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FINITE ELEMENT ANALYSIS ON FORCED
CONVECTIVE HEAT TRANSFER AUGMENTATION OF
NANOFLUIDS IN A TRIANGULAR CAVITY

1IM.M.BILLAH, 2U.K.SUMA, 3M.M. RAHMAN, 4AZHARUL KARIM
1 Department of Arts and Sciences, Ahsanullah University of Science and Technology,
Dhaka, Bangladesh
2Department of Mathematics, Bangladesh University, Dhaka, Bangladesh
3Department of Mathematics, Bangladesh University of Engineering and Technology,
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ABSTRACT

The behavior of Ag-water nanofluids is explored numerically in an inclined lid-driven triangular

enclosure heated on bottom surface. The consequent mathematical model is governed by the coupled
equations of mass, momentum and energy and solved by employing Galerkin weighted residual method of
finite element formulation. A wide range of governing parameters such as the Richardson number and
Reynolds number are considered in this investigation. Ag-water nanofluids are used with Prandt! number,

Pr = 6.2 and Reynolds number (Re) is varied from 100 to 500.The streamlines, isotherm plots and the
variation of the average Nusselt number at the hot surface as well as average fluid temperature in the
enclosure is presented and discussed in detailed. It is observed that Reynolds number strongly influenced
the fluid flow and heat transfer in the enclosure at the three convective regimes.

Keywords - Ag-water nanofluid, Finite Element Method, solidvolume fraction

- /

I.INTRODUCTION

Nanofluids come out to have a very high thermal conductivity which can meet the intensifying demand
as an efficient heat transfer agent. Researchers have started showing interest in the study of heat transfer
characteristics of these nanofluids in recent years. A prodigious importance has been shown to the forced
convection heat transfer phenomena as it has a very wide range of application in heat exchangers, solar
collector, electronics cooling, desalination process and so on The convective heat transfer feature of
nanofluids is influenced by the thermo-physical properties of the base fluid and nano particles. The
function of a meticulous nanofluid for a heat-transfer intention can be traditional by properly modeling
the convective transportation in the nanofluid [1]. A numerical study is performed to analyze the
transport mechanism of mixed convection in a lid-driven enclosure packed with nanofluids by
Muthtamilselvan et al. [2]. Sheikholeslami et al. [3] conducted the forced

convection heat transfer in a semi annulus under the influence of a variable magnetic field using
ferrofluid (Fe304). They found that the effects of Kelvin forces are more pronounced for high Reynolds
number and heat transfer enhancement has direct relationship with the Reynolds number. A parametric
study on mixed convection flow in a lid-driven inclined square enclosure filled with water-A1203
nanofluid was performed by Nada and Chamkha [4]. Mansour et al. [5] conducted a numerical
simulation on mixed convection flow in a square lid-driven cavity partially heated from below using
nanofluid. Eastman et al. [6] considered pure copper nanoparticles of less than 10 nm sized and achieved
40% increase in thermal conductivity for only 0.3% volume fraction of the solid dispersed in ethylene
glycol. Tzeng et al. [7] investigated the effect of nanofluids when used as engine coolants. CuO and
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AI203 and antifoam were individually mixed with automatic transmission oil. In this study, the effect of
Reynolds number is investigated numerically.

II. PROBLEM ANALYSIS
A. Physical Configuration

The physical model is depicted in Fig. 1. The problem deals with a steady two-dimensional flow of
nanofluid contained in an inclined lid-driven triangular enclosure. The length of the base wall and height
of the sliding wall of the enclosure are considered by L and H, respectively. In addition, the sliding wall
of the cavity is kept adiabatic and allowed to move from bottom to top at a constant speed V0. Moreover,
it is assumed that the temperature (Th) of the heating part of the bottom wall is higher than the
temperature (Tc) of the right inclined wall.

B. Thermo physical property of nanofluid

The nanoparticles of Ag are assumed to have a uniform shape and size. Furthermore, it is assumed that
both the fluid phase and nanoparticles are in thermal equilibrium state and they flow at the same velocity.
The thermo physical properties of the nanofluid are assumed to be constant except for the density
variation in the buoyancy force, which is based on the Boussinesq approximation. The data used for the
numerical simulation [8] is given in Tablel.

C.Mathematical Modeling

The free space in the enclosure is filled with Ag-water nanofluids. The nanofluid in the enclosure 1
Newtonian, incompressible and laminar. The nanoparticles are assumed to have uniform shape and size.
Under the above assumptions, the system of equations governing the two-dimensional motion of a
nanofluid is as follows:

P o
dx ay
(1
L T PR
ox dy Pnf ©x Py ax? 6_]*2
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+ﬂ(r—rc)gsm¢
Pnf
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The effective density of the nanofluid is defined by
Prf =(1_§]F'f + 0ps
(5)
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where 8 is the solid volume fraction of nanoparticles. The thermal diffusivity of the nanofluid is defined

as:
oW

Enf = (pcp )"f
(6)

The heat capacitance of nanofluids can be defined as:

(Pcp),,f =(1“‘5)(pcp)f ""‘5('0"?)5
(7

The thermal expansion coefficient of the nanofluid can be defined by

(PB),r =(1-0)(pB)  +6(pB),
(8)

The dynamic viscosity of the nanofluid is defined as:

J”n_lf g

(9)

The effective thermal conductivity of nanofluid was intoduced as:

kng ks +2kp =28 (ks —ks)
kp o ke+2kp+6(kp —ks)
(10)

where, ks is the thermal conductivity of the nanoparticles and kfis the thermal conductivity of base fluid.

Introducing the following dimensionless variables
pe s AU AR | BRSO
L L Vo Vo
p_(proe)® o (T-T)
Parto’ (Th - 1c)
(11)
the governing equations may be written in the
dimensionless form as
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The nondimensional numbers that appear in equations (13) -(15) are as follows:

Reynolds number Re=FylL /v - Prandtl number
Pr=vg ‘f.'x i and Richardson number

Ri=gBy (Ty - T, )L /Vy?
The appropriate boundary conditions for the governing equations are

on the bottom wall: 7 =1 =0, 8 =1 (on the

heater), U =V =0, % =0 (on the unheated part)

on the left inclined wall: 7 = 0,1 =1, %= 0

on the right inclined wall: 7 =¥ =0,8 =0

where N is the non-dimensional distances either X or Y direction acting normal to the surface.The
average Nusselt number at the heated surface of the cavity may be expressed as
kf - e
Mu  =——3 | = ax (16
Ay =g rioy =
0
and average fluid temperature in the enclosure may be
defined as ® = [UdF;'F (17)

III. COMPUTATIONALDETAILS

We use the Galerkin weighted residual method of finite element formulation as a computational scheme.
The finite element method begins by the partition of the continuum area of interest into a number of
simply shaped regions known as elements. These elements may be different shapes and sizes. Within
each element, the dependent variables are approximated using interpolation functions. In the present
study, erratic grid size system is considered especially near the walls to capture the rapid changes in the
dependent variables. The coupled governing equations (12)-(15) are transformed into sets of algebraic
equations using finite element method to reduce the continuum domain into discrete triangular domains.
The system of algebraic equations is solved by iteration technique. The solution process is iterated until
the subsequent convergence condition is satisfied: |r"*' -r"|<107

where m is number of iteration and T is the general dependent variable.

