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INTRODUCTION

Superior positioning accuracy
demonstrated by GPS Standard
Positioning Service (SPS)1  test raised
some concerns for the GPS operator
over its use by the parties adversarial
to the US Government and her allies.
Tests on GPS SPS have shown that
the intended civilian positioning
accuracy was 300% better than what
it was planned.  The mortar attack on
10 Downing Street sometime in 1988
could well have been successful should
the shell be guided with GPS
positioning accuracy.  Therefore
anticipating further threat from the

abuse of GPS positioning accuracy by
the parties adversarial to the US (and
her allies), the concept of accuracy
denial was evolved and later
implemented in March 1990 known
as Selective Availability (SA) (Matori,
1996).  The threat from this abuse of
GPS positioning accuracy is the main
drive behind the SA implementation,
since the concept of Accuracy Denial/
SA was not in the original plan of
GPS, when it was initiated in the early
70s.

WHAT IS SA?

SA is the deprivation of GPS real-time
positioning accuracy to the

unauthorised GPS users (most of us
civilian).  It is in the form of the
dithering of the satellite clock (SA
dither) or/and the falsification of the
orbital parameter (SA epsilon).  The
dithering of the satellite clock causes
the designated chip-length of the
Coarse Acquisition (CA) code to be
no longer equal to 300 metres, thus
making the pseudorange
measurement in error (Anon, 1995).
On the other hand SA epsilon causes
the satellite to appear in the wrong
position as observed by the users.
These intentional errors cause the
position derived using GPS by
unauthorised users to be in error also.
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ABSTRACT

Global Positioning System (GPS) was conceived in the early 70s by the US military for positioning and timing purposes
and achieved its Full Operational Capacity (FOC) in July ‘95.  Even long before its FOC it had shown positioning
accuracy far better than the other positioning tools available; so superior was GPS that they may face redundancy.  The
availability of GPS to all users however meant it was available to the parties, adversarial to the US government.  Realising
that GPS may be used for hostile activities (against the US and her allies), a concept of ‘Accuracy Denial’ was evolved in
June 1983, which was later known as ‘Selective Availability’ (SA) and officially implemented in March 1990.  SA is a
mechanism whereby any unauthorised GPS user will be deprived of GPS true (accuracy) potential in real time usage.
Under SA the positioning accuracy for the unauthorised users was reduced by more than 100% and the cost for GPS
civilian uses also increased substantially since GPS had to be operated under Differential mode or Differential GPS
(DGPS) to regain the required accuracy.  So successful was DGPS that it led to gradual SA removal beginning 1996, and
on 2nd May 2000, SA was finally ‘set to zero’.  On one hand, the SA removal opens the full opportunity of civilian uses
of GPS, on the other hand GPS is still fully owned and operated by the US government.  Accuracy Denial may be
reintroduced albeit in other forms (such as ‘regional denial’) should her safety be felt threatened again.  Are we better
prepared to face this denial then?

Keywords:  accuracy denial, global positioning system, regional denial, selective availability (SA).

This paper was presented at GEOINFORMATION 2000, Universiti Pertanian Malaysia, Serdang, 6 - 7 November 2000.
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HOW DOES SA CAUSE

POSITIONING ERROR?

Recall that the mechanism of
positioning of users/object (in space)
using GPS requires the knowledge of
the pseudorange of the users/object to
the satellite and the satellite position
as described in the following equation:

Pseudorange between user/object
to the satellite + satellite position
= user/object position

Hence errors in the pseudorange and
the satellite position will be translated
to the user position.

EFFECT OF SA ON GPS

POSITIONING

SA at its pinnacle contributes the
biggest error source to the positioning
accuracy which is almost 62 %, where
it degrades the (point) positioning
accuracy from 20 metres to 100
metres, 95% of the time (note:
compare positioning accuracy in
Figures 3 and 4).  Table 1 presents the
GPS error budget when SA was at its
pinnacle.

Table 1: GPS (Point) Positioning Error

Budget (Adopted from Matori,

1996).

Error Source Error (m)

SA (dither)2 65

Ionosphere

Low elevation satellite 5 (night)

High elevation satellite 30 (day)

Troposhere 2.0

Multipath 2.0

Receiver noise 0.5

With SA ‘on’, GPS positioning
accuracy suddenly could not meet the
accuracy requirement for many

civilian users, such as harbour to
harbour approach, vehicle tracking,
fleet management and seismic survey,
tail-buoy positioning, dredging and
rig positioning.  Such activities require
positioning accuracy in the order of
20 metres.  It will require almost
£300,000 to £700,000, (Westwood,
1992) to regain the accuracy required
for the above activities since GPS has
to be operated in Differential mode,
i.e. Differential GPS (DGPS)3.
DGPS scenario can be referred to in
Figure 2.  This slows down the market
of GPS receiver by as much as 75%
and also the growth of the whole GPS
industries will be slowed down by as
much as 33% to 60% between the
years 1994 and 2005.

HOW TO GO AROUND THE SA

Even though SA was not well received
by the civilian users, in the early 90s
it appeared that SA would be ‘on’
indefinitely.  Like it or not the civilian

users have to find some means to
counter SA and to regain the required
GPS positioning accuracy for their
positioning activities.  Top in the list
was the setting up of DGPS system
in many parts of the globe in the early
90s.

DGPS has been proven very successful
in countering SA and hence regaining
the required accuracy, albeit at higher
operation costs.  So successful was
DGPS that even with SA fully ‘on’, at
least 42% of offshore surface
positioning was executed using
DGPS.

Figure 2: DGPS Scenario

Figure 1:

Positioning Error due to SA

Error Source GPS Positioning DGPS Positioning

Error (m) Error (m)

SA 65 0.1

Ionosphere

Low Elevation Satellite 5 (night) 0.2

30 (day) 1.0

High Elevation Satellite 5 0.2

Troposphere 2 0.5

Multipath 2 2.8

Receiver Noise 0.5 0.7

Table 2:  GPS and DGPS error budget (Adopted from Matori, 1996).
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By the end of the 90s it was clearer
that SA had failed as a denial
mechanism to the unauthorised use
of GPS positioning accuracy, was very
costly and yet had no military value
(Bennet, 1991).  Therefore in a special
report ‘GPS – Charting the Future,
1996’ chaired by the former US
Secretary of Defence, James
Schlesinger, it was announced that SA
would be removed gradually
beginning from the year 1996, and full
SA discontinuation will be in 2006
(Anon, 1996).  On 1st May 2000
however, the US President made a
statement that the SA was set to zero
level beginning 2nd May 2000.
Replacing SA is the ‘Regional Denial
Capabilities in lieu of Global
Degradation’.

Hence, DGPS and the ability to deny
GPS signal regionally must have
played a very contributory role in
removing SA.

As expected the positioning accuracy
achieved for post SA GPS positioning
is almost ten times better.  This is
shown in the Positioning errors times
series and plan plot of position error
for the GPS positioning after 2nd May
2000.  No trace of SA was visible, the
positioning accuracy is within 10 m
accuracy, at 95% of the time, as shown
in Figure 3.

BENEFIT FOR CIVILIAN GPS

USERS FROM SA

DISCONTINUATION

In the declaration of the SA removal
it was mentioned that there is no
intention to reintroduce SA.  No
doubt GPS without SA will boost
GPS use in the following areas (that
was before it was hindered by the
insufficient accuracy required).

