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Editorial
In the Race of Scientific Civilization and Engineering Development Mechanical
Engineering appears to be the oldest and broadest discipline. Till date it has
accomplished many efficient mechanical systems using advanced practices of
material science and Structural Analysis. As a matured academic discipline it
has become an integrated component of Industrial Revolution. It has surpassed
an odyssey of two centuries since its emergency in Europe. The basic
philosophy although integrates two highlighting disciplines like Physics and
Material Sciences but over the years it has developed its linkage with other
domains like Composites, Mechatronics and Nanotechnology. Today’s
Mechanical Engineers uses the core principles with some sophisticated tools
like Computer Aided Designing, and Product Life Cycle Management. These
tools are also employed in Aerospace Engineering, Civil Engineering,
Petroleum Engineering and Chemical Engineering, Aircraft, Watercraft,
Robotics and Medical Devices.
In the advent of modern research there is a significant growth in Mechanical
Engineering as Computer Aided Design has become instrumental in many
industrialized nations like USA, European Countries, Scotland and GermOther
CAE programs commonly used by mechanical engineers include product
lifecycle management (PLM) tools and analysis tools used to perform complex
simulations. Analysis tools may be used to predict product response to expected
loads, including fatigue life and manufacturability. These tools include Finite
Element Analysis (FEA), Computational Fluid Dynamics (CFD), and
Computer-Aided Manufacturing (CAM). Using CAE programs, a mechanical
design team can quickly and cheaply iterates the design process to develop a
product that better meets cost, performance, and other constraints. No physical
prototype need be created until the design nears completion, allowing hundreds
or thousands of designs to be evaluated, instead of a relative few. In addition,
CAE analysis programs can model complicated physical phenomena which
cannot be solved by hand, such as viscoelasticity, complex contact between
mating parts, or non-Newtonian flows.
As mechanical engineering begins to merge with other disciplines, as seen in
mechatronics, multidisciplinary design optimization (MDO) is being used with
other CAE programs to automate and improve the iterative design process.
MDO tools wrap around existing CAE processes, allowing product evaluation
to continue even after the analyst goes home for the day. They also utilize

sophisticated optimization algorithms to more intelligently explore possible
designs, often finding better, innovative solutions to difficult multidisciplinary
design problems.
Apart from Industrial Development there is also an hourly need for creation of
an influential professional body which can cater to the need of research and
academic community. The current scenario says there existed a handfull of
bodies like American Society of Mechanical Engineers (ASME). Hence we
must strive towards formation of a harmonious professional research forum
committed towards discipline of Mechanical Engineering.
The conference is designed to stimulate the young minds including Research
Scholars, Academicians, and Practitioners to contribute their ideas, thoughts and
nobility in these two integrated disciplines. Even a fraction of active
participation deeply influences the magnanimity of this international event. I
must acknowledge your response to this conference. I ought to convey that this
conference is only a little step towards knowledge, network and relationship.
I congratulate the participants for getting selected at this conference. I extend
heart full thanks to members of faculty from different institutions, research
scholars, delegates, IRNet Family members, members of the technical and
organizing committee. Above all I note the salutation towards the almighty.
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Abstract - With the recent price hike of conventional fossil fuels, attention is increasingly being paid to bio fuels. Since it is
biodegradable and generates less amount of green house gas than petroleum fuels, wide use of diesel fuels can be substituted by
biodiesel. The main problem with biodiesel is the high cost of oils made from oleaginous crops. For this reason, various raw
materials have been analyzed with a view to reducing production costs and obtaining a product that can compete with the price of
petro diesel. As far as our country is concerned, we are wasting 3.5 million ton of fish annually which are having enough potential
for fuel extraction. Hence fish oil is one of the most promising alternatives in the production of biodiesel. A critical aspect of the
transesterification process, used in biodiesel production, is maximization of the contact surface between reagents. This is currently
achieved using discontinuous processes with mechanical agitation, which however afford poor mixing efficiency. Ultrasound
appears to be an effective tool to enhance mixing intensity. The aim of this work was to assess the advantages offered by this
technique, especially in terms of process velocity. Based on the literature survey and experimental results, it was found that
sonification can accelerate the transesterification process by 400% and reduces the operational cost by 25%.
Keywords- biodiesel production, fish oil, transesterification, sonification.

I.

66.7% and unburned hydrocarbons by 45.2%.
Additionally, biodiesel is non-toxic, making it useful for
transportation applications in highly sensitive
environments, such as marine ecosystems and mining
enclosures [18,20].

INTRODUCTION

In the new millennium, energy demands are ever
increasing but fossil fuels are becoming limited. As a
result there is increasing interest in developing
alternative energy resources. It includes hydrogen cells,
solar energy and wind power, however, these
technologies are still at the developing stage, and cost of
applying them is very high [3]. An immediately
applicable option is replacement of diesel fuel by
biodiesel, which consists of the simple alkyl esters of
fatty acids. The renewable fuel is as effective as
petroleum diesel in powering unmodified diesel engines.
Biodiesel is a fuel derived from the transesterification of
fats and oils. This fuel has similar properties to that of
diesel produced from crude oil and can be used directly
to run existing diesel engines or as a mixture with crude
oil diesel [11,13]. The main advantages of using
biodiesel is that it is biodegradable, can be used without
modifying existing engines, and produces less harmful
gas emissions such as sulfur oxide. Biodiesel reduces
net carbon dioxide emissions by 78% on a life-cycle
basis when compared to conventional diesel fuel. It has
also been shown to have dramatic improvements on
engine exhaust emissions. For instance, combustion of
neat biodiesel decreases carbon monoxide (CO)
emissions by 46.7%, particulate matter emissions by

Biodiesel is traditionally obtained from vegetable
oils or animal fats subjected to a chemical reaction
called transesterification. In this reaction, the raw
materials react in the presence of a catalyst (in this case,
NaOH) and alcohol (usually methanol) to produce the
corresponding alkyl ester (methyl ester in the case of
methanol) [22]. Very few studies have been made with
the aim to obtain alkyl esters and all are obtained by
homogeneous catalysis. Yields of these reactions are
very low by the high steric hindering that presenting the
branched alcohols [19]. To increase the conversion, in
this work, we propose use assisted reactions by
alternative methods. The preparation of fatty acid alkyl
ester using alternative methods, such as: electromagnetic
radiation (microwave, radio frequency) and ultrasound,
offers a fast, easy route to this valuable biofuel with
advantages of a short reaction time, a low reactive ratio,
an ease of operation a drastic reduction in the quantity
of by-products, and all with reduced energy
consumption of methanol) of the fatty acid mixture
[23,25].
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inexhaustible source of energy, with energy content
close to that of diesel fuel. It includes edible oils such as
rapeseed oil, soybean oil, sunflower oil, palm oil,
coconut oil, ground nut oil etc. The major non-edible
oils available for biodiesel production are jatropha
cursas, mahua indica, lauril, karanja, neem oil, castor oil
etc [6].

Majority of world’s energy needs are supplied
through petrochemical sources, coal and natural gases,
with the exception of hydroelectricity and nuclear
energy, of all, these sources are finite and at current
usage rates will be consumed shortly [4]. In particular
the sources of oil are finite and at current consumption
rates will be probably exhausted by the end of the
century. However new assessment of the situation need
to be done on a year to year basis to update expectations
according to both consumption trends and fossil fuel
known reserves [1,21].

The use of animal fat to produce bio-diesel is not a
new technology however the adaptability of this
technology to aquatic resources has only attracted public
interest recently [10]. The stress on land based products
to produce bio fuels is becoming quite significant and
will be even more so in years to come. Therefore
looking at aquatic resources for energy production
makes not only ecological sense but economic sense too
[3]. The conversion process is simple after the fish oil
has been produced from the left over waste of the
fishing industry the oil is cleaned purified and with the
addition of some caustic soda and methanol the biodiesel is produced. 1kg of fish waste can produce up to
1.13lts of bio-diesel [8].

Diesel fuels have an essential function in the
industrial economy of a developing country and used for
transport of industrial and agricultural goods and
operation of diesel tractor and pump sets in agricultural
sector. Economic growth is always accompanied by
commensurate increase in the transport [7]. The high
energy demand in the industrialized world as well as in
the domestic sector, and pollution problems cause due to
wide spread use of fossil fuels making it increasingly
necessary to develop a renewable energy sources of
limitless duration and smaller environmental impact
than the traditional one [5,12].

There are algae types that are comprised up to 40%
of their overall mass by fatty acids. The most significant
distinguishing characteristic of algal oil is its yield and
hence its biodiesel yield. According to some estimates,
the yield (per acre) of oil from algae is over 200 times
the yield from the best-performing plant/vegetable oils
[14,16]. Approximately 46 tons of oil/hectare/year can
be produced from diatom algae. Different algae species
produce different amounts of oil. Some algae produce
up to 50% oil by weight. The production of algae to
harvest oil for biodiesel has not been undertaken on a
commercial scale [17].

The depletion of world’s petroleum reserve and
increased environmental concerns has stimulated recent
interest in utilizing renewable energy sources. It is
estimated that 995 million barrels of crude oil remain
under ground which can be mined at a reasonable
production cost [28]. If this assessment is taken to be
true cheap oil would run out by the year 2025 and
majority of oil wells would be dry by 2040. While these
figures are only educated guess, they emphasize the
seriousness of the problem facing humanity [2].

Our country has a coastline of 8118 kms having an
exclusive economic zone of 2.02 million sq.kms
including 0.5 kms of continental shelf. The estimated
sustainable resource potential in the marine sector is 3.9
million tons of fish per annum. Of this 58% of the
resource is distributed in the in-shore waters, 34.9% in
the off-shore areas and the remaining 7% in the deep
sea. The major share of this resource is demersal
consisting of 2.09 million tons followed by discards of
fish during fishing operations represents a significant
portion of global marine catch which are generally
considered to constitute a waste or sub-optimal use of
fishery resources [7,9]. According to FAO’s report
(1994), it is estimated that approximately 27% of the
global catch are discarded. The marine fish landings of
India during the year 2009 has been estimated as 2.88
million tones showing an increase of about 1.7 lakh
tones (6.3%) against the estimate of the previous year.
Oil sardine landings were estimated as 497,264 ton
(26% increase compared to that of previous year) [8,24].

An alternative fuel must be technically feasible,
economically competitive, environmentally acceptable,
and readily available. One possible alternative to fossil
fuel is the use of oils of plant origin like vegetable oils
and tree borne oil seeds. This alternative diesel fuel can
be termed as biodiesel. This fuel is biodegradable and
non-toxic and has low emission profiles as compared to
petroleum diesel [21]. Researchers are going on to list
out the best potential and economic bio resources for
fuel production. Various sources of biodiesel include
vegetable oils, animal fats, waste cooking oil, fish oil,
algae oils [15].
Vegetable oils occupy a prominent position in
development of alternative fuels although, there have
been many problems associated with using it directly in
diesel engine. They have become more attractive
recently because of their environmental benefits and the
fact that they are made from renewable resources [25].
Vegetable oils are a renewable and potentially
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1.

Apart from the vast availability, some limitations of
other renewable resources emphasize the utilization of
fish oil to produce biodiesel. Some of the challenges that
has to faced by bio energy sources are cultivated land is
too limited to grow enough seed-oil plants, cooking oil
collected from restaurants and homes is neither a stable
nor continuous source, oil extraction from microalgae is
not profitable compared to other land-based biomass,
animal fat oils need to be feed those animals [26,30].

Crude oil refining

The oils obtained directly from rendering contain
varying but relatively small amounts of naturally
occurring non-glyceride materials that are removed
through series of processing steps. Crude oils contain
some free fatty acids, water, and protein that must be
removed.
1.1. Degumming

The bio-diesel produced from fish waste would be a
non-toxic and fully biodegradable renewable fuel that
can easily be adapted without any modification to
current diesel engines [29]. The fish oil is similar to a
vegetable oil or animal oil and it reacts with an alcohol
(methanol), the catalyst used is generally caustic soda.
This produces a pure bio-diesel or B100 (100% biodiesel) with a valued by product glycerin [27].

The extracted crude fish oil contains phosphatides,
gums and other complex compounds which can promote
hydrolysis (increase in free fatty acid) of oil during
storage. During transesterification process, these
compounds can also interfere. Therefore these
compounds were removed by acid degumming process.
10 ml of phosphoric acid is added with 100 ml of
distilled water and added to preheated 100 ml crude fish
oil. The solution is heated in a mantle for 30 minutes at
50-60°c, after that they are placed in a separating funnel
for some time for the separation of gums. After
sometime two layers get separated, the lower layer is the
lipid layer and the top layer is the oil layer. The lipid
layer is disposed out. The oil is then mixed with distilled
water and thoroughly mixed and placed in the separating
funnel for some time. This water wash is done twice for
complete removal of lipids.

II. METHODOLOGY
A. Materials and reagents
Crude fish oil was provided by Arbee Marinee
Products, Kottayam. Direct steaming is used here to
produce fish oil. It was extracted mainly from the
sardine fish waste, since it is one of the most available
and cheap fish available in the southern coast of India.
Another reason for selecting sardine fish is that it
contains high free fatty acid content which increases the
yield of biodiesel.

1.2. Nuetralization
NaOH (0.5 N) solution was added to the degummed
oil (which was heated to approx. 70⁰C) to neutralize the
free fatty acids. Sodium chloride (about 10% of the
weight of the oil) was added to settle out the soap
formed. After 1hour mixing the mixture was transferred
into a separating funnel and allowed to stand for 1h; the
soap formed was separated from the oil. Hot water was
added again and again to the oil solution until the soap
remaining in solution was removed. The neutralized oil
was then drawn off into beaker. The oil after water wash
will be of yellow color.

Methanol used in the reaction had more than
99.25% purity, which is bought from taleco chemical
suppliers, Tirunelveli. Zinc oxide (ZnO) used as catalyst
and other reagents also bought from taleco were used as
purchased.
The ultrasonic reactions were performed using
Vibronics Ultrasonic Generator with frequency 28 kHz,
with a maximum power of 300 Watts, at Udaya School
of Engineering, Nagercoil. A probe is provided in the
generator to vary the ultrasonic power. Self timer is also
provided to adjust the reaction time. Ultrasonic
vibrations were transmitted through a metallic horn type
arrangement erected in a stand. A carrier base is
provided to place the solution under the sonorode. The
base height can be adjusted using a handle lever
arrangement.

1.3. Drying
Drying is the process of removing the water
molecules present in the oil. Here, 1 gm of calcium
carbonate crystals are mixed with 10 ml distilled water
and then mixed to the fish oil. The oil is heated to 95°C
at atmospheric pressure. After the removal of moisture
the oil will be golden yellow color.

B. Experimental procedure

1.4. Deodorization

The production process of Fatty acid methyl ester
production started with crude oil refining and the
purified fish oil was used for the transesterification
reaction followed by the separation and purification
process.

A process of removing the fatty acids, odor, flavor
and destabilizing impurities, as well as some color
bodies is called as deodorization. The charcoal is mixed
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and at constant power. . This is shown in the table. From
the graph, it is clear that the yield increases when the
amount of methanol increases and after 6ml, the rate of
increase in yield reduces.

with the water containing surf excel powder. After
soaking the charcoal is placed in open air for drying in
overnight. Next morning this charcoal is put into the oil.
After 3 hours, the oil is filtered out from the charcoal
2.

Transesterification process

100ml purified fish oil was taken in a 250ml beaker
and the methanol catalyst solution was mixed to the oil
in the beaker. The solution was mixed well and placed
in the sonicator, where the horn was of the reactor was
immersed in the solution. Ultrasonic generator was
turned on to generate ultrasonic sound and the horn
immersed in the solution transverse the sound waves to
the solution. The ultrasonic vibrations cause cavitations
to produce micro fine bubbles in the solution, which
breaks to enhance the mass transfer between immiscible
oil and methanol solution. This causes a faster reaction
to produce biodiesel along with glycerol. The reaction
was carried out by varying molar ratio, ultrasonic power
and reaction time.
3.

Fig 1: Graph showing methanol to oil ratio with yield
B. Effect of ultrsonic power

Seperation process

The biodiesel yield increased with increasing
ultrasonic irradiation power from 50 to 250 W. The
reaction time decreased with increase in irradiation
power to keep constant reaction temperature.

After the completion of the transesterification
reaction, the reaction mixture was filtered for the
separation of catalyst and then the filtrate was
transferred into a separating funnel for phase separation.
The ester mixture formed the upper layer and the
glycerol form in the lower layer.
4.

Purification process

The biodiesel was washed with ultrapure water to
remove the base catalyst and unreacted components.
The traces of glycerol in ester layer were washed with
hot water and the biodiesel was dried over anhydrous
sodium sulphate or under vaccum.
III. RESULTS AND DISCUSSION
Transesterification reaction for biodiesel production
from fish oil was accelerated using ultra sound
technology using KOH as catalyst. Optimum condition
for the transesterification reaction was found out by
varying different parameters such as molar ratio,
ultrasonic power and reaction time.

Fig 2: Graph showing biodiesel yield with ultrasonic
power
C. Effect of reaction time

A. Effect of methanol to oil ratio

Ultrasonication increases the chemical reaction
speed of the transesterification of fish oil and reduces
the reaction time because ultrasonic cavitational mixing
is an effective alternative to achieve a better mixing in
conventional process. It provides necessary activation
energy for the reaction. The reaction time is varied from
10 minutes to 1 hour. It is observed that the yield
increases with increase in reaction time.

One of the most important variables affecting the
FAME yield is the ratio of methanol to oil. Because
transesterification is an equilibrium reaction, large
amount of methanol can enhance methanolysis, resulting
in equilibrium favorable to FAME. The effect of
methanol to oil ratio was investigated at four different
ratios, at constant temperature, catalyst concentration
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Energy Conversion And Management, Vol.50,
pp.14-34.

Fig 3: Graph showing yield of biodiesel with reaction
time
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Processing Technology, Vol.90, pp.130-136.

[10]

Cvengros J., Cvengrosova J., (2004), USED
FRYING OILS AND FATS AND THEIR
UTILIZATION IN THE PRODUCTION OF
METHYL ESTERS OF HIGH FATTY ACIDS,
Biomass Bioenergy, vol. 27, pp 173-181.

[11]

Demirbas A., (2007), PROGRESS AND
RECENT TRENDS IN BIOFUELS, Prog.
Energy Combust Sci. vol. 33, pp 1-18.

[12]

Farag H.A., Azza El-Maghraby, Nahla A.,
Taha,(2011), OPTIMIZATION OF FACTORS
AFFECTING ESTERIFICATION OF MIXED
OIL WITH HIGH PERCENTAGE OF FREE
FATTY ACID, Fuel Processing Technology, vol.
92, pp 507-510.

[13]
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Avellaneda
and
Joan
Salvado,
(2011),CONTINUOUS
TRANSESTERIFICATION OF BIODIESEL IN
A
HELICOIDAL
REACTOR
USING
RECYCLED OIL, Fuel Processing Technology,
Vol.92, pp.83-91.

IV. CONCLUSION
Fish oil is becoming one of the most promising
sources for biodiesel production, since it contains high
fatty acid content and cheaper than other biofuel feed
stocks, and is abundantly available in our country. It
becomes more dependable since it does not need any
land area for cultivation or feeding like other sources.
The new ultrasonic technology for biodiesel
production is faster and easier to handle than the
conventional process, the instrument is compact and the
method of operation is safer. This study demonstrated
that the transesterification of fish oil using ultrasonic
radiation for biodiesel production with the conversion
closely to conventional method. As a result ultrasonic
method is a fast alternative to conventional process with
high product yield. The major advantages of the present
technology include operational simplicity, mild reaction
conditions, low reaction time and higher conversion
rate.
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Abstract - This paper dwells into a unique vibration problem faced on field with regards to a Tall Vertical Storage Column (height >
27m). Process requirements have meant close proximity of an Agitator. The rotating equipment of the Agitator is acting as a source
of Vibration, and resonance is observed in the column as the source frequency is matching natural frequency of the column. To avoid
the problem, currently Agitator is being run at lower speeds and source vibrations are kept low. However the low speeds are
affecting the production efficiency of the process. In this paper we have focused on techniques to increase the natural frequency of
the column by addition of support structure. Furthermore to reduce costs, the height of the support structure is being optimized and
effect of height on frequency is observed using Modal FEA.
Keywords - Modal FEA, Storage Column, Natural Frequency.

I.

regular periodic manner. A convenient method of
relating to the phenomenon of wind excitation is to
equate it to fluid flow around a cylinder.

INTRODUCTION

Tall cylindrical stacks and towers may be
susceptible to wind-induced oscillations as a result of
vortex shedding. This phenomenon, often referred to as
dynamic instability, has resulted in severe oscillations,
excessive deflections, structural damage, and even
failure. Once it has been determined that a vessel is
dynamically unstable, either the vessel must be
redesigned to withstand the effects of wind-induced
oscillations or external spoilers must be added to ensure
that vortex shedding does not occur.

In fact this is the exact case of early discoveries
related to submarine periscopes vibrating wildly at
certain speeds. At low flow rates, the flow around the
cylinder is laminar. As the stream velocity increases,
two symmetrical eddies are formed on either side of the
cylinder. At higher velocities vortices begin to break off
from the main stream, resulting in an imbalance in
forces exerted from the split stream. The discharging
vortex imparts a fluctuating force that can cause
movement in the vessel perpendicular to the direction of
the stream.

The deflections resulting from vortex shedding are
perpendicular to the direction of wind flow and occur at
relatively low wind velocities. When the natural period
of vibration of a stack or column coincides with the
frequency of vortex shedding, the amplitude of vibration
is greatly magnified. The frequency of vortex shedding
is related to wind velocity and vessel diameter. The
wind velocity at which the frequency of vortex shedding
matches the natural period of vibration is called the
critical wind velocity.

Historically, vessels have tended to have many
fewer incidents of wind-induced vibration than stacks.
[1]
There is a variety of reasons for this:
1. Relatively thicker walls.
2. Higher first frequency.

Wind-induced oscillations occur at steady,
moderate wind velocities of 20-25 miles per hour. These
oscillations commence as the frequency of vortex
shedding approaches the natural period of the stack or
column and are perpendicular to the prevailing wind.
Larger wind velocities contain high velocity random
gusts that reduce the tendency for vortex shedding in a

3. External attachments, such as ladders, platforms
and piping, that disrupt the wind flow around the
vessel.
4. Significantly higher damping due to:
a)

Internal attachments, trays, baffles, etc.
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b) Exterrnal attachmen
nts, ladders, platforms,
p
and
piping.
c)

can servve as a startingg point for otheer types of anaalyses
by deteccting unconstraained bodies inn a contact annalysis
or by indicating
i
the necessary tim
me-step size for a
transientt analysis, for example. In addition,
a
the m
modalanalysis results may be
b used in a do
ownstream dynnamic
on employingg mode-superrposition metthods,
simulatio
such ass a harmonicc response an
nalysis, a raandom
vibration
n analysis, or a spectrum an
nalysis. The natural
n
frequenccies and modee shapes are im
mportant param
meters
in the design of a structure forr dynamic looading
conditions. [6]

s
Liquiid holdup and sloshing.

d) Soil.
e)

Foundation.

f)

Shell material.

g) Exterrnal insulation.
II. CHALLE
ENGE FOR DESIGN
D
ENGIINEER

Moddes are inherennt properties off a structure, annd are
determinned by the maaterial propertiies (mass, dam
mping,
and stifffness), and bouundary conditioons of the struucture.
Each mo
ode is defined by a natural (modal
(
or resoonant)
frequenccy, modal dam
mping, and a mode
m
shape (i.e. the
so-called
d “modal paraameters”). If either the maaterial
propertiees or the bouundary conditiions of a struucture
change, its modes will change. For instance, if m
mass is
t a structure, it will vibrrate differentlyy. To
added to
understaand this, we w
will make usee of the conceept of
single annd multiple-deggree-of-freedom system. [2]

The challlenge posed is that the agiitator and the
vertical colum
mn are required to be on the same platform.
Due to this thee Column is suusceptible to viibrations from
the agitator. The
T frequency generated by the
t agitator is
directly proporrtional to the ro
otations per miinute (rpm). Iff
the freq geneerated by the agitator matcches with the
natural frequeency of the Veertical Column
n then such a
resonance willl cause the column to vibrate at max
amplitude andd may even result in Failure. The issue can
be resolved byy increasing th
he natural freqquency of the
column. Naturral freq is a fuunction of the mass (m) and
the stiffness (k
k). If we optim
mize these parrameters using
structural mod
difications we can
c increase naatural freq and
then we can operate
o
the agittator at higher rpm reducing
the productioon operate thhe agitator att higher rpm
reducing the production
p
timee. [9]

We find the eqquation of mootion using modal
m
analysis, v1 and v2 be the eigenvectoors of the matrrix K.
These veectors are orthhogonal (unlesss they correspoond to
the samee eigenvalue, inn which case they
t
should be made
orthogon
nal). If they have
h
also beeen normalized,, then
they forrm an orthonoormal set. Noow let’s definne the
matrix of
o eigenvectorss P to consist of
o these orthonormal
eigenvecctors. In an equuation this is

Challengee while increasing the frequenncy of vertical
column is:
y, f =
Frequency

P = [ v1 v2 ]
This maatrix is an orthogonal matrix (as its columnns are
orthonorrmal). Such matrices havve the conveenient
propertyy that PT P = I.. Matrix mode shapes S is deefined
as

So if we try to increasee the stiffness by increasing
stiffeners theen weight allso increases so no real
difference in frequency.
fr

S=
x (t) =

P

q(t) =

P
Pr(t)
= Sr(t)

Usinng all the equaations we can reewrite the systtem of
differenttial equations to (t) + Λr (t) = 0 Wherre the
matrix Λ is given by Λ = PTЌ P =
So we
w remain withh differential equations
Fig. 1: Block diagram of
o column, agittator and
modificcations

+

r=0

+

r=0

Thee deferential equations
e
havve been decouupled!
They do
on’t depend onn each other, and
a therefore can
c be
solved using simple methods. Thhe two decooupled
equationns above are caalled the modall equations. Also the
coordinaate system r (tt) is called thhe modal coorddinate
system.

ODAL ANALY
YSIS
III. THE MO
A modaal analysis determines the
t
vibration
characteristicss (natural freq
quencies and corresponding
c
mode shapes) of a structure or a machine component. It
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IV. NATURA
AL FREQU
UENCY AN
ND
SHAPES
(EIG
GENVALUES
VECTORS)
EIGENV

system are
a written for motions in the x and θ direcctions
by takinng the forces aand the momen
nts in the respeective
directionns acting on thee system.

MODE
AND

Let’s takee a multi-degrree of freedom
m system. For
generalizing the
t
method for
f determinin
ng its natural
frequencies an
nd mode shape the differentiaal equations off
motion for thee system is, [3]
[m1

1

+ (k1 + k2) x1] - k2x2 = 0

-k2x1 + [m2

2+

-k3x2 + [m3

3

(k2 + k3) x2] – k3x3 = 0

+ (k3 + k4) x3] – k4x4 = 0

------ [A]

----------------------------------------------- = 0
- knxn-1 + (mn

n

+ k nx n) = 0

For the princiipal mode of vibration,
v
let us
u assume the
solution as,
x1 = X1 sin ωt
x2 = X2 sin ωt
x3 = X3 sin ωt

------------------------------------- [B]

---------------xn = Xn sin ωt
ons (A) and
Substituting equations (B) in equatio
t common teerm sin ωt
canceling out the
[(k1 + k2) – m1 ω2] X1 – k2X2 = 0
-k2X1 + [(k2 + k3) – m2ω2] X2 – k3X3 = 0
Fig. 2 : Analysis of a combined recttilinear and anggular
m
mode
system

-k3X3 + [(k3 + k4) – m3ω3] X3 – k4X4 = 0
---------------------------------------------- = 0
-kknXn-1 + (kn – mn ω2) Xn = 0
For the abovee equations, th
he solution, other
o
than X1
=X2 =X3 = ….Xn = 0 is
i possible onnly when the
determinant composed
c
off the coefficiients of X’s
vanishes, or

M

= - k1 (x – l1θ) – k2 (x + l2θ)

J

= k1 (x – l1θ) l1 – k2 (x + l2θ) l2

-------------- [C]

Letting,

=0

------------------------------------------ [D]

NED RECTIL
LINEAR AND
D ANGULAR
V. COMBIN
MODES

and remembering that J = m , the eqquations [C] reeduces
w
as below

The body
y having mass M and momennt of inertia J,
supported as shown in thee fig 2(a) annd capable off
t directions x and θ. Let, at
a any instant,
oscillating in the
the body be diisplaced througgh rectilinear distance
d
x and
angular distannce θ as shownn in fig. 2(b) at this instant
taking θ be small,
s
springs k1, and k2 arre compressed
through (x-l1θ)
θ and (x+l2θ) respectively, beyond their
equilibrium po
osition. The differential
d
equuations of the

+ ax = bθ
+ cθ = (b/ ) x
Here b = coupling coeffficient,
If b = 0, then two equations are independent
i
off each
other annd therefore tthe two motio
ons, rectilinearr and
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angular, can exxist independeently of each otther with their
respective natu
ural frequenciees a and
. Thus for the
case of uncoup
pled system whhen b = 0, i.e. k1l1 = k2l2, the
natural frequenncies in the reectilinear and angular
a
modes
respectively, are
a [3], [4]
=
=
VI. FINITE ELEMENT
E
A
ANALYSIS
The finitte element method
m
(FEM), sometimes
referred to as
a finite elem
ment analysis (FEA), is a
computationall technique ussed to obtain
n approximate
solutions of boundary
b
value problems inn engineering.
Simply stated, a boundaary value prroblem is a
mathematical problem in wh
hich one or moore dependent
variables mustt satisfy a diffeerential equatioon everywhere
within a know
wn domain off independent variables and
satisfy speciffic conditions on the boun
ndary of the
domain. [9] Boundary value
v
problem
ms are also
sometimes called field problems. The field is the domain
of interest and
a
most oftten representss a physical
structure. The field variabless are the depen
ndent variables
of interest gooverned by thee differential equation.
e
The
boundary cond
ditions are the specified valuues of the field
variables on thhe boundaries of the field. Depending
D
on
the type of phhysical problem
m being analy
yzed, the field
variables may
m
include physical displacement;
temperature, heat
h flux, and fluid
f
velocity too name only a
few Vertical columns
c
have a few characteristics which
make it difficcult to design. Firstly the model
m
has no
natural roll-off
ff at high frequeencies and it iss modally very
rich. It is characterized
c
by resonant peaks which
dominate the dynamics beesides the verrtical column
themselves; complete
c
systtems contain many other
components such as stifffeners, supporrts, vibration
isolators etc.

Fig. 3: FE m
model of verticaal column
ii. Messhing of the moodel
Messhing is the method
m
of dividding the modeel into
the num
mber of elemennt to obtain th
he good accuraacy in
the anallysis. As the nnumber of eleements increasse the
accuracyy of analysis inncreases.
Thee meshing is done as secoond order meeshing
method using
u
shell 93.
iii. Sizee of Stiffeners
Thee size of stiffenner is R/2 of larrgest diameter of the
column; width wise annd R/4 length wise. The stifffeners
s
at 155 inch distance along the one side.
equally separated

Fig
g. 4: FE mesh oof the vertical column modell

t column to strengthen
s
the
Stiffeners are attached to
p
loads, to reduce vibbrations of the
panel against pressure
stiffen plate aggainst bucklingg. Stiffeners must
m be spaced
at some conveenient spacing
g so that plate stress is less
than allowablee stress. Stifffener may alsso function as
column suppports as welll as plate reinforcement.
r
Stiffeners are generally weldded to the column although
there are otherr methods to jooin.
i.
i

Modeling of Vertical co
olumn

Vertical column and supports are modeled in
kbench. There are
a 20 stiffeneers attached to
ANSYS workb
column. All th
hese stiffeners are
a welded to stiffeners.
s

Fig. 5: B
Boundary cond
ditions
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Fig. 6: Naturral Frequency of
o vertical coluumn when no
stiffeners are
a added0

Fig. 9: 15 stiffeners ad
dded

a
Fig. 10: 20 stiffeners added
Fig. 7: 5 stifffeners added
VII. RES
SULTS:

Fig. 8: 12 stifffeners added

Fig.11
1: Graph showiing increase in natural frequeency
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VIII. CONCLUSION:
•

The additional support structure is having an effect
on the natural frequency of the column.

•

As the number of stiffeners increases the frequency
is observing a corresponding increase

•

At around 14 stiffeners which is at a height of 210
inch, there seems to be a Threshold point, beyond
which there is rapid rise in the frequency

•

After around 17 stiffeners, the trend seems to be
again linear, although further study is needed to
determine if there is another Threshold point.

•

[4]

G. K Grover, Mechanical Vibrations, 8th addition,
Nem Chand & Bros, Rurkee, India

[5]

S. S. Rao, Mechanical Vibrations, Pearson
Education, 3rd impression, 2009 , Published by
Dorling Kindersley Pvt Ltd

[6]

Tri Le, Ali Abolmaali, Finite element-based
analyses of natural frequencies of long tapered
hollow steel poles, Department of Civil and
Environmental Engineering, The University of
Texas at Arlington, Arlington, TX 76019, United
States

[7]

Patrick Guillaume, MODAL ANALYSIS,
Department of Mechanical Engineering,Vrije
Universiteit Brussel, Pleinlaan2, B-1050 Brussel,
Belgium.

[8]

Robert D. Cook, FE modeling for stress analysis,
University of Wisconsyn-madison, John wiley &
sons 1995

[9]

Tushar V. Takawale, Methods to Improve
Natural Frequency of Rectangular Acoustic
Ducts using modal analysis in ANSYS, Dept of
Mechanical Engg, VJTI, Mumbai

[10]

ANSYS 12.0.1 Tutorial Help.

Based on the study, having around 15 Stiffeners is
ideal from both cost and frequency considerations.

REFERENCES:
[1]

Dennis Moss, Pressure Vessel design manual,
Third edition, G.P Publication 244-245

[2]

Basem Alzahabi and Logesh Kumar Natarajan,
C. S. Mott Engineering and Science Center
Department of Mechanical Engineering Kettering
University 1700 West Third Avenue Flint,
Michigan, 48504, USA



International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

12

Optimization of Design Parameters and Productivity
Improvement of a Spline using ANSYS
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Abstract - In this paper an integrated approach for the optimum design of a spline has been proposed. The work carried out deals
with a live problem at Visakhapatnam Steel Plant. The spline in the roller stand is wearing out and causing slipping and failure of the
equipment. Analysis was performed in ANSYS environment on the source model of the spline. By optimizing the face width from
170mm to 220mm and changing the pitch diameter to 180mm from 150mm, the factor of safety is increased from 0.61 to 1.36
which indicates the safety of the design and increase in the life span of the spline. The optimum results obtained is further cross
checked, which yielded a negligible deformation, proving that the optimization is within the safety margins.
Keywords - spline; optimization; ANSYS

I.

INTRODUCTION

The present work was carried out on a live problem
in, Steel Melting Shop (SMS), Continuous casting
department (CCD) at Visakhapatnam Steel Plant (VSP).
The Spline of the roller in roller stand, as shown in
“Fig. 1” was in contact with the Intermediate Gear Box
(IGB) which is further in contact with the motor. The
transmission of drive was wearing out at a faster rate
causing slipping and thus ineffective power transmission
heading towards failure of the equipment and ultimately
resulting in the replacement of the roll as the spline is an
integral part of the roll. Hence, analysis was performed
on the source model which was under running condition
in the plant and the results tabulated. The dimensions of
the spline were optimized and the optimized spline was
modeled, analyzed and the resulting data was compared
with the values from source model analysis. It was
found that spline is not completely in contact with the
IGB. Also it was found from the records that most of the
time roller stand-1 were removed due to spline
problems. So the existing spline has become weakest
joint in the roller stand-1 drive. Since an integrated
approach between the computer aided design and
analysis yields better productivity [2] and thus the
existing spline design has been studied and aimed to
design the spline for heavier loads, to improve the
reliability.

Transmission of power through the shape or
geometry of the machine elements, termed positive
connections, is commonly used to connect shafts and
hubs. Geometric connections include pin, key and spline
connections. All of these have the important feature that
it is possible to disassemble them contrary to, shrink or
press fits. All positive connections have different
designs and generally spline connections have the
highest capacity for torque transfer. For machine
elements, most designs are controlled by standards and
designs are often restricted to the circular shape [1].
A rotating spline is a series of ridges on a drive
shaft that mesh with grooves in a mating piece and
transfer torque to it, maintaining the angular
correspondence between them. For instance, a gear
mounted on a shaft might use a male spline on the shaft
that matches the female spline on the gear. An
alternative to splines is a keyway and key, though
splines provide a longer fatigue life. Also a spline is a
series of projections on a shaft that fit into slots on a
corresponding shaft, enabling both to rotate together.
Some common problems occurring with spline are
damage of teeth, wastage of material, decrease in
productivity, safety problems and wastage of power.
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Therefore, the torque applied on the spline was
calculated using “(3)”
T = (60×P)/(2ΠN)

(3)

T = (60×P)/(2ΠN) = 135.5 N-m
We know that,
Torque = Force * Radii.
Therefore, force acting on the teeth of the spline is
FT = 1807.2N
1) Tangential load (WT)

Fig. 1 : Worn out Spline

The tangential load (WT) acting on the teeth of the
spline was calculated using “(4)”

II. DESIGN PROCEDURE OF SPLINE

WT = FT×g

Splined shafts are used to obtain axial movements
and positive drive as well. Splines are similar to gears,
but the difference between the two is that, depth of the
tooth of a gear is more than that of a spline [3,4].
Therefore, the design process is same as that of a gear.
To design a spline the essential parameters to be
calculated are: Tangential load(WT), Dynamic load of
the tooth (WD), Static load of the load (WS) and Wear
load of the tooth (WW).

WT = FT×g = (1807.2×9.81) = 17728.6 N
Where, FT = Tangential force acting on the teeth of
the spline and g = acceleration due to gravity = 9.81
m/s2
2) Dynamic Tooth Load (WD)
The dynamic tooth (WD) acting on the teeth of the
spline was calculated using “ (5)”

A. Conditions for safe design of spline

WD = WT + WI

The above mentioned loads are compared with each
other to check whether the design is safe or not. The
condition for safer design is given by “(1)” and “(2)” as
below:
WS > (1.25× WD)

(1)

WW > (1.35× WD)

(2)

(5)

Where, WI is the increment load due to dynamic
action and was calculated using “ (6)”
WI = 21v(b×C + WT) / {21v + (b×C+WT)1/2}

(6)

Considering the material of both the spline and IGB to
be C45, the young’s modulus of the material [4] was
taken as

Existing conditions of the Spline [5]
Face width, b

(4)

2.05×105 N/ mm2

= 170 mm

Pitch line velocity, v = ΠDN/60 = 6.086 m/s.

Module of the spline, m = 5
Number of teeth on the spline,Z = 30

Dynamic factor, C =588.5N/mm

Pitch circle diameter DP = 150 mm

The increment load WI = 34821.46N

0

Weight of the dummy bar = 5 Tons

Therefore, dynamic tooth load WD was found to be
41924.4N.

Weight of the roller = 1.8 Tons

3) Static Tooth Load (Ws)

Pressure angle

= 20

Distance between the two bearings = 750 mm
Power of the motor, P

The static tooth load (WS) acting on the teeth of the
spline was calculated using “(7)”

= 11 KW

Speed of the motor, N = 775 rpm

WS = σe×b×pc×y

B. Design Calculations for existing conditions

Where, σe = 1.75× BHN = 472.5 Mpa

The torque applied on the spline is same as that of
the torque of motor since the velocity ratio is 1:1.

and BHN=Brinell Hardness Number

(7)

y is a variable given by
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y = 0.124-(0.684/T) = 0.1189

It is to be remembered that the spline length should
not exceed more than 220mm.If the length is further
increased then the size of the intermediate gear box
should also increase between each strand, as a result the
whole bloom caster machine size is increased which is
not feasible.

b= 170 mm, and pc = Π×m
Therefore, static
75110.95 N

tooth load WS was found to be

Also,WS = Sb=75110.95 N

The effect of face width on factor of safety for both
the existing and optimized conditions is plotted in a
graph and is shown in “Fig. 2” and “Fig. 3” respectively.
Similarly, the effect of face width on strength for both
the existing and optimized conditions is plotted in a
graph and is shown in “Fig. 4” and “Fig. 5” respectively.

