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INTRODUCTION

In order to make the waste treatment
efficient, practical and cost effective,
the operating parameters in each
sectional unit of the treatment system
must be brought under appropriate
control within the set- point.
Unbounded operations, such as
parameters running away from the set-
point, even for a short period interval,
can be detrimental to the plant
operation.  For example, pH in the
aerobic treatment should be
controlled within 6 - 8. A pH drifting
from the optimum value will alter the
nature of bacterial activities, deters the

desirable enzymatic behaviour.  The
overall results could be the stoppage
of the aerobic oxidation process that
converts hazardous food into treated
bio-mass.  This in turn affects the
operation of downstream units or
results in unauthorized discharge of
industrial waste.

The control of waste water operating
parameters, such as pH, had long been
regarded as a difficult task (Shinskey,
1973;  Buchholt and Kummel, 1979;
Jacobs et al., 1980;  Gustafsson and
Walker, 1983;  Piovosso and Williams,
1985;  Williams et al., 1990;  Wright
and Kravaris, 1991;  Kulkarni et al.,

1991).  The difficulties arise from the
severe process non- linearity and
frequent load changes, such as changes
in the influent composition and flow
rate which give rise to its time varying
characteristics.  The non-linearity can
be seen from the S-shaped static pH
responses with the addition of titrant.
Moreover, a chemical plant, in most
occasions, consists of a different
number of processing units that
discharge different types of waste and
amounts of acid or base.  These leave
the plant as a hardly definable waste
mixture.  Besides the non-linear
dynamic behaviour, there are often
several other substantial factors such

Relay Feedback Auto-tuning Controller

For Waste Water Treatment

V R Radhakrishnan

School of Chemical Engineering

Universiti Sains Malaysia

31750 Tronoh, Perak

ABSTRACT

The control of waste water operating parameters, especially pH, had long been regarded as a difficult task.  This difficulty
arises from its severe process non-linearity, tremendous dead time and frequent load changes, such as changes in the
influent composition and flow rate.  The non-linearity can be seen from the S-shaped static pH responses with the
addition of titrant where the process gain is low in the buffered zone and extremely high around the neutrality point.  In
order to make the pH control effective, for example, we need a controller which is rapid in the buffered zone with large
controller gain and sensitive around neutrality (pH 6-8 where that is a sudden change from acid to base condition).  The
controller gain in this region must be small enough in order to maintain a constant gain in the feedback loop to avoid
sustained oscillation around the set-point.  This difficulty have led to the various alternatives being introduced to solve
the problems, such as predictive combined with traditional control, such as modified PI controller, adaptive control,
predictive-adaptive control, fuzzy logic and gain scheduling.  In this study, a relay feedback auto-tuning controller is used
to regulate the pH.  The auto-tuner will excite the process output into limit cycles from where the ultimate gain and
period can be determined.  The PID values can be calculated based on these parameters and imparted to the controller.

Keywords:

relay feedback, auto-tuning, pH control, PC auto-tuner
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as type and strength of the acid and
base (different pK values), exact
volumetric flow of influent
(particularly the upstream process
plants are a mixture of continuous,
semi-continuous, batch process),
buffer capacity of the entire system,
effectiveness of the stirring system,
exact pumping rate of neutralizing
solution delivered by the metering
pumps and etc.  Those practical
problems make the effective control
of waste water treatment rather hectic,
if not ineffective, by conventional
means.

In order to make the pH control
effective, we need a controller which
is rapid in the buffered zone (where
pH varies slightly with titrant, in the
region of pH 4 - 5, 9 - 10) and
sensitive around neutrality (pH 5 - 9
where that is a sudden change from
acid to basic, with great pH sensitivity
to changes in the base concentration)
(Moore, 1978).

These difficulties have led to the
various alternatives being introduced
to solve the problems, such as
predictive combined with traditional
control algorithms (Riggs, 1990;
Gaulian, 1990), modified PI
controller (Costello, 1994), adaptive
control (Kurtz, 1985), predictive-
adaptive control (Aragon, 1993;
Palancar, 1993;  Proll, 1994), fuzzy
logic.

The subject of this research is a
continuation of these previous
research works, that is to apply relay
feedback auto tuning controller to
regulate the intensities of pH.

RELAY FEEDBACK AUTO-

TUNING

The Ziegler-Nichols ultimate cycling
or frequency response method is a well
known technique for tuning a PID

controller manually.  It is designed to
give quarter amplitude damping for
the load disturbance response.  This
method, however, is not very practical
as it is difficult to operate the process
on the brink of instability.  In order
to use the Ziegler-Nichols ultimate
cycling tuning formula to tune a PID
controller manually, the first step is
to switch off the I and D part to tune
the P controller.  The proportional
gain is increased slowly until sustained
oscillation is obtained.  Anyway, if
sufficient care is not taken, the
amplitude of the oscillation may grow
unbounded, creating upset to plant
operation.  Also, it may take a longer
time to obtain the sustained oscillation
or even if it has been obtained, it is
difficult to control its amplitude.

Refer to Figure 1, during auto-tuning,
the relay feedback is activated and the
PID controller is disconnected.  When
a stable limit cycle is established, the
corresponding parameters such as
ultimate gain and period are found
and the PID parameters are
computed.  The PID controller is then
connected back to the process and is
used to control the process using the
newly auto-tuned PID values.  Besides
eliminating the time consuming
manual procedure, this method
achieves controlled oscillation rather
rapidly, thereby allowing auto-tuning
to be performed in a very short time.

Moreover, the amplitude of the
sustained oscillation is well controlled
within permissible limit.

THE METHOD OF HARMONIC

BALANCE (DESCRIBING

FUNCTION)

The excitation of the process output
into sinusoidal limit cycle by the
feedback relay auto-tuner can be
described by the method of harmonic
balance or describing function. In this
method, it is assumed that the limit
cycle has a period Tu and frequency

wu = 2π
Tu

.  The relay output is a

periodic symmetrical square wave.  If
the relay amplitude is d, a simple
Fourier series expansion of the relay
output shows that the first harmonic

component has the amplitude 
4d
π .

Assume further that the process
dynamics are of low-pass character
and the contribution from the first
harmonic dominates the output.  The
error signal then has the amplitude

a = 4d
π

G( jwu) (1)

The condition for oscillation is thus
that

arg G(jwu) = –π and

Figure 1: Relay Feedback Auto- Tuning Controller

ε Process

– 1

Relay

PID
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Ku = 4d
πa

= 1

G( jwu)
(2)

where Ku can be regarded as the
equivalent gain of the relay for
transmission of sinusoidal signals with
amplitude a.

DETERMINATION OF PID FROM

RELAY FEEDBACK AUTO-

TUNING

A very simple rule for choosing the
parameters of PID controllers (KC,

Ti1 , TD) is to determine them from

Ku and Tu.  These correlations are
given by the Ziegler-Nichols closed-
loop method.

KC = K u

1.7 (3)

Ti = Pu

2 (4)

TD = Pu

8 (5)

Alternatively, the PID values can be
calculated from the Standard Astrom-
Hagglund (1984) formula (Tan et al.,
1996):

KC = K u

Am
cosφm (6)

Td =
tanφm + 4

α
+tan2 φm

2ωu

(7)

Ti = αTd (8)
where φm, Am, α are the desired phase
margin, gain margin and arbitari
constant.  For most applications in
process control, the specification of
Am = 2 and φm = 0.7854 is
recommended (Hagglund and
Astrom, 1991).

HYSTERESIS

In practice, hysteresis is installed in the
relay to prevent relay switchover due

to presence of noise.  The hysteresis
width can be selected base on the noise
level, for example, 2 times larger than
the noise amplitude.  The ultimate
gain in this case is then:

Ku
' = 4d

π a2 −ζ 2 (9)

where ζ is the hysteresis width.

EXPERIMENTAL TECHNIQUES

The PC, data acquisition system and
CSTR are assembled to establish
closed loop operation.  The auto-tuner
is implemented on the PC with AD/
DA card (Opto 22).  The relay
feedback auto-tuner is programmed
using Visual Basic.  This program is
connected by means of Object
Linking and Embedding (OLE) with
the Paragon.  The auto-tuner is
programmed in such a way that it will
auto-tune the closed loop with
rectangular wave input, having a
amplitude d being 180° out of phase
with the output signal.  The auto-
tuning time, square input amplitude
and period, upper limit and lower
limit, hysteresis width can be changed
to any values.  The amplitude a and
period, Tu of the output oscillations
are then computed.

The calculation of PID values can be
coded onto the PC itself, so that the
PID controller parameters, KC,Ti, TD
are at once found.  The correlations
between KC,Ti, TD with Ku and Tu are
given by Ziegler-Nichols (1942) and
Standard Astrom-Hagglund (1984)
method.

The relay is then disconnected, and
the PID controller with the just found
parameters is given charge of the
system regulation.  This is done for
both load and set-point changes
(regulatory and servo problem), at
each reactor operating point.

The developments of the software

program to incorporate the relay
system into the pH process control
can be best described by the following
software flow diagram:

pH
Process

Hardware Optomus
(ADC, DAC)

Paragon TNT Control
Supervisor System

          OLE

Visual Basic Program
for auto-tuning

Figure 2:  Software Flow Diagram

The performance of the PID
controller tuned using the auto-tuner
programmed with PC is compared
with the commercial auto-tuning
controller.

CONCLUSIONS

The PID controller tuned with the PC
programmed relay feedback auto-
tuner provides better performance
with those tuned with conventional
Ziegler-Nichols or commercial auto-
tuners (Yokogawa Ut350).  The
advantages lie in the fact that the auto-
tuner allows the PID tuning in a
controlled manner and the small limit
cycles generated is what we need to
prevent unbounded operating cycles
in real tuning environment.
Conventional open-loop tests are both
time consuming and less practical.
The Ziegler-Nichols closed loop
method, on the other hand, could give
raise to unbounded sustained
oscillations during tuning.
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A commercial software is written to
implement the control strategies.  The
auto-tuner parameters, such as
amplitude, hysteresis width and
period can be changed at will.  pH
control is important for the successful
operation of many chemical,
biochemical and waste water
treatment systems.  This in turn
contributes to the development in
Malaysia, which is experiencing rapid
growth in the process industries.  This
project will reinforce the study of
advanced control strategies in USM
and Malaysia.  The relay feedback
auto-tuning under study gives an easy
alternative as it is an on-line tuning
method plus the fact that it generates
small sustained oscillations during
tuning make sure the process is
operating within permissible control
limits.

NOTATION

a Amplitude of relay oscillation, %
Am Amplitude margin, dimensionless
d Amplitude of process output, %
KC Proportional gain
Ku Ultimate gain, dimensionless
Tu Ultimate period, seconds
Ti Integral time, seconds
TD Derivative time, seconds
φm Phase margins
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ABSTRACT

The purpose of this research is firstly to develop an improved method for implementing reverse engineering by integrating
engineering analysis within the reverse engineering framework.  Secondly, the literature publication of this research will
expose mechanical engineering students taking Mechanical Design Technology course to the larger perspective of reverse
engineering.

Instead of creating just the CAD model, a FEA model complete with nodes and meshes, loading and boundary conditions
is generated allowing for critical part performance information to be predicted.  Costly and time consuming destructive
or non-destructive testing on the part is eliminated.

The results of this study will make the task of reverse engineering an existing part and producing an improved part greatly
simplified and structured.  A significant benefit that is provided by the new RES is the total cost savings due to more
efficient manufacturing and prototype testing of the clone part, thus improving productivity.

Index Terms

CAD/CAM:  computer-aided design/computer-aided manufacturing, CMM:  coordinate measuring machine, RES:  reverse
engineering system, NRES:  new reverse engineering system.

INTRODUCTION

Reverse engineering is the process by
which an existing part or a physical
model is recreated or cloned.  The
reverse engineering system starts with
either a contact or non-contact data
acquisition technique, followed by
CAD system for model regeneration.
The model is subsequently integrated
into a CAD/CAM system for tool-
path generation and completed with
automated manufacturing system.
Unavailable or missing geometric
data for existing parts can be acquired
by contact or non-contact data

acquisition techniques.  Using this
acquired geometric data, the CAD
model of the part can be regenerated.
Based on the CAD model, the part
can be reproduced using a CAD/
CAM system and a numerical
control machine tool.
Mechanical Design Technology is a
course offered for fourth year
mechanical engineering students in
Universiti Teknologi Petronas,
Malaysia.  The course cover topics
from design to manufacture and
reverse engineering being one topic.
Reverse engineering’s applications
are expanding rapidly from

manufacturing to medicine.  RES is
also an effective tool for
implementing concepts such as
concurrent or simultaneous
engineering since it helps shorten
design-to-manufacture lead time.  In
relation to this research, reverse
engineering can be further defined as
the process of building a CAD model
from an existing part or prototype,
allowing for engineering analysis and
design improvement, before other
manufacturing processes such as
computer-aided manufacture and
machining to obtain a cloned or
modified part.

INTEGRATING ANALYSIS AND DESIGN IMPROVEMENT IN A

REVERSE ENGINEERING FRAMEWORK

Ahmad Majdi bin Abdul Rani

Universiti Teknologi PETRONAS

31750 Bandar Seri Iskandar, Tronoh, Perak, Malaysia.

majdi@petronas.com.my

This paper was presented at the International Conference on Engineering Education, Oslo, 6-10 August, 2001.
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PROBLEM STATEMENTS

Two notable shortcoming in relations
with reverse engineering currently:
(1) the existing RES fails to provide
critical performance information for
the part being remanufactured, and
(2) available literatures and
publications on reverse engineering
are not only very limited for
engineering students but those
available mainly focus on data
acquisition rather than the overall
perspective.

Current available reverse engineering
systems lack the ability to analyze a
part before its remanufactured.  It
could be a waste of effort to digitize a
broken or worn part and later
remanufacture the exact duplicate.
For often times, breaks and excessive
wear in parts are the results of poor
design.  Instead, it is feasible to
analyze and redesign the part model,
if necessary, eliminating inferior
characteristics before remanufacture.
This is extremely effective for
identifying areas of concern such as
safety and reliability before significant
amounts of effort and money are
spent on remanufacturing parts.
Costly and time consuming
destructive or non-destructive testing
on the part are also eliminated.  Such
a situation would increase
productivity and efficiency.

RESEARCH SIGNIFICANCE

Integrating engineering analysis in the
new reverse engineering system,
NRES, provides data on the
performance of the part before
remanufacture, thus minimizing the
possibility of remanufacturing parts
with defects or deficiencies.
Additionally, this effort will provide
engineering students with a literature
that encompass the larger perspective
of reverse engineering.  Students

taking similar courses to Mechanical
Design Technology which covers
reverse engineering will be exposed
from data acquisition, CAD model
generation, engineering analysis, tool-
path generation and manufacture.

Rules and procedures are formulated
for conducting engineering design
changes for design improvement.
The task of reverse engineering an
existing part and reproducing an
improved part will be now be greatly
simplified and structured.

BRIEF PROCEDURE

The front-end of the reverse
engineering process involves the
reacquisition of CAD data from a part
or prototype.  Based on geometric
data obtained by the contact method
digitizing system from the
Coordinate Measuring Machine, a
wire-frame model is generated.  The
wire-frame model is divided into a
mesh and node network.  Load and
boundary conditions are assigned to
the model, transforming it into a
finite element model.  Engineering
analysis is then conducted, and the
performance results are analyzed.  If
necessary, modification for design
improvement can be executed
utilizing the procedure and rules
developed in this research.

APPLICATION AREA

A large amount of research has been
done in the area of reverse
engineering.  Although the
approaches differ in many respects,
none have integrated engineering
analysis and procedures for design
improvement.  Here, some of the past
and present research dealing with
RES application areas, the framework
of existing RES, and data acquisition
techniques are reviewed.

Huang and Tai [2000] presents a
method for pre-processing data points
for curve fitting in their RES.  Data
points of an existing part is measured
by a CMM and processed before
fitting into a B-spline form.  This
method is implemented for a number
of practical application.

Carbone et al. [2001] proposed a RES
for complex, free form surfaces, based
on the integration of the
measurement information from a 3D
vision sensor and a CMM.  CAD
model of complex geometry can be
reconstruct with high accuracy and
minimum human intervention.

Quality Machine of Looveland,
Colorado developed and
implemented a RES to remanufacture
a thermoplastic elastomer handle.
The handle attaches to a lever that
controls a valve on a hydraulic
machine.  In their RES, Quality
Machine utilized a non-contact data
acquisition technique, a Digibot laser
scanner, to digitize the handle.  Based
on the digitized geometric data, a 3-
D CAD model of the handle is
created. A CAD/CAM system,
SurfCAM, in the RES is used to
generate the NC codes required to
machine the electrode to produce the
mold.  Before cutting expensive
material, the tool paths were tested
using NC proofing polyurethane
foam.  Their RES lacks critical
performance information for the
mold which could have been
generated through engineering
analysis by utilizing the same
geometric data.

Most other research in RES focuses
mainly on data acquisition while
making a passing statement on the
CAD/CAM component of their
RES;  none took the extra step of
further utilizing the CAD model
generated from the digitizing system
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to perform engineering analysis.
Thus, this research attempts to
contribute in the reverse engineering
framework by developing a procedure
for integrating engineering analysis
such that the NRES can provide
additional information by predicting
the performance of the part to be
reverse engineered.  Additionally, a
methodology is developed to assist in
conducting design changes for
product performance and reliability
improvement by providing rules and
procedures for engineering design
changes.

RESEARCH PROCEDURE

The framework developed for
generating performance information
through engineering analysis from the
new reverse engineering system
(NRES) is described and the structure
is shown in Figure 1.

The geometric data of an existing part
is acquired by  a contact data
acquisition method using a CMM.
A wire-frame model of the digitized
part is constructed based on the
geometric data acquired.  The critical
performance information of the part
to be remanufactured can be
generated by performing engineering
analysis.  Instead of producing a
prototype and testing it with either a
destructive or non-destructive
method, in this research, a finite
element method is utilized as a tool.
A procedure is developed to
transform the wire-frame model into
a format suitable for conducting finite
element analysis.  The part model is
represented as a finite element model
by breaking-up the wire-frame model
into a finite number of smaller
elements.  Each element is in the
shape of a hexahedral brick with eight
nodes.  Actual loading and boundary
conditions are assigned to the model.
Critical performance information

regarding the linear stress and
deflection data is collected.  This data
is compared to the known yield stress
value of the intended material of the
part.  The yield stress value acts as the
threshold for the linear stress value
obtained from conducting the
performance analysis.  Any value
exceeding the yield stress is an
indication that the part has yielded
under that particular loading
condition.  Considering safety
factors, any stress value less than the
yield stress but exceeding the safety
margin is deemed as unsuitable.

Engineering changes are required to
overcome deficiencies by making
design modifications or selecting a
superior material.  A set of rules is
developed in this research providing
guidelines for making design
modifications in the NRES.  Once
design modification is completed,
engineering analysis is again
conducted to analyze the
performance of the modified design.
The iteration between design
modification and engineering analysis
is executed until a suitable design is
accomplished.

DATA ACQUISITION OF THE

SAMPLE PART

The isometric view of the sample part
is shown in Figure 2.  For this part
the line/line intersection alignment is
used since the part is of a prismatic
shape with planar surfaces.

