simulation methods and full-scale experiment are used [19],
[20]. By solving the Navier-Stokes equations, the distributions of the circumferential, radial
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and axial velocities in the working part of the filter are obtained, and streamlines
determining the flow structure for Newtonian and pseudoplastic media are found [19], [20].

4 Conclusion

Hydrodynamic filtration as a method of cleaning fluids from solids deserves attention, as
it has several advantages over traditional filtration, especially when cleaning highly viscous
media. The effectiveness of using hydrodynamic filters in technological systems is shown.
To date, there is no complete methodology for calculating them due to the multifactority
of the processes occurring in the working area of the filter. When finding the optimal
operating parameters for hydrodynamic filters operation, the most commonly used is
numerical simulation based on solving the Navier-Stokes equations system, which requires
appropriate skills. For the wide distribution of hydrodynamic filters in certain industries, it
is necessary to create an engineering calculation technique that will reduce the time and
effort required for design. The authors developed the design of a hydrodynamic vibration
filter. This filter has a high self-cleaning ability and low energy costs in comparison with
analogues. The determining parameters of the separation and the optimal operational
parameters are determined.

This work was performed under the state order of the Ministry of Education and Science
of the Russian Federation No. 10.7766.2017.
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1 Introduction

Today lots of industrial applications require filtration of two-phase flows with high
viscosity non-Newtonian dispersion medium and solid dispersion phase. From the fineness
of filtration process fluids depends on the reliability of technical systems, the probability
of occurrence of accidents in production lines, the degree of environmental pollution. The
special importance of the removal of mechanical impurities is in the systems of
regeneration of waste liquids.

A large number of liquid media used in the industry, exhibit pseudoplastic properties,
which are characterized by an inverse correlation between the effective viscosity and
deformation rate. These include solutions of polymers, mineral and synthetic oils, heavily
soiled waste water. For these mediums can be applied rheological equation of non-
Newtonian fluid state, written in the form of a power-law de Waele—Ostwald within the
certain range of shear rates [1]. Specific feature of the process of separation of such flows
is the limited service life of the filtering equipment due to the need for frequent regeneration
of the filter material because of the clogging of its pores by solid particles and plugging of
pore channels because of obliteration processes. The high viscosity of dispersion medium
results in the necessity of creating a large pressure drop across the filtering baffle, which
requires considerable energy costs.

To address these problems, it is advisable to use a combined action devices, capable of
providing high efficiency of separation process coupled with creation of additional strain
rates, resulting in decrease in effective viscosity of the fluid being treated [2], [3].

Among the combined action devices can be distinguished the self-cleaning hydrodynamic
filter (Figure 1), which allows to considerably reduce energy costs in comparison with
traditional filtration. The principle of hydrodynamic filtering is that the liquid is passed
through rotating porous baffle, wherein a portion of the fluid flow to be cleansed (10-15%
of total volume) is bypassed lengthwise the filter baffle [4], [5].

The hydrodynamic force acting on the suspended solids from the pumped flow, contributes
to their washout from the baffle surface. This ensures constant cleaning of the filter surface.
By rotating the filter baffle, it becomes possible to separate under the influence of
centrifugal force the solids, having a higher density than the liquid phase. Convergent
annular gap between the housing wall and the filter provides uniform degree of self-
cleaning of the latter over its entire length because of the constancy of the longitudinal fluid
flow rate.

This paper investigates the behavior of solids in power-law non-Newtonian fluids in a
context of complex force impacts on flow, as implemented in hydrodynamic filters.
Hydrodynamic filter combines a tangential filtration and centrifugal separation in one
device. This allows to increase service life (time between regenerations) and the energy
costs of cleaning highly viscous media.
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Figure 1. Hydrodynamic filter
2 Problem statement

The pattern of medium flow in the hydrodynamic filter is rather complex. It is therefore
advisable to successively consider the individual components of the separation process,
driven by the influence of main force factors occurring in its working area. The working
area is an annular channel formed by the stationary outer conical surface and the inner
rotating cylinder. For the purpose of this study, let’s consider the three component of fluid
flow in the working area. The first component of the flow uy is caused by filtration through
the permeable inner cylinder, determined by the velocity u, of the fluid suction through

its surface (Figure 2). The second component of the flow has to do with the bypassing of
the portion of liquid flow at the velocity w, (Figure 2), by means of which hydrodynamic
flush of solids from the surface of the permeable cylinder is provided. The third component
of the flow is caused by the rotation of the permeable cylinder with radius R and the
tangential inlet, which ensures centrifugal separation of solid particles, thereby reducing
the load on the filtering material. Tangential velocity v, determines the rate of separation.



90 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
V. Devisilov & E. Sharai: Numerical Investigation of the Separation of Two-Phase
Media With Complex Power Effects in Order to Reduce Energy Consumption for
Cleaning

Annular

Channel
(working zone)

Rotating
Porous
Baffle

Figure 2. Flow diagram

And the last component of the flow is a special case of a known flow between two coaxial
cylinders, where the outer one is fixed and the inner one is rotating [6]. It is known, that in
case of such flow, unstable liquid separation may occur due to the fact, which the liquid
particles in the vicinity of the rotating cylinder tend to move to the outer cylinder. Thereby,
starting from a certain Taylor number, regularly alternating leftward and rightward rotating
toroidal vortices, called Taylor vortexes, appear between the cylinders. However, known
conditions for the appearances of Taylor vortices are not the flow stability condition in the
hydrodynamic filter, since the outer surface is conical and because there are certain factors,
that has a stabilizing effect. In the flow being studied, these factors are the viscosity of the
fluid and the suction of the fluid through the permeable baffle [7], [8].When filtering high-
viscosity media, buckling will occur at a higher rotation speed, as well as by reducing the
thickness of the boundary layer due to the suction of the liquid through the rotating cylinder.
Therefore, proper selection of operating parameters of the filter to ensure effective
separation of particles by the centrifugal mechanism, it is necessary to know the boundaries
of appearance vortex structures in view of the aforementioned factors.