Transportation Benefits

Car Navigation: Previously, a GPS-

based car navigation system could drift
off course by one or two blocks,
leading to erroneous guidance and
directions.  In areas where multiple
highways are parallel, SA made it
difficult to determine which highway
the car was on.  Discontinuing SA will
eliminate such problems, leading to
greater consumer confidence in the
technology and higher adoption rates.
It will also simplify the design of many
value-added systems, lowering their
retail costs.

Fleet Management: Companies
managing fleets of vehicles such as
taxicabs, buses, forwarding trucks, and
rental cars will enjoy increases in
efficiency as their ability to track and
route individual vehicles improves.
This will be especially important in
crowded parking lots and railroad
yard, where SA previously made it
impossible to identify specific vehicles,
tractor-trailers, or boxcars using GPS
alone.

Figure 3:

Plan plot of GPS positioning without SA

Figure 4:

Plan Plot of GPS positioning under SA
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Package Delivery: Message courier
services and package and cargo
companies will also benefit from
better real-time tracking and
management of assets.  Basic GPS will
give couriers and even pizza delivery
services the ability to navigate all the
way to a person’s door on a building
with multiple entrances.

Aviation: The removal of SA will
improve navigational accuracy for
general aviation (non-commercial)
pilots using unaugmented GPS
receivers.  This increased accuracy
improves safety by aligning pilots
more closely with the runway during
instrument approaches, and
improving the accuracy of terrain
awareness and warning systems and
moving map displays that provide
situational awareness to the pilot.

Fisheries Enforcement.  The improved
basic GPS will provide commercial
fishermen with better repeatable
accuracy over an unlimited area.  In
addition, both fishermen and law
enforcement agencies will share a
common, higher accuracy navigation
system, possibly leading to reduced
violations of fisheries boundaries,
exclusive economic zone issues,
customs, etc.

Highway/Waterway Maintenance: For
the first time highway/waterway
authorities will have access to high-
accuracy, cost-effective basic GPS
receivers for highway and waterway
maintenance and management.

Nationwide DGPS: In remote
locations where establishing DGPS
services is neither required nor cost
effective, the improved performance
of basic GPS may serve many users
functions that would otherwise need
DGPS coverage.  This flexibility
allows for a more cost-effective
network for the government and the
nation.

Emergency Response

Benefits

Firefighter/Police/Ambulance Dispatch:
Reducing the positioning error from
100 metres to nearly 10 metres will
significantly improve the ability to
pinpoint the location of fires, crime
scenes, and accident victims and route
emergency crews to the scene.  In such
life-threatening situations, every
second saved counts.

E-911/999: All new cellular phones
will soon be required to be equipped
with location determination
technology to facilitate ‘911/999’ call
responses.  With the removal of SA,
GPS may become the method of
choice for implementing the E-911/
999 requirement.  A GPS-based
solution might be simpler and more
economical than alternative
techniques such as radio tower
triangulation, leading to lower
consumer costs.

Search and Rescue: With SA turned off,
GPS will become a more powerful and
compelling tool that will help rescue
teams search individuals lost at sea, on
mountains or ski slopes, in deserts,
and in wilderness environments.

Roadside Assistance: Disabled cars
equipped with integrated GPS systems
will be able to more accurately
transmit their location, speeding
response times for tow trucks and
other services.  With SA zeroed, the
car’s GPS signal will identify which
side of the road the car is on – an
extremely important distinction
especially when the local road, or
freeway is divided by a concrete
divider.

Emergency Preparedness: Relief
agencies such as the Federal
Emergency Management Agency
(FEMA) will be able to use basic,

stand-alone GPS receivers to map out
geographical features such as flood
plain boundaries, levees and drainage
ditches – a task that previously
required expensive and labour-
intensive GPS augmentation
techniques.

Land Benefits

Mineral and Resource Exploration: In
many cases, removal of SA will
eliminate the need for costly
differential correction equipment and
services as companies explore remote,
uncharted geographic regions for
minerals, oil, coal and other natural
resources.

Resource Management: Agencies such
as Land Department and the Forest
Service will be able to apply GPS to
the management of wetlands, forests,
and other natural resources without
the use of costly augmentation
systems, or in some cases, tightly
controlled, highly burdensome
military receivers.  This should reduce
government costs and increase
productivity.  Similarly, paper and
lumber companies may be able to use
basic GPS to identify and manage
individual trees in a forest without
costly differential correction
equipment and services.

Wildlife Tracking: Scientists and other
individuals seeking to observe and/or
to tag animals in the wild will have a
more powerful positioning and
tracking tool at their disposal.  These
include zoologists, ecologists, marine
biologists and birdwatchers.

Space Benefits

Satellite Tracking: Satellites using GPS
receivers will be able to determine
their orbit positions more accurately.
Without SA, a satellite using GPS SPS
will be able to determine its orbit
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position to about 10 metres accuracy
in near real time.  This will improve
scientific observations and satellite
operations.

Satellite Data Processing: The
processing of science data using
DGPS techniques, such as is done in
the rapid production of El Nino
weather maps, can be accomplished
more economically.  The increased
accuracy of the signals will allow
reduction in the rate of data collection
thus reducing communication costs
for data used to generate science
results from satellites such as TOPEX/
Poseidon.

Future Space Station Operations:
Among the many benefits that may
be realised by space users of GPS in
the future will be simplification of
systems supporting critical rendezvous
operations and navigation of free fliers
near the International Space Station.
The elimination of SA may enable the
performance of early satellite
rendezvous operations to be greatly
simplified and many may significantly
enhance the performance of relative
GPS during close in maneuvering
operations.

Recreation Benefits

Hiking, Camping and Hunting: With
up to 10 metres accuracy, hikers,
campers and hunters will be able to
navigate their way through unmarked
wilderness terrain with greater
confidence and safety.

Boating and Fishing: Recreational
boaters with DGPS will enjoy safer,
more accurate navigation around
sandbars, rocks and other obstacles.
Fishermen will be able to more
precisely locate their favourite spot in
the lake, river or sea.

Timing Benefits

Increased Adoption of GPS Time: In
addition to position and navigation
information, the accuracy of the time
data broadcast by GPS will improve
to within 20 – 30 billionths of a
second.  This increased level of
precision may encourage continued
adoption of GPS time as a preferred
means of acquiring Universal
Coordinated Time (UTC) and for
synchronizing everything from
electrical power grids and cellular
phone towers to telecommunications
networks and the Internet.  Using
GPS as a time source is far less costly
than purchasing and maintaining high
precision atomic clocks.

CONCLUDING REMARKS

Without SA, GPS has finally exposed
its true potential.  Its application (for
civilian) has suddenly increased almost
six folds.  Such was the wastage of this
technology when it was concealed by
SA.