The digital measurement capabilities
of a CMM allows the extraction or
acquisition of engineering design data
such as Cartesian coordinates,
surfaces, and orthographic drawings
from the existing part.  The geometric
data acquisition for the test part is
implemented using a Brown &
Sharpe MicroVal PFx coordinate
measuring machine.  Micromeasure
IV software is used for writing the

Improved CAD Model

Part Digitization
Using CMM

2D
Modeling

3D
Modeling

Engineering Analysis
& Design Modification

Figure 1
Structure for integrating engineering analysis and design modification.

Figure 2

Isometric View of Sample Part.
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data acquisition program.  The
complete digitizing program written
for the geometric data acquisition
generated for the test part is written
for each elevation.

The mappings of all the views are used
to generate the CAD model of the
sample part, using the modeling
module in the Algor system.

PROCEDURE FOR

INTEGRATING ENGINEERING

ANALYSIS AND DESIGN

IMPROVEMENT

The most crucial step in  integrating
engineering analysis, in reverse
engineering, is transforming the wire-
frame model into a proper finite
element model.  In this research, a
procedure is developed for
transforming the CAD model into a
FEA model.  The aim is to develop
the most suitable mesh and nodal
pattern that provides enough elements
to obtain accurate results without
wasting data interpretation and
processing time.

With a 3D model, the choice of finite
element is limited to volume elements
such as tetrahedron, pentahedron,

hexahedron, and solid or brick
elements (Refer Figure 4).  Three-
dimensional analysis is preferred over
two-dimensional analysis to analyze
the result through-out the entire
model rather than just a cross-section
of the part.  The brick element is
selected over the other element types.

It was chosen based on its suitability
and ease in dividing the prismatic part
into finite elements.  Tetrahedral,
pentahedral, or hexahedral are usually
necessary to accommodate
irregularities in geometry.

Although finite element meshes
should be uniform throughout the
model, mesh refinement is performed
at regions of rapid change in geometry
[Champion; 1992].  Mesh refinement
is required to obtain more accurate
results especially of stresses rather than
deflections.  The reason being that
stresses are calculated using derivatives
of the displacements.  Stresses
calculated at adjacent elements may
differ substantially if the finite
element mesh is not adequately
refined.  A factor to be considered
when conducting mesh refinement is
the element aspect ratio.  This is
defined as the ratio between the
element’s longest and shortest
dimension.  Regions with small
variation of stresses could have a 40
to 1 aspect ratio and still yield good
results.  As a general rule, an aspect
ratio of about or under 10 and 3 for
deflection and stress analysis,
respectively, should be followed
[Spyrakos, 1994].

In the part model being analyzed, the
stress output at critical locations is
where there is an abrupt change in the
geometry.  Corner nodes are difficult
locations to compute stresses.
Unfortunately, in many cases peak
stress occurs at corners, and their
magnitudes may govern the design.

Engineering design changes need to
be executed to overcome
concentrated stresses that may result
in local plastic deformation.  On the
other hand, even with ductile
materials, areas of stress concentration
are possible sites for fatigue if the
design part is cyclically loaded.  Fillet
radius may be introduced to reduce
the stress concentration well below
the material yield point with
consideration to the safety factor.

In making design changes by
introducing a fillet (Refer Figure 5
and 6), it is necessary to start with
sharp fillet, gradually increasing to
full or even blunt fillet if necessaryTetrahedron Pentahedron

Hexahedron Solid or Brick

Figure 4
Wire-frame Model of the Digitized
Sample Part.

D

r

h

h

d

Sharpness of fillet = h/r
Depth of fillet = h/d

Figure 5
Sharpness and Depth of Fillet.

Sharpness of fillet, h/r > 1.0

Full fillet, h/r = 1.0

Blunt fillet, h/r < 1.0

Figure 6
Various Sharpness of Fillet
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[Avallone et al., 1986].  These steps
are necessary in order to achieve
significant reduction in stress
concentration.  In application areas
sensitive even to minimal deflection
of the part, buttresses can be
introduced to provide support against
deflection.

ENGINEERING ANALYSIS

PROCEDURE

The idea of implementing the
procedure to integrate engineering
analysis in the new reverse engineering
system, NRES, is demonstrated using
the sample part shown earlier in Figure
2.  The terms sample part and test part
are used interchangeably in this
research referring that part.

The aim of this procedure is to
develop the most suitable mesh and
nodal pattern that provides enough
elements to obtain accurate results
without wasting data interpretation
and processing time.  Considering that
the sample part is prismatic in shape
with planar surfaces, brick elements
are selected, uniformly dividing the
wire-frame model into a finite element
model as shown in Figure 7.  The
nodes are all defined at load and
support points.

Observing that the model as shown
in Figure 7 consist of corners with
rapid change in geometry between

two coplanar surfaces, mesh
refinement needs to be conducted
(Refer Figure 8).  To ensure that the
analysis yield good results, element
aspect ratio is kept under 3 for stress
analysis (Spyrakos, 1994).

LOADING AND BOUNDARY

CONDITIONS

The assumed actual uniform static
load on the test part is 1 000 lb.  The
uniform static load is acting on the
left vertical surface of the step with
the whole base of the sample part fully
fixed.  An example source of the
uniform static load can be from a
mating part acting on the surface.  A
base frame that is required to support
a dead weight which is essentially
constant overtime, and the base frame
does not move can be a good example
(Refer Figure 9).

The vector of the loading conditions
and specified boundary conditions are
shown in Figure 10.  The direction of
uniform static load is represented by
the horizontal arrows and the fixed
base boundary conditions are
represented by the triangles at the base
of the part as shown in Figure 10.

MATERIAL PROPERTIES

In this research, Aluminum Alloy
(Aluminum Association Number
2024 - O) is selected as the material

for  the sample part.  This aluminum
alloy is easily machined and
considering the cost and strength of
aluminum alloys, they are among the
most versatile materials from the
standpoint of fabrication.  The table
of materials properties shown in Table
I provides the required data for
conducting engineering analysis.

Table I:  Material Properties of

Aluminum Alloy [ASM Metals

Reference Book].

Material Aluminum

Aluminum Association Number 2024

Modulus of elasticity E, Mpsi 10.3

Modulus of rigidity G, Mpsi 3.85

Poisson’s ratio v 0.33

Density δ , lb/in3 0.10

Yield strength Sy , kpsi 11.0

Figure 7
Side Elevation of Model with

Uniform Brick Elements.

Figure 8

Side Elevation of Model after Mesh
Refinement.

Figure 9
Load Source and Application
Example.

Figure 10
Loading and Boundary Conditions

from Side Elevation.
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TESTING AND RESULTS

Once the finite element model is
completed with loading and boundary
conditions, a test run is executed to
analyze the stress concentrations and
deflection on the sample part.  The
actual engineering analysis is
conducted on the Algor finite element
system.  The output of the linear stress
analysis and deflection is reported in
a dithered plot of the stress and
deflection of the sample part.  A
dithered plot is a graphical display of
the stress variation in the form of
colored areas. Dithered plots provide
a vivid and impressive presentation of
stresses and deflection as shown in
Figures 11 and 12.  The maximum
stress and deflection under 1 000 lb.
is 7 216.38 psi and 3.5e–4 in.
respectively.

SAFETY FACTOR AND FAILURE

CRITERIA

A safety factor is a unitless ratio that
is necessary to calculate and estimate
the likelihood of failure.  In
engineering design the ratio is usually
between yield strength/stress output,
both having the same units of pound
per square inch (psi).  Other
acceptable ratios include critical load/
applied load and load-to-fail part/
expected service load.  In this research,
the safety factor selected is between
yield strength/stress output since they

are a function of the applied loads and
the part’s geometry.

Several theories exist in explaining
failure, but the most accurate
approach that agrees closely with
experimental data is the von Mises
theory (Norton, 1996).  This theory
is the best choice for predicting failure
in the case of static loading of ductile
material in which the tensile and
compressive strength are equal.  The
von Mises theory was adopted in this
research.  The direct comparison of
the von Mises stress with yield stress
allows identification of areas that have
yielded.

Considering the safety factor of N =
3, the calculation so that the stress
state will be safely inside the failure-
stress value:

N =
σ y

σ ' (1)

σ ' = 11000
3

= 3 666.67 psi
                                 (Threshold stress value)

Critical performance information
regarding the linear stress and
deflection data is collected. This data
is compared to the known calculated
threshold stress value of 3 666.67 psi.
Any value exceeding the yield stress is
an indication that the part has yielded
under that particular loading
condition.

DATA ANALYSIS AND DESIGN

MODIFICATION

Under the assumed load of 1 000
pounds, peak stress is located at the
corners between the coplanar surfaces
as shown in Figure 11.  Although
considerable small deflection occurs,
3.5e–4 inch, the stress output is found
to be 7216.38 psi. This value is well
beyond the specified threshold value
of 3666.67 psi. Design modification
is conducted by generating a sharp
fillet with radius Ri between coplanar
surfaces.  The highest sharpness of
fillet ( Hi / Ri ) value of 6.0 is selected.

Sharpness of Fillet:
6.0 ≥ [Hi / Ri] > 1.0
Hi / Ri = 6.0
Ri = 0.5 / 6.0 = 0.0833 inch

A fillet with a 0.0833 inch radius is
introduced to the test part, stress and
deflection are again analyzed.  Under
the same loading and boundary
conditions the test data collected
shows a maximum stress output of
4 937.88 psi and maximum deflection
of 2.5e–4 in.  The mating part forcing
on the test part is assumed to have the
equivalent fillet radius.

The element shape selected for most
parts of the model is a solid or brick
element, while the region with fillet
are assigned with hexahedron
elements.  As previously, the element
aspect ratio is again kept under 3 for
stress analysis.

Figure 13a and 13b show the dithered
plot of the stress on the test part under
a 1 000 pound load.

The analysis result shows that the
maximum stress output of 4 937.88
psi exceeded the safety threshold value
of 3 666.67 psi calculated for load of
1 000 lb.  Further iterations of design
modification is conducted by reducing

Figure 11
Side View of Stress Concentration

at 1J000 lb.

Figure 12

Side View of Deflection at 1J000 lb.
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the sharpness of fillet until the stress
output is equal or lower than the
threshold stress value as shown in
Table II.

Figure 14a and 14b show the dithered
plot of the stress on the test part under
a 1 000 pound load.

Under the load of 1 000 pounds, the
test results identified that the
maximum stress output on the test
part with a sharp fillet of 0.2 inchs is
3 170.40 psi and a minimal deflection
of 0.00018 inchs.  Comparing the
stress value with the specified
threshold value of 3 666.67 psi, it is
within the safety range.

Thus, it can be concluded that it is
highly unlikely for the improved
design test part to fail by yielding or
breaking under the assumed
conditions.  Even though a lower
stress output can be obtained by
further modification with a full fillet,
this design is unsuitable given the load
position, also the design with a sharp
fillet had achieved the target.

The improved design of the test part,
shown in Figure 15, can then be
transferred to a CAD/CAM system
using either data exchange format
(DXF) or initial graphic interchange
specification (IGES) format for
toolpath generation.  The NC codes
generated from the CAD/CAM
system can be downloaded onto a
numerical control machine for the
production of the improved part.

SUMMARY OF RESEARCH

WORK

The objectives of this research were
to integrate analysis and design
improvement in a reverse engineering
framework by further utilizing the
geometric data acquired through the
contact digitizing method of a CMM.

Figure 13a
3D Dithered Plot of Stress with
6.0 Sharpness of Fillet.

Figure 13b
Side View Dithered Plot of Stress.

Iterations Fillet Fillet Max. Max. Threshold

Sharpness Radius Deflct’n Stress Value,

 (in) (in) (psi) psi

1 - - 3.5e4 7216.3 > 3666.67

2 6.0 0.0833 2.5e-4 4937.8 > 3666.67

3 5.0 0.1000 2.4e-4 4599.3 > 3666.67

4 4.0 0.1250 2.3e-4 4132.3 > 3666.67

5 3.0 0.1670 2.0e-4 3736.9 > 3666.67

6 2.5 0.2000 1.8e-4 3170.4 < 3666.67

Table II
Deflection and Stress Output for Various Design Iterations.

Figure 14a
3D Dithered Plot of Stress with
2.5 Sharp Fillet.

Figure 14b
Side View of Stress Plot with 2.5
Sharpness of Fillet.

0.500

0.491

1.997

1.499

0.486

1.998

All fillet
radii 0.2

Figure 15
Partially Dimensioned Drawing

of Modified Part.

* All dimensions same as in

Figure 4.1b except fillet.
(All dimensions in inch.)
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Critical performance information of
a part to be reverse engineered was
sought without conducting costly
destructive or non-destructive testing
of the part. Instead, the critical
performance information was
acquired by conducting engineering
analysis on the generated CAD model.

To accomplish these objectives the
wire-frame model generated in the
modeling module based on the
digitized data of the test part is
transformed into a finite element
model.  The finite element
representation of the test part is input
to a finite element analysis system,
which, based on the provided loading
and boundary conditions, generates
the stress and deflection data on the
test part.  The generated test data on
stress is compared to the calculated
threshold stress value, which
incorporates a safety factor.  Design
improvement on the test part is
executed and tested until a suitable
and improved design is accomplished.

CONCLUSIONS

By providing the design engineer with
the NRES, the task of reverse
engineering an existing part and
producing an improved and superior
part is greatly simplified and
structured.  It is very easy for the
engineer or designer to analyze and
predict the performance of the part
instead of merely reproducing a clone
of the existing part.  Changes in the
component or part design can be
conducted with ease and engineering
analysis can predict how the changes
would affect factors such as stress and
deflection.  This eliminates the need
for conducting costly and time
consuming destructive or non-

destructive testing on the part.  Instead
of reverse engineering a part that
might have failed due to inferior
design, the design engineer has the
capability of producing a superior
designed part.

Past research and development in the
area of reverse engineering has
contributed tremendously to tasks
such as contact data acquisition, non-
contact data acquisition, and
integrating computer-aided design
and computer-aided manufacturing.
This research has integrated analysis
and design improvement in the reverse
engineering framework to assist in the
task of generating performance
information and design improvement
procedures for a prismatic part.  This
area of reverse engineering will help
reduce manufacturing lead time and
promote consistency in integration of
design and engineering analysis in the
reverse engineering framework.

The publication of this research work
will provide engineering students the
larger perspective of reverse
engineering.  It encompass from initial
data acquisition, CAD model
generation and finite element analysis
before the part is re-manufactured.

The prototype new reverse
engineering system developed in this
research has the following limitations:
• the test part is limited to a

prismatic part with planar
surfaces.

• the workpiece material is limited
to ductile materials with no crack
formation.

• only static loading conditions are
considered.

• only room-ambient environment
are considered.
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INTRODUCTION

A topic of interest in the teaching
profession is related to how to gain
and attain the students’ interest
throughout the lecture.  Sustaining
students’ interest for a whole period
of lecture is by no means an easy task.
To capture and hold students’ interest
require creativity, skill and experience.
“Teachers must face the problem of how
to maintain curiosity and interest as the
chief motivation forces behind the
learning.  Sustained interest leads the
student to set himself realistic standards
of achievement.” [1].

Keller described six strategies for
gaining and maintaining attention.[2]
i. Concreteness,  i.e using concrete

examples in tying up the topic to
grab the learner’s attention.

ii. Incongruity and conflict,   i.e.
posing facts contrary to learner’s
experiences to stimulate the
learner’s interest.

iii. Humour,  i.e. using a fair amount
of jokes maybe as an introduction
to a topic or while delivering
lectures to break monotony.

iv. Variability , ie. combining
methods of presentation and
learner’s activities to stimulate and
sustain student’s interest.

v. Participation, ie. involving
learners in hands-on learning.

vi. Inquiry, i.e. asking questions for
the students to solve or involving
students brainstorming to come
up with solutions to the lesson.

Studies have shown that the
traditional format of lecturing poses
difficulties to students where attention
span is concerned.  Adult learners can
concentrate well for no more than 15
to 20 minutes at the beginning of a
lecture [3].  At this period of time the
students are still fresh.  Joan
Middendorf and Alan Kalish, in their
article, ‘The “Change-up” in lectures’
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suggest  that lectures should be
interrupted with periodic activities.
[4] A study by A.H. Johnstone and F.
Percival in 1976 observed a pattern
that shows the lapse of attention
occurring at intervals;  first lapse
within the first three to five minutes
after the students settled down, one
study noted that the next lapse of
attention usually takes place ten to
eighteen minutes later, and as the
lecture continued, the attention span
reduced to as low as three or four
minutes towards the end of the
lecture.[5]

BACKGROUND

“Effective learning in the classroom
depends on the teacher’s ability … to
maintain the interest that brought
students to the course in the first place.”
(Ericksen, 1978, p.3)  Whatever level
of motivation your students bring to the
classroom will be transformed, for better
or worse, by what happens in that
classroom. [5].

The ability of an instructor in
sustaining students interest is of course
a great concern to Institutions of
Higher learning and universities to
help students learn.  One method
employed by two institutions of
higher learning A, a private college in
Selangor and B, a private university
in Perak to measure this criteria is via
an evaluation process.  The evaluation
is an assessment of lecturers by their
own students.  Students responded to
a questionnaire employed at the end
of each semester.  The students
involved in this evaluation process
were mainly those in the foundation
level and the courses taught by the
writer were more or less the same type
at both A and B.  Each evaluation
exercise was done before the finals and
in the absence of the instructor
concerned.  Some important
components to be assessed by the

students were;  quality of presentation,
knowledge on subject matter,
interaction with students, ability to
sustain students’ interest, pace of
instruction and value of activities and
exercises.  An important component
of the feedback that we will look into
is the ability in sustaining students’
interest.  This particular component
is a common feature for both A and
B.  This paper focuses at the rating of
this component assessed by her
students.  The writer had spent seven
years of teaching Mathematics at A,
is currently a lecturer at B.  She aimed
at achieving at least a 60% rating
favouring above average or satisfactory
for her ability in this aspect.  The
objective of this paper is to share her
experience in sustaining her students’
interest at both the learning centres.
This paper further describes the steps
taken by her in an effort to improve
her ability in capturing and holding
her students’ interest throughout a
standard lecture.  Although there is
still room for improvement, it is
hoped that the experience shared will
be beneficial to teachers and
instructors in their teaching
profession.

At A, the number of students per class
was small as small as 11 and the
largest, a group of 47 students.
Lectures were done in classrooms and
most of the time the overhead
projector and the whiteboard were the
main teaching aids then that were
utilised by the writer.  Each standard
lecture at the college took 40 minutes
followed by a 10 minutes coffee-break
and proceeded with the lectures for
another 40 minutes.

At B,  lectures were carried out in the
lecture theatres as the numbers
reached close to 200.  The duration
for each lecture or tutorial is 50
minutes.  Due to the large class size,
the students were divided into smaller

groups of about 30 for tutorial
sessions.  Teaching load was three
lecture hours per week and five
tutorial hours fortnightly.  Teaching
aids for lectures used by the writer
were the microphone, overhead
projector and whiteboard.  For the
purpose of tutorials, only the
whiteboard was fully used.  The writer
had tried to adapt a somewhat similar
technique to sustaining students
interest at the university as what she
had used whilst at the college.

The following describes some of her
approaches in an attempt to overcome
some problems encountered in
gaining students interest.  These steps
had already been implemented by her
while teaching at A and B.