Table 1. Thermophysical properties of water and nanoparticles

18 .
Properties water Ag
< 4179 235
2 997.1 10500
k 0.613 429
B 2 X 107 5.4x107

IV.RESULTS AND DISCUSSION

In this study, our attention is taken into account to investigate the effects of controlling parameters
namely the Reynolds number and Richardson number (Ri). Here, solid volume fraction () and tilt angle
are kept fixed at 4% and 60, respectively.
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The effect of Reynolds Number Re and Ri on the fluid flow and temperature distribution in the cavity are
illustrated in the Figs.2 and 3 by plotting the streamlines and isotherms for Re = 100, 200, 300 and 500
and various Ri (0, 1 and 10), while & = 0.04 and [ = 600. The basic flow structure in the absence of
natural convection effect is presented in the left bottom corner of Fig. 2 at Re = 100. It is seen clearly that
for Ri=0.1 and low Reynolds number (Re = 100), the forced convection plays a dominant role, and the
recirculation flow is mostly generated only by the moving lid. The fluid flow in a two dimensional lid-
driven triangular enclosure is characterized by a main circulating cell (major cell) near the vicinity of the
sliding left surface in the enclosure developed by the lid and a weaker anticlockwise rotating cell close to
the right bottom corner for all values of Re. It can easily be seen the left column of Fig.2, the key cell is
created by the lid exhausted the neighboring fluid. In addition, the flow strength and the size of the key
cell is decreases with the increasing values of Re. On the other hand, it is found from the streamlines that
the flow strength as well as the size of the anticlockwise rotating cell escalating very moderately when
Reisincreased. With increment in Re at Ri= 1, buoyancy driven becomes stronger than the vortex due to
the moving lid. Finally, for Ri= 10 and different values of Re (= 100, 200, 300 and 500) the flow patterns
are characterized by two asymmetrical vortices that occupy the entire cavity as reflected in the column of
the Fig. 2. Itis noticed that most of the part of the cavity is covered by the minor cell. It also seems that the
mechanical effect generated by the moving lid

is dominated by the buoyancy forces.

i
8
g 7
f &
&
5?\
8 S }&"%\
o A A NSNS
DA
& e NS
(=]
g =
n (]
W W
[~ o
8
T g
& ]
o

Ri=0.1 Ri=1 Ri=10 Ri=0.1 Ri=1 Ri=10
Fig.2 Streamlines for different values of Reynolds Fig.3 Isotherms for different values of Reynolds number Re and
number Re and Richardson number Ri. Richardson number Ri.

The corresponding isotherm patterns for different Reynolds number and Richardson number at 6 = 0.04
are displayed in Fig.3. From the left column of this figure, it is seen that the isotherms for different values
of Re at Ri = 0.1 are clustered near the heated surface of the enclosure, which indicates a steep
temperature gradient along the horizontal direction in this region. Moreover, in the remaining area of the
cavity, the temperature gradients are very small due to the mechanically-driven circulations.

Additional, at Ri= 1, the thermal layer near the hot surface becomes thin and wavy isotherms observed
for higher Re. Which indicates the steeper thermal gradient becomes strong with escalating Re.
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Furthermore, as Ri increases to 10 the thermal layernear the hot surface become very thin and the
thermal spot is developed between the two rotating cells.

The average Nusselt number at the heat source is plotted as a function of Richardson number for a
particular Reynolds number is revealed in Fig. 4. Fig.4presents a very instructive picture of how the heat
is transferred in accordance with Re and Ri. The average Nusselt number at the heated surface decreases
very swiftly for higher values of Re with increasing value of Ri up to mixed convection regime but it
increases for higher values of Re with increasing value of Ri>0. On the other hand, the average Nusselt
number at the heated surface remains constant for lower value of Re (= 100) with increasing value of Ri
up to mixed convection regime, later it increases. However, the average Nusselt number at the heated
surface is found to increase as Re increases at fixed Ri. These results are probable because nanoparticles
increases heat absorbing capacity of the base fluid. Therefore, it can be concluded that more heat transfer
from the heat source is expected in the case of large parameter value of Re or Ri. One can notice that the
values of Nu are lower for the pure mixed convection (Ri = 1), while it compared with that for the other
values of Ri. Nevertheless, the values of Nuav are always maximum for the higher value of Re (=500).

7 =
I —4—Rc=100 —@—Re=200

- —4—Re =300 —=—Re=500

N,

5.5 1

45

0.1 1 R 5 10
Fig. 4 Effect of Reynolds number Re on average Nusselt number
at the heated surface in the cavity.

The effect of Reynolds number Re on average fluid temperature 6av in the cavity is revealed in the Fig. 5.

From this figure, it can clearly be seen that the value of Oav decreases promptly with the raise of Ri for all
considered Reynolds number. However, the values of Nuav are always maximum for the lower value of
Re (=100).

0.215 = —4—Re=100 —=Re= 200
—ir—Re = 300 —=—Re =500
0.205 4
-
o 0195
0.185 o
0.175 - v v

0.1 i B = 10

Fig.5. Effect of Reynolds number Re on average fluid
temperature in the cavity.
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CONCULISION

Forced convection parameter Re has a great significant effect on the streamlines and isotherms field.
Buoyancy-induced vortex in the streamlines increased and thermal layer near the heated surface become
thin and concentrated with increasing Re. In addition, the heat transfer increased by roughly 14.46% at
Ri=I1 butitincreased by about 30.28.35% at Ri=10 as Re increases from100 to 500. The average Nusselt
numbers at the heated surface is always upper and average temperature in the cavity is inferior for the
large value of Re. Moreover, Ag-water nanofluids are capable to modify the flow pattern. The solid
volume fraction is a good control parameter for both pure and nanofluid filled enclosures.
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GRAIN REFINEMENT OF CAST AL-SI-MG ALLOYS
USING ELECTROMAGNETIC STIRRING

1A. K. RAJAK, 2B. B. KUMAR, 3C. K. MEENA, 4D. K. DWIVEDI
1Department of Mechanical & Industrial Engineering, Indian Institute of Technology,
Roorkee, India

ABSTRACT

4 )
This paper describes the effect of electromagnetic stirring current (11-154) on the microstructure of Al-

7%8i0.5%Mg and Al-17%Si-0.5%Mg alloys. Electromagnetic stirring (EMS) of semi-solid aluminium

alloys was carried out under continuous cooling conditions. To investigate the effectiveness of the EMS

systems, castings processed by EMS using different current values and mechanical stirring were prepared
using graphite mould (to ensure slow cooling rate). It was found that EMS can be effectively used with
hypoeutectic and hypoeutectic Al-Si alloys to get modified eutectic even without any modifier. EMS was
found to be more effective than mechanical stirring in controlling the microstructure of as cast samples.
The optimum current for EMS to achieve the better control over the structure varies with silicon content in
the alloy. Optimum current was found to increase with increase in Si content in aluminium alloy. At very
low currents the Electromagnetic stirring gave better results as compared to that at high current and
mechanical stirring. Results were substantiated by scanning electron microscopy
Keywords - Cast Al-Si-Mg alloy, electromagnetic stirring, mechanical stirring, current, eutectic
modifications and grain

- J

I.INTRODUCTION

Application of aluminium in automotive and aerospace is increasing continuously due to some very
attractive characteristics like high strength to weight ratio, good wear and corrosion resistance and easy
to process. These factors in turn help inproducing the light weight and energy vehicle with less emission
gases (CO2 and No2). Conventional liquid metal casting processes face many potential problems such
as gas entrapment, hot tearing, and shrinkage porosity formation. Hot tearing occurs due to low ductility
and poor strength of dendritic network in the semi-solid state during the solidification, while formation
of shrinkage porosity is attributed to poor feeding of liquid metal through the dendritic network.
Therefore, most of the research worldwide has been concentrated on the refinement and development of
non-dendritic morphologies in hypoeutectic and hypereutectic Al-Si alloys to overcome these problems
of conventional liquid casting processes. It has been suggested that problems can be greatly reduced by
having spheroidal primary phase morphologies [1]. Controlling the rheology of the semi- solid metal
(SSM) slurries is one of ways to achieve spheroidal solid morphology. Rheocasting began at MIT in
1971 to produce non-dendritic microstructures by continuous stirring of solidifying metal through the
solidification temperature range [2]. There are basically two approaches to obtain the desired
microstructure for a semi-solid slurry using different techniques: 1) partial solidification of melt under
forced convection induced by electro-magnetic or mechanical stirring or partial solidification under the
effect of external field such as pulse current or ultrasonic vibrations; and 2) partial melting of solid feed
stock solidified under controlled conditions.