Nevertheless, GPS remains the
property of the US and their military
system and is operated by their
military.  Even though the ‘Global
Accuracy Denial’ in the form of SA
or the like is a very unlikely scenario,
civilian GPS users should anticipate
the inconvenience and impact of the
‘Regional Denial’ should the need for
its application arise.  As for the case
of SA before, effort and studies should
be initiated in order to acquaint
ourselves with the ‘Regional Denial’
and how to cope with it.  Meanwhile,
with GPS positioning superiority fully
at our disposal, let us utilise fully this
life-time opportunity.
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ENDNOTES

1 SPS – positioning accuracy available to the
unauthorised GPS users

2 SA was predominantly caused by the
dithering of satellite clock.

3 DGPS – a technique whereby data from a
receiver at a known location is used to
correct the data from a receiver at an
unknown location.
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ABSTRACT

Assessment is one of the methods where an instructor can collect feedback on students’ learning as well as what is being
taught.  Traditional ways of mathematics assessment generally provide a method for assigning numerical scores at the end
of the semester to determine letter grades.  These form of assessments rarely reveal information about students’ actual
understanding of the course.  The assessment needs to be carried out throughout the semester and also at the end of the
semester to ensure the true understanding of the course.

These assessments should test students’ understanding of the concepts and skills.  A study has been done in Universiti
Teknologi PETRONAS (UTP) to assess students understanding in the learning of foundation engineering mathematics.
This paper focuses on the students’ understanding of mathematical concepts and identifies certain weaknesses amongst
students. An example of an attempt is given with respect to some key concepts and abilities on calculus taken from the
end of course examination.  The result shows that the students are weak in understanding the concepts of differentiation
as a rate of change and integration as area under the curves.

A correlation study has also been done between the mathematics result of the secondary school and the university end-of-
semester examination.  This is to determine the relationship between their performance in mathematics during these two
stages.  The results show that UTP students are weak in understanding the underlying concepts of differentiation and
integration.  Students who do well in mathematics during their secondary school may not perform as well as in the
university.

INTRODUCTION

Assessment has always been a matter
of great concern to anyone involved
in education.  For most instructors,
an assessment has always been in terms
of testing and grading.  Typically, an
assessment is a way to inform students
about how well they did in a particular
course.  Assessment is defined as the
process of gathering evidence about
student’s knowledge of, ability to use,

and disposition toward, mathematics
and of making inferences from that
evidence for a variety of purposes [1].

In general, learning mathematics has
often been viewed as mastering a set
of skills, procedures and concepts.
Ridgway and Passey [2] in their study
on mathematical needs in engineering
apprentices concluded that
mathematics education should
encourage the development of a broad

range of skills and successful
application of techniques in a range
of contexts.  Research has shown that
some students who produce the
correct solutions on a test item may
not even understand this solution or
the underlying question behind it [3].
Garfield [4] stressed that the
appropriate assessment methods and
materials were needed to measure
students’ understanding of probability
and statistics and their ability to

This paper was presented at the 9th International Congress On Mathematical Education, Tokyo, 30 July - 7 August, 2000.
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explore data, to think critically using
statistical reasoning.  A research has
been done on the improvement of
assessment by improving the questions
[5].

The main purpose of the assessment
is to enhance students’ learning,
develop an understanding of
important concepts and be able to
apply this knowledge in various
engineering disciplines.  From the
evidence and information collected
from the assessment, the instructor
will be able to describe the students’
learning and performance.

BACKGROUND INFORMATION

Students entering the university have
completed eleven years of schooling
at primary and secondary level.  There
are three public examinations for
schools in Malaysia and Sijil Pelajaran
Malaysia (SPM) is one of them.  There
are two mathematics papers in the
SPM;  Modern Mathematics and
Additional Mathematics.  Modern
Mathematics is an elementary
mathematics paper that is compulsory
while Additional Mathematics is for
students who intend to major in
sciences and engineering. The SPM
grading scheme for both papers are as
follows:

Table1:  SPM Grading Scheme

GRADE SPM

A1 and A2 distinction

C3, C4, C5, C6 pass with credit

P7 and P8 pass

F9 fail

The university decided that students
entering this university should have
at least a pass in the SPM Additional
Mathematics examination.  Upon
enrolling at the university, they will
have to take six courses of

mathematics during their
undergraduate years.  These students
are examined every semester.  The
assessment of the mathematics courses
consists of ongoing coursework and
end of semester examination.
Quizzes, tests and assignments/
projects make up the ongoing
coursework, while the end-of-semester
paper is a comprehensive 3-hour
paper.  The university’s grading
scheme is as follows:

Table 2: UTP’s Grading Scheme

PERCENTAGE GRADE

80 - 100 A

75 - 79.9 B+

65 - 74.9 B

55 - 64.9 C+

50 - 54.9 C

40 - 49.9 D

below 40 F

A study was carried out on the
foundation engineering mathematics
course in UTP with the following
objectives:

i. to identify the areas students are
weak in learning calculus,

ii. to look at the relationship
between the results of SPM
Additional Mathematics and the
end-of-semester examination.

METHODOLOGY

One hundred and sixty students were
involved in this study.  Fifty-one
students scored distinction, one
hundred and eight obtained credit and
one managed a pass in the SPM
Additional Mathematics examination.
They majored in Mechanical,
Chemical or Electrical Engineering.
These students have completed a two-
semester course in calculus.  Among

the topics covered in the course were
functions, differentiation and
integration.  This examination
consists of two sections, section A and
section B.  Section A consists of ten
straight forward questions.  These
questions are of the knowledge and
comprehension level of the Bloom’s
taxonomy [6] (question cues:
differentiate, describe, etc).  The
students are also required to answer
all the four questions in Section B.
These questions test the students’
ability to apply their knowledge and
analyze the problems given.  The data
collected were from their responses to
questions in Section B of the end-of-
semester examination.

An analysis of the questions in Section
A has shown that everybody
attempted all the questions.  Out of
these, eighty percent of the students
answered correctly.  Most of errors
were due to carelessness.

The data collected were reported in a
few categories.  The categories are
“attempted and correct”, “attempted
and incorrect” and “not attempted”.
The categories are only meant as a cue
that indicates a certain aspect of the
response but which cannot substitute
the real answers.  Thus, to make the
categories more informative, they are
illustrated with examples of students’
responses.

LIMITATIONS OF STUDY

This study is limited to responses to
only four questions that must be
answered, the same instructor and one
batch of students (1998) only.  The
questions selected include not only
computational goals but also higher
order goals concerning the
understanding of basic functions and
calculus.  The four questions were
selected in order to show the students’
ability to solve problems, to use the
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language of mathematics, to reason
and analyze, to comprehend the key
concepts and procedures.  We would
also like to examine the extent to
which the students have integrated
and made sense of mathematical
concepts and procedures and whether
they can apply these concepts and
procedures to situations that require
creative and critical thinking.

OBJECTIVES OF THE

ASSESSMENT

In order to assess the objectives, we
have selected four questions.  They are,

Case 1

Solve

0)}8.02{sin(01.0 =−− xe x

Case 2

Differentiate

 2

2

4
)(

x

x
xf

−
=

Case 3

Ship A is sailing due south at
24 km/h and ship B is 48 km south
of A, is sailing due east at 18 km/h.
a) At what rate are they approaching

or separating at the end of 1 hour?
b) At the end of 2 hours?
c) When do they cease to approach

each other and how far apart are
they at that time?

Case 4

a) Find ∫
−

4

4

2cos

π

π

xdx .

b) Sketch the graph of

xy 2cos=   for  –π ≤ x ≤ π.

c) Hence evaluate dxx∫
−

π

π

2cos .