1. Randomly, starting off a

lecture with a short quiz

The writer observed particularly that
the 8.00 o’clock and the 2.00 o’clock
lectures required a technique to keep
students awake.  Starting off
immediately with a lecture may well
send them off to slumber.  One way
of hastening students to shorten their
settling down time and give their
immediate attention is by giving them
a short pop quiz.  The 10-minute quiz
required only brief answers to ease her
burden of grading.  The marks
rewarded contributed 10% in the
continuous assessment.  Throughout
the 15-week semester she
administered 10 such quizzes.

2. Describing the

objective(s) or the

topic(s)  for the day

At the end of one Algebra and
Trigonometry lecture at A, a student
came forward to ask the writer why
the particular topic was done and that
he could not appreciate the use of it.
The mistake, the writer realised, was
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starting off the lecture by merely
mentioning,

“OK, the new topic we will be dealing
with today is Linear Programming.”
and then went on straight to the topic
of discussion.  The topic has not been
properly introduced.  A more
informative introduction could have
sparked some curiosity. “One cause of
teaching disappointment can be that the
student did not recognise the reasons why
the material being presented was of value
to him/her:  the value of the material as
perceived by the student is a prime factor
in the student’s motivation to learn.”[5].
“In ‘selling’ lectures, the first three
minutes are most critical – they open or
close the prospect’s mind.  If you don’t
establish the prospect’s needs for your
product in the first three minutes, all
the rest of the time is wasted.”[5].
During the following semester the
writer started off the topic Linear
Programming by asking a question,
“Did you know that in the business
world, there is a mathematical
procedure in deciding how many of
each model of a product a
manufacturer should produce in order
to maximise his profit?”  From her
observation, it was an eye-opener!

3. Providing ready-made

notes

Having to cope with writing down
notes was bad enough, let alone the
task of trying to listen and understand
at the same time.  Many students came
forward to suggest that they preferred
handouts to copying notes from the
board during lectures.  Having
provided those materials well before a
lecture, the writer personally found
that the students had time to read
before coming to class and gave a more
undivided attention as far as trying to
listen to what she was saying was
concerned.  Their responses and
participation proved better. While

providing ready-made notes helped in
gaining students’ attention, it should
also be cautioned that this practice
could initiate a habit of absenteeism.
So to discourage such circumstances,
some of the solutions to examples were
left out as empty spaces for in-class-
activity purposes.  At both A and B
where class attendance was monitored
during every lecture, the writer found
no changes.

4. Controlling voice and

speech

When the writer first started lectures
at A, the students complained that she
spoke too fast for them to catch up.
In trying to deliver as much as
possible, the lectures delivered were
with minimum pause and there was
no variety in the intonation of speech.
It must have been the monotone that
made many of her students felt bored.
In learning to stress on only the main
ideas rather than everything she knew,
the writer managed to slow down so
she could pronounce each word
clearer and paused more often.  Clarity
and loudness of voice, the writer
found, is a very important asset in
holding students’ attention.  The
writer observed that the students
became more inquisitive, most likely
because there was time to ponder over
what had been said.  “Use your voice
and gestures to reinforce the content of
the lecture.” [6]

5. Observing the students

It is vital to have a good view of the
students’ facial expressions and body
language to detect any signs of
boredom, confusion or even
sleepiness.  At A, when the students
showed these signs the writer would
give them a few minutes for stretching
out or even allow them to go to the
washroom to freshen up, since
washrooms were located on every

floor.  For a less convenient situation,
such as in lecture halls at B the writer
would purposely switch the topic of
discussion entirely and talked about
some local or world news, asked their
views regarding some issues, or give
them a riddle.  At times she merely
practised a moment of silence and just
observed the students, particularly
those who had actually dozed off.  The
rest will start turning around and
perhaps silently nudged a snoozing
neighbour.  From the students’ facial
expressions, she could also detect
blank looks and to avoid any
embarrassment, she often asked this
question, “Anyone not happy with the
explanation?  Would anybody like to
request for a replay?  Do I see any show
of hands ?”

6. Preparing and

delivering lectures

At A notes flashed on the overhead
were hand-written.  The writings were
big and multicoloured.  At B, the
writer started writing notes in Power
Point and added in some cartoons or
pictures to create more interest during
the lectures.  The contents per slide
would be minimum.  Detailed
explanation would be discussed and
written on the whiteboard.  Where
formulas were concerned, she created
a story in making it easy for her
students to memorise a certain
formula.  For example while teaching
Trigonometry, students needed to
recall the formulas for Sin (A±B) or
Cosine (A±B). she would start off by
personalising Mr Sine and Mr Cosine.
Mr Sine has the character of an
obedient and sociable person whilst
Mr Cosine a total opposite;
disobedient and will only clique with
his own type.  Hence the formulas
Sin (A + B) = SinA CosB + Cos A SinB
Sin (A – B) = SinA CosB – Cos A SinB
Cos( A + B) = CosA CosB – SinA SinB
Cos(A – B ) = CosA CosB + SinA SinB
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could be recalled easily.
Demonstrations were inevitable in
capturing students interest.  When she
taught the students the topic Projectile
Motion in Calculus, she used to
demonstrate the idea of zero velocity
achieved at the highest point by
throwing up a duster in the air a
couple of times.  When students
found difficulties in understanding
the definition of the Ellipse in the
Algebra and Trigonometry class, she
brought along some thread and
requested two students to help her
hold the two ends acting as the foci,
while she held the thread taut with a
marker pen to sketch the locus
formed.

7. Punctuating lectures

At A, the first ten minutes would be
taken up by either a short pop quiz or
a recap.  The writer would ask students
verbally to tell the class the gist of what
happened in the previous lesson.  In
the next 10 minutes she would cover
a small section of a topic, with a couple
of examples, all worked out.  The third
problem would be for the students to
try out, where she would allocate five
minutes at the most, after which she
would request for a volunteer to work
the problem out on the board.  The
worst part was when there were no
volunteers, so she tried a way which
worked wonders!  Even the most timid
students were willing to contribute
their ideas!  She mentioned to the
students that she allocated marks for
class participation.  Although it may
not be much, but it will still contribute
to their continuous assessment.  To
prove her point, she brought along a
name list for each lecture to jot down
marks for participation.  Any
questions and answers will be dealt
with by the volunteer.  This would
normally consume at the most ten
minutes.  Another short lecture
proceeded for the next 10-15 minutes

before she released the students for
their coffee break.  As soon as coffee-
break was over, the writer usually
continued lecturing for  another 15-
20 minutes and then requested the
students to break up into small groups
of four for group discussion and
brainstorming session.  She would
guide them by writing hints on the
board.  The class may be a little noisy
when they started their discussion, but
that was when they were learning from
their peers.  There will be some groups
with questions which will require
some help, so she will be moving
around the classroom to check on
their progress.  Solutions will then be
displayed on the whiteboards by
representatives from each respective
groups.  Any questions or explanations
were dealt with by the presenters
themselves.  The writer was then only
a facilitator.

The writer used the same technique
of giving pop quizzes or recap followed
by brief lectures at B except that
interruptions for hands-on were
limited to solving the problems on
individual basis.  So in order to adapt
to the situation where movement is
restricted, she developed the culture
of working out the more difficult
problems , step by step, together with
the students.  She would ‘rely’ on the
students suggestions for each move in
the working by writing them on the
board.  Literally she would be writing
according to what the students said.
‘Working together’, they would arrive
at the final solution and often, the
students would give themselves a
round of applause, gleefully.  These
students will not gather marks for such
massive participation, but they had an
equal chance of getting marks for their
contribution during tutorial sessions.

Methodology

Data was collected through 12

semesters, from August 1995 until
August 1999 at A.  There were three
semesters per year.  The data collected
whist at A is based on the summarised
result of the particular component
‘ability to sustain students’ interest’.
The questionnaires employed for this
evaluation purpose was the same one
issued to students throughout this
period of time.  Students responded
to the item by choosing one of the
following:

A = Excellent
B = Good
C = Average
D = Poor

The total number of students
registered for the courses taught by the
writer was 1498 and 1099 were
involved in the survey.  These students
were either in their first, second, third
and sixth semester.

Data obtained from the evaluation
exercise at B was from semester
January 2000, June 2000 and January
2001.  Students’ ratings were based on
the a scale of 1 - 7 as shown:

Poor Satisfactory Excellent

1 2 3 4 5 6 7

For the purpose of comparing the
evaluation during the three semesters
at B, the writer has categorised the
points as follows:

A Excellent 7
B Good 5, 6
C Satisfactory 3, 4
D Poor 1, 2

The total population registered for the
courses taught was 652 and 536
responded to the questionnaire.  These
respondents were first semester
students.  The same questionnaire was
used each semester.
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RESULTS

Student evaluation at A

The graphs in Figure 1 reveal the
students’ opinion of the writer’s ability
in sustaining their interest from the
August 1995 through August 1999 at
A.

Student Evaluation at B

Figure 2 shows how the students at B
had evaluated the writer’s ability in
sustaining their interest, for Jan 2000,
July 2000 and Jan 2001 semesters.

ANALYSIS

We may regard the students at A and
B to be a constant component in the
evaluation process, since they were
mainly those in the foundation level.
Courses taught at both the institutions
were basically Algebra and Calculus.
The performance of the writer is the
variable factor.  The writer aimed to
achieve an improvement in the
evaluation pertaining to her ability in
sustaining students’ interest. She had
hoped to maintain a 20% ‘excellent’
rating and a 40% ‘good’ rating so that
she could obtain a 60% rating of at
least a ‘good’ rating.  Implementation
of the steps in an attempt to improve
her performance was sometime
towards the end of the year 1997.
Although a 20% “excellent’ rating
occurred prior to 1997, it was
prominently inconsistent.  It is
apparent that after implementing the
steps, the charts showed that since
April 1998, the writer managed to
achieve her target.  It is also noted that
the percentage of ‘poor’ rating
decreased considerably and achieved
0% by August 1999.  The similar
scenario was maintained at B, except
perhaps the ‘excellent’ rating was
slightly lower than 20% in the first
semester, probably due to adjustments
in overcoming a different teaching
environment.  It was however

FIGURE 1:
Detailed
Version of the
Evaluation Of
The Author’s
Ability In
Sustaining
Students’
Interest at A.

FIGURE 2:
Students’
Evaluation Of
Author’s Ability
in Sustaining

Students
Interest at B
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followed by an improvement for the
subsequent two semesters.  The
increase in the average score over 15
semesters is significant.  The
correlation coefficient between the
semester and the score is 0.7478,
which is significant at 95% level.

The writer hopes in the near future,
to achieve a 30% ‘excellent’ rating and
a 50% ‘good’ rating.  To achieve that,
the writer intends to vary her teaching
style by perhaps adapting the LCD
projector to deliver her lectures.

CONCLUSION

Apparently, the evaluation process
provided a useful tool in helping the
writer realise the students’ expectation
and quality level of her teaching,
particularly her ability in sustaining
her students’ interest.  She took time
to implement the changes in her style
of teaching and admitted that
adapting punctuated lectures and

getting the students involved actively
were more enjoyable for her and the
results reflected that her students were
also in favour of such techniques.  The
graphs indicated positive results after
the writer implemented a more
organised and a student-friendly way
of teaching.  However  there is still
room for improvement.  Nevertheless,
it is with the hope that teachers and
lecturers will find this experience
beneficial.
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INTRODUCTION

The area related to the study of
motion is referred to as mechanics
whereby the divisions of mechanics are
kinematics and dynamics.  The careful
definitions of these divisions bring
about clear indications of what are
expected from the students.  The
students are taught to memorise and
practise as many problems as possible
and the trait observed in the students

who has been trained in this way is
that they try to match the problems
given to them with the problems that
they have solved previously.  The
continuation of this trend at the
higher level is critical because the
students struggle to grasp the concepts
even in the kinematics area, where all
that is required from them is the
understanding and application of
equations of motion.  One area of
failure that has been identified is the

application of these equations to the
motions of objects in 2-dimensional
cases.  A paradigm shift in the method
of learning is inevitable and the use of
modern techniques was sought.

A careful observation of tests and
exams indicated that the common
mistakes made by students showed
their weaknesses in grasping the
concepts related to two-dimensional
motion completely.  Many do not see
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ABSTRACT

The study of motion has always played an important and early role in the education of science generally and Physics
specifically.  In fact, the first area to be thoroughly investigated is the study of motion.  Since the area related to the study
of motion is rather wide, categorization is always taken to be the best way out to systematically sort the concepts related
to motion.  Categories formed under the main header called mechanics are kinematics and dynamics.  The careful
definitions of these divisions bring about clear indications of what are expected from the students.  The conventional way
of teaching this rather important and significant area is by expecting the students to memorise and practise as many
problems as possible.  Normally the trait observed in the students who has been trained in this way is that they try to
match the problems given to them with the problems that they have solved previously.  The method is seen to be realistic
at the introductory level, but the continuation of this trend at the higher level is critical.  The students seem to fail even
in the kinematics area, where all that is required from them is the understanding and application of the equations of
motion.  One clear indication of failure in this area is related to the application of these equations to the motions of
objects in two-dimensional cases.  Since students have been taught only one-dimensional cases at the introductory level
and a paradigm shift in the method of learning is inevitable, the use of modern techniques has been looked into.  The
search for suitable simulation software that can cater to the needs of our students in Malaysia was proven to be futile as
the bundled education packages were too general.  The next best thing to do was to create our own simulation programme,
by using a suitable programming language.  MATLAB was chosen as the programming language and the final product
was a simulation package for the facilitation of the learning of motion in 2-dimensions.  The package consists of an
interactive software, which incorporated multimedia instructional designs.
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why the x- and y- components of
velocities and displacement are
independent of each other.  They can’t
seem to relate the fact that while the
velocity in the y-direction changes, the
velocity in the x-direction stays
constant.  The purpose of this project
is to design and produce a multimedia
interactive learning module that will
serve to help the students to
understand the concept of motion in
two-dimension.

DEVELOPMENT OF MODULE

The module incorporates all the nine
instructional events based on theories
developed by Gagne and his colleagues
(e.g. Gagne and Briggs 1979). Price
(1991) states ‘In order to ensure that
each learning process happens, the
CAI author should include a sequence
of nine instructional events that
“teach” for each objective’ (ref. [4]).
The nine instructional events are
gaining attention, informing learner
of lesson objective, stimulating recall
of prior learning, presenting stimuli
with distinctive features, guiding
learning, eliciting performance,
providing informative feedback,
assessing performance, and enhancing
retention and learning transfer (ref.
[5]).

BACKGROUND THEORY

For motion in one dimension, with
v

0
 and v denoting initial and final

velocities respectively and s, a and t
representing displacement,
acceleration and time elapsed:

v = v0 + at (1)

v 2 = v0
2 + 2as (2)

s = v0t + 1
2

at2
(3)

A projectile’s motion with initial
velocity v at an angle θ with the
horizontal can be taken as good

example of motion in two dimensions.
The simple equations of motion as
shown above will be used to derive the
following equations that gives value
to certain parameters related to this
kind of motion.  In order to apply the
necessary conditions and assumptions,
a visual diagram as shown in Figure 1
is necessary which shows the trajectory
paths of projectiles at different angles
to the horizontal.
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Figure 1
The trajectory paths of projectiles
fired at different angles with
respect to the horizontal axis.

The components of the initial velocity
are given as equation (4) and (5).

v0 y = v0 sinθ (4)

v0 x = v0 cosθ (5)

The above resolution requires a sound
knowledge in vector algebra.  After
managing that, the next step will be
in selecting the right equations to
further our investigations into finding
out the maximum height reached and
the range of projectile.  The ultimate
will be in proving that the path taken
is parabolic.  Figure 3 shows that the
maximum height, h, occurs when vy

is equals to zero.  It is observed that
the object in the projectile changed
its direction from going upwards to
coming downwards.  This clearly
indicates that it reached a point
whereby the vertical velocity was zero.
But the horizontal velocity remained
constant, or else you will have
observed a point where the motion

would have been frozen for a very
short period of time.

vy
2 = v0y

2 − 2gh (6)

h =
v0 y

2

2g
= v0

2 sin2 θ
2g

(7)

The range, X, is the horizontal
distance reached by the projectile from
the original point of projection and is
given by the following equation.

X = v0
2 sin 2θ

g (8)

The trajectory equation is used to
relate the vertical and horizontal
displacements, which normally shows
that the relationship between these
two parameters indicates that the path
taken is parabolic.  The equation
shown below is an equation of a
parabola.

Y = X tanθ −kX 2 (9)

k =
g

2v0
2 cos2 θ (10)

RESULTS

The equations derived earlier were
tested by using the Matlab software.
Figure 2 shows that the maximum
height increases as the angle of
projection is increased.  At 90 degrees
to the horizontal, the path reduces to
a straight line, thus enabling
verification by using equations of
motion in one-dimension.

Figure 3 is a good visualization
diagram, which demonstrates the
motion in two-dimension by giving
the real coordinates of the entire path,
based on the equations derived earlier.
And this validates the model to be
used as the results shown prove the
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values are aligned to the theoretical
calculations.  The path taken is indeed
a parabolic path, and equations (9)
and (10) successfully describes the
motion of an object in two-
dimensions.

The authors went on to use the
MATLAB software to design a
multimedia software module to
incorporate all the equations and in
the process create a user-friendly
environment for providing an extra
alternative for the understanding of
the concepts in this area.  The tedious
part of programming is hidden, thus
allowing for a comfortable interaction
between the user and the computer.

Based on the flowchart shown in
Figure 4, the software was designed
and the main menu of the software
developed is shown in Figure 5.  The
instructional objectives of the module
will include the ability to solve for the
unknown quantities in motion in two
dimension cases.  The module has four
main sections accessible through the
main page with a menu consisting of
Animations, Simulations, Worked
examples, and Practice Exercise.  The
simulation part contains the
background theory, derivation of
equations and learning objectives.
These pages will accommodate the
first three instructional events stated.
Clarification of the theory will be
provided using diagrams and
equations while real life cases are
introduced to motivate and gain
students’ attention.

The animations section as shown in
the special window in Figure 5, shows
animated diagrams tracing the path of
objects in two-dimensional motions.
It will show cases with various values
of projection angles and initial and
final values of vertical position, y.  The
main objectives of this section are to
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At an initial velocity of 20 m/s, the graph above shows that as the angle of
projection increases, the  maximum height increases.
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Graph shows that the path taken by the projectile with an initial velocity of
20 m/s, fired at an angle of 30° is a parabolic path.

guide learning, enhance retention and
sustaining students’ interest.  The
proceeding section includes worked
examples whereby calculations of
unknown quantities in trajectory
problems are shown.  Examples also
include diagrams showing the
motions to clarify them.