Thus, the objective of this study is to determine the effect of the vortexes, which occur
between the stationary outer conical wall and the inner permeable rotating cylinder, on the
efficiency of separation of solid particles using centrifugal mechanism.

3 Method of Research

We restrict consideration of heterogeneous mixtures by dispersed mixtures, which consist
of two phases, one of which is a pseudoplastic non-Newtonian fluid, and the second one is
solid particles. In mathematical modeling of the processes occurring in a hydrodynamic
filter, it is advisable to use the methods of continuous medium mechanics in the form of
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conservation equations with the following major assumptions: the size of disperse particles
is many times greater than kinetic molecular distances, and the particle size is much smaller
than the size of the channels in which the two-phase mixture flows.

The system of equations for hydrodynamics two-phase medium is the system of equations,
based on the Euler model and Navier-Stokes equations [9], and can be expressed as
follows:

- the law of conservation of momentum for a solid phase

oP
_(a psV )+ (a psts |s)_ —Q g"'
l i

ort;;

ij,s

+ +o,p 0+ Ky (Vi o =V, 1)

j
- the law of conservation of momentum for a liquid phase

oP

_(afpf jf)+ (afpfvj Vig)=—a; —+
J aXi
Eiz'l f
i, .
+ +afpfg|+Kfs(V|s VIf)’ (2)
j
- continuity equation for solid phase
0
a(asps)-'_v(aspsvs): 0; (3)
- continuity equation for fluid phase
a(afpf )+V(afpfvf)zo; 4

- the volume fractions of the phases

Olf +(Zs :1' (5)
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where, Vf and Vs are the velocities of fluid and solid phases accordingly; & and O are
relative volumetric concentrations of fluid and solid phases; P and O are their densities;
P is pressure within the medium; g — mass forces; t — time; x — coordinate; K fs and st

— phase interaction factors; i, j — summation indexes, i, j = 1,2,3; Tjj ¢ and 7j; s — stress
tensors for fluid and solid phases. Stress tensors:

- for fluid phase

2
Tij t :gafpfkf5ij +

ov,; oV, oV
+af,u$ff if + j.f 25”_ k,f
OX; OX; 3 7 X,

- for solid phase

Vi, . Vs
oX;  OX

( : j aVk s
T AV — S A f §ij =,
3 OX,

2-ij S = as :us +

where, Vgand U are volumetric and shearing viscosities of the solid phase; ,Lt?ﬁf
effective viscosity of the fluid; k — summation index, k = 1,2,3.

The equation of state of a non-Newtonian fluid, which is written as power-law de Waele—
Ostwald dependence, has the form of [1]:

n-1
r=my| y ®)

where, m is consistency index; }” — rate of strain; n — flow index or the intensity of non-

Newtonian properties (n < 1). The effective viscosity of non-Newtonian liquid is
determined as
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pi =y ™

As a model of two-phase flow turbulence, we adopted the K — & turbulence model, where
the transport equations are written for the turbulence kinetic energy k and the turbulent
energy .- dissipation rate for each of the phases separately.

The system of equations (1) — (5) is written in the general form and can be used for
stationary and non-stationary calculations. In this paper, the system (1) — (5) is solved
numerically by finite volume method in a stationary environment. The solution is
implemented as a serial iterative procedure on the grid nodes.

The criterion for the end solution is a condition, when the maximum relative difference
between the values of the unknown variables in the previous iteration step and the next
iteration step does not exceed specified error A=1-10"* in all the nodes of the
computational grid,

q —qg"*
-

q

max <A (8)

where, g is the unknown variable, | — iteration step number.

The system (1) — (5) is supplemented with the following boundary conditions. The «inlet»
boundary condition is determined by the flow rate of the dispersed two-phase mixture. The
«outlet» conditions are set on the inner cylindrical surface by the three components of speed
(Figure 2): u, (R)=uy , equal to the filtration rate; circumferential speed v, (R) = @R
, Where ., is the angular velocity of rotation, R is the radius of the filter baffle; and the
velocity along the axis of rotation wy (R): 0. Also the «outlet» boundary condition is

determined by the flow rate of the continuous fluid (15% from «inlet» flow rate). The
adhesion condition is set on the outer conical surface, i.e. Vf =0. The intensity of the

turbulence formation in the flow is 0.05. The interaction of solid particles with the conical
surface: perfectly elastic reflection; same with the rotating cylindrical: adhesion condition,
under which all of the solid particles striking the wall are consider to be settled thereon.
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4 Research Result

Calculations have been made for two-phase flow with the following parameters:

1. The continuous fluid. Density: Py =900kg-m™; consistency index:

m=0.15Pa-s" , the degree of intensity of non-Newtonian properties n was varying from
0.8t0 1.0.