Learning mathematics is dealing with
learning to solve any given equation.
The first step in solving an equation
is to set the equation to equal zero,
and then applying the correct algebra
to arrive at the answers.  Case 1
requires the students to identify the
properties and relationship of this
form ab = 0 implies a = 0 or b = 0
before solving it appropriately. This
question was given to test whether the
students realize that the function given
is a product of an exponential and
trigonometric function rather than
just a ‘single’ exponential function. In
other words, is their understanding
strong enough to withstand this
exponential distractor.

Students need to understand that
differentiation is a relation between
two numbers that is expressed by
means of ‘a rate of change’.  Instead
of just the ability to do basic
computation using the rules that
governs these operations, the ability
to grasp this concept should show in
the students’ ability to extract this
concept from a real life problem.  It is
for this reason that Case 2 and Case 3
were chosen.  Case 2 is a straight
forward question on differentiation
skills.  On the other hand, Case 3
requires the students to rewrite the
problem in a simple differentiation
before applying the appropriate rules.
The responses to these questions
would indicate the areas of difficulty
of the students.

Case 4 focused on the ability of the
students to perform integration,
which is the other important topic in
calculus. The main concept of
integration that should emerge is an
awareness of the fact that it is related
to geometry, as area under a curve.
Case 4(a) is to check the students’
ability to do basic integration while
in Case 4(b) the students are required
to sketch the graph of an absolute
function.  Case 4(c) is to test whether
students realize that it is not possible
to integrate a modulus function.  One
way to obtain the answer is to apply
the concept of integration as area
under the curve.

RESULTS AND ANALYSIS OF

STUDENTS’ PERFORMANCE

Case 1

Solve

0)}8.02{sin(01.0 =−− xe x

The solution requires the students to
separate the equation as

001.0 =− xe  and

0)8.02sin( =−x

These two functions could be solved
by applying simple algebra.  The
results are summarized in Table 3 and
Figure 1.
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Case 1
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One hundred and twelve students
attempted the question.  Forty-nine
students were able to separate the
equations as required.  Out of this,
thirty-four students solved it correctly.
Twenty-one of them in the third
category gave the solutions as in Table
3, part c (iii), indicating that the
exponential proved to be a distractor.
The other forty-two did computations
that made no real sense.

Observations of the solutions given by
the students who incorrectly
attempted the question showed that
they were only able to reach the first
two levels of the Bloom’s taxonomy.
One of the skills demonstrated at these
levels is recalling of information.
These students knew that they needed
to use logarithm to solve any
exponential problem.

Case 2

Differentiate

2

2

4
)(

x

x
xf

−
=

To solve this question the students can
apply the quotient rule.  Although the
quotient rule is the most commonly
used rule, there are other methods as
well.  The detailed results are shown
in Table 4 and Figure 2.

Everybody attempted this question
and eighty percent of them answered
it correctly.  Thirty-two were able to
apply the rule but incorrectly
differentiated the function.  Four of
them demonstrated their lack of
understanding of basic mathematical
concepts.  The rest of them made
careless mistakes while answering the
question.

Table 3:  Summary of Case 1

No. of

Answering Categories students Example of Responses

a) Ability to separate 34 001.0 =− xe ,  x is undefined

the 2 equations and 0)8.02sin( =−x , x = 0.4 rad or 1.9 rad

and correctly

solved both.

b) Ability to separate 15 i) 001.0 =− xe x = ?

 the two equations ii) 001.0 =− xe x = 0

and correctly solve iii) 001.0 =− xe x = ln 1

one

c) Inability to separate 63 i) 0)}8.02{sin(99.0 =−xx

the two equations and ii) 0)8.02sin(lnln01.0 =−+− xex

incorrectly solved iii) 0log)}8.02{sin(log 01.0
e

x xe =−−

iv) 02cos01.02sin 01.001.0 =− −− xx xexe

d) Not attempted 48

Table 4:  Summary of Case 2

No. of

Answering Categories students Example of Responses

a) Ability to apply the 128

rule and correctly Rule:     
2

)(
v

dx

dv
u

dx

du
v

xf
−

=′
differentiated

Answer:      22

3

4)4(

8
)(

xx

xx
xf

−−

−=′

b) Ability to apply the rule 32 i) x

x

x

x
xf

−
=

−
=

24
)(

2

2

2

but incorrectly

differentiated ii) 2
122 )4()( xxxf −=′

d) Not attempted 0
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Case 3

Ship A is sailing due south at 24
km/h and ship B is 48 km south of
A, is sailing due east at 18 km/h.
a) At what rate are they

approaching or separating at the
end of 1 hr?

b) At the end of 2 hr?
c) When do they cease to approach

each other and how far apart are
they at that time?

This problem requires the students to
apply their knowledge on derivative.
The students need to use the
Pythagoras theorem to get the distance
equation.  Then they will have to
differentiate with respect to time.  The
results are given in Table 5 and Figure
3.

Seventy-two students did not attempt
the questions at all.  Thirty students
answered it correctly while another
thirty-five applied incorrect
procedures to solve the question.
Twenty-three were able to identify the
distance equation but did not
differentiate it with respect to time.

Even though both Case 2 and Case 3
are on differentiation, there is a
marked difference between the
responses.  Eighty percent answered
Case 2 correctly but only eighteen
percent managed to do so in Case 3.
Everybody attempted Case 2 while
almost fifty percent did not attempt
Case 3.  Case 2 is a typical
mathematics question that is given in
“mathematical language” where as
Case 3 requires the students to transfer
the information to the appropriate
“mathematical language”.  This seems
to indicate that students lack the
ability to do so and they were more
confident with questions similar to
Case 2.
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Figure 3: Responses to Case 3

No. of

Answering Categories students Example of Responses

a) Ability to identify 30 222 )18()2448( ttD +−=
Pythagoras theorem

and differentiate the
D

t

dt

dD 1152900 −=

equation with respect

to time.

b) Ability to identify the 23 i)
dx

dt

dt

dy

dx

dy ×=

distance equation and

do not differentiate the ii) Distance = 22 )18()20( +
equation with respect ii) Distance =  26.907 km

to time.

c) Applying incorrect 35 a) Distance for ship A = 48 km

procedures Distance for ship B = 36 km

             48 - 36
Rate = ———— = 6 km/hr
                   2

i)      l =length

       
dt

dh

dh

dx

dt

dx ×=

       x =1hr  and  1=
dt

dl

d) Not Attempted 72

Table 5:  Summary of Case 3
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Case 4

a) Find ∫
−

4

4

2cos

π

π

xdx

b) Sketch the graph of

xy 2cos=
for –π ≤ x ≤ π.

c) Hence evaluate dxx∫
−

π

π

2cos

This question should show the ability
to relate integration with geometry.
The results are summarized in the
Table 6 and Figure 4.

One hundred and two students were
able to do integration of trigonometric
function.  Out of this, seventy-seven
failed to integrate a modulus function.
They also lacked the ability to sketch
the given graph.  Even though they
were able to integrate the function, it
seems that they were not able to
understand the concept of integration
as area under the curve.

CONCLUSIONS

A study has been carried out on the
foundation engineering mathematics
course.  One hundred and sixty
students (batch 1998) were involved
in this study.  There were two
objectives in the study.