The final section consists of Practice
Exercises to evaluate students’
understanding and attainment of the
concepts.  Multiple-choice questions
are provided for easy assessment.
Immediate feedback will be provided
informing the students whether the
answers they have entered are correct
or otherwise.
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CONCLUSION

This software will be placed in the
Physics laboratory, where the students
will be allowed to access this software
by using the networked computers
available in the lab.  This will only
happen after the lecture sessions on
motion in two-dimensions is already
conducted and would be an additional
benefit to students who requires extra

User supplies
information on  v0

and angle  θ

Equation to
calculate
the range

Simulation

Output shown
as a multimedia

presentation

Another set of v0
and angle θ

Stop

Equation to relate
horizontal & vertical

displacements

Equation to
calculate

maximum height

yes

no

Figure 4
The Flowchart used in developing the Simulation module of
the multimedia software

Figure 5
The Main Menu of the Multimedia instructions
Software

Figure 6
The Practice Exercises menu of the Multimedia
instructions software, where the user just click on
the multiple choice buttons to submit the
suggested answer.

assistance in this area.  The software
will allow the students to learn at their
own pace, promote understanding by
displaying simulations of motion with
various values of initial velocities and
angle of projections and worked
examples.  It also serves to stimulate
their interest and motivation while
enhancing retention by animated
diagrams.
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1.0 INTRODUCTION

Bituminous pavements are subjected
to a variety of loading conditions
which result in the development of
internal tensile stresses.  Bituminous
mixes have low tensile strength and
this has been recognised as a
contributor to their performance
problems.  One source of failure which
is likely to be induced in bituminous
mixtures as a result of this is fatigue
or cracking.

Investigations into the reinforcement
of bituminous mixtures to improve its
tensile properties have been attempted
in the past with different materials and
with varying degree of successes.
Cotton fibres have been used but these
are degradable and was not suitable
as a long term reinforcement.  Metal
wires have also been proposed bur they
are susceptible to rusting with the
penetration of water.  Asbestos was
once used until it was determined as
a health hazard.  Other efforts
undertaken include the use of fabrics
as a stress-absorbing interlayer
(Woodside and Rogan, 1994) and the
incorporation of homogeneously
dispersed short synthetic fibres
(Freeman et. al, 1989) within the
bituminous mix.

This paper describes and presents the
results of a laboratory investigation to
assess the influence of polymer fibres
on the fatigue behaviour of
bituminous mixtures using the
Indirect Tensile Test.

Fatigue Behaviour of Fibre Reinforced Bituminous Mixtures

from the Indirect Tensile Test

Ir Dr Ibrahim Kamaruddin

Universiti Teknologi PETRONAS
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2.0 MATERIALS USED IN

THE INVESTIGATION

2.0.1 Mineral Aggregates,

Filler and Bitumen

Limestone aggregates and Ordinary
Portland cement (OPC) filler and a
binder of normal pen.  Grade 50 were
used.  Some relevant properties of
these material are shown in Table 1.

 2.0.2 Synthetic Fibres

Two types of synthetic fibres namely
polypropylene and polyester were used
in this study.  The fibres were used as
a partial replacement of the filler; on
an equal volume basis;  at two
concentrations of 0.5% and 1% by
weight of the mix.  The chopped fibres
were the by-products of the textile
industry and thus their potential use
was desirable on environmental
grounds.

Table 2:
Characteristics of Fibres Used

Poly- Poly-

propylene ester

(PP) (POL)

–––––––––––––––––––––––––––––––––––––––
Specific Gravity 0.91 1.41

–––––––––––––––––––––––––––––––––––––––
Denier 6 3

–––––––––––––––––––––––––––––––––––––––
Length (mm) 6 6

–––––––––––––––––––––––––––––––––––––––
Average 22* 17*

Diameter (µm)

–––––––––––––––––––––––––––––––––––––––
Degradation 160 250
Temp. (°C)

–––––––––––––––––––––––––––––––––––––––
* Values obtained from 20 readings

using a light microscope at 400Jx
magnification.

Some characteristics of the fibres used
are shown in Table 2.  As the
polypropylene fibres had a low
degradation temperature of around

Material Percentage Relative Absorption BS Specification

by Weight Density (%)

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Coarse
Aggregate 35 2.75 0.47 BS 594: Part 1:1992

––––––––––––––––––––––––––––––––––––––––––––––––––––––– Table 3, type F
Sand 55 2.65 1.37 wearing coarse

––––––––––––––––––––––––––––––––––––––––––––––––––––––– designation 30/14
Filler (Ordinary 10 3.15
Portland
cement)

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Penetration Softening Penetration

(0.1mm) Point (°C) Index (PI)

Bitumen 52 48.5 -0.37

Table 1:  Properties of Mineral Aggregates, Filler and Bitumen Used in Study
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160°C, it was decided that the mixing
temperatures when preparing the
Hot-Rolled Asphalt (HRA) will not
exceed 140°C and compaction will be
done at 130°C, in order to maintain
thermal stability of the mixes.

3.0 Fatigue Relationship

Before the fatigue performance of a
bituminous material can be assessed,
the failure of the specimen tested must
be defined in a consistent manner.
Defining the failure criterion in the
constant stress mode is relatively easy
as the specimens undergo a relatively
short crack propagation period.
Hence, the failure point is taken as
when the specimen has completely
failed.  However in the constant strain
mode of loading, the failure point is
not very well defined due to the large
amount of crack propagation included
in the test.  An arbitrary point of
failure must thus be assumed.  This is
normally defined as the point when
the specimen has reached a reduction
in its initial stiffness of 50% or in
practical terms is the point when the
stress applied has been halved to
achieve a constant strain.

Having defined the point of failure for
the test, the interpretation of the
results can then be considered.  It has
been found that a linear relationship
exists between the log of stress σ or
strain ε and the log number of load
repetitions Nf to failure. The failure
criteria can therefore be expressed
either as:

Log.stress against log.load applications

Log.strain against log.load applications

This gives an equation in the general
form:
Log (σ or ε) = a + b log Nf

For the strain-controlled tests, the
results are normally presented in the
latter manner.  This generates an

equation of the form:

N f = A
1
ε











b

Equation (1)

For the stress controlled tests, the
results are normally presented using
the log. stress against log. load
applications.  This generates an
equation of the form:

N f = A
1
σ











d

Equation (2)

where:
Nf – number of load

applications to failure
ε1 – tensile stress or strain

repeatedly applied
load

A, b, C, d – material coefficients

Pell (1963) demonstrated that the
tensile strain is an important
parameter for fatigue cracking and
hence the results from the controlled
stress mode of loading are generally
presented in a form similar to that of
equation (1) but with different
material coefficients as shown below:

N f = K 1
1
ε1













K 2

Equation (3)

where:
Nf – number of load

applications to failure at
a particular level of
initial strain

ε1 – initial tensile strain
K1, K2 – material coefficients

4.0 Indirect Tensile

Fatigue Test (ITFT)

This test is an indirect tensile test
where the specimen tested is subjected
to repeated loading.  In this study, the
test was conducted in the UMATTA
(Universal Material Testing Apparatus
or in short MATTA) with the
appropriate force, rise time and pulse
repetition period being selected.  For
each loading pulse, the accumulated

displacement are continuously being
calculated and displayed.

Read and Brown (1994) is of the
opinion that the Indirect Tensile
Fatigue test is able to characterise the
fatigue life of a bituminous mixture
by testing a small number of
specimens (less than 10) at high
temperatures (in excess of 25°C) and
at high stress levels (greater than 450
kPa).  This means that the fatigue
testing time needed to produce an
adequate fatigue relationship for a
bituminous material is significantly
shorter than the other traditional
laboratory fatigue testing methods.

A schematic diagram of the Indirect
Tensile Fatigue test is given in Figure
1.  The test involves a repeated line of
loading (generally controlled stress)
applied along the vertical diameter of
a cylindrical specimen.  This vertical
load produces both a vertical
compressive stress and a horizontal
tensile stress on the diameters of the
tested specimen.  The magnitude of
the stresses changes along the diameter
of the specimen with the maximum
occurring in the centre of the
specimen.  The maximum strain at the
centre of the specimen can then be
calculated.  The assumptions used in
this test are that the:

• Specimen is subjected to plane
stress conditions

• Material is homogeneous and
behaves in an isotropic and linear
elastic manner

• Poisson’s ratio (υ) for the material

is known
• Force (P) is applied as a line

loading

With these assumptions, the stress
conditions in the specimen are then
given by:

σ x max
= 2P

πdt Equation (4)
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and

σ ymax
= – 6P

πdt Equation (5)

where:
σ xmax – maximum horizontal

tensile stress at the centre
of the specimen

σ ymax – maximum vertical
compressive stress at the
centre of the specimen

d – diameter of specimen
t – thickness of specimen

By simple linear elastic stress analysis
(Hooke’s law)

ε x max
=

σ x max

Sm

=
υσ y max

Sm

Equation (6)
where:

ε x max – maximum initial

horizontal tensile strain at
centre of specimen

υ – Poisson’s ratio
Sm – stiffness modulus of

specimen

Substituting equation (4) and (5) into
(6) gives:

ε x max
= 2P

πdtSm

+ υ6P
πdtSm

Equation (7)

Substituting equation (4) into (7)
gives:

ε x max
=

σ x max

Sm

1 + 3υ( )
Equation (8)

Equation (8) was used for the
calculation of the maximum tensile

strain ( ε x max ) at the centre of the

specimen.  It is evident that this is
dependent on the stiffness modulus
of the material.  This parameter was
obtained from the Indirect Tensile
Stiffness Modulus test at the same
stress level and test temperature as the
ITFT.

The specimen geometry selected for
all the ITFT was 100 mm in diameter
by 40 mm thick.  The specimens were
first conditioned at the test
temperature of 20°C ± 0.5°C before
testing commenced.  A cyclic load
pulse was applied to the specimen
with the time to peak of the load pulse
being 120 ms.  A loading rate of 40 ±
1 pulse/minute at the test stress level
was employed and the permanent
vertical deformation was measured by
linear variable differential transducers
(LVDT).

In addition to the measurement of
permanent vertical deformation, the
LVDT also measured the transient
vertical deflection.  The failure point
of the test is defined as 9 mm of
permanent vertical deformation, thus
ensuring that all the materials tested
have reached the point of crack
initiation (N1) under the controlled
stress conditions.  The point of crack
initiation (N1) is defined to be the
maximum point on a plot of the
number of cycles (N) divided by the
transient vertical deflection (∆p)
against the number of cycles (N) as
shown in Figure 2.  The figure relate
the strain-number of cycles to failure
that was typical of the output obtained
from the MATTA during the test.
The figure shows an initial period of
comparatively large displacement
followed by a part that represents a
constant rate of strain amplitude.
Finally the curve started to concave
indicating the point of failure.
Nikolaides (1997) defined the point
of failure in the ITFT as the point
where the straight line obtained
between the number of loading cycles
to transient deformation started to
concave.  In this test however, the
point of failure was taken as the point
on the curve that indicated that the
test specimen had ruptured.

4.0.1 Target Test Stress Level

BS DD ABF/95 proposed that the
target stress level for the testing of the
first specimen in the Indirect Tensile
Test be 600 kPa.  Unless this cannot
be reliably obtained, a stress level of
500 kPa was proposed.  Table 1
presents the proposed test stress level
for the subsequent test specimens.  In
this test the target test stress levels were
selected so as to give as wide a range
of lives as possible.  The minimum
spread of lives must be one order of
magnitude so that the maximum value
of N600 or N500 is at least ten times
greater than the minimum value.

5.0   DISCUSSION OF RESULTS

The fatigue characteristics of the
control and the fibre incorporated
mixes were tested in the Indirect
Tensile Fatigue test at their optimum
bitumen content.  The number of
specimens tested for each mix type in
order to determine its fatigue
characteristics ranges from 12-15
specimens.  BS DD ABF/95 require
that a linear regression analysis using
the Least Squares method be
employed to the paired data of
log10( ε x max

) and log10(Nf) and the
determination of its correlation
coefficient (R2).  It recommends that
if the value of R2 is below 0.90,
additional specimens should be tested
and incorporated into the results of
the data set until on repeating the
linear regression analysis, the value of
R2 is greater than 0.90.

Fatigue tests on each mix type was
conducted at the optimum bitumen
content.  The fatigue characteristics
relating the strains (microstrains) with
the number of cycles to failure is given
in Figure 2.  Table 2 presents a
summary of the fatigue characteristics
of the mixes that were tested at the
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optimum bitumen content.  For the
control mix, the life at 100
microstrains was 172,232 load
applications and the strain at 106
cycles was 52 microstrains.  This is
considerably poorer than the fibre
reinforced mixes where the life at 100
microstrains varies from 700,026 load
applications (0.5PP) to 2,589,372
load applications (1POL) and the
strains at 106 cycles varies from 93
microstrains (0.5PP) to 110
microstrains (1POL).  The results
from the ITFT also show that the 1%
fibre mixes have a better fatigue
behaviour than those of the 0.5% fibre
mixes.  The higher bitumen content
of the 1% fibre mixes could possibly
have been responsible for the superior
fatigue characteristics of these mixes.

The polyester (POL) mixes also
exhibited superior fatigue properties
as compared to that of the
polypropylene (PP) mixes.  This may
possibly be due to the higher bitumen
content in the polyester mixes as
compared to the polypropylene mixes.
In addition, the higher viscosity of the
polyester incorporated binder resulted
in harder bitumen which was
responsible in a higher stiffness for the
polyester fibre mix.  This increase in
stiffness may have resulted in greater
fatigue life of the polyester mixes as
compared to those of the
polypropylene mixes.  The fatigue
equation together with the coefficient
of regression obtained from the
Indirect Tensile Test for the mixes at
their optimum bitumen content and
the corresponding material constants
for the mixes are shown in Table 3.

6.0 COMPARISON OF THE

INDIRECT TENSILE FATIGUE

TEST (ITFT) AND THE BEAM

FLEXURAL FATIGUE TEST

Results from the ITFT was compared
with the conventional beam flexural

fatigue test in determining the fatigue
behaviour of the mixes studied to
allow a comparison be made with
respect to the fatigue behaviour of the
mixes using different modes of testing.
These are presented in graphical form
in Figures

The ITFT data set  appear to have the
same slope as that obtained from the
beam flexure fatigue test for all the
mixes tested.  Data sets for the control
mix and 0.5% fibre concentration
mixes appear to also fall on the same
fatigue line.  The results show good
agreement between the two sets of test
methods with an overall correlation
coefficient of 0.974 for the control,
0.947 for the 0.5% POL mix and
0.976 for the 0.5PP mix.  However,
the data sets from the beam fatigue
test in the 1% fibre mixes exhibited
higher fatigue behaviour than that
obtained from the ITFT and a
relatively lower correlation coefficient
of 0.901 for the 1PP mix and 0.821
for the 1POL mix.  Comparison of
these results seems to indicate the
versatility of the ITFT that was carried
out in the MATTA.  The test is
relatively quick with excellent control
of temperature during the test.  As the
test correlates well with the more
conventional beam fatigue test which
would normally require longer time
to run the test, it therefore meant that
the fatigue behaviour of bituminous
materials can be rapidly determined
by the ITFT.

7.0   CONCLUSION

Based on a fatigue test conducted, the
following conclusions can be drawn:

1. It appears that the incorporation
of synthetic fibres in the
bituminous mixtures have the
potential of improving the fatigue
performance of the mix.  Fatigue
testing confirmed the high strain

capacity of the fibre-modified
mixes owing to their higher
bitumen content and the thicker
bitumen film coating the
aggregates.

2. The air void content of the fibre
specimens were however greater
than that of the control.  This is
significant in that the fatigue
performance would usually suffer
when the void content is
increased.

3. The test results indicate that the
fibre mixtures provide about the
same fatigue performance as the
control at low strain levels, but at
high strain levels, the fibre mixes
provided superior fatigue
performance indicative that the
fibre mixtures appear to be most
beneficial at high strain levels.

4. Comparisons of the fatigue
relationship obtained from the
Indirect Tensile Fatigue test and
that of the Beam Flexural test
revealed that the fatigue lines for
both the tests do results in a single
line defining the fatigue
behaviour of the mix tested.
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INTRODUCTION

Glass-ceramics based on phosphate
glasses have been of interest for
biomedical applications where high
strength, biocompatibility and
machineability are required.  These
applications include dental implants,
skin treatment, gum treatment, jaw-
bone reconstruction, as well as

orthopaedic, facial, ear, nose, throat
and spinal surgeries [1].  Different
crystalline phases of calcium
phosphate have been designed and
utilised for various uses depending on
the properties to be maximised.  For
instance, the hydroxyapatite
(Ca10(PO4)6(OH)2) phase has been
crystallised out from a parent calcium
phosphate glass to produce a bioactive

implant material whilst the tricalcium
phosphate (Ca3(PO4)2) phase is
crystallised out for use as a resorbable
implant material [2].  This flexibility
and control of the crystalline phase (or
a combination of phases) can be
achieved by proper selection of the
CaO/P2O5 ratio in the starting glass
material.  Consequently, glasses with
different CaO/P2O5 ratios were
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ABSTRACT

Calcium phosphate glasses with CaO/P2O5 molar ratios of 0.85, 0.95, 1.10 and 1.20 were melted at 1200oC in both
alumina and platinum crucibles.  It was observed that the product of melting in all cases is a crystal clear and pore-free
glass.  Analyses by x-ray diffraction (XRD) on all glass samples confirmed that all the glasses are amorphous.  However, x-
ray fluorescence (XRF) analyses revealed that 0.4 - 1.5 weight percent of alumina (Al2O3) was present in the set of glasses
that had been produced by melting in alumina crucibles, whilst no traces of Al2O3 was detected in those set of glasses
melted in platinum crucibles.  This clearly indicates that molten calcium phosphate glasses has a corrosive effect on
alumina crucibles which leads to contamination of the melt composition.  Eventhough the contamination in the melt is
relatively small, it is significant enough in the subsequent heat-treatment process to produce calcium phosphate glass-
ceramics by controlled crystallisation.

Kaca kalsium fosfat dengan empat nisbah mol CaO/P2O5 yang berbeza, iaitu 0.85, 0.95, 1.10 dan 1.20, telah dilebur
pada suhu 1200oC menggunakan mangkuk pijar alumina (Al2O3) dan platinum.  Pada penglihatan mata kasar, hasil
daripada kesemua proses peleburan adalah suatu kaca pejal yang jernih dan bebas daripada gelembung udara.  Ujian
pembelauan sinar-x (XRD) ke atas kedua-dua set kaca menghasilkan corak pembelauan yang mengesahkan kaca-kaca
tersebut adalah amorfus.  Namun, ujian pendarfluor sinar-x (XRF) membuktikan kehadiran sebanyak 0.4 - 1.5 peratus
berat Al2O3 dalam kaca yang dilebur menggunakan mangkuk pijar alumina.  Sebaliknya, tiada sebarang Al2O3 dikesan
dalam set kaca yang dilebur menggunakan mangkuk pijar platinum.  Ini jelas menunjukkan bahawa pencemaran telah
berlaku bila peleburan dilakukan dalam mangkuk pijar alumina akibat daripada sifat mengkakis leburan kalsium fosfat
ke atas alumina.  Kehadiran bahan cemar ini, walaupun dalam peratusan yang amat kecil, adalah signifikan dalam proses
olahan haba seterusnya untuk menghasilkan bahan seramik kaca kalsium fosfat menerusi proses penghabluran terkawal.