3
2. The solid phase. Density: pg = 2250 kg M~ At the first iteration the solid phase

monodispercity condition was adopted. Diameter of particles ds was varying from 20 to
100 um.

3. The geometrical parameters. The radius of the filter baffle R = 20 mm; the length of the
channel L = 100 mm; the slant angle of 12°; little radius cone of 25 mm.

The following are the results of the numerical solution of the system equations (1)-(5) the
analytical model. The effective viscosity in the working area was determined. For this type
of complex flow, the influence of dispersed phase particle diameters ds, circumferential
velocity of rotation of the inner cylindrical surface and the degree of intensity of non-
Newtonian properties of particles on efficiency of particle separation using centrifugal
separation mechanism were examined.

4.1 The effective viscosity in working zone of the hydrodynamic filter

The rotation of the filter baffle and the tangential input of the cleaned flow into the working
zone make it possible to reduce the effective viscosity pseudoplastic fluid in the channel
by creating additional shear rates. Figures 3a-3d shows the distribution of the relative

effective viscosity ,L_leff along the relative channel radius latz/L equal to 0.1 (Figures 3a),
0.3 (Figures 3b), 0.5 (Figures 3c), 0.7 (Figures 3d), where:
— M r

1r=_'
Hest m R

Curves 1 (n = 0.8), 3 (n = 0.9) of Figure 3 were obtained for w = 100 rad-s?, and curves 2
(n=0.8), 4 (n=0.9) correspond to a fixed filter baffle.

As can be seen from the graphs, the introduction of rotation of the filter baffle really allows
reducing the effective viscosity in the annular channel. For instance, the rotation of the
filter baffle with w = 100 rad-s* allows to reduce the effective viscosity by an average of
15% for fluid with the degree n = 0.9, and with n = 0.8 by 25%.
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However, there is a limit to reducing the effective viscosity. For considered continuous
fluid, it is not advisable to use rotation more than w = 400 rad-s*. In this case, the decrease
in the effective viscosity will be less than 1 % (Figure 4).

4.2 The efficiency of solids separation by the centrifugal mechanism

The efficiency of particle separation using centrifugal separation mechanism was estimated
by the relative volume concentration of solid particles &, at the exit of the branch pipe
of the concentrate.

For evaluation of convenience let’s convert &g, to initial concentration ;4 at the

input of the filter to calculate the efficiency of solids separation by the centrifugal
mechanism:

aS ,out
= 9)

as,inlet

where, 7 is the efficiency of solids separation using centrifugal mechanism; &g, and

O et are relative volume concentrations of solids on exit of the branch pipe of the
concentrate and at the inlet to the computational domain respectively.
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Figure 4. The average effective viscosity in working zone of the hydrodynamic filter at
zZ/L=05and:1-n=0.8;2-n=0.9

Comparison of Figures 5, 6 shows that the larger particles are separated better. The
explanation of this fact is the increase of the centrifugal force for 100 pum particles as
compared to the particles of 20 um.
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Figure 5. Dependence of solids separation using centrifugal mechanism # on angular
frequency atn = 0.8 and: 1 — ds =20 um; 2 — ds = 60 pm; 3 — ds = 100 um
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Figure 6. Dependence of solids separation using centrifugal mechanism # on angular
frequency atn = 0.9 and: 1 — ds =20 um; 2 — ds = 60 pm; 3 — ds = 100 um

As can be seen from the curves 1-3 on Figures 5, 6, particle separation efficiency using
centrifugal mechanism increases as the flow index n decreases. This is due to the effect of
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"liquefaction” of power-law fluid in case of a complex shift, when the effective viscosity
decreases with the decrease of the flow index n. Therefore, with the increased n, a solid
particle is affected by greater drag force, that results in a decrease of separation efficiency
using centrifugal mechanism.

Increasing efficiency # due to increasing of circumferential speed of the inner permeable
cylinder rotation is logical, because centrifugal force, that affects a solid particle, is directly
proportional to the square of the circumferential speed. However, this increase is limited
and is observed at the steady state for the existence of the circulation vortex in the working
zone. Figure 7 shows the two-dimensional streamlines in a meridional section of the
channel, which illustrate circulation vortex pattern.

Figure 7. Two-dimensional streamlines in the working zone
5 Inference

Based on the deterministic approach, we have developed the model of the process of
medium flow in the convergent channel formed by the stationary conical outer surface and
the inner cylindrical rotating permeable surface. We have examined the process of
movement of the two-phase flow containing dispersed phase, consisting of solid particles
and liquid disperse medium, the rheological properties of which are described by the
power-law de Waele-Ostwald dependence, within an annular channel with rotating
permeable inner surface. We have further identified key parameters of the process of
separation of solid particles in a complex flow. The results of the study can be used to
develop an engineering method for calculating hydrodynamic filters, the principle of
operation of which is based on filtering in condition of complex impacts on the flow.

The obtained results can be used in the design of systems for cleaning high-viscosity fluids
from solid particles.



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL | 99
PROTECTION (JUNE 27TH—30™H, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING
V. Devisilov & E. Sharai: Numerical Investigation of the Separation of Two-Phase
Media With Complex Power Effects in Order to Reduce Energy Consumption for
Cleaning

This work was performed under the state order of the Ministry of Education and Science
of the Russian Federation No. 10.7766.2017.

References

[1] W. L. Wilkinson, Non-Newtonian fluids. London: Pergamon Press, 1960.