The first objective of the study
presented in this paper was to identify
the areas students are weak in learning
calculus.  The study comprised of
responses to four questions (cases)
selected from the end-of-semester
examination.  The results from Case
1 showed that forty-four percent
students were able to identify a given
function of ab = 0 implies a = 0 or
b = 0.  The exponential function was

Table 6:  Summary of Case 4

No. of

Answering Categories students Example of Responses

a) Ability to integrate 26

trigonometry

function, sketch
12cos

4

4

=∫
−

π

π

xdx

the graph and finding

area under the curve Area = 4

b) Ability to integrate 25 Able to integrate and sketch the right graph.

and sketch the graph. dxx∫
−

π

π

2cos  = 0

c) Ability to integrate . 51 Sketch the wrong the graph and

only. dxx∫
−

π

π

2cos  = 0

d) Incorrect method 26 i)
1

2
2sin

2cos
4

4

4

4

−=−=
−−

∫
π

π

π

π

x
xdx

ii) Sketch the wrong graph.

iii) 0cos2cos 2 ==
−

−
∫

π

π

π

π

xdxx

e) Not attempted 32
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also a distractor for fifty-six percent
of students, hence they were not able
to solve the question.  In handling
questions on differentiation (Case 2),
eighty percent of students prefer to
answer questions that are given in
‘mathematical language’.  On the
other hand, only thirty-four percent
were able to answer the question that
requires them to transfer the
information to the appropriate
‘mathematical language’ as seen in
Case 3.  From Case 4, sixty percent of
students lacked the ability to sketch
the given graph and were not able to
understand the concept of integration
as area under the curve.  Therefore the
results of this study suggest that the
students are weak in understanding
the concepts of differentiation as a rate
of change and integration as area
under the curves.

The second objective of this study was
to look at the relationship between the
results of SPM Additional
Mathematics and the end-of-semester
result examination.  A correlation

analysis between the SPM Additional
Mathematics (all grades) and end-of-
semester result is significant with
correlation coefficient, r = 0.486
(confidence level = 0). Another
correlation analysis between
Additional Mathematics result of Pass
with credit and end-of-semester result
was also carried out.  The result is
significant with r = 0.612 (confidence
level = 0).  Although there is a
significant relationship between the
Additional Mathematics result of Pass
with credit and end-of-semester result,
it is not strong enough to show that
students who perform well in school
may perform as well as in university.

Ever since 1999, the university has
decided that the students entering the
university should have at least a C4
credit in the SPM Additional
Mathematics.  Since the course is the
foundation for advance calculus, this
issue needs to be addressed.  Further
research on new techniques of
assessment methods should be carried
out.
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1.   INTRODUCTION

The application of neural networks
(NN) in face recognition problem has
addressed several issues: gender
classification, face recognition, and
classification of facial expressions as
discussed by Ahmad Fadzil et al [1, 2,
3].  The widely known learning
algorithm for neural networks is the
back-propagation procedure.
However, the back-propagation
learning is too slow for many
applications and it scales up poorly as
tasks become larger and more
complex.

The results presented in this paper
represent an extension of to the work
conducted by the authors as discussed

in [4, 6].  The objectives of the work
are, to evaluate the performance of
new acceleration methods namely,
DLR (Methods 1 and 2) and DMF
schemes on face recognition problem
as an example of practical application
using continuous-valued training
data.  These acceleration methods are
compared with the conventional back
propagation (BP) and two other
gradient-based optimisation methods
namely, conjugate gradient (CG) and
steepest descent (SD).  Numerical
results on convergence and
generalisation capabilities are
investigated.  The performance of the
network on noisy face images is also
investigated.

The above investigations are

accomplished by training a 460-12-5
MLP (Multi-layer perceptron)
consisting of 460 input nodes, 12
hidden layer nodes and 5 output
nodes.  After being trained, the
networks are tested on generalisation
and rejection capabilities based on a
test set consisting of images outside
the training set.  The data set and the
image database for this human face
problem are discussed in Section 2.
The Dynamic Learning Rate (DLR)
and Dynamic Momentum Factor
(DMF) methods are discussed in
Section 3.  The simulation results on
the learning progression,
generalization and rejection of the
resultant networks are presented in
Section 4. The performance of the
network on noisy images is also
investigated in Section 5.
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2.   DATA SET

The captured images are 256 by 256
pixels in size and are 8-bit grey level.
Since the human face area of interest
constitutes only a small portion of the
image, the area of interest (AOI) is
within a window that encloses only
the crucial features of the human face.
Hence, the final size of the window is
reduced to 100 by 115 pixels as
illustrated in Figure 1.

The point located between the two
eyes of a human face is chosen to be
the point of interest (POI).  Thus, the
AOI is defined to be 32 pixels above,
50 pixels left, 50 pixels right and 83
pixels bottom of the POI.  The input
size of the MLP will be 11500.
Clearly, reduction of the image size is
necessary.  The method adopted is
similar to the one reported by Vincent
et al [5], where the average of 25 pixels
of the base image is taken to form one
pixel of the new level image.  Hence,
the input size of the MLP would be
460 nodes.  The averaging process
reduces noise although the resolution
of the face image is decreased.  Input
normalisation is carried out to make
the original grey level value ranging
from 0 to N (typically 255) to range
from –1.0 to 1.0.  This is done by first
offsetting the pixel values by the mean
value of all the pixels:

(1)

where xoff is the offset pixel value, xgryscl

is the original value of the pixel and
M is the mean value of all the pixels.
The offset pixels are then divided by
the vector length, calculated as
follows:

(2)

(3)

The image database consists of 12
different facial expressions of 7
distinct subjects.  The 12 different
facial expressions are: - normal, head
tilted 20° to the left, head tilted 20°
to the right, facing 20° to the left,
facing 20° to the right, facing upwards
20°, facing downwards 20°, happy,
anger, surprise and eyes closed.  There
are face images and non-face images
in the database.  An AOI is defined
to be a face image whenever the
reference point of the AOI which is
located at the centre in between the
two human eyes has displacement
within ±3 pixels in the horizontal or
vertical directions.  Otherwise,
whenever the reference point exceeds
the displacement specified above or
the AOI is not a human face at all,
the AOI is defined as a non-face
image.

3. ACCELERATING

BACKPROPAGATION HUMAN

FACE RECOGNITION

3.1   Dynamic Adaptation of

the Learning Rate

As reported by Evans et al [6], two
fundamental causes associated to the
learning rate have been identified for
the back-propagation’s slow
convergence namely, the non-optimal
values of the learning rate and
momentum constant parameters used
in the training process.  It is therefore

necessary to find a method that allows
the parameters to be adjusted in the
course of the learning procedure.
Presently, there exist many
acceleration methods to overcome the
slow convergence problem. There are
methods that exploit the information
contained in the second derivative of
the cost function while others do not
use higher-order derivatives [7, 8, 9,
and 10].

The learning rate update rule which
is a generalisation of the Gradient
Range Based Heuristic Algorithm [7],
dynamically adapts the learning rate
parameter h with respect to the
magnitude of the partial derivative of
the error surface to the current weight,

.  A derivation of the rule can

be found in Zainuddin [8].

Learning rate update rule (Method 1)

Let ∆η ji(n) denote the adjustment
applied at iteration n to the learning
rate parameter at iteration 0, ηji(0).
We define ∆ηji(n) as

(4)

for all   and

 for δa > δc and δb > δd.

Here, the partial derivative domain is
partitioned into n intervals (not
necessarily of equal size) and a suitable
value for the learning rate parameter
is assigned for each respective interval.