Though the research on stir-casting picked up in late eighties but literature review reveals that only few
references [3-9] are available on improving the structure and mechanical properties of hypoeutectic and
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hypereutectic Al-Si alloys. Micro-constituents of Al-Si alloy namely primary and eutectic silicon
crystals are known to influence to mechanical and tribological properties.

Electromagnetic stirring (EMS) is a technology in which molten metal (in semi solid condition) is
stirred with the help of electromagnetic forces. Molten metal is kept in a vessel (generally cylindrical),
around the vessel coils are wrapped. Flow of A.C current through the coils generatesvarying magnetic
field, which sets current in molten metal as per Lenz’s law of magnetic induction. AC current was
controlled with a transformer which in turn controls the magnetic induction intensity of the rotary
magnetic field, thus finally affects the rotational velocity of the semi-solid melt [9]. Forced convection
of molten metal by Electromagnetic Stirring results in two effects 1) finer particles with a non-dendritic
morphology and 2) accelerated crystal growth.
Stirring of semi-solid alloy system breaks the dendrites arms which are formed during normal course of
solidification and broken parts of dendriticarms act as nucleant thus grain refinement of alpha
aluminium is achieved. With increasing shear rate and intensity of turbulence the particle morphology
changes from dendritic to spherical via rosette [7-9]. Electromagnetic stirring have been reported to
affect the primary silicon particles (PSPs) morphology in two ways 1) the congregating effect and 2) the
refining effect. When the stirring current is high, the congregating effect predominates over refinement
effect and therefore PSPs move inwards and congregate to form large blocks owing the occurrence of the
centrifugal force field. Relatively weak electromagnetic stirring offers more refining effect on the
primary Si particles than the strong electromagnetic stirring. The severe EMS causes more turbulence in
the semi-solid metal, which in turn encourage fracture of dendritic arms. The turbulence drags the
broken grains to the centre of the ingot where they grow in the form of rosettes or globules (morphology
more energetically steady). A greater number of broken grains results in a final smaller average grain
size. Literature indicates the best refinement and distribution of micro-constituents is obtained only at an
optimum level of EMS current[4]. Dendrite fracture theory is widely accepted as primary mechanism
for refinement of alpha aluminium in stir cast Al-Si alloys; however, the mechanism of primary and
eutectic silicon refinement is not yet very clearly understood [2, 3]. Therefore, in present research
attempts were made to investigate the effect EMS (using different current levels) and mechanical
stirring on eutectic and primary silicon particles of a hypoeutectic and a hypereutectic Al-Si alloy.

II. EXPERIMENTAL PROCEDURE
2.1 Development of stir cast alloys

Schematic diagram of EMS system along with main components is shown in Fig. 1. Ceramic wool and
asbestos sheet were used for thermal insulation of coils as heat transfer might damage the coil windings.
For measuring the temperature of molten metal, alumel-chromel thermo couple (K-type) with digital
temperature indicator was used to ensure that stirring is done in the mushy zone. The current and voltage
supplied to motor were regulated by a 3 phase Auto transformer for controlled supply of current and
voltage according to the rating of the windings. For ensuring safety of windings, the temperature of the
windings was also measured continuously during stirring. Suitable electro-magnetic filed was designed
and generated for stirring of semi-solid Al-7%S10.5%Mg and Al-17%Si-0.5%Mg alloy. Base alloys
were first prepared by using Al-50%Si, Al-10%Mg and high purity aluminium with help of an induction

furnace. Subsequently, one by one each alloy (1.5kg) was re-melted in the induction furnace for
electromagnetic stirring treatment. The molten metal at 750°C was poured in the pre-heated (250° C)
graphite crucible. The crucible was then placed in electromagnetic filed. After placing the crucible
suitably in electromagnetic field, the current was increased gradually until the rotation starts. The
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stirring was then continued at a particular value of current till the molten metal stays in mushy zone
under continuous cooling conditions. After stirring, the melt slurry was allowed to cool in graphite
crucible kept in still air. On complete solidification, the casting was taken out. EMS was carried out
using different conditions as shown in Table I. Mechanical stirring was carried out 200rpm using a
system schematically shown in Fig 2. Samples of alloy processed by EMS and mechanical stirring were
prepared by machining and standard metallographic polishing procedure for microstructure and
hardness study. Polished samples were etched with the Keller’s reagent (95% water, HF-1%, HNO3-
2.5%, HCI1.5%). Microphotographs of the samples were taken at magnification of 500X using scanning
electron microscope (Leo, UK) using and then finally image analysis of all microstructures was done
using Materials Plus (Dewinter, India) Image analyzer software

THERMO-COUPLE

SEMI-SOLID ALLOY

CRUCIBLE FOR HOLDING

MOLTEN ALLOY

GRAPHITE SHIELD

ABSBESTOS SHEET

SUPPORTING BASE

\A/

COILS FOR ELECTROMAGNETIC FIELD

Fig. 1. Schematic diagram of electro magnetic stirring system
showing various components

S. No. Current (A) Voltage (V) Temperature Range (°C) | Winding Temp. (°C)
Alloyl 11 150 600-550 41.2

13 178 -do- 41.8

15 200 -do- 43.2
Alloy3 11 150 680-600 43.6

13 178 -do- 44.2

15 200 -do- 45.4

Table 1: Experimental Parameters for electromagnetic stirring
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Fig. 2. Schematic diagram of set-up for mechanical stirring

showing a) top view and b) front view: 1 hot plate, 2 stainless
steel stirrer, 3 graphite crucible and 4 stirrer shaft

III. RESULTS AND DISCUSSION

Microstructures of hypoeutectic alloy processed by EMS and mechanical stirring are shown in Fig. 3 (a
d). It can be observed that the microstructure of alloy in different conditions primarily reveal the
spheroids, rosettes and eutectic mixture of Al-Si along the grain boundary. In general, increase in EMS
current also increases the size of spheroids and coarsens the eutectic mixture especially needle shaped
eutectic silicon crystals. Moreover, the EMS of alloy with 11 A current results in maximum modification
of eutectic and refinement of alpha aluminium grain (Fig 3a). Increase in current from 11A to 15A
reduced the degree of modification and grain refinement of the alloy (Fig.3 a-c). Mechanical stirring did
not show any major eutectic modification as eutectic silicon remained of needle shape (Fig 3d). This
may be due to uniform stirring effect under mechanical stirring conditions.

Microscopy of hypereutectic alloy revealed that EMS at 11A current results is only slight modification
of eutectic mixture as many needle shaped silicon particles were observed in matrix of the alloy (Fig 4a).
Increase in current from 11 to 13 and 15A caused significant modification of eutectic and refinement of
primary silicon particles in the alloy (Fig 4 a-c). Best modification i.e. refinement and spheroidization of
eutectic silicon and refinement of primary silicon particles in hypereutectic alloys was observed for
sample processed by EMS at 15A current. Mechanical stirring in case of hypereutectic alloy also did not
show any significant eutectic modification as eutectic silicon crystals largely remain coarse and needle
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shaped (Fig 4 d). Few polyhedral shaped cuboid of primary silicon particles were also observed in alloy
matrix.