[2] Yao Lun-Shin, Md. Mamun, "Fully-Developed Circular-Pipe Flow of a Non-Newtonian
Pseudoplastic Fluid", Universal Journal of Mechanical Engineering, 1(2), pp. 23-31, 2013.

[3] T. K. Bandyopadhyay, S. K. Das, "Non-Newtonian pseudoplastic liquid flow through small
diameter piping components”, J. of Petroleum Science and Engineering, vol. 55, pp. 156—
166, 2007.

[4] V. A. Devisilov, E. Yu. Sharai, "Hydrodynamics of a Rheologically Complicated Liquid in a
Self-Cleaning Filter", Theoretical Foundations of Chemical Engineering, vol. 46, no. 6, pp.
594-600, 2012.

[5] V. A. Devisilov, E. Yu. Sharai, "Hydrodynamics of a Numerical study of the flow structure
in a hydrodynamic filter", Theoretical Foundations of Chemical Engineering, vol. 50, no. 2,
pp. 209-216, 2016.

[6] C. D. Andereck, S. S. Liu, H. L. Swinney, "Flow regimes in a circular Couette system with
independently rotating cylinders", J. of Fluid Mechanics, 164, pp. 155-183, 1986.

[7] D. L. Cotrell, A. J. Pearlstein, "Linear stability of spiral and annular Poiseuille flow for small
radius ratio", J. Fluid Mech., vol. 547, pp. 1-20, 2006.

[8] D. I. Takeuchi, D. F. Jankowski, "A numerical and experimental investigation of the stability
of spiral Poiseuille flow", J. Fluid Mech., vol. 102, pp. 101-126, 1981.

[9] D. A. Drew and R. T. Lahey, In Particulate Two-Phase Flow, Boston: Butterworth-
Heinemann, 1993.



100 | 10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27TH—30™, 2017, BLED, SLOVENIA), MECHANICAL ENGINEERING



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND

)
ENVIRONMENTAL PROTECTION (JUNE 27T — 30™, 2017, BLED, -ﬁ-

SLOVENIA), MECHANICAL ENGINEERING i
. . . eu - niversity of Maribor Press
J. Krope, A.Ghani Olabi, D. Gori¢anec & S. Bozi¢nik

Assessment of Optimal Drilling Parameter for Bamboo
Filler Reinforced Epoxy Composite

CHAIKI MALAKAR & SUMIT BHOWMIK
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research. For joining of structures made of composite materials in various
applications drilling process plays a pivotal role. An experimental study
into the drilling behavior of bamboo filler reinforced epoxy composites has
been carried out considering various percentage of bamboo filler. The
drilling operation has been conducted on radial drilling machine using HSS
twist drill bit. The drill diameter, spindle speed, and bamboo filler content
were selected as the input parameters and thrust force as the response
parameter. The experimental results show that thrust force increases with
the increase in drill diameter and spindle speed on thrust force is found
insignificant. It is also seen that the thrust force increases up to 7.5% filler,
after that, decreases. Regression analysis has been performed to develop
mathematical model for calculation of thrust force.
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1 Introduction

Modern technologies require materials with superior properties than the conventional ones.
There has been an increase in demand for composites in various applications due to the
multidimensional properties compared to the constituent materials. A composite is a
material having two or more phases that results in combination of properties. The
application of composites could be found in diverse engineering disciplines: the automotive
industry, the aerospace application and in the leisure industry for fabricating tennis
racquets. With increasing demand of composites is also required of assembling some of the
parts together. For joining of the part adhesives can be employed, but it has several
disadvantages [1]. For creating mechanical joint, surface preparation is not an essential
criteria whereas bonding joint with the help of adhesives requires surface preparation.
Adhesive bonding requires more skilled people and precision work is required for
mechanical joints. Also inspection of the adhesive bonds becomes difficult since the
components cannot be broken and put together again [2]. Composite parts which are
connected by mechanical fasteners require appropriate holes to be drilled to have a long
lasting assembly of the parts. Amongst the humerous machining processes, conventional
drilling is easier and quicker process for machining of materials. During drilling operation,
different process parameters viz., drill bit diameter, depth of cut speed, torque and feed rate
play an important role in the removal of the material. Various researchers carried out
different investigation to find the optimal combination of drilling machining parameter for
different composite materials. The fiber loading and feed rate has a direct effect on the
torque and thrust force of chopped composite material during drilling operation. The push
out and peel up delamination also occurred at drill entry and exit. The cutting speed does
not have significant effect on the delamination size whereas the delamination size decreases
with the decrease in feed [3]. With the increasing cutting speed, both the thrust force and
the torque increased. Further carbide drill performed better than the HSS drill [4]. For glass-
sisal-jute fiber reinforced hybrid composite, lower feed rate and high or moderate spindle
speed are appropriate for drilling in order to reduce the induced damages while drilling.
For the specific volume fraction glass fiber reinforced epoxy composites with increasing
cutting speed the thrust forces and torque were decreased. Also glass fiber reinforced epoxy
composites with lower volume fraction at lower feed have greater roughness than that of
drilling at higher feed [6]. The delamination size is increased with increasing drill diameter
and feed during the drilling operation of woven glass fiber reinforced epoxy composites.
On the other side, increasing cutting feed increases the surface roughness. Further, the
increased feed fallouts in greater value of thrust force. The thrust force leads to
delamination damage which lowers the bearing strength. With the increase of cutting force
the tool wear increases. Therefore for drill wear monitoring, cutting forces are very much
important. The thrust force in drilling of composite materials are mainly depends on the
different input parameters and most of the work carried out on fiber reinforced composites.