If   where δa and

δb are small positive values, then 
is large. On the other hand, if δa and
δb are moderate, then  is moderate

and if δa and δb are large, then  is

small. The values of  are problem
dependent.  The values of the learning

area of

interest

(AOI)
point of

interest (POI)

32

50

83

50

Figure 1  Area of interest (AOI), point

of interest (POI) of a human face
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rate for each interval are assigned at
the beginning of the learning
procedure and they are kept fixed for
the whole training process.  The
learning rate for each connection
weight is adapted by determining
which interval the gradient belongs.

This method has the following
characteristics:
1. The gradient of each weight

 varies with every

iteration ηji(n), hence the learning
rate,varies from one iteration to
the next.

2. Every weight has a different
gradient, hence every weight has
its own learning-rate.

It is worth pointing out that small

values of  are obtained at a

later stage of the training process
(iteration number n is large) when the
network is characterising a stabilising
behaviour.  On the other hand, large

values of  are obtained at an

earlier stage of the training process
(iteration number n is small) when the
network is characterising an oscillatory
behaviour.  Because of these two
behaviours, we developed the second
learning rate update rule.  A derivation
of the second method of learning rate
update rule can also be found in
Zainuddin [12].

Learning rate update rule (Method 2)

Let ∆η ji(n,0) denote the positive
adjustment applied at iteration n to
the learning rate parameter at iteration
0, ηji(0,0). We define ∆ηji(n,0) as

(5)

for all n ∈ [a,b] where  and
  for a > c and b > d.

The initial value of η, ηji(0,0) can be
any small value in the interval [0,1].

Simulation Set-up

The data set for training consists of
five different faces with the normal
expression.  A 460-12-5 MLP was
used where the output nodes
correspond to the five classification
classes.  We have chosen the batch
mode weight updating because results
by other researchers [13,14], suggests
that in tasks where generalisation is
important, the pattern mode should
be avoided, despite their faster training
times.  The weights were initialised to
random values uniformly distributed
in the range (–0.4/Inj, 0.4/Inj) where
Inj is the total number of inputs to
neuron j, based on a weight
initialisation procedure [15].  The
learning process was terminated when
the sum of squares of the error reached
1*10-3.  The value of the learning rate
parameter was η=0.5 in the first
simulation.  For Method 1, the
partition of the gradient domain and
their respective η values chosen for
each interval are shown in Table 1.  As
for the learning rate update rule of
Method 2, the partition of the
iteration number domain and the
respective η values are shown in Table

2.  For both schemes, the training
process for a network was repeated
with larger η values by multiplying the
original η  values with a constant
multiplier, k.  The process was stopped
when a multiplier that caused the
network to diverge or oscillate was
found.

3.2  Dynamic Adaptation of

the Momentum Factor

The momentum factor update rule
adapts the momentum factor with
respect to the iteration number.  The
DMF has proved to be very effective
when applied to this problem.

An analysis of the momentum and a
derivation of the rule can be found in
[16]. The incorporation of the
momentum term in the update rule
tends to accelerate descent in steady
downhill regions and has a stabilising
effect in directions that oscillate in
sign.  However, despite its benefits,
there are also limitations to the
momentum term’s capabilities. The
problems as discussed in [16] suggest
the need for a dynamic adaptation of
the momentum constant.  An instance
of this is the dynamic adaptation of
the learning rate or momentum
constant proposed by Salomon [10].

Table 2: Chosen values of η for face

recognition problem using DLR

Method 2.

Table 1: Chosen values of η for the

face recognition problem DLR

Method 1.

Iteration Value

Number (n)  of η(n)
1 ≤ n < 100 0.5

100 ≤ n < 500 1

500 ≤ n < 1 000 2

1 000 ≤ n < 5 000 4

5 000 ≤ n < 10 000 8

10 000 ≤ n 16

Gradient |∂ξ/∂w| η

10-2 ≤ δ 0 0.5

5x10-3 ≤ δ < 10-2 0.5 1

10-3 ≤ δ < 5x10-3 1 1.5

5x10-4 ≤ δ < 10-3 1.5 2

10-4 ≤ δ < 5x10-4 2.5 3

10-5 ≤ δ < 10-4 3.5 4

10-6 ≤ δ < 10-5 7.5 8

δ < 10-6 15.5 16
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The advantage is up to four orders of
magnitude.  However, this method
requires two experiments with
different learning rates or momentum
constants to be conducted to
determine the better variation at each
iteration loop.  We present below a
momentum update rule that
dynamically adapts the momentum
with respect to the iteration number.

Momentum Constant Update Rule

Let ∆α ji(n,0) denote the positive
adjustment applied at iteration n to
the momentum constant at iteration
0, α ji(0,0).  We define ∆αji(n,0) as

(6)

for all n ∈ [a,b] where
 and 

for a > c and b > d.

The constraint 
is imposed to ensure that
0 < α ji(n) ≤ 1 as the momentum
constant α  has to be in the range
0 ≤ |α| ≤ 1 to ensure convergence of
the learning algorithm.

The initial value of α, α ji(0,0) can be
chosen to be any small value in the
interval [0,1]. Note that without loss
of generality, we define ∆α ji(n,0) as a
positive adjustment. If α is negative,
then we will consider a negative
adjustment but it is unlikely that a
negative α would be used in practice.

The iteration number domain is
partitioned into n intervals and a
suitable value for the momentum
constant is assigned for each respective
interval. As n gets large, the
momentum constant is incremented
gradually making sure that αji(n) is less
that or equals to 1.  This method only
requires n comparisons, where n is the
number of iterations and no storage
requirement is demanded at all.

Simulation Set-up

The network consists of 460 input,
12 hidden and 5 output nodes
corresponding to the 5 classification
classes.  The values chosen for the
parameters were η=0.5 and α=0.9.
The weights were initialised according
to the weights initialisation procedure
[15], where they were initialised to
random values uniformly distributed
in the range (–0.4/Inj, 0.4/Inj) where
Inj is the total number of inputs to
neuron j.

The architecture of the network, the
weight initialisation procedure and the
termination value were the same as in
Section 3.1. The value of the learning
rate was η=0.5 and the momentum
factor were chosen to be α=0.9 in the
first simulation and the momentum
factor update rule was used for the
second simulation. The partition of
the iteration number domain and the
α values for each interval is shown is
Table 3.

4.  SIMULATION RESULTS

In this section, the ability of the MLP
to generalise to new images will be
improved by including different
expressions of face images, new face
images and non-face images.  The data
for training consisted of 5 different
image classes with 5 different
expressions per class: normal, facing
20o to the left and to the right, facing
upward 20° and downward 20°.
Hence, there were 25 images
altogether trained to produce positive
output at their corresponding output
class.  There were also face images of
different classes and non-face images
added in the training set.  The total
number of images that were trained
to respond negative at all the output
nodes of the MLP is 20.

4.1   Learning Progression of

MLP

Table 4 shows the results of these
experiments averaged over 5 trials.

A speedup of 96.7 % was obtained for
the DMF method while a speedup of
up to 96.5 % was obtained for the
DLR methods. A constant multiplier
of k= 30 for the DLR Method 1 and
k = 20 for the DLR Method 2 did not
give convergence.  This is due to the
large η values yielding large weight
adjustments and this makes the weight
vector overshoot the minimum of the
error.