Where,Sb is the bearing strength
Thus the factor of safety in this case was calculated
using“(8)”
Fs= Sb/WD

(8)

Fs = Sb/WD=75110.95 /41924.4= 1.79

2) The pitch circle diameter is increased to 180 mm

4) Wear Tooth Load (WW)

It was observed that the conditions for safe design
are not satisfied. So the module was increased to 6 by
keeping the number of teeth constant. So, the new pitch
diameter DP is 180 mm.

The wear tooth load (WS) acting on the teeth of the
spline was calculated using “(9)”
WW = Dp×b×Q×K

(9)

In this case, the load calculations obtained are :

Where, Q is the ratio factor taken as 1:1 and
K is the load-stress factor in N/mm

Wear tooth load WW =76068.89 N

2

Static load Ws =198292.9N and

Therefore, the wear tooth load WW was found to be
28813.97 N

Dynamic tooth load WD = 56270.36 N

Now, considering wear criteria, factor of safety in this
case was calculated using “(10)”
Fs = Ww/WD

Now, considering wear criteria, the factor of safety is
obtained to be Fs = Ww/WD = 1.36 and considering
strength criteria, the factor of safety was obtained to be

(10)

Fs = WS/WD = 3.52.

Fs = Ww/WD = 28203.525/41924.4 = 0.68

Therefore, the design conditions were satisfied.

From the above calculations it was observed that
static tooth load is greater and wear tooth load is smaller
than dynamic tooth load. Hence the design is failing in
wear criteria. Thus, optimisation was carried on the
design parameters of the spline.

WS > (1.25 × WD) and
WW > (1.35 × WD)
Thus, by keeping the above values the basic
requirements were satisfied, which leads to the safe
design of the spline.

C. Design Calculations for optimised conditions
1) The face width, b is increased to 220 mm
By increasing the face width, to 220 mm the
tangential load (WT) acting on the teeth of the spline
was found to be 17728.6 N and the dynamic tooth load
WD is obtained to be 54514.10 N.
The static tooth load WS obtained is 165244.07 N.
Considering strength criteria, the factor of safety
obtained in this case is Fs = WS/WD = 3.03
The wear tooth load Ww obtained is 63390.74 N
Now, considering wear criteria the factor of safety
obtained was Fs= WW/WD = 1.16.

Fig. 2 : Facewidth vs Factor of safety(150mm diameter)
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TABLE I : MATERIAL PROPERTIES
Property
Elastic modulus
Poisson's ratio
Shear modulus
Mass density
Tensile strength
Yield strength
Thermal
expansion
coefficient
Thermal conductivity
Specific heat

Fig. 3 : Facewidth vs Factor of safety(180mm diameter)

Value
2.05e+011
0.265
8.2e+010
8027
4.85e+008
1.7e+008

Units
N/m2
N/m2
kg/m3
N/m2
N/m2

1.65e-005

/K

14.6
450

W/mK
J/kg.K

A. Analysis of existing system
The existing spline design was analyzed and the
stress, displacement and strain were calculated. The
stress distribution in the existing system is shown in
“Fig. 6”

Fig. 4 : Facewidth vs Strength(150mm pitch diameter)

Fig. 6 : Stress distribution in the spline in existing
system
B. Analysis of proposed system
Here, the analysis was carried out by increasing the
face width from 170 to 220 mm and the stress
distribution in the spline is shown in “Fig. 7”. Also,
optimisation was carried out by changing the pitch circle
diameter from 150 mm to 180 mm and the respective
stress distribution in the spline is shown in “Fig. 8”.

Fig. 5 : Facewidth vs Strength(180mm pitch diameter)
III. OPTIMIZATION USING ANSYS
The Spline was modeled in the SolidWorks
environment [6] and analyzed by applying torque on
each and every tooth of the spline with respect to the
axis of the shaft. The torque calculated from output
power, speed of the roller and the values of Von-mises
stress and strain were tabulated. The material used was
40Ni6Cr4Mo3 and the properties used for analysis in
ANSYS [7] are given in “Table. I”.

Fig. 7 : Stress distribution in the spline in proposed
system with facewidth with 220mm
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C. Design modification in the output shaft of IGB
As the pitch diameter and the face width of the
spline are changed, the design of the output shaft of the
IGB was slightly changed to accommodate the modified
spline. The pitch bore diameter was increased from 150
to 180 mm and the internal bore length was increased
from 120 to 220mm.
IV. CONCLUSIONS
1) By increasing the face width from 170mm to
220mm and slightly increasing the pitch diameter to
180mm from 150mm, the factor of safety was
increased from 0.61 to 1.36 which indicates the
safety of the design and increase in life of the
spline.

Fig. 8 : Stress distribution in the spline in proposed
system with pitch circle diameter 150mm
Thus, a comparative study was made between the
existing scenario and the optimized system and the
results obtained in ANSYS are given in “Table. II”.

2) The entire roller is modeled by using the
SolidWorks module and a comparative study
between the existing scenario and the optimized
system was analyzed.

TABLE II : COMPARISION BETWEEN EXISTING
AND PROPOSED SYSTEM
Parameter
Von Mises
Stress (N/m2)
Displacement
(mm)
Strain

Existing
system

Optimization1
Face width
220mm

Optimization2
Pitch circle
diameter
220mm

2.21504e+007

1.89292e+007

1.77086e+007

0.0599409

0.0342962

0.0335596

7.8814e-005

6.65141e-005

6.40897e-005

3) A novel optimized program for calculating the
safety of the design of geared systems is developed
in Visual basics environment and was cross
checked with hand calculations.
4) The optimisation results obtained from was further
cross checked by using the ANSYS module, which
yielded a negligible deformation, proving that the
optimization is under safety margins.

Further, the tooth of the spline is considered for
analyzing, because one tooth represents the entire spline
and the results obtained were extended to the entire
spline. From “Fig. 9” it can be observed that the
maximum deformation in the tooth is 0.2mm, and also it
is occurring at the ends of the tooth, which can be
neglected. This implies that the design of the spline is
safe with the above stated optimizations.

5) The design of the output shaft of the IGB was
slightly modified to accommodate the optimized
spline, using solid works module.
6) Change in the appropriate model of the TK stand,
and including the newly designed component
overcomes the slag accumulation and jamming of
the rollers.
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Abstract - Various techniques are employed to protect the material from degradation. As the wear is a surface phenomenon and
occurs mostly at outer surfaces. Therefore it is more appropriate and economical to use surface engineering for making surface
modifications. Detonation gun spraying is one of the thermal spraying techniques known for providing hard, wear resistant and
dense micro structured coatings. This paper reviews the previous research done by various authors on different coatings done by
detonation gun spraying technique to increase the wear resistance in Grey Cast Iron
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I.

between the surfaces wear also takes place, which can
be decreased by coating the surface of the pulley.

INTRODUCTION

The optimization of wire drawing pulley system,
subjected to mechanical and thermal stresses, depends
on a combination of properties. In general, a complex
state of stress is found and it is practically impossible to
select a material and design a component based only on
one of these properties. The material used for pulley
should be able to bear thermal fatigue and should absorb
and dissipate, as soon as possible, the heat generated
during braking. Dimensional changes or roughening
due to metal transfer in the absence of loose particle
formation, the cracking of brittle noble metal plating’s
with the resultant exposure of base metal substrates, and
even mechanically induced metal flow without
measurable transfer or loss, termed burnishing (as can
occur with well lubricated ductile metals), may also be
considered to be definitions of wear in special cases.

II. METHODOLOGY
To reduce the wear problem, wear resistant coatings
are deposited on the grey irons. Standard test methods
for wear testing with pin-on disc apparatus are
employed to study the wear behavior of the uncoated
and coated grey irons as well. Thermal spray processes
that have been considered to deposit the coatings are
enlisted below:
(1) Flame spraying with a powder or wire, (2) Electric
arc wire spraying, (3) Plasma spraying, (4) Spray and
fuse, (5) High Velocity Oxy-fuel (HVOF) spraying, (6)
Detonation Gun.
Among the commercially available thermal spray
coating techniques, detonation spray (DS) and high
velocity oxy fuel (HVOF) spray are the best choices to
get hard, dense and consequently wear resistant coatings
are desired.

Although wear cannot be eliminated completely,
yet it can be reduced to some extent by different wear
prevention methods, such as: using protective coatings
on surface, selecting better wear resistant materials,
Lubrication to reduce severity of friction and wear,
keeping the actual contact pressure less than allowable
contact pressure.

III. DETONATION SPRAY PROCESS
D-gun spray process is a thermal spray coating
process, which gives an extremely good adhesive
strength, low porosity and coating surface with
compressive residual stresse. A precisely measured
quantity of the combustion mixture consisting of oxygen
and acetylene is fed through a tubular barrel closed at
one end. In order to prevent the possible back firing a
blanket of nitrogen gas is allowed to cover the gas inlets.

In case of wire drawing pulleys, wear occurs at the
contact of the wire and the surface of the pulley. As the
wear is a surface phenomenon and occurs mostly at
outer surfaces. Therefore it is more appropriate and
economical to use latter method of making surface
modifications i.e. surface engineering. In wire drawing
pulleys we even need friction so as the wire does not
slip over the pulleys but at same time with friction
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particles to a plasticizing stage (only skin melting of
particle) and also accelerate the particles to a velocity of
1200m/sec. These particles then come out of the barrel
and impact the component held by the manipulator to
form a coating. Depending on the required coating
thickness and the type of coating material the detonation
spraying cycle can be repeated at the rate of 1-10 shots
per second. The chamber is finally flushed with nitrogen
again to remove all the remaining “hot” powder
particles from the chamber

Simultaneously, a predetermined quantity of the coating
powder is fed into the combustion chamber. The gas
mixture inside the chamber is ignited by a simple spark
plug. The combustion of the gas mixture generates high
pressure shock waves(detonation wave), which then
propagate through the gas stream. Depending upon the
ratio of the combustion gases, the temperature of the hot
gas stream can go up to 4000 deg C and the velocity of
the shock wave can reach 3500m/sec. The hot gases
generated in the detonation chamber travel down the
barrel at a high velocity and in the process heat the
.

Scheme of detonation gun: 1 – coatings particles container; 2 – nitrogen; 3,10 – cooling system;
4 – safety valves; 5 propane-butane; 6 – oxygen; 7 – ignition system; 8 – detonation chamber, 9 – barrel,
11 – substrate
.
IV. LITERATURE REVIEW

among others, WC–Co–Cr + Al2O3, Cu + Al2O3, and
Al2O3 + ZrO2.

An overview of literature collected on surface
engineering is given below:

Kamal et al. [2] investigated the microstructure and
mechanical properties of detonation gun sprayed
NiCrAlY + CeO2 alloy coatings deposited on
superalloys. The morphologies of the coatings were
characterized by using the techniques such as optical
microscopy, X-ray diffraction and field emission
scanning
electron
microscopy/energy-dispersive
analysis. The coating depicted the formation of dendritic
structure and the micro structural refinement in the
coating was due to ceria. Average porosity on three
substrates was less than 0.58% and surface roughness of
the coatings was in the range of 6.17–6.94 μm. Average
bond strength and micro hardness of the coatings were
found to be 58 MPa and 697–920Hv, respectively.

Sova et al. [1] studied the development of
multimaterial coatings by cold spray and gas detonation
spraying. The basic objective was the development of
multifunctional multi-material protective coatings using
cold spraying (CS) and computer controlled detonation
spraying (CCDS). As far as CS was concerned, the
separate injection of each powder into different zones of
the carrier gas stream was applied. Cu–Al, Cu–SiC, Al–
Al2O3, Cu–Al2O3, Al–SiC, Al–Ti and Ti–SiC coatings
were successfully sprayed. As to CCDS, powders were
sprayed with a recently developed apparatus that was
characterized by a high-precision gas supply system and
a fine dosed twin powder feeding system. Computer
control provided a flexible programmed

Babu et al. [3] demonstrated how the microstructure
evolution in terms of nature/extent of decomposition of
WC as well as properties of WC–12wt.% Co coatings is
critically dependent on variation of oxygen–fuel (OF)
ratio. The coating deposition was carried out over a
wide range of OF ratios using a detonation spray
technique, and particle velocity was measured using a

Re adjustment of the detonation gases energy
impact on powder thus allowing selecting the optimal
for each component spraying parameters to form
composite and multilayered coatings. Several powders
were sprayed to obtain composite coatings, specifically,

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

20

Review Paper on Enhancing the Wear Resistance of Grey Cast Iron Using D-Spray Process

Du et al [6]. Influence of process variables on the
qualities of detonation gun sprayed WC–Co coatings
was analyzed Experimental results were presented in
terms of the structure, including surface roughness,
XRD patterns and porosity, as well as adhesion strength,
hardness, and fracture toughness of D-gun-sprayed WC–
Co coatings as a function of spraying distance from
nozzle exit to substrate and ratio of O2:C2H2. Authors
found that both the spraying parameters influence
structure and properties of D-gun-sprayed WC–Co
coatings. The decarburization of WC–Co powders
during the spraying was little even when the highest
oxygen–fuel ratio was employed. When the higher
oxygen–fuel ratio was employed, hardness and adhesion
increase, while, porosity and fracture toughness
decrease, which can be attributed to the higher
temperature and velocity feed powders obtained from
the detonation wave. On the other hand, denser
microstructure, higher adhesion strength and higher
hardness appear when the coating was deposited at
spraying distance of 110–20 mm, while fracture
toughness is a little lower, which may come from the
best compromise of decreasing velocity and lagging of
heat transfer process for the particles to obtain a good
molten state.

high speed particle diagnostics system. The presence of
free W and increased W2C phase was observed under
deposition at higher OF ratios of 1.5 or 2.0, and this was
confirmed using XRD, EBSD and SEM-EDS elemental
mapping. In order to obtain representative hardness and
modulus of the as-deposited coatings, careful
measurements and analysis of indentation response
(cross-section and surface) were carried out using nano
indentation and Vickers hardness testers. Based on
experimental results, a major emphasis has been put
forward to establish a processing–structure–property
correlation for detonation sprayed WC–12Co coatings
Rajasekaran et al.[20]. The influence of detonation
gun sprayed alumina coating on Al–Mg–Si alloy (AA
6063) test samples subjected to cyclic loading with and
without fretting was studied Coated samples were
grounded to have coatings of two different thickness
values, 40 and 100 μm. Both 40- and 100-μm-thick
coated specimens experienced almost the same but
slightly higher friction force compared with uncoated
samples. Under plain fatigue loading, 100 μm coated
specimens exhibited inferior lives due to the presence of
lower surface compressive residual stress compared
with uncoated and 40-μm-thick coated samples. Under
fretting fatigue loading, uncoated specimens exhibited
inferior lives compared with coated samples owing to
the very low hardness of the uncoated specimens (80
against 1020 HV0.2). The reason for the superior
fretting fatigue lives of 40-μm-thick coated samples
compared with 100-μm-thick coated samples was the
presence of relatively higher surface compressive
residual stress in 40-μm-thick coated specimens.

Jia et al. [5] A research on detonation gun coating
with Fe-SiC composite powders mechanically activated
was done. The Fe–SiC composite powder prepared by
the mechanical activation process has been used for
coating on materials with the detonation gun (D-gun)
machine in order to develop a new way for coating.
Authors found that the coating layer has fine,
homogeneous, dense structure and good wear resistance.
The results of SEM and X-ray diffraction (XRD) show
that some reactions happened between Fe and SiC
during the D-gun coating, the Fe–Si compounds formed
and SiC strength the coating layer. It was proved that the
technology combined mechanical alloying with D-gun
coating is a new method for surface modification.

Murthy et al.[4] Thermally sprayed tungsten
carbide-based and chromium carbide-based coatings are
being widely used for a variety of wear resistance
applications. These coatings deposited by high velocity
processes like high velocity oxy-fuel (HVOF) and
detonation gun spray (DS) techniques are known to
provide improved wear performance. In the present
study, WC–10Co–4Cr and Cr3C2–20(NiCr) coatings
are deposited by HVOF and pulsed DS processes, and
low stress abrasion wear resistance of these coatings are
compared. The abrasion tests were done using a threebody solid particle rubber wheel test rig using silica grits
as the abrasive medium. The results show that the DS
coating performs slightly better than the HVOF coating
possibly due to the higher residual compressive stresses
induced by the former process and WC-based coating
has higher wear resistance in comparison to Cr3C2based coating. Also, the thermally sprayed carbidebased coatings have excellent wear resistance with
respect to the hard chrome coatings.

V. CONCLUSION
Detonation sprayed coatings can play important role
in protecting materials and alloys from wear and
corrosion phenomena. Work has been done by various
researchers to investigate the performance of detonation
sprayed coatings. However more research is needed to
evaluate the performance of detonation sprayed coatings
in actual environment. More improvement can be done
in the design of detonation gun spraying device. Little
work is done in field of using nano structured powder
with detonation spraying. More work is needed in using
of nanostructure powder for coating by detonation
spraying for wear and corrosion resistance.
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Abstract - Man has always been fascinated by flying since the early ages and has always tried to improve the methods of air travel.
Cargo planes play a vital role during wars by supplying equipment and food and cargo to remote places in the world. Cargo planes
usually require 2000-4000 feet to land which is impossible in certain locations as they required amount of runway is not present.
This has prompted a study into the reduction of landing and takeoff distances which has lead to the usage of flaps which decrease the
landing distance to some extent. But when the landing and takeoff distances are to be reduced considerably to accommodate cargo
planes at remote airfields certain steps have to be taken which will reduce the distances. To overcome this problem a modification
has been designed which dramatically reduces the landing and takeoff distances. This design consists of installing a set of rockets on
the body of the aircraft which are fired in a certain sequence by the help of sensors. The design comes in very handy during times of
war and during times of natural disasters when getting medical supplies and food to places ravaged by nature is absolutely essential
to prevent loss of human life.
Keywords - landing/takeoff distances, aircraft, rockets, effective landing.

I.

having only a small runway distance. This can however
be reduced by fitting rockets onto the body of the
aircraft which when fired in a particular sequence will
reduce/increase the overall thrust acting on the body of
the aircraft. This modification will reduce the overall
distance needed for taking off and landing which proves
its worth during times of war and natural calamities.

INTRODUCTION

The need for transportation of essential goods and
medical equipment to remote and inaccessible places
grows everyday. Even though air dropping can solve the
problem sensitive medical equipment and military
equipments can get damaged in flight. The only possible
solution will be to get the plane on the ground so that
the goods do not suffer from any damage. This is done
by firing a set of rockets at predetermined intervals that
will provide additional thrust to slow down or speed up
the aircraft. As firing of rockets at the wrong time could
lead to stalling of the plane, the firing is controlled by a
set of sensors which will activate the rockets at a
specific time which in turn leads to the safety of the
aircraft. To start off a normal cargo plane was taken and
was analysed without having rockets and with the
rockets which were taken. . After the analysis and
calculations it was concluded that the aircraft with the
rockets took significantly less runway distance than the
aircraft without the rockets.

III. PRINCIPLE
The basic principle used here is Newton’s third law
which states that “every action has a equal and opposite
reaction “. During landing the rockets will fire in a
direction opposite to the direction of thrust of the
aircraft engine thus introducing drag on the aircraft
which will reduce the landing distance required by the
aircraft. There are many factors which affect the landing
distance of aircraft .a few of them are the lift coefficient
during ground run, the drag coefficient, the coefficient
of friction, the thrust to weight ratio of the aircraft, the
weight of the aircraft, the thrust acting on the aircraft
etc. As most of these factors are constant only the thrust
acting on the aircraft can be changed to get the desired
effect. This is achieved by using rockets. During takeoff
the rockets will fire in the same direction as that of the
engines thus increasing the overall thrust on the aircraft
which in turn will reduce the amount of tarmac required
by the aircraft for liftoff. Thus the overall thrust of the
plane is increased/ decreased by firing the rockets in
different directions according to requirements. The
thrust developed by the aircraft engine and the rockets

II. VIEW OVER CONVENTIONAL METHODS
The basic method for reducing landing/takeoff
distances are by using flaps and thrust reversers which
basically divert the flow from the aircraft engine. But
the reductions in distances obtained are very small and
are not enough to land a aircraft in tiny airports in the
remote corners of the world. This is the main reason
why most of cargo aircraft cannot land on airports
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overall thrust acting on it thus increasing the speed of
the aircraft. Thus the final takeoff speed Vfto which the
final speed of the aircraft is achieved within a very short
runway distance and the aircraft will be able to takeoff
at a distance which is much lesser than the distance
required by a conventional unmodified aircraft. It will
be enough for the plane to reach the minimum unstuck
speed Vmu to take off as this is the minimum airspeed
with which an aircraft can take off.The rockets are
fastened to the body of the aircraft by the mechanism
used in attaching the secondary booster to space bound
rockets.Hold-down bolts hold the SRB and launcher
platform posts together. Each bolt has a nut at each end,
the top one being afrangiable nut.

are calculated using the basic thrust equation. It should
be noted thatHigher take-off mass, which means higher
take-off weight, results in longer take-off distance,
Higher thrust-to-weight ratio (T/W) results in shorter
take-off distance, Lower air density, which means
higher temperature or higher runway elevation, results
in longer take-off distance. Lower density also causes
lower thrust, which leads to further extension of take-off
distance;higher maximum lift coefficient up to a certain
extent can lead to a shorter take-off distance. However,
higher maximum lift coefficients may cause higher drag
coefficients for some flap settings, and this can result in
longer take-off distance. There are many factors which
affect the landing distance of aircraft .a few of them are
the lift coefficient during groundrun, the drag
coefficient, the coefficient of friction, thethrust to
weight ratio of the aircraft, the weight of the aircraft, the
thrust acting on the aircraft etc. As most of these factors
are constant only the thrust acting on the aircraft can be
changed to get the desired effect.

Additional rockets are provided near the tail of the
aircraft for stability purposes which are fired by a
microcontroller chip which recognises any abnormal
pitch, yaw, roll of the aircraft and fires the rockets in
such a manner that the abnormal motion is compensated.
Usage of sensors and microcontrollers for firing of
rockets is a absolute must as pilots are capable of human
errors which might lead to accidents. The rockets are
arranged in such a way that they are slightly inclined
away from the aircraft body so that the body does not
suffer from any damage when the rockets are fired. As a
huge amount of thrust will act on the body of the aircraft
when the rockets are fired, suitable fastening devices
should be used to fit the rockets to the body of the plane

IV. WORKING
The working of this modification has been clearly
explained below. The landing run of an aircraft can be
divided into two parts the first being the terminal glide
over a 50ft obstacle before touchdown and the landing
ground run. The landing and take-off distance of aircraft
depends on various factors such as final approach speed,
landing technique, type of braking, runway gradient
,wind conditions, airport elevations, the mechanical
malfunctions and hydraulic malfunctions ,runway
conditions.As the aircraft begins its final approach to the
runway and reaches a height of 50ft above the runway
the sensors which are fitted to the lower body of the
aircraft senses the height of the aircraft from the ground
and the first set offour rockets which are arranged with
the heads facing downwards are fired which induces a
extra lift on the on the aircraft and reduces the descent
rate of the aircraft. When the aircraft touches the runway
the sensor sends the signal and another eight set of
rockets which are facing with the nose backwards fire
thus inducing extra drag on the aircraft and reducing the
speed of the aircraft. Thus the decreased rate of descent
and a higher amount of drag acting on the aircraft along
with the rolling friction of the wheels after touchdown
and the kicking in of the thrust reverser leads to a
shorter landing distance of the aircraft.

V. CALCULATIONS
Inorder to calculate the final landing distance of the
aircraft a few assumptions is made for the sake of
calculation. A cargo aircraft is taken and the calculations
are made. The technical specifications of the plane are
given below. For calculation purposes a few
assumptions are made. The assumptions made are
,landing in an airport at sea level with no runway
gradient and hot conditions prevailing which affects the
density of air present around the airport. A hot day has
been assumed so there is no water or ice present on the
runway. The braking is done after firm touchdown has
been achieved. There is no tailwind to affect the landing
of the aircraft.
A. Specifications
weight of the fully
loaded aircraft
Cl max
µ
Kg
Wing area

The same principle can be used to facilitate lifting
off of the aircraft within a short distance runway. The
take off distance consists of two parts, the ground run
and the distance from where the aircraft leaves the
ground and reaches 50ft. The modifications provided are
eight rockets which are arranged with their noses
pointing towards the head of the aircraft. As the aircraft
accelerates, these rockets are fired which increases the

Power plant
Kg
ߟp

56,000 lbs
2.4
0.025
0.040
1000 ft2
2 × turboprop engines
at 2400 hp each
0.04
75%
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The minim
mal landing distance
d
of thiss aircraft with
thrust reversall is 450m. Now
w the new lannding distance
after the initiaation of the rocckets is calculaated. The free
body diagram
m of the aircraaft is drawn and
a the forces
which act on the
t aircraft is calculated.
c
Thee forces which
act on the aircraft are the draag, lift, thrust and
a the weight
f
betweeen the wheels
of the aircraftt. The rolling friction
of the aircraft and the runwaay is neglectedd and so is the
o affect the
air friction which is noot enough to
performance of the aircraaft. Now whhen the first
ditional lift is
sequence of thhe rockets aree fired, an add
induced on thee aircraft whicch decreases thhe descent rate
of the aircraft
ft and then thee second set of
o rockets are
fired. This inncreases the drag
d
acting onn the aircraft
which leads too a lesser landin
ng space on thee runway.

W=weigght
=coeffi
ficient of frictioon
S=wing area
Clg=Lift coefficient duuring ground ru
un= /(2Kg)
Cdg=Draag coefficient
VStall=
Durring the calcuulation of lan
nding distancee the
points to
o be noted aree that Thrust can
c be zero orr even
negativee (reverse thruust) ,The runw
way rolling frriction
can be much
m
larger duue to braking, At the beginniing of
the grouund roll the velocity is that at
a touchdown, VTD ,
At the ennd of the grouund run, the velocity is V2, ussually
zero. Whhen V2 is equaal to zero then the
t landing disstance
is given by
S=SB+S2
S2= ln
VTD=1.33VStall
VBraking=0.8
= VTD
Sb=
From thhese equations it is seen thaat the distancees for
takeoff and
a landing aree
VI. RES
SULTS
From
m the calculaations it is cleearly seen thaat the
landing and takeoff diistances has reeduced consideerably
m
aircraaft than the con
nventional oness. The
for the modified
thrust accting on an unnmodified aircrraft is 5900 lbbs and
the correesponding takeeoff distance iss 2314 feet. Noow the
distance of take off off the modified aircraft
a
is calcuulated
and it is found to bee 1115 ft whiich is a huge 51%
reduction in the landinng distance of th
he aircraft.

A free boody diagram off the aircraft iss shown along
with the forcess acting on it. The
T forces actiing are lift and
drag and the thrust
t
force T, the ground noormal force R
and the grouund friction an
nd µ is the coefficient
c
off
friction. The takeoff velociity is usually 1.2 times the
d
is calcculated for the
stall velocity. The takeoff distance
ximum aircraft
ft weight and a
worst case sceenario with max
standard hot day
d which chaanges the denssity of the air
around it. Thhe formulas for calculatioon of takeofff
distance are giiven
Time for tak
keoff ground distance
d
S=1/2B ln (A/ABVT02)
This equation is applicable when
w
the body is assumed to
start from rest.
A=g((T0/W)- )
And B=
g=accelerationn due to gravityy
Vto=Take-off velocity
v

Now
w the takeoff ddistance for thee unmodified aiircraft
is calcullated and the ttotal ground ruun of the aircrraft is

T0 =Thrust at zero
z
airspeed
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calculated as 2075 feet. Now the modified aircraft is
taken and the total ground run is calculated as 1387 feet
which is a decrease of 33%.
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These calculations show that this modification is
feasible for approval. A bar chart is drawn showing the
various modified and unmodified distances are shown. It
is seen that the modified aircraft performs more
superiorly than the normal aircraft which furtherpoints
towards implementation of this modification in cargo
aircraft. The main advantage of using this modification
is that the modified aircraft can be used to transport
materials and equipment to remote corners of the world
which do not have the luxury of having longer run ways.
This is of great use come the inevitable natural
calamities and other disasters. When this system is used
along with the thrust reverser the reduction in landing
distance is so great that only half of the original landing
is required.
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VII. CONCLUSION
The performance of the device can be improved by
firing the rockets for a longer duration which will help
in reducing the time taken to bring the airspeed to the
desired level or by using booster systems which provide
enormous amount of thrust in a very short duration of
time. The landing distance can be further reduced by
developing and implementing more efficient braking
systems such as which can also be used in all other
aircrafts as well. An aircraft having a very short landing
and takeoff distance can be the difference between life
and death during times of natural disasters where supply
of sensitive medical equipment is absolutely essential
for saving human life. Though this modification is
carried out at a substantially high cost, this could be a
vital factor in winning wars and the cost could be
reduced by designing and manufacturing rockets which
are specifically used for this purpose alone.
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Understanding the Interaction of Synthetic Jet
with the Flat Plate Boundary Layer
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Abstract - A single circular synthetic jet is issued into flat plate boundary layer to investigate the behaviour and the subsequent
interaction of streamwise vortical structures with the near wall fluid within the boundary layer. A synthetic jet actuator is designed
consisting of a circular cavity having a circular orifice at the bottom and an oscillating diaphragm at the top. The operating parameters
of the SJA are varied at will to produce a variety of vortical structures which appear to have a varying impact on the fluid in the near
wall region, thus are capable to enhance the separation delay. The formation of the vortices is categorized with respect to vortex shape,
strength and its ability to remain within the boundary layer to entrain more energetic fluid from free stream conditions. Therefore, as a
conclusion the operating parameters of the SJA are confined where the separation delay effect is envisaged as most enhanced and
given as parametric map.
Keywords - Boundary layer; synthetic jet actuator; vortices; separation contro effectl;

I.

These parameters were found to be largely dependent
upon the design and operating parameters of the actuator
such as nozzle diameter, the piston stroke and the
velocity of the piston. Haidri and Smith [7] used dye
visualization technique using dye and hydrogen bubbles
in conjunction with hot film anemometry to study the
evolution of hairpin vortices generated by surface fluid
injection into laminar boundary layer. R. Mittal et al.
[10] simulated the results to investigate the interaction
of the synthetic jet with the flat plate boundary layer in
2D configuration. The jet was produced from a
rectangular slot by the periodic oscillation of a
diaphragm rather than a conventional circular orifice.
Crook A., [2] performed experiments on the
axisymmetric synthetic jet embedded in turbulent
boundary layer to understand the effect of non
dimensional operating and geometric parameters on the
formation and the subsequent interaction with the
boundary layer. Crook A. [2] observed from oil
visualisation produced on the circular cylinder to
evaluate the effect of employing the synthetic jet
towards flow separation control. Furthermore, towards
gaining an improved understanding of the vortex
dynamics and its subsequent interaction with the
boundary layer [13], [6], and [4] carried out extensive
experimental work on flat plate boundary layer by using
both dye visualisation technique and PIV measurements.

INTRODUCTION

It has been long since the SJA has been recognised
as a noble mean to delay flow separation when deployed
on the wing of the aeroplane. A perpetual spurt of
stream-wise vortices is produced by periodic propulsion
of the intermittent fluid through an orifice open to
ambient surface to synthesise a jet meant to follow the
same ambient flow. The to and fro movement of the
diaphragm is designed in such a way that the same
ambient fluid is used to synthesise the jet, hence making
SJA a desirable mean capable to be operated at large
variety of operating parameters at the consumption of
least possible input energy.
Although most of the previous work on the SJA
mainly dealt with the evolution and succeeding
development of the vortical structures produced at
varying SJA operating parameters, yet the understanding
of the interaction of the vortices with the boundary layer
responsible to causes the separation delay remains
something ambiguous until yet. The previous work on
synthetic jet [3], [11], [5], [7] dealt in good details with
the growth characteristics and formation processes of
the vortical structures. Didden [3] produced a separated
flow by the process of fluid ejection from a circular
nozzle by means of an impulsively started piston to
investigate the formation of vortical structures by rolling
up of vortex sheets and concluded that the ring diameter
D, the circulation Γw and the translational velocity as
characteristic parameters of fully formed vortex ring.

However, as per the understanding of the author the
interaction of the vortical structures with the boundary
layer and the vortex dynamics still remains ambiguous
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elliptical leading edge with 1:5 nose thicknesses to
length ratio makes sure there is no flow separation and
pre-mature transition at the leading edge.

especially when the jet is issued into a turbulent
boundary layer. Secondly the SJA geometric and non
dimensional operating parameters could not be strictly
categorized considered responsible to generate
specifically distinguished vortical structures as almost
all previous experimental set-up undertook the settings
of the operating conditions of the SJA by trial and error.
Hence the need to further illustrate the vortex dynamics
to investigate the capability of the various vortical
structures to entrain high momentum fluid from the
outer part of the boundary layer to the near wall region
to replace the low momentum fluid and the subsequent
effect of discrete structures towards flow separation
delay in the boundary layer.
II. EXPERIMENTAL FACILITY
A bench-top SJA rig was designed at the University
of Manchester by [2] to facilitate a parametric
investigation of synthetic jet in quiescent conditions
under a range of adjustable operating parameters,
namely oscillatory frequency, ‘f’ and diaphragm peak to
peak displacement, ‘∆’. In order to undertake the present
investigation the same rig is used. The SJA consists of a
diaphragm located at the top of the cavity and a circular
orifice on the bottom face of the cavity opposite to the
diaphragm such that the displacement of the diaphragm
can be measured conveniently and the specific size of
the cavity and the orifice may be changed. The
schematic of actuator is shown in Fig.1 and the
dimensions of the cylindrical cavity are; internal
diameter, Dc = 45mm, height, H = 25mm and orifice
diameter, Do = 45mm. From the top side the cavity is
capped with the piston so that the rubber diaphragm is
sandwiched by two steel disks each of 1mm thick and
43mm in diameter leaving 1mm clearance from either
side.

Fig. 1: Synthetic Jet Actuator assembly

The driving frequency, ‘f’ and the diaphragm peak
to peak displacement, ‘∆’ are the two operating
parameters that can be varied to change all other
nondimensional flow meters of the synthetic jet. The
driving frequency is a known parameter generated by
the DAQ card run by the NI Labview program. A
sinusoidal signal is generated and amplified by an
electric power amplifier and given to the shaker as
signal input. The Monitron eddy current displacement
sensor consisting of a probe (MTN/EP080) and a driver
(MTN/ECPD) is used to measure the displacement of
the diaphragm. The sensor works in conjunction with a
small metallic target (a small circular stainless steel disk
with 5 mm diameter) fixed on a circular Perspex disk
hanged on the shaker connecting rod. The test plate was
constructed from a 5mm thick sheet of aluminium (Al
HE30) and the plate dimensions are; a length of 1.3m
and a width of 0.3 m i.e. approximately equal to the
width of the test section in the tilting flume. The super

Fig. 2: End-view of the stereoscopic imaging system for
dye visualization
The SJA orifice was located at 0.7m (=140 Do) aft
of the leading edge along the centre-line of the plate.
This location is chosen to provide a sufficient far
downstream distance from the leading edge to allow
enough build up of boundary layer thickness (~3Do) and
a necessarily needed usable width of the plate. For a flat
plate mounted horizontally in a wind tunnel, [8] found
that the side-wall contamination zone caused by the
disturbance of flow at the junction of the plate leading
edge with the walls of the test section diverges
downstream at an angle of about 8°. Thus in the present
case, the usable width of the plate will be approximately
21Do at x/Do = 0 and 14Do at x/Do = 25, being sufficient
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for the synthetic jet flow. A Hitachi KP-F120 partial
scan CCD camera with a maximum available resolution
of 1260×1040 pixels is used to capture the dye pattern
produced from two orthogonal views simultaneously at
a frame rate of 30fps, providing a quasi threedimensional visualisation of the jet. To facilitate the
capture of both views simultaneously onto a single
image frame, a stereoscopic imaging system was set up,
as shown in Figure 2 using a combination of two plane
mirrors with an orthogonal prism, in accordance with
the method described by [14].

It is rather feasible to relate the Reynold number
with stroke length such as

Re L =

The vortex ring is invariably formed by a
programmed discharge of fluid element over a short
finite time interval. Glezer [5] described the formation
pattern by introducing cylindrical-slug model in which a
cylindrical volume (slug) of fluid moves at constant
velocity ‘Uo’ for a time ‘T’ through a circular orifice of
diameter ‘Do’. The slug length i.e. stroke length ‘Lo’ is
therefore given by

d=
Cf

‘Uo’ does not remain constant over the entire actuation
cycle (sinusoidal) hence the need to define the averaged
velocity. From the basis of the dynamic incompressible
flow model established by [12] in which the dye in the
cavity is assumed to be incompressible and the
instantaneous volume flow rate displaced by the
blowing stroke is equal to that volume expelled through
the orifice and the time averaged blowing velocity over
the entire cycle is thus given by

1 T /2
u ( t ) dt
T ∫0

Uo =

1

4

f Δ ⎛⎜

Dc ⎞
⎟
⎝ Do ⎠

2

(2)

δ
Do

(6)

τw

(7)

fDo
U∞

(8)

Uo
U∞

(9)

IV. RESULTS AND DISCUSSION

Here ‘Lo’ is in ‘mm’ and can be nondimensionalised by
Do as ‘L’

A. Test Conditions
The velocity profiles were drawn (by PIV
measurements) at three different locations deemed
critical for measurements and with no slip condition at
the wall a good match with Blasius solution was met
confirming the zero pressure gradient (zpg) nature of the
boundary layer as in figure 3 Considering the stability of
the boundary layer the smallest actuation frequency used
in this work is 1Hz which is in agreement to that of
Tollmien-Schlichting wave.

(3)

‘f’ in ‘Hz’ is the excitation frequency and cannot be
used as such so needs to be nondimensionalised in
Strouhal Number as

fDo 1
=
Uo L

(5)

Velocity Ratio ‘VR’ characterizes the relative
strength between the jet and the freestream velocity and
ultimately characterises the jet trajectory [13]. For a
synthetic jet in cross flow, [9]) showed that at a given
streamwise location, the jet penetration height is solely a
function of the momentum flux ratio, which is
equivalent to VR.

T /2

St =

Lo
= Re .L
Do

0.5ρU∞2

VR =

Lo = ∫0 u ( t ) dt

L o U oT U o
=
=
Do Do
fDo

=

St =

The stroke length is now defined as:

L=

= Re

For an SJA of given geometry, the operating
parameters are extended to be related with free stream
velocity U∞. Therefore, in addition to the key
dimensionless jet parameters (i.e. L and ReL), the jet
velocity-to-freestream velocity ratio, VR, and Strouhal
number, St (based on U∞) need to be considered and as
such defined as

(1)

Uo =

ν

The boundary layer parameters also needed to be
taken into account, key characteristics being the
boundary layer height, δ, and wall shear, τw. From
dimensional analysis expressed as non-dimensional
parameters, these equate to the ratio of boundary layer
thickness to orifice diameter, d, and skin friction
coefficient, Cf such as

III. PARAMETER ANALYSIS

Lo = UoT

U oL o

(4)
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dependin
ng upon its poosition from thhe orifice. A vvortex
travelledd far away from
m the orifice is
i a decaying vvortex
that disp
plays little, if any, effect onn near-wall suurface
fluid, with
w
the initiall vorticity of the hairpin vvortex
diffusingg in the preseence of visco
osity; in contrast, a
vortex nearer
n
to the oorifice is a gro
owing vortex w
which
interactss strongly withh near-wall surrface fluid, resulting
in stronng fluid erupptions from the
t
surface w
which
stimulatee the generation of new vorticces in its wake..
Apaart from the haiirpin vortex, th
he plan view (F
Fig. 4)
reveals the
t developmeent of dye conncentration latterally
alongsidde either vortexx legs and aree called longituudinal
vortices or secondary streamwise voortices. Accordiing to
f
of seecondary stream
mwise vortices is the
[1] the formation
process of intensificaation of the secondary veertical
structurees due to the velocity graddients generateed by
inrushing
g flow. Fluid that is induced
d down towardds the
wall outbboard of the coounter rotating
g legs of the haairpins
and an inrush of fluid due to continuuity (to replacee fluid
that is liifted up from the wall betweeen counter rootating
legs) coombine to ccause the creeation of an area
immediaately after the orifice devoidd of any dye on
o the
wall eith
her side of the hhairpin legs andd called saddlee point
(fig. 4). Secondary streamwise vortices
v
develloping
d of the sadddle point are generated with an
outboard
oppositee sense of rotatiion to the adjaccent hairpin legg.