As the matter to subject of the topic, the thrust force in drilling is assessed for bamboo filler
reinforced composited under different constraint like drill diameter, spindle speed, and
different wt. % of filler.
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2 Materials & Experimentation
2.1 Materials and sample preparation

In this work bamboo filler belongs to Bambusa Tulda tree species family is used as
reinforcement material and epoxy resin (AW106) and corresponding hardener (HV953U)
are used for the matrix material to prepare the sample. The samples are prepared using hand
layup technique of dimension 110 mm x 110 mm x 5 mm block. The bamboo fillers are
obtained by grinding process and then sieving is done in order to obtain the average
dimension of 150 pm. After proper cleaning and drying, different wt. % of fillers in 0 %,
2.5%,5 % 7.5 %, 10 % and 12.5 % ratio are mixed with epoxy. The resin and hardener is
mixed in a ratio 10:8 by weight. The mixture of bamboo filler and epoxy is mechanically
stirred and steadily discharged in the glass mould placed in vacuum chamber. The mixture
is kept in vacuum chamber for 24 — 48 h at room temperature to cure.

2.2 Experimental details

To determine the thrust force in drilling operation of bamboo filler reinforced epxoy
composite under different variable paramete a number of drilling experiments are carried
out on a radial drilling machine using HSS twist drill having three diameters of 3 mm, 4
mm and 5 mm. A load cell with data acquisition system is used to measure the thurst force.
The experiment is carried out in three different spindle speed of 250 rpm, 500 rpm and
1000 rpm with a constant feed rate of 0.59 mm/rev. under dry cutting condition.

3 Results and Discussions
3.1 Thrust force analysis

In this present work drilling operation is carried out on bamboo filler reinforced epoxy
composite to determine the effects of drill diameter, spindle speed and bamboo filler wt. %
on thrust forces. Figure 1 — 6 shows the graphs between thrust force and drill diameters
with respect to spindle speed of 250 rpm, 500 rpm and 1000 rpm respectively for various
percentage of filler content. From the results it is found that with the increase of drill
diameter, the thrust force is also increasing for all the filler wt. %. This is occurs due to the
increase in cross sectional area of the undeformed chip. Therefore, the resistance of chip
formation and, consequently, the thrust force were increased. In all the experiment the
feed rate is constant at 0.59 mm/rev. It is also observed from the experimental results that
the spindle plays an important role on the thrust force.
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The influence of various filler % on thrust forces is shown in figure 7, 8 and 9 respectively.
It is observed that the thrust force increases with incresae in the % filler upto 7.5 % filler
content for all the drill diameter and with increase in filler content the thrust force
decresaes. After certain limit of the filler content, the adhesion between filler and resin
decreases. At higher filler content it is also difficult for the epoxy resin to penetrate the
small spaces between the bamboo fillers due to which the stress transfer ability across the
filler resin interface gets reduce. Thus decrease in the thrust force at higher filler content.
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Figure 8. Variation of thrust force with filler % at different spindle speed for 4 mm drill
dia.
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Figure 9. Variation of thrust force with filler % at different spindle speed for 5 mm drill
dia.

3.2 Determination of S/N ratio

Signal to Noise (S/N) ratio is used to study the response variation for the radial drilling of
bamboo filler reinforced epoxy composites. This is done in order to reduce the
characteristic variations due to some uncontrollable parameters. The output response is
thrust force which has been considered with ‘smaller the better’ concept. For ‘smaller the
better’ concept the relation of S-N ratio is shown in Equation 1.

S/N =—10Iog10[%2y2j )

where, n is the no. of measurements taken in a row and y is the measured value in that row.
3.3 Regression model

A regression model is established for correlating the interactions of parameters such as drill
diameter, spindle speed, filler percentages and their effects on the thrust force in drilling
bamboo filler reinforced epoxy composites [8]. In order to predict the dependent variable
the regression model proposed is given as:

Thrust force

~ _18.368—0.824x A—0.88x B
+0.004x C +0.092x AB —0.0001 @)
xBC —0.0003x AC +0.00007 x ABC
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Where, A is the percentage of bamboo filler, B is the drill diameter in mm and C is the
spindle speed in rpm. Input responses and their interactions are the independent variables
and the output response i.e., thrust force is the dependent variable. The coefficient of
effectiveness (R? value) for the thrust force obtained from the regression model is 0.88.
From the R? value it is found that the input responses are effective in determining the thrust
force in drilling of epoxy composites. The regression analysis is carried out at a confidence
level of 90%, i.e. p-value (< 0.1) in order to predict the thrust force in drilling bamboo filler
reinforced epoxy composites.

34 Confirmation analysis

The conformation analysis is conducted in order to prove the accuracy of the equation
obtained from the regression model. The percentage error for each of the prediction is
calculated using the equation given below [9].

Actual S N ratio—Predicted S N ratio|
% Error = Actual S N ratio 3)
x100

The maximum % error for thrust force is found to be 8.62% and the average calculated %
error is 2.32% which is less than 5%. Therefore, for the prediction of the thrust force in
drilling bamboo filler reinforced epoxy composites, the regression model can be used
effectively with greater accuracy. The actual S-N ratio values and the predicted S-N ratio
values are compared by plotting a graph as shown in Figure 10. In the figure, the x- axis
signifies the experiment set number in which 0-9, 10-18, 19-27, 28-36, 37-45 and 46-54
are the experiments performed for 0%, 2.5%, 5%, 7.5%, 10% and 12.5% filler content
respectively, while the y-axis shows the actual and predicted S-N ratio values.
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Figure10. Comparison of actual and predicted S-N ratio results for thrust force.