A clear insight into the behaviour of
the learning algorithms is provided in
Figure 2, in which both the horizontal
and vertical scales are logarithmic.  It
can be observed that the DMF
algorithm outperforms the BP
algorithm right at the beginning of the
learning where the error sum decreases
sharply until it reaches the threshold
value of ξav ≤ 0.001 at 653 iterations.
The accelerated performance is due to
its ability to assign an optimal value
to the momentum factor for every
iteration.  From simulations it was
found that the convergence rates of
both the DLR methods increase as the
value of k is increased.  It was observed
that the best performance for the DLR
Methods 1 and 2 occurred at values
of k = 20 and k = 10 respectively.

Although the conjugate gradient
method is able to provide a slightly
better convergence rate than all the
other methods, it nevertheless,
requires much more complexity and
computation per iteration than the
other methods.

As for the DLR methods, it was found
that the η values change considerably
during the learning process, providing
the best progress in the reduction of
the error function.  The learning
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curves of the DMF and DLR
algorithms exhibit an exponential
decrease in the error as the number of
iteration increases.  The learning curve
of DLR Method 2 tends to slow after
an error sum of 0.04.  The above
observations support the fact that
weight specific and iteration specific
η values (DLR Method 1) is much
more effective than only iteration
specific η values. (DLR Method 2).
The CG method has a much faster
convergence rate than the SD method
since it uses second order information
to calculate the new direction, hence
entails more complexity and
computation.

4.2  Generalisation and

Rejection Capabilities of MLP

on Face and Non-Face

Images

The MLPs were tested for their
generalisation and rejection
capabilities using test images, which
were divided into two groups.  The

Table 4:  Simulation results using DLR of Methods

1 and 2 and the DMF.

Avg. No. % No. of
of improvement  cases not

Algorithm iterations  over BP converged

Batch BP 20045 - -

DLR (Method 2)

η*1 12656 36.89 -

η*5 4862 75.76 -

η*10 3228 83.90 3

η*20 - - 5(All)

DLR (Method 1)

η*1 9218 54.03 -

η*10 793 96.05 -

η*20 698 96.52 -

η*30 - - 5(All)

CG 355 98.23

SD 1955 90.25

DMF 653 96.74

Table 3: Chosen values of

the momentum factor α(n)

for each interval of the

iteration number domain

Iteration Value

Number (n)  of α(n)

1 ≤ n < 100 0.5

100 ≤ n < 200 0.6

200  ≤ n < 300 0.7

300 ≤ n < 400 0.8

400 ≤ n < 500 0.9

500 ≤ n 1

Table 5:  Recognition rates of

images in the testing sets

Algorithm Recognition Rate

of Testing Sets (%)

DB1 DB2

BP 97.2 94

DLR (Method 1)

η*1 96.4 96

η*5 98 98

η*10 95 100

DLR (Method 2)

η*1 97.2 95

η*10 96.8 90

η*20 96.6 98

DMF 96.8 92

CG 97.2 96

SD 97.4 96

Batch BP

Dynamic MF

Dynamic LR (Method 1)

Dynamic LR (Method 2)

Conjugate Gradient

Steepest Descent
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Figure 2.  Learning progression curves for DLR Methods 1 and 2, DMF, BP, SD

and CG algorithms (45 images)
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first group (DB1) consisted of 50 face
images that were supposed to be
classified correctly and the second
group (DB2) consisted of 100 images
that were not supposed to be classified
at all by the MLP.  Table 5 shows the
recognition rates of the MLPs for the
face and non-face images.

As shown in Table 5, the BP trained
MLP and DLR Methods 1 and 2 have
similar generalisation capability
although lesser error function
evaluations were necessary to
converge.  The best performances for
the DLR Methods 1 and 2 were
obtained for constant multipliers k=5
and k=1 respectively.  On the other
hand, the DMF had slightly worse
generalisation and rejection
capabilities than the conventional BP.
Nevertheless, it required lesser
function evaluations to converge.

The MLPs identified and categorized
perfectly the images on which they
were trained.  This is expected since
the sum of squared errors valued at
0.001 is a very small number.  The
recognition rate 95%-98% was

achieved for DB1 images and 92%-
100% for DB2 images.  Similar errors
occurred for the networks trained with
the 5 different algorithms and they
mostly occurred for facial expressions
of happiness and eyes closed.  These
facial expressions do not have many
facial features in common with the
facial expressions used in the training
set.

5.  RECOGNITION CAPABILITY

OF MLP ON NOISY IMAGES

The ability of MLPs to recognise facial
images corrupted by noise is a useful
characteristic that has potential
applications in many fields.  It is the
purpose of this section to demonstrate
the capability of the networks trained
with different algorithms in
recognising noisy images.
Peak signal to noise ratio is defined
as:

PSNR = 10 log (7)

where σ2 is the variance of the
Gaussian noise.  For example, when
σ = 10, peak signal to noise ratio is 28
dB.

The noisy images were created by
adding to each pixel of the original
image a random number using a
random number generator set to
normal distribution with a predefined
variance.  This was achieved by using
the Mathematica.  Fifty noise
realisations for PSNR values of 40, 30,
20, 10 and 5 were created.  After being
trained with the BP, DLR and DMF
as in Section 4, the MLPs were tested
for their recognition capability on the
noisy images.  Table 6 shows the
recognition rates of the MLPs on the
noisy images.

It can be seen that the all methods
show similar recognition rates with the
Batch BP when tested on the noisy
images with different noise levels.  The
performance of all the networks,
which were trained with the 5
different algorithms, degraded as the
SNR was reduced.  The DLR Method
1 performed best for k=5 while the
DLR Method 2 performed best for
k=1.  The MLPs still recognised the
face images even if the amount of
noise added is 40dB and the
recognition started to drop at 8dB.

Table 6: The

Recognition Rates of

Noisy Images Testing

Set using the DLR

(Methods 1 and 2),

DMF, CD and SD

Algorithms for

Different Noise Levels

Algorithm Recognition Rate for Different Noise Levels (%)

40 dB 30 dB 20 dB 10 dB 5 dB

Batch BP 100 98 95.8 95.4 49.8

DLR (Method 2)

η * 1 100 98 95.2 94.6 49.8

η * 5 100 98 96 95.8 51.4

η * 10 100 98 94.4 92 43.8

η * 20 - - - - -

DLR (Method 1)

η * 1 100 98 96 95.8 50

η * 10 100 97.4 95.6 95.2 47.8

η * 20 100 98 94.8 93.8 46

η * 30 - - - - -

DMF 100 97.8 95.8 95.2 49.8

CG 100 98 96 95 49

SD 100 98 96 95 48
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6.   CONCLUSIONS

The acceleration methods namely,
DLR and DMF are proven effective
and superior in terms of convergence
when tested and compared with the
Batch BP on the face recognition
problem.  Based a training set that
consists of 45 images, a speed up of
up to 96.5% and 96.7% was obtained
for the DLR and DMF methods
respectively.

In terms of generalisation capability,
the DLR (Methods 1 and 2) show
similar generalisation capability
although lesser function evaluations
are necessary to converge. The
capability of the networks to reject
non-class images is also not impaired
by the employment of these
acceleration methods.  Nevertheless,
it is important to note that the choice
of the appropriate size of η values is
crucial in ensuring the robustness of
the networks in their recognition and
rejection capabilities.  The optimal
constant multiplier for the DLR
Methods 1 and 2 was found to be k=5
and k=1 respectively.  The DMF
method had a slightly worse
generalisation capability than the
Batch BP on the 45 images training
set.  This shows that the internal
representation that the networks
trained with DMF method was not
able to provide sufficient information
to identify and categorise the images.
In this respect, DLR methods 1 and
2 are more promising in practical
applications where generalisation is
important.