Morphology of various phases during solidification is governed by growth rate and actual temperature
gradient near the solid-liquid metal interface [10-12]. Any kind disturbance in alloy system during
solidification affects the stages of solidification i.e. nucleation and growth process. Stirring either using
electromagnetic or mechanical (shear) forces leads to fracture of aluminium dendrite growing during the
solidification; since the broken dendrites have same composition and crystal structure as that of
aluminium, these are able to actas nucleant [10, 11]. Presence of large number of nucleants in semi-solid
slurry produced by stirring in turn refines the alpha aluminium grains. Refinement of eutectic
modification and primary silicon needs different perception of refinement process. Since aluminium is
of higher density (2.84g/cm3) material than silicon (2.4 g/cm3) therefore during stirring under the effect
of electromagnetic forces partially solidified aluminium dendrites/grains which are dominating
(approx. 80%) in hypoeutectic alloy are churned rigorously which impact onto the eutectic silicon
needle and cause their fracture. The extent of fracture of silicon needle during EMS in turn dictates the
degree of refinement/modification of eutectic. Once stirring of hypoeutectic alloy is initiated it
effectively refines the eutectic and alpha aluminium. In case of hypereutectic alloy, primary silicon
particle are nucleated first subsequently eutectic solidifies. Since, silicon is light in weight and non
metallic therefore it is does not form dendrite structure but appears as large polyhedral shaped primary
silicon which are not broken easily. Stirring of low density coarse cuboid shape primary silicon particle
might not be effective at low level of current for electromagnetic stirring which could result in breaking
ofthe silicon needles. This justifies the need of high current for electromagnetic stirring of hypereutectic
alloy to achieve the desired refinement/ modification of primary and eutectic silicon particles. Because
current directly affects the intensity of magnetic field which in turn affect the electromagnetic forces
responsible for stirring of slurry. The magnetic field produced by current carrying coils (solenoid.) is
given by

B=p XN XI

Where p is the magnetic permeability of the material to be stirred, N is number of turns per unit length of

‘ig. 3. Effect of stirring on microstructure of hypoeutectic alloy processed by EMS at a) 11A, b) 13A and ¢) 15A during EMS and d)
mechanical stirring
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Fig. 4. Effect of stirring on microstructure of hypereutectic alloy at a) 11A, b) 13A and ¢) 15A during EMS and d) mechanical
stirring

the solenoid and I is the current flowing through the coil. Lorentz force on moving charge in a magnetic
field is expressed by

—_  — —3

F=e(v *B)

Where, e is the charge of electron, v is the velocity of electron, B is magnetic field. The electrons moving
in the current loops (eddy current) experience these forces which are held responsible for stirring. The
Lorentz force (F) in the metal by an alternating magnetic field, B which induces current density (J), in the
metal, and is localized within a certain skin depth.Force F is given by

- — —

F=J*B

Force is normal to the surface of the alloy in the plane of the coil, but decreases with the depth.
Occurrence of an optimum level of current for EMS for better control of the microstructure has also been
reported earlier however, it was not related to composition or silicon content in the alloy [4].
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CONCLUSIONS

1. The electromagnetic stirring (EMS) system was successfully designed and developed for controlling
the morphology of alpha aluminium, eutectic and primary silicon particles without any alloying.

2. Electromagnetic stirring of cast hypoeutectic and hypoeutectic Al-Si alloys using different level of
currents showed that it can be effectively used to refine and modify the eutectic and primary silicon
particles even without any modifier/refiner.

3. Electromagnetic stirring is more effective than mechanical stirring for controlling the microstructure
ofas cast Al-Sialloys.

4. Optimum current for EMS to achieve the better control over the structure varies with silicon content in
the alloy. Optimum current increases with increase in Si percentage.
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TECHNIQUE FOR SIZING OF CORROSION UNDER
INSULATION
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ABSTRACT

- ~N
Guided Wave technology developed for detecting metal loss and wall thinning in pipework. It is pulse echo

system aimed at testing large volumes of material from a single test point, [1].1t is initial application was
for detecting corrosion under insulation in petrochemical plant, but it has found widespread use in other
inspection situation where pipe or tubes are not accessibl.Unlike the other published paper which
concentrate on detection of corrosion, in this paper the concentration is on signals evaluation techniques
“Focus Response” for close estimation of corrosion dimentions. However Guided Wave is known as
corrosion monitoring method, by applying Focus Response evaluation techniques, it is possible to obtain
details information of suspected features and severity of defects by means of defects extension around
circumference of pipe without applying another conventinal technique.
Index Terms - Guided Wave, Corrosion, Focus response

- J

I.INTRODUCTION

Guided wave is primarily screening tool. The aim of the inspection is to test long lengths of pipe rapidly
with 100% coverage of the pipe wall and to identify areas of corrosion or erosion for further evaluation
using other NDT method such as conventional ultrasonic test. The technique is sensitive to metal loss on
both the outside and inside of the pipe. It is pulse echo system aimed at testing large volumes of material
from a single test point.
This technique involves transmitting ultrasonic Lamb waves along the pipe length. By using this method
approximately 50 meter of pipe can be inspected from a single location in the best condition. The system
has the ability to inspect the pipe in difficult areas, such as road crossings and insulated pipes or elevated.
The technique is especially sensitive for detection of corrosion damage in pipes. This equipment allows
arapid screening of the all pipe; screening tools for fast assessment of large parts of installations, Instead
ofultrasonic spot checks.
Lamb waves have the potential of propagating over long distances. This System is an ultrasonic unit that
clamps onto the surface of the pipe to be examined and sends a torsional and longitudinal wave along the
pipeline. This technique allows detecting locations where a minimum of 5% cross section area has been
eroded or corroded away. It is a useful tool for searching corrosion of pipe surfaces at pipe supports,
underneath insulation, underground piping,

Guided waves travel across the pipe bends, supports, welds, T-joints, etc but cannot pass across flange
joints and end pieces. It also gives qualitative information about defects, as only an UT measurement
allows defining how much the thickness reduction in the indicated area has been. Welds cause reflection
signals at regular distance, providing reference for sensitivity settings and use to set distance amplitude
correction (DAC) curves, seeFig 1.
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Figure 1:Providing refrence sensitivity

In the case of pipe features such as a girth weld, the increase in thickness is symmetrical around the pipe,
so the reflected wave is also symmetrical with same wave mode as the incident wave. In this case we
don’t have mode conversion signal and this kind of symmetrical signal will show as black color signal in
A-scan presentation.see Fig 2 In the case of an area of corrosion, the decrease in thickness is not
symmetrical, leading to scattering of the incident wave in addition to reflection the mode conversion also
will occur, [3].

The reflected wave will therefore consist of the incident wave mode plus the mode converted
components. Therefore this mode converted signal arises from a non-uniform source. This kind of non-
uniform signal will present with red or blue color in A-scan presentation. The presence of these signals is
a strong indicator of discontinuities such as corrosion, see Fig 3.

A major complication for guided wave system to compare with conventional ultrasonic system is the
dispersive nature of guided waves. In the case of dispersion the velocity of most guided waves varies

with their frequency, see Figd 2 :
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Figure 2: typical weld is symmetric
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Figure 3: typical corrosion spot is non-symmetric
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Figure 4: Typical dispersion curves

These are for a specific pipe diameter and wall thickness. Other diameters and thicknesses will have their
own families of dispersion curves. It can be seen that the torsional T(0,1) wave is non-dispersive. That is
its velocity is constant irrespective of frequency. The L(0,1) wave is highly dispersive with wide
variations in velocity with frequency. The L.(0,2) wave cannot exist at frequencies below about 20 kHz.
These causes major complication to calibrate the time base of the A-scan signals to read as distance and
not time. For this purpose the system requires a computer program to read a velocity for the selected test
frequency and thickness from a dispersion curve.There is a library of dispersion curves built into the
equipment and software for range of pipe diameter/wall-thickness combinations. Tree test locations and
also the sketches showing overview of pipe location is shown in Fig 5.

Figure 5: Overview of pipe and examination locations
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Presentation of result

For this specific thickness and diameter of the pipe the test frequency has chosen 37 KHz with torsional
mode of guided wave in both directions of the pipe.In A-scan plots an additional DAC curves has been
added to the analyses screen. This DAC curve will form by connecting the tips of back reflecting signals
from welds which are at the same intervals. The A-scan presentation of location one is chosen to show in

this paper which is Fig 6. In below of this A-scan, the details of indications involve, type of each
indications and distance from datum point is illustrated.