4 Conclusions and Future Scope

An experimental investigation was performed in order to determine the influence of
reinforcing bamboo filler loading, spindle speed and drill diameter on the thrust force. In
the present investigation, it is found that with increase in drill diameter, the thrust force
increases and the effect of spindle speed is found to be insignificant. The thrust force
increases up to 7.5 % filler content and then it gradually decreases due to the weaker
bonding between epoxy matrix and bamboo filler. A correlation between drill diameter,
spindle speed, filler percentage and the thrust force has been established for predicting the
thrust force by using non-linear regression analysis. Coefficient of effectiveness (R?) for
the regression model is found to be 0.88 and the analysis is carried out at a confidence level
of 90% i.e. p-value (< 0.1) indicating the feasibility of the analysis. A confirmation analysis
has also been performed to show the accuracy of the developed formula which concludes
its ability to predict the thrust force in drilling bamboo filler reinforced epoxy composites.
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1 Introduction

Professional literature published abroad so far has not discussed the probability description
of domestic hot water and heating demands [1], [2], [3], [4], [5], [6], [7]. The DIN 4708
standard, still applied in Germany today, provides a method for calculating domestic hot
water demands on a deterministic basis [8]. In Hungary, this topic was looked into as early
as the 1970s, and the probability theory approach was introduced.

2 Probability Features of Domestic Hot Water Demands

Measurement experiences have shown that the quantity and intensity of consumption
indicate random and incalculable fluctuations for any group of consumers involving an
arbitrary number of apartments at any time of day and in terms of any duration; therefore
they can be considered as probability variables and can be described by probability function
relationships. In regard to consumption of any duration, consumption is characterized by
its density and distribution functions. According to theoretical expectations, the distribution
function can be considered as normal, which is determined by its two parameters — namely
the expected value and standard distribution — to be specified by measurements. In case of
domestic hot water consumption and intensity of any duration, the so-called significant
values are sought for. Significant values are characterized by the fact that by definition, it
can be expected at a 95 or 99% reliability rate that no value higher than them will occur in
the consumption period examined.

In 2004 and 2005, Budapesti Tavhészolgaltatd Zrt. (Budapest District Heating Works
Private Company Limited by Shares) measured the hot water consumption of several
buildings on an on-going basis and processed the figures yielded. Calculation formulas
were developed to determine the duration diagrams of consumptions and consumption
intensities (consumption figures per minute) of various durations [9].

2.1 Examination of DHW demands based on the theory of stochastic processes

Strictly speaking, the trend of the intensity of daily DHW demands by time of day is a
stochastic process. On the basis of both the qualitative examination and exact statistical
analyses, two characteristic periods can be discerned on weekdays: the morning peak and
the late afternoon peak. In order to determine the significant process of DHW demands —
and to dimension heat exchanger and storage facilities on the basis thereof — the process of
the late afternoon peak must be described.

It is obvious that the development through time of consumption intensity values V (1) is
interpreted as a stochastic process X _t.

In the present phase of research, the treatment of DHW consumption as a stochastic process
is accepted as a reasonable hypothesis. At the same time, as | there was no opportunity to
generate multidimensional correlation functions and covariance functions, the problem
approach was simplified in certain aspects. Process description is focused on the peak
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period. Visually, the process is considered stationary. Average expected values and average
standard deviation are defined for the peak period, which are averaged per apartment unit.
It should be noted that each of the stochastic processes to describe the DHW consumption
of a specific building are different from one another. There is no transformation to
homogenize stochastic processes. References made to a so-called unit of apartment
approximate processes to each other, but do not make them identical. Stochastically, the
DHW consumption of buildings of even an equal number of apartments is dissimilar.
Nevertheless, referencing to a unit of apartment will be applied as a working hypothesis,
which is allowable in engineering practice.

2.2 New procedure and model for the probability theory description of DHW
distribution and equipment dimensioning

Typically, there is a morning peak between about 6.00 and 8.00 a.m., when people get up
and go to work or school; and there is an evening peak between about 6.00 and 10.00 p.m.,
when people have a bath or a shower at the end of the day. Consumptions during these two
peak periods are characteristically higher than demands measurable during the daytime;
however, there are discrepancies as to which period represents the benchmark.

2.3 Measurement data

In our study we processed the data series measured by Budapesti Tavhészolgaltatd Zrt. in
the period 2004-2005. During the measurement lasting several weeks, the DHW
consumption measured in 58 different buildings was recorded in a per minute breakdown.

Measurements were performed in the buildings for an average of 19.7 days, meaning that
1104 days of rundown patterns are available in total. 1140 minutes of data were recorded
each day. This data set including a total of approx. 1.6 million measurement results was
processed in my dissertation.