Keywords:

glass, glass-ceramics, calcium phosphate, alumina, platinum, contamination
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melted in this work in order to study
the effect of this ratio on the crystalline
phase(s) that can be produced by
subsequent heat-treatment of the glass
produced.  The presence of other
oxides in small quantities (even less
than 1% by weight) can affect the
crystallisation process upon heat-
treatment by acting, for instance, as
nucleating agents [3].  Hence, the
necessity to produce a good quality
glass (in terms of purity) cannot be
overemphasized.  Contamination of
the glass can be narrowed down to two
possible sources, viz. the starting raw
materials and the reactions during
melting.  Contamination from raw
materials can be eliminated or
minimised by a judicious choice of
reagent grade chemicals.  This leaves
the possibility of reactions during
melting especially possible corrosive
reactions between the melt and the
crucibles used.  In this work the
melting of calcium phosphate glass of
four different CaO/P2O5 ratios was
carried out using both alumina and
platinum crucibles.  An alumina
crucible is a common choice for glass
melting since it is normally inert and
the cost is lower [4], whilst platinum
ware is much more expensive.  The
glass melts produced using both types
of crucibles were characterised using
x-ray diffraction (XRD) and x-ray
fluorescence (XRF).

EXPERIMENTAL

Four batches of raw materials were
prepared using different amounts of
calcium bis-dihydrogen phosphate
monohydrate (Ca(H2PO4)2.H2O)
and phosphoric acid (H3PO4) to
achieve a CaO/P2O5 molar ratio of
0.85, 0.95, 1.10 and 1.20.  The
prepared batch mixture was then
stirred for five minutes to ensure
homogeneity of mixing.  It was then
melted in a calcined alumina crucible
at 1200oC for a one-hour soaking
duration.  The procedure was repeated

for melting in a platinum (5% Au
ZGS Pt) crucible.  When the glass was
completely molten, it was cast onto a
stainless steel plate in air.  After cooling
to room temperature, the casts were
examined with the naked eye.  It was
then powdered using an agate mortar
for XRD and XRF analyses.  XRD
analysis was performed using a Philips
XRD machine equipped with a PW
1729 generator, PW 1820
diffractometer and a PW 1710
controller.  The CuKα  (1.54 _)
radiation was used during the analysis.
XRF analysis was performed on a
Rigaku RIX3000 equipment.

RESULTS AND DISCUSSION

The cast produced from each of the
melt was found to be crystal-clear and
pore-free.  This indicates that a good
glass had been produced from the
batching, melting and casting
procedures adopted in this work.
Generally, a glass system such as
calcium phosphate consists of two
main oxide components, viz. calcium
oxide (CaO) and phosphorus
pentoxide (P2O5).  This binary system
can easily form a glass due to the glass-
forming ability of P2O5 [5]. The role
of P2O5 is similar to the role of silica
(SiO2) in silicate glasses.  Established
x-ray diffraction patterns for
crystalline and amorphous solids, as
well as those for liquids and
monoatomic gases are shown in Figure
1 [6].

The XRD results for each set of glasses
produced in alumina and platinum
crucibles are shown in Figure 2.  By
comparing the results in Figure 2 to
the theoretical predictions of Figure
1, it is confirmed that the glasses
produced in this work are amorphous.
This is characterised by the x-ray
diffraction pattern that shows a broad
maximum in the range of 20o to 40o

value of 2θ.  This pattern represents
the diffraction of a material with no

perfect periodic arrangement.  Hence,
it is confirmed that the crystal-clear
casts produced are good calcium
phosphate glasses.

Results from XRF analysis are shown
in Table 1.  Apparently, there is
surprising major difference between
the chemical composition of the casts
produced by melting in alumina
crucibles as compared to the casts
produced in platinum crucibles.  The
glasses melted in alumina crucibles
indicate the presence of Al2O3 in the
range of 0.4 - 1.5 weight percent,
whilst there is no trace of Al2O3 in
the glasses melted in platinum
crucibles.  Since the raw materials
batch had been judiciously selected so
as to be free from significant
impurities, Al2O3 is thus believed to
be the result of contamination during
the melting process itself.

180900

a)

180900

b)

180900

c)

Figure 1:
The XRD curve for a) crystalline
solid b) amorphous solid c)liquid
and monoatomic gas.
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Calcium phosphate glass with XRD patterns for glass melt XRD patterns for glass melt
different CaO/P2O5 molar ratio  in Alumina crucible  in Platinum crucible

0.85

0.95

1.10

1.20

Figure 2:

XRD patterns of calcium phosphate glass produced in alumina and platinum crucibles
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The difference between the two sets
of glasses is in the type of crucibles
being used.  Thus, it can be reasonably
argued that the trace of Al2O3 must
be the result of corrosive action of the
phosphate glass melt on the internal
surface of the alumina crucible.  This
is in complete agreement with
findings from previous works on the
corrosive action of phosphoric acid on
alumina [7].  The contamination is
found to be worst in the melt with a
CaO/P2O5 molar ratio of 0.85, i.e.
there is a 1.5 weight % of Al2O3 in
the glass.  This can be attributed to
the higher amount of H3PO4 used in
the batch mixture which renders the
melt to be more corrosive.  In
addition, observations made on the
internal surface of the alumina
crucibles corroborate the statement
regarding the corrosive nature of
phosphoric acid on alumina.  The
crucible used for melting the glass
with a 0.85 CaO/P2O5 molar ratio
exhibits the most corroded internal
surface compared to crucibles for
melting glasses of other CaO/P2O5

ratios.

Calcium phosphate glasses produced
by melting in a platinum crucible do
not indicate any contamination.  This
can be attributed to the inert nature
of platinum in general.  Perhaps much
more significant is the fact that the

platinum crucible used in this work is
of the 5% Au ZGS type.  This type of
platinum crucible has been so
designed to increase the corrosion
resistance especially at high
temperatures [8].

The presence of Al2O3 even in trace
amounts, is significant since it can
affect the crystallisation process during
heat-treatment of phosphate glass to
produce phosphate glass-ceramic [9].
This in turn will affect the bioactivity
and mechanical properties of calcium
phosphate glass-ceramic [10].

CONCLUSIONS

In conclusion, this work has revealed
that whilst an apparently good
phosphate glass can be produced by
melting in either alumina or platinum
crucibles, the subtleties of trace
contamination in the glass melt
composition itself can be of utmost
importance when the glass is intended
for heat-treatment to produce a glass-
ceramic material.  Therefore, the usage
of platinum crucible is the most
suitable in the work done in this
research.  In addition, a judicious
choice of analytical techniques needs
to be made to ensure that the research
findings can lead to a sound scientific
interpretation.
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CaO/P2O5 molar ratio 0.85 0.95 1.10 1.20

Type of crucible Al2O3 Pt Al2O3 Pt Al2O3 Pt Al2O3 Pt

CaO weight % 25.0 22.0 31.0 23.0 34.0 27.0 36.0 30.0

P2O5 weight % 73.5 78.0 68.7 77.0 65.5 73.0 63.5 70.0

Al2O3 weight % 1.5 0.0 0.4 0.0 0.5 0.0 0.6 0.0

Table 1:
Chemical composition of calcium phosphate glass with various CaO/P

2
O

5
 molar ratios produced in alumina and

platinum crucibles.
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1. INTRODUCTION

Polymer electrolyte membrane (PEM)
fuel cells are being considered as one
of the most promising power sources
for electric vehicle and on-site
applications.  This is due to their high
power density, efficiency and low
emissions (Strasser,1992; Shoesmith et
al. 1994).  The solid electrolyte
represented by the proton exchange
membrane is the vital component in
the PEM fuel cells where it conducts
protons from the anode to cathode
and prevents the bulk mixing of H2

and O2 (Scherer, 1990).

Nafion® membranes are the most
widely proton exchange membranes
tested for PEM fuel cell applications
[4].  However, these membranes are
excessively expensive (800 US$/m2)
and as a result, their large-scale

application was limited [Hietala et al.,
1998].  Hence, new proton exchange
membranes having a combination of
high conductivity, stability and low
cost are needed to enhance the
emergence of commercially
competitive PEM fuel cells.

Several new experimental and
commercial membranes such as
polytrifluorostyrene-based BAM
membranes (Ballard Advanced
Materials), PEEK-based Aventis
membranes (Hoechst) and Dais 585
membranes (DAIS, Co.) have been
developed recently using chemical
polymerization techniques and tested
in PEM fuel cell (Savadogo, 1998).
Among the alternative membranes,
radiation grafted and sulfonated ones
are advantageous in terms of the
ability to control their compositions
and properties by variation of grafting

conditions (Chapiro, 1962).  The
possibility of using commercial
radiation grafted sulfonic acid
membranes as polymer electrolytes in
PEM fuel cells was explored by
Guzman-Garcia et al. (1992).  These
membranes have shown an initial
stability up to 1000 h in PEM fuel
cell (Wang and Capuano, 1998).
Experimental radiation grafted
sulfonic acid membranes based on
commercial poly(tetrafluoroethylene-
co-hexafluropropylene) (FEP) films
were developed by Scherer and co-
workers and found to be stable for
1400 h in PEM fuel cell at
temperatures up to 80 oC (Rouily et
al., 1993;  Gupta et al. 1994, 1996;
Büchi et al., 1995).  Similar sulfonic
acid  membranes based on FEP,
polytetrafluoroethylene (PTFE) and
polyvinylidene fluoride (PVDF),
poly(ethylene-co-tetrafluoroethylene)
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(ETFE) films were prepared in various
occasions (Nasef et al. 2000 a,b,c,d;
Holmberg et al., 1996;  Brack et al.,
1997)

Po l y ( t e t r a f l uo roe thy l ene - co -
hexafluoropropylene) (PFA) is one of
the commercial fluorinated polymers,
which are well-known for their high
thermal, mechanical and chemical
resistance.  The use of PFA films as a
polymer backbone for preparation of
new sulfonic acid membrane by
radiation induced graft
copolymerization has been
investigated (Nasef et al., 1999, 2000
e).  The obtained membranes were
characterized by measuring their
physico-chemical properties and their
morphological as well as thermal
properties were also studied (Nasef et
al. 2000 f, g).

In this paper some of the important
properties of these membranes are
evaluated and correlated with the
degree of grafting.  The results of the
short-term performance of the
membrane in PEM fuel cell are also
investigated.  Nafion 117 membrane
is used a reference.

2. EXPERIMENTAL

2.1 Membrane Preparation

The membranes were prepared by a
two-step preparation procedure. In
the first step, styrene (> 99 %, Fluka)
was grafted onto PFA film (Porghof,
USA) having a thickness of 120 µm
using simultaneous irradiation
technique at room temperature. PFA
film (5 cm x 5 cm) was washed with
acetone, dried at 60oC in a vacuum
oven, weighed and then immersed in
styrene diluted with methylene
chloride in a glass ampoule.  The
ampoule was flushed with nitrogen
(99.9 % purity) for 10 minutes and
then sealed.  The ampoule was
irradiated at a dose rate of 1.32 kGy/

h using g-rays from a Co-60 source
located at Malaysian Institute for
Nuclear Technology (MINT).
Kinetics of the grafting reactions and
properties of the grafted PFA films
were reported elsewhere (Nasef et al.,
1999).  The degree of grafting was
gravimeterically determined using the
following equation:

Degree of grafting (%)

=
Wg −W0

W0

×100

where, Wg and W0 are the weights of
the grafted and the original PFA films,
respectively.

In the second step, The grafted film
was sulfonated with a mixture
composed of chlorosulfonic acid
(Fluka) and 1,1,2,2-tetrachloroethane
(Fluka) (30:70 v/v) for 5 h at a
temperature of 90 oC.  The sulfonated
membrane was hydrolyzed with 1 M
KOH solution and regenerated with
3.5 M HCl, then washed acid free
using deionized water several times.
More details on sulfonation reaction
can be found in Nasef et al. (2000 e).

2.2 Membrane Properties

2.2.1 Ion Exchange Capacity

The membrane samples in acid form
were equilibrated in 0.5M KCl
solution for 15 h.  The amount of
protons (H+) released in the solution
were titrated with standerdized 0.05M
KOH solution by automatic titrator
(Metrohom, Switzerland) until pH 7
was reached.  Form the volume of
KOH solution consumed in titration
and volume changes in the swollen
membranes, ion exchange capacity per
unit volume (meq/cm3) was
calculated.

2.2.2 Swelling Behavior

Vacuum dried membrane samples

were boiled in deionized water (18
MΩcm) until swelling equilibrium
was reached.  The surfaces of the
membrane samples were quickly
wiped with an absorbent paper to
remove the excess of water adhering
to the surfaces and the samples were
then weighed.  The membrane water
uptake was calculated using the
following equation:

Water uptake (vol%)

= Vw −Vd

Vd

×100

where, Vw and Vd are the weights of
wet and dried films, respectively.

2.2.3 Proton Conductivity

Proton conductivity of the
membranes was measured at room
temperature using AC impedance
spectroscopy.  Measurements were
carried out using a frequency response
analyzer (Solartron, 1250) in
combination with an electrochemical
interface (EG&G Princeton Applied
Research) at 0.01-100 kHz frequency
range as described in Nasef et al
(2000e).

The Nafion 117 (Du Pont, USA)
membrane samples were initialized by
soaking in 20 % HCl at 80 oC for 4
hours followed by washing several
times with excess of deionized water
before use.

2.2.4 Testing the Membrane

Performance

The membrane performance was
tested in a single fuel cell test fixture
(Globe Tech., Inc.) having a
geometrical area of 5 cm2.  The fuel
cell was heated by two 240 W heating
cartridges inserted in the end of the
copper plates.  A temperature
controller (Shinko, Japan) attached to
the thermocouple (type K) was used
to control the output of the cartridges.
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The flow of gases was typically in a
range of 5-10 cm3/min and was
controlled by mass flow meters (Cole
Palmer).  Gas-diffusion reference
electrodes having high platinum
loading of 1.6 g/ cm2 (E-Tech, Inc.)
were used with the membranes to
formulate the membrane/electrode
assembly (MEA).  The dry membrane
sample in acid form was pressed
between the two electrodes.  The
MEA was then hosted in the fuel cell
in which the pressure at each backside
was maintained at 1 bar.  The fuel cell
was operated using pure hydrogen and
oxygen gases (MOX, Malaysia) at
atmospheric gas pressure and at a
temperature of 50 oC.  Gases were
humidified at temperature of 15-
20 oC higher than the cell temperature
(70 oC for H2 and 65 oC for O2)
before they were supplied to the cell.

3 RESULTS AND

DISCUSSION

3.1 Membrane Preparation

Grafting of styrene onto PFA films by
simultaneous irradiation technique
resulted in grafted films having various
degrees of grafting (6-49 %).  Figure
1 shows the relationship between the
degree of grafting and the monomer
concentration.  The degree of grafting
was found to increase with the increase

in the monomer concentration within
the range of the applied monomer
concentration (20-50 vol %).  This
behavior was attributed to the increase
in the styrene diffusion and its
concentration in the grafting zone of
the PFA film and consequently, the
grafting increased.

The grafted films were sulfonated in
a subsequent step and the degree of
sulfonation in all of the resulting
membranes were found to be close to
100 % [21].  Therefore, the properties
of the membranes are only discussed
in correlation with the degree of
grafting. The membrane properties
such as the ion exchange capacity and
the water uptake was expressed in
terms of volume in order to have a fair
comparison with Nafion 117
membrane, which has a different
equivalent weight.

3.2 Ion Exchange Capacity

Figure 2 shows the relationship
between the ion exchange capacity
(IEC) and the degree of grafting.  As
can be seen the IEC depends strongly
on the degree of grafting of the
membranes.  The IEC of the
membranes per unit volume (meq/
cm3) increases with the increase in the
degree of grafting.  This can be
reasonably attributed to the increase

in the number of the polystyrene side
chain grafts formed in the grafted
films, which led to incorporation of
more sulfonic acid groups.

3.3 Swelling Behavior

The relationship between the water
uptake and the degree of grafting of
the membranes is shown in Figure 3.
The water uptake in terms of volume
is found to increase linearly with the
increase in the degree of grafting.  This
is due to the increase in the
hydrophilicity imparted to the
membranes by the incorporation of
more hydrophilic sulfonic acid groups
with the increase of the degree of
grafting.

3.4 Proton Conductivity

Figure 4 shows the relationship
between the proton conductivity and
the degree of grafting of the
membranes at room temperature.
The proton conductivity increases
with the increase in the degree of
grafting.  This can be understood
based on the fact that ionic
conductivity is a function of ion
exchange capacity and water uptake
of the membranes which were found
to be strongly dependant upon the
degree of grafting.  However, the
increase in proton conductivity is

Figure 1
The relationship between the
degree of grafting and the
monomer concentration for
grafting of sytrene onto PFA films.

Figure 2
The relationship between the ion
exchange capacity and the

degree of grafting of PFA-g-
polystyrene sulfonic acid
membranes.

Figure 3
The relationship between the water
uptake and the degree of grafting

of PFA-g-polystyrene sulfonic acid.
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found be drastic at the beginning and
tends to level off at a degree of grafting
of 12 %.  Such behaviour can be
explained by taking the distribution
of the sulfonated polystyrene grafts
into consideration.  At low degrees of
grafting, the polystyrene grafts are
distributed only near to the surface of
the membranes while its middle
remains ungrafted and subsequently
exerts high local resistance to proton
transport.  As the degree of grafting
increase up to a value of 12% more
grafts tend to be formed near the
middle part of the membranes,
resulting in a sharp decrease in the
local resistance and the proton
conductivity greatly increases.  Further
increase in the degree of grafting does
not bring considerable changes to the
proton conductivity due to the
possible achievement of homogenous
distribution of the sulfonated
polystyrene grafts in the membranes.

A comparison between some of the
important properties of PFA-g-
polystyrene sulfonic acid membranes
compared to that of Nafion 117
membranes is shown in Table 1.  The
three membranes show a good
combination of high IEC and low
water uptake compared to that of
Nafion 117.  Moreover, they have
acceptable thicknesses and their
proton conductivities are in the same
order of magnitude (10-2 W-1 cm-1)
of Nafion 117 membranes.

3.5 Short-term Membrane

Performance

Figure 5 shows the polarisation curves
of PEM fuel cell with PFA-g-
polystyrene sulfonic acid membranes
having degrees of grafting of 16 and
26%, respectively.  Nafion 117
membrane is used as a reference with
the same electrodes at the same
operating conditions.  The
performance of the cell with the two
PFA-g-polystyrene sulfonic acid
membranes was found to be lower
than that of Nafion 117.  The cell
showed open circuit voltages of 840
and 850 mV with these membranes
compared to 950 mV for Nafion 117
membrane.  Moreover, the current
density measured at cell voltage of
0.500 mV is found to be 20 and 40%
lower than that of Nafion 117 for 16
and 26% grafted membranes,
respectively as depicted from Table 2.
This finding can be mainly attributed
to the differences in the proton
conductivity between Nafion 117 and
the membranes prepared in this study.
It should be emphasized that the
objective of the present study was to
test the membrane electrolytic
capability in the fuel cell rather to
optimize the cell performance.  In
addition, the performance of the PEM
fuel cell with Nafion 117 membranes
in this study was found to be lower

Figure 4
The relationship between the
proton conductivity and the
degree of grafting of PFA-g-
polystyrene sulfonic acid
membranes at room temperature.

Figure 5
Polarization characteristic curves of
PEM fuel cell with PFA-g-polystyrene
sulfonic acid and Nafion 117
membrances.  Cell operating
conditions:  Tcell = 50°C;  pressure,
atmospheric;  Thydrogen = 80°C;
Toxygen = 65°C.