Fig. 3: Bou
undary layer prrofile at given streamwise
s
locattions
B. Synthetic jet
j interaction with the bound
dary layer
The interaaction of synthhetic jet with the boundary
layer is studieed by dye visu
ualization technnique and the
results are preesented with reespect to increaasing Strouhal
number (St). Figure
F
4 showss the syntheticc jet generated
at L = 2.2, VR
R = 0.11 and Re
R L = 122 wherre the front tip
of the vortex is
i referred to as
a the vortex head, while the
trailing follow
wing portion off the vortex thhat are mainly
aligned in the streamwise diirection and reemain close to
the wall are teermed the vorteex legs. The trrailing counter
rotating vortex
x legs remain attached
a
with thhe wall due to
lower value of
o stroke lenggth whilst thee vortex head
penetrates furtther deeper intto the boundarry layer under
the influence of
o its own self induction. Furtther, it is quite
visible that booth the legs arre pretty much
h thick that is
entraining mucch of the vorteex energy, thuss equally vital
in effectivenesss in their ow
wn. The vortexx legs become
thinner and rellatively longerr as the vortex travels farther
away from thhe orifice becaause of the prrevailing flow
momentum and
a
the influeence of sheaar within the
boundary layerr.
A conscieentious considderation to thee downstream
development of the hairpin
n vortices suggests that a
vortex can be classified as either
e
a decayinng or growing
vortex

Fig. 5:: vortex formattion at L=1.7, VR=0.17
V
ReL=145

Fig. 4: Hairppin Vortex at L=2.2,
L
VR= 0.111 ReL=122

Fig. 6: vortex formation at L=2.8, VR=0.28
V
ReL=
=392
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Vortex formation produced at relatively higher St.
are shown in figure 5 where the image capture area is
increased to observe the behavior of the vortex as it
travel forth away from the orifice. It is noticeable that the
vortex head tends to protrude out from the boundary
layer at about 24Do owing to larger stroke length value. It
is also evident that as the vortex travels away from the
orifice the hairpin legs tend to frail and more energy is
entrained by the head. This is because the vortex has to
undergo more stretching due to local velocity gradient
which ultimately breaks the head away from the legs at
higher stroke lengths. Comparing the longitudinal
vortices formed in last two cases given it appears the
vortices formed at higher stroke length are relatively
weaker owing to the fact that at higher stroke length the
fluid is pushed harder away from the orifice which
allows minimum dye to remain attached with the wall
thus diminishing the existence of longitudinal vortices.
The inclination of the vortex from the wall appears to be
varying at altered operating conditions as the inclination
is the result of opposing effect of self induced velocity
that moves the leading portion of the hairpin away from
the wall and the presence of shear in the boundary layer
which tends to attract them back to the wall. Haidri and
Smith [7] showed the movement of the vortices
graphically to depict that where the outward movement
of the head remains essentially linear as the vortex
moves farther downstream. In the present study for the
two cases compared the hairpin vortex head for the latter
case moves along a steeper path possibly because of the
assertion of higher injection rates.

they are formed at relatively larger VR and experience
appreciable stretching and consist of streamwise vorticity
in terms of counter rotating legs as in hairpins. However
as more of the vortex energy tends to be contained by the
vortex head, the legs frail considerably and since the
vortex remains within the boundary layer thereby
undergoes considerable streamwise stretching.
The increased strength of the vortex head is
associated with increase in Reynold’s number as in
figure 7 where the vortices tend to tilt in clockwise
direction. As such the augment in vortex strength
enlarges the induced velocity between the head and the
weaker legs resulting in much greater lift up of the
vortices, especially in the region of heads as evident
from the vortices furthest from the orifice. For the lower
values of Reynolds numbers, the vortex rings appear to
be of low circulation and because of lower stroke length
the suction has a dominant effect on the vortices, as were
seen by the elongation of the rings along the axis of
symmetry. At the larger value of Reynolds number, the
vortex rings have a higher circulation as indicated by the
core of the rings, which are far more defined. At this
much higher stroke length the longitudinal vortices are
diminished completely (fig. 7) and the downstream
vortices have instigated to form albeit to a small degree.
C. Parameter mapping
Based on the present flow visualization observations
and the previous experimental, analytical or numerical
studies it is inferred that the SJA effectiveness based on
the other non dimensional parameters could be
summarized as

Vortices produced at higher stroke length are shown
in figure 6 and due to higher stroke length and greater
VR the vortices tend to protrude out of the boundary
layer at about 10Do. The vortex legs are noticeably
weaker but still residing within boundary layer though.
The hairpin like structure of the vortices has diminished
giving a new structure of vortices called stretched
vortices where more vortex energy is entrained in the
vortex head while the legs are disappearing continuously
as the vortex travels farther away downstream. Stretched
vortices are merely intermediate stage between hairpins
and tilted vortex rings as

SJA effectiveness = f (L, ReL, VR, d, Cf)

(10)

The two parameters in equation (10) namely ‘d’ and
‘Cf’ were not varied extensively throughout this work
thus the reason of not including them in parametric
mapping. In the first case ‘VR’ is plotted against ‘L’
where the gradient of VR-L is the Strouhal number. The
blue lines are marked in attempt to mark the boundary to
set apart either type of structures. It is important to
realize that these bounding lines do not offer very hard
and fast limitations as the vortical structures do not
change that hurriedly rather there is always an area
which of course overlaps. Secondly the initiation of the
pattern of any proceeding structure is always a gradual
and steady course which could not be limited by a
bounding single line.
It is evident (figure 8a) that there is always a
threshold in the value of stroke length and velocity ratio
for each vortex structure to be formed and persist. A
similar threshold is necessary for the formation of the
very first vortex structure that is a minimum value of
stroke length is about 1.4 and the corresponding
minimum value of velocity ratio is 0.11 for the patterns

Fig. 7: vortex formation at L=0.3, VR=0.3 ReL=450
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of vortices to start initially. Before these values the fluid
injected from the orifice generally takes the form of a
slug of fluid that moves along the wall, with no
tendency to vortex roll up. It is more reasonable to relate
the frequency with the corresponding stroke length since
‘f’ seems to influence the vortical structure directly with
respect to ‘L’. There are only two operating parameters
that could be varied directly namely diaphragm peak to
peak distance ‘∆’, nondimensionalised by stroke length
and the diaphragm frequency ‘f’. So, it is deduced that it
is more reasonable to

V. CONCLUSION AND SUMMARY
Three different types of vortical structures have
been observed at varying SJA operating conditions
namely hairpin vortices, stretched vortex rings and tilted
vortices. Hairpin vortices are the first ones to be formed
at the lowest possible values of velocity ratio, stroke
length and Reynolds number based on stroke length.
Owing to lower stroke length these structure reside in
the boundary layer for a longer range of stroke length
values and it is because of this characteristics hairpin
vortices were likely to be the most desirable vortical
structures required for effective separation control. In
support to this hypothesis however no quantitative
measurements could be provided for the time being. Yet
it is believed that owing to lower velocity ratio and
lower stroke length needed for their formation they
consume minimum power to operate the active flow
control device. At relative higher stroke length, lower
velocity ratio corroborate to keep the vortices within
boundary layer thus forcing the structure to undergo stiff
stretching hence the formation of stretched vortex rings.
Tilted and distorted vortices are formed beyond
stretched vortex rings when the SJA is operated at
higher stroke length and higher velocity ratio. These
structures are least likely to remain within boundary
layer so they are less considered beneficial for flow
separation control. However at high Reynolds number,
tilted vortices form the trailing secondary and tertiary
vortices which remain within the boundary layer and
found out to be most effective to flow separation
control. All the tested cases are categoriz ed to plot the
parameter space to provide useful information on the
formation of vortical structures at different operating
conditions. To make the SJA practically attractive it is
essential to take into account its running power
consumption. The parameter scale provides sufficient
useful information on the economical operating
parameters for an effective SJA operation.
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Abstract - The recycling of the abrasive particles in the abrasive waterjet maching is important due to the limitation of resources and
economical reasons. The size of the abrasive particles keep decreasing everytime when they are recycled. In this case they are
recycled thrice and then discarded. These discarded abrasive particles can be used for drilling holes in glass material by abrasive jet
machining. This can be done by drying the left over particles and using them to drill holes in glass by abrasive jet machining. Thus
the abrasive particles left over after recycling is not wasted. This can be of greater importance in aluminum and glass construction
workshops as it is economical in nature.
Keywords - Recycling abrasives, Abrasive jet machining, Abrasive water jet machining, Reusing abrasives.

I.

B. The cutting head

INTRODUCTION

Typical nozzle configuration for mixing abrasive
with waterjet in an abrasive waterjet cutting head is as
shown in fig 2. High pressure water is passed through
the orifice and abrasive particles are fed. From the
cover, the mixture of water and abrasive particles come
out.

In this paper, the abrasive waterjet machining
process is first explained briefly. Secondly, the effect of
recycling of the abrasive particles on the workpiece is
studied. Here the fresh abrasive used once and recycled
thrice and then discarded because its size decreases
below the recommended range. These discarded
abrasives can be dried and used for drilling holes in
glass material by abrasive jet machining. Thus the
discarded abrasive particles can be effectively used.
II. ABRASIVE WATERJET MACHINING
A. Components
A normal abrasive waterjet machining consists of a
pump, abrasive hopper, abrasives, mixing chamber,
focusing tube and catcher. It uses mechanical energy,
parts accuracy 0.1mm, minimum inside radius 0.4mm,
minimum hole diameter 0.8mm, kerf width 0.8mm (few
as low as 0.5mm), thickness range 5mm to ~ 300mm.

Fig. 2 : Schematic view of cutting head
(Photograph Courtesy – Omax Corporation, USA)
Fig.1:Schematic of an abrasive waterjet cutting process [1]

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

34

Reusing the Discarded Abrasive Particles from Abrasive Waterjet Machining for Drilling Holes in Glass Sheet by Abrasive Jet Machining – A Review

C. Sequence of abrasive waterjet machining

B. Schematic diagram of workpiece:

Fig. 4 : Schematic of workpiece [2]
C. Constant process parameters for abrasive water jet
machining
TABLE II : CONSTANT PROCESS PARAMETERS[2]
Sl.
No.

Parameter

1

Abrasive material

Description
Garnet
(origin:
southern India)

Fig. 3 : Block diagram of sequence of abrasive waterjet
machining [5]

6
7

Abrasive
particle
shape
Primary
nozzle
diameter (mm)
Secondary
nozzle
diameter (mm)
Secondary
nozzle
length (mm)
Standoff
distance
(mm)
Jet impact angle (◦)

III. A STUDY ON RECYCLING OF ABRASIVES
IN ABRASIVE WATER JET MACHINING

8

Workpiece material

9

Pressure (MPa)
Traverse
(mm/min)
Abrasive flow
(g/s)

2
3
4
5

A. Details of the equipment:

10

TABLE I : DETAILS OF THE EQUIPMENT[2]
Item
AWJM system
Power
Maximum discharge
pressure
Abrasive feeding
system
CNC work table
British standard
sieves, mesh number

11

Description
Pressure intensifier,
injection type nozzle
22kW, 50Hz

rate
rate

Angular (random)
0.25, sapphire
0.8, carbide
70
3
90
Aluminium
T6
225

6063

50
1.5

D. Recycling of abrasive particles
CASE 1
The process was carried out [2] and the average
particle size at the 1st, 2nd and 3rd recycle of test sample
and mesh size 80 with more than 90 μm particles was
studied and a graph between the abrasive use and
average particle size is plotted as shown in fig 5 & 6.

360 MPa
Vibratory conveyor with
heating facility
Two-axis
control(X=1000,
Y=1000)
80
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TABLE III : DISTRIBUTION OF ALL PARTICLE
SIZES OF TEST SAMPLE AND MESH SIZE 80 [2]
Abrasive sample

Average particle size (a.p.s)
(mm)
Test sample

Fresh abrasives

0.282

After 1 cut

0.174

Recycle-I

0.157

Recycle-II

0.152
0.147

Recycle-III
Mesh size 80
Fresh abrasives

0.281

After 1 cut

0.186

Recycle-I

0.167

Recycle-II

0.160

Recycle-III

0.153

Fig. 6 : Effect of recycling of abrasives on a.p.s. of mesh
size 80 with more than 90 μm particles [2]

CASE 2
The process was carried out [2] and average particle
size at the 1st, 2nd and 3rd recycle of test sample and
mesh size 80 with all particles were studied and a graph
between the abrasive use and average particle size is
plotted as shown in fig 7 & 8.
.

Fig. 5 : Effect of recycling of abrasives on a.p.s. of test
sample[2]
TABLE IV : EFFECT OF RECYCLING OF ABRASIVES ON AVERAGE PARTICLE SIZE OF TEST SAMPLE AND
MESH SIZE 80 WITH ALL PARTICLES[2]

Nozzle
entry
Nozzle
exit
After
cutting

Fresh abrasives
Test
Mesh size
sample
80
a.p.s
a.p.s

Recycle-I
Test
Mesh size
sample
80
a.p.s
a.p.s

Recycle-II
Test
Mesh size
sample
80
a.p.s
a.p.s

Recycle-III
Test
Mesh size
sample
80
a.p.s
a.p.s

0.282

0.281

0.174

0.186

0.157

0.167

0.152

0.160

0.195

0.195

0.158

0.174

0.155

0.166

0.150

0.159

0.186

0.186

0.157

0.167

0.152

0.160

0.147

0.153

.
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C. Abrasive jet machining experimental parameters
The parameters considered for the abrasive jet
machining experiment are as tabulated in table V.
TABLE V : ABRASIVE JET MACHINING
EXPERIMENTAL PARAMETERS[3]

Fig. 7 : Effect of recycling of abrasives on a.p.s. of test
sample[2]

AJM Parameter

Condition

Type of abrasive

Sand(SiO2)

Abrasive size

0.15-1.25mm

Jet pressure

0.5MPa (5 bars)

Cut-off distance

10mm

Nozzle diameter

1,2,3 mm

Abrasive flow rate

3 g/min

Machining time

20 sec

D. Drilling glass using discarded abrasive particles
from abrasive waterjet machining
The abrasive jet machining can be carried out in a
glass specimen using the abrasives that is left over after
the 3rd recycle of the abrasive water jet machining. It is
because the range of size of the abrasive particles used
in both the cases is the same. The fig. 8 shows the
various sizes of holes drilled in a glass sheet.

Fig. 8 : Effect of recycling of abrasives on a.p.s. of
mesh size 80 with all particles[2]
IV. DRILLING OF GLASS SHEETS
ABRASIVE JET MACHINING

BY

A. Introduction
Drilling of glass sheets with different thicknesses
have been carried out [3] by Abrasive Jet Machining
process (AJM) in order to determine its machinability
under different controlling parameters of the AJM
process. The type of abrasive used here is sand (SiO2)
which is used as an alternative of garnet in industries.
The abrasive size ranges from 0.15 to 1.25 mm.

Fig. 9: A glass specimen drilled with the given data in
Table above, at different cut-off distances [3]
V. CONCLUSION
Thus in this paper, efforts were made to study the
effect of recycling the abrasives in abrasive waterjet
machining and drilling holes in glass sheet by abrasive
jet machining. The sizes of the abrasive particles
decreases in each recycle. The abrasives that are left
over after the 3th recycle range from 0.15 to 0.17mm.
They can be dried thoroughly. These abrasive particles
can be used in the drilling of glass sheet by abrasive jet
machining which requires an abrasive size ranging from
0.15 to 1.25mm. By doing this, aluminum and glass
construction activities in workshops can be effectively
done at low cost.

B. Abrasive jet machining:
The abrasive jet machining (AJM) is considered for
machining hard and brittle materials. Abrasive jet
machining is similar to sand blasting process but in
abrasive jet machining finer abrasive powders and
smaller nozzles are used. By focusing the abrasive jet
stream from the nozzle onto the workpiece, smaller
holes or slots can be machined on hard and brittle
materials. It can also be noted that shape factor and
particle hardness have no significant effect on surface
waviness [4].
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Vibration Based Crack Identification in a Rotating
Viscoelastic Sandwich Beam
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Abstract - In this study, the presence of cracks and identifying their locations in a three layered rotating sandwich beam is
investigated using the finite element analysis. The strain and kinetic energies of a cracked rotating viscoelastic beam are first
formulated. The governing equation of motion of an intact and cracked rotating viscoelastic sandwich beam is then developed in the
finite element form using Lagrange’s equation. Two different configurations of cracks in the beam are considered for the analysis
including the beam with single crack and two non-identical cracks. The natural frequencies and the first five mode shapes are
evaluated for various rotational speeds from free vibration response of the rotating viscoelastic sandwich beam. Furthermore, the
forced vibration response of the beam under harmonic force of various excitation frequencies is obtained to investigate the variation
of the damping factors of the beams without and with cracks for the first five modes. It is concluded that the presence of the cracks
in the beam could be well identified by the free-and forced vibration responses of the sandwich beam.
Keywords - Vibration; Viscoelastic Sandwich Beam; Damping Factor; Structural Health Monitoring; Crack detection.

I.

structure were initiated by DiTaranto [2] and followed
by Mead and Markus [3] for the axial and bending
vibration of sandwich beams. Mead and Markus [3]
derived the sixth-order differential equation of motion to
identify the transverse displacements for a three-layer
sandwich beam with a viscoelastic core. These studies
have led to the advent of different formulations and
techniques which have been reported in [4-6]. Douglas
and Yang [7]investigated the partial damping treatment
of the base beam whileKerwin [8] developed a theory
for the damping of flexural waves by a viscoelastic
damping layer that is constrained between the surface to
be damped and another stiff layer. Ungar [9] obtained
loss factors of axially uniform linear composites
structures in terms of properties of the constituents. Ross
et al. [10] closely examined the definition of loss factor
in terms of energy, especially for highly damped
composite structures.Groonthuhius [11] demonstrated
the control of vibrations usingthree differenthigh
damping materials.

INTRODUCTION

Noise and vibration are the criticalentities of many
engineering problems. Vibration plays a vital role in
producing numeroushostileproblems such as reducing
the efficiency and decreasing the life cycle of the
system.These problems are presently addressed by
vibration control.In applications where the use of
lightweight structures is important, the introduction of a
passive damping (viscoelastic material) layer, which has
high inherent damping between two face sheets, can
produce a sandwich structure with high damping. The
multiple layer structures, in general, are known to yield
improved performance due to their high flexural
stiffness to weight ratio, reduced lateral deformation,
higher buckling resistance and higher natural
frequencies.Hence such structures are being increasingly
used in transportation vehicles and other applications
[1].Although many studies have been focused on
treating damping materials to structures to improve
damping performance, there has been a flurry of
ongoing research over the last few decades to either alter
existing materials, or develop entirely new materials to
improve the structural dynamics of components to
which a damping material could be applied. The most
common damping materials available on the current
market are viscoelasticmaterials. The modeling and
predicting the energy dissipation of the viscoelastic core
layer in a vibrating passive constrained layer damping

Structural health monitoring (SHM) problems have
occupied many scientific communities for the last two
decades. The problem is to be able to detect, locate and
assess the extent of damage in a structure so that its
remaining life can be known and then possible extend its
life. This is rightly pointed out by Deraemaekeret.al.
[12]. Thedetection of structural damage such as cracks
and delamination in beams remains an important
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cracks is identified using the evaluated modal
characteristics of the sandwich beam.

problem in structural health monitoring and is an active
area of research [13-15]. There are various nondestructive testing methods for structural damage
detection such as, modal analysis, strain analysis,
photo-elastic techniques, ultrasound and acoustic
emission [16]. Modal analysis is technically mature
enough to be used as structure integrated damage
monitoring system [17]. Vibration-based diagnosis
involves detecting and estimating the size of the damage
from the dynamic properties of the structure as
mentioned by Pawar and Ganguli [18].

II. MATHEMATICAL
MODELING
OF
A
ROTATING VISCO-ELASTIC SANDWICH
BEAM WITH CRACK
A sandwich beam comprising of the viscoelastic
layer(VE) as the core between two elastic layers of
length L is considered to be fixed with a hub. The hub is
rotating about the axis of symmetry with a rotating
speed Ω as shown in Fig.1.The thickness of each layer is
considered as h1, h2 and h3.Let u, v and θ respectively,
are the axial, transverse and rotational deformations of
the sandwich beam. The longitudinal displacements of
the mid-planes of the elastic layers in the x-direction are
u1 and u3 and the longitudinal displacement component
of any point in the VE layer is u.The normal stresses in
the fluid layer are neglected, considering that the
Young’s modulus of the VE layer is nearly negligible
compared to that of elastic layers. The VE layer
thickness h2 is assumed to be very small compared to its
length L.Slippage between the elastic and VE layer is
neglected.The shear strain in the elastic layer is also
assumed to be negligible, considering that h1 and h3 are
very small compared to the length of the beam. The
damping due to elastic layers is also assumed to be
negligible. The top and bottom surfaces are considered
to undergo axial compression and tension respectively.

Cracks or other defects in a structural element
influence its dynamical behavior and change its stiffness
and damping properties.Vibration analysis can be used
to detect the structural defects such as cracks or
discontinuities of any structure through inexpensive and
fast means of nondestructive testing as remarked by
Kisa [19]. The location and dimensions of the damage
could be identified using changes in the natural
frequencies
and
mode
shapes
of
the
structure[20].Rizoset al. [21] proposed the method of
identifying the location and size of the crack using
transverse vibrations of a beam of uniform section.
While modeling the cracks, the concept of a rotational
spring is used to represent an edge crack. A review
about the models and its practical exploitations for
detection of crack location and size are presented by
Dimarogonas [22]. The method based on the rotational
spring appears to be very attractive for a beam and
similar components. Nandwana and Maiti [23,24] have
shown the applicability of this method in stepped beams,
multiply supported beams, other edge cracks, etc. An
extension of this approach for beams of variable section
with normal edge cracks is presented by Chaudhari and
Maiti [25].

Ω

Wauer [26] presented a review on rotor dynamics in
the presence of a crack. Dimarogonas and Paipetis [27]
remarked on the effect of a crack on rotor dynamic
behavior. Papadopoulos and Dimarogonas [28,29]
investigated the interaction of bending and longitudinal
vibration of a stationary shaft with an open crack. Kim
and Kim [30] investigated the effect of a crack due to
the rotating speed of a composite beam.

Fig. 1 : Rotating viscoelastic sandwich beam with a
single crack

In this study, the presence of cracks and their
location in a three layered rotating sandwich beam is
investigated.The strain and kinetic energies of a cracked
rotating viscoelastic beam are first formulated. The
governing equation of motion of a damaged rotating
constrained viscoelastic sandwich beam is then
developed in the finite element form using Lagrange’s
equation. The free- and forced vibration response of the
beam is investigated to identify the natural frequencies
and the modal damping factors.The presence of the

The strain energy and kinetic energy of the each
layer are developed first and then the total strain and
kinetic energy is found by summing the energy obtained
from each layer. The total strain and kinetic energy is
substituted in Lagrange’s energy equation to formulate
the governing equation of motion for the VE sandwich
beam in the finite element form.The strain energy due to
elastic layers V1,3is expressed as [30]:
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centrifug
gal force assocciated with the portion of the finite
element on the right hand side of the section annd the
force asssociated with the portion of
o the beam on
o the
right sid
de of the beam
m. The strain energy due to
t the
rotation of the VE sanddwich beam caan thus be exprressed
as:

2
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a I3are the second
s
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where I1 and
the centroid of
o elastic layerrs 1 and 3 resppectively, and
A1, A2 and A3 are the cross--section areas of layers 1, 2
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c
E1 A1
1
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G* = Gvr (1 + iηvi ) [31], Gvr iss the shear modulus off

(33)

viscoelastic material,
m
ηvi is thhe loss factor of
o viscoelastic

wich beam, Ωis
Ω the
ρ is the weight densitty of the sandw
r
angular velocity of thee hub in rad/s, eh is the hub radius
i the distance of the elementt considered allong x
and xe is
axis.Thee total kinetic eenergy can be expressed
e
as:

material.
The rotatiion of the beam
m induces an axxial force P in
the beam due to centrifugal force. Since the
t axial force
P acts againstt the changes in
i the horizonttal projection,
the work donne by P is given by considering the

.

TABLE I : NATURAL
N
FR
REQUENCIES (HZ) OF THE
E ROTATING VISCOELAST
TIC SANDWICH BEAM WITH
AND
D WITHOUT CRACKS
C
AT D
DIFFERENT ROTATIONAL
R
L SPEEDS

Mode

Natural frequeencies without
cra
ack
50
0 rad/s

150 ra
ad/s

Natural ffrequencies with
h single
craack at 12th nodee

250 rad//s

50 rad/s

150 rad/s

250
2 rad/s

nNatural frequenciies with two non
identtical
cracks at 4th an
nd 13th nodes
50 rad/s
150 raad/s
250 rad//s

1

3
31.47

55.4
45

84.61

30.74

55.37

84.79

35.52

60.15

89.50

2

118.81

162..85

225.64
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597.56

3886.18

475.552
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5993.85
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845.12
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i
at the
whereI2is the second moment of inertia
centroid of visscoelastic layerr and E2is the corresponding
c
young’s modu
uli, andρ1and ρ3 are the masss densities off
the elastic layyers and ρ2is the
t mass densiity of the VE
material.

Fig. 2 : A beam witth multiple craccks modeled ass a
rottational spring..
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where diisplacement veector,d(t) = {u1, w1, θ1, u2, w2, θ2},
Nu (x) and
a N w (x) are the commonn linear and cubic

Finite elem
ment analysis of
o the sandwicch beam in the
presence of crrack is perform
med by considdering a node
kat the correspponding locatio
on of the crack
ks in the finite
element meshh as demonstraated in Fig. 2.
2 A beam off
lengthL, crosss-section areaA
A, moment off inertiaI and
young's moduulusE with n cracks at poositions x1,…,
xn(x0=0<x1<x2<…<x
<
L=xn+1) is coonsidered and
n-1<xn<L
the cracks att xjare modeleed by rotationnal spring off
stiffness [32]:
Kj =

Where

polynom
mial beam sshape functioons.The goveerning
equationn of motion for the VE sandwich beaam is
formulatted using tthe Lagrangge’s method. By
substitutting the total strain energyy and total kkinetic
energy in
i the Lagrannge’s equation,, an expressioon for
governinng equation off motion is obbtained in the finite
element form as:

1
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where [me]is elemennt mass matrrix, [ke]is eleement
stiffnesss matrixand { f e } is the elemeent force vectorr. The
global mass
m matrix, stiiffness matrix and
a force vectoor can
be evaluuated, which is expressed as

(5)

o, h is the beam
m height, aj is
whereν is the Poisson’s ratio
h and the functtion Ic(z) has thhe form,
the crack depth

[ M ]{d&&} + [ K ]{d } = {F }

I c (z ) = 0.62
272 × z 2 − 1.04533
0
× z 3 + 4.5948 × z 4
9 × z 5 + 22.2948
2
3.0351 × z 7
− 9.973
× z 6 − 33
+ 47.1063 × z 8 − 40
4 .7556 × z 9 + 19.6 × z10

(10)

(6)
The strainn energy for ind
dividual crack obtained is
therefore givenn by [33],

Vsp

1
= ×
2

⎛ dw ( p ) dw ( p +1) ⎞
⎟
−
K j × ⎜⎜
⎟
dx
x
dx
⎠
⎝
j =1

n −1

∑

2

(7)

(a)

t crack and
Where p is thhe element nuumber before the
(p+1) is the eleement number after the crackk.
III. THE FIN
NITE ELEME
ENT FORMUL
LATION
The finitee element mod
del is developeed by using a
standard two-nnodedbeam eleement with thrree degrees off
freedom at each node, in ax
xial direction (u),
( transverse
direction (w) and rotationall direction (θ)) respectively.
The axial dispplacement and transverse dispplacement are
expressed in terms of nodaal displacemennts and finite
element shape functions as,
u ( x, t ) = N u ( x){d (t )}

w( x, t ) = N w ( x){d (t )}

(8)
(b)
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IV. RES
SULTS AND DISCUSSION
N
Thee effects of preesence of crackks in the top elastic
e
layer onn the free- and forced vibratiion responses of
o the
rotating viscoelastic sandwich
s
beam
m is performeed by
considerring a sandwicch beam of leength (L) 300 mm,
width (b
b) 30mm. Thhe identical thhicknessof 1m
mm is
considerred for all laayerswith matterial properties as
E1andE3 = 200 GPa,E2 = 0.024 GPa,, ν = 0.3 andρρ1=ρ3=
7800 kg//m3, ρ2= 1616 kg/m3,ηvi = 0.8817.
TAB
BLE II : DAMP
PING FACTOR
RS OF THE VE
E
SANDW
WICH BEAM W
WITH AND WITHOUT
W
CRA
ACK

0.03348

Single
Crack
at 12thh
node
0.0384

Two
N
NonidenticalCraacks
at 4th and 13th
nodes
0.0355

2

0.06606

0.0568

0.0566

3

0.09976

0.0709

0.0861

4

0.07724

0.0676

0.0707

5

0.07700

0.0615

0.0721

(cc)
Speed

250
rad/s

Mode

Witthout
Craack

1

Thee natural frequencies of the rotating
r
viscoeelastic
sandwich beam withouut cracks are evaluatedfor
e
thee first
five modesunder varioous rotational speeds of thee hub
and com
mpared with thhose obtained for single craack at
node 12 and two non-iidentical crackks at nodes 4 annd 13,
respectiv
vely. The results are shown in Table I.It can
c be
seen thhat the naturral frequenciees increases with
increasin
ng the rotationnal speeds off the hub at all
a the
modes consideredirres
c
spective of the presence of crracks.
This cann be attributed to the increasse in the stiffneess of
the struccture with incrrease in speed. It can also bee seen
that the natural frequuencies decreaases by introdducing
single crrack at node 12 compared to
t those of without
cracks. However,
H
the natural frequeencies increasee with
the introoduction of tw
wo non-identicaal cracks at noodes 4
and 13, respectively ffor the first thrree modes andd then
decreasees at higher moodes. This can be attributed to the
dominattion of change in the stiffnesss of the structuure to
that of the
t mass of thhe structure when
w
the crackks are
introducced. The changes in the naturaal frequencies of the
sandwich beam with crracks compareed to those evalluated
without cracks would enable to reallize the presennce of
cracks inn the sandwichh beam.

(d)

Thee influence of ppresence of craacks in the top layer
on the mode
m
shapes of the sandwiich beam withh and
without crack at varioous rotational speeds of huub are
simulateed at a rotatioonal speed of 250 rad/s annd are
presenteed inFig.3(a)-(e) for the first five modes,
m
respectiv
vely. Significannt changes in the
t mode shapees can
be obserrved at the locaations where th
he cracks are prresent

(e)
Fig. 3 : Influen
nce of crack on
n mode shape of
o the rotating
viscoelastic saandwich beam (a) Mode Shappe 1 (b) Mode
Shape 2 (c) Mode
M
Shape 3 (d)
( Mode Shappe 4 (e) Mode
Shappe 5
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which could be
b used to identtify the exact location
l
of the
cracks in the sandwich beam
m.

developeed in the finite element form
m using Lagraange’s
equationn. Various paraametric studiess were perform
med to
investigaate the variatiion of free- annd forced vibrration
responsees of the beam
ms with and without cracks. It
I was
concludeed that the nnatural frequenncies decreasees by
introduccing single craack compared to those of without
cracks.H
However, the nnatural frequenncies increasee with
the intro
oduction of twoo non-identical cracks for thee first
three moodes and then decreases at higher
h
modes. It
I was
also cooncluded thatt the changees in the natural
n
frequenccies of the sanddwich beam wiith cracks com
mpared
to thosee evaluated w
without crackss would enabble to
realize the
t presence oof cracks in th
he sandwich bbeam.
Furtherm
more, significaant changes inn the mode shapes
s
could bee observed at tthe locations where
w
the crackks are
present which wouldd be used to identify the exact
location of the cracks in the sandwicch beam. It waas also
t
the existennce of the craack in the sanddwich
shown that
beam co
ould be identifi
fied from the stteady state respponse
of the saandwich beam

i the specific
The influeence of presennce of cracks in
layers is furth
her explored by
b consideringg a harmonic
force of maggnitude 1 N applied at thhe tip of the
cantilever beam
m with variouss excitation freequencies. The
steady state am
mplitude of thee transverse diisplacement is
evaluated at th
he point wheree the force is appplied and the
results are shoown in Figure 4.
4 Furthermoree, the damping
ratios at each mode are evalluated from thhe steady state
response usingg the quality factors
f
and aree presented in
Table II.It caan be seen thaat the tip defl
flection at the
fundamental mode
m
of the beeam without crrack is higher
thanthat obtain
ned for the beeam with singlle crack. This
can be attribu
uted to the factt that the dam
mping factor at
the fundamen
ntal mode of the
t beam withhout cracks is
lower than thaat obtained forr the beam with
h single crack
(Table II). Ho
owever, the tip deflection at the higher
modes of the beam withoutt crack is low
wer than those
evaluated for the beam withh single crackk. This can be
attributed to the fact that the damping factor at the
w
cracks is higher than
higher modes of the beam without
m with singlee crack (Table
those evaluateed for the beam
II). Furtherm
more, the com
mparisons of the damping
factors of the beam without and with two non-identical
cracks also depict the similaar pattern exceppt for the fifth
mode. Hence, it could be conncluded that thhe existence off
t sandwich beam could also
a
identified
the crack in the
from the stead
dy state responsse of the beam..
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Development of Friction Stir Welded Butt Joints of AA 6063
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Abstract - Friction stir welding (FSW) was used to make butt joints of AA 6063 aluminium alloy and commercially pure copper and
the effect of welding parameters on surface morphology, interface microstructure and mechanical properties were investigated. The
experimental results obtained showed that relatively better joints could be obtained when the hard Cu plate was fixed at the
advancing side. The mechanical properties of the FSW Al–Cu joints were related closely to the interface microstructure between the
Al matrix and Cu bulk. Under higher rotation rates stacking layered structure developed at the Al–Cu interface, and crack initiated
easily in this case, resulting in the poor mechanical properties. The Microstructure showed the flow pattern and mixing between Cu
and Al alloy.
Keywords- friction Stir welding; dissimilar joints; copper; aluminium.

I.

materials during the mechanical tests. The poor weld
formed is due to the ability of the various brittle IMCs
formed in the nugget zone [2-4]. The formation of
Al4Cu9 and Al2Cu could be formed at the joint interface
[5]. A sound FSW Al–Cu joint could be obtained by
offsetting the tool to the aluminium side under a lower
heat input condition [6].

INTRODUCTION

The joints of dissimilar materials are widely used in
industrial applications due to their technical and
beneficial advantages [1]. Aluminium and copper are
two common metals in the electric Power industry, and
the Al–Cu transition pieces are widely used to transmit
the electricity. Development of sound joints between
dissimilar materials is a very important consideration for
many emerging applications including the chemical,
nuclear, aerospace, transportation, power generation,
and electronics industries. However, the dissimilar
combination of aluminium and copper is generally
difficult for fusion welding. Therefore, the solid-state
joining methods, such as friction stir welding, roll
welding, and explosive welding have received much
attention. The relative motion between the tool and the
substrate generates frictional heat that creates a
plasticized region around the immersed portion of the
tool. The tool shoulder prevents the plasticized material
from being expelled from the weld. The tool is traversed
along the joint line, forcing the plasticized material to
coalesce behind the tool to form a solid-phase joint.

It is well documented that many parameters, such as
tool offsetting, rotation rate and traverse speed,
influenced the weld properties of the dissimilar FSW
joints [7-8]. Limited studies have been performed on the
FSW dissimilar Al–Cu joints till now, and systematic
research on the FSW parameters is still lacking.
Therefore, it is worthwhile to study the effect of the
FSW parameters on the microstructure and mechanical
properties of the dissimilar FSW Al–Cu joints. In this
paper, various FSW butt Al–Cu joints were produced
under different fixed locations, pin offsets, and rotation
rates, and the microstructure and mechanical properties
were studied in detail. The purpose of this study is to
elucidate the correlation between the FSW parameters
and Microstructural properties in dissimilar FSW joints.

The microstructural evolutions after the FSW
process are characterized by three zones: the Stir Zone
(SZ), the Thermo-Mechanically Affected Zone
(TMAZ), and the Heat-Affected Zone (HAZ).It was
reported that sound dissimilar FSW Al–Cu joints were
difficult to achieve, and the joints usually failed at the
nugget zone or along the interface between the two

II. EXPERIMENTAL PROCEDURE
AA 6063 aluminum and commercially pure copper
(99.9% purity) plates with the size of 100×50×4 mm
were butt-welded using a milling machine and the
chemical composition is given in Table 1. The welding
tool used in this study was made of AISIH13 tool steel
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and High Speed Steel (HSS) and had a shoulder 18mm
and 15mm in diameter and the tool pin 7 mm in
diameter and 3.7mm in length. A milling machine of
BATLIBOI make was used to do the FSW welding.
Welds were made with a clock-wisely rotating pin at
rotation rates of 1000-1400 rpm and traverse speeds
ranging from 40mm/min - 80mm/min. During the
welding processes, several pin offsets from 0mm to
1mm were used. For convenience, in this study, an
offset of 0mm denotes the position where the pin just
located at the butt line, and 1mm is at the position where
the pin side face is located at the faying surface of Cu,
as schematically shown in Fig. 1. Microstructural
characterization and analyses were carried out by optical
microscopy.

parameter for the friction stir welding of dissimilar
metals. For a sound weld to occur the hard material
should be fixed at the advancing side and the soft
material should be placed at the retreating side. In this
case the Cu plate is the hard material and so it should be
placed on the advancing side. Fig. 2 shows the effect of
the position of the plates.

Table 1
Shows the Chemical Composition of the metals
Material Si

Fe

Mn

Mg

Al 6063 0.6 0.1 0.35

0.1

0.9

0.1 0.1 0.1 balance

Copper

-

-

0.1

-

Cu

99.9 -

Zn

Ti

-

Cr Al

-

Fig.2 Surface Morphologies of FSW weld joints showing (a)
Cu at the advancing side (b) Cu at the retreating side

-

Fig. 3 : Surface morphologies of FSW weld joints
showing (a) Macro Cracks (b) Micro Cracks

Fig. 1 : Shows the schematic illustration of the pin offset
and the coordinate

This study shows that even though cracks were
observed in both the positions of the Cu plate, a better
mixing of the Al-Cu was found when Cu was kept at the
advancing side. When the Cu plate was fixed at the
retreating side, the hard material not seems to have
reacted in the welding process. When the Cu plate was
fixed on the advancing side certain macro cracks have
been observed. When the Cu plate was fixed on the
retreating side certain micro cracks were observed.

III. RESULTS AND DISCUSSION

B. The effect of pin offset on the weldability of the
joints:

A. The effect of fixed location on the weldability of the
joints:

Traditionally friction stir welding process is
conducted by placing the rotating pin in the center of the
weld line. Previous studies show that defect free joints
were obtained when pin offsets were given towards the
softer material [10]. Therefore we chose a pin offset of
0-1mm under a welding parameter of 40-80mm/min and
1000rpm.