&

Distance from datum T Indication Type Comments ]
-11.691m Flange
-11.222m B Cat 2. Moderate indication
[ -10.54m small Branch bl
| -9.057m ' | Cat 1. _____| Minor indication
[ -3.143m - -~ Weld
T WGHS Ar f Moderate
Pipe Support ea of
w— corrosion noted at
__|pipesupport |
[ 16.478m Cat 2. Moderate indication
18.154m B _ Cat 1. | Minor indication _
32.421m _ Weld
[ 24.354m Cat 1. Minor Indication
- - -
Figure 6 : A-scan presentation of location 1
Evaluation techniques

Black & Red Signal technique

The general evaluation technique in all Guided Wave tools is amplitude response directly from red and
black signal in A-scan presentation. The black echoes represent from feature that are symmetric around
the pipe such as welds and flanges and the red echoes represent from none symmetric feature such as

corrosion and supports. The ratio of the red and black signal can be used to approximate the
circumferential extent of the observed feature, Fig 7
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Figure 7: Ratio between red and black signal

Some Guided Wave tools and softwares has ability to send and recive ulrasonic signal during phased
delaywhich lead to focus ultrasonic waves in specifc location.By using this specific ability, the focus
response technique can be done to get more information of suspected area.

Focus Response technique

Indications identified on the A-scan are evaluated on the basis of a combination of the signal amplitude
and directionality of the focused response.In order to provide a means of identifying defect which are
potentially significant in terms of the integrity of the pipe , it’s also necessary to examine how localized
the response around circumference. This may be obtained from the polar response chart.The signal are
now describe as being of amplitude category 1,2 or 3, with category 3 being the highest.The additional
DAC curve and the areas corresponding to the categories above are shown in Fig 8

= Wekd ina. - 1408 == Calagiry J bne_- 2008 —— Category 7 ke, -T600 "= Nome e, 3208 —100% refecior_0dB |

Figure 8: Schematic of amplitude category
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Category 1 response is those which are lower than the green -26 db line (formerly Minor).Category 2
response are those above the -26 db line, but are lower than the new red line at -20 db line (Formerly
Moderate).Category 3 response exceed the red -20 db line (Formly major).

The collection of focused data from suspected defect is an integral part of the test. The result from
focused test on each defect is analyzed in term of the directionality of the response.

If the polar plot shows a high level of directionality , indicated by a single peak in the plot at one focus
angle, it classify by category 3, see Fig 9. This indicates that the defect is highly localized on a narrow
part of the circumference, so that it s likely to be deep for a given amplitude response.

270° - 90" | 270° - 90

180° 180°

Figure 9: Category 3 response

If the polar plot has two adjacent high amplitude responses it is classify by category 2. This is shown in
Fig 10. This suggests that the defect is localized but has some circumferential length.

0 o
I

180° 180°
Figure 10: Category 2 response
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If the polar plot has 3 or more adjacent high amplitude peaks, see Fig 11it is classify by category 1.This
suggests that it is spread over a wide area of circumference, so that it is likely to be less deep for a given
response amplitude.Also there is a directionality of category 0, which correspond to the approximately
uniform response around the circumference obtained from a weld, see Fig 11

270" - 90" | | 270" - 50

180* 180"

Figure 11: Category 1&Category 0 response

CONCLUSION

In this paper it was shown that the application of focus response guided wave technique for corrosion
detection. With this specific technique it is availbale to get more information from suspected area in term
of how localized the ultrasonic response around circumference for very close severity estimation of each
corrosion defects.Although Guided Wave method is known as a monitoring system and will shows the
cross-sectional change of features, by Using Focus Response evaluation Technique, dimention of each
corrosion defects will achive.The most important benefit of guided wave is 100% coverage and
screening for corrosion. This complements conventional NDT, which aims to detect and evaluate flaws
in specific critical areas. These areas are often inaccessible, and can be dangerous for test operators, but
could be reached by guided waves.
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ABSTRACT

. N
This paper presents step by step design procedure and considerations while matching a turbocharger to a

specific engine. One simple and efficient way of matching a turbocharger to an engine is the “Ballpark
Matching” technique. Turbochargers are the most efficient horsepower supplementing unit in a vehicle,
and its installation requires changing certain components of an engine, and sometimes even installing
completely new parts in the engine, like aftercoolers. For heavy duty purposes where it is targeted to
increase the horsepower by more than 50%, we have to do certain changes in the crankshaft, piston and
other parts of an engine. Once a turbocharger is selected and installed, the next step is tuning the
turbocharger according to the fuel injection characteristics and extracting maximum out of the
turbocharger. The last and most important phase is the failure analysis and detection in a turbocharger.
Certain typical turbocharger failures will be discussed along with troubleshooting.

Indexterms - Turbocharger Matching, Tuning, Compressor, Wastegates, Anti Lag Systems

. J

I.INTRODUCTION

A turbocharger works on the basic principle of extracting air from exhaust and directing it to rotate the
turbine. This rotation of the turbine leads to rotation of the shaft on which the turbine and turbine housing
is mounted. This rotation of the shaft causes the compressor wheel on the other side to rotate. This
compressor, compresses the static air present around it thus, increasing the number of air molecules per
unit volume. This dense air is pumped inside the engine, Hence, in this way the volumetric efficiencyof
the engine will increase. Volumetric efficiency is the volumetric flow rate of air versus the capability or
theoretical flow rate possible.

A 100% volumetric efficient engine is not possible, because of many reasons like installation of air filter,
etc. Small increments can be made in the volumetric efficiency can be made by increasing the valve open
times, and increasing their sizes. However, if dense and more air is pumped into the engine, its
volumetric efficiency will drastically increase. The types of installation of turbos are of three types,
namely single turbos, twin turbos or series turbos.In twin turbos, two turbos give the input to an engine.
Whereas, in series turbos, the output of one compressor is fed to the second turbine. This leads to high
level of compressing and used in heavy duty operations like tractors and cranes. In case of passenger
vehicles with inline cylinder arrangement, single turbochargers are preferred. Whereas in case of V
engines, twin turbochargers are preferred. In today’s world, wastegates and variable geometry
turbochargers are being widely used. A wastegate is nothing but a valve which opens to relieve excess
exhaust gases. [f the exhaust gas pressure is too much for the current speed of the vehicle, then an input is
given to the wastegate from the compressor, which leads to opening of the wastegate and diverting a
portion of the exhaust flow. This prevents the turbo from overcharging and thereby choking. It is the
simplest application of a variable geometry turbine.
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II. PARTS OFATURBOCHARGERAND FUNCTIONING

The main parts of a turbocharger system are turbine, compressor, bearings and intercooler. The function
of a compressor is to compress the air present in the volute portion of the compressor cover. Air flows
through the bellmouth nozzle along the inducer diameter. This diameter of the inducer decides the flow
rate or capacity of the compressor. The diffuser portion of a compressor is very vital as it governs the
flow of the air from the compressor to the cover. The compressor and cover have a gap of nearly 0.01
inch. Most diffusers are vaneless type and are formed by parallel walls between cover and bearing
housing face. The vane type diffuser, being restrictive is only used in engines with a very narrow RPM
operating range. The volute diameter increases as it gradually approaches he engine as it has to convert
the highly dense moving air into static pressure air. At times, an inducer bleed is installed before the inlet
of the compressor, which diverts excess flow and allows its re-entry into the compressor. This prevents
compressor from surging. The range of operating and maximum efficiency RPM for a compressor with a
particular A/R (area over radius) ratio can be found by plotting its pressure ratio against air flow
compressor map. Some compressor types are straight radial, backward curved impellor and splitter
blade type.

The next vital component is the turbine which is rotated by the exhaust air moving through the turbine
housing tongue. Turbine shafts are manufactured by rolling to keep intact the grain structure of parent
metal. There are two basic types of turbine, namely, tangential entry and divided type. A divided type
allows the air to reach the turbine tip and lets out a collective uniform stream of air. However, the
tangential entry type is less restrictive and delivers output in form of exhaust pulses. Turbine sizing is
also done by A/R ratio. Itis the area of the volute divided by the radius from center to the volute centroid.

Bearing system consists of two journal bearings and a flat thrust bearing. This has now been replaced by
ball bearings. Ball bearings, when installed give a better initial response than the journal bearings.