Membrane type Degree of grafting Water uptake IEC Proton conductivity Thickness

(%)  (vol %) (meq/cm3) (ΩΩΩΩΩ-1cm-1) x 10-2 (µµµµµm)

PFA-g-PSSA 16 27 2.4 3.3 160

PFA-g-PSSA 26 48 2.9 3.8 170

PFA-g-PSSA 38 60 3.2 4.3 180

Nafion 117 (Du Pont) _ 39 1. 9 5.6 180

PSSA = Polystyrene sulfonic acid

Table 1.
Comparison between the important properties of PFA-g-polystyrene sulfonic acid membranes and that of Nafion
117 membrane.
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than that reported in literature despite
the use of high platinum loading
electrodes (Gupta et al., 1993;  Büchi
et al., 1995).  Such difference is
suggested to be due to the high
interfacial resistance i.e. ohmic loss
resulted from the poor contact in the
membrane/electrode assembly.
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Table 2 .
The current density of the cell obtained at 0.500 mV of PEM fuel cell with
PFA-g-polystyrene sulfonic acid membranes. The open circuit voltage is also
included.
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(mV)  (mA/cm2) at 500 mV

PFA-g-PSSA (16 %) 830 40

PFA-g-PSSA (26 %) 850 48

Nafion 117 950 60
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1. Introduction

Material handling systems are widely
used in many places such as shipyards
and power stations where large and
heavy payloads or cargoes are handled.
Despite efforts to improve and
automate the process of loading and
unloading, the mode of operation
continues to be manually intensive
and time-consuming.  Accelerating
and decelerating an overhead crane
usually induces swinging of the
suspended payload.  The principal

contributing factor in the inefficiency
of the operation happens at the end
of each loading operation when the
operator attempts to pick up or place
the load.  The operator, during the
move itself or at the end, must be able
to dampen the sway induced while the
load is transported.  As a result, the
time spent waiting for the load to stop
swinging and fine positioning it at the
end of the loading operation will
definitely have serious financial
repercussion.

As a response towards easing the task
of crane operators, researchers have
researched and implemented various
techniques over the past decades to
achieve an automatic anti-sway crane
control system.  Initially, most of the
work focused on the use of
conventional PID controllers which
failed due to the non-linear behaviour
of the crane system [Nalley and Trabia,
2000].  Others opted for model-based
control, which used a fifth-degree
differential equation to describe the
system behaviour [Altrock, 1996].
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This approach works well in theory
but failed in practice due to non-linear
and uncertain factors such as wind
gust and variations in payload’s
weights.

Further work was carried-out towards
providing accurate and robust control
schemes for overhead cranes. Sakawa
and Shindo (1982) employed optimal
control to minimise the swing of the
suspended payload and Auernig and
Troger (1987) used time optimal
control with a hoisting effect.
Limitations to the above design
became apparent when considering
external disturbances such as wind,
length variations of the wire rope and
weight variations of the load.
Moustafa et al (1996) proposed a non-
linear model for load sway control of
overhead cranes with load hoisting via
stability analysis techniques.

Fuzzy logic was applied to the
overhead crane control by several
researchers.  Yasunobu and Hasegawa
(1996) applied predictive fuzzy to a
shipyard crane control problem.
Kimiaghalam et al (1999) adopted a
fuzzy controller for pendulation
suppression of a shipboard crane.
Both previous papers concentrated on
a simple two-dimensional model, and
only motion in one plane was
considered.  Nalley and Trabia (2000)
used a three-dimensional model to
compare a PD controller with a fuzzy
controller.  Their model is a linearised
one with the assumption of an
overhead crane that carries
considerably long and massive
payloads.  Ho (1998) has also focused
on the control of three-dimensional
overhead cranes, where the load swing,
crane motion, and load hoisting are
considered all together in the
modelling and control.  He used a
decoupled control scheme to control
load swings.

The work presented in this paper
represents an extension to the earlier
work carried by our group in which a
simple fuzzy logic based controller was
designed for standard overhead cranes
(Mahfouf et al, 2000).  The system
was based on a trolley and pendulum
combination with motions along one
axis only.

This current paper is organised as
follows:  in Section 2 the 3D-
mathematical modelling of an
overhead crane is overviewed
including the cases of a constant and
variable rope length.  In Section 3 the
handcrafted Fuzzy Logic based control
architecture is reviewed and its
implementation on the model is
analysed and discussed.  In Section 4
the method is extended to include an
adaptive architecture using the well-
known Adaptive Neuro-Fuzzy
Inference System (ANFIS) (Jang and
Mizutani, 1997) to elicite the rules for
several scenarios relating to the
positioning of the load along two axes.
Finally, in Section 5 conclusions
relating to the overall study will be
drawn.

2. The 3D-Modelling of an

Overhead Crane System

The general co-ordinate system of a
3-Dimensional Overhead Crane and
its loads is depicted in Figure 1.

XYZ is the fixed coordinate system
and XTYTZT is the trolley co-ordinate
system that moves with the trolley.
The origin of the trolley co-ordinate
system is parallel to the counterpart
of the fixed co-ordinate system.  YT is
defined along the girder, which is not
shown in the figure.  The trolley moves
on the girder in the YT (traverse)
direction and the girder and YT axis
move in the XT (travel) direction.  θ
is the swing angle of the load in an
arbitrary direction in space and has
two components: θx and θy, where θx
is the swing angle projected on the
XTZT plane and θy is the swing angle
measured from the XTZT plane.

The position of the load (xm, ym, zm)
in the fixed co-ordinate system is given
by:
xm = x + l sinθx cosθy (1)

ym = y + l sinθy (2)

zm = – l cosθx  cosθy (3)

where l denotes the rope length.

θx θ

θy

l

Fh

m

Load (xm , ym , zm)

XT

Fy

Trolley

ZT

0

Z

X

Y

(x, y, 0)

Fx
YT

Figure 1

Coordinate System of a 3-D Overhead Crane
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The purpose of this is to control the
motion of both the crane and its load.
Hence x, y, l, θx, and θy are defined as
the generalised coordinates to describe
the trolley and load motions.

The equations of motion of the crane
system are derived by means of
Lagrange’s equation of motion
(Meirovitch, 1970).  In deriving the
dynamic model, the load is considered
as a point mass.  The stiffness of the
rope is neglected.

The kinetic energy K of the crane and
its load and the potential energy P of
the load are given as:

K =
1
2

M x ẋ 2 + M y ẏ 2 + Ml l̇
2( ) + m

2
vm

2

(4)

P = mgl (1 – cosθxcosθy) (5)
where Mx, My and Ml are the x
(travelling), y (traversing) and l
(hoisting) components of the crane
mass and the equivalent masses of the
rotating parts such as motors and their
drive trains, respectively. m, g and vm
denote the load mass, the gravitational
acceleration and the load speed
respectively.  The load speed vm is
obtained as:

vm = ẋm
2 + ẏm

2 + żm
2

∴ vm
2 = ẋ 2 + ẏ 2

+ l̇ 2 cos2 θ yθ̇x
2 + l 2θ̇ y

2

+2(sinθx cosθy l̇

+l cosθ x cosθ yθ̇x

−l sinθx sinθ yθ̇y )ẋ

+2(sinθ yl̇ +l cosθ yθ̇y ) ẏ

(6)

The Lagrangian L and Rayleigh’s
dissipation function F are defined as
follows:

L = 1
2

M x ẋ 2 + M y ẏ 2 + Ml l̇
2( )

+ m
2

vm
2 + mgl cosθx cos θy −1( )

(7)

F = 1
2

Dx ẋ 2 + Dy ẏ2 + Dl l̇
2( ) (8)

where Dx, Dy and Dl denote the
viscous damping coefficients
associated with the x, y and z motions
respectively.

The equations of motion for X-
direction, Y-direction, and Z-direction
are obtained by using equations (7)
and (8) into Lagrange’s equation,
equation (9):

d
dt

∂L
∂q̇









 − ∂L

∂q
+ ∂F

∂q̇
= f i

where

( q̇ = ẋ ,θ̇x , ẏ,θ̇ y , l̇ )

( q = x ,θx , y,θ y , l ) (9)

where fi = fx, fy and fl which are the
driving forces for the x, y and z
motions respectively.  Thus, the
equations of motion can be derived
as follows [2]:

(M x + m)˙̇x + ml cosθx cosθ y
˙̇θx

−ml sinθ x sinθy
˙̇θ y +m ˙̇l sinθx cosθ y

+Dx ẋ + 2ml̇ cosθx cosθyθ̇ x

−2ml̇ sinθx sinθyθ̇ y

−ml sinθ x cosθ yθ̇x
2

−2ml cosθx sinθ yθ̇x θ̇y

−ml sinθ x cosθ yθ̇y
2

= f x

(10)

ml 2 cos2 θ y
˙̇θx

+ml cosθx cos θy ˙̇x

+2mll̇ cos2 θ yθ̇x

−2ml 2 sinθ y cosθ yθ̇x θ̇

+mgl sinθx cosθ y

= 0

(11)

(M y +m)˙̇y +ml cosθy
˙̇θ y

+m ˙̇l sinθ y + Dy ˙̇y

+2ml̇ cosθyθ̇ y + mgl sinθx cosθy

= 0

(12)

ml 2˙̇θy −ml sinθx sinθy ˙̇x

+ml cosθy ˙̇y + 2mll̇θ̇ y

+ml 2 cosθ x sinθy ẋθ̇x
2

+mgl cosθ x sinθ y

= 0

(13)

(M l +m)˙̇l + msinθx cos θy ˙̇x

+m sinθ y ˙̇y + Dl l̇ −ml cos2 θ yθx
2

−mlθ̇y
2 −mg cosθ x cosθy +mg

= f l

(14)

Constant rope length

This is the case where the length of
the rope l for the hoisting motion is
assumed to be constant.  Based on a
constant rope length, this will lead to

the velocity ( l̇ ) and the acceleration

( ˙̇l ) of the hoist being both zero.

Thus

l = constant ⇒ l̇ = ˙̇l = 0

Therefore, expanding and
manipulating of equations (10) - (14)
lead to the followings equations:
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˙̇x =
f x − Dxẋ +mg sinθx cosθy

M x

(15)

˙̇θ x =
[− f x cosθ x + Dx cosθ x ẋ

−mg sinθ x cosθ x cosθy

+2 M xl sinθ yθ̇xθ̇ y

− M x g sinθx ]/[M xl cosθ y ]

(16)

˙̇y =
f y +mg sinθ y − Dy ẏ

M y
(17)

˙̇θ y =

[ M y sinθ x sinθ y

( f x − Dx ẋ + mg sinθx cosθ y )

− M x cosθy ( f y − Dy ẏ +mg sinθy )

− M x M y sinθy

(l cosθ yθ̇ x
2 )]/[M y M xl ]

(18)

Variable rope length

This is the case where the length of
the rope l  for the hoisting motion will
be varied.  Expanding and
manipulating of equations (10) - (14)
leads to the followings equations:

x =
[ f x − Dxẋ + sinθx cos θy

(M l
˙̇l + Dl l̇ + mg + f l )]/[ M x ]

˙̇

(19)

θ̇x =
[cos x (− f x + Dxẋ − mg sin θx cos θx

(M l
˙̇l + Dl l̇ + mg + f l ))

+ M x (−2 cos θyl̇ θ̇x + 2l sinθy θ̇x θ̇ y

− g sin θx )]/[M xl cosθy ]

˙

(20)

˙̇y =
[ f y − sinθy

( f l − M l
˙̇l − Dl l̇ − mg)

−Dy ẏ]/[M y ] (21)

˙̇θy =

[ M y sin θx sinθ y

( f x − Dx ẋ + sinθx cosθ y

(M l
˙̇l + Dl l̇ + mg + f l ))

− M x cosθ y ( f y − sin θy

( f l − M l
˙̇l − Dl l̇ − mg) − Dy ẏ)

− M x M y (2θ̇ yl̇ +l sinθ y cos θ̇y θ̇x
2

+ g cos θx sin θy )]/ M y M xl ]

(22)

˙̇l =

[ M x y
M ( f l +ml cos2 θy θx

2 +mlθ̇y
2

+Dl l̇ + mg cos θx cos θy −mg)

− M ymsin θx cos θy

( f x + sinθx cos θ y

( f l + Dl l̇ +mg) − Dx ẋ)

− M xm sinθy ( f y − Dy ẏ − sinθy

( f l − Dl l̇ −mg))]/

[ M x M y ( Ml +m)

+ Ml m(M y sin2 θx cos2 θ y

+ M x sin2 θy ]
(23)

The above models will form the basis
of an experimental design work
relating to anti-sway control as the
next section will endeavour to show.

3. A SIMPLE FUZZY LOGIC

BASED ANTI-SWAY CONTROL

DESIGN

A fuzzy logic control (FLC) system
can be configured as shown in the
block diagram of Figure 2.  Basically,
a fuzzy controller can be divided into
4 stages:  fuzzification, fuzzy inference
system, fuzzy rule base and
defuzzification.

3.1 FLC Linguistic Control

Strategy

The following points describe the
linguistic control strategy obtained
from the analysis of an expert human
operator’s action in controlling the
load sway and trolley position.
• Pick up the container and start

moving the crane head with a
medium power.

• Adjust and increase the motor
force while observing the load
sway.  The load shall be just
behind the crane head.

• Reduce the motor force when
about to reach target.  The load
shall be slightly ahead of the crane
head.

• Increase or decrease the motor
force to adjust to final position.

Fuzzifier Inference Engine Defuzzifier

Knowledge Base

Overhead Crane

Process Output & State Crisp Control Signal

Position, Angle

(real-time)

Applied Force

(real-time)

Fuzzy Logic Controller

Figure 2
Block Diagram of the Crane Fuzzy Controller
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• When the load is at target
position and the load sway is zero
stop the motor.

3.2 FLC Design

Fuzzy model may basically fall into
two categories.  One is the linguistic
model that are based on the collection
of if-then rules with vague predicates
and that use a fuzzy reasoning such as
Mamdani’s model.  The form of this
model for a two-input-single- output
system is [5]

if x is A and y is B, then z is C
(24)

where A, B, and C are fuzzy sets of
the universe of discourse X, Y, and Z,
respectively.

On the other hand, Sugeno’s model is
characterised with functional type
conclusion.  It has the form for a two-
input-single-output system as

if x is A and y is B, then z = f(x,y)
(25)

where A, B, and C are fuzzy sets of
the universe of discourse X, Y, and Z,
respectively.  x and y are values of the
input variables.

A first order Sugeno’s model has the
form of

if x is A and y is B,
then z = px +qy + r (26)

The simulation of FLC is carried out
using MATLAB-Simulink software.
In the case of a constant rope length,
four inputs are required for each X and
Y directions which are:
1) Cross beam and crane head

displacement, x(t), y(t)
2) Cross beam and crane head

velocity, ẋ (t), ẏ (t)
3) Load sway angle, θx(t), θy(t)
4) Load sway angle velocity,

θ̇x (t), θ̇y (t)

The outputs are:
1) Applied force in the X-direction,

fx
2) Applied force in the Y-direction,

fy

For the case of a variable rope length,
apart from the inputs and outputs
defined in a constant rope length, the
following additional inputs and
output are required:
1) Rope length, l(t)

2) Rope length velocity, l̇ (t)

3) Applied force in the Z-direction,
Fh

For both cases of the constant rope
length and the variable rope length,
each input and output signal is
mapped into five membership
function (MFs) of a Gaussian-type
labelled as Negative Big (NB),
Negative Small (NS), Zero (Z),
Positve Big (PB) and Positive Small

(PS). The span of each MF is
determined arbitrarily and they are
fine tuned later to improve the
controller performance.

The three input FLC is found to be
the best configuration based on the
fastest time reaching target position
and the least sway angle experienced
by the load [Zissis].  Thus, in this the
project the three input FLC was
chosen.  The type of controller used
for this system was of a Mamdani-type
rather than of a Sugeno-type.

The input signals to the FLC for the

X-direction are xe, ẋ  and θ̇x
.  This

controller is a combination of 25 rules
for position control based upon the
input signals xe and ẋ , and 5 rules
for the anti-sway control based upon

the input signals xe and θ̇x
.  The

membership functions of the inputs
and their fuzzy rule bases are tuned to
give the desired closed-loop response.
The rule bases are shown in Tables 1
and 2. Similar rule bases are adopted

for the Y-direction using ye, ẏ  and θ̇y .

3.3 Controller Performance

The closed loop responses for the case
of a constant rope length and for the
case of a variable rope length are
shown in Figure 3 and 4.  The details
of other parameters response are
shown in Figure 9.

Displacement Error xe

NB NS Z PS PB

NB NB PS PB PB PB

Crane Head NS NB Z PS PS PB

Velocity Z NB NS Z PS PB

ẋ PS NB NS NS Z PB

PB NB NB NB NS PB

Displacement

Error xe , Z

NB NB

Angular NS NS

Velocity Z Z

θ̇x PS PS

PB PB

Table 1
Fuzzy Control Rule-base for the Cross Beam Position Control

Table 2
Fuzzy Control Rule-base for the Load
Sway Angle Control
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Generally the performance of the
controllers are very satisfactorily as it
managed to get to the target position
and control the sway in less than 0.5
minutes.  These enable the operator
to effectively control the load sway in
less than 1 minute.  The Gaussian
MFs generate a smoother control
surface and facilitates the
implementation of FLC for the crane
system.  However, the performances
of the controller are improved by
adjusting the gain inputs factor and
changing the rule bases.  Here, the
parameters are tuned by trial and error
which are very time consuming.
Thus, a better system is required.  This
will be discussed in Section 4.

4. ANFIS-BASED ANTI-

SWAY CONTROL DESIGN

4.1 The ANFIS Design and

Training

Neural networks (NN) and fuzzy
systems are widely used for modelling
non-linear systems.  The
approximating capability of NN’s,
such as Multilayer Perceptrons (MLP),
Radial-Basis Function Networks

(RBFN), or dynamic recurrent NN
have been investigated by many
authors [Barada and Singh, 1999].
The neuro fuzzy (NF) tool refers to
the way of applying learning
techniques offered by NN’s for
parameter identification of fuzzy
models.  Using a given input/output
data set, ANFIS constructs a fuzzy
inference system (FIS) whose
membership function parameters are
adjusted using either a back-
propagation algorithm alone, or in a
combination with a least-squares type
of method.  This allows the system to
learn from the data they are
modelling.  In the ANFIS Editor,
fuzzy inference is generated using two
partition methods, which are grid
partitioning, and subtractive
clustering.  After generating the fuzzy
inference system, the generated
information describing the model’s
structure and parameters of both the
input and output variables were passed
on to the ANFIS training phase.  This
information will later be fine-tuned
by applying the hybrid learning or the
back-propagation schemes.  After this
stage, the MF’s will be adjusted to
optimise the controller actions.

4.2 Training Data &

Checking Data Generations

The various strategies used for
generating the data relied on the
following points:

1) Single set point (SSP) data input
i.e., +10m, +5m, +2m, +1m, -1m,
-2m, -5m, and -10m.

2) Multiple set points (MSP) data
input.

For Figure 8, the following set points
is predetermined randomly:

X-motion:
-10 → 2 → 4 → -4 → -9 → 1 → 9
→ 7 → 6

Y-motion:
5 → -3 → -5 → 0 → 4 → 1 → -4 →
4 → 5

Initial trial runs showed that MSP
gave a better data distribution pattern
for training.