When the hard material and the soft material were
friction stir welded together, previous studies indicated
that the weld quality was clearly influenced by the fixed
location [9]. The location of the plates is an important
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Fig. 5 : Tool pin made of (a) Tool Steel H13 (b) High
Speed Steel (HSS)
D. The effect of rotation rate on the weldability of the
joints:

Fig. 4 : Surface morphologies of FSW welded joints of Al-Cu
with offsets (a) 0mm (b) 0.5mm (c) 0.7mm (d) 1mm

Fig. 6. Shows the surface morphologies of FSW AlCu joints under different rotation rates. As shown less
cracks were seen under a lower rotation rate of 1000rpm
and at 1400rpm sound weld was not achieved. This is
due to the formation of inter-metallic compounds under
the enhanced reaction between Al and Cu. Under the
rotation speed of 1400rpm many macro cracks were
observed. When the rotation of the tool pin was high
large Cu pieces would be scratched off from the bulk
and get distributed in the bottom and the retreating side
of the nugget zone. When the rotation speed was fixed
to 1000rpm small pieces of Cu would be scratched off
from the bulk and thus at a certain portion of the weld
zone seem to have mixed properly. The increase in
rotational speed from 1000 to 1400rpm resulted in a
harsher material flow. In Fig.6 (b) the distribution of
particles along the onion rings in composite structure
does not exist anymore. Also the majority of particles
will increase than that seen at 1000rpm.

The above figure shows the under a small pin offset
there seem to have been a certain mixing of the
dissimilar metals such as in Fig.4a. As the pin offset is
increased there is improper mixing of the Al-Cu metals
such as in Fig.4b, 4c and 4d. Fig 4b shows the tunneling
defect. This happens because of the positioning of the
plates.
In FSW of dissimilar metals the pin offset is a very
important factor. This study proves that under smaller
pin offset the proper mixing of Al-Cu has been
achieved. When the pin offsets are small large Cu pieces
get scratched of the metal plate and get mix into the Al
matrix.
When the offset was set to 0.7 and 1mm it was
observed in Fig.4c & 4d that the stir zone did not have
the onion ring feature which is generally found in the
macrographs of FSW butt joints.
C. The effect of tool selection on the weldability of the
joint:
The selection of tool material for the FSW of Al-Cu
is an important factor. The material should be selected
on the basis of the hard material. The tool should be able
to withhold the high temperature and wear. The design
of the tool is also an important issue.
Initially the tool material was Tool Steel AISI H13
grade. The tool pin used to get eroded off in every weld.
Lots of Aluminium particles also get deposited to the
tool pin. But when the tool material was changed to HSS
the tool pin does not erode very quickly. A single tool
can be used for more than two FSW welds. But the
Aluminium particles still deposit onto the tool pin.

Fig. 6 : Surface morphologies of FSW Al-Cu joints
under rotation rates of (a) 1000rpm (b) 1400rpm
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In Fig. 8(b) the Al Cu layer was not uniform in
thickness at the whole interface. It should be
emphasized that many stacking layered structures were
also observed at the interfaces at the rotation rates 1000
rpm. This was more obvious when a large Cu piece
existed near the interface.

IV. MICROSTRUCTURE STUDY

V. MICROHARDNESS ANALYSIS

Fig. 7 : Microstructure of FSW butt welded joint of Cu-Al at
1000rpm and 56mm/min at 10x magnification (a) Weld
interface with Cu etchant (b) weld interface with Al etchant

Fig. 7 shows the microstructure of weld joints at
1000rpm and 56mm/min at 10x magnification. The
sample was polished using emery sheets of different
grades and then disc polished using distilled water. The
etchant for Aluminium 6063 alloy is a modified Keller’s
reagent made of 150ml Water, 3ml Nitric acid, 6ml HCl
and 6ml Hydrofluoric. For Copper the etchant
composition was made of 100ml of Water, 50ml of HCl
and 5g FeCl3. In fig. 7(a) the weld interface shows the
proper mixing of Cu in the Al matrix forming a layered
structure. In fig. 7(b) certain Cu pieces were found in
the Al matrix.

Fig. 9 : Microhardness test of butt weld joints of
1000rpm and 56mm/min
Fig. 9 shows the result of Vickers Hardness test.
Around 80 cycles of test was performed to get the above
result. It can be seen that the hardness value is constant
initially at value of 75. This is the copper side metal. At
the weld interface the hardness value increased and the
peak value was found to be 295 at a distance of 8mm
from the copper end. At the Aluminium side the value
decreased and the hardness value was 35 at a distance of
19mm from the copper metal. Al4Cu9 and Al2Cu
intermetallics are formed at the interface. These
intermetallics are hard and brittle in nature. Hence high
vickers microhardness values are measured at the
interface [11].
VI. CONCLUSION

Fig. 8 : Microstructure of FSW butt welded joint of CuAl at 1000rpm and 40mm/min at 10x magnification (a)
Weld interface with Cu etchant (b) weld interface with
Al etchant

•

The hard plates should be placed at the advancing
side.

•

Lower pin offsets should be given such as 0.5mm
towards the softer material.

•

The tool material should be of High Speed Steel
(HSS) with a shoulder diameter of 15mm.

•

High rotational speeds should not be given. At
1400rpm onion rings on the weld surface is not
formed. Optimum rotational speed is 1000rpm.

•

The microstructure shows the proper mixing of the
Al bulk in the Cu matrix.
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Abstract - Paper presents a design for a Hydraulic Cylinder for a Truck Cabin Tilting System. The complete process of coming up
with a new design involves a kinematic study of the system using Catia DMU Kinematic Simulator, inferences therefrom and a
theoretical design and validation of the cylinder. Kinematic Study looks in to the basic mechanism kinematics and understanding the
traversing trajectory of the hydraulic cylinder in order to ensure an optimal clearance condition with the surrounding during the
operation. Based on the findings from the study, some of the design inputs for the theoretical design shall be established.
Keywords - Hydraulic Cylinder, Cab Tilting, Kinematic Simulation, Catia.

I.

When the pump is operated, hydraulic pressure
builds up in the cab latch cylinder(s) and tilt cylinders.
The cab latches releases at a lower pressure than that
required to raise the cab. A built-in spring rotates the
hook to the open position when the latch is hydraulically
energized. As pressure increases, the cab tilt pistons
extend, thus raising the cab. When the cab goes over
top-dead-center, it free falls at a controlled rate to the
full tilt position, automatically relieving hydraulic
system pressure.

INTRODUCTION

The cab tilting systems are generally designed in
‘cab over engine’ styles of trucks where the engine and
power train are located beneath the cabin. In cases as
such when the cab is in rest position it does not allow
any accessibility to the engine or power train. Thus in
order to access these areas for service and maintenance,
a provision is designed in the trucks where in the
complete cabin of the truck can be tilted as shown in
Fig. 1, which creates an ample space to access the
engine, engine accessories and power train of the truck.
This system operates hydraulically.
The cab tilt system consists of one or two hydraulic
actuated piston and cylinder assemblies which raise or
lower the cab, and either one or two latching cylinder
assemblies - depending on cab style - which lock the cab
in the down position and release when the cab is raised.
These cylinders are connected by flexible high pressure
lines to a control head with a built in pump, reservoir
and selector valve [1].

Fig. 2 : Components of Tilting System [1].
II. KINEMATIC SIMULATION STUDY
DMU Kinematics Simulator is an independent CAD
product augmented in CATIA and dedicated to
simulating assembly motions. It addresses the design
review environment of digital mock-ups (DMU) and can
handle a wide range of products from consumer goods
to very large automotive or aerospace projects as well as
plants, ships and heavy machinery.DMU Kinematics
Simulator as a tool supports engineers to analyze and
design mechanisms.

Fig. 1 : Schematic Representation of Tilting of Cab [1].
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Thee mechanism analysis of the tilting prrocess
providess the graphicaal relations beetween the cylinder
stroke and
a cab tilt anngle for all fivve stages of tilting
t
process. This is shownn in Fig 4.

A.
A Objectivess of the Study
The primee objective of a simulation stu
udy of the cab
tilting is to gaain an insight into the impllication of the
change in deesign of the mounting brracket of the
hydraulic cylinnder will have on the overalll layout of the
system. The questions wh
hich arose from the above
mentioned dessign change weere:
•

By what amount, willl the change in mounting
o the cylinder alter the strokee length of the
location of
cylinder?

•

Will the new
n
trajectoryy of traverse of the cylinder
lead to an
n interference condition witth any of the
surroundinng componentss or systems?

•

Will the change in mounting locatiion lead to a
change in
n the full cab tilt angle forr same stroke
length?
Over and above the priimary objectives mentioned,
secondaryy objectives of the study weree:

•

To underrstand the movements
m
off components
relative too each other duuring the cab tillting process.

•

To ensuree that the inv
volved compo
onents do not
produce ‘llocking’ at anyy stage of the tiilting process.

It caan be observedd from the graaphs that for all
a the
stages of
o tilting thee relationship between thee two
parameteers is mostly liinear except in
n the first stagee. This
non-lineearity is introduuced in the relationship due to the
elongatio
on action of the front susspension, whiich is
simultanneously occurrring in the firrst stage of tiilting.
Also, thee fourth stage is purely the compression
c
off front
suspensiions and theree is a minimall cylinder exteension
due to which
w
the plot hhas been omitteed from the figgure.

B. Approachh of Simulation
The approoach to simulatting the mechaanism consists
of three mainn steps: model generation, siimulation and
result visualizzation as illustrrated in Fig 3. Key entities
that constitutee a motion mo
odel include fixxed parts that
do not underrgo any motioon, moving parts
p
that are
movable, jointts and constraiints that conneect and restrict
relative motionn between parrts, motion drivvers that drive
the mechanissm and the initial conditions of the
mechanism.

Fig. 4 : Graphical Ploots of Cylinder Stroke vs. Cabb Tilt
Angle from
m Kinematics Siimulator.
Figu
ure 5 repressents the elongation andd the
compresssion of the front
fr
suspensio
ons in the firsst and
fourth sttages respectivvely. Nonlinearrity is observedd here
due to a combinationn of rotationaal and translaational
motions undertaken bby the cab annd the suspennsions
respectiv
vely.

ysis results caan be visualized in various
The analy
forms. One may
m animate motion
m
of the mechanism,
m
or
generate graphhs for more sp
pecific informaation, such as
the angle of ro
otation of a joinnt in time dom
main. One may
also query results at specificc locations for a given time.
One may also convert the motion
m
animatiion to an AVI
for faster view
wing and file po
ortability[2].
C. Findings of
o the Study

Fig. 5 : Graphical ploots of Suspensiion elongation and
compressioon vs. the cab tilt
t angle

Fiig. 3 : Process of
o simulation [22].
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The following are the findings from the study:
•

The new stroke length of the cylinder is 365 mm.

•

The cylinder is modified to an outer diameter of 60
mm to avoid creating any interference with the
surrounding components.

diameter may be calculated from the formula as shown
below.
σ

p

(3)

where

The simulation shows that during the tilting process
the cylinder and all other moving components
maintain adequate clearances from the surrounding
components and do not create ‘locking’ at any time.

σ = Design hoop stress =

•

The suspensions can elongate/compress up to
40mm during driving condition.

d = inner diameter of the cylinder

•

During the forward tilting process, the cylinder
force is exerted only till the C.G of cab moves
beyond the cylinder pivot point.

C. Piston Rod Design

•

•

p = oil pressure
d = outer diameter of the cylinder

We know, the cab exhibits freefalling in both of
forward and reverse tilting process.While the freefalling
in the forward tilting is controlled by the anti-roll bar
and cab tilt stop linkage, there exists no such restrain on
the reverse freefalling of cabin except the suspensions at
the rear supports.Thus it is ensured that the reverse
freefalling of the cab is smooth and safe by maintaining
the return velocity as half of the forward velocity.This
consideration becomes a major criterion in determining
the piston rod diameter as follows: The return velocity
of the piston in terms of forward velocity can be
expressed as

During the reverse tilting process the cylinder
exerts pull only till the C.G. of cab moves within
the cylinder pivot point.

III. DESIGN OF HYDRAULIC CYLINDER
A. Operating Force of the System
The total force to be developed in the cylinder is
given by:
(1)

V

where,
Total Force
Frictional Force
Dynamic Forces due to accelerating/decelerating
mass

·

D

(4)

where,
V = Forward velocity of the piston
V = Return velocity of the piston
D = Cylinder bore diameter

As the tilting cylinder operates by manual charging
of the hand pump, hence the effects of dynamic forces
realized are negligible and the major force components
are only the acting Load and Frictional Force. The
frictional force acting on the system can be broadly
calculated from the equation (2)
·

V 1

d = Piston Rod diameter
The piston rod of a hydraulic cylinder is also highly
stressed and therefore it should be able to resist the
bending, tensile and compressive forces that it may
encounter during its operation without buckling.

(2)

D. Validation using Euler’s Criteria

where,

In case the rod behaves like a column and is
subjected to buckling, the rod diameter can be related to
the critical load as per Euler’s formula:

Preload Force
Coefficient of Friction
A = circumferential area of seal = π l d
l = length of seal surface
= cylinder I.D.

F

π EI

(5)

where,
F = critical buckling load

B. Calculation of Cylinder Tube Thickness

l = free buckling length

The cylinder must be of such material and the wall
thickness to be such as to safely resist the hoop stress
produced by the hydraulic pressure. For cylinders, inner

E = modulus of elasticity
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I = moment of inertia

V. CONCLUSION

S = factor of safety

The presented work tries to bridge the theoretical
design approach to the cutting edge CAD techniques.
The complete activity of 3D modeling, assembling and
kinematic simulation in a virtual environment brings out
many design issues more effectively. Also many workaround solutions can be tried without investing much
time and efforts. The study presents an opportunity to
understand various clash/clearance analyses as well as
the cylinder stroke and tilt angle relationships ensuring
that the design developed will guarantee proper
functioning in the field. The cylinder design, developed
and validated through the theoretical approach ensures
that the product shall effectively sustain various force
systems encountered during the service lifetime.

E. Validation using Rankine’s Criteria
As Euler’s criteria does not give very accurate
results for long columns with slenderness ratio higher
than 80, hence it is better to also verify the critical
buckling load using Rankine’s Criteria as
σ .A

F

(6)

L

where,
σ = critical buckling stress
A = Cross sectional area of the column
F. Design of Hinge Pin
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F

2τ π 4 d

(7)

where,
τ = shear stress
F = Operating load on the system
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Abstract - Air pollution is a chemical, particulate matter or biological agent that modifies the natural characteristics of the
atmosphere. The atmosphere is a complex, dynamic natural gaseous system that is essential to support life on planet Earth.
Stratospheric ozone depletion due to air pollution has long been recognized as a threat to human health as well as to the Earth's
ecosystems. Worldwide air pollution is responsible for large numbers of deaths and cases of respiratory disease. While major
stationary sources are often identified with air pollution, the greatest source of emissions is actually mobile sources, mainly
automobiles. Gases such as carbon dioxide, which contribute to global warming, have recently gained recognition as pollutants by
some scientists. Others recognize the gas as being essential to life, and therefore incapable of being classed as a pollutant.
Ecofriendly concept recognizes the links between increasing global temperatures and greenhouse gas emissions. To address this
challenge, our focus in 2007 was on energy conservation and a return to reliable operations. Environmental impact also continues to
explore additional means of controlling greenhouse gas emissions and is committed to meeting imminent new provincial and federal
regulations through both direct action and the offset mechanisms that are being proposed by regulators. More emissions coming from
stack gas are Sulphur, NOx, and Flue gas affecting the environment.
Keywords - Emissions, Ecofriendly, Energy Conservation, Sulphur dioxide, Pollutants.

I.

II. EXPERIMENTAL METHODOLOGY

INTRODUCTION

Pollution control is a term used in environmental
management. It means the control of emissions and
effluents into air, water or soil. Without pollution
controls the undesirable waste products from human
consumption, industrial production, agricultural
activities, mining, transportation and other sources will
accumulate or disperse and degrade the natural
environment(1). In the hierarchy of controls, pollution
prevention and waste minimization are more desirable
than pollution control. Principal stationary pollution
sources include chemical plants, coal-fired power plants,
oil refineries, petrochemical plants, nuclear waste,
disposal activity, incinerators, large livestock farms
(dairy cows, pigs, poultry, etc.), PVC factories, metals
production factories, plastics factories, and other heavy
industry(2). Pollution can also be the consequence of a
natural disaster. Larger scale and environmental damage
is not uncommon refineries are involved. Some sources
of pollution, such as nuclear power plants or oil tankers,
can produce widespread and potentially hazardous
releases when accidents occur(3).

SULPHUR EMISSIONS
The release of sulphur compounds from the stack
gas fell to an average of 218 tonnes per day in 2006,
down from 227 tonnes per day in 2005, even as
production of crude oil increased. The gains were
enabled by the start-up of a new flue gas scrubbing unit,
which captures sulphur dioxide from one of our three
cokers which otherwise would be released into the
atmosphere(4). The flaring and diverting of sour gas
increased to 11.4 tonnes per day in 2006, due to start-up
of new operating units, including the start-up of Coker
and its associated flue gas scrubbing unit
NITROGEN OXIDES EMISSIONS
The release of nitrogen oxides increased to an
average of 65.6 tonnes per day in 2007, due to a larger
mobile equipment fleet. Emissions intensity was
consistent with previous years, at 0.25 kilograms per
unit of production.
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the system. Many new systems will have a measurement
point already present in the flue, making life very much
easier. If it is not present, then a hole will have to be
bored in some way. In almost all cases, the flue
temperature will be measured at the same point as the
gas sample is taken. If there are sufficient heat
exchangers obstructing the stack, then the gas may be
almost homogenous, but care should be taken to check
the gas stream for the presence of a core of high
temperature gas with a differing composition. This is the
gas which should be sampled, both for pollutants and for
the true flue gas temperature.

FLUE GAS DESULPHURIZATION UNIT
A new flue gas desulphurization unit constructed as
part of stack gas is now operating reliably after some
initial start-up difficulties. The unit is designed to
improve environmental performance by capturing
sulphur compounds which would otherwise be released
into the atmosphere and is credited for an overall
reduction in SO2 emissions. The unit also helped reduce
by 20 per cent the intensity of SO2 emissions.
During start-up procedures, ammonia-like odors
that were physically upsetting to residents were detected
in surrounding communities. Impurities in our internally
produced ammonia are believed to have caused the
odors. The unit is currently being operated using
ammonia purchased from other sources.

It is regrettably very common for measurements on
small domestic heaters to be taken in the existing air
flap. Although quick and convenient, this result will
have no relation to reality. Either the sample must be
taken before the flap or the flap must be held closed
during measurement. These are generally trained
maintenance technicians for some sort of heating
equipment, and this shows a simple lack of interest in all
aspects except being finished on time.

VARIABLES THAT CAN BE MODIFIED AS
TIME PROGRESSES:
S.NO
1
2
3
4
5
6
7
8

VARIABLES
Stack gas exit velocity (m/s)
Stack gas exit temperature (K)
Pollutant emission rate (g/s)
K Pasquill stability category
Wind speed (m/s)
Wind angle (degrees)
Ambient temperature (K)
Mixing height (m)

IV. RESULTS AND DISCUSSION
In direct measurements the temperature values and
also the concentration of those gas elements which are
detected by independent electrochemical sensors are
obtained. The electrochemical cell indications are
proportional to the volume concentration of the detected
elements expressed in ppm (parts per million). Ambient
temperature is mostly measured using a thermistor(5).
This is a material that changes its resistance proportional
to the temperature. The commonest type is probably the
platinum thermistor(6). Flue gas temperature is
generally measured with a thermocouple. A
thermocouple produces a tiny electrical potential
proportional to a temperature difference between two
points. There are different types of thermocouple
available for different temperature ranges, but most of
them cover the combustion gas range.

III. MEASURMENT OF GASES:
The measurement for gases and (gas) temperature
should be taken at the same point. The sample point
should be before draft diverters and barometric dampers
so that the gases are not diluted and the temperature has
not been decreased by the addition of outside air.
OIL BURNERS / GAS BURNERS - at least 15 cm
upstream from the furnace side of the draft regulator
(diverter), and as close to the furnace breeching as
possible.

The following quantities are obtained by means of
direct measurement:

FOR LARGER EQUIPMENT - downstream from,
and as close as possible to, the last heat exchange
device. This insures that the net temperature change
(flue gas temperature minus ambient air temperature)
will provide an accurate indication of the efficiency of
the heat exchangers. Many burners now carry out a
number of purposes, being designed for one basic
operation, but with the added function of producing hot
water, for instance. The important facts to take into
consideration are that there may be no dilution of the
sample, and that there should be negligible heat loss
since the last point, where useful heat is extracted from

•

flue gas temperature Tgas and ambient
temperature Ta, expressed in [°C ]

•

volume concentration of CO [ ppm ]

•

volume concentration of NO [ ppm ]

•

volume concentration of SO2 [ ppm ]

•

volume concentration of O2 [%]

•

volume concentration of optional cells NO2,
H2S, H2, Cl2, HCl (ppm)
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In addition to these standard results it is possible
that carbon dioxide, CO2 or methane CH4 may also be
measured. With these main factors all the other
parameters for flue gas are calculated. There are certain
sensors that have a different method of measuring to the
standard volume concentration indication generally
used. This is particularly common with oxygen. Here,
the sensor shows the partial pressure of the gas instead
of a volume concentration.

[3]

Garg, A. and Shukla, P. R., Emission Inventory
of India, Tata McGraw-Hill, New Delhi, 2002.

[4]

India’s
Initial
National
Communication
(NATCOM) to the United Nations Framework
Convention on Climate Change (UNFCCC),
Ministry of Environment and Forests, New Delhi,
2004.

[5]

5 Revised 1996 IPCC Guidelines for National
Greenhouse Gas Inventories (eds Houghton, J.
T., Meira Filho, L. G., Lim, B., Treanton, K.,
Mamaty, I., Bonduki, Y., Griggs, D. J. and
Callender, B. A.), IPCC/OECD/IEA, 1996.

[6]

Choudhury, A., Roy, J., Biswas, S., Chakraborty,
C. C. and Sen K., Determination of carbon
dioxide emission factors from coal combustion.
In Climate Change and India: Uncertainty
Reduction in Greenhouse Gas Inventory
Estimates (eds Mitra, A. P., Sharma, S.,
Bhattacharya, S., Garg, A., Devotta, S. and Sen,
K.), Universities Press, Hyderabad, 2004.

[7]

Singh, A. K., Saxena, M. and Singhal, S. K.,
Uncertainties in emission estimates from the road
transport sector. In Climate Change and India:
Uncertainty Reduction in Greenhouse Gas
Inventory Estimates (eds Mitra, A. P., Sharma,
S., Bhattacharya, S., Garg, A., Devotta, S. and
Sen, K.), Universities Press, Hyderabad, 2004.

V. CONCLUSION:
Naturally it is then necessary to know the ambient
pressure in order to calcualte the volume concentration
if needed. Generally it is enough to know the height
above sea level and to calculate the ambient pressure on
this basis. These sensors are used in medical equipment
where the partial pressure reading is most important,
hence the difference in technology. More accurate
readings will require exact knowledge of the ambient
pressure, however. This is also important when using
infrared or similar technology. Here, the sensor
basically "counts" the number of molecules in the light
path, which will also be a function of pressure. More
sophisticated infrared analysers are therefore also fitted
with a sensor for ambient pressure to correct for these
effects.
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Abstract - This paper provides the effects of boundary-layer bleeding on hypersonic inlets performance. The inner flow field of a
hypersonic inlet at different bleeding rate is simulated with a Reynolds-averaged Navier-Stokes solver using a renormalization group kturbulence model. In contrast with no bleeding, the performance parameter of hypersonic inlets without backpressure is reduced
slightly, but the flow uniformity is improved. The interaction between boundary layers and shocks is weakened at the action of the
bleeding, which leads to that the boundary-layers separations at the entrance of the isolator caused by the high-backpressure occur later,
and it can improve the maximum backpressure ratio of hypersonic inlets. With the bleeding rate increasing, the maximum backpressure
ratio of hypersonic inlets is added, while the total-pressure recovery coefficient and shock strength are reduced. This paper is a useful
reference to the design and performance improvement of hypersonic inlets and propulsion systems.
Keywords - Boundary-layer bleeding, hypersonic inlets, back pressure, boundary layer separation, total-pressure recovery coefficient.

I.

INTRODUCTION

This paper explains the effects of boundary layers
bleeding on performance parameters of hypersonic
inlets. The interaction between boundary layers and
shock is weekend at the action of the bleeding. Which
leads to that the boundary layers separations at the
entrance of the isolator caused by the high backpressure
ratio of hypersonic inlets is added, while the totalpressure recovery coefficient is reduced. With the
bleeding rate increasing, the maximum backpressure ratio
of hypersonic inlets is added, while the total-pressure
recovery coefficient and shock strength are reduced.

Inlets for hypersonic aircraft present the ultimate
design challenge. For ramjet-powered aircraft, the inlet
must bring the high speed external flow down to
subsonic conditions in the burner. High stagnation
temperatures are present in this speed regime and
variable geometry may not be an option for the inlet
designer because of possible flow leaks through the
hinges.
For scramjet-powered aircraft,
the
heat
environment is even worse because the flight Mach
number is higher than that for a ramjet-powered aircraft.

II. (a) INLET MODEL
The main geometric parameters of the hypersonic
inlet are referred to Figure. (1), and the length unit is m,
the angle unit is degree. It is a mixed-compression inlet,
including three external and two internal shocks. The
compression angle of the three external shocks is 5.3,
7.6 and 8.4, and the compression angle of the two
internal shocks is 9.4 and 13.5, respectively, which can
guarantee the similar strength of the shock. The external
contraction ratio is 5.47, and the internal contraction
ratio is 1.29, and the total contraction ratio is 7.05. The
length of the isolator is seven times of the height of the
isolator. The design Mach number of the hypersonic
inlet is Mach number 6.

Fig. 1 : Dimensional Sketch of Mixed Inlet[1]
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extrapolated from the interior to the boundary. With the
bleeding rate increasing, the static pressure ratio, the
total-pressure recovery coefficient and the masscaptured coefficient decrease slightly. The reason is that
the bleeding can remove some higher energy fluid,
which leads to the falling of the total-pressure recovery
coefficient and the mass-captured coefficient. The
interaction between shocks and boundary layers is
weakened by the action of the bleeding, which results in
the falling of the shock strength in the isolator, and the
falling of the static pressure ratio.

(b) MESHING
The computations have been performed using
the structured grid. Our hypersonic inlet is a 2-D.
Shock
External shock-1
External shock-2
External shock-3
Internal shock-1
Internal shock-2

Shock angle
5.3
7.6
8.4
9.4
13.5

Table (2) shock strength

The dimension has been taken from the thesis,
where the dimensions are in m. The meshing and
cad data was done by the tool GAMBIT 2.2.30.
Figure (2) shows the meshing of the inlet.

External-1

0%
bleeding
30.27

1%
bleeding
29.82

2%
bleeding
18.75

External-2

1.923

1.022

0.94

External-3

1.016

1.011

0.83

Internal-1

127.07

104.5

80.9

Internal-2

5.16

4.08

3.15

Shocks

(e) FLOW SEPARATION
The flow separation in the isolator is caused by the
shock induced separation called lamda shock, which is
caused by the shock reflections in the isolator. When the
action of bleeding the flow separation in the isolator will
be reduced and separation will cause earlier in the
isolator entry itself, and the flow uniformity is
improved. With the bleeding rate increasing, the shock
strength at the entrance of the isolator is enhanced, and
the maximum backpressure of the isolator is improved.
In contrast with no bleeding, the existence of the stable
strong shock systems at the entrance of the isolator is
the inner physical mechanism of boundary-layer
bleeding improving the maximum backpressure of
hypersonic inlets.

Fig. 2 : Structured Grid - Design
(c) NUMERICAL METHOD
The computation is performed using the finitevolume technique with upwind discretization to solve
the two-dimensional compressible RANS equations.
The air is considered to be a calorically perfect gas with
constant ratio of specific heat. The space discretization
is performed by a cell-centered formulation. To account
for the directed propagation of information in the
inviscid part of the equations, the advection upstream
splitting method flux vector splitting is applied for the
approximation of the convective flux functions. Higherorder accuracy for the upwind discretization and
consistency with the central differences used for the
diffusive term is achieved by the monotonic upstream
scheme for conservation laws extrapolations. Time
integration is performed by an explicit five stage RungeKutta time-stepping scheme. To enhance convergence, a
multi-grid method, implicit residuals smoothing, and
local time stepping are applied.

In a word, the boundary-layers separations at the
entrance of the isolator caused by the high-backpressure
occur later, and the maximum backpressure ratio of
hypersonic inlets can be improved in contrast with no
bleeding. With the bleeding rate increasing, the
maximum backpressure ratio of the hypersonic inlet is
added, and the total-pressure recovery coefficient and
mass-captured coefficient are reduced.
Table 3: Separation point from the isolator entry

(d) EFFECTS OF BOUNDARY-LAYERS
BLEEDING ON PERFORMANCE
PARAMETERS:
For a hypersonic inlet, the flow at the exit of the
isolator is predominant supersonic outflow with no
backpressure, and the variables are completely

0% bleeding

0.0328 m

1% bleeding

0.0285 m

2% bleeding

0.0220 m
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Fig 6 shows the static temperature contour where
across the shock static temperature increases the free
stream static temperature is 2238.6k.

III. RESULTS AN DISCUSSIONS:

Fig 3: Static Pressure Contour
Fig 7: Shock Reflections Inside the Isolator Duct

Fig 4:Static Density Contour
Fig 3 &4 shows the static pressure variation and
static density variation in the inlet. It clearly shows it
has two external shocks and two internal shocks. Across
the shock the flow will be adiabatic and static pressure
increases, as well as static density increases clearly
shown in the above and below contours.

Fig 8 shows the reflections inside the isolator duct
which as two reflections inside the duct; if a hypersonic
flow enters into an isolator there will be reflections
inside the duct.

Fig 9 : Bleeding location
Fig 5 : Mach number contour
Fig 5 shows the Mach number contour where the
free stream Mach number is 6, and reaches up to 7.51,
and the minimum value is 0.2 beside the inlet.

The bleeding location of the inlet is at the entrance
of the isolator at a distance of 0.4515m. The bleeding
rate is determined by length of the isolator and the
length of the bleeding hole.

Fig 6: Temperature Contour

Fig 10: comparison of Mach number over height of
isolator exit at 0% bleeding
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separation and the arrow marks indicates the flow is
reversed and it is zero velocity in the separation point.

Fig 11: Comparison of Mach number over height of
isolator exit at 1% bleeding
Fig 15: Flow Separation At 0% Bleeding

Fig 12: comparison of Mach number over height of
isolator exit at 2% bleeding

Fig 16:-Flow Separation At 1% Bleeding

Fig 13: Graph For Mach number At the Exit of the
Isolator

Fig 17: Flow Separation At 2% Bleeding

The above graph shows for different bleeding rates
the variation of Mach number at the exit of the isolator,
if the bleeding rate increasing the Mach number at the
exit will decrease, and diffuses the velocity as much as
possible.

The above figure 15,16,17 clearly shows the
separation point at the entrance from the isolator, at 0%
bleeding the separation point is at 0.0328m And at the
bleeding rate increasing at 1% bleeding the separation
point is at 0.0285, and 2% bleeding , the separation
point is at 0.020m

Fig 14: Vector Contour for Flow Separation
The above contour clearly shows the flow
separation contour this is due to the shock induced

Fig 18: Graph For Separation Point at Different
Bleeding Rates

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

62

Numerical Prediction of Bleeding Performance of a Hypersonic Inlet

IV. CONCLUSION
The effect of the boundary-layers bleeding on
performance parameters of hypersonic inlets is
investigated by the need for active flow control of
hypersonic inlets. For this investigation, the inner flow
field of hypersonic inlets at different bleeding rates was
numerically simulated. The effect of boundary-layers
bleeding on the performance parameter of hypersonic
inlets without backpressure, and especially the effects
of boundary-layers bleeding on the maximum
backpressure of a fixed-geometry hypersonic inlet are
discussed. There exist some conclusions:
¾ In contrast with no bleeding, the performance
parameter (static pressure ratio, total-pressure recovery)
of hypersonic inlets without backpressure is reduced
slightly, but the flow uniformity is improved by the
action of the bleeding.
¾ The interaction between boundary layers and
shocks is weakened at the action of the boundary-layers
bleeding, which leads to that the boundary-layers
separations at the entrance of the isolator caused by the
high-backpressure occur later, and it can improve the
maximum backpressure ratio. With the bleeding rate
increasing, the maximum backpressure ratio of the
hypersonic inlet is added, and the total-pressure
recovery coefficient and the flow uniformity are
improved.
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Abstract - This study investigates the properties and vibration responses of a rotating multi-layer beam structure with MR fluid
damping treatment. The governing equations of a rotating multi-layer MR beam are formulated in finite element form. The validity
of the proposed finite element formulation is demonstrated by comparing the simulation with those obtained from the Ritz
formulation. Simulations are performed to investigate the influences of the intensity of an external magnetic field, and the rotational
speed and the thickness of the MR fluid sandwich beam on the dynamic characteristics of the structure. The effect of the hub radius
on the dynamic characteristics is also investigated. It is concluded through various parametric study that in addition to the applied
magnetic field, the rotation of the MR fluid sandwich beam and the hub radius play an important role in variation of natural
frequencies and the loss factor of the MR adaptive beam.
Keywords :MR fluid sandwich beam, semi-active control, MR fluid.

I.

regime, the MR materials demonstrate viscoelastic
behavior. In viscoelastic materials, while some of the
applied energy is recovered (elastic behavior), some is
dissipated in the form of heat [4].

INTRODUCTION

Noise and vibration is the key interest for most of
the engineering problem. Vibration may produce
number of unpleasant effects such as reducing the
efficiency of the system and decreasing the life cycle of
the system. A wide range of semi-active devices have
evolved to achieve a compromise between the simplicity
of the passive and performance benefits of the active
devices while maintaining the versatility and
adaptability of the fully active systems. A range of semiactive damping control concepts have evolved for
various structural vibration control applications, which
could offer performance gains comparable to those of
the active control devices with only minimal power
requirements.
Electrorheological
(ER)
and
Magnetorheological (MR) fluids are increasingly being
used as semi-active vibration devices in various
applications such as automotive suspensions and
structures [1]. Such fluids can provide significant and
rapid changes in the damping and stiffness properties
with application of an electric or magnetic field [2],
respectively. Although these fluids have been widely
presented as smart controllable fluids, the ER fluids
exhibit a number of shortcomings compared to the MR
fluids such as low yield strength, requirement of high
voltage and greater sensitivity to common impurities
[3]. According to MR rheological studies the shear
stress–shear strain relation is analyzed in two regimes as
pre-yield regime and post-yield regime. In the pre-yield

A constrained–layer damping system is usually
recommended for structural system since the energy is
dissipated as a result of shear deformation of the
damping layer with the face layers [5]. Alternatively,
MR and ER fluids could be applied in structures using
multiple layers or sandwich configurations to achieve
enhanced stiffness and damping properties.
The
dynamic properties of sandwich structures embedded
with ER fluid layers have been investigated in a large
number of studies [6-11], while those employing MR
fluid layers have been addressed in a relatively fewer
studies. Yalcintas and Dai [9] analyzed the dynamic
responses of a MR fluid adaptive structure using the
energy approach and compared the responses with those
of a structure employing the ER-fluid. It was concluded
that the natural frequencies of MR fluid-based adaptive
structure could be nearly twice those of the ER fluidbased adaptive structure. Harland et al. [12]
theoretically investigated the wave transmission through
a structural member with ER and MR fluid filled insert.
The comparisons of the responses of ER and MR inserts
suggested that substantially greater changes in shear
properties and reductions in wave transmission
amplitude could be achieved using the MR fluid inserts
compared to those ER fluid inserts. Sun et al. [13]

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

64

Vibration Analysis of A Rotating Magnetorheological Fluid Sandwich Beam

analytically investigated the dynamic responses of a MR
sandwich beam using the energy approach and
compared the results with the measured data. Yeh and
Shih [14] analyzed the dynamic characteristics and
instability of the MR adaptive structures under buckling
loads based on the DiTaranto [15] sixth-order partial
differential equation together with the incremental
harmonic balance method. Hu et al. [16] analyzed the
vibration characteristics of the MR sandwich beam
using Mead and Markus [17] model and concluded that
the vibration amplitude of each mode decreases with
increasing the magnetic field. Rajamohan et al. [18]
derived finite-element and Ritz formulations for a
sandwich beam with uniform MR-fluid treatment but
various boundary conditions, and demonstrated their
validity through experiments conducted on a cantilever
sandwich beam. Rajamohan et al. [19] presented finite
element formulations for a partially-treated MR fluid
sandwich beam comprising various MR-fluid segments
for different boundary conditions. The free and forced
vibration responses of different configurations of
partially-treated MR-fluid beams were derived for
various lengths and number of fluid segments. The
influence of locations of the MR fluid segments on the
modal damping factor was further investigated under
different end conditions using modal strain energy
approach and finite element method by Rajamohan et al.
[20]. Optimal configurations of a partially treated MR
sandwich beam were subsequently identified to achieve
maximum modal damping factor corresponding to the
first five flexural modes, considered either individually
or simultaneously. Recently, Rajamohan and
Ramamoorthy [21] studied the vibration behavior of a
non-homogeneous MR fluids based sandwich beam.
They concluded that the deflection and the mode shape
of the beam could be altered by changing the location of
the various MR fluid.

Fig. 1: (a) Rotating MR sandwich beam; (b) The
geometric arrangement of a sandwich beam with a MR
fluid layer
Rotating beams are often used as simple models for
propellers, turbine blades, satellite booms and helicopter
blades. For the proper design of the structures, their
vibration characteristics in terms of natural frequencies
and mode shapes should be well identified. Compared to
the vibration characteristics of non-rotating structures,
those of rotating structures often vary significantly.
Compared to the vibration characteristics of nonrotating structures, those of rotating structures often
vary significantly. The effectiveness of the rotating
sandwich structures with MR fluid has not yet been
explored. The present work thus aims to conduct
fundamental
investigations
on
the
dynamic
characteristics of a rotating MR fluid sandwich
beam.The governing equation of motion of the rotating
MR adaptive beams has been developed using finite
element formulation and the results in terms of natural
frequencies are validated using Ritz method. Various
parametric studies are performed to study the effect of
magnetic field on natural frequencies and loss factor, the
effect of thickness of MR fluid on the natural
frequencies and the effect of rotational speed and hub
radius on natural frequencies.
MODELING
OF
A
II. MATHEMATICAL
ROTATING MR FLUID SANDWICH BEAM
A sandwich beam comprising magnetorheological
fluid (MR) as the core between two elastic layers of
length L is considered to be fixed with a hub. The hub is
rotating about the axis of symmetry with a rotating
speed Ω as shown in Figure 1 (a).The thickness of each
layer is considered as h1, h2 and h3. The geometrical
arrangement of sandwich beam is shown in Figure 1 (b).
Let u, v and θ respectively, be the axial, transverse and
rotational deformations of the sandwich beam. The
longitudinal displacements of the mid-planes of the
elastic layers in the x-direction are u1 and u3 and the
longitudinal displacement component of any point in the
MR fluid is u. The normal stresses in the fluid layer are
neglected, considering that the Young’s modulus of the
MR fluid is nearly negligible compared to that of elastic
layers. The fluid layer thickness h2 is assumed to be
very small compared to its length L. Slippage between
the elastic and fluid layer is neglected. The shear strain
in the elastic layer is also assumed to be negligible,
considering that h1 and h3 are very small compared to
the length of the beam. The damping due to elastic
layers is also assumed to be negligible. The top and
bottom surfaces are considered to undergo axial
compression and tension respectively. Consequently, the
axial displacement of the sandwich beam is considered

(a)

(b)
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to be equivalent to the axial displacement at the MR
fluid layer of the beam.