2.4 Processing of measurement data

Tests and measurements indicate that the temporal course of peak period DHW outputs can
be considered as a stationary stochastic process with good approximation. This means that
the average of intensity values is deemed to be constant in the peak period. Therefore output
measurement statistics can be used to estimate the average expected value and standard
deviation. Such average expected value and standard deviation deemed to be constant are
also characterized by distribution and standard deviation. Empirical density and standard
deviation functions can be produced for average expected value and standard deviation.
The nature of distribution should be hypothesized. A match test should be conducted to
demonstrate the hypothesis. Based on statistics so far, it can be rendered probable that
normal distribution or Weibull distribution can be attempted to be applied. Based on the
nature thereof it was adjudged that Weibull distribution enables a more accurate
description. Completion of the duration diagram of peak period consumption intensities is
crucial for dimensioning. Each point of the duration diagram is generated by looking up
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the probability associated with the output value concerned in the distribution function and
multiplying the duration of the peak period examined by this value. Theoretically, duration
diagrams are different for each building.

Average
consumption;

%25 standard deviation

[I/min/apartmant]

18:01 1:0 voo Time

Figure 1. Average consumption and standard deviation “normalized” to the number of
apartments as per unit of apartment, broken down to minutes: each point is the average of
1104 pieces of data Paper Layout

Storage and heat exchanger dimensioning should be designed by taking peak period DHW
demand rundown patterns as a basis. Figure 1. shows daily consumption intensities
averaged per apartment unit based on the number of apartments in all buildings and the
standard deviation of intensity values in a per minute breakdown. The figure indicated that
there are two peak periods of consumption. The highest probability of the morning peak is
the 120 minutes between 6:00 and 8:00 a.m., and the evening peak between 6:30 and 8:30
p.m. It was hypothesized that the daily peak period typically takes place during the evening
hours, so this period was investigated, but as shown in Figure 1, the patterns of the evening
and morning peaks are similar. Therefore, it would be worthwhile to examine this period
as well for the sake of a more complete investigation, but this fell out of the scope of this
dissertation.

The average of consumption intensities in each building was specified for each minute of
the peak period, together with deviations from the average, that is, the standard deviation
of the sample. Taking an average per unit of apartment of these figures based on the number
of apartments makes buildings comparable with each other; therefore the average specific
consumption intensity and standard deviation calculated for all the buildings can be
specified in each minute of the peak period.

Specific consumption intensity can be stated by the following formula:

Vi
a; = ;l (1)
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where

is the number of apartments,

n
IT/i is the average of consumption intensity in minute i, calculated from the
data measured on all of the days.

And standard deviation - averaged per unit of apartment on the basis of the number of
apartments - can be calculated using the following formula;

g; = —. (2)

The average consumption and standard deviation - averaged per unit of apartment on the
basis of the number of apartments - calculated for each minute of the peak period are shown
in Figure 2.

Intensity; deviation
[fmin/fat] g

Mﬂm%hﬁw_mmw

12 e AT A N N

idépont

Figure 2. Peak period 'specific 'cons;u'mption' inténsity 'and standard deviation

As shown in Figure 2, both average and standard deviation values - averaged per unit of
apartment on the basis of the number of apartments — are within a small interval, therefore,
as | mentioned, | applied the simplification that consumption during peak periods can be
considered as a stationary process. Then the entire peak period can be characterized by an
average consumption intensity and a corresponding standard deviation.

Expected value of the peak consumption intensity of 5085 apartments:

l

_ 1  y20:30 =
a= 120 Zi=18:30 a; = 0,1660 min-apartment’ ®)
Standard deviation of the peak consumption intensity of 5085 apartments:

_ 1 .y2030 . _ !
o= 120 Zi=18:30 o; = 0,1257 min-apartment’ (4)

A duration diagram of normal distribution, characterized by standard deviation a (0.166
liter/minute) and standard deviation o (0.1257 liter/minute), is shown in Figure 3.
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Figure 3. Evening peak rundown pattern based on normal distribution parameters
2.5 Analysis of peak consumption averages

The figure to characterize peak period DHW consumption is the total quantity of water
used during the given period. It can be used to determine the average per minute DHW
quantity utilized in a given peak period if the duration of the peak period is known. The
peak period average consumption figures thus yielded can be compared to each other within
a building and if averaged per unit of apartment on the basis of the number of apartments,
and the entire data set can be managed together as a whole. The empirical distribution of
consumption figures can be determined by sorting this mass of data containing the average
of 1,104 measurement days, yielded by expressing consumption as average per unit. |
previously presumed that in a peak period, both consumption intensity and its standard
deviation can be described as a stationary process, and the entire peak period can be
characterized by a single probability variable. I assumed that the empirical distribution of
peak period consumption average values will approximate a distribution possible to be
described mathematically. By arranging consumptions in a histogram, the density function
shown in Figure 4. was yielded. Based on the density function, | presumed that distribution
was to follow the Weibull distribution; therefore | performed the y2test, which verified this
conjecture. The approximative Weibull density function is shown by the curve fitted to the
diagram.

Frequency %]

8

Specific consumption
06 [Ifminfapartment]

Figure 4. Distribution of peak period consumption averages

) 0,1 032 03 0,4
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A more suggestive basis for comparison is yielded by Figure 5., showing the empirical
distribution curve and the distribution function of Weibull distribution. In order to err on
the safe side, the parameters of approximative distribution were selected to yield
probabilities at higher consumption levels in case of proper fit than in case of empirical
distribution. Graphically, this means that the approximative Weibull distribution curve in
Figure 5. is to the right of the empirical distribution curve.