Figure 5 shows the simulation data
selected for training ANFIS.  The set
points for  X and Y were varied
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Figure 4
Closed Loop Response for the Crane Control
System (variable rope length)
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randomly.  Note that at each set point
change, the fixed fuzzy gain input
factors were tuned to obtain the best
performance.

4.3 The ANFIS-based

Control Performance

Case1:

FIS: grid partioning and training:
hybrid

Simulation data for ANFIS training
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Figure 5
ANFIS Training Data Generated using Multiple Setpoints (MSP)
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Figure 7
Closed Loop Responses for the Y-directions using
ANFIS with Subtractive Clustering
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The FIS output surface for the
controller generated using grid
partitioning for the X-target and the
Y-target are shown in Figure 10.

As the ANFIS controller for Y-motion
did not give a good performance as
compared to the fixed fuzzy system,
the subtractive clustering method is
used instead in the hope of improving
the controller performance.

Case2:

FIS:  subtractive clustering and
training: hybrid

Figure 7 shows the new generated
output surface view.

The closed loop responses for the
controller for the X and Y-motions are
shown in Figure 8 where the
performances can be judged as good
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by Grid Partitioning

since ANFIS allowed the generation
of a set of fuzzy rules which were
effective over a wide range of position
set-points, this would not have been
possible to obtain with the simple
fuzzy control scheme, above described,
as we would have needed to retune the
scaling factors and possibly the rules
at every set-point change.

5. CONCLUSIONS

A non-linear dynamic model of a
three-dimensional overhead crane has
been derived based on two-degrees of
freedom swing angle.  Simulation
results using open loop impulse tests
(not shown here) demonstrated the
validity of the model.
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A new fixed fuzzy logic controller was
developed and tested on the non-
linear model for a constant rope length
and a variable rope length.  Simulation
results showed accurate position
control and effective anti-sway
control.  However, the system is
effective for specific operational
parameters only.

Difficulties in tuning the fixed fuzzy
system led to the use of ANFIS.  The
learning capabilities of the system
allow the new fuzzy system to operate
over wider operational requirements.
Simulation results have shown that
ANFIS can emulate the fixed fuzzy
system, but its effectiveness depends
on the quality of the training data used
prior to the rule-base development.
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INTRODUCTION

V-groove is one of the most important
components in the structure of
VMOS and greatly influenced the
performance of the device.  The key
method in producing V-groove is to
use the large orientation dependence
in the etch rates.  Some etchants etch
a given plane of a semiconductor
much faster than other planes,
resulting in an orientation-dependent
etching.  In diamond and zincblend

lattices, the (111)-plane is more closely
packed than the (100)-plane making
the etch rate to be slower for the (111)-
plane.  A precise V-shaped grooves can
be created by orientation dependent
etching of <100> oriented silicon
through a patterned SiO2 mask.  The
edges of the groove being (111) planes
at an angle of 54.7° from the (100)
surface as shown [2] in Figure 1(a).
At the temperature of 70-80 °C, the
etch rate is 0.6 µm/min for the (100)-
plane, 0.1 µm/min for the (110)-

plane, and only 0.006 µm/min (60
Å/min) for the (111)-plane [2].
Therefore the ratio of the etch rates
for the (100)-, (110)-, and (111)-
planes is 100:16:1.  If the window is
sufficiently large or if the etching time
is short, then a U-shaped groove will
formed instead (see the right side of
Figure 1(a)).  Etching done on the
<110>-oriented silicon will produce
straight-walled grooves with sides of
(111)-planes, as shown in Figure 1(b).

Scanning Electron Microscopy of
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(Vertical Metal-Oxide-Semiconductor) Transistor
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ABSTRACT

MOSFET (metal-oxide-semiconductor field effect transistor) is one of the variations of the MOS transistor.  It is the
most important device for very-large-scale integrated (VLSI) circuits such as microprocessors and semiconductor memories.
Since the first fabrication of MOSFET in 1960 [1], the minimum channel length has been shrinking continuously.  The
force for miniaturization is coming from the need for dense circuits for high-density memory and logic applications as
well as from the need for high frequency microwave devices. VMOS technology is one of the methods of producing short
channel device.  The study here focused on the etching mechanisms and the effectiveness of the etchant to form a perfect
V-groove in the VMOS structure.

The work began by fabricating the VMOS transistor on <100>-oriented Si wafer by using a series of fabrication processes
such as oxidation, pre-deposition, drive-in deposition, photolitography, etching and metallization.  The final step of
etching is to produce the V-groove by using a heated mixture of KOH and deonized water through SiO2 mask.  The
fabricated VMOS structures were then cut cross-sectional and examined under SEM.

As evidence from the SEM image, only the right alignment of the mask to the substrate and the right size of the window
of the mask can produce perfect V-groove as required.

This paper was presented at the 10th Scientific Conference of Electron Microscopy Society Malaysia, Selangor, 8-10 November, 2001.
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Figure 2 shows the cross section of a
VMOS.  The basic concept behind the
MOS device is quite simple and can
be illustrated in this diagram.  The
device consists of an active channel
through which electrons flow from the
source to the drain.  The source and
drain contacts are ohmic contacts.
The width of the channel is
modulated by the potential applied to
the gate.  The channel width
modulation then results in the
modulation of the current flowing in
the channel.  An important
consideration in this process is to
isolate the gate from the channel.  If
the gate is not well isolated from the
channel, it draws a lot of current,
leading to a device that has a poor
gain.  Here, in the VMOS transistor,
the gate is isolated from the channel
by an oxide.

Fabrication of this device starts with
an n-type silicon wafer.  The wafer is
then oxidized, and p-diffusion is
performed through a window in the
oxide into n-layer.  This is followed
by the n+-source diffusion through a
smaller window in the oxide.  In the
middle of the source region a V-groove
is etched down to the n-layer
selectively using an anisotropic
etchant.  After groove etching the
surface is oxidized, and Al contacts are
evaporated to form source, drain and
gate.

EXPERIMENTAL DETAILS

Fabrication of VMOS involved
repetitions of a series of processes
including oxidation, photolitography,
etching, doping, pre-deposition,
drive-in deposition, ending with
metallization and etching of the
unwanted aluminum.  The substrate
used was the wafer which was initially
characterised in order to determine the
type of wafer (n or p), thickness and
resistivity.  Five masks were prepared
in order to create the windows for the
subsequent processes such as doping,
etching of V-groove and
metallization.  Prior to any fabrication
process, the cut wafers were cleaned
by RCA clean using solution 1 which
consist of H2O + NH4OH + H2O2

(5:1:1), followed by solution 2: HF +
H2O (1:50) and finally solution 3:
H2O + HCl + H2O2 (6:1:1).

Oxidation was the first fabrication
process carried out.  In this process,
passing dry oxygen through the wafer
in the thermal furnace, normally at
1000 °C for 11⁄2 hours can produce a
layer of oxide on top of the substrate.
The purpose of photolitography
process is to transfer patterns on a
mask to a thin layer of radiation-
sensitive material, resist, covering the
surface of the substrate.  The exposure
system used in this process is the
ultraviolet light.  In the fabrication,
wet chemical etching proceeds by
oxidation, followed by dissolution of
the oxide by a chemical reaction.  The
main purpose of this process is to
create windows in the oxide layer,
which is not protected by the resist.
The etchant used here was the mixture
of nitric acid (HNO3) and
hydrofluoric acid (HF) in water.  To
produce V-groove, a different etchant
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Figure 1
Orientation-dependent etching conducted through window patterns on
(a) <100>-oriented silicon and (b) <110>-oriented silicon.

Figure 1 (a) Figure 1 (b)

Figure 2:
Cross-section of a
VMOS [3] obtained
through anisotropic
etching.
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Figure 3:
Flow chart of the fabrication of VMOS

Secondary
flat

<100> n-type

wafer

180°

Primary flat

Substrate

Substrate

SiO2

Substrate

Resist

Substrate

Wafer characterisation:
to determine type of wafer,
thickness and resistivity.

RCA clean:
Soln 1: H2O + NH4OH + H2O2  (5:1:1)
Soln 2: HF + H2O  (1:50)
Soln 3: H2O + HCl + H2O2  (6:1:1)

1st Oxidation:
to grow a thin layer of SiO2.
Oxidation furnace, dry oxygen,
1000 °C, 11⁄2 hours

1st Photolitography:
to create a window for p-doping
– sputtering of resist – 100 rpm for 5 secs
– expose to UV for 55 secs
– developing with the developer
– drying in the furnace for 10-15 mins at 80 °C

1st etching:
to etch the oxide not
protected by the resist.
Etchant:  HF + HNO3 + H2O

continued
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 Drive-in

Figure 3 (continuation):
Flow chart of the fabrication of VMOS

Doping of boron;
to create p region.
– sputtering 100 rpm for 5 secs
– pass H2 in the furnace for 10-15 mins at 80-90°C

continued

Pre-deposition;  to diffuse dopants into the substrate
– N2 gass at 1000 °C for 10 mins. in the furnace.
Drive-in diffusion:  to distribute dopants throughout
the substrate – in pure o2 gas at 1000 °C fo one hr.

2nd Oxidation:
same as the 1st – 1 hr.

2nd Photolitography:
to create window for n doping
– same as the 1st.

2nd Etching:  same as the 1st.

Doping of phosphorus:
same as the 1st doping.

Pre-deposition followed by
drive-in diffusion.

3rd Oxidation:
same as the 2nd.
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Figure 3 (continuation):
Flow chart of the fabrication of VMOS

3rd Photolitography:
to create window for the formation
of V-groove

3rd Etching:  same as the 1st

Anisotropic etching

4th Oxidation:
to grow oxide gate
– same as the 2nd

4th Photolitography:
to create windows for
metallization of source and drain.

4th Etching:  same as the 1st

Metallization:  to form an aluminum

5th Photolitography:
to identify the regions for metal contact.
Aluminum etching:  Al etchant + deionised water
(1:1:5), 40-60 °C
Curve tracer test:  to ensure the device is functioning.
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was used consisting of a heated (70-
80 ° C) mixture of KOH in water and
propanol.

Doping process involved introducing
boron in order to create p region and
phosphorus to create n region.  This
process is followed by heat treatment,
normally known as pre-deposition, in
N2 gas for 10 minutes at 1000 °C.  In
this way, the dopants can diffuse into
the substrate.  Further distribution of
the dopants can be achieved by the
drive-in diffusion process whereby in
this process, the substrate will be
exposed to O2 gas at 1000 °C for one
hour.  The flow chart depicted in
Figure 3 describes the processes
involved in fabricating VMOS device.

RESULTS

SEM image in Figure 4(a) describes a
shallow V-groove as a result of using a
small window in the mask and its
misalignment with <111> orientation.
With the right size of the window and
the mask aligned to <111>
orientation, perfect V-groove can be
formed as illustrated in Figure 4(b).
With a large window, etching time
need to be closely monitored in order
to avoid the penetration of the groove
through the wafer (thickness of ~ 0.3
mm).

(a) (b)

Figure 4:
Cross-section images of  (a) a shallow V groove and  (b) 3 isolated V
grooves.

CONCLUSION

The formation of V-groove depends
on several factors: orientation of the
wafer (substrate) used, size of the
window in the mask for the
anisotropic etching and the etching
time.  It was found that perfect V-
groove can be achieved by using
<100>oriented silicon wafer as the
substrate with the mask aligned to the
orientation of  (111) plane of the
substrate.  Further requirement
needed would be the right size of the
mask with the etching done in
sufficient time.
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ABSTRACT

Electronic systems have now grown smaller resulting in very high heat generation compared to previous systems.  Jet
impingement cooling has been identified to be useful in the electronics cooling due to its high heat removal capabilities.
Jet impingement cooling in electronic packages is carried out numerically using a commercial finite volume code,
FLUENTTM.  The local heat transfer coefficients on a heat source due to a normally impinging, axisymmetric, confined
and submerged liquid jet are investigated.  Numerical predictions are made for nozzle diameter (d) of 3.18 mm at several
nozzle to target plate spacing (H/d) ranging from 1 to 8.  The turbulent jet Reynolds numbers considered are 8500,
10000 and 13000 with a perflourinated dielecric fluid Flourinert-77 (FC77) as the working fluid.  The flow field and
heat transfer are solved using the standard high Reynolds number k-e turbulence model.  A more detailed grid refinement
compared to previous investigations is utilized.  The present predictions with the standard high Reynolds number k-e
turbulence model with modified grid refinement are able to produce results with maximum errors of 4.6% and 9.9% for
stagnation and averaged heat transfer coefficients respectively.  In earlier prediction, the deviations from the experimental
results are observed to be a maximum of 60.4% for the stagnation heat transfer coefficient and a maximum of 56.6% for
the averaged heat transfer coefficient.  Numerical predictions are also carried out for those cases of H/d and Re for which
neither experimental data nor numerical predicted data are available in the literature.  From the predicted results, correlations
are developed to determine the stagnation heat transfer coefficient, the average heat transfer.

Keywords

jet impingement cooling, electronic packaging, single circular nozzle, axisymmetric and stagnation heat transfer coefficient.

1 INTRODUCTION

Recent developments with increase in
the computer processing power, the
telecommunication industry and the
growing need for better performance
and mobility;  has resulted in increase
of heat generation per unit area.
Traditional cooling methods are
unable to handle such high

performance electronic packages.  As
a result, new cooling techniques using
micro heat exchangers, micro heat
pipes, refrigeration cooling, liquid
immersion cooling and jet
impingement cooling are employed.
Because of this and the simplicity of
the equipment required, jet
impingement is utilized in electronics
cooling.

Jet Impingement Cooling

Of Microelectronic Systems
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Morris et al.1 predicted the local heat
transfer distribution on a square heat
source for a normally impinging,
axisymmetric, confined and
submerged liquid (FC-77) jet using a
hybrid wall treatment with four
alternative turbulent Prandtl number
functions.  FLUENTTM was used to
solve the thermal and flow fields using
a standard high Reynolds number

This paper was presented at the ECCOMAS Computational Fluid Dynamics Conference 2001, Wales, 4-7 September, 2001.



PLATFORM • Volume 2 Number 2 • July – December 2001

54 Univers i t i  Teknologi Petronas   •   http://www.utp.edu.my

k-ε turbulence model.  Results
obtained from FLUENTTM were
found to under predict the heat
transfer coefficients.  After post
processing, all the data obtained using
the Prandtl functions were reported
to provided better prediction.  Behnia
et al.2 numerically studied the heat
transfer in an axisymmetric turbulent
jet impinging on a flat plate using the
normal-velocity relaxation (V2F)
turbulence model.  Comparing with
the k-ε model, they concluded that the
V2F predictions were in excellent
agreement with experiments whereas,
the k-ε model greatly over predicted
the heat transfer rates.  They reported
that computations using RNG k-ε
model produced results similar to the
standard k-ε model.  Behnia et al.3

used an elliptic relaxation turbulence
model to simulate the flow and heat
transfer in circular confined and
unconfined jet impingement
configurations.  The predicted result
showed that confinement decreased
the average heat transfer rates but,
local stagnation heat transfer
coefficient was not effected.  Tanaka
et al.4 conducted experiments and
numerically simulated the
impingement air-cooling with
rectangular nozzles for Large Scale
Integration (LSI) package with large
plate fins.  They used a steady state 3
dimensional incompressible flow

analysis based on two-equation
turbulence model.  The finite element
method with the penalty function
formulation was used.  The calculated
velocity vectors compared well with
the flow visualisation and the
predicted temperature distribution
showed good agreement with the
measured experimental temperatures.

Jet impingement heat transfer has
been widely studied by researchers for
many years5.  However, studies
regarding the use of jet impingement
cooling in electronic packages started
only in early 1990s.  Generally, the
experimental data in the literature vary
greatly.  However, there is some
consistency in the work by some
notable researchers5.

It is obvious that jet impingement flow
is very complex.  Very thin boundary
layer develops at the stagnation region
due to the impinging jet and the fluid
flow direction changes from axial to
radial.  As the fluid flows away from
the jet axis, the boundary layer
becomes thicker along the radial
direction.  In many analyses, the grids
used are structured with grids
gradually becoming finer near the
walls.  For the above mentioned flow
a doubt arises, whether the grids used
are adequate and the closure model is
able to predict the flow or not.  This

indicates that a more detailed grid
refinement is required keeping in view
the accuracy of the closure model
used.  Therefore, a detailed grid
refinement is carried out in this work
using k-ε closure model to predict the
heat transfer coefficients for different
impingement cooling conditions
employed.

Numerical studies carried out in the
literature suggest that k-ε model is not
able to predict the flow field and the
heat transfer that takes place in jet
impingement problems1-3.  No
detailed study on the effect of
modifying the grid, at the stagnation
and outflow region along the
impingement surface (which is the
region of interest in jet impingement
cooling) has been conducted.  Only
general grid dependence study by
doubling the grid in both the radial
and axial direction of the entire fluid
domain was carried out earlier5.

In this work, numerical predictions in
jet impingement flow field and heat
transfer are carried out using CFD
method. FLUENTTM Ver. 4.3 is used.
A compatible pre-processor, PREBFC
is used for geometry modelling and
grid generation.  2D Axisymmetric,
confined and submerged models were
modelled.  The geometries considered
as shown in Figure 1.1, are nozzle

Figure 1.1:
Important Geometries Considered and Fluid Flow in Jet Impingement

Nozzle to
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Table 2.1:
Common and Varied Dimensions for the Cases Considered

a)  Common b)  Varied

Dimension Nozzle to target plate

Description (mm) Case Height, H (mm)

Plenum Chamber Height 12.72 H/d = 1 3.18

Plenum Chamber Radius 47.70 H/d = 2 6.36

Nozzle Radius, r 1.59 H/d = 3 9.54

Nozzle Length, l 6.36 H/d = 4 12.72

Outflow Region Radius 57.24 H/d = 8 25.44

diameter, d of 3.18 mm and nozzle-
to-target plate spacing, H/d of 1, 2,
3, 4 and 8 at Reynolds numbers of
8500, 10000 and 13000.

Confinement was taken into account
since in practical applications jets are
usually confined and because it largely
affects the turbulence level which
influences the heat transfer rate at the
impingement surface.  Flourinert-77
(FC-77), a perflourinert dielectric
fluid commonly used liquid in
electronics cooling was considered.
These geometries were selected
because of available reliable data in
these ranges for validation purposes.
New data was generated for some
combinations of these parameters,
which is not available in literature.

The standard high Reynolds numbers
k-ε turbulence model was used to
solve the governing equations.  A
systematic grid control to obtain good
approximations to experimental data
is explored.

2 ANALYSIS

2.1 The Governing

Equations

The basic equations describing the
flow of fluid are conservation of mass,
conservation of momentum and
conservation of energy.  The details
of the equations along with the k-ε
turbulence model are available in
Fluent6.

2.2 Modeling Jet

Impingement Cooling

The jet impingement flow in
electronic cooling is mainly turbulent
in nature.  The jet produced from the
nozzle impinges on the heat source,
which represents the microelectronic
system that requires cooling.  The
fluid is decelerated at the stagnation
region and then accelerated again as
the fluid flows radially outward.  The
heat transfer that takes place from the
heat source on the impingement plate,
is predicted in this simulation work.

A preprocessor called preBFC is used
to generate the model and creating the
grid.  Then, the model is imported
into FLUENTTM where the boundary
conditions are applied, the solution
criteria are selected and the model is
solved.