2

⎡ D ∂w (1 + e)u ⎤
1L
V2 = ∫ G A2 ⎢
−
⎥ dx
0
h2 ⎦
2
⎣ h2 ∂x

A sealant material, Buna-N rubber, is also
considered around the edges of the MR fluid layer to
ensure uniform layer thickness and containment of the
MR fluid within the sandwich beam. The thin layer of
the sealant rubber is used around the edges. The midlayer of the sandwich beam comprising the rubber seal
and the MR fluid, however, is modeled as a
homogeneous material layer with equivalent shear
modulus expressed by moduli and widths of the two
materials, such that

⎛b ⎞
⎛ b ⎞
G = Gr ⎜ r ⎟ + G * ⎜1 − r ⎟
b⎠
⎝b⎠
⎝

where D = h2 +

where G is the equivalent shear modulus of the
homogenous layer, br and b are the widths of the rubber
and entire beam respectively, and Gr and G* are the
modulus of the rubber and MR fluid, respectively. In the
pre-yield regime, the MR material demonstrates linear
viscoelastic behavior, which has been described in terms
of the complex modulus G*, given by

2
⎡⎛ L2
⎞⎤
x ⎞ ⎛ x2
+ Lr − rxe − e ⎟ − ⎜
+ rx − xxe ⎟⎥
P( x) = ρAΩ 2 ⎢⎜
⎟⎥
2 ⎟ ⎜ 2
⎢⎜ 2
⎠⎦
⎠ ⎝
⎣⎝

ρ is the weight density, Ω is the angular velocity of the
hub in rad/s, r is the hub radius and the xe is the distance
of the element considered along x axis. Thus the total
strain energy V of the sandwich beam is obtained by
summing the Eq. (3), (4) & (5):

(2)

V = V1 + V2 + V3 + Vr

V1,3 =

2

T1 =

2

⎛∂ w⎞
1
2 ⎛ ∂u ⎞
⎟ dx + ∫ ( E1 I 1 + E3 I 3 )⎜⎜ 2 ⎟⎟ dx
∫ ( E1 A1 + E3 A3 e )⎜
0
20
⎝ ∂x ⎠
⎝ ∂x ⎠
2

(6)

The kinetic energy includes those associated with: (i)
the transverse motion of the elastic layers and the MR
layers (T1); (ii) the axial deformations of the elastic
layers (T2); and (iii) the rotational deformation of the
MR layer due to the strain displacement (T3).The kinetic
energy associated with the transverse motions of the
elastic and fluid layers, T1 and axial deflections of the
elastic layers, T2 can be expressed as:

The strain energy due to elastic layers V1,3 is expressed
as:
L

(5)

where

The strain energy and kinetic energy of the each
layer is developed first and then the total strain and
kinetic energy is found by summing the energy obtained
from each layer. The total strain and kinetic energy is
substituted in Lagrange’s energy equation to formulate
the governing equation of motion for the MR sandwich
beam in the finite element form.

2

2
1L
⎛ ∂w ⎞
⎟ dx
∫ P ( x )⎜
20
⎝ ∂x ⎠

Vr =

where G′ is storage modulus of the MR fluid, which is
related to the average energy stored per unit volume of
the material during a deformation cycle, and G′′ is the
loss modulus, a measure of the energy dissipated per
unit volume of the material over a cycle.

L

1
( h1 + h3 ) and A2 = b × h2 .
2

The rotation of the beam induces an axial force P in
the beam due to centrifugal force. Since the axial force
P acts against the changes in the horizontal projection,
the work done by P is given by considering the
centrifugal force associated with the portion of the finite
element on the right hand side of the section and the
force associated with the portion of the beam on the
right side of the beam. The strain energy due to the
rotation of the MR fluid sandwich beam can thus be
expressed as:

(1)

G* = G′ + iG′′

(4)

1L
⎛ ∂w ⎞
⎟ dx
∫ ( ρ1 A1 + ρ 2 A2 + ρ r Ar + ρ 3 A3 )⎜
20
⎝ ∂t ⎠

T2 =

(3)
where I1 and I3 are the second moment of inertia at the
centroid of elastic layers 1 and 3 respectively. A1 and A3
are the cross-section areas of layers 1 and 3 respectively
and E1 and E3 are the corresponding young’s moduli and
EA
The shear strain energy of the mide= 1 1
E 2 A2
layer comprising the MR fluid and the rubber compound
is expressed as:

1
2

∫ (ρ

L
0

)

(7)

2

⎛ ∂u ⎞
2
⎟ dx
1 A1 + e ρ 3 A 3 ⎜
⎝ ∂t ⎠

(8)

where ρ1 and ρ3 are the mass densities of the elastic
layers and ρ2 and ρr are the mass densities of the fluid
and the rubber materials, respectively.
The kinetic energy associated with the rotation of
the MR fluid layer, T3, can be expressed as
T3 =

⎡ − (1 + e) ∂u D ∂ 2 w ⎤ 2
1L
+
∫ I2 ρ2 ⎢
⎥dx
∂x h2 ∂x∂t ⎦
20
⎣ h2

(9)
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where I2 is the second moment of inertia at the centroid
of

n

u( x) = ∑ ciφi ; w( x) =
i=1

determined. φ i and φ j are the interpolation functions

(10)

which satisfies the boundary condition. Substituting Eq.
(16) into Eq. (15), and applying the stationary
∂Π
= 0 , to the total potential with respect to
conditions,
∂ci
undetermined coefficients, yields algebraic equations of
the form

III. THE FINITE ELEMENT FORMULATION
The finite element model is developed by using a
standard two-noded-beam element with three degrees of
freedom at each node, in axial direction (u), transverse
direction (w) and rotational direction (θ) respectively.
The axial displacement and transverse displacement are
expressed in terms of nodal displacements and finite
element shape functions as,
u(x,t) = Nu(x) {d(t)}

(11)

w(x,t) = Nw(x) {d(t)}

(12)

[[K

[ M ]{ d } + [ K ]{ d } = { F }

G ∗ = G ′ + iG ′′

(13)

(18)

G ′(B ) = −3.3691B 2 + 4.9975 × 10 3 B + 0.873 × 10 6 ;
G′′(B ) = −0.9 B 2 + 0.8124 × 103 B + 0.1855 × 106 ;

The results are presented in Table 1 for two different
magnetic field intensities and rotational speeds. The
comparisons show that the results evaluated using FEM
is in good agreement with those of using Ritz method.

(14)

RITZ METHOD

IV. RESULTS AND DISCUSSION

The governing equation of motion for the sandwich
beam is also formulated analytically by using Ritz
Method. The total strain (V) and kinetic (T) energies
which are expressed in Eq. (6) and (8) is used for
deriving the total potential (Π ) .
Π = T +V

(17)

The effectiveness of the developed FEM for a
rotating MR fluid sandwich beam is demonstrated by
comparing the computed natural frequencies using FEM
with those of using Ritz method. The simulation is
performed by considering the top and bottom layers as
aluminium strips of 300 mm x 30 mm x 1mm. The midlayer of the sandwich beam is considered to be of MR
fluid with 1mm thickness which is contained by 1.5 mm
width of Buna-N-Rubber around the four corners. The
complex shear modulus of MR fluid is expressed as [20]:

where [me] is element mass matrix, [ke] is element
stiffness matrix and { f e } is the element force vector.
Assembling all the element mass matrix, stiffness matrix
and force vector the global mass matrix, stiffness matrix
and force vector can be evaluated, which is expressed as
⋅⋅

] − ω 2 [M R ]]{c} = 0

VALIDATION

By substituting the total strain energy and total
kinetic energy in the Lagrange’s equation, an expression
for governing equation of motion is obtained in the
finite element form as
⋅⋅

R

The solution of the above equation yields the
natural frequencies and mode shapes of the sandwich
system.

where displacement vector, d (t ) = {u1 , w1 , θ 1 , u 2 , w2 , θ 2 }
and N u ( x ) and N w ( x ) are the common linear and cubic
polynomial beam shape functions. The governing
equation of motion for the MR fluid sandwich beam is
formulated using the Lagrange’s method.

[ m e ]{ d } + [ k e ]{ d } = { f e }

(16)

where c i and c j are the arbitrary coefficients to be

the MR fluid layer. The total kinetic energy T of the
sandwich beam thus can be obtained from

T = T1 + T2 + T3

n

∑ c jφ j

j =1

A. The influence of magnetic field intensity on
natural frequency
The natural frequencies are computed at various
magnetic field intensities (0, 250 and 500 G) under
clamped-free conditions without rotation of the
sandwich beam and the results for the first five modes
presented in

(15)

The sum of n weighted function is used to
approximate the axial and transverse deflections.
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TABLE 3. NATURAL FREQUENCIES AT
DIFFERENT THICKNESS RATIO

TABLE 1: COMPARISON OF NATURAL
FREQUENCIES EVALUATED USING FEM AND
RITZ METHOD
Magnetic
field
intensity (G)

0

250

Natural frequency (Hz)
FEM
Ω=0
rad/s

Ω=50
rad/s

Ritz Method
Ω=0
Ω=50
rad/s
rad/s

17.29

23.78

18.75

25.01

68.21

79.15

70.03

81.04

154.30

168.02

156.08

170.31

272.97

288.69

275.01

290.70

430.26

447.19

433.78

449.10

19.67

25.56

21.33

27.15

79.32

88.93

81.73

90.07

175.76

188.11

177.87

191.17

299.10

313.63

302.13

315.03

459.12

475.08

461.18

477.89

Mode
1
2
3
4
5

1
36.72
104.89
202.91
330.67
493.95

Natural frequency (Hz)
Thickness ratio (h2/h1)
2
3
4
36.28
35.97
35.77
101.10 99.53
98.67
193.77 190.91 189.53
319.63 316.39 314.87
481.61 478.10 476.48

5
35.64
98.13
188.73
313.99
475.54

C. The influence rotational speed on natural
frequency
The effects of rotational speed on natural
frequencies are investigated by evaluating the natural
frequencies at various rotational speeds at zero magnetic
field intensity. The results are shown in Figure.2 for the
first five modes. It can be seen that the natural
frequencies increase with increase in the rotational speed
at all modes. This is due to the fact that the centrifugal
force increases with increase in the rotational speed and
hence increases the stiffness of the sandwich beam and
consequently increases the natural frequencies of the
structure.

Table 2. It can be seen that the natural frequencies
increase with increasing the magnetic field at all the
modes of vibration considered. This is due to the fact
that the stiffness of the beam is increased with increase
in magnetic field and consequently increases the natural
frequencies. This is also evident from Eq. 4.
TABLE 2: VARIATION OF NATURAL
FREQUENCIES OF THE MR SANDWICH BEAM
WITH MAGNETIC FIELD INTENSITY AT ZERO
ROTATIONAL SPEED
Natural frequency (Hz)
Mode
0G

250 G

500 G

1

17.29

19.67

20.47

2

68.21

79.32

84.18

3

154.30

175.76

186.11

4

272.97

299.10

312.744

5

430.26

459.12

474.80

Fig. 2 : Variation of natural frequencies with various
rotational speed

B. The influence of thickness of the MR fluid layer
on natural frequency

D. The influence of hub radius on natural frequency

To investigate the effect of the thickness of MR
fluid layer on the free vibration characteristics, the
natural frequencies are evaluated at various thickness
ratio of MR fluid with aluminium layer at a rotational
speed of 100 rad/s and the results are shown in Table 3.
It can be seen that the natural frequencies decrease with
increase in thickness of the MR fluid. It is due to the fact
that the mass of the beam increases with increasing the
thickness and consequently decrease in the natural
frequencies.

The effects of the radius of the hub on the
natural frequencies are investigated by evaluating the
natural frequencies at various hub radii. The simulation
is performed at zero magnetic fields for the first 5
modes and the results are shown in Table 4. It can be
observed that the natural frequencies increase with
increase in hub radius. This can be related to the
increase in stiffness of the structure with increase in
centrifugal force due to the increment in hub radius.
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TABLE 4. VARIATION OF NATURAL FREQUENCY
WITH HUB RADIUS AT ZERO MAGNETIC FIELD.

Mode
1
2
3
4
5

Natural frequency (Hz)
Ratio of the length of the beam and hub
radius (r/L)
0.1
0.2
0.3
0.4
36.72
38.43
40.06
41.63
104.89
108.36
111.70
114.92
202.91
207.93
212.80
217.53
330.67
337.01
343.20
349.25
493.95
501.27
508.46
515.51

(c)

E. Variation of deflection mode shape with rotational
speed
The effect of deflection mode shape of the sandwich
beam is investigated at various rotational speeds and at
zero magnetic field intensity. The result for the first four
modes of vibration has been presented in Figure 3. It can
be seen that the deflection mode shape of the beam
significantly altered with the rotational speed of the hub.

(d)

Fig. 3 : Variation of deflection mode shape with the
rotational speed. a) Mode 1 b) Mode 2 c) Mode 3 d)
Mode 4

F. The effect of rotational speed on loss factor
The ratio of imaginary part and real part of the
complex natural frequency is termed as loss factor. The
loss factor of the structure is evaluated at various
rotational speeds at zero magnetic field. The results are
shown Figure 4.

Fig. 4: Variation of loss factor with various rotational
speeds
(a)

It is observed that the loss factor decreases
significantly with increase in the rotational speed. This
can be related to the domination of strain energy with
the kinetic energy at the corresponding modes of
vibration.
V. CONCLUSIONS:
In this study, the fundamental investigations on
class of smart structures have been carried out. The
governing equation of motion of a rotating MR fluid
sandwich beam using the finite element method and Ritz
method is formulated. The validity of the proposed
finite element formulation is demonstrated by

(b)

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

69

Vibration Analysis of A Rotating Magnetorheological Fluid Sandwich Beam

comparing the simulation with those obtained from the
Ritz formulation. The natural frequencies corresponding
to all the modes of vibration of the rotating MR
sandwich beams increased substantially with increase in
the magnetic field intensity. The natural frequencies
corresponding to all the modes of vibration of the
rotating MR sandwich beams increased significantly
with increase in the rotating speed and the hub radius.
The loss factor corresponding to all the modes of
vibration of the rotating MR sandwich beams decreased
significantly with increase in the rotating speed. The
natural frequencies corresponding to all the modes of
vibration of the rotating MR sandwich beams decreased
substantially with the increase in the thickness of the
MR fluid. The deflection mode shape of the rotating
MR sandwich beams could be altered significantly with
increase in the rotational speed of the MR fluid
sandwich beam.
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Abstract - In the present investigation, scratch tests have been performed on flame spray coated AISI H13 samples. The
commercially used EWAC 1001 EB Nickel based powder was used to coat the samples by using the flame spray technique. The
EWAC 1001 EB powder was modified by adding 20% Cr to study the influence of chromium in adhesion behavior of the coatings
on AISI H13. The scratch tests were performed on Flame sprayed samples of EWAC 1001 EB powder and Flame sprayed samples
of modified EWAC 1001 EB powder. The adhesion of the coatings was expressed in critical load (N). Apparently the adhesion of
coatings becomes better in the flame sprayed sample with modified EWAC 1001 EB powder.
Keywords-scratch test;flame spray;EWAC 1001 EB Coatings;AISI H13

I.

INTRODUCTION

There are several methods that can be used to
determine coating substrate adhesion. They can be
classified into qualitative and quantitative which further
can be divided into mechanical and non mechanical
methods. Some practically used adhesion test methods
are double cantilever beam test, acoustic emission
technology, scratch test and tensile adhesion test. Some
of the tests like tensile adhesion test (ASTM C633)
require the necessity of high strength adhesive; a double
cantilever beam test requires a expensive complex
specimen preparation and more sophisticated
experimental techniques. Acoustic emission technology
limits since individual acoustic emission response-tocoating morphology correlations cannot be made.
Scratch test is a quantitative mechanical method.
Scratch testing method is relatively easy to use
especially in industrial areas or as a complement to
tensile testing. In one variation of the test acoustic
emission is also monitored during scratching procedure
[9]. The test is performed by applying either a stepwise
or a linearly increasing load on the coating through a
Rockwell C diamond indenter. During load application,
the specimen is moved horizontally until coating failure
occurs [10].

Die casting is a very versatile method for
aluminium and magnesium castings but, life of casting
dies has been a big problem since a long time [1].
Today, high-quality aluminium castings are usually
produced using permanent metallic moulds in gravity or
pressure die-casting. This is because they offer high
volume production of more uniform castings with closer
dimensional tolerances. When compared to sand casting
they also offer superior surface finish and improved
mechanical properties, for example for automotive
components [2]. Two different mechanisms are claimed
to limit die lifetime, the washout phenomenon i.e.
corrosion, erosion and soldering as a result of affinity of
tool steel towards molten aluminium and thermal
fatigue, caused by thermal cycling of the dies [3].
Erosive wear is due to the high velocity of the incoming
molten aluminium [4]. The life of coated tools, machine
elements as well as their performance is considerably
increased, provided that the adhesive strength of the
coating to the base material and the intrinsic cohesion of
the coating are sufficient. Bad adhesion leads to flaking
(adhesive failure) while poor cohesion causes chipping
(cohesive failure) [5]. One of the most important
parameter of any coating is its adhesion strength. A
qualitative evaluation of the coating adhesion between
coating and adhesion can be made by using the scratch
test technique [6-8].

Flame spray coating is mostly used for repair work
of dies to improve edge retention after the original
uncoated H13 die is no longer usable due to corrosion
and wear. Flame spray is used in a different way from

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

71

Modification of Flame Sprayed Coatings On AISI H13 By Chromium Addition To Study The Microhardness And Adhesion Behavior

PVD and CVD, PVD and CVD are used to protect dies
from the initial usage. But flame spray is used for repair
work. Initially castings are performed in the H13 dies,
after 25000 cycles when the dies gets damaged the inner
walls of the dies are flame sprayed with EWAC 1001
EB/EWAC 1003 EBZ Ni based powder and machined
according to dimensions so that, the die can be used for
8000 cycles again. PVD and CVD coatings are used to
coat for coating thickness of 5-6 µm, but using flame
spray coating technology coating thickness up to 6 mm
can be coated. Ni and Cr are the frequently used
alloying elements for improving the performance of
various cast irons such as the wear-resistance, corrosionresistance and thermal-resistance. Ni can dramatically
improve the chemical stability of the iron alloys so as to
increase their corrosion resistance [11]. Cr is one of the
strong carbide formation elements, which significantly
enhances the strength. More Ni content in the powder
mixture improves the formability and surface
smoothness while more Cr content results in higher
cracking tendency hence 20% Cr was chosen to be
added in the present investigation. Therefore, the
commercially used EWAC 1001 EB nickel based
powder was modified by adding 20% Cr to improve the
properties [12].

TABLE – II COMPOSITION OF EWAC 1001 EB AND
EWAC 1001 EB + 20% CHROMIUM IN PERCENTAGE
WEIGHT

Alloys

C

B

Si

Fe

Cr

Ni

EWAC 1001
EB

1.5

3.5

4.5

3.5

9.5

77.5

EWAC 1001
EB + 20% Cr

1.2

2.8

3.6

2.8

27.6

62

B. Flame spraying
The Flame spray coating is a part of family of
thermal spray coating. Thermal spray is a generic term
for a group of coating processes used to apply metallic
or non metallic coatings. In the powder flame spray
process used in the present research work, powdered
feed stock is aspirated in the oxy fuel flame, melted and
carried by the flame and air jets to the work piece. The
apparatus used for coating is EWAC SuperJet Eutalloy
system which can give a coating thickness between
0.075 mm to 6 mm. The hardness of the deposit varies
from 90 Rb to 64 Rc depending on the alloy used. The
size of the AISI H13 samples used for flame spraying is
8×12×17 mm3; the samples were grounded with 220 grit
sheets to impart surface roughness. All the samples were
ultrasonically cleaned before the coating. The
parameters of the flame spray process are mentioned in
Table 3. The images of the uncoated and coated samples
are shown in Fig. 1.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE
A. Materials
The materials used in the present investigation are
H13 and flame sprayed H13, the coating method used in
the present work is powder flame spray. Two powders
are used, the first powder is EWAC 1001 EB and second
powder is EWAC 1001 EB modified with 20% Cr here
after referred as EWAC 1001 EB + 20% Cr. EWAC
1001 EB is a commercially used nickel based powder
for flame spraying the damaged H13 dies to improve red
hardness, heat resistance, corrosion resistance and edge
retention. The typical composition of H13 is shown in
Table 1. The chemical composition of EWAC 1001 EB
and EWAC 1001 EB + 20% Cr are shown in Table 2.
The average size of EWAC 1001 EB powder particle
was 95 µm and the average size of the chromium
powder particle was 150 µm, the EWAC 1001 EB +
20% Cr powder was prepared by mechanically alloying
with chromium powder by a typical ball milling process
for six hours.

TABLE II.
CHEMICAL COMPOSITION OF AISI H13
S.No Parameters
Quantity
1. The
pressure
of 1.2 kpa
acetylene
2. The pressure of oxygen 3 kpa
3. Torch
angle
with 60
respect to plate
4. Distance from sample 15 to 20mm
to torch tip
5. Torch speed
0.1 m/min
6. Pre heat temperature
300 C
7. Flame Temperature
2800 to 3000°C
8. Particle Velocity
80 to 100 m/s

CHEMICAL COMPOSITION OF AISI H13

TABLE I.
C

S

Si

Mn

Fe

Mo

Mg

Cr

V

Ni

0.38

0.03

1.0

0.4

Bal

1.3

0.02

5.3

0.9

0.05

(a)

(b)
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Figure 1. Flame spray coated sample: (a) AISI H13, (b)
EWAC 1001 EB Coated, (c) EWAC 1001 EB + 20% Cr

XRD of powders used in flame spraying
process: (a) EWAC 1001 EB, (b) Cr Pure (c) 1001 EB
+ 20% Cr

Figure 2.

C. Scratch test:
The coated samples were mirror polished before
performing scratch test. The samples were cross
sectioned to perform Vickers microhardness test.
Scratch test was performed using a commercial micro
scratch tester (DUCOM, TR104, India) to evaluate the
scratch resistance of the coatings. A spherical Rockwell
C diamond stylus of 100 μm radius was used to produce
the scratch. The test was carried out under ramp loading
mode with the load ranging from 20N to 200N. The
stylus scanned the coating surface perpendicularly at a
speed of 0.5 mm/s. The total length of the scratch scar
was 9mm. A microhardness tester was used to study the
microhardness at cross-sections of the deposits with a
load of l00 g for duration of 10 seconds.

III. RESULTS AND DISCUSSION
A. Powder XRD
The XRD for the EWAC 1001 EB, Chromium and
EWAC 1001 EB + 20% Cr powders used for flame
spraying are shown in Fig. 2. The presence of Cr was
not detected in EWAC 1001 EB powder due to lower
content, but in EWAC 1001 EB + 20% Cr due to the
increased percentage of Cr it was detected. The XRD for
Cr powder is also shown in the figure. The powders had
a spherical morphology as indicated by K Gokul Kumar
et al. [13].
B. Optical microscopy of coatings
1.

EWAC 1001 EB

EWAC 1001 EB Coatings:

Optical microscopy of coating cross section is
shown in the Fig. 3(a), the hardness of the coating was
in the range of 840.9 - 874.1 Hv, While the hardness of
the substrate was 611.7 to 653.9. The optical
microscopy of the coating surface at 50x is shown in
Fig. 4(a).

α‐Ni

C. EWAC 1001 EB Modified coatings:
Optical microscopy of coating cross section is
shown in the Fig. 3(b), the hardness of the coating
varied between 700 and 765.9, while the hardness of the
substrate varied between 503.8 and 735.5. The optical
microscopy of the coating surface at 50x is shown in
Fig. 4(b).

Chromium

β‐Cr

Substrate

Substrate

Interface

Interface

Coating

(a)

Coating

(b)

Optical microscopy of coating cross section:
(a) EWAC 1001 EB coated (b) EWAC 1001 EB+20%
Cr
Figure 3.

(b)

EB 1001 + 20% Cr

α‐Ni
β‐Cr

Figure 4. Optical microscopy of flame spray coated
(a)
(b)
sample: (a) EWAC 1001 EB Coated, (b) EWAC 1001
EB + 20% Cr Coated
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critical load is found out to be 78 N and upper critical
load is found out to be 149 N. The scratch length at
which lower critical load occurs is 2.9 mm and upper
critical load occurs is 6.6 mm which is clearly shown in
figure Fig. 6(f). The scratch groove of EWAC 1001
coating was much deeper with a larger width and small
deformation. In the case of EWAC 1001 + 20 % Cr
coating, slight damages were noticed around the grooves
indicating that the cause of failure is due to ductile
fracture Fig. 6(f). The EWAC 1001 + 20% Cr coating
consists of Ni-Cr matrix with the Cr phase well
dissolved in Ni matrix. Hence the formation of mixed
metal matrix increases the adhesion.

C. Hardness profiles
A Microhardness tester (SMV 1000 Series) was
used to measure the microhardness of the samples; a
load of 100 grams with a dwell time of 10 sec was used
for studying the microhardness. The microhardness
profiles are shown in Fig. 5. The highest hardness
achieved in the EWAC 1001 EB coating was 874.1,
while for the EWAC 1001 EB + 20% Cr coating had a
maximum hardness of 765.9. The Hardness of the
substrate varied between 732.1 and 503.8.
D. Scratch test:
The scratch resistance of the coatings was tested by
measuring the critical load required to remove the
coating from the substrate using scratch tester. The
coefficient of friction µ, plotted against the applied load,
yields a useful plot. A turning point in the coefficient of
friction plot can be determined which corresponds to the
critical load for failure of the coating. The lower critical
load is defined as the load at which initial coating failure
is detected, the upper critical load is that where
significant damage is apparent and the coating is no
longer suited for its intended use.

CONCLUSIONS
In the present investigation, the effect of
modification of EWAC 1001 EB flame spray coating by
chromium addition on microhardness and adhesion
behavior has been studied. The conclusions are as
follows:

1000.0

•

Flame spray with oxy-acetylene as fuel gas has
successfully been used to spray EWAC 1001
EB coatings on AISI H13 steel in the thickness
range of 100–120 μm.

•

The coating of 1001 EB + 20% Cr shows the
best quality in terms of adhesion as compared
to EWAC 1001 EB.

•

Microhardness measurement through the crosssection of coating showed that the both
coatings have slightly higher hardness as
compared to the substrate material.

•

The scratch method can reveal substantial
information about the quality of the coating and
its adhesion properties. Higher critical load was
noticed on EWAC 1001 EB + 20% Cr coating
as compared to EWAC 1001 EB coated AISI
H13 steel.

•

AISI H13 steel could be coated by EWAC
1001 EB + 20% Cr using flame spray
technique to enhance the adhesion of coating
and substrate.

EB 1001+20% Cr
EB 1001

Microhardness (HV)

800.0
600.0
400.0
200.0
0.0
-0.15

-0.05

0.05

0.15

0.25

0.35

Distance from interface (µm)

Vickers microhardness profiles of EWAC 1001
EB and EWAC 1001 EB + 20% Cr coatings along the
cross section.

Figure 5.

The graphs shown in Fig. 6(a) & 6(b) are
obtained after performing scratch test on sample with
EWAC 1001 EB coating. From the graphs, the lower
critical load is found out to be 72 N and upper critical
load is found out to be 117 N. The scratch length at
which lower critical load occurs is 2.8 mm and upper
critical load occurs is 4.8 mm which is clearly shown in
Fig. 6(c). For the EWAC 1001 EB + 20% Cr coating,
the graphs are shown in Fig. 6(d) & 6(e). The lower
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Abstract
A
- Invesstment casting iss synonym with producing precision componentts and investmennt casters usuallly take up the orrder if
the volume is hu
uge enough. Thhis is due to high and unjustifiaable tooling costt and long lead times
t
associated with the develoopment
of metal mould
ds for producingg wax (sacrificiaal) patterns for customized singgle casting or sm
mall quantity prroduction. One of the
feasible solutionns is opt rapid to
ooling. In so- callled rapid investtment casting thee most critical prrocess will be buuilding the invesstment
shell and proteccting it from theermal crack. This work investigaates the shell craack and counterr. In this work pattern are modeeled on
rapid prototypinng machine. Durring the ceramic shell preparatioon cracking is rep
ported. Hence a remedy is expplored as to contrrol the
thermal expansiion of the patttern build materrial-acrylonitrile butadiene styreene (ABS) by uusing different build styles. Thhermal
expansion of fivve distinct styled
d ABS rapid saamples were testeed on Dilatometter. The investiggation indicates the possibility of
o 63%
reduction in therrmal expansion of the pattern, which
w
is very verry encouraging.
KEYWORDS - INVESTMENT CASTING (IC)
C), RAPID PROT
TOTYPING (RP)
P), RAPID TOOL
LING (RT), PRE
ECISION CAST
TINGS,
FUSED DEPO
OSITION MODE
ELING (FDM),, ACRYLONITR
RILE BUTADIE
ENE STYRENE (ABS), THE
ERMAL EXPAN
NSION,
PERCENTAGE LINEAR CHAN
NGE (PLC),DILA
ATOMETER.

I.

INTROD
DUCTION

The Invesstment Casting
gs (IC) was known to our
ancestors as an
a art of makiing toys and to
ools date back
to four thoussand years evven. IC is syynonym with
precision castiings [ 1,2]and has several criitical stages off
production. Fiig.1( i & ii ) iss pictorial reprresentation off
the major stagges ( a to j) inv
volved .People engaged with
IC understand the enormous calendar time they elapse to
arrive at the first
f
casting – it runs to mo
onths. In this,
majority of thee time is spent on developingg the Tooling
successfully . Customarily by default the
t
prototype
development or
o tooling for wax pattern is costly and
lengthy hence investment casters usually take up the
t volume is huge
h
enough.
order only if the

Fig.1(i) a&b Design & developmennt of the mouldd for
waax pattern is tthe critical delaay factor in IC

At the sam
me time reducttion of productt development
cycle time is a major conccern in industrries to remain
competitive inn the market place and hennce focus has
shifted from trraditional prodduct developmeent technology
to rapid fabriication techniqques like rapid
d prototyping
(RP) . RP proocess is capabble of buildingg part of any
complicated geometry
g
in least possible time without
incurring extraa cost due to absence
a
of toooling. Another
advantage withh RP is

Fig .1(ii)) - The scope off unlimited –no –cost
–
design iteraations
on diigital data. RP offers several otther benefits.[ 3,44]
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generateed with solid ((fills the part interior
i
complletely)
and few
w parts are geenerated with sparse (honeyycomb
type inteernal structure)) interior fill styyle.

Although RP is an effi
ficient technolo
ogy full scale
application annd exploitatioon has not gained much
attention beccause of vaarious reasonns, primarily
compatibility of presently available
a
mateerials with RP
machines and unavailabilityy of authentic data required
by metal casteers. When RP & IC are linkedd suitably this
may lead us to exploit fulll potential off both besides
countering disadvantages. [55,6,7,8,9,10].
But there are four princiipal issues which the authors
have experieenced when experimentedd RP with
Investment Caasting .
i)

Residue deposit
d
after sh
hell firing.

ii) Pattern co
ontraction/ exp
pansion in x, y & z build
axes.
iii) Shell Craccking during fiiring.
iv) Ra. valuee on pattern too command reqquired Ra. on
the casting
g.
Figg. 2 : Schematicc description of FDM processs

The auth
hors believe above issues are to be
addressed welll before we offfer RP to Invesstment casters.
Though partiaal, a few researrchers[11] claim
m success, no
published worrk known to th
he authors haas successfully
addressed all above
a
problem
ms and authors have taken up
the work of reesolving these issues to popuularize the RP
in industry an
nd academia as
a well. Our previous
p
work
[12] reports suuitability of AB
BS pattern for preparing the
IC shell. Pressent work fo
ocuses on expeending /firing
the pattern andd issues associated with it. Th
he experiment
is done in tw
wo parts. First part - a set of acrylonitrile
butadiene styyrene (ABS) patterns are generated on
STRATASYS’ fused depossition modelinng (FDM) RP
machine. Thee patterns arre converted into castings
though IC rou
ute and shell crracking tenden
ncy observed..
In the seco
ond part fiv
ve test patteerns of size
12ømm*12mm
m are generrated on FD
DM machines
employing different build
d styles to minimize
m
the
severity of thermal expaansion and theeir respective
thermal expannsion values are
a estimated on the Orton
Dilatometer model
m
DIL2016
6.

Table 1 : FD
DM process paarameters
Sl
1
2
3
4
5

Settings
Raster Anggle
Air Gap
Slice Thickness
Raster widdth
Envelop T
Temperature

Value
45 degree
0.0 mm
0..4064mm
0..4064mm
80 °C

Part I ( ABS pattern
ns are generatted and convverted
into casttings through IC route.)
Pattterns are preparred in ABS Fiig.3 (i). Patternn Tree
is made Fig.3 (ii & iii)) . Shell is preppared Fig.3(iv)) with
f
The moould is
subsequeent dipping annd stucco and fired.
poured in
i plane carbonn steel and com
mponents are made
m
,
as - cast as shown in Fig.3 (v)

II. PROCED
DURE
Pattern Prepa
aration
The 3D (Three dimennsional) CAD
D models are
ATIATM softw
ware and impoorted to FDM
modeled in CA
Vantage SE Machine
M
in ST
TL format. Herre the process
parameters aree set as per the values given in
i Table 1 and
parts are fabriicated using ABS
A
as a built material. For
material depo
osition FDM uses
u
two nozzzles, one for
model materiaal deposition annd other for suppport material
deposition. Thhese two nozzlles work altern
nately to each
other. Fig. 2 provides
p
the schhematic description of FDM
machine part fabrication meethodology. A few parts are

Fig. 3 (i)
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Table 2
Fig. 3 (ii)

Fig.3(iv)

Fig.3(iii)

slice
thickness

Spars
e fill
air
gap

Spa
-rse
Solid
layers

Perim
-eterraster
air
gap

Raster
to
raster
air gap

solid

0.4064

na

na

0.000

0.000

R2

sparse

0.4064

1.000

3

0.000

0.000

R3

sparse

0.4064

2.000

3

0.000

0.000

R4

solid

0.4064

na

na

0.000

1.600

R5

sparse

0.4064

3.000

3

0.000

0.000

sa
mp
le

Interior
sty-le

R1

Fig.3(v)

Fig.4(i)

Part II( ABS test samples are generated on FDM
and tested on Dilatometer)
Five test samples Fig.4(i&ii) of size (12 ø
mm*12mm) are modeled on FDM machine for testing
the thermal expansion. Different parameters and build
styles are used to generate distinct internal web
structure in the sample. A few build parameters are
displayed for the information of the enthusiastic readers
as in the Table.2.

Fig.4(ii)
-weighed pulley.),Control board for furnace and data
acquisition with Orton software. Sample in the holder is
pushed into furnace and heated from room temperature
to 100˚C. the expansion of the sample is probed and
transmitted to LVDT, it generates signal corresponding
to the change in sample length and continuously sends
that signal to the Orton Board Computer along with the
thermocouple output.. As a result, the PLC(percentage
linear change) Vs. temperature of the test sample is
obtained from the display continuously. The readings
against each sample is recorded as shown in the
Table.3.

Orton Dilatometer Fig.5 is a versatile piece of
equipment
designed to measure the thermal
Expansion/Percentage Linear Dimensional Change of
any solid material
( ceramics,glass, metal,polymers
etc)as a function of temperature. Standard Orton
Dilatometer [13 ] is a digital, horizontal, single sample
bench top system comprised of a furnace with silicon
carbide heating element ( 1600C), fused quarts sample
holder system, thermocouple , sample displacement
system (consisting of Probe Rod, Linear Variable
Dimensional Transducer and counter -
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Let us now see the Dilatometer output. Fig.7 is the
PLC Vs Temperature graph generated for sample R1.
One can read the softening temp and the corresponding
percentage linear expansion from the graph as 81˚C &
0.363 respectively. Similar graphs are generated for
other four samples. In this context it is important to
understand the thermal expansion of the ceramic shell
also. The ceramic shell will also expand but the thermal
expansion of ceramic shell
below the softening
temperature of ABS ( i.e below 80˚C) is negligible.
Hence the expansion of ABS will be the only deciding
factor of shell cracking. The result got from the
dilatometer for test samples of varied internal web
structures indicate that we could attain more than fifty
percentage reduction ( ~ 63%) in thermal expansion
from sample solid build R1. to sparse build sample
R5.,controlling the sparse air gap, and it is a very
encouraging result which might help us to control the
shell cracking to nil.

Fig. 5
Table.3
Initial Start
Sample Length Temp,
Lo mm oC
R1
R2
R3
R4
R5

12.22
12.22
12.22
12.22
12.22

31
27
28
30
27

Softening
Temp,
oC
81
71
69
70
69

%linear
Change,PLC
=∆L/Lo *100
0.363
0.296
0.290
0.195
0.133

III. RESULT
Unlike other casting processes IC involves pattern
investing (burying) in the ceramics and expending
(firing) it out later. These two factors hence decide the
suitability of ABS replacing wax. Author’s previous
work had investigated and reported the first factor and
in this work it is found that there are complications in
the second factor ie. in firing, in which shells are found
with cracks.Fig.6. This may be due to the differential
thermal expansions of ABS used for the pattern and the
ceramic used for the investment shell build up.

Fig.7
IV. DISCUSSION
ABS softening starts in the temperature range of
70C to 80C and then collapsing impends. Hence the
researchers working on this issue of controlling the
shell cracking tendencies, in investment casting, need to
bother the thermal properties of the ceramic shell within
this range only. It is clear that as the thermal
expansion of the ceramic shell is negligible bellow the
softening temperature (80C) of ABS, the critical factor
to be controlled is the thermal expansion of ABS. Our
investigation proves this control is possible through the
manipulation of ABS patterns build styles.
V. CONCLUSION AND SCOPE FOR FURTHER
RESEARCH.
The study is a part of our investigation to integrate
RP with IC and it explored the applicability of FDM
generated ABS pattern suitability for IC . This work

Fig.6
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[6]
Peter D Hilton,Paul F.Jacobs. “Rapid
Tooling
Technologies
and
Industrial
Applications”, Marcel Dekker,Inc,New York 2000 pg 1-13.

focused on thermal cracking tendency of IC shell. The
results indicate a means to control the cracking tendency
of IC shells. However, before commercialize the
process, continued research is required to establish the
scale factor for ABS in xyz directions and to establish a
suitable post finishing operation on the ABS to deliver
the surface qualities, precision casters demand. The
ABS used on FDM machine being proprietary there is
an urgent need for documenting its coefficient of
thermal expansion
to win the confidence of Cast
Houses before FDM based RT is transferred to its
potential users.
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Abstract - In the present investigation, molten aluminium corrosion tests have been performed on flame spray coated
AISI H13 samples, with bare AISI H13 as reference. The commercially used EWAC 1001 EB Nickel based powder
was used to coat the samples by using the flame spray technique. The commercially used EWAC 1001 EB powder was
modified by adding 20% Cr to study the influence of chromium in molten aluminium corrosion resistance. The molten
aluminium corrosion tests were performed on AISI H13, Flame sprayed samples of EWAC 1001 EB powder and Flame
sprayed samples of modified EWAC 1001 EB powder. Apparently the corrosion resistance in molten aluminium
becomes better in the flame sprayed sample with modified EWAC 1001 EB powder.
Keywords- molten aluminium corrosion; flame spray; EWAC 1001 EB;AISI H13.
I.

corrosion resistance. Ceramic has a good corrosion
resistance but suffers rapid strength degradation. PVD
and CVD coatings also provide a good corrosion
resistance but suffer rapid corrosion once the coating
wears off [5, 6].