Probability [-]

/ Specific consumption

0 005 01 015 35 04 045 05 055 odl/min/apartment]

Figure 5. Distribution functions of empirical distribution and approximative Weibull
distribution

In the knowledge of distribution parameters, the average consumption value of the peak
period can be determined at the desired degree of certainty. The density function of
approximative Weibull distribution can be described by formula (5), and its distribution
function by formula (6).

k=1 _x\k
f =5 ()6, (5)
K
Fx)=1- e_(/_l) , (6)
Where
- k>0 shape parameter k=2.5,
- 2>0 scale parameter A=0.2.

Storage and heat exchanger dimensioning requires an estimate of not only peak period
average consumption but of consumption rundown patterns as well. It was stated earlier
that the daily rundown pattern of DHW demands follows normal distribution, so this
presumption was used for peak period rundown patterns. In order to be able to generate a
duration diagram of peal period consumption values, another parameter is required to be
determined for the description of normal distribution — the standard distribution of the
sample examined.
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2.6 Investigation of the standard distribution of peak period consumption
averages

Figure 6. shows changes in the standard distribution of the average values of peak period
consumption as a function of the number of apartments. It can be observed that the addition
theorem on the variance of independent probability variables is present, though with a
stochastic character, from which

G’l_ﬂ
on V' Y

dispersion
[1/min]

35

o o et
) (]
'
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% L]
1 . ,:,'._' L%
o:.
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0 400
number of apartments [db]

Figure 6. Standard distribution values as a function of the number of apartments

Figure 7. shows how the specific standard distribution of peak period consumption
intensities changes as a function of specific average consumption. The relationship is
described by linear regression. Specific standard distribution and specific consumption are
related value pairs.

Specific standard
deviation[l/min/v(a
partment)]

y =3,3024x+0,4058 _. sl

Specific consumption [’I/min/apartme’;\;]
Figure 7. Standard deviation normalized to the root of the number of apartments as a
function of specific consumption
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The figure indicates a correlation between specific consumption and standard deviation
averaged per unit. A linear trend line is fitted to the points of the diagram, resulting in the
dotted line shown in Figure 7.

2.7 Selection of expected value and standard deviation

It was shown that average consumption values in the evening peak period follow the
Weibull distribution to be characterized by the following distribution function:

K
F(x)=1- e_(Z) , (8)
where
-k is a scale parameter (value: 0.2),
- A is a shape parameter (value: 2.5).

The Weibull distribution characterized by the parameters specified was shown by Figure
4. and Figure 6. By substituting F(x) in the formula describing the distribution function for
the desired certainty the specific consumption in the peak period can be yielded:

a=2-in(1- D). )
Where
-p is the reliability level.

It was shown that standard distributions change according to 1/+/nas a function of the
number of apartments. Standard deviation per apartment can be calculated as a function of
the expected value according to Figure 7.:

Ouop = 3,3024 a + 0,4058. (10)

From the calculated standard deviation, averaged per unit of v/n, it is possible to calculate
the standard deviation averaged per unit of apartment on the basis of the number of
apartments:

= Ju%
9 =/ (11)
The formulas listed above can be used to specify the duration diagram of peak period DHW
consumptions for any reliability level and for a number of apartments n>15. Table 1.
includes the expected value and standard deviation of specific consumption for several
typical cases of dimensioning probability.
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Table 1. Expected value and standard deviation normalized to Vn of peak period average
consumption intensity

RELIABILITY a [L/MINUTE/AP.] 095 [LIMINUTE/VAP.]
LEVEL
99.9 0.433 1.837
99% 0.368 1.622
98% 0.345 1.546
95% 0.310 1.430

The specific expected value and specific standard deviation determined on the basis of
equations (10), (11) and (12) can be used to identify the expected value and standard
deviation of consumption by the building concerned.

m=n-a. (12)
o =n-o;. (13)

The duration diagram of the evening peak period can be produced using these two
parameters. The DHW heat exchanger and storage can be dimensioned in the knowledge
of the rundown pattern of the duration diagram.

2.8 Generation of consumption intensity duration diagrams

The expected values and standard deviations — determined by the procedure presented in
the preceding chapters — can be used to produce the duration diagram of DHW consumption
intensities. The distribution functions resulting from measurement data appear to present
normal distribution (see: Figure 8.). In order to demonstrate normality, a y?test was
conducted. As a result of the test it can be declared that the distribution function produced
by averaging peak period consumption data measured in the buildings can be approximated
by normal distribution.

1

Probability (-
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Figure 8. Distribution function — empirical and theoretical — generated from the
minimum, maximum, and average daily peak period values selected from the
measurement data series of a condominium of 252 apartments
As a result of the tests, it can be stated that consumption duration diagrams for peak periods

of 120 minutes can be described by the following equation:

1 r Lem?
F(x) = 1206mf_m e 207 dx, (14)
where:
- m is the expected value of consumption intensity,
- o© is the standard deviation of consumption intensity.

The duration diagram produced can be used for dimensioning the heat exchanger and the
heat source at a chosen reliability level, as a function of the discharge time selected by the
design engineer.

3 Conclusions

We elaborated a probability theory model based on the theory of stochastic processes in
order to describe the probability distribution and sorted duration diagram of peak period
consumption intensity figures. We designed this model based on measurements conducted
by FOTAV in 2004-2005. We established that the process of peak period consumption
intensities can be approximated by a stochastic process. The expected average value of
peak period consumption intensity can be approximated by Weibull distribution. We
established that peak period consumption distribution is of normal distribution, and its
duration diagram can be derived by normal distribution in function of the number of
apartments.
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