The generalisation capability of the
MLPs can be greatly enhanced by
including multiple face images of the
same class with various orientations
and expressions in the training set.
Inclusion of non-face images in the
training set enables the networks to

reject images that do not belong to any
of the MLP output classes.  This is
crucial since the networks must not
only be able to perform correct
recognition but also be able to reject
the non-class images.  When a new
face is presented to a system, it is often
very important to be able to determine
whether the face is known or is a
stranger’s.  This property could be very
useful for practical applications to
security systems.

The MLPs trained with all the 5
algorithms have similar capability to
recognise the noisy images even when
training has only been performed on
noise-free images and no image
enhancement has been carried out
before classification.  The MLPs are
able to act as content-addressable
memories; that is, they are able to
reconstruct a face when a noisy image
of the face is given as input.
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ABSTRACT

The importance of natural gas as an alternative fuel has led Lotus to develop two new bi-fuelled gasoline and compressed
natural gas (CNG) engines. The port injected (PI) engine has two sets of port injectors located in the inlet manifold. In
addition, a direct injection (DI) engine was developed with a unique injection system able to run with either gasoline or
compressed natural gas (CNG), injecting directly into the combustion chamber. Both engines use the Lotus engine
control module (ECM) as a single controller for both fuels to allow full control of the calibration of both fuel systems.
This paper presents emissions data demonstrating considerably reduced emissions and improved fuel economy from
both engines.

Keywords:  direct injection, natural gas, port injection.

An Emissions and Power Comparison

of Port and Direct Injection Bi-Fuel

(Gasoline and Compressed Natural Gas) Engines

This paper was presented at the International Conference on 21st Century Emissions Technologies (C588), London, 4 - 6 December 2000.

INTRODUCTION

Increasingly aggressive emissions
limits have led to the use of alternative
fuels such as natural gas in internal
combustion engines.  Natural gas has
many advantages including low
emissions, abundant resources and
low costs.  There are over 1 million
NGV vehicles on the road today,
which include bi-fuel (gasoline and
CNG), dual fuel (diesel and CNG)
and dedicated (CNG only) vehicles
either as after-market conversions or
OEM conversions.  The CNG fuel
systems have developed from simple
single-point injection to more
advanced multi-point port injection
systems.  The disadvantages of present
CNG vehicles are the on-board
storage problems, loss of power
compared to gasoline and a lack of an
extensive refuelling infrastructure.
Lotus has managed to overcome two
of these problems with the bi-fuel

Lotus Elise.  The Lotus port injected
engine has two sets of injectors (one
for gasoline and one for CNG) in the
inlet manifold.  The gas storage
cylinder is located within the chassis
of the vehicle, hence no loss of luggage
or passenger space.  The use of the
Lotus ECM as a single controller
facilitates automatic switching
between fuel systems and means the
engine will switch to run on gasoline
when full load is demanded, hence no
loss of power.  Recently, Lotus has
taken the technology one step further
by investigating the use of CNG with
a direct injection (DI) engine.  By
following the direction that gasoline
injection is taking, the same
advantages of improved fuel economy
and reduced emissions can be achieved
with CNG, therefore making the DI-
CNG vehicle an even more attractive
alternative.  Emissions, fuel economy
and performance results have been
obtained from these two unique

engines and the installation of these
engines in vehicles enable the
demonstration of this new technology.

EXPERIMENTAL AND RESULTS

Port Injection (PI) Engine

Objectives

The main objective of the port
injection programme was to develop
a fully operational bi-fuel
demonstrator vehicle with an
advanced integrated gas storage
cylinder and fuel control system.  This
would utilise control of both fuels and
maintain fully flexible automatic
switching between the fuels with a
single engine management system
(EMS).  The vehicle was developed to
be fully refined with seamless
switching and to be fully emissions
compliant on both fuels.
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PI Gas Engine Configuration
and Emissions Results

An additional fuel system was installed
on the Elise consisting of a 40 litre
gas cylinder, pressure regulator, fuel
rail and gas port injectors [1,2].  The
original ECM was replaced with the
Lotus unit with which both fuel
systems are controlled.  All work was
carried out in-vehicle using a standard
chassis dynamometer and Horiba
emissions analysers.  After re-
calibration of the Lotus ECM to
provide a baseline calibration,
emissions tests were carried out which
compared directly gasoline and CNG
and this has been reported elsewhere
[2].  Table 1 shows emissions results
taken from the bi-fuel Elise. European
Stage 2 (EC96) emissions tests were
conducted, comparing gasoline vs
CNG emissions achievable on the
Elise.  It can be seen that emissions
results from CNG fuelling are reduced
by 70% HC+NOx, and 50% CO.
CO2 emissions were reduced by 30%,
which is also an indicator of fuel
economy improvement.  Current
work is focussing on Stage 3
(EC2000) and Stage 4 (EC2005)
emissions standards.

Direct Injection (DI)

Gas Engine

Objectives

Following on from the success of the
port injected bi-fuel Elise, our
objectives for the DI engine
programme were to advance CNG
technology in line with current
advances in gasoline DI, to further
improve emissions and increase fuel
economy and performance.  Data was
obtained from the engine and
compared to the port injection CNG
and DI gasoline engines.

DI Gas Engine Configuration and
Test Results

An existing 1.8 litre cylinder head was
modified to accept a set of direct
injectors.  The injectors used were
prototype in nature and consisted of

air-assist gasoline direct injectors.
These consist of two injectors in series;
the first meters the fuel through to the
second, which propels it into the
combustion chamber with the air
supply.  By disconnecting the gasoline
supply and running CNG through the
air rail and injectors, the engine could
effectively be run as a DI CNG.  The
injectors are mounted under the
intake ports at an angle of
approximately 20o due to space
constraints, see Figure 1, as opposed
to a more conventional downward
central injection geometry.  The
injectors are not fully designed for use
with CNG and hence the 6.5 bar fuel
delivery pressure limit does not allow
the engine to be run across the entire
speed and load range.  It is important
to note that the engine is also confined
to homogeneous operation.  Fuel
pressure delivery limitations together
with a conventional piston crown (or
non-assymetric piston crown)
prohibited any stratified operation of
the engine.  It is envisaged that this
work will happen in the near future
and will be reported elsewhere.

Initial testing was carried out on an
engine dynamometer to investigate
steady state homogeneous conditions.
Among others the following tests were
carried out:  (1) investigation of
emissions and stability at varying air
fuel ratio (AFR) values, (2) effects of
exhaust gas recirculation (EGR) and
(3) engine powercurves. In parallel
through collaborative efforts with
Loughborough University, laser
diagnostic techniques (PDA and

Table 1:  Emissions results comparing conventional (PI) gasoline results with

port injected gas results. These are in turn compared to current (Euro 2)

legislative standards.

Euro 2 (g/km) Gasoline (g/km) PI-Gas (g/km)

HC + NOx 0.5 0.17 0.05

CO 2.2 0.87 0.43

Figure 1:  Diagram illustrating the injector to combustion chamber

and