INTRODUCTION

Die casting is a very versatile method for
aluminium and magnesium castings but, life of casting
dies has been a big problem since a long time [1].
Today, high-quality aluminium castings are usually
produced using permanent metallic moulds in gravity or
pressure die-casting. This is because they offer high
volume production of more uniform castings with closer
dimensional tolerances. When compared to sand casting
they also offer superior surface finish and improved
mechanical properties, for example for automotive
components [2]. Two different mechanisms are claimed
to limit die lifetime, the washout phenomenon i.e.
corrosion, erosion and soldering as a result of affinity of
tool steel towards molten aluminium and thermal
fatigue, caused by thermal cycling of the dies [3].
Erosive wear is due to the high velocity of the incoming
molten aluminium [4]. The corrosion is by two
mechanisms, corrosion by molten aluminium and high
temperature cyclic air oxidation. Molten aluminium has
been a serious problem in aluminium processing
industry and aluminium casting industry due to high
reactivity and affinity of molten aluminium, molten
aluminium reacts with almost all metals and metal
oxides [5, 6]. Due to this molten aluminium corrosion,
soldering results and a rough surface results on the die
wall. Hence surface finish and tolerances of casting dies
are greatly affected leading to much higher production
cost. A number of researches have been done to access
the molten aluminium corrosion and to improve the

Flame spray coating is mostly used for repair work
of dies to improve edge retention after the original
uncoated H13 die is no longer usable due to corrosion
and wear. Flame spray is used in a different way from
PVD and CVD, PVD and CVD are used to protect dies
from the initial usage. But flame spray is used for repair
work. Initially castings are performed in the H13 dies,
after 25000 cycles when the dies gets damaged the inner
walls of the dies are flame sprayed with EWAC 1001
EB/EWAC 1003 EBZ Ni based powder and machined
according to dimensions so that, the die can be used for
8000 cycles again. PVD and CVD coatings are used to
coat coating thickness of 5-6 µm, but using flame spray
coating technology coating thickness up to 6mm can be
coated. Ni and Cr are the frequently used alloying
elements for improving the performance of various cast
irons such as the wear-resistance, corrosion-resistance
and thermal-resistance. Ni can dramatically improve the
chemical stability of the iron alloys so as to increase
their corrosion resistance. Cr is one of the strong carbide
formation elements, which significantly enhances the
strength. More Ni content in the powder mixture
improves the formability and surface smoothness while
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B. Flame spraying

more Cr content results in higher cracking tendency.
Therefore, the commercially used EWAC 1001 EB
nickel based powder was modified by adding 20% Cr to
improve the corrosion resistant properties [7].

The Flame spray coating is a part of family of
thermal spray coating. Thermal spray is a generic term
for a group of coating processes used to apply metallic
or non metallic coatings. In the powder flame spray
process used in the present research work, powdered
feed stock is aspirated in the oxy fuel flame, melted and
carried by the flame and air jets to the work piece. The
apparatus used for coating is EWAC SuperJet Eutalloy
system which can give a coating thickness between
0.075mm to 6mm. The hardness of the deposit varies
from 90 Rb to 64 Rc depending on the alloy used. The
size of the AISI H13 samples used for flame spraying is
8×12×17 mm3; the samples were grounded with 220 grit
sheets to impart surface roughness. All the samples were
ultrasonically cleaned before the coating. The
parameters of the flame spray process are mentioned in
Table 3. The images of the uncoated and coated samples
are shown in Fig. 1. The images of the coated surface
magnified at 50x are shown in the Fig. 2.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE
A. Materials
The materials used in the present investigation are
H13 and flame sprayed H13, the coating method used in
the present work is powder flame spray. Two powders
are used, the first powder is EWAC 1001 EB and second
powder is EWAC 1001 EB modified with 20% Cr here
after referred as EWAC 1001 EB + 20% Cr. EWAC
1001 EB is a commercially used nickel based powder
for flame spraying the damaged H13 dies to improve red
hardness, heat resistance, corrosion resistance and edge
retention. The typical composition of H13 is shown in
Table 1. The chemical composition of EWAC 1001 EB
and EWAC 1001 EB + 20% Cr are shown in Table 2.
The average size of EWAC 1001 EB powder particle
was 95 µm and the average size of the chromium
powder particle was 150 µm, the EWAC 1001 EB +
20% Cr powder was prepared by mechanically alloying
with chromium powder by a typical ball milling process
for six hours.
CHEMICAL COMPOSITION OF AISI H13

TABLE I.
C

S

Si

Mn

Fe

Mo

Mg

Cr

V

Ni

0.38

0.03

1.0

0.4

Bal

1.3

0.02

5.3

0.9

0.0
5

(a)

(b)

TABLE-II : COMPOSITION OF EWAC 1001 EB AND EWAC 1001
EB + 20% CHROMIUM (IN WEIGHT PERCENT)

Alloys

C

B

Si

Fe

Cr

Ni

EWAC 1001 EB

1.5

3.5

4.5

3.5

9.5

77.5

EWAC 1001 EB
+ 20% Cr

1.2

2.8

3.6

2.8

27.6

62

(c)

TABLE-III : CHEMICAL COMPOSITION OF AISI H13

S.No

Parameters

Quantity

1.

The pressure of acetylene

1.2 kpa

2.

The pressure of oxygen

3 kpa

3.

Torch angle with respect
to plate

60

4.

Distance from sample to
torch tip

15 to 20mm

5.

Torch speed

0.1 m/min

6.

Pre heat temperature

300 C

7.

Flame Temperature

2800 to 3000°C

8.

Particle Velocity

80 to 100 m/s

Figure 1. Macrographs of flame spray coated sample: (a)
AISI H13, (b) EWAC 1001 EB Coated, (c) EWAC 1001
EB + 20% Cr

(a)

(b)

Figure 2. Optical microscopy of flame spray coated
sample: (a) EWAC 1001 EB Coated, (b) EWAC 1001
EB + 20% Cr Coated
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C. Molten aluminium corrosion testing

III. RESULTS AND DISCUSSION

Prior to molten aluminium corrosion testing, flame
sprayed and uncoated samples were cleaned with
acetone and dried. All the samples were initially
weighed, to determine the weight losses after the test.
Flame sprayed and uncoated samples were immersed in
molten aluminium (type 6063) at a temperature of 680
to 690 °C, afterwards the coupons were withdrawn from
molten aluminium and put into 20% NaOH to remove
the residual aluminium attached with the samples. The
weight losses were determined after the test, the weight
losses (gm/cm2).h-1 was converted into volume losses
(mm3/cm2).h-1

A. Powder XRD
The XRD for the EWAC 1001 EB, Chromium and
EWAC 1001 EB + 20% Cr powders used for flame
spraying are shown in Fig. 3. The presence of Cr was
not detected in EWAC 1001 EB powder due to lower
content, but in EWAC 1001 EB + 20% Cr due to the
increased percentage of Cr it was detected. The XRD for
Cr powder is also shown in the figure. The powders had
a spherical morphology as indicated by K Gokul Kumar
Et al [8].
B. Optical microscopy of coatings
1.

EWAC 1001 EB

EWAC 1001 EB Coatings:

Optical microscopy of coating cross section is
shown in the Fig. 4(a). The hardness of the coating was
in the range of 840.9 - 874.1 Hv, while the hardness of
the substrate was 611.7 to 653.9.

α‐Ni

2.

EWAC 1001 EB + 20% Cr coatings:

Optical microscopy of coating cross section is shown in
the Fig. 4(b). The hardness of the coating varied
between 700 and 765.9, while the hardness of the
substrate varied between 503.8 and 735.5.

(a)

Chromium

β‐Cr

Figure 4. Optical microscopy of coating cross section:
(a) EWAC 1001 EB coated (b) EWAC 1001 EB + 20%
Cr

(b)
EB 1001 + 20% Cr

C. XRD Analysis of ‘as coated’ samples
‘As coated’ stands for the coating without any tests
being carried out on it. The XRD analysis of the ‘as
coated’ samples revealed that the Cr present in the
coatings was completely oxidized into Cr2O3 [9]. Hence
the Cr2O3 is expected to protect the coating by forming a
protective layer over the coating which further protects
it from corrosion.

α‐Ni
β‐Cr

D. Hardness profiles
A Microhardness tester (SMV 1000 Series) was
used to measure the microhardness of the samples; a
load of 100 grams with a dwell time of 10 sec was used
for studying the microhardness. The microhardness
profiles are shown in Fig. 5. The highest hardness

©
Figure 3. XRD of powders used in flame spraying process: (a)
EWAC 1001 EB, (b) Cr Pure (c) EWAC 1001 EB + 20% Cr
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achieved in the EWAC 1001 EB coating was 874.1,
while for the modified EWAC 1001 EB + 20% Cr
coating had a maximum hardness of 765.9. The
Hardness of the substrate varied between 732.1 and
503.8.

coating. Addition of Cr has increased the corrosion
resistance by a factor of 1.61.Further examination was
carried out by Optical microscopy.

E. Corrosion resistance
The results from corrosion testing are expressed in
terms of volume losses (mm3/cm2).h-1. The results are
shown in Fig. 6. The results show that molten aluminium
corrosion resistance was improved in the EWAC 1001
EB + 20% Cr coating compared to the EWAC 1001 EB
coating.

Figure 7. Molten aluminium corroded samples: (a)AISI H13, (b)
EWAC 1001 EB, (c) EWAC 1001 EB + 20% Cr

F. Characterization of corroded sample
1.

1000.0
EB 1001+20% Cr

Microhardness (HV)

In the Fig. 7(b), it can be seen that large number of
pits are formed in the EB 1001 coating compared to the
uncoated AISI H13 steel and EB 1001 + 20% Cr
coating. The corrosion mechanism is not electro
chemical it may be due to the chemical reactions and
diffusion processes [10]. The pits in the EB 1001
coating is much deeper when compared to AISI H13
steel and EB 1001 + 20% Cr coating attributed by the
fact that AISI H13 steel and EB 1001 + 20% Cr coating
has a more stable corrosion resistant condition.

EB 1001

800.0

Examination of samples by optical microscopy:

600.0
400.0
200.0
0.0

-0.15

-0.05

0.05

0.15

0.25

IV. CONCLUSION

0.35

In the present investigation, the influence of
chromium in EWAC 1001 EB powder on molten
aluminium corrosion resistance has been studied on
AISI H13, Flame sprayed EWAC 1001 EB coating and
Flame sprayed EWAC 1001 EB + 20% Cr. The
conclusions are as follows:

Distance from interface (µm)

Vickers microhardness profiles of EWAC 1001
EB and EWAC 1001 EB + 20% Cr coatings along the
cross section.
2
Volume Loss (mm3/cm2).h-1

Figure 5.

A ‐ AISI H13
B ‐ EWAC 1001
C ‐ EWAC 1001+20% Cr

1.5

•

Flame spraying was carried out on AISI H13 steel
using the EWAC SuperJet Eutalloy system to
prepare coating of the thickness of 100 to 120 µm.

•

Microhardness measurements through the coating
revealed that both coatings have higher hardness
than substrate material.

•

A ranking between the materials towards molten
aluminium corrosion resistance is in the following
order EWAC 1001 EB + 20% Cr > AISI H13 >
EWAC 1001 EB.

•

The corrosion resistance of EWAC 1001 EB + 20%
Cr coating measured in volume loss was increased
by a factor of 1.61.

•

The corrosion resistance of the EWAC 1001 EB +
20% Cr was due to the formation of chemically
stable Cr2O3.

1
0.5
0
A

B

C

Material

Figure 6.

Volume loss in molten aluminium corroded
sample

The increased corrosion resistance in the EWAC
1001 EB + 20% Cr powder was due to the formation of
corrosion resistant Cr2O3 layer on the surface, not only
the weight losses even formation of pits was
considerably reduced in the EWAC 1001 EB + 20% Cr
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Abstract - Traditionally operated garment industries are facing problems like low productivity, longer production lead time, high
rework and rejection, poor line balancing, low flexibility of style changeover etc. These problems were addressed in this study by the
implementation of lean tools like cellular manufacturing, single piece flow, work standardization, just in time production etc. This
paper will explain lean concepts and ergonomics and relate them to material handling. It will also provide specific situations in
which companies have used material handling equipment to improve or support their lean initiatives and to help improve the
ergonomics of their processes. This paper will explain lean concepts and ergonomics and relate them to material handling. It will
also provide specific situations in which companies have used material handling equipment to improve or support their lean
initiatives and to help improve the ergonomics of their processes. In essence; this is perhaps the first study that investigates the actual
implementation of lean manufacturing in the apparel industry.
Keywords- ergonomics, lean manufacturing, apparel industry, healthy performance of work.

I.

survey was used to explore 11 key areas of lean
manufacturing namely, merchandising, planning,
sourcing, technical, quality control, cutting, sewing,
packing, industrial engineering, inspection and
warehouse. Ergonomics is most important at the level of
work cell and workstation design. By their very nature,
well-designed Lean Manufacturing cells relieve many of
the risk factors associated with traditional workstations
and functional layouts.

INTRODUCTION

Ergonomics studies work as it relates to the human
body and its limits. Ergonomics can help manufacturing
and industrial engineers maximum work output without
physical harm to workers. Physiology, biomechanics,
anthropometrics, worker selection and allocation are the
areas of ergonomics most useful to manufacturing and
industrial engineers. The most prevalent ergonomic
related injuries are musculoskeletal; either from
repetition, overload, awkward positions or some
combination thereof. Ergonomics is most important at
the level of work cell and workstation design. By their
very nature, well-designed Lean Manufacturing cells
relieve many of the risk factors associated with
traditional workstations and functional layouts. For
example, work cells often rotate workers through an
entire process on each cycle. This reduces repetition and
static postures. . Most importantly, the addition of
material handling equipment to the given examples has
ultimately improved the quality of the process and the
end product. The benefits of lean manufacturing are
evident in factories across the world. With a view to
achieve performance improvement both the developed
and developing countries are practicing lean. In this
study garment manufacturing company was selected as
sample and to investigate the adoption of lean
manufacturing in the Apparel industry. A questionnaire

II. APPAREL INDUSTRY –A FOCUS
Manufacturers are now a day’s facing intensive
global competition. They are becoming increasingly
aware of the importance of modern management
philosophy in providing them with a competitive
advantage in a free market system”. “Now the key to
competing in the international market place is to
simultaneously improve both quality and productivity
on continual basis. The major purpose of the use of lean
production are to increase productivity, improve product
quality and manufacturing cycle time, reduce inventory,
reduce lead time and eliminate manufacturing waste. To
achieve these, the lean production philosophy uses
several concepts such as one-piece flow, kaizen, cellular
manufacturing, synchronous manufacturing, inventory
management, pokayoke, standardized work, work place
organization, and scrap reduction to reduce
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increasing customer responsiveness and improving their
product quality and also the study will give in detail
concepts of lean manufacturing systems and techniques.

manufacturing waste (Russell and Taylor, 1999). In lean
production systems attempts are made to eliminate
waste through continuous improvement of processes of
the entire value chain in the organization. Having
nurtured a lean manufacturing mindset among the
employees, it facilitates achievement of continuous
product flow through physical rearrangement and
control mechanisms. The ability to effectively bring
innovative high quality product to market rapidly has
become a hallmark of successful consumer driven
enterprise. This is very peculiar in apparel industry due
to the shortest period for product or apparel
development at the same time quality level is crucial
between the best performing industries. Since the
product development is a clearly unique environment,
the work performed across the product development is
similar and there may be a chance of getting benefit
from optimization tools and methods applied to the
manufacturing departments. This is especially true for
the tasks further downstream in the product
development process where the manufacturing
capability become essential competitive advantage. It is
possible to manage, standardize and continuously
improve the product development process as long as
there is a solid understanding of the technology, and
allowances are made for those characteristics of the
product development environment that are indeed
unique. Even the product development is unique and the
technology is unique the manufacturers are nowadays
facing intensive global competition which makes them
to beware of the recent trends and modern management
philosophy. This may lead them to a competitive
advantage in a free market system. This competitiveness
leads the manufacturers to compete in the international
market place and simultaneously improve both quality
and productivity on continual basis. By keeping the
concept of improving both quality and productivity the
management of the manufacturing units changing their
business environment with their lean production
philosophy which brings a dramatic change in the
management practices to improve the customer
satisfaction as well as the organizational effectiveness
and efficiency. This concept of lean production has been
adopted based on the demand over the wide varieties of
the product at a low price with a fast delivery. In case of
the lean production system several attempts are made to
eliminate waste through continuous improvement
process of entire value chain in the organization and also
it create a mindset among the employees, it can facilitate
the achievements of the product flow through physical
rearrangement and control mechanism. Hence the study
is focused to investigate and criticize the improvement
of
manufacturing
performance
through
lean
manufacturing system in the industry. This study may
provide manufacturers to understand the factors like
reducing production resource requirement and cost,

III. EXTENDED LEAN AND
MANUFACTURING

COOPERATIVE

A. SEWING DEPARTMENT
1) Pre-production meeting: The function of sewing
department starts with the Pre-Production meeting. Here
the Technical department hands over the Production file
to the Sewing department. In this PP meeting the
requirement and difficulties involved in making a
particular style is discussed. The target to be achieved
by the sewing department is also clearly specified.
2) Pilot-run: The Pilot-run is done to analyse the critical
steps involved with the style. During the Pilot-run the
BOM will be issued to the sewing so that the actual and
the achieved data can be compared. Pattern problem if
any is rectified at this stage.
3) Pilot study meeting: In the Pilot study meeting the
garments completed during Pilot-run is inspected and
the requirements are discussed, if the garments pass the
inspection the production starts otherwise Re-Pilot is
carried out till approval.
4) Production process: The core feature of Bannari
Amman apparels is the lean system of manufacturing
with Stand-Up mode of sewing, this manufacturing
system consists of a single piece flow, and a single
operator is trained to handle more than one machine, the
stand-up mode facilitates easy movement of operator
from one workstation to another. A “U” shaped layout is
followed; the input is on one end and the output on the
other end. There are 12 members per module; each line
is balanced with 12 operators irrespective of the style
out of which 9 operators carry out the sewing operation
with one team leader and the remaining two operators
do the checking and packing. Here checking and
packing is carried out at the end of each module. The
operators are trained with multi tasking skills. The
Modules are arranged in such a way that the
communication between operators becomes easy, so that
if any problem arises in the module it can be easily
identified and solved immediately. The input to the
modules is in the form of cartons along with the Internal
Logistics Slip. Once the sewing is over the operators
does the trimming and finishing after which it is moved
to the end line inspection. The end line inspectors will
check the garment and fill the In-line inspection report
on hourly basis. The rejection summary report is filled
by Team Leader which is handed over to the AQL
inspector from quality assurance. Based on the rejection
the Re-cut requisition slip is AQL in charge .If any extra
trims is required in case of damage or defect the
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production department will fill the Trims Requisition
Slip and forward it to RMWH directly. If the goods pass
the AQL checking the cartons will be moved to FGWH
and if the goods fail, it is send back to the modules for
rework. The Internal Logistics Slip is filled by the Team
Leader and forwarded to AQL inspectors, it contains the
detail as to whether the goods are accepted or rejected, if
any rejections occur the no. of rejections are clearly
mentioned in the slip and finally forwarded to FGWH.
Production Control Board monitors the hourly
production so that the target achieved and the actual
target to be achieved can be compared after every hour.
There are 39 modules running. There is an AQL board
which gives the details regarding AQL inspection in a
Module and a Green color is displayed if the inspection
is passed and a Red color is displayed if the inspection
fails. This is also on hourly basis.as shown in fig 1.

Single piece flow

•

Quality feedback system

•

Standardized work

•

Process flow

•

Visual control

•

Ergonomics

•

Gemba

•

Line balancing

Quick change over

y

Reduces non-value added activities

7) Ergonomics: Ergonomics is the application of
scientific information concerning humans to the design
of objects, systems and environment for human use.
Ergonomics comes into everything which involves
people. As per this principle here standing operating
system is used which is better in ergonomics than the
sitting operation. This will reduce the fatigue involved
with the stitching operation. This also includes the easy
availability of materials and piece so as to reduce the
movement of hand.
9) Suggested lean tools:
9.1 Andon Signal: The purpose of an andon signal (in
whatever form) is to bring attention to a quality or
process problem. On the Toyota production line, if an
operator has a problem, he/she pulls the andon cord to
signal that help is needed. Pulling the cord lights up an
indicator on the andon board and starts playing a
particular musical tune (the particular tune indicates the
trouble area). These indicators make it very clear that
help is needed in a particular location – the andon board
sometimes also indicates the type of help needed
(maintenance, team leader, supplier, etc.) Andon boards
can be in the form of computer screens, paper charts,
electronic boards, manual boards, etc. They often
include lights and/or sounds to communicate the status
of a process and to call for help. The underlying
principle and purpose of andon is to have an
unambiguous mechanism for continually making the
status of a particular process clear to everybody. In a
factory, the andon board is located where it can be
clearly seen (often, in many locations). For remote
locations, the andon board would typically be in a
computer, and networked to everybody who needed to
be aware of the status of the processes at that location.
As shown in fig 2.

5) List of lean techniques used in sewing department:
•

y

Fig. 1 production process in BAA
6) Benefits:
y

Effective quality feedback system

y

Problems get surfaced – error proof solution by
problem solving tool

y

Low WIP

y

Higher productivity
Fig Suggested Lean Tool for BAA
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9.2) Value Stream: The value stream is all the steps and
processes required to bring a specific product from raw
materials to finished product in the hands of the
customer. Analyzing the entire flow of a product will
almost always reveal enormous amounts of waste and
non value-added sequences. This is frequently referred
to as process reengineering. Value stream analysis will
almost always show that three types of actions are
occurring along the value stream: steps that create value;
steps that create no value but are unavoidable due to
current technologies or production methods or assets;
and steps which create no value and are avoidable—the
immediate target of opportunity, often referred to as low
hanging fruit. To become truly lean, the entire enterprise
must analyze and improve the value stream as a whole.

•

Statistical Process Control techniques for quality
consistency

•

Developing human systems to support the technical
processes

•

5 S helps to create an organized environment and
clean up the work place in order to improve safety,
efficiency and effectiveness.

•

Cellular layouts used in Lean Manufacturing
systems increases the work place efficiency and
flexibility.

•

Implementation
of
KAIZEN
(Continuous
Improvement) Tool allows the manufacturers to
focus resources and employees on continuous
improvement.

9.3) Hansei: Hansei has three elements:
•

The individual must recognize that there is a
problem – a gap between expectations and
achievement – and be open to negative feedback.

•

KANBAN maintains an orderly and efficient flow
of materials throughout the entire manufacturing
process with low inventory and work in progress.

•

The individual must voluntarily take personal
responsibility and feel deep regret.

•

•

The individual must commit to a specific course of
action to improve

The suggested LEAN tool ANDON signal will help
to create an awareness of the status of processes at
that location.

•

Value Stream Mapping helps eliminating non-value
added activities which improves the efficiency of
the enterprise as a whole.

•

HANSEI helps in objectively and critically
evaluating the project to find opportunities for
improvement.

•

New product development time reduced

Even if a project is successful, there can be still a
hansei-kai (reflection meeting) to review what went
wrong. If a manager or engineer claims that there were
not any problems with the project, they will be reminded
that “no problem is a problem” – in other words, you
haven’t objectively and critically evaluated the project
to find opportunities for improvement.
IV. CONCLUSION

V. RECOMMENDATIONS FOR FUTURE
RESEARCH

The following conclusions can be drawn from the
present study:
•

A planned Implementation of lean tools leads to
improved quality, better cash flow, increased sales,
better productivity, improved morale and higher
profits.

•

Mistake proofing freezes the time and minds of the
work force to pursue more creative and value
adding activities.

•

A standardized technique defines the most efficient
methods to produce the products using available
equipments, people and materials.

•

Just-in-time material control techniques

•

Stop-the-line to correct the problem and in-station
process control

•

Continuous improvement processes

The present work can be enhanced by the following
Ways .It would be more illuminating to conduct a
longitudinal study to understand the long-term effects
and benefits of lean in the Indian garment industry. In
addition to this, relationship with local suppliers and
how to build strong and long-term relationship should
be studied further. A meaningful recommendation that
can be put forward is that it can work for creating a level
playing field for the garment manufacturing firms, in
particular, to practice lean production systems mainly
through making arrangement for relevant training
programs and development of necessary physical
infrastructures.
•

This present study can be extended in the following
areas.

•

Method studies can be made to understand the
process efficiency
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•

Skill matrix of the Labour can be analysed

•

Down time study has to be performed to understand
the complete performance of the Lean
Manufacturing System

•

Performance report study will help the
manufacturer to understand the performance of the
labour.
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Engine Liner-Piston Ring Interface Tested
With SAE30 AND MoS2 DOPED SAE30
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Abstract - Engine liner-piston ring interface is one of the most important tribological assemblies in an automobile. The efficiency of
the engine is affected by the frictional losses taking place at the interface. In addition to this, material losses take place due to wear
leading to the rejection of the components. In order to decrease the above losses, the most influential parameters affecting the above
have to be identified and remedial solutions have to be proposed. To simulate the wear behavior, reciprocating wear tests were
performed on liner-ring samples at different experimental conditions. Three basic parameters such as load, temperature and
frequency were considered for the analysis. A three factorial design was adopted and experiments were carried out as per the
standards on the ring-liner pair with two lubricants. It was observed that liner wear is influenced by load, frequency and temperature
and their interactions. Since the ring wear was insignicant compared to that of the liner, for the analysis purpose, the mass loss of the
ring was not considered.
Keywords –Liner, Piston ring, Lubricants, Orthogonal array, Factorial design.

I.

finish of the contacting surfaces, oxide and amorphous
films on the friction and wear at the interface.

INTRODUCTION

Automobile manufacturers across the world are
striving to produce more energy efficient and
environment friendly vehicles. The stringent
international standards relating to the emissions from
automobiles insist that the performance of the engine
needs to be improved. One of the methods to achieve
this is to reduce the power losses due to friction in the
engine. Most of the friction related power losses occur
at the cylinder liner/piston/piston ring.

Tribological transitions can be induced by imposed
changes in operating conditions or when the system
ages. This may occur naturally, without any external
intervention. The time needed to reach a steady rate of
wear and that to achieve a steady-state of friction may
not necessarily be equal. This was established by Peter
J. Blau[3] by conducting a series of block on ring sliding
friction and wear experiments by using two different
block materials viz. steel and copper on AISI 52100
bearing steel rings.

A qualitative empirical model that accounts for the
evolution of the cylinder running surface in terms
interfaces. This is one of the most important tribological
assemblies in a reciprocating internal combustion
engine. Tribology of this contact is governed by surface
roughness, lubrication regime and a host of other
phenomena. Reductions in frictional losses will lead to a
threefold improvement in fuel economy as it will reduce
both the exhaust and cooling losses also at the same
ratio.

The studies on the influence of surface roughness
on the wear of piston-piston ring-cylinder assemblies
under artificially increased dustiness conditions were
carried out by P. Pawlus[1].It was found that initial
cylinder surface topography and the distance between
the valleys affected the wear during running-in.
A qualitative empirical model that accounts for the
evolution of the cylinder running surface in terms of
composition and texture changes was developed by
Becker and Ludema[2]. This model was used to
determine the relative importance of the many variables
that can influence the wear, including contributions
from lubricant chemistry, material properties, and
mechanical loading. The work carried out by Rajesh

The contact formed by the piston rings and cylinder
liner have attracted attention of many researchers as
evidenced by the large number of publications over the
last few decades. The focus areas included the influence
of operating parameters, lubricant additives, surface
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The selection of design parameters and their levels
effectively reflects the response conditions. In addition,
parameter levels should be selected as wide as possible
to ensure stability in parameter design[15]. Proper
orthogonal array should be selected for the designed
experiments. Orthogonal array approach uses fractional
factorial method which is widely used in DOE in order
to minimize amount of experimental data and gives the
same result as of full set of experiments. Thus Fractional
three factorial design is considered and the factors taken
into account in this study were Load, temperature and
frequency. Wear and coefficient of friction are the
responses considered. The above factors were tested at 3
levels i.e. at high (1), medium (0) and low (-1) resulting
in one third of 33 runs as shown in the Table 1.
Experiments are carried out with (a) SAE 30 and (b)
SAE 30 doped with MOS2 using standard order.

Kumar et. al. [7] reported that the wear rate increased
with increasing roughness though the final roughness of
all specimens reached the same values. The tests were
based on a factorial design of experiments. The
variables selected were the load, temperature and
surface roughness. The steady-state wear was found to
be significantly influenced by the initial roughness.
Another observation was the decrease in wear rate with
increase in temperature. Gara et. al [10] proposed a new
replication method for evaluating wear and surface
roughness on a cylinder liner, where measurements were
made at different locations on the cylinder liner before
and after each test. Results showed that average surface
roughness decreased with time and the rate of decrease
was higher during the run-in period. The rate of
decrease of cylinder bore surface roughness with time
compared well with experimental results obtained by
other researchers. The friction and wear behavior of
various piston ring and cylinder liner materials were
studied with realistic engine oils by John J. Truhan et.
al.[5]. The extent of wear was measured by weight loss,
wear volume and wear depth using a geometric model
that takes into account compound curvatures before and
after testing. It was reported that wear volume by weight
loss compared well with profilometry. Laboratory test
results were compared to engine wear rates. The relative
liner wear rate obtained in laboratory test was much
higher than encountered in the engine.

III. MATERIALS
The cylinder sleeve segments used for study were
cut into 9 equal parts from 115mm diameter of cast iron
cylinder sleeve with each part of 41.1×30×4.4 mm.
Similarly the piston ring segments were cut into 9 equal
parts from a 115mm diameter ring with each sample of
40 degrees profile angle. Chromium coated piston ring
segments were used for this study. Both the sleeve and
ring were cut by wire cut process. The surface of the
sleeve segments was as honed with 120° honing angle
and cleaned with acetone. Two kinds of lubricants were
employed for conducting the experimental runs of ring
on liner. These were (a) Base oil, (b) Base oil doped
with MoS2.

The effect of lubricating oil condition on the
friction and wear of piston ring and cylinder liner
materials in a reciprocating bench test were investigated
by John J. Truhan et. al.[6] using a Cameron-Plint T-77
high-frequency test rig. The results of the accelerated
ring and liner wear tests performed were compared to
that in an engine without changing the basic wear
mechanisms. The soot and particulate contents have a
major effect on wear of the cast iron flat as compared to
the ring. The anti-wear performance of ZDDPs in a
boundary lubrication condition was studied by H. So
and R.C. Lin[9]. The wear was reported to be affected
by temperature as well as normal pressure acting on the
rubbing surfaces. The combination of the lay directions,
roughness and the relative hardness of the rubbing pair
also affected the performance of anti-wear additives.
II.

IV. EXPERIMENTAL EQUIPMENT AND
SPECIMEN PREPARATION
All the experiments were conducted according to
the standards of ASTM G181-11. Proper care and
necessary precautions were taken during the experiment.
A. Description of Equipment
Wear tests on cylinder sleeve were performed using
high frequency reciprocating wear testing machine. The
machine is equipped with data acquisition and control
systems. The machine is provided with facility for
setting the load, temperature, frequency and duration of
the test. It is provided with a provision for wear depth
measurement using LVRT.

DESIGN OF EXPERIMENT

To evaluate the effects of several parameters at a
time on the performance, the experiments are to be
designed using Design of experiments (DOE).
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TABLE 1: EXPERIMENTAL RUNS WITH BASE OIL
AND BASE OIL DOPED WITH MOLYBDENUM
DISULPHIDE
Factors

Load

F1

TABLE 2: EXPERIMENTAL DESIGN (L9 OA) AND
RESULTS

Frequency

-1

Tempera
ture
-1

F2

-1

0

0

F3

-1

1

1

F4

0

-1

0

F5

0

0

1

F6

0

1

-1

F7

1

-1

0

V. PROCEDURE

F8

1

0

1

F9

1

1

-1

There are several parameters that can affect the
wear. Load, temperature and frequency are the three
main parameters which are considered for the wear tests
and the following parameters were varied accordingly
depending on the runs. Here the gray cast iron liner was
made to wear against Cr coated CI ring under lubricated
conditions. The process parameters and their working
ranges are given as in Table 3. Initial mass of the
specimens were measured. Ring and liner specimens
were mounted in respective holders and verified for the
proper alignment. Load, temperature of Lubricant and
speed were adjusted according to the experimental
design. The actual tests of 9 runs were conducted for 2
hrs with one set of experiments under SAE 30 and other
set with SAE 30 doped with 81ppm molybdenum
disulphide.

-1

B. Ring Specimen
The ring specimen is prepared by wire cut from a
production piston ring of 115 mm diameter. Each ring
specimen is cut at 40 degrees central angle. The ring is
Cr coated cast iron production piece. Proper care was
taken in order to clamp the ring in its specific holder in
order to avoid loosening during sliding.
C. Cylinder Bore Specimen
The specimen of cylinder bore is of cut section of
production finished 115 mm diameter cylinder bore. The
cylinder bore specimen is a cut section. Proper holders
are provided in order to mount the bore specimen in a
lubricant container.

TABLE 3: PARAMETERS
Parameter

Range

D. Specimen Fixturing

Load

100-150N

The ring specimen was fixed in a specimen holder
which is screwed on to the reciprocating arm provided
in the setup. The bottom specimen was fixed in the
specimen holder which is placed in a container filled
with a lubricant.

Temperature

100-200°C

E.

Frequency
Duration

10-14Hz
2 hrs

After completing the test the specimens were
allowed to cool with the load removed. Specimens were
removed, cleaned thoroughly in acetone and were dried.
Final mass of the specimen was measured and the wear
volume of the specimen was calculated by mass loss
method. The coefficient of friction and wear volume
were the responses whose behavior is mainly dependant
on external parameters.

Lubricants

Two grades of lubricants were used and these were
(a) SAE 30 with viscosity index of 97 and with flash
point of 252°C and (b) SAE 30 doped with
Molybdenum disulphide (MoS2. Studies have shown
different friction and wear results with different oil
grades and thus the above two different oil grades are
used in testing to analyze the wear behavior of the bore
and ring specimens.
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When the experiments are carried out with SAE30
doped with MoS2, wear is more at the medium levels of
the parameters and the coefficient of friction is least at
the medium levels. No parameters is significance at
α=0.1 but at α=0.5, temperature is the significant
parameter effecting wear and frequency is significant
effecting coefficient of friction. Using the data given in
Table 2, the MINITAB-statistical software has been
employed to analyze the experimental findings.
Following linear regression models for wear and
coefficient of friction have been evolved:
Regression model for the experiments tested under
SAE30:
Wear = - 0.00751 + 0.000044L - 0.000021T + 0.000517
F
(1)
Coefficient of friction = - 0.053 + 0.000474 L 0.000120 T + 0.0122 F (2)
Regression model for the experiments tested under
SAE30 doped with MoS2:

Figure1. Main effect plots of wear volume tested under (a) SAE30 (b)
SAE30 doped with MoS2

Wear = 0.64 - 0.00079 L - 0.00298 T - 0.0000 F (3)
Coefficient of friction = 0.198 - 0.000066 L + 0.000037
T - 0.00392 F (4)
The variance ratio (F) is more than the standard
value of F(=6.39) at 95% confidence interval (α=0.05)
[18]. The variance ratio (F) value is used to measure the
significance of the regression. The equations (1)-(4) are
used to predict the responses. The contour plots shown
in the figure 3 and 4, gives the intensities of wear and
coefficient of friction at different load and frequency
conditions

Figure 2. Main effect plots of coefficient of friction
tested under (a) SAE30 (b) SAE30 doped with MoS2
VI. RESULTS AND DISCUSSIONS
As per the main effect plots shown in the figure 1
and figure 2,when the experiments are carried out with
SAE30, wear of the cylinder sleeve increases as the load
and frequency increases and decreases with increase in
temperature. None of the parameters show significance
on the wear and coefficient of friction of liner tested
under SAE30 at α=0.1, where as for α=0.3, load and
frequency are the significant parameters on wear and
frequency is the significant parameter on coefficient of
friction.

Figure 3. Contour plots of wear volume tested under (a)
SAE30 (b) SAE30 doped with MoS2
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VII. CONCLUSION
From the experiments conducted it can be
concluded that in both doped as well as pure SAE 30 the
major influencing parameter is the load. For oil without
any additive, it can be observed that there exist an
interaction between load and frequency. The reasons for
the influence of load on final wear loss can be
established only after performing the characterization of
the samples. Studies related to this as well as replication
of the experiments have to be performed for establishing
the influence of the operating parameters.
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Abstract - The natural gas coming out of ores is highly contaminated with sand particles. For further processing of natural gas it is
necessary to have contamination free gas. So the air filters are used to clean the gas. Sand contamination can not only wreck the
pumps but erode the pipeline so filters have to be installed to exclude the sand from the gas. The filtration of gas in industries is
essential for enhancing longevity and performance of processing line components. This paper investigate the deformation and
equivalent von-mises stresses of filter plate assembly with changing various patterns of filter tube hole with nonlinear static
structural analysis.
Keywords: Finite Element Analysis [FEA], Non-linear static structure analysis, Filter Sheet Assembly.

I.

Besides, the environment around a refinery is extremely
hazardous since the possibility of an explosion is always
imminent. Thus, efficient functioning of filter sheet
assembly is extremely critical to a refinery.

INTRODUCTION

An air filter is a device used to decontaminate air
that contains suspended impurities. A major application
is in form of filtration of natural gases in petrochemical
industries. Air filters are generally simple in concept yet
they are technically complicated devices. The filter
helps to mitigate the health effects of such gas
contaminants by improving the quality of air or protects
air handling equipment or costly systems like gas
turbine compressors.[1]

The industries require to design and analyze the
filter assembly.[2]
Fig 1 shows an existing filter unit used in oil
refinery. Filter candles have been developed to provide
optimal filtration performance combined with excellent
flow pressure loss characteristics, mechanical strength
and corrosion resistance. The candles can be configured
as plain cylindrical or pleated elements in lengths up to
3m. Pulsed jet reverse cleaning can be carried out in-situ
without interrupting forward flow and the filters have
integral ventures to optimize performance. Filter candles
can be supplied fully welded, screwed or flanged and
bolted to a tube sheet. The connection provides a high
integrity gasketed and threaded joint, enabling elements
of filters to be easily assembled to the tube sheet.
Support plates are fitted to the base of the tube sheet to
provide lateral support and prevent element vibration.
Tube sheet assemblies can be supplied to retrofit
existing applications for relevant pressure vessel
codes.[2]
II. NEED OF ANALYSIS
In industry the component produced may be of
different sizes, from flat plates of very simple shape to
complex 3 dimensional solid bodies. During operation
they may be subjected to various types of applied
loading conditions which include centrifugal force,

The function of the filter sheet assembly is to
prevent the leakage of natural gas under all
circumstances since it is a highly inflammable gas.
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pressure and temperature loading and prescribed
boundary conditions. With rising cost of material over
design, the resultant wastage may be extremely costly.
Failure of component during service may produce a high
service return rate, which is extremely undesirable both
from high replacement cost and damage to the prestige
of product. So stress analysis at the design stage is
essential, if service failures are to be avoided and near
optimum designs are to be achieved for specified
operating conditions.

C. Material Nonlinearities: Nonlinear stress-strain
relationships are a common cause of nonlinear
structural behavior. Many factors can influence a
material's stress-strain properties environmental

III. SCOPE OF PROJECT
This project aims at design and analysis of the
proposed model of the filter sheet assembly to find out
stress and deflection in its various components using
FEA and then optimizing the weight and shape of the
filter sheet using iterative FEA. The complete project
runs through the following steps:
i.

Study of components of existing filter sheet
assembly.

ii.

Study of pressures of various working conditions
coming on filter sheet assembly.

iii.

Understanding the design of filter sheet.

iv.

FEA of existing filter sheet and assembly. From the
nonlinear static structural analysis of existing filter
sheet and assembly the area of maximum and
minimum stress have been located.

Part
No

Weight and shape optimization of filter sheet of
proposed filter sheet assembly by iterative finite
element analysis.

2

v.

vi.

conditions, and the amount of time that a load is
applied.[4]
V. DETAILS OF FILTER SHEET ASSEMBLY

1

3

Comparison of the basic design and the optimized
model for conditions of filtering capacity, safety,
cost.

4
5

III. TYPES OF NONLINEARITIES

6

Nonlinear structural behavior arises from a number
of causes, which can be grouped into three principal
categories:

Descrip
tion
Base
Support
Gasket
Plate
Sq
Gasket
Filter
Plate
Packing
Plate
Top
Support

Materia
l
SA 516
Gr.70
SS 304
L
EPDM
rubber

Size[mm
]

Qt
y

50 thk

1

12 thk

1

Sq 8 x 8

1

SA 240

40 thk

1

40 thk

4

40 thk

4

SS 304
L
SA 516
Gr.70

Table 1: Details of Filter Sheet
VI. MODELLING

A. Contact Nonlinearities: Situations in which contact
occurs are common to many different nonlinear
applications. Contact forms a distinctive and
important subset to the category of changing-status
nonlinearities.[4]

Figure 3 shows the 3-D model of filter sheet
assembly. It is created in modeling software CATIA
then exported to ANSYS Workbench, which is required
for the purpose of further analysis. ANSYS Workbench
provides a highly integrated

B. Geometric Nonlinearities: If a structure experiences
large deformations, its changing geometric
configuration can cause the structure to respond
nonlinearly.[4]
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IX. BOUNDARY CONDITION
The boundary conditions can be shown in Figure 5.

engineering simulation platform, supports multi-physics
engineering solutions and provides bi-directional
parametric associativity with most available CAD
systems.