Since the axisymmetric model has
symmetry at the centerline, a 2D
model of half of the cross section and
specifying the model to be
axisymmetric is sufficient to represent
the jet impingement problem
considered in this work.  This sort of
modeling capability is available in the
softwares used here (only half of the
cross section in Figure 1.1 is modeled).
Tables 2.1 shows the common and
varied dimensions in the cases
considered.  Figure 1.2 shows the
model and grid generated for the
H/d = 4 case.

Figure 2.2:
Axisymmetric Model with Grid Generated
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The number of grids in the plenum
chamber and nozzle are same for all
the cases.  Only the number of grids
at the outflow region is changed.  The
grid size used in each case is presented
in Table 2.2.

Table 2.2:
Grid Size Used in Each Case

Case Grid Size

H/d = 1 113 x 220

H/d = 2 135 x 220

H/d = 3 158 x 220

H/d = 4 180 x 220

H/d = 8 225 x 220

2.3 Solution Procedure

In all the analysis carried out in this
work, the solutions are obtained in 2
parts.  First, the flow in jet
impingement is obtained.  Then heat
transfer inputs are incorporated into
the flow field solution and simulation
is continued to obtain the final heat
transfer results.

2.3.1 Model, Boundary

Conditions and Physical

Constants Used

The standard high Reynolds number
k-ε turbulence model together with
the non-equilibrium wall function is
used. In the non-equilibrium wall
function local equilibrium assumption
(production = dissipation), which is
adopted in the standard (default wall
function in FLUENTTM) wall
function, is relaxed.  The non-
equilibrium wall function, partly
accounts for the non-equilibrium
effects neglected in the standard wall
function.  Thus, the non-equilibrium
wall function as recommended in the
Fluent6 for use in complex flows
involving separation, reattachment

and impingement is employed in all
the predictions done in this work.

All physical constant values for
Flourinert-77 (FC-77) taken at 293
K as listed in Table 2.3.  These values
are supplied in two stages; first flow
field followed by heat transfer.

The assumptions and boundary
conditions used are as detailed below,

a) Flow Field Solution

Inlet:
For the cases considered, value of the
imposed pressure is as suggested in
literature7.  They obtained the
pressure values by adjusting the
imposed pressure values until the
volumetric flow rate is within 1%
from the required value.  They also
suggested that pressure boundaries
give a better representation compared
to inlet and outlet velocities.  Table
2.4 shows the inlet pressure boundary
conditions imposed with the
associated errors for all the cases
considered in this work.  Turbulence
intensity at the inlet is given a value
of 0.5% as suggested by Morris and
Garimella7.  The characteristic length
is chosen to be one jet diameter.

Walls:
A no slip boundary condition is
imposed along all solid surfaces.

Outlet:
Due to the presence of toroidal
recirculation zone, the normally used
outlet boundary does not provide
sufficient representation.  Thus, a
static pressure boundary condition (0
Pa) is applied (inlet boundary set as
Zone 2) as this allows flow to enter or
exit the fluid domain.  In the paper
by Morris and Garimella7 they quoted
that Polat et al. (1989) recommended
a pressure boundary at the outlet for
confined jet impingement.

b) Heat Transfer Solution

In the heat transfer solution;  the wall
cells at the target plate are changed to
Zone 2 to represent the heat source.
The wall cells changed are from the
cell adjacent to the symmetry cell till
the cell at a radial distance of 10 mm1.
The remaining cells on the target plate
are changed to Zone 3.

Inlet:
The pressure boundaries applied in
the first part is maintained.
Temperature is applied to be 293 K.

Walls:
The no-slip boundary condition
applied in the first part is maintained
for all the wall zones.  Temperature is
applied to be 293 K for Wall:  Zone
1.  Wall:  Zone 2;  the heat source is
applied a heat flux of 250000 W/m2

and Wall:  Zone 3 is applied with a

Table 2.3:
Physical Constant Values of FC-77 at 293 K

Physical Constant Value Used

Operating Pressure 0 Pa

Density 1.789 x 103 kg/m3

Dynamic Viscosity 1.539 x 10-3 kg/ms

Thermal Conductivity* 6.340 x 10-2 W/mK

Specific Heat* 1.045 x 103 kg/m3

*Value keyed in before continuing with the heat transfer solution
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heat flux of 0 W/m2 to represent
insulated condition (no heat
generated).

Outlet:
0 Pa, boundary condition is
maintained and temperature is applied
to be 293 K.

2.3.2 Numerical Solution

Procedure

In both of the simulation parts, the
solving methods are as suggested by
Morris et al.1 and Morris and
Garimella7.  However, some of the
recommended methods are changed
when they are not giving reasonable
solutions.

For the flow field simulation, the
solution is considered to be converged
when the sum of the normalised
residual is 1 x 10-3.  In the heat transfer

simulation, the convergence criteria
are the sum of the normalised residual
is 5 x 10-4 and the enthalpy residual is
5 x 10-5.  The under relaxation factors
used are changed during simulation
in order to facilitate convergence.

3 RESULTS AND

DISCUSSION

The jet impingement heat transfer
problem, is numerically computed
with the commercial finite-volume
code FLUENTTM using the time
averaged Navier Stokes and energy
equations with the standard high
Reynolds number k-ε turbulence
model.  The k-ε model is adopted
since it has been in use for a long time
with its merits and demerits well
understood and determined.  It is
more robust than newer models and
better suited for solving application
oriented problems6.

3.1 Grid Refinement

The first task carried out is to
determine a proper grid for getting the
numerical heat transfer results.  The
H/d = 4 case at Re = 10000 is
considered to study the effect of grid
on the numerical prediction.  A grid
size of 160 x 160 is used to predict
the variation of heat transfer
coefficient in the radial direction.

Then the grid size has been changed
from 160 x 160 to 160 x 200, but the
prediction did not improve.  Grid is
then increased at the outflow region
(200 x 220), resulting in better
predictions near the outlet zone.
Another trial by increasing the grid at
the nozzle as well as the outflow region
was carried out.  This grid size of 200
x 260 did not improve the predictions
compared to the predictions obtained
with the grid increased at the outflow

Table 2.3.1
Inlet Pressure Boundary Imposed and the Associated Volumetric Flow Balance

–––––––––––– Volumetric Flow Rate ––––––––––––

Case Re No. Pressure, ∆∆∆∆∆P (Pa) Inlet Outlet Error (%)

H/d = 1 8500 *7116 2.487E-06 2.455E-06 1.3

10000 9850 2.962E-06 2.935E-06 0.9

13000 16646 3.935E-06 3.875E-06 1.5

H/d = 2 8500 7116 2.445E-06 2.424E-06 0.9

10000 9850 2.941E-06 2.888E-06 1.8

13000 16646 3.866E-06 3.837E-06 0.8

H/d = 3 8500 *7116 2.425E-06 2.417E-06 0.3

10000 9850 2.898E-06 2.853E-06 1.6

13000 *16646 3.854E-06 3.826E-06 0.7

H/d = 4 8500 *7116 2.424E-06 2.419E-06 0.2

10000 *9850 2.942E-06 2.919E-06 0.8

13000 *16646 3.819E-06 3.820E-06 0.0

H/d = 8 8500 7116 2.424E-06 2.423E-06 0.0

10000 9850 2.888E-06 2.889E-06 0.0

13000 16646 3.837E-06 3.825E-06 0.3

*Value from Morris and Garimella7
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region alone.  From the predictions
observed, it is obvious that the grid at
the outflow region plays an important
role in the prediction of the heat
transfer coefficients.

Realising this, different trials were
carried out by concentrating at the
outflow region.  Further grid
refinement is done by performing 2D-
Interpolations at selected radial
distances from the jet axis and refining
the grids using weighting factors.
After several trials, (only some of them
are shown) as shown in Figure 3.1 a
grid size of 180 x 220 with suitable
refinement of grids at the outflow
region is selected which follows the
fluid flow from the stagnation region
up to the outlet.  It can be observed
from Figure 3.2 that with this grid the
variation of heat transfer coefficient
in the radial direction follows closely
with the experimental values.

3.2 Validation

The validation is carried out in terms
of the predicted stagnation and
averaged heat transfer coefficients for
the H/d = 4 at Re = 10000 case.  The
variation of the heat transfer
coefficients in the radial direction on
the target plate is also compared with
earlier published numerical
predictions and experimental results.

Figure 3.3 shows the variation of heat
transfer coefficients along the radial
direction for the geometry stated
above using various turbulent Prandtl
number functions (TPF) as explained
by Morris et al.1 with the present
predicted results.  It can be seen that
the predictions are not good,
including the FLUENTTM prediction
given by Morris et al.1 using simple
k-ε model.  For the geometrical
configuration discussed above, the
experimental heat transfer coefficient
at the stagnation region is 7803
W/m2K and the predicted value from

the present grid refinement method
using k-ε is 7807 W/m2K.  The
predicted value by Morris et al.1 using
the standard high Reynolds number
k-ε model is 3540 W/m2K giving an
error of 54.6% with respect to the
experiment.

Morris et al.1 assumed that the grid
they selected is the proper one whereas
the turbulence model selected is not
suitable. Hence they tried with several

different TPF to improve their
predictions.  In this regard they tried
out various post processing
approaches using different TPF given
by Wassel-Catton, Gibson-Launder
(G-L TPF), Malhotra-Kang and Kays
and their results are shown in Table
3.1.  It can be seen that the Gibson-
Launder TPF gave an error of 12%;
Malhotra-Kang TPF, an error of 1.1%;
Wassel-Catton, an error of 12% and
Kays, an error of 6.6%.  Thus, the
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predictions that they obtained did
improve.  However, in the present
circumstance, it can be observed that
the simple standard high Reynolds
number k-ε model with non-
equilibrium wall function gives better
predictions, which are in close
agreement with the experimental
values.

The mesh gradation has been
modified with a factor, which is

proportional to Re .  Using the

specifically modified grids for both the
Re = 8500 and Re = 13000 cases (the
overall grid size is the same but much
finer or coarser depending on the
case), the predictions as presented in
Figure 3.4 are obtained.  It can be
observed that the predictions are
reasonably good, both in terms of the
stagnation heat transfer coefficient
and the variation of the heat transfer
coefficients along the radial line.

Morris et al. (1996) has also carried
out predictions for the H/d = 4 at Re
= 8500 and Re = 13000 using the
simple k-ε model and found that the
predictions obtained were giving poor
comparison with experimental values.
From Table 3.1, it is observed that the
errors for these cases using the k-ε
model were found to be 56.6% and
46.9% respectively.

Observing this, Morris et al.1 then
proceeded to use the different TPF in
the post processing as discussed earlier
(for the H/d = 4 at Re = 10000 case).
The results that they obtained using
this TPF are also shown in Table 3.1.
It may be noticed that for H/d = 4 for
Re = 8500, 10000 and 13000, the
predictions obtained by these TPFs
errors vary from 2.9% to 16.3%.
However, from the present
predictions, error varies from 0.1% to
4.6% with the simple standard high
Reynolds number k-ε model.  This
clearly shows that a proper grid size
and pattern has to be selected for good
predictions.  Figure 3.5 shows the
comparison of experimental and heat
transfer coefficients distribution
predicted by G-L TPF with present
predictions for H/d = 4 at Re = 8500,
10000 and 13000.

Table 3.2, shows the comparison of
predicted and experimental averaged
heat transfer coefficients for the same
earlier considered cases.  The
maximum deviation in the case of G-
L TPF is 20.5% whereas for Malhotra-
Kang it is 15.6%.  Wassel-Catton
shows a maximum deviation of 27.1%
whereas Kays TPF shows a maximum
deviation of 23.8%.  The results by
Morris et al.1 with FLUENTTM using
k-e model gives a maximum error of
60.4% and a minimum of 45% for
all the cases considered.

However, the results obtained from
the present predictions are superior to

Figure 3.3:
Comparison of FLUENTTM (Present) Result, with Earlier Published Results and
the Experimental Results
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all the earlier predictions using the
modified turbulent Prandtl number
functions mentioned earlier.  The
error varies from 1.9% to 9.9%;  in
majority of the cases it is less than
2.7%.  Thus the simple k-ε model
with proper grid refinement and with
the non-equilibrium wall function
gives reasonably good predictions for
the averaged heat transfer coefficients
as well.  This completes the
quantitative validation exercise.

3.3 New Results Generated

for Cases Not Investigated

Earlier

Based on earlier simulations, the
following cases are carried out to

Table 3.1:
Comparison of Experimental and Predicted Stagnation Heat Transfer Coefficients (W/m2k)

Gibson-Launder * Malhotra-Kang * Wassel-Catton * Kays * FLUENT TM * FLUENT TM (Present)

H/d Re Experiment * Prediction % error Prediction % error Prediction % error Prediction % error Prediction % error Prediction % error

1 8500 7078 7096 -0.3 8012 -13.2 7136 -0.8 7561 -6.8 3959 44.1 6795 4.0

8500 7142 6104 14.5 6880 3.7 4733 33.7 6500 9.0 3250 54.5 7350 -2.9

3 13000 8250 9533 -15.6 10754 -30.4 9559 -15.9 10155 -23.1 4866 41.0 8611 -4.4

8500 7001 5870 16.2 6607 5.6 5883 16.0 6246 10.8 3036 56.6 7326 -4.6

10000 7803 6846 12.3 7717 1.1 6863 12.0 7291 6.6 3540 54.6 7807 -0.1

4 13000 8544 8793 -2.9 9936 -16.3 8812 -3.1 9375 -9.7 4537 46.9 8663 -1.4

*Morris et al. (1996)

Gibson-Launder * Malhotra-Kang * Wassel-Catton * Kays * FLUENT TM * FLUENT TM (Present)

H/d Re Experiment * Prediction % error Prediction % error Prediction % error Prediction % error Prediction % error Prediction % error

1 8500 6607 5475 17.1 5577 15.6 5060 23.4 5278 20.1 2751 58.4 5950 9.9

8500 5972 4749 20.5 4800 19.6 4355 27.1 4550 23.8 2365 60.4 5463 8.5

3 13000 6528 7170 -9.8 7285 -11.6 6693 -2.5 6898 -5.7 3590 45.0 6609 -1.2

8500 5304 4467 15.8 4548 14.3 4120 22.3 4309 18.8 2208 58.4 5446 -2.7

10000 5793 5187 10.5 5307 8.4 4813 16.9 5023 13.3 2560 55.8 5904 -1.9

4 13000 6342 6649 -4.8 6816 -7.5 6214 2.0 6442 -1.6 3258 48.6 6649 -4.8

*Morris et al. (1996)

Table 3.2:
Comparison of Experimental and Predicted Averaged Heat Transfer Coefficients (W/m2k)

Figure 3.5:
Comparison of Experimental and Heat Transfer Coefficients Distribution
Predicted by G-L TPF and Present Predictions for H/d = 4 at Re = 8500, 10000
and 13000
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generate new results where neither
experimental data nor numerically
predicted results are available in the
literature;

a) H/d = 2 at
Re = 8500 and Re = 10000

b) H/d = 3 at Re = 10000
c) H/d = 8 at Re = 10000

These new cases are predicted using
the same grid refinement method

employed with standard high
Reynolds number k-ε turbulence
model and non-equilibrium wall
function as discussed earlier.  The
results obtained in this section are
presented together with the results of
cases wherever appropriate for
comparison purposes.

Predictions were made first for the case
of H/d = 2 at Re = 8500 and 10000.
In this case the grid refinements are

made taking into account the
existence of the secondary maxima
observed in experimental results in the
literature.  Refinements are made so
that the primary minima and the
secondary maxima moves closer to the
jet axis as the Reynolds number is
decreased; similar to the experimental
observations.  The new predicted
results obtained for these cases are
presented in Figure 3.6.  From the
figure it can be observed that the
stagnation heat transfer coefficient
variations along the radial line for H/
d = 2 at both Re = 8500 and Re =
10000 follow the trends as observed
for other cases for which experimental
results are available.

The present methodology is used to
make predictions for the other two
cases mentioned.  Figures 3.7 and 3.8
show the predicted local heat transfer
coefficient variation for H/d = 3 and
H/d = 8 at Re = 10000 respectively.
In both the figures the predictions
obtained earlier for other cases
together with the corresponding
experimental results are also presented.
It is observed that the present method
is able to predict the heat transfer
coefficient variations for the H/d = 3
at Re = 10000 as well as for the H/d =
8 at Re = 10000, which falls in
between the heat transfer coefficient
variations along the radial distance
from the jet axis observed for the Re
= 8500 and Re = 13000 cases.  The
predicted trends are also similar to
those obtained previously for other
cases.  However, for the H/d = 3 case
at r/d about 1.50, the local heat
transfer predictions obtained are seen
to coincide with the experimental
values of the Re = 8500 case.  Thus,
with the consistency of the predictions
achieved in this analysis, it is believed
that the heat transfer coefficient
variation prediction for these cases is
reasonably good.
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Figure 3.6:
New Result of Heat Transfer Coefficients Distribution with Present Grid
Grading Methodology for  H/d = 2 at Re = 8500 and Re = 10000
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3.4 Correlations

The respective correlations obtained
for the stagnation Nusselt number and
the area averaged Nusselt number are
presented below,

Nu0 = 0.117 Re0.418 Pr0.4 H
d











0.048
1
d











4.203

(3.1)

Nuave = 0.082Re0.477 Pr0.4 H
d











−0.074
1
d











3.747

(3.2)

The maximum percentage deviation
of the correlated values from the
predicted results is found to be 1.7%
and 2.2% for the stagnation Nusselt
number and area averaged Nusselt
number respectively.

4 CONCLUSIONS

The local heat transfer coefficient
distribution on a heated target plate
due to a normally impinging,
axisymmetric, confined and

submerged liquid jet is determined
numerically for a nozzle diameter of
3.18 mm with turbulent jet Reynolds
numbers ranging from 8500 to 13000
for several nozzle to target plate
spacing from H/d = 1 to H/d = 8.
Standard high Reynolds number k-e
model is used to obtain the
predictions.  The predicted results for
the above cases are compared with the
experimental results as well as with
numerical results given by other
researchers.  Some new data are
generated for those cases for which
neither experimental data nor
numerical predictions are available in
the literature.

From the study the following
conclusions are made;
i. Standard high Reynolds numbers

k-ε model provides good
distribution of heat transfer
coefficient as long as a well graded
grid discretisation is used.

ii. The stagnation heat transfer
coefficients with a maximum
deviation less than 5% and area
averaged heat transfer coefficient
with a maximum deviation lower
than 10% is predicted.

Figure 3.8:
Comparison of Experimental and Heat Transfer Coefficients Distribution with
Present Grid Grading Methodology for  H/d = 8 at Re = 10000
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iii. The heat transfer coefficient
increases as the Reynolds number
is increased.

iv. The nozzle to target plate spacing,
H/d has a considerable effect on
the prediction of heat transfer
coefficients.

The analysis carried out here shows
the importance of proper grid
distribution in order to obtain good
numerical prediction in jet
impingement cooling problems.  The
non-uniform structured grids utilized
in this work, were able to provide good
predictions.  A much better approach
would be to use unstructured grid
with similar grid grading.

From the analysis carried out, it is
observed that there is a need to go for
a commercial code with adaptive and
automatic grid generation, which aids
in providing a proper grid for the
solution of the jet impingement
problem, once we start the solution
with an initial coarse mesh.
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