III. SELECTINGATURBOCHARGER

The method of selecting a turbocharger is called the “Turbocharger matching” technique. In this, we
have to first match the compressor and then the turbine. Depending upon the capacity of the engine, the
displacement of the engine is used to calculate the airflow.

Displacement x RPM
Airflow = ]Jf

With this, the airflow is found out and is multiplied by a factor of 0.85, so as to compensate the various
losses contributing to the volumetric efficiency. The amount of boost pressure is decided and a ratio
called pressure ratio is defined as

Pressure ratio
Boost pressure + Surrounding Pressure

Surrounding pressure

The pressure ratio against density ratio graphs are used to find the corresponding density ratio. This
density ratio, when multiplied with the corrected airflow, it gives us the turbocharged airflow. With these
data in hand, we refer to air flow versus pressure ratio graphs of several compressors and see which
compressor gives us the best results for the given data. The central regions of such compressor maps
usually represent the highest efficiency island. The trim of a compressor determines the capacity of the
compressor to handle large airflows.
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Inducer x Inducer

Trim = 100
-I."III'I ~ Exducer x Exd_ucgrx R

In case of turbines, pressure ratio is replaced by the term called expansion ratio. It is the reverse of
pressure ratio

Expansion ratio
Exhaust Pressure + Atmospheric Pressure

Turbine Pressure + Atmospheric Pressure

Now, using a turbine flow map which has corrected flow on Y axis and expansion ratio on X axis, we can
find the corresponding corrected flow rate. Based on this flow rate and the size of the turbine or the A/R
ratio, we can choose the appropriate turbine. A small A/R ratio shows increase in exhaust pressure. Two
turbines having the same A/R ratio need not have the same volumetric efficiency due to difference in the
velocity of the exhaust air inside the turbine housing. The exhaust air velocity depends on the radius of
the housing. It varies inversely with the radius, to be more specific. Hence, turbines having same A/R
ratio have similar turbine maps, however their magnification differs. It is important to test the turbine
pressure while installing a turbine on an engine. Hence, a pressure tap must be fitted in the turbine for
testing purpose to check that the pressure of the turbine does not vary drastically with respect to
COMPIessor.

IV.DESIGN CONSIDERATIONS OF TURBOCHARGERAND ENGINE

The design of a turbocharger begins with the decision, should the turbocharger be two twin
turbochargers or 1 large single turbocharger. Logically, when the size of a turbocharger increases the
moment of inertia increases. Hence, as the moment of inertia increases, the resistance to the rotatory
parts of a turbocharger increases. If we take two small turbochargers and arrange them in parallel, the
resultant moment of inertia is clearly, less than that of a large single turbocharger. However, there is a
disadvantage to twin turbocharger system too. As there are two turbochargers involved, it means there
will be frictional losses in the clearance between turbine housing and turbine in two turbochargers.
Therefore, more losses and less efficiency is a result. Twin turbochargers should only be used in large
applications.

Intake filters of a turbocharger system have to be less restrictive as compared to general intake air filters
of vehicles, made of filter paper. A fine filter will clog too many particles, thus causing a high pressure
drop and choking the turbocharger. Instead, a filter made of surgical gauze must be used, which will be
less restrictive. If a K&N filter is to be used, we can use the following formulae provided by K&N to

determine filter characteristics

Area(sq inch)of filter
{lhs of boost ]
e —————— +

14.7
x Cubic Inch Displacement
» RPM + 20839
sq inch of filter

filter diameter x 3.14 i

Filter height(inch) = 0.75
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If we decide the boost pressure beyond 5-71bs, an aftercooler is a must. According to the Ideal Gas
Equation

PV =nRT

We know that as the pressure of the air inside compressor increases, the temperature will increase. Hence
intercoolers are required. Efficiency of an intercooler can be found out by

Efficency

Compressor — Intercooler
= - Temperatures
Compressor — Surrounding

The intercooler may be of shell and tube type or cross flow heat exchanger, depending upon the
application. Worm clamps must be used for tightening of hoses as they are easy to tighten and have high
resistance to wear. One end of the turbocharger is connected to the plenum and the other end to the
exhaust manifold. Flex tubes and expansion joints must be used throughout to increase durability and
increase the ability to withstand temperature. Ceramic paint acts as a good heat shield for the
turbocharger.

If we are aiming to boost an engine above 50% of original power, we need to make certain changes in the
engine. The engine block is put through the following processes. First, the block is heated for 30 minutes
up to 500 degree Fahrenheit. Next, it is bead blasted and shaken well to remove debris. Magnaflux test is
performed to test for cracks and then, a sonic check is done to see the thickness of the block and
itsvariation. Lastly, honing plates are installed in the bore of the engine block and its reading is taken
when the block head is installed and bolted. If the reading is large enough, then it leads to buckling during
operation. Crankshafts must be forged and not cast. Cast components often have pores in them leading to
loss in strength. A billet crankshaft, in which the whole crankshaft is made from a single block is even
better. The crankshaft must be properly balanced on the main bearings. In case of pistons, the topmost
piston ring is usually very close to the piston crown. This results in a very little area as a combustion dead
spot between the topmost ring, piston crown and cylinder wall. However, this small are is responsible for
leakage of air and fuel mixtures too. Hence, bringing the piston rings down is not possible. This affect the
turbochargers performance. Heat treated, hypereutectic pistons with 12% silicon content are ideal for
high horsepower turbocharger applications. Piston coatings like ceramic keep the piston cool and fasten
the heat transfer rate, however decrease the clearances between piston and cylinder. Connecting rods
must be preferably, of the H beam design as compared to the I beam, for better wear resistance. The
connecting rod bolts must be large enough to withstand the new power and torque onit.

Valves must be modified such that they provide for higher airflow and hence speed up the process of
combustion. The valve seat, if narrowed by grinding and polishing, will lead to higher airflow. In
addition to this, it must be made sure that all the combustion chambers have the same volume. Gaskets
must be used extensively and positive type head gasket such as O-rings must be used. Also, head studs
are recommended.

The rate at which dense air will enter the engine combustion chamber will be very high than the rate of
fuel injection. Hence, this needs a cam lobe profile change. Note that by grinding and polishing cam
lobes, we cannot increase the time for which the cam is open by a large amount. More importantly, we
cannot increase it, but can decrease it slightly. However, we can change the rise or lift at a particular cam
position. This can be done by grinding and polishing the surface of the cam. A thick cam leads to high
lifts or rises and a narrow cam profile leads to short rises. Make sure to round the edges to smoothen the
transition. These small edits to an engine and the design considerations while installing a turbocharger
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will keep the engine healthy and running for quite a long period of time.
V.TUNINGATURBOCHARGER

Tuning an engine can be best described as controlling the amount of air and fuel being injected in the
combustion chamber at once. With the installation of a turbocharger, more air enters the combustion
chamber than the stock values. Hence, to maintain the compression ratio, the fuel injected must be more
as well. Sometimes, there is a need to change the fuel injectors as well.

The first step while tuning a turbocharged engine is the installation of an exhaust gas oxygen sensor after
the exhaust header. The function of this sensor is to measure the air fuel ratio, also denoted by lambda A.
Next, the fuel injector duty cycle needs to be increased. Duty cycle is the amount of time for which the
injectors are open, delivering fuel. Care must be taken that the duty cycle is not above 90% of the total
time, and in such cases, fuel injectors must be replaced with larger ones. Injectors have to be chosen
depending upon the brake specific fuel consumption of an engine. Generally, the turbocharged engines
have a brake specific fuel consumption of 0.60. Injector ideal size can be found out by

Horsepower x BFSC

Size =
Number of injectors x Duty cycle

Fuel pressure in the rails is related directly to the square of the mass flow rate of an injector. Keeping
these formulae in mind, the ideal injector for a turbocharged engine can be tuned and chosen.