Figure 5: Loads and constraints on the Filter Sheet
Assembly

VII. MESHING
The filter sheet assembly model is meshed with 10
node tetrahedron SOLID186 element. It is a higher order
3-D 10-node solid element that exhibits quadratic
displacement behavior. The element is defined by 10
nodes having three degrees of freedom per node:
translations in the nodal x, y, and z directions. The
element

i.

The outer edges of assembly is fixed as shown in
Figure 5

ii.

The Hydrostaatic pressure of 0.175 Mpa can be
applied on filter plate.

iii.

Also considering the standard Earth Gravity of
9.806m/s2

iv.
X. RESULTS AND DISCUSSION
After giving the solution, the problem is being
solved in ANSYS by giving the number of sub steps for
non linearity. The solution in ANSYS is taking at
different conditions Case A: By considering only
hydrostatic test pressure Max Stress: 37.651 Mpa
Figure 4: Fine Meshed Model Of Filter Sheet
Assembly
supports plasticity, hyper elasticity, creep, stress
stiffening, large deflection, and large strain capabilities.
It also has mixed formulation capability for simulating
deformations of nearly incompressible elasto - plastic
materials, and fully incompressible hyper elastic
materials. [7], [8]
VIII.WORKING CONDITIONS
Working Pressure = 0.07 Mpa
Hydrostatic test pressure = 2.5 * working pressure
Hydro test Pressure = 2.5*0.07= 0.175 Mpa
Blow back pressure

Figure 6: Von-Mises Stress Plot

Back Pressure = 0.08 Mpa + Self Weight
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Figure 8: Types of Pitcch Patterns

Fig
gure 7: Total Deformation
D
Pllot
Max Deformattions: 0.1205 mm
m
Case B: By considering
c
hyydrostatic test pressure with
standard earth gravity.
7.955 Mpa
Max Stress: 37
Max Deformattions: 0.11829 mm
Case C: By co
onsidering onlyy back pressuree.
Max Stress: 17
7.078 Mpa

Grap
ph 2 : No of ellements Vs voon-mises Stress

Max Deformattions: 0.0560222 mm
Case D: By considering baack pressure with
w
standard
earth gravity.
7.691 Mpa
Max Stress: 17
Max Deformattions: 0.0580744 mm

Element Size
[mm]

No of
Element

Deformation
[mm]

0

0

0

Von-Mises
Stress
[Mpa]
0

14

199736

0.11836

34.081

15

165034

0.11829

37.955

16

138313

0.11815

32.304

Graaph 1 : No of eelements Vs vo
on-mises Stresss

Thee von-mises strress and total deformation can
c be
seen in Figure 7 andd Figure 8 resspectively. Taable 2
he von-mises stress and Tootal Deformatiion of
shows th
Filter Plate
P
Assemblyy in Case B at elementt size
14mm,15mm,16mm.A
And Graph 1 shows the No
N of
Elementt Vs Von-misees stress in Caase B. In that graph
the eleement size 15mm gives the peak value
(37.955M
Mpa) of stress.

Table 2: Stress and Defo
formation of Filter
F
plate

r
in table 2 it is found
As seeen from the result
that the maxim
mum stress (37.955 Mpa) is in
n Case B. The
analysis can be
b done at element size 15
5 mm (No off
element=1650034). So considdering the Casee B for further
analysis.

It is
i observed from the annalysis of all the
componeents of propossed filter sheeet assembly thaat the
stresses in the componnents are much less than theirr yield
strengths. Thus it cann be concludedd that the propposed
o filter sheet assembly is an overdesignn, and
design of
there is a scope for optimization to achieve weight
w

International Conference on Advvanced Research in Mechanical Engineeering (ICARME-20122), 13th May, 2012, TRIVENDUM,
T
ISBN : 978-93-81693-59-99

100

FEA based
d Hydro Test sim
mulation of Pressure Vessel Filteer

reduction by cutting dow
wn certain poortion of the
geometry.

So further analyysis can be done by chaanging
differentt pitch patternss. As shown inn Figure 8 therre are
four typpes of pitch paatterns availabble for optimizze the
filter sh
heet. This mayy be noted as the pattern on
o the
existing filter sheet asssembly as welll. However, heere the
t be
distance between thee two candlees is taken to
minimum
m 150 mm; as specified
d in the propposed
drawing. The new patttern now acco
ommodate diffferent
i the
no of candles. The ddetailed analyssis is shown in
Table 3.
SULT TABLE
E
XI. RES
Thee results cominng from doing the
t various anaalysis
by changging the pitch ppattern can be tabulated in Taable 3

.
Meshing
Type

Fig
gure 8: Types of
o Pitch Patternns
Pattern
Elemen
nt
Size[mm
m]
Angle[°]
orginal
30

TetraHedron

45
60

15

No Of
Elem
ment
1650034

Deformation[
m
mm]
0.11829

1661101

0.11205

34.306

200

1628896

0.12218

35.658

233

1560037

0.12337

30.228

300

V
Von-Mises Streess
[M
Mpa]
37.955

No Of
dles
Cand
211

1572224
0.12943
90
35.886
Table 3 : Stress,Deeformation,No of candles of Filter plate asssembly after chhanging the pitcch pattern
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Abstract - The objective of the IPV (Inclined Pressure Vessel) is to have large scale production of Nitrous Oxide. Specifically
Nitrous Oxide is obtained by “ammonium nitrate pyrolysis synthesis”. It is exothermic reaction occurring at around 200 deg C.
Ammonium nitrate is a moderately sensitive, explosive and a very powerful oxidizer. Above 240 deg C, the nitrate can even
detonate. Hence, it is imperative to maintain temp below 240 deg C .The rate of the reaction and its temperature is controlled by the
inclination of the vessel. From a design point of view, we can categorize the challenges as, temperature is to be maintained around
200 Deg C, which can cause considerable thermal stresses and inclined nature of vessel.
Keywords- Pyrolysis , Stress analysis, IPV ( Inclined pressure vessel),Thermal Stresses.

I.

II. NITROUS OXIDE PRODUCTION

INTRODUCTION

Specifically Nitrous Oxide is obtained
“ammonium nitrate pyrolysis synthesis” as,

Design engineers must use their experience and the
latest design tools to maintain reasonable safety levels
while providing the most cost effective design. One tool
being used on an ever increasing basis is Finite Element
(FE) analysis software. Pressure vessel design engineers
must have a reasonable understanding of FE
fundamentals to adequately use this design tool. The
engineer must determine the most appropriate modeling
approach; select the proper elements and solution
technique to assure a reasonable analysis. Pressure
vessels are used for storage, transportation and
application of energy and fluids and also for carrying
out reactions and many other purposes. Hence design of
pressure vessel is very important issue and is attracting
many designers for making research on the same
subject. The fluid inside the vessel may undergo a
change in state as in the case of steam boilers, or may
combine with other reagents as in the case of a chemical
reactor. A Chemical reaction is a process that results in
the conversion of chemical substances. The substance or
substances initially involved in a chemical reaction are
called reactants. These reactants are characterized by a
chemical change and they yield one or more products.
These products are generally different from the original
reactants. Chemical reactions may be of different nature
depending on the type of reactants, type of product
desired, conditions and time of the reaction.

by

NH4NO3 (s) → 2 H2O (g) + N2O (g)
The rate of the reaction and its temperature is controlled
by the inclination of the vessel. At lower inclinations
(Closer to horizontal) the reaction will progress rapidly,
as the steam will spread more and expose to more
surface area of ammonium nitrate. As the inclination
will increase, the steam will rise rapidly and escape to
top chamber, causing the rate of reaction to reduce thus
in effect, the inclination will control the rate of reaction,
which is an exothermic reaction. This in turn will
control the temperature of the reaction. Hence the
temperature will be mostly maintained below 2000C.
This reduces the cost of control, plus rate of reaction can
be controlled without hampering the process.
III. CONSTRUCTION
It consists of oblique elongated inclined reactor.
The vessel is closed at both the ends by conventional
heads with openings for steam inlet and outlet. Lower
end is provided with furnace to supply steam which is
circulated around the ammonium nitrate through steam
pipe. Ammonium Nitrate receives the heat from steam
pipe and undergoes pyrolysis, forming water vapors and

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

102

Finite Element Analysis of Inclined Pressure Vessel Using Elastic Stress Method

imposed by the Code for the material from which the
vessel is to be fabricated. The designer may specify any
manner by which to determine the stresses in the vessel
under load, so long as use of the methodologies
employed.

nitrous oxide gas which are collected and separated out
from upper end.
IV. IPV DESIGN FEATURES
In Horizontal Vessels the key challenge is the
bending that will occur at the center. In such a case the
vessel, behaves more like a beam supported at two ends
with central bending. In Vertical Vessel the key
challenges is the bending that will occur at base due to
wind load. In such a case the vessel will behave more
like a cantilever beam supported at the base. In Inclined
Vessels, both Wind deflection and Central Deflection
has to be considered, Plus we need to account for the
temperature based stresses. In addition the internal
weights in the system will be a function of the angle of
inclination which will have to be considered. Steam
temperature varies with inclination, so performance
should be verified at various off-design cases. Loadings
or forces are the “causes” of stresses in pressure vessels.
These forces and moments must be isolated both to
determine where they apply to the vessel and when they
apply to a vessel. Categories of loadings define where
these forces are applied. Loadings may be applied over a
large portion (general area) of the vessel or over a local
area of the vessel. Remember both general and local
loads can produce membrane and bending stresses.
These stresses are additive and define the overall state of
stress in the vessel or component. Stresses from local
loads must be added to stresses from general loadings.
These combined stresses are then compared to an
allowable stress.

In general there exist three basic groups of stress
analysis methods:
•

Classical

•

Experimental

•

Computer Programs

(1) Classical Methods: Classical methods are defined as
those works based on continuum mechanics and as
particularly applied to shell and plate theory, thin and
thick pressure vessels that are exemplified by the design
by formulae method.
(2) Experimental Methods: Experimental methods are
defined as means of determining stresses using strains
and/or displacements measured on the actual structure or
model of the structure. Experimental procedures are
acceptable methods for determining the stress conditions
in areas where classical methods are not available.
Further, by the proper use of model techniques,
experimental methods may be used for the complete
stress analysis of the entire vessel. If modeling
techniques are employed, a one to one correlation
between the model behavior and the actual vessel under
the anticipated loadings must be established and form a
conspicuous part of the method justification. Besides the
comprehensive bibliography of books dealing with
experimental methods, the designer should be aware of
newly developing experimental procedures as presented
by the publication,’ Experimental Mechanics’, the
monthly Journal of the Society for Experimental Stress
Analysis.

The stresses due to pressure and wind are primary
membrane stresses. These stresses should be limited to
the code allowable. These stresses would cause the
bursting or collapse of the vessel if allowed to reach an
unacceptably high level. On the other hand, the stresses
from the inward radial load could be either a primary
local stress or secondary stress. It is a primary local
stress if it is produced from an unrelenting load or a
secondary stress if produced by a relenting load. Either
stress may cause local deformation but will not in and of
itself cause the vessel to fail. If it is a primary stress, the
stress will be redistributed; if it is a secondary stress, the
load will relax once slight deformation occurs.

(3) Computer Programs: Computer Programs are tools
allowing either numerical solutions of classical
methodology or a nodal analysis of the actual structure
approximated by a network of "finite elements."
Computer codes have been written which allow the
solution of heretofore "unsolvable" problems. To a great
extent, the development of computer technology has
allowed the implementation of the concept of design by
analysis which forms the basis of Section VIII, Division
2. Pressure vessels, for the most part, are complicated
structures and detailed stress analyses using classical
methods require long and tedious calculations. For
certain geometric configurations, there exist no
"classical" methods of solution. During the last decade
literally thousands of computer programs have been
written to carry out hundreds of different types of
analysis. In the area of shell analysis alone, there are

V. METHODS OF DETERMINING STRESSES
The basic intent of design by analysis (DBA)is to
determine the stress conditions in a pressure vessel
under load for each load condition for the vessel's entire
operational life. In order to meet the intent and
specifications of Section VIII, Division 2, the designer
must carry out a sufficiently detailed stress analysis of
the vessel to show compliance with the stress limitations
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probably close to 1000 programs that are in use. Finally,
the designer is again cautioned that justification of the
use of a certain program to carry out the required design
analysis remains the burden of the designer. If the
program is a well known and well used one such
justification may simply be a detailed description of the
model geometry, input loads and boundary conditions
applied. In other cases, the justification may require full
documentation of the program and examples of analyses
carried out by the use of the program that can be easily
checked by "classical" analysis, "exact" analysis, or data
existing in the literature.

Material

Structural steel

Modulus of Elasticity in Mpa

2e5

Poisson's Ratio

0.3

3

Density Kg/m

7850

Tensile Yield Strength Mpa

250

Tensile Ultimate Steel Mpa

460

MODELING
Modeling of the pressure vessel was done using
CATIA V5R17 software. Later on to model was
imported to ANSYS 13 where symmetric model was
prepared, then accordingly vessel was tilted to required
inclinations.

VI. STRESS ANALYSIS OF IPV
In dealing with the various modes of failure, the
designer must have at his disposal a picture of the state
of stress in the various parts. It is against these failure
modes that the designer must compare and interpret
stress values. But setting allowable stresses is not
enough! For elastic instability one must consider
geometry, stiffness, and the properties of the material.
Material selection is a major consideration when related
to the type of service. Design details and fabrication
methods are as important as “allowable stress” in design
of vessels for cyclic service. The designer and all those
persons who ultimately affect the design must have a
clear picture of the conditions under which the vessel
will operate.

MESHING
Once the geometry of the object to be analyzed is
defined, the first task is to select the type of element that
is to be employed. For most pressure vessel analyses,
the element selection is made from three categories of
elements: axisymmetric solid elements, shell/plate
elements and 3-D brick elements. The higher order
hexahedron element was used for meshing. The element
is defined by twenty nodes.

This investigation primarily deals with the probable
causes of in-service damage of IPV with approximate
estimation of stresses. The design temperature and
pressure of vessel 1490C and 1.38Mpa, respectively.
There were four numbers of openings, Viz.entry and
exit of steam, Exit of Nitrous oxide and drain. The
vessel thickness was around 9.6mm, length 1275mm;
inner diameter304.8mm.Stress analysis was carried out
by finite element method using ANSYS 13.0 code. Both
the ASME (2007) code and the EN
13445-3 (2002) code regulate that the safety coefficient
is 2.4 and thus the design stress strength is Sm=min
(460/2.4, 250/1.5)=166.66MPa.

Fig.1 : Meshing

MATERIAL SELECTION

BOUNDARY CONDITIONS

Usually material in pressure vessel technology are
ductile, the plastic flow does not necessarily restricts the
usability. Limited plastic flow in testing and in normal
operating load cases is admissible, even if it may occur
repeatedly; it is taken into account in constitutive laws
of material models. Because of plastic flow DBA is
restricted to sufficiently ductile materials at operating
temperature below creep region. It is responsibility of
manufacturer to decide load cases and combination of
load cases.

The whole vessel is supported on two saddle
supports. One saddle is a fixed saddle while the other is
an inclined type saddle. The upper saddle was fixed
while to the lower saddle cylindrical support was
provided.
LOADINGS
The vessel was analyzed for internal pressure 1.38
Mpa, plus Thermal loads from steam at1490C plus Self
Weight.
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VII. FEA RESULTS

Fig.2 Temperature Distribution
Fig.4 Total deformatiom,mm
.

Fig.3 Equivalent Von-Mise Stress,Mpa
RESULT TABLE

Inclination,
Degree

Eqivalent
Von-Mises
Stress,Mpa

Total
Maximum
Deformation
,mm

Load on
lower
saddle,N

Load on
Upper
saddle,N

Linearised
membrane
stress,Mpa

Linearised
bending
stress,Mpa

Linearised
combined
membrane
and
bending
stress,Mpa

Nodes

Elements

0

123.45

1.7265

4251

4250.3

21.8

16.14

34.47

371000

91103

4

130.12

1.7368

4299.6

4239.8

21.1

30.12

50.45

365123

90236

8

134.49

1.7534

4347.9

4230.1

21.16

60.39

80.88

364213

93125

12

150.82

1.7665

4453.2

4260.7

25.8

70.15

75.8

374256

94563

16

174.97

1.7725

4520.8

4277.8

30.63

84.2

113.8

375136

95145

20

190.18

1.7892

4789.5

4326.5

34.5

89.5

123.5

375812

95200

24

212.91

1.8091

4992.8

4416.6

37.3

94.16

129.8

371365

92428

28

225.26

1.8564

5002.3

4569.8

40.3

110.7

150.3

370152

90832

32

240.32

1.8917

5190.9

4689.6

46.24

121

166.4

375180

94471

.
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GRAPHS

Fig.8 : Stress Linearization

Fig.5 : Inclination Vs Equivalent Von-Mises Stress,
Mpa.

VII. DISCUSSION AND CONCLUSIONS
From above analysis it was observed that maximum
equivalent von-mises stress observed was about
240.32Mpa around upper saddle base edge for 320
inclination. It was a concentrated stress which was
categorized to primary membrane stress, bending stress,
membrane plus bending stress. The linearized combined
membrane plus bending stress is about 166.4Mpa.,it is
less than allowable limits .so failure will not be
observed in this condition.
As angle of inclination increases the equivalent
Von-Mises and total deformation values are increasing.
For horizontal vessel maximum equivalent stress was
observed to be around nozzle and vessel intersection but
as vessel is tilted, the maximum stress was observed to
concentrated around upper saddle base edge. Here
allowable stresses are calculated for horizontal vessel
i.e. design by formulae method and its results are
utilized to check stresses in the inclined vessel. From
fig.6 and 8 it is evident that stress linearization paths are
same for single case compared with all the cases. For
inclinations greater than 320, the graphs are generalized
by curve fitting method.

Fig.6 : Inclination Vs combined Stress,Mpa.
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Abstract - Metal blanking is a widely used process in high volume production of sheet metal components. Blanking consists of a
metal forming operation characterized by complete material separation. Low carbon steel is a very common material used in
fabrication of sheet metal components. The experimental studies were conducted under varying sheet thickness, clearance and wear
radius. Taguchi quality design concept of L27 orthogonal array has been used to determine main effect, signal to noise ratio (S/N) ,
analysis of variance (ANOVA) for determining most significant parameters affecting the blanking process. This paper presents a
study in which an attempt has been made to improve the quality characteristic of blanking process of low carbon steel sheet by
optimizing blanking process parameters using the Taguchi Method.
Keywords - Blanking; Taguchi method; ANOVA.

I.

INTRODUCTION

II. LITERATURE REVIEW

A blanking operation consists in cutting a sheet by
subjecting it to shear stresses. The shearing process
develops between a punch and a die and leads to the
total rupture of the sheet. Blanking process is widely
used in the manufacturing of small components such as
electronic and electrical connectors for automotive or
telecommunication industries. In these high productivity
industries the components are obtained using high stroke
rates.

Many methods are used to study the blanking
process to achieve the optimal combination of its
parameters. This consist of Finite Element Method
[1,2,5,10,11,12]; Design of Experiment [2,7]; Analytical
approaches [7,8]; and Neural Networks Modeling [4,5].
Literature shows that the mechanical characteristics of
the blanking process and the geometrical aspect of the
sheared edge are affected by different parameters. These
parameters include clearance, wear state of the tool, tool
radii and geometry, thickness of the sheet, blank
geometry, or layout, material prosperities such as
hardness and ductility, friction, tools surface finish or
lubricant type, sheet metal coating, and stroke rate or
blanking speed [1,2,5,7,11].

Various experimental studies carried out to find out
which parameters influence more. The optimal
parameter choice is crucial: to avoid additional
operations such as removal of burrs to improve the
geometrical quality of the sheared edge, to increase the
fatigue life of the parts in service and to increase the
fatigue life of the tool [1].

Klingenberg and Singh [8] have compared the two
existing analytical models of blanking and proposed a
new model. Much research is done on impact of
clearance on blanking process. This concern about the
clearance is because the structure of the blanked
surfaces is influenced by both the tooling (clearance and
tool geometry) and the properties of the work piece
material (blank thickness, mechanical properties,
microstructure, etc.). The selection of the clearance
influences the life of the die or punch, the blanking
force, the unloading force and the dimensional precision
[12]. Hambli and Guerin [5] have developed a

The clearance, the tool wear state and the sheet
thickness are the major factors that determine the shape
and the quality of the workpiece. Blanking has a large
number of inputs. Each of these inputs has an associated
variation that leads to variations in the final part [1]
A more effective method of controlling the output is
to understand the input variation more thoroughly and to
account for this in defining the operating point that
ensures robustness with respect to this identified
variation.
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(tool wear, sheet dislocation, use of lubricants and
surface quality). The compound effect of the process
parameters mentioned above and the physical
phenomena involved will determine the final blank
structure and quality of the blanked surface.
Experimental studies have shown that the clearance
between punch and die is one of the most important
parameters in determining quality of the
blanked
surface. Small clearance values cause the cracks
originating from the tool edges to miss each other
producing a jagged edge midway in the blank thickness.

methodology to obtain the optimum punch–die
clearance for a given sheet material by the simulation of
the blanking process. Fang et al. [12] investigated the
punch–die clearance values for a given sheet material
and the thickness are optimized by using a finite element
technique in which the shearing mechanism was studied
by simulating the blanking operation. Maiti et al. [3]
analyzed the blanking of thin sheet of mild steel using
an elastic plastic finite element analysis based on the
incremental theory of plasticity. The study has helped to
evaluate the influence of tool clearance, friction, sheet
thickness, punch/die size, and blanking layout on the
sheet deformation. Hambli et al. [7] investigated the
blanking process using tools with four different wear
states and four different clearances and studied the
effects of the interaction between the clearances, the
wear state of the tool and the sheet metal thickness on
the evolution of the blanking force and the geometry of
the sheared profile.

In this paper, Taguchi method is used to determine
the blanking process parameters with optimal burr
height. This is because the Taguchi method is a
systematic application of design & analysis of
experiments for the purpose of designing & improving
the quality at the design stage. In recent years, the
Taguchi method has become a powerful tool for
improving productivity during research & development
so that high quality products can be produced quickly
and at low cost.

A review of the literature on the blanking process
shows that while a large number of analytical techniques
have been used to study the process, the amount of
theoretical and practical work done is relatively
insufficient and thus further investigation is still needed.
One reason for this may be the difficulty of simulating
the shearing process because of the narrowness of the
shear band formed and the lack of an appropriate
fracture criterion. The most recent studies in the field of
manufacturing processes show that, despite the
increasing progress in blanking process analysis, there is
still a lack of models allowing for the optimal design of
sheet metal shearing processes [7].

TABLE I : PROCESS PARAMETERS AND THEIR
LEVELS

Level

III. MECHANISM IN SHEET METAL BLANKING

Sheet
Thickness
(mm)
(A)

Clearance
(%)
(B)

Tool Wear
Radius
(mm)
(C)

1

0.8

5

0.01

2

1.2

10

0.15

3

1.5

15

0.30

IV. PROCESS PARAMETER OPTIMIZATION
USING TAGUCHI METHOD

Experimental observations (13) show that, in
general, cutting takes place in three stages, i.e., contact
engaging, penetration and fracture. Initially, the punch
pushes the metal sheet into the die causing the blank to
bend slightly, followed by a sliding of the sheet over the
tools. Further punch penetration gives rise to a rounding
of the edge of the blank (roll-over) and to shear plastic
deformation. The large plastic deformation during this
stage causes a burnished zone on the blank. Finally,
when penetration is between 15% and 60% of the metal
thickness, material separation onsets along a plane
defined approximately by the punch and die corners,
first usually at die edge [10]. At this stage, plastic
deformation can cause a long fin (burr) at the blank
upper edge.

Taguchi approach provides a new experimental
strategy in which a modified and standardized form of
design of experiment (DOE) is used. This technique
helps to study effect of many factors (variables) on the
desired quality characteristic most economically. By
studying the effect of individual factors on the results,
the best factor combination can be determined [14].
Taguchi designs experiments using specially constructed
tables known as “orthogonal array” (OA). The use of
these tables makes the design of experiments very easy
and consistent and it requires relatively lesser number of
experimental trials to study the entire parameter space.
As a result, time, cost, and labour saving can be
achieved. The experimental results are then transformed
into a signal-to-noise (S/N) ratio. Taguchi recommends
the use of the S/N ratio to measure the quality
characteristics deviating from the desired values.
Usually, there are three categories of quality
characteristic in the analysis of the S/N ratio, i.e. thelower-the-better, the-higher-the-better, and the nominal-

In practical terms, the cutting operation is
influenced by tooling (tool geometry and clearance),
properties of the blank material (mechanical and thermal
properties, blank thickness and microstructure) and
contact/friction conditions

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

109

Process Parameter Optimization during Blanking of Low Carbon Steel using Taguchi Method

experimentation are sheet metal thickness (0.8, 1.2,
1.5mm) , clearance (5%, 10%, 15%) & tool wear radius
(0.01, 0.15, 0.30mm). The most of these ranges are
selected in the light of the data available in the literature.
The parameters & their levels are shown in Table I.

the-better. The S/N ratio for each level of process
parameters is computed based on the S/N analysis.
Regardless of the category of the quality characteristic, a
greater S/N ratio corresponds to better quality
characteristics. Therefore, the optimal level of the
process parameters is the level with the greatest S/N
ratio. Furthermore, a statistical analysis of variance
(ANOVA) is performed to see which process parameters
are statistically significant. With the S/N and ANOVA
analyses, the optimal combination of the process
parameters can be predicted. Finally, a confirmation
experiment is conducted to verify the optimal process
parameters obtained from the parameter design.

For selecting appropriate orthogonal arrays, degree
of freedom (number of fair & independent comparisons
needed for optimization of process parameters and is
one less than the number of levels of parameters) of
array is calculated. There are six degree of freedom
owing to three blanking input parameters. Accordingly,
full factorial, 27 experiments were carried out to study
the effect of input parameters. Each experiment was
repeated five times in order to reduce experimental
errors. The readings are taken of each blank at five
different positions by rotating the blank & average of
that is taken as the burr height reading of that blank. In
all tests, the burr height was measured with digital
height gauge.

A. Selection of Blanking Process parameters & their
levels
Problem studied here consists of an axisymmetric
blanking operation of low carbon steel sheet.
Experiment is carried out on 20 ton press. For these a
simple blanking die is manufactured to obtained 10mm
diameter blank. Different punches of appropriate
diameters are used to obtained different clearances. The
different parameters & their levels that are selected for

.

TABLE II : DESIGN MATRIX FOR BURR HEIGHT
Run
No.

Sheet
Thickness
(mm)
A

Clearance
(%)

Wear
Radius
(mm)

Burr Heights (mm)

Burr Height
(mm)
(mean)

S/N ratio
for Burr
height in
db

B

C

BH1

BH4

BH5

1

1

1

1

0.100

0.104

0.072

0.078

0.062

0.0832

21.4354

2

1

1

2

0.116

0.158

0.136

0.148

0.122

0.1360

17.2721

3

1

1

3

0.252

0.268

0.256

0.272

0.240

0.2576

11.7725

4

1

2

1

0.132

0.112

0.134

0.128

0.168

0.1348

17.3268

5

1

2

2

0.218

0.176

0.195

0.186

0.202

0.1954

14.1584

6

1

2

3

0.308

0.278

0.298

0.274

0.238

0.2792

11.0494

7

1

3

1

0.180

0.158

0.164

0.170

0.220

0.1784

14.9064

8

1

3

2

0.267

0.286

0.281

0.249

0.254

0.2548

11.8425

9

1

3

3

0.338

0.318

0.290

0.304

0.286

0.3072

10.2348

10

2

1

1

0.046

0.080

0.102

0.096

0.090

0.0828

21.3983

11

2

1

2

0.115

0.167

0.145

0.124

0.132

0.1366

17.2153

12

2

1

3

0.172

0.220

0.250

0.216

0.236

0.2188

13.1366

13

2

2

1

0.084

0.134

0.088

0.108

0.114

0.1056

19.3994

14

2

2

2

0.185

0.152

0.142

0.158

0.186

0.1646

15.6208

15

2

2

3

0.216

0.212

0.186

0.200

0.206

0.2040

13.7959

16

2

3

1

0.142

0.126

0.208

0.144

0.128

0.1496

16.3293

17

2

3

2

0.298

0.231

0.250

0.232

0.221

0.2464

12.1137

18

2

3

3

0.334

0.272

0.296

0.310

0.338

0.3100

10.1457

19

3

1

1

0.090

0.088

0.078

0.078

0.074

0.0816

21.7408
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Run
No.

Sheet
Thickness
(mm)
A

Clearance
(%)

Wear
Radius
(mm)

Burr Heights (mm)

B

C

BH1

BH4

BH5

Burr Height
(mm)
(mean)

S/N ratio
for Burr
height in
db

20

3

1

2

0.164

0.212

0.203

0.178

0.198

0.1910

14.3430

21

3

1

3

0.224

0.250

0.254

0.262

0.260

0.2500

12.0282

22

3

2

1

0.096

0.094

0.096

0.090

0.094

0.0940

20.5351

23

3

2

2

0.241

0.189

0.220

0.218

0.175

0.2086

13.5585

24

3

2

3

0.244

0.278

0.261

0.286

0.268

0.2674

11.4441

25

3

3

1

0.158

0.160

0.116

0.130

0.142

0.1412

16.9429

26

3

3

2

0.230

0.220

0.212

0.232

0.230

0.2248

12.9590

27

3

3

3

0.296

0.308

0.246

0.278

0.286

0.2828

10.9466

.
(2). Since the experimental design is orthogonal, it is
then possible to separate out the effect of each parameter
at different levels. The mean S/N ratio for each level of
the parameters is summarized and called the S/N
response table for burr height (Table II).

B. Signal to Noise Ratio (S/N)
Parameter design study involves control and noise
factors. The measure of interaction between these
factors with regard to robustness is signal- to – noise
(S/N) ratio. The signal to noise ratio (S/N ratio) was
used to measure the sensitivity of the quality
characteristic being investigated in a controlled manner.
In Taguchi method, the term ‘signal' represents the
desirable effect (mean) for the output characteristic and
the term ‘noise' represents the undesirable effect (signal
disturbance, S.D) for the output characteristic which
influence the outcome due to external factors namely
noise factors. The S/N ratio can be defined as [14]:
S/N ratio, η = –10 log (MSD)

TABLE III ANOVA, F-TEST VALUE AND %
CONTRIBUTION (% C) FOR BURR HEIGHTS.

(1)

where, MSD :mean-square deviation for the output
characteristic.

DOF

Thickness

2

Sum of
Sq.
5.031

Mean
Sq.
2.516

Fratio
1.85

%C
1.45

Clearance

2

65.594

32.797

24.12

18.94

Wear

2

248.588

124.294

91.41

71.76

Error

20

27.197

1.360

Total

26

346.409

TABLE IV

The aim of any experiment is always to determine
the highest possible S/N ratio for the result. A high
value of S/N implies that the signal is much higher than
the random effects of the noise factors or minimum
variance. As mentioned earlier, there are three
categories of quality characteristics, i.e. the-lower-thebetter, the higher-the- better, and the-nominal-the-better.
To obtain optimal blanking performance, the-lower-thebetter quality characteristic for burr height must be
taken. The mean-square deviation (M.S.D.) for thelower-the-better quality characteristic can be expressed
as [14]:
∑

Parameter

7.85
100

RESPONSE TABLE OF S/N RATIOS
FOR BURR HEIGHTS.

1

Thickness
A
14.4443

Clearance
B
16.7047

Tool Wear
C
18.8905

2

15.4617

15.2098

14.3426

3

14.9443

12.9357

11.6171

Delta

1.0174

3.7690

7.2734

Rank

3

2

1

Level

(2)

where, n = number of repetitions or observations
yi = the observed data.
Table II shows the experimental results burr height
and the corresponding S/N ratio using equations (1) and

Fig. 1: Main Effect plot for S/ N Ratios.
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conducting a test with a specific combination of the
factors and levels previously evaluated. In this study,
after determining the optimum conditions and predicting
the response under these conditions, a new experiment
was designed and conducted with the optimum levels of
the blanking parameters.

C. Analysis of variance (ANOVA)
The main aim of ANOVA is to investigate the
design parameters and to indicate which parameters are
significantly affecting the output parameters. In the
analysis, the sum of squares and variance are calculated.
F-test value at 95 % confidence level is used to decide
the significant factors affecting the process and
percentage contribution is calculated. Larger F – value
indicates that the variation of the process parameter
makes a big change on the performance. The ANOVA
analysis for burr height is shown in Table-3. The S/N
ratio analysis of rank of various parameters is shown in
Table IV.

The experiment was conducted with optimum level
as sheet thickness 1.2mm, clearance 5% and wear radius
0.01mm. Table 5 shows the comparison between the
estimated value of burr height and the confirmation
experiment value. A small difference (0.011) can be
observed between these values. This indicates that the
experimental value is close to the estimated value.
Therefore, this verifies that the experimental result is
highly correlated with the previous results.

V. RESULTS AND DISCUSSIONS
Figure -1 shows the S/N ratio graph where the
horizontal line is the value of the total mean of the S/N
ratio. Basically larger the S/N ratio, the better is the
quality characteristics for the blank. As per the S/N ratio
analysis from graph the levels of parameters to be set for
getting optimum value of burr height are A2B1C1.

VII. CONCLUSION
This paper has presented investigation on the
optimization and the effect of blanking parameters on
the burr height of low carbon steel (< 0.3% carbon). The
level of importance of the blanking parameters on burr
height is determined using ANOVA. Based on the
ANOVA method, the highly effective parameters on
burr height were found as tool wear radius and
clearance, whereas sheet thickness was less effective
factor. The result show that tool wear radius was about
two times more important than the clearance for
controlling burr height. An optimum parameter
combination for the minimum burr height was obtained
by using S/N ratio. The confirmation results are highly
correlated and conform the previous results.

According to ANOVA analysis as shown in Table3, the most effective parameters with respect to burr
height is wear radius, clearance , sheet thickness.
Percent contribution indicates the relative power of a
factor to reduce variation. For a factor with a higher
percent contribution, a small variation will have a great
influence on the performance. The percent contributions
of the blanking parameters on the burr height are shown
in Table-3. According to this, wear radius was found to
be the major factor affecting the burr height (71.76%),
whereas clearance was found to be the second factor
(18.94 %). The percent contributions of sheet thickness
is much lower, being 1.45 %.
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TABLE IV : RESULT OF CONFIRMATION
EXPERIMENT
Table
Head
Level
Burr
height
(mm)
S/N
ratio
(dB)

Optimal Condition
Estimation
Experiment Difference
A 2 , B 1, C 1 A 2 , B 1, C 1
0.0828

0.0718

0.011

21.3983

22.8268

1.43
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Abstract - All locomotive equipments require adequate ventilation to operate continuously within the temperature limit. The airflow
to the locomotive equipments such as traction motors, rectifiers, alternator, electrical panel and inverter is supplied using ducts
connected in series or parallel (diverging) arrangement. Blower is used in locomotive to supply airflow to components through ducts.
Blower can achieve much higher pressure and can provide constant volume of air even if the system pressure varies than fans.
In this study, the total airflow (Q) and total pressure loss (ΔP) of duct system is determined using flow network modeling (FNM)
method for sizing of ducts. In this study an Excel sheet was used for quick calculation of airflow and pressure loss of duct system.
The flow resistances (K) for individual ducts were calculated separately. The parameters like duct shape and dimensions, velocity of
air flow, surface roughness of material, Reynolds’s number and friction factor of ducts were taken into consideration for calculation
of flow resistance of ducts. The blower coefficients were calculated from blower graph blot obtained from blower specification.
Thus, this method outlines the calculation of the total flow resistance (Keq) in the duct system using similar to procedure adopted in
DC electrical circuit analysis by taking the total airflow (Q) as I(current), total pressure loss (ΔP) as V (voltage) and total flow
resistance (Keq) as R(resistance).
The study shows that a quadratic equation is obtained by interpreting through a blower and duct system curve in pressure loss and
airflow blots. By substituting the total flow resistance of duct system (Keq) and blower coefficients in quadratic equation, the total air
flow (Q) of the duct system can be calculated. Hence, using the total flow resistance (Keq) and the total air flow (Q) of duct system
total pressure loss (ΔP) of duct system was found out. Thus, this study outlines a method that ducts can be re-sized to improve the
efficiency of overall ventilation of the duct system based on total pressure loss (ΔP) and total air flow (Q) values.
Therefore, the solution of conservation equations over the duct system network enables efficient prediction of the flow rates and
pressures in a complete ventilation system for locomotive equipments. The FNM technique is simple, fast and accurate technique for
the system level ventilation design over other methods (velocity method, equal friction method, and static regain method) because it
uses overall flow characteristics to represent the performance of individual ducts based on overall component characteristics. This
study validates the ventilation system design by imposing the same boundary conditions; the total airflow (Q) and total pressure loss
(ΔP) of duct system were compared with the baseline design. Further, the ventilation system design is validated with experimental
testing of the existing and with changed duct sizes.
Keywords - Flow Network Modeling, Flow Resistance, Airflow, Total Pressure Loss.

I.

pressure and turbulence [1]. Smaller size ducts are used
for high velocities air flow which results in lower input
cost and lesser space requirement. However, small size
ducts leads to higher pressure drop but larger fan power
consumption. Thus, different methods such as velocity
method, equal friction method, static regain method are
used for designing of air duct system [2]. However, in
all these methods the partial closing of all dampers is
considered except at the index run so that pressure drop
at each run is same. But these methods require an
understanding for fixing the values of velocity and
frictional pressure drop through the ducts. So this
complexity leads to use of large size ducts, adding to the
costs of production.

INTRODUCTION

All locomotive equipments such as traction motors,
rectifiers, alternator, electrical panel and inverter
generate large amount of heat during operation. Hence,
blower is used to supply constant volume of air to
components through ducts for adequate ventilation and
can operate continuously within the temperature limit
[1]. The ducts are connected in series or parallel
(diverging) arrangement. So blowers are preferred over
fans since these achieve much higher pressure even if
the system pressure varies.
Ducts are classified into low, medium and high
pressure systems based on the loads on duct due to air
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Another method for duct design is Flow Network
Modeling (FNM) [5]. It is a generalized methodology
for calculating system-wise distributions of flow rates
and temperatures in a network representation such as for
a cooling system. In this method, a networks of flow
paths through each components such as screens, filters,
fans and pumps, ducts, bends, orifices, heat exchangers,
cold plates, heat sinks, power supplies and card arrays
are prepared of practical flow in cooling systems. The
FNM technique is simple, fast and accurate technique
for the overall component characteristics system level
for ventilation design over other methods (velocity
method, equal friction method, and static regain
method), since it uses overall flow characteristics to
represent the performance of individual ducts. Hence,
using FNM technique, the for airflow and pressure
losses for the whole duct system is calculated by using
flow resistance equations of individual duct, similar to
DC circuit analysis [3].

5.

The Relative roughness of walls of air duct is
calculated as
Δ= ε/ de

(5)

Where: ε - equivalent uniform roughness of walls in m.
6.

Using Reynolds's number (Re) and relative
roughness of walls (Δ), the friction factor ‘f’ is
calculated using Altshul’s Approximate Formula as
f = 0.11 (Δ + (68/Re)) 0.25

(6)

7. The resistance coefficient of non-circular tubes
depends on shape of the cross- section. The
correction factor (C) is calculated for b/a ratio for
either turbulent or laminar flow respectively. The
friction factor (fnon-c) is calculated as
fnon-c=C*f
8.