Blow off valves and compressor valves have to be installed. In cases where the throttle is suddenly shut
off, but the vehicle is in motion, the compressor is run due to exhaust being emitted. However, there
develops too much backpressure in the engine due to zero throttle condition and this leads to wear of the
turbocharger. This unwanted air in the compressor can be let out using a blow off valve. This valve is
actuated when the throttle is deactivated and then it diverts the exhaust flow out into the atmosphere. In
case of compressor valves, they divert the exhaust flow back into the intake of an engine. This clearly
suggests that blow off valves give a noisy output as compared to compressor valves.

In case of wastegate turbochargers, boost controllers are used to limit the boost generation with the help
ofaneedle valve.

In extreme racing vehicles, we sometimes need immense horsepower the moment we start the race. In
such cases it is demanded that the turbocharger be activated in the start as soon as the engine is switched
on and idling. This has been achieved by Anti Lag Systems. When the throttle and clutch are pushed
simultaneously, the ALS system gets activated and it misfires a cylinder, thus causing exhaust to rotate
the turbine vigorously. This leads to violent firing inside the combustion chamber and leads to rapid
rotation of the turbine. Although this leads to high temperatures in the turbocharger and the engine, it is
used by racers to improve their pick up speed.

VI. FAILURE ANALYSIS

Turbocharger is a part of an engine that is subjected to extreme stresses, due to its extreme surrounding
conditions and number of cycles of operation. Hence, the failure of a turbocharger is a common event,
especially in drag races. A turbocharger rarely lasts for an entire season of a racing event. The analysis of
failures in turbochargers is a field in itself. There are majorly, four main causes of turbocharger failure,
namely: External damage, contaminated oil, lack of lubrication and high exhaust temperatures.

International Journal of Mechanical & Production Engineering (Volume - 13, Issue - 02, May- August 2025) Page No. 27



ISSN 2320-2092

External damage may be found out by making some typical observations. The intercooler acts as a catch
pot, in most cases. It prevents the entry of external particles into the compressor and hence protects the
engine. However, bolts and rocks may be found in the compressor housing which show that the reason of
failure is external object ingression. The particles which do not enter the engine, often get dislodged into
the turbine housing, thus deteriorating the performance. Valve and piston fragments, along with heat
baffle fragments may be found in the turbine housing, leading to failure. Rather than this, the risks of a
turbine failing by over speeding are excessively high. Turbines cannot last over 100,000 cycles in
general. The heat generated and the mass air flow cannot be sustained after a limit and the turbine blades
start chipping off, thus affecting performance.

Contaminated lube oil leave markings on the journal bearing. Marks can be seen, predominantly on the
outer diameter of the bearings, due to trapped particles. If contaminated oil is the only cause of failure,
scoring can be seen on the internal diameters of the bearings too, to an extent. Contaminants in the oil
gallery and poor oil filter maintenance leads to contaminated lube oil.

Discoloration in the thrust and journal bearings, show a clear case of lack of lubrication. The first run of a
turbocharger is without the oil lubrication. This is a cause for failure. Any sludge in the bearing housing
that blocks the oil or damaged oil line, lead to failures due to lack of lubrication. When oil is found in both
the ends of housing, it means that there has been oil leakage. This happens due to broken piston rings or
an improper placement of oil drain.

The turbocharger bearing assembly is in continuous motion. When the boost pressure acts on the back of
compressor, the thrust bearing is pulled farthest away towards the positive side. Hence, the bearing
system may fail after many cycles of sudden acceleration and deceleration. In case of drag races, there is
always a negative pressure differential generated across the ends as the compressor will never be able to
cope up with the requirements of a turbine. Once we, move up to the next gear, the boost pressure slowly
overcomes the turbine pressure. This shows that in races, the bearings are in constant motion and may
fail soon if not lubricated well.

CONCLUSION

These are the basic design considerations that every individual needs to be familiar with before installing
a turbocharger to an engine. The steps to do this are as follows: Selecting the appropriate turbocharger,
designing the turbocharger parts, changing the engine according to the requirements and finally, tuning
the turbocharger.
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ABSTRACT

[T his research work reports the potential of using Pulverised Fuel Ash (PFA) as a partial substitute for\
Portland Cement (PC) in the development of concrete. PFA is a by-product of the combustion of
pulverized coal in electric power generating plants. Its use in concrete will alleviate the environmental
concern for PFA disposal and ease the growing shortage and increasingly high cost of PC. In order to
investigate the cement replacement potential of PFA, six types of mixes, at varying PFA replacement levels
were designed— 5%, 10%, 15%, 20%, 25% and 30%, all with a water binding ratio of 0.6 and tested at 7,
14, and 28 days. The testing programme included material characterization; the determination of slump
value and compressive strength. The results showed that the addition of PFA to the concrete mix causes the
compressive strength to reduce at early age and that the slump values increased as the quantity of PFA
increased in the mix.

Index Terms - Pulverised Fuel Ash, Slump, Concrete, Compressive Strength

G J

I.INTRODUCTION

Due to the increasing demand for environmentally friendly and low cost construction materials;by-
products from power plants and steel production are now being utilised as cement replacement materials
in the construction industry. An example of such a material, is Pulverised Fuel Ash (PFA), which is a by-
product of coal combustion from power plantsand is currently being stock-piled in open field landfill
sites; thus having a negative impact on the environment. PFA has similar properties to Portland Cement
(PC) owing to the available calcium content (CaO) [1] and so has the potential to be used as pozzolan for
the partial replacement of cement. Replacing PC in concrete with PFA, will reduce thepollutant
emissions, such as Carbon Dioxide and Nitrogen Oxide that are given off in the production of PC; thus
helping to reduce greenhouse gases [2]. There have been a number of reports of the use of PFA in
concrete.

Motamedi et al [3] reported that if the percentage of PFA used in PC replacement exceeds 20% of the
total weight, the final UCS decreases. Openshaw [4] andSnelson et al [5] reported the same UCS
reduction when the PFA content exceeds an optimum amount. Maslehuddin [6] carried out
investigations to evaluate the compressive strength, development and corrosion-resisting characteristics
of concrete mixes in which PFA was used as an admixture and from the results concluded that addition of
Fly Ash as an admixture, increases the early age compressive strength and long-term corrosion-resisting
characteristics of concrete. The superior performance of these mixes compared to plain concrete mixes
was attributed to the increase in densification of the paste

structure which is a result of the pozzolanic action between the Fly Ash and the calcium hydroxide that is
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from the hydration of cement. Jiang and Malhotra [ 7] tested Fly Ash of several different compositions, at
55% replacement. They demonstrated a strong positive correlation between lime content and
compressive strength at all ages, although more notably at later ages.

This research reports on the results of the investigation on the slump value and strength of concrete made
by the partial replacement of up to 30% of the PC in conventional concrete with PFA. The use of a cement
replacement material such PFA in the production of concrete will increase environmental sustainability,
by the reducing the high energy usage and carbon dioxide emissions that occur during cement
production process. The paper will have a high impact on the Engineering and Scientific communities
involved in alternative construction material development. The future impacts of this paper are for
international development, through the development of techniques that will be transferable.

II. MATERIALS

A.Pulverised Fuel Ash

The Pulverised Fuel Ash (PFA) used within this research work was supplied by a local contractor and its
manufacture conformed to BS EN 450-1 [8]. PFA is a by-product from coal-fired powered stations and is

produced when pulverised coal is fed into the boilersand burnt at very high temperatures. The chemical
composition and certain physical properties of PFA can be seen in Table 1.

Table 1 - Chemical composition and some physical properties of

PFA

Chemical constituent PFA Percentage
Silicon dioxide (5i0;) 59-04
Aluminium oxide [Al;0;) 34-08
Iron oxide (Fe:0:) 2-0
Lime (Ca0) 0-22
Sulphur trioxide (SO3) 0-05
Magnesium oxide (MgO) 0-43
Alkalis (Na,0, K;0) 1-26
Loss on ignition 0-63
Characteristic of PFA Test result
Lime reactivity; average compressive strength (MPa) 6-59
Specific gravity 2:058
Fineness: specific surface area :mz,-"N} 35-48
Drying shrinkage (mm) 0-06
Soundness by autoclave test expansion of specimen (mm) 001
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B. Portland Cement

The Portland Cement (PC) used throughout this research was manufactured in accordance with BS 197-
1 [9] and supplied by Lafarge Cement UK. The minimum compressive strength of the PC is 32.5
N/mm?2. The physical properties and Oxide/chemical composition of the PC are shown in Table 2.

Table 2 - Physical properties and Oxide/chemical composition

the PC
Properties
Insoluble Residue 0.5
Bulk Density (kg/m*) 1400
Relative Density 3.1
Blaine fineness (m”/kg) 365
Colour Grey
Oxide %
5102 20.00
Alz0s 6.00
Fex0s 3.00
MgO 4.21
MnO 0.03-1.11
S50; 2.30
Loss on [gnition 0.8
Chemical (%s)
Cl 0.03
Free lime 1.32
Bogue's composition
Tricalcium aluminate (C3A) 6.48
Trnecalcium silicate (C38) 70.58
Dicalcium silicate (C2S) 6.09
Tetracalcium alumunate-ferrite (C4AF) 6.45

C.Limestone Aggregates

The limestone aggregate used throughout this investigation were sizes 10mm and 20mm. The limestone
aggregates were supplied by a local quarry and complied with the requirements of BS EN 12620 [11].
Some geometrical, mechanical and physical properties of the limestone aggregate can be seen in Oti and
Kinuthia [10].
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D. Sand

The sand used throughout this study was natural sea-dredged sand from the Bristol Channel. Some
geometrical, mechanical and physical properties of the sand can be seen in Oti and Kinuthia [10]. The
sieve analysis of the sand was performed in accordance with BS EN 933-1: [12] and the results are given
in Table 3.

Table 3 - Sieve analysis of the limestone aggregate and sand

Sand Limestone
Sieve Sizs (mm) 10/4.
31.5 100 100
16 100 100
B 100 i
4 100 2
2 B3 0.3
1 54 0.28
0.5 21.8 0.19
0.25 6 0.14
0.125 1.2 0.1

III. METHODOLOGY

The control mix for the concrete in the current research work was designed using a PC content of 374
kg/m3. The water/binder ratio was 0.5, with a slump value of 7mm. In order to investigate the cement
replacement potential of Fly Ash, the investigation used up to 30% Fly Ash to replace the PC in the
control mix, in various combinations as shown in Table 4. The intention is to maintain a specified
consistency but to obtain usable concrete, irrespective of consistency, using Fly Ash and, if possible,
without using superplasticisers, which is more cost-effective. The first mix to be referred to as JO1, is the
control mix. For the second mix (Jo2), the PC in the control concrete was be replaced with 5% Fly Ash. In
the third mix (Jo3), the PC in the control concrete was be replaced with 10% Fly Ash. For the forth mix
(Jo4), the PC in the control concrete was be replaced with 15% Fly Ash. In the fifth mix (Jo5), the PC in
the control concrete was be replaced with 20% Fly Ash. For the sixth mix (Jo6), the PC in the control
concretewas replaced with 25% Fly Ash. The final mix (Jo7),was produced by replacing the PC in the
control concrete with 30% Fly Ash.

Table 4 - The mix composition

Binder ’! oarse Sand
Mix Code PFA | 20./10 10/4 (kg) )
r

101{Conwol} | Ses 0 1194 5.12 1152 | 297
3o 540 a.25 1154 512 1152 297
103 512 053 1194 512 1152 297
JO4 4531 3,25 1154 512 1152 297
1OS5 455 £.14 3194 5 12 1152 2.97
JO% 4.27 142 152 512 ils2 297
o7 3 a8 L7 114 5 12 1152 297
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Cube (100 mm x 100 mm % 100 mm) test specimens were used in the production of all the concrete. For
all mix compositions, the test specimens, were prepared in accordance with BS EN 206 [13], BS EN
12350-1[14] and BS EN 12390-1 [15]. The consistency of the fresh concrete was measured using slump
test in accordance with BS EN 12350-2 [ 16]. De-moulding of the test specimens was done after 24 hours.
The curing of the test specimens were carried out in accordance with BS EN 12390-2 [17]. All the cube
specimens were tested for 7, 14 and 28 day compressive strength in accordance with BS EN 12390-3
[18] and BS EN 12390-4 [19]. For all mix compositions, the results reported are the average obtained
from five individual specimens for compressive strength.

RESULTS

The results for the slump for each of the mixes are presented in Figure 1. It can be seen that the more PFA
there is in the mix, the higher the slump value, suggesting that more PFA gives a wetter mix.

The slump values varies from 7mm slump for mix Jol with no PFA in the mix, to 50mm for JO7; giving
an early indication as to the behaviour of the concrete in a fresh state. The trend is relatively constant
throughout the range of mixes, however, two anomaly points were observed. Mix JO4 shows a lower
slump from the linear trend-line of the other mixes; as does Jo7, which shows no increase in slump value
compared to JOS5, even though additional 5% PFA was added to the mix

102 103 104 105 10& 107

01
[Comtrol)

60

£

=

Slump Value (mm)
& =

—
=

0

Mix Code

Figure 1 - Slump value for all mixes

Figure 2 shows the results of the compressive strength test for 7, 14 and 28 days. There was a progressive
increase in strength values for all the mix compositions with age. The highest 7 day strength observed
was, JO1 which was the control mix; while the lowest strength was observed for mix JO7, wherePC in
the control mix was replaced by 30% PFA. Increasing the PFA content of a concrete mix caused a
reduction in compressive strength in early age.
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Figure 2 - Compressive Strength for all mixes

DISCUSSION

There were some observed variations in the slump values of the various mixes with the addition of PFA.
A continual trend of increasing slump values developed for every percentage increase in the amount of
PFA in the concrete mix, except in mixes JO4 and JO7. In compliance with BS EN 12350 [16], the seven
mixes produced can be categorised, resulting in Jo1 being not classified (i.e. below 10mm), JO2 to JO4
being classed as S1 and JOS5 to JO7 being classed as S2. The increase in slump values with PFA addition
may be attributed to the extremely spherical particle shape of PFA which may act as miniature ball
bearings within the concrete mix, thus providing a lubricant effect [10]. Using the PFA would make the
consistency of the concrete mixes flow more easily on site and so speed up the construction process.
Mixes JO6 and JO7 had the largest slump values making the concrete wetter. These mixes also had the
highest PFA content asthe water content was identical in all mixes. The results showed that PFA can be
used not only as a cement replacement material but also as a substitute for water content.

The variations observed with regards to the compressive strength were a progressive increase in strength
values for each mix composition, as the curing age increased. Mix JO1, the control mix,attained a higher
strength at 28 days. This higher strength gain may be due to the gradual formation of the calcium silicate
hydrate gel (C-S-H gel) in the hydration process. The more PFA in the mix, the lower the overall strength
of the mix. PFA was found to have an increased effect on concrete strength development at later age. To
further understand the long term effect of adding PFA to concrete, it is necessary to test the strength at
later age (beyond 28 days).

CONCLUSIONS

The investigation carried out in the current study has demonstrated the potential of replacing up to 30%
of PC with PFA. The key conclusions that can be drawn from this investigation are summarised in the
following list:

International Journal of Mechanical & Production Engineering (Volume - 13, Issue - 02, May- August 2025) Page No. 34



ISSN 2320-2092

1) There was variation in the slump values of the concrete mixes with the addition of PFA. The lowest
slump value was observed from the control mix while the highest slump value was observed from mixes
JOG6 and JO7, these are the mixes where 25% and 30% of the PC in the control mix was replaced with
PFA.

2) The results of the compressive strength test showed that the highest strength value was obtained for
the control mix while lowest strength was obtained from the concrete where 30% of the PC in the control
concrete was replaced with PFA.
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