(7)

II. EQUATIONS

Using the friction factor ‘f’, the flow resistance (K)
is calculated using equations based as in Flow
resistance design guide data book.

The following equations are used for the calculation
of flow resistance (K):

For Blower cab the value of Flow resistance (K) is
calculated as follows:

1.

Flow resistance through rectangular duct :

The Hydraulic diameter or equivalent diameter ‘de’
for rectangular duct is determined as:
de=2ab / (a+b)

K= fnon-c *(L/de)

(1)

(8)

Flow resistance through circular duct:
K = f * (L/De)

(9)

Where: L – length of duct in m.
9.

K = A Δ * A Re * A1 C1 K’+ Kfr

Fig 1: Calculation of Hydraulic diameter
a - Width of the duct in m, b- Height of the duct in m,

A Re - Intermediate cross-section corresponding to
Reynolds’s number
A1 - Intermediate cross-section corresponding angle of
curve of elbow.
C1 - coefficient of drag evaluated from table using
height/ width ratio.
K’ - flow resistance is evaluated as:
K’ = fn (AREAI /AREA O, r / b con)
(11)
Where: r- Radius of elbow in m, b con -width of elbow
inlet in m

de – Hydraulic diameter of the duct in m.
Area of duct (A) is given as:
A = ab
3.

(2)

Velocity of air in the duct is determined as
V=Q/A in m/ sec.

4.

(10)

Where: A Δ - Intermediate cross-section corresponding to
roughness.

where:

2.

Flow resistance through elbow duct is given as :

(3)

The Reynolds's number corresponding to flow was
determined using the formula
Re= (V* de) / γ

(4)

AREAI, AREA O – area of inlet and outlet of elbow in m
respectively.

where: Re – Reynolds number (in locomotive
ventilation, Re > 2000 (Turbulent flow) is usually
considered). V-Velocity of air in m/sec, de- Hydraulic
diameter of duct in m,

Frictional flow resistance:
Kfr=(1+0.1075(r/de)*δ)*f

γ - Kinematic viscosity of air in m2 / sec.

(12)

where δ- Angle of curvature of elbow
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10. After the calculation of flow resistance (K) for
individual ducts, the overall flow resistance of the
system was calculated. The flow resistance (K) can
be calculated with similar procedure as in DC
electrical circuit analysis as shown in fig 2.

IV. PROBLEM FORMULATION
In locomotive the duct system are used for
providing airflow to different components for cooling
requirements to overcome the heat which is generated in
large amount. The ducts are arranged in either series or
parallel arrangement. However, the airflow volume and
pressure loss in ducts depends upon number of factors
such as size, internal resistance, material used etc. Based
on the above equations, for each component the overall
design is contemplated. In the present study for each
component the values are calculated by the conventional
method and FNM method for existing and changed duct
design for sizing of ducts. In this study, the values of γ Kinematic viscosity of air in m2 / sec was considered for
different temperatures which were taken from design
data book, as follows:

III. SYSTEM ANALYSIS

Fig 2: DC circuit for flow calculations.
SERIES CIRCUIT
Keq=K1+K2

PARALLEL CIRCUIT
Keq = 1/ (1/ (K1)½ + 1/ (K2) ½) 2

11. Using the values of a, b, c (blower coefficients) a
quadratic equation is formed by interpreting system
curve and blower curve by plotting pressure loss vs.
airflow blot fig 3.
a Q2 + b Q + c = Keq Q2

For T=60o C γ= 18.90 * 10-6 m2 / sec
For T=80o C γ= 20.94 * 10-6 m2 / sec
Duct system is made of galvanized steel sheet and the
equivalent uniform roughness of walls in m was taken
from design data book which is

(13)

ε= 1.5 * 10-4 m
Blower coefficient values obtained from blower test
specification sheet are as follows:
a= -0.771, b= -0.257, c= 11.316
The duct system used in locomotive is as follows:

AUXCAB

CONTROL
PANEL
ALTERNATOR

Fig 3: Diagram showing Blower and duct system
performance curve interaction.

BLOW
ER

12. Therefore, total ventilation of system is calculated
as:
Fig 4: Schematic diagram showing duct arrangement in
Blower cab
(14)

A- Flow through main duct is considered as Q= 4.86
m3/sec.

13. Hence, total pressure loss in the system was
calculated using formula:
2

ΔP=Keq*Q

B, L- Circular ducts, G- Elbow, A, C, D, E, F, H, I, J, k
– Rectangular ducts

(15)
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TABLE 2: TOTAL AIRFLOW OF EXISTING DUCT
SYSTEM CALCULATED USING EXPERIMENTAL
RESULTS

V. RESULTS AND DISCUSSIONS
From the flow resistance values (K) calculated as
shown in Table1 and Table 3, it is evident that there are
changes in values of fluid flow resistance of duct for
Ducts A, F, G and H due to change in their dimensions.
The flow resistances calculated for existing and changed
duct system are as follows:

COMPONENT
ALTERNATOR
EXCITER
Aux Gen
Rectifier Module #1
Rectifier Module #2
Rectifier Module #3
TOTAL AIRFLOW

Keq (for Existing system) = 0.0785
Keq’ (for Changed duct system) = 0.0692
Hence, overall flow rate of the system calculated based
on flow resistance of system are as follows:

TABLE 3: FLUID FLOW RESISTANCE VALUES
CALCULATED FOR CHANGED DUCT DESIGN

For existing system Q= 3.501 m3/sec ~7418.6 CFM.
For changed duct system Q= 3.6045 m3/sec ~ 7628.4
CFM.

Duct

Hence, due to the design changes made in blower
cab, there is an increase in airflow from 3.501 m3/sec to
3.6045 m3/sec. Also, based on airflow through the duct
system it was found that there was 6.77% reduction in
pressure losses of the system. Also the results were
validated with experimental results as shown in Table
2and Table 4. The values of airflow of duct system are
within 5% of the experimental values.

Duct

Hydraulic Reynolds Roughne
number
ss Δ *
diameter
5
-4
d in ‘m’
*10
10
e

Friction
factor

Flow rate
Hydraulic Reynolds
through
diameter number
duct in
d in ‘m’ *105
3
/sec
e
m

Entry
to
4.86
main
duct A
Duct
3.29
A

TABLE 1: FLUID FLOW RESISTANCE VALUES
CALCULATED FOR EXISTING DUCT DESIGN
Flow
rate
through
duct in
m3/sec

-

-

0.01035

0.375

6.64

4

0.016

0.0154

Duct C 3.29

1.32

6.13

1.13

0.0134

0.00103

Duct
D

0.37

2.66

4.05

0.0176

0.00113

3.17

Duct E 3.17

0.3062

4.4

4.89

0.0175

0.00122

Duct F 3.17

0.318

4.43

4.716

0.0174

0.00426

3.17

0.758

3.73

1.98

0.015

0.00834

3.17

0.509

2.851

2.95

0.0167

0.00098

Duct B 1.6

0.156

6.89

9.61

0.02

0.00107

Duct I 1.51

0.236

2.29

6.355

0.0192

0.0127

Duct J 1.51

0.199

2.55

7.53

0.0196

0.0162

0.1744

2.64

8.6

0.0201

0.0039

0.1524

2.27

9.84

0.0276

0.0028

4.86

Duct A

3.29

0.375

6.64

4

0.016

0.00927

Duct
K

Duct C

3.29

1.32

6.13

1.13

0.0134

0.00103

Duct L 0.0571

Duct D

3.17

0.37

2.66

4.05

0.0176

0.00113

Duct E

3.17

0.3062

4.4

4.89

0.0175

0.00122

Duct F

3.17

0.256

5.01

5.869

0.018

0.00623

Duct G

3.17

0.64

4.55

1.97

0.0154

0.00926

3.65

0.0170
3

0.00098

Duct H

3.17

0.410

-

3.24

-

-

0.01035

Duct B

1.6

0.156

6.89

9.61

0.02

0.00107

Duct I

1.51

0.236

2.29

6.355

0.0192

0.0127

Duct J

1.51

0.199

2.55

7.53

0.0196

0.0162

Duct K

1.51

0.1744

2.64

8.6

0.0201

0.0039

Duct L

0.0571

0.1524

2.27

9.84

0.0276

0.0028

Fluid
flow
resistance
(K)

-

Duct
G
Duct
H

Fluid
flow
resistance
(K)

Roughness Friction
-4
factor
Δ * 10

0.375

Entry
to
main
duct A

0.375

AIRFLOW ‘Q’, CFM
6140
330
341
234
212
220
7477

1.51

TABLE 4: TOTAL AIRFLOW OF CHANGED DUCT
SYSTEM CALCULATED USING EXPERIMENTAL
RESULTS
COMPONENT
ALTERNATOR
EXCITER
Aux Gen
Rectifier Module #1
Rectifier Module #2
Rectifier Module #3
TOTAL AIRFLOW

AIRFLOW ‘Q’, CFM
6372
340
341
248
206
217
7724
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VI. CONCLUSION
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Abstract - The non-linear time dependent solution of the compressible Reynolds’ equation with squeeze damping is presented in this
paper. The equations are discretized using a Finite Volume technique and the non-linear system is solved using under relaxation
techniques. The difficulties faced at high shaft speeds and flexible foundations are discussed. The results are validated with existing
literature. The advantages and disadvantages of using an object oriented programming methodology for the simulation are also
highlighted.
Keywords - Reynolds’ Equation, Gas Lubricated Bearings, Simulation.

I.

INTRODUCTION
analyzed from these orbit plots. This method of
analyzing the stability of the shaft was described as a
computational experimental rig [2]. “This technique uses
the computer as an accurate experimental test rig; it
operates exactly in accordance with assumed governing
equations”. In these basic studies, the bearing was
assumed to be rigid and did not consider the flexible
bump foil arrangement in analysis. As a next step, gas
lubricated bearings with flexible foundation were
analyzed by Heshmat [3]. In his study Reynolds’
equation was discretized using Finite Differences and
the resulting system was solved using multi-dimensional
Newton’s method. In this study squeeze damping term
in the Reynolds’ equation was not considered while
solving for the pressure distribution. Della Corte [4]
estimated the load carrying capacity and stability of gas
foil bearings experimentally. The effect of radial
clearance on the load carrying capacity of the foil
bearings was studied experimentally by Radil [5].

Gas bearings are in use from 1960 for supporting
rotors. The obvious advantage is that they do not need a
separate supply of tailored lubricant and can run on air.
The surface of the journal and the bush are separated by
a layer of air characterized by a very low viscosity
(compared to oil). They also have the capacity to
tolerate high speeds as they do not face the shear
thinning effects and high temperature effects that plague
oil bearings. The main reason is that the heat generated
in gas lubricated bearings is quickly dissipated and they
operate in an approximately isothermal condition. The
major disadvantage of gas lubricated foil bearings is that
the viscosity and hence damping offered by the
lubricating medium are low compared to oil lubricated
bearings and hence the bearings are subjected to selfexcited whirl, which limits their range of operating
parameters.Under unstable operating conditions the
amplitude of oscillation of the journal inside the bush
exceeds the clearance and strikes the bush leading to the
bearing failure. This stability problem in gas lubricated
bearings has been analyzed by a number of researchers.

There have been many works concentrating on the
structural part of the gas lubricated bearings with
flexible foundation. References [4][5] [6]provide
modeling techniques and equations to estimate the
structural flexibility and damping coefficients of the
flexible foundation of the gas lubricated bearing.

Castelli and Elrod [1]solved the incompressible
nonlinear Reynolds’ equation to obtain the pressure
distribution around the journal. In turn pressure is
integrated to obtain the forces acting on the journal.
Determined forces were used to obtain the acceleration
of the shaft. The co-ordinates of the shaft and its
velocities were considered as the state variables. These
state variables were integrated in time to get the orbit of
the shaft. Stability of the journal-bearing system was

A more recent work by Peng and Khonsari
concentrates on the solution of compressible Reynolds’
equation with flexible foundation [7]. But, in this also
the effect of squeeze damping term was not considered
and only the effect of bearing number was considered.

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

119

Nonlinear Time Dependent Simulations of High Speed Gas Lubricated Bearings - An object oriented model

The solution presented in this paper considers the
unsteady equations for compliant foil bearings with
compressible gas flow under iso-thermal conditions.

Equation 1: Compressible Reynolds’ Equation
“h” is the instantaneous clearance between the journal
and the bearing and C is the initial radial clearance
between the journal and bearing. µ is the dynamic
viscosity of the gas (air) in Pascal*sec and R is the
radius of the journal. U is the peripheral speed at the
radius R at an angular velocity ω. Writing the above
equation in non-dimensional vector form and integrating
over the surface,

II. THEORY
A. Compliant foil bearings
A very concise introduction to compliant foil
bearings can be found in [7,8]. A brief description of its
structure and operation is presented here. The
configuration of a typical foil bearing is shown in Fig. 1.
It comprised of a cylindrical shell (sleeve) lined with
corrugated bumps (bump foil). The corrugated bump foil
forms the flexible foundation. The encircling foil
(supported by the bump foil) encircles the shaft. In
practice, the bearing diameter is often designed to have
very small clearance. When the shaft rotates, it drags air
into the space between encircling foil and the shaft. This
leads to pressure being developed in the converging
portion. Upon reaching a certain speed of journal, called
‘‘lift-off speed’’, pressure developed will be sufficient to
form a layer of air film between the journal and bearing
surface and completely separates them apart as depicted
in Fig. 1. The occurrence of this ‘‘liftoff speed’’ can be
found by the sharp reduction in the torque required to
drive the shaft.

Equation 2: Vector form of Governing Equation
In the above equation the bearing number Λ
is Λ

µω
P

R
C

and squeeze number is 2 Λ. The non-

dimesionalisation is done as given in [7]. Using Green’s
Divergence theorem in normal formthe surface integral
in RHS is converted into line integral, to get,

The above equation is the governing equation for
the gas bearing in vector form, suitable for solution
using finite volume method. The structural model used
in this study is the same as that used by Khonsari[7].
This method is used because of its simplicity and ability
to handle both first generation and second generation
bearings. The simulations shown here are for second
generation bearings whose stiffness varies in the axial
direction. The factor Q can be varied to account for free
molecular, transition and continuum flow. For this
analysis continuum flow condition is assumed and for
this Q =1.

With an air film maintained between the rotating
and stationary surfaces, an adequate pressure is
generated which bears the load applied through the shaft.
The bump foil provides support for the top foil and its
compliance allows the top foil to deform under the action
of hydrodynamic pressure. It is apparent that we need to
consider the elastic deformation of the top foil and the
compressibility of the gas to adequately model the
bearing.
B. Governing Equations
Many Assumptions are made to reduce the Navier
Stokes equation to the Reynolds equation. A detailed
discussion of them and their validity can be found in
literature. The most relevant assumption here is that
fluid film is isothermal. It relieves us from full
hydrodynamic simulation with thermal effects and also
enables us to replace the density in the mass flux
expressions with pressure, thus directly yielding
pressure upon solution of the system of equations. A
comparative study between the solutions of full NavierStokes equation and the simplified Reynolds’ equation
has been made by Peikos [10] and the differences was
shown to be insignificant when considering the increase
in code complexity and computational expenditure of
full Navier Stokes simulation.

III. SOLUTION METHODOLOGY
A. Finite Volume Discretisaton
The above equations can be discretized over the
finite volume grid to yield a set of algebraic equations.
A sample finite volume is shown in Error! Reference
source not found.. The values of the variables at the
cell faces are computed by using the exact analytical
solution of the 1D convection diffusion equations in the
θ direction. The exact analytical solution between two
nodes (i, j) and (i, j+1) is given by

The compressible Reynolds equation with the
squeeze damping term is given by

Equation 3 : Analytical solution to convection diffusion
equation
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This equation can be used to interpolate the value of
φ at the face located at the midpoint between nodes (i, j)
and (i, j+1). Here the Peclet’s number gives the relative
strength of the convective flux over the diffusive flux
L
and is given by Pe Conv
(they are defined
D
below). The length scale L is the domain length over
which the solution is valid. It is noted that the evaluation
of exponentials is computationally time consuming and
must be avoided in applications whenever possible.
Further the evaluation exponentials precludes us from
simulating large bearing numbers as exponentials of
large numbers may turn to be infinity. In axial (z)
direction, however a linear variation of variables
between the nodes is assumed and the values are
averaged between the 2 nodes as the faces are at the mid
points between the nodes. The value of the convective
and diffusive coefficients to be used in the discretization
scheme that follows is given below

Equation 5 : Assembled Equation
The values of individual terms can be found by
correlating with full expression. Use of the exact
solution for evaluation of fluxes (Diffusive and
Convective) at the cell faces is recommended by
Patankar(Patankar, 1985)in general and by Daejong Kim
[10]for fluid film bearings in his thesis work. Kim notes
that the combination of power law scheme for
evaluation of fluxes and Gauss Seidel method of
solution gives excellent stability, satisfying the
Scarborough criterion for convergence.
B. Boundary Conditions
Ambient pressure is applied at the front, back, left
and right boundaries. It is to be noted that, physically
left and right are the same boundaries for a full 360
degree bearing and same pressures are enforced at them.
Non-dimensionally the conditions at the front and back
can be written as
1
C. Solution of the algebraic system
Since the given system is non-linear, the matrices A
and the Vector B in the following equation are
themselves functions of the unknowns, that is, the
pressures at the nodes.

Equation 4 Convective and Diffusive coefficients

An iterative solution scheme is thus required. The
matrices are first calculated using an assumed pressure
distribution. In the Gauss Seidel solution routine, an
update of the matrices and the RHS vector is made after
each iteration. At the end, the converged solution would
have been evaluated using the A matrix that was
dependent on the solution itself. It is to be noted that
such a solution scheme capable of nonlinear solution is
not possible when we use non iterative solvers such as
Gauss elimination with back substitution. Further Penta
Diagonal Matrix Algorithm (PDMA) scheme cannot
also be used as there are zero diagonals between the
main set of diagonals and the PDMA scheme does not
work unless all 5 non zero diagonals are next to each
other. In order to speed up the simulation, Gauss Jordan
can be used instead of Gauss Seidel. It is explained in
the section on program description. Sixty divisions were
used in the circumferential and 18 divisions were used
in axial direction. The variation is axial direction was
not drastic and hence fewer number of points were used
in that direction. The Non dimensional time step used
was 1/360. At 50,000 rpm, for a bearing number of 4.2,
this translates to a real world time step of 3 micro
seconds.

The discretized set of equations over the finite control
volume are given as
RHS=

LHS=

The assembled set of equations can be compactly
written as
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0. The flexibility factor zero corresponds to rigid
bearing without the bump foil arrangement. Both center
line plots and map views of the pressure distribution for
different values of flexibility are given in Figures 5,6,7.
The center line plots correspond to pressure distribution
at the center line of the bearing axially. Pressures above
ambient are red in color and below ambient pressures
are green. Isometric view and side view of the pressure
plots shown in Figure 4are given only for the rigid
bearing case as they don’t reveal more information. For
even number of grid points, the pressure nearest to
center line is plotted and no interpolation is done. The
max pressure in a foil bearing of bearing number 1,
alpha (flexibility factor) = 1 is quoted as 1.201 without
the squeeze damping term by Heshmat in [3]. It agrees
well with the results shown. Further it can be seen that
the pressure values of rigid bearings are higher than foil
bearings. The reason is as follows. In these simulations,
the eccentricity and the attitude of the shaft is fixed at
0.6 and 0 degrees respectively. This means that we have
fixed the shaft relative to the un-deformed structure of
the bearing. As pressure develops, for a flexible
foundation the encircling foil deforms and hence the
clearance between the shaft and the foil increases,
thereby reducing the wedge action. For a rigid bearing
however, the clearance remains constant and hence a
higher developed pressure.

IV. PROGRAM DESCRIPTION
A brief description of the program written in C++
programming language for this simulation is given
below.
A. In efficiency in storage
An object oriented programming model was chosen
to code and simulate the bearing equations. The prime
disadvantage is the amount of storage involved.
Consider the finite volume grid shown in Error!
Reference source not found.and the computational
molecule. We have one equation for each control
volume as in Equation 5. And each control volume
requires information about the pressure existing in 5
nodal points. Considering each control volume as an
object the members of the object would be the five
coefficients (Ap, Ae, Aw, An ,As), five pressures (Pp,
Pn, Ps, Pe,Pw), the five film thickness’ and their value
at the previous time step. The inefficiency arises from
the fact that the same info is stored in multiple objects.
For example the same information can be stored as “east
information” for a point to its left, and as “west
information” for a point to its right and so on. Likewise
the same info is stored 5 times. This results in
inefficiency in storage. But the advantage to be gained is
that at a single time step each object can be treated as a
separate entity and can be processed separately as it has
all the data required in itself. This greatly simplifies
running the code in parallel mode when the coefficients
(Ae, Aw, ..) are evaluated from pressure and film
thickness information. The authors do not advocate that
this is the only way or the best method to make the
coefficient
evaluation
suitable
for
parallel
implementation but just one of the methods.

VI. CONCLUSION
An object oriented code to simulate the pressure
distribution in gas lubricated bearing has been
developed. The simulation code described here can take
care both bearing number and squeeze number effects.
Therefore the results obtained are more accurate than
the results obtained using bearing number only.

B. Matrix solution
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Fig. 1 : Schematic of Foil Bearing [8]

Fig. 2 : A single cell of the Finite Volume Grid showing the
cell faces, grid points and the compass notation.

Fig. 3 : Angle Conventions and the location of minimum
clearance
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Fig. 4 : Isometric view and side view of non-dimensional pressure plots for a rigid bearing, Attitude 0 degrees, Epsilon 0.6, 8000
time steps

Fig. 5 : Map view and centre line view of non-dimensional pressure plots for a rigid Bearing, Attitude 0 degrees, Epsilon 0.6, 8000
time steps

Fig. 6 : Map view and centre line view of non-dimensional pressure plots for a foil Bearing, Attitude 0 degrees, Epsilon 0.6, Alpha
0.5, 10000 time steps

Figure 7: Map view and centre line view of non-dimensional pressure plots for a foil bearing Attitude 0 degrees, Epsilon 0.6, Alpha
1, 10000 time steps
.
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Abstract - In this article, the computation of Stress Intensity Factor (SIF) and crack growth simulation using eXtended Finite
Element Method (XFEM) techniques has been presented. The stress variation plots at the crack tip, SIF are computed by XFEM are
compared with standard FEM techniques and theoretical values. It is observed that XFEM render higher SIF values as compared to
that obtained by standard FEM. The crack growth simulations are presented using two XFEM techniques namely, Virtual Crack
Closure Technique (VCCT) and Cohesive segments method. The load displacement curves are plotted from both the techniques for a
Single Edge Notch specimen and panel. From both the techniques it is observed that the crack initiation point remain same for the
panel.
Keywords - SIF; XFEM; Crack propagation; VCCT, Cohesive segments method.

I.

mechanics problems, etc. The XFEM approximation
consists of standard finite elements which are used in
most of the parts of the domain and enriched elements in
the sub-domain consisting of discontinuity for capturing
special solution properties of the discontinuities and
singularities. In our present work we compute Stress,
SIF and simulate crack growth behavior for single edge
notch specimen and panel.

INTRODUCTION

Most of the problems in engineering are governed
by some basic law of physics and using these basic laws
it is possible to formulate these problems in terms of
some partial differential equation called Governing
Differential Equation (GDE). But in most of the cases it
is not possible to solve those GDE's exactly, mainly due
to complicated geometry and boundary condition. Finite
Element Method (FEM) is a powerful numerical method
to solve these partial equations and has widely been
used in the industry [1].

We compared the results based on our scheme for
few benchmark type of problem with exact solution and
result obtained from ABAQUS [3]. Using commercially
available ABAQUS package to simulate crack initiation
and growth has been analyzed by two techniques, viz.,
(i) XFEM based on Virtual Crack Closure Technique
(VCCT) and (ii) XFEM based cohesive segments
method. The analysis was carried out with and without
effect of plasticity in an isotropic elastic material.

The standard h-p finite element method (FEM)
provides substantial advantages in dealing with
continuous field problems. However, for discontinues
field problems, it is computationally expensive to obtain
accurate solutions with polynomial approximations. The
mesh has to align with the discontinuity and a
considerable mesh refinement is required around a
discontinuous feature. To eliminate this limitation, the
eXtended finite element method (XFEM) was
introduced by Belytschko and Black [2]. The XFEM
eliminates these drawbacks of the FEM mentioned
above while solving discontinues field problems. Due to
this reason XFEM has wide applications in fracture
mechanics involving discontinuous problems, micro-

II. PROBLEM DEFINITION
The variation of stresses in y-direction around crack
tip [4] for isotropic linear elastic material in mode I,
shown in Fig. 1, is used for analysis of stresses around
crack tip.
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between 5 to 20mm. Uni-axial loadings of 1MPa was
applied for pure mode I analysis. The material properties
used in analysis for specimen/ panel is given in table I.
TABLE I : MATERIAL PROPERTIES
Young’s Poisson’s
Modulus Ratio (ν)
70GPa

0.33

Maximum
Principal
stress
146.3Mpa

Critical Energy
Release Rate
(GIC)
24.2 KN/m

For computation of stress and SIF values for
different FE and XFEM’s number of elements (NE) and
number of nodes (NN) are listed in table II.
TABLE II : THE NN AND NE FOR DIFFERENT
MESHES

Fig. 1: Stress normal to crack plane in mode I.
This variation is expressed [4] as;
σ

√ Π

.

. 1

Description
,

(1)

Number of
elements
(NE)
Number of
nodes(NN)

Where r is distance away from crack tip, where
stresses are to be found and θ is orientation of that point
from crack tip. On the crack plane, θ = 0. Therefore
from (1);
σ

√ Π

.

FEM 2D
(CPS4R)

FEM 3D
(C3D8R)

XFEM
3D
(C3D8R)

2700

5400

5400

2824

8472

8463

For the three dimensional case thickness was
considered as unity. It is seen that in three dimensional
standard FEM specimen additional nine nodes were
present in comparison to three dimensional XFEM, due
to the fact that seam is provided in standard FEM. Seam
is defined on an edge or face of overlapping nodes, to
represent edge crack. XFEM does not require seam to be
provided, since crack can pass through elements.

2

Equation (2) is only valid near crack tip where
symptotic stress fields are developed i.e., where 1 r
dominates the stress field. The value of σyy cannot be
lower than applied stress, σapplied, hence shown by a
constant line.

III. INTERPOLATION SCHEME IN XFEM
The approximation space in the standard XFEM
consists of a standard/ classical h-p finite element
approximation space, and the enrichments based on the
partition of unity approach. The approximation u(x) for
the XFEM can be expressed as in Eq. (3).
∑

∑

Classical

,

3

Enriched

Where
is the standard shape function
associated to node i; k is the set of all nodes in that
domain;
is the set of enriched nodes and ⊂ ; is
the unknown (displacements) of the standard FEM at
node i;
is the local enrichment function of node i.

Fig. 2 : Single edge notched specimen
The problem chosen for analysis is Single Edge
Notch (SEN) specimen, made of 6061-T6 aluminum
material. The schematic diagram and enriched (cross
marks for the complete domain) XFEM model is shown
in Fig. 2. The width ‘w’ is 50mm, height ‘h’ is 150mm,
thickness is unity, and ‘a’ being crack length varying

IV. ASYMPTOTIC STRESS COMPUTATION
The variation of stresses around crack tip, for the
specified model, using (2) were compared with three
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dimensional XFEM, FEM and two dimensional FEM
are shown in Fig 3.

(a)

(b)

(c )

Fig. 4 : Fringe patterns of (a)σxx, (b)σyy, and (c) σmises
V. CONVERGENCE OF SIF
A. Analytical Solution for SIF
Fig. 3 : Variation of σ

beyond crack tip in mode I.

The analytical solution for the edge-cracked
rectangular plate is computed below. The stress intensity
factor (SIF) for this case as given by [4];

Figure 3 shows XFEM values are higher than that
obtained by FEM. The stress computation at crack tip by
the above techniques was also compared. At crack tip
the values for stresses in x-direction (σxx),y-direction,
(σyy) and Von-mises stress (σmises) are listed in Table III.

σ√

.

(4)

With the geometric function
formulas:

TABLE III : COMPARISON OF STRESSES
σxx

is from empirical

1.220.231

a/w

FEM 2D

FEM 3D

XFEM 3D

0.1

0.8571

0.8545

1.316

0.2

1.586

1.582

2.352

0.3

2.524

2.518

3.703

1.1215

0.4

3.891

3.882

5.698

1

10.550
30.382

21.710

.

(5)

From literature [5],
1

1
1
150

0.2356 1
3

σyy
0.229

1
752

,

0.1

1.946

1.933

3.886

0.2

2.92

2.893

6.247

0.3

4.176

4.136

9.27

(6)

0.4

5.95

5.894

13.62

0.1

1.74

1.325

3.018

0.2

2.62

1.932

4.745

Where, α = a/w. For a typical crack length the value
obtained from the exponential expression (6) render the
SIF value lower by about 2.0037% in comparison with
the conventional four terms expression (5) which is
generally used in the literature.

0.3

3.867

2.763

6.959

B. Mesh convergence analysis

0.4

5.645

3.92

10.14

Equation (4) and (5) were used for analytical/
theoretical solution. Comparisons with two-dimensional
Finite Element Models are shown in Fig.5. In this figure
shown that the mode-II is nearly zero. All values of SIF
are in
.
√

σmises

The fringe patterns of σxx, σyy and σmises are shown
in Fig. 4.

1
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Comparison of SIF for mode I analysis with
standard two and three dimensional FEM with three
dimensional XFEM is tabulated in Table IV. It's not
possible to calculate SIF for two dimensional XFEM in
ABAQUS so three dimensional XFEM was chosen for
analysis.
TABLE IV : COMPARISON OF SIF VALUES
a/w

The chosen minimum number of elements, required
for convergence for further analysis, is given in table II.
Energy release rate was also used for mesh convergence.
Rice [6] showed that non linear energy release rate is
given by independent line integral, J integral. For linear
elastic material, J integral is equal to energy release rate
(G) as given by Irwin [7];
.

FEM
3D
KI

FEM
2D
KI

Theoreti
cal KIt

0.1

4.782

4.635

4.644

4.6994

1.206

0.2

7.831

7.496

7.511

7.6941

1.397

0.3

11.71

11.13

11.16

11.41

1.705

0.4

17.31

16.35

16.38

16.6931

2.183

√

The values of SIF using XFEM computation for
stationary cracks are approximately 1.72% higher than
that obtained by theoretical values. Theoretical values
are calculated using expression (4). Shape factor [8] is
also calculated in Table IV. Similarly, comparison of
energy release rate values are tabulated in Table V.

Fig. 5 : SIF values for mode-I mesh convergence
analysis.

π

Shape
factor

XFE
M 3D
KI

TABLE V. COMPARISON OF ENERGY RELEASE RATE
a/w
0.1

(7)

The values of energy release rate computed by two
dimensional FEM are compared to theoretical solution
(7) and represented in Fig. 6. The plot obtained is
similar to Fig.5.

XFEM
3D
2.912E-4

FEM 2D

FEM 3D

Theoretical

3.0806E-4

2.7354E-4

3.1549E-4

0.2

7.8067E-4

8.0601E-4

7.1535E-4

8.457E-4

0.3

1.7479E-3

1.778E-3

1.5779E-3

1.8598E-3

0.4

3.8161E-3

3.8339E-3

3.4022E-3

3.9808E-3

Table V shows three dimensional XFEM specimen
values are closer to two dimensional FEM and
theoretical values. Three dimensional FEM gives lower
values.
VI. CRACK GROWTH SIMULATION
Crack growth simulation consists of mainly three
steps, (i) Crack initiation (ii) Crack propagation and (iii)
Failure [9]. All these three steps are simulated using
XFEM elements in ABAQUS without any re-meshing
near the crack tip. However, for severely curved cracks,
some re-meshing near the crack tip may be necessary to
predict accurate results. The special features used in
crack growth simulation are outlined below. The
maximum principal stress criterion is used which can be
represented as
,

8

Where
represents the maximum allowable
principal stress. The Macaulay brackets
are used to
signify that purely compressive stress state does not

Fig. 6 : Mesh convergence study for energy release rate.
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initiate damage. Damage is assumed to initiate when
maximum principal stress ratio (8) reaches a value of
unity.

crack as an enriched feature [9]. XFEM-based linear
elastic fracture mechanics (LEFM) energy approach
discussed in previous section are used to analyze this

Crack growth simulation was carried out on elastic
material, with and without effect of plasticity.
Rectangular 2D panel with material properties described
in table I and III was used with specification; width 'w'
225 mm and height 'h' as 450 mm. In this model has
3772 nodes and element type is CPS4R with 3645 in
numbers. Initial crack was provided since in analysis the
material is considered as homogenous without any
voids. Initial crack length by width ratio 'a/w' was 0.1.
Maximum principal stress as 146.3MPa was used as
criteria for crack initiation. Viscosity coefficient was
provided for damage stabilization as 1E-6. Load was
applied in form of displacement of magnitude unity. In
ABAQUS two approaches are listed here for initiation
and propagation of cracks using XFEM.

problem. The symbols, t n , t s , and , tt represent the

A. XFEM based on Virtual Crack Closure Technique

Damage modeling is to simulate the degradation
and eventual failure of an enriched element. The failure
mechanism consists of two ingredients: a damage
initiation criterion and a damage evolution law. The
initial response is assumed to be linear. However, once a
damage initiation criterion is met, damage can occur
according to a user-defined damage evolution law.
Figure 7 shows a typical linear traction-separation
response with a failure mechanism. The enriched
elements do not undergo damage under pure
compression.

0

0

peak values of the nominal stress when the deformation
is either purely normal to the interface or purely in the
first or the second shear direction, respectively.
Likewise the symbols,

δ n0 , (δ nf ) , δ s0 , (δ sf ) , and δ t0 ,

(δ t f ) ,represent the maximum (final) values of the
displacement when the deformation is either purely
normal to the interface or purely in the first or the
second shear direction. The elastic behavior can be
expressed in a two-dimensional form as shown in
expression (10).
0
0

VCCT in ABAQUS uses critical strain energy
release rate (SERR) at crack tip as fracture criterion. It
uses the mode-mix formulae for computing equivalent
fracture energy release rate. The power law model by
Wu and Reuter is described in [3] by following formula:
.

0

9

are the critical strain energy
Where, , , and
release rate (SERR) for open, slide and tear modes
respectively.
, , and
are empirical constants. In
this case involving mode I and II, node at crack tip will
separate when the equivalent strain energy release rate
at crack tip exceeds critical strain energy release rate.
That is crack extends when
or (9) has
is equivalent strain
value greater than 1; here
energy release rate and
is critical strain energy
release rate.

.

10

Here the results are presented for the crack growth
using XFEM based LEFM criteria. The variation of load
versus displacement is described in this section. An
increment is part of a step as described in the previous
section. As the crack grows the von-Mises stress
initially increases up to the maximum allowable stress
than it gradually decreases until failure.

In this method the near-tip asymptotic singularity is
not needed, and only the displacement jump across a
cracked element is considered. Therefore, the crack has
to propagate across an entire element at a time to avoid
the need to model the stress singularity. The strain
energy release rate at the crack tip is calculated based on
the modified Virtual Crack Closure Technique (VCCT).
For fracture criterion, critical energy release rate as 24.2
KN/m and power coefficient as 1 is used with Power
law.

Fig. 7 : Traction Separation law representing linear
crack evolution.

B. XFEM based Cohesive segments method

Similar to VCCT approach, the near-tip asymptotic
singularity is not needed, and only the displacement
jump across a cracked element is considered. Therefore,
the crack has to propagate across an entire element at a

In the extended finite element method (XFEM),
ABAQUS/Standard to predict crack initiation and
growth of a single-edge notch (SEN) in a specimen
along an arbitrary path is predicted by modeling the
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time to avoid the need to model the stress singularity. In
damage evolution, Power law was used with fracture
energy as 24.2 KN/m and power coefficient as 1.

displacements. For the elastic-plastic analysis table VI
[10] is being used. Both the techniques were carried out
and load-displacement curve obtained are plotted in Fig.
9. Load represents reaction force on top nodes for the
applied displacement. Crack initiation load for both the
techniques is also shown in Fig. 9. It is observed that
cohesive segments method renders good results in case
of ductile material [3].

Both the above described techniques are used to
analyze the panel with elastic material properties. The
load-displacement curves obtained are plotted in Fig. 8.
Load represents reaction force on top nodes for the
applied displacement.

Fig. 8 : Load Displacement curves for elastic material
property.
Fig. 9 : Load Displacement curves for elastic plastic
analysis.

TABLE VI : TRUE STRESS STRAIN MATERIAL
DATA
Stress MPa
111.0
112.6
113.6
116.1
116.9
118.7
120.7
122.5
124.6
127.5
130.0
133.3
136.1
139.3
141.8
144.4
146.3

VII. CONCLUDING REMARKS

True Plastic Strain
0.0000
0.0019
0.0038
0.0067
0.0086
0.0135
0.0183
0.0231
0.0279
0.0326
0.0421
0.0514
0.0607
0.0699
0.0790
0.0881
0.0971

In this article, computed the stress parameters
around the discontinuity region and compared with
theoretical solutions these are within maximum 5% error.
The fringe patterns for sigma-x, sigma-y and von-mises
stress values around the discontinuity are plotted,
representing butterfly pattern at the crack tip.
The computed SIF values for different meshes
showing the mesh convergence for Stress Intensity
Factor are presented. It is noted that SIF values obtained
by three dimensional XFEM computations provide less
than 2% error as compared to theoretical values.
The crack growth has been simulated using the
XFEM based VCCT and cohesive segments techniques
in ABAQUS. In both the techniques the geometric nonlinear analysis has been invoked to cater for the large
displacement due to cracking. In the case of linear elastic
analysis the load displacements curves are in good
agreement. In the case elastic plastic analysis the crack
initiation and load displacement curves are in good
agreement in both the techniques considered in this
article.

In both the techniques the Geometric-nonlinear
analysis has been invoked to cater for large

International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

130

Computation of SIF and Crack Growth Simulation using XFEM Techniques

REFERENCES
[1]

S. Chakraborty, D. Roy Mahapatra, S. Natarajan
and St´ephane P.A. Bordas, Polygonal XFEM for
modelling deformation of polycrystalline
microstructure, International conference for
Extended Finite Element Methods - XFEM 2011.

[2]

T. Belytschko, T. Black, Elastic Crack Growth in
Finite Elements with Minimal Re-meshing, Int. J.
Numer. Meth. Engng. Vol. 45, 601-620 (1999).

[3]

Abaqus 6.10, Analysis User’s Manual Volume
number 2: Analysis, Dassault simulia,
http://www.simulia.com\

[4]

T.L.
Anderson,
Fracture
Fundamentals and applications.

[5]

Theo Fett, Stress Intensity Factors –T-stressesWeight functions, IKM-50, 2008.

[6]

Rice, J.R., A Path Independent Integral and the
Approximate Analysis of Strain Concentration by
Notches and Cracks, Journal of Applied
Mechanics, Vol.35,1968.

mechanics-

[7]

Irwin,G.R., "Onset of Fast Crack Propagation in
High Strength Steel and Aluminum Alloys",
Sagamore Research Conference Proceedings,
Vol.2, 1956.

[8]

P.M.G.P. Moreira, S.D. Pastrama and P.M.S.
deCastro,Three-dimensional
stress
intensity
calibration for a stiffened cracked plate,
Engineering Fracture Mechanics 76(2009) 22982308.

[9]

E. Giner, N. Sukumar, “An Abaqus
implementation of the extended finite element
method”, International Journal of Solids and
Structures, Vol. 76, 347–368, 2009.

[10]

Lyonel Reinhardt, J.A. Cordes,
XFEM
Modelling of Mixed-Mode Cracks in Thin
Aluminum
Panels,
SIMULIA
Customer
Conference, 2010.


International Conference on Advanced Research in Mechanical Engineering (ICARME-2012), 13th May, 2012, TRIVENDUM, ISBN : 978-93-81693-59-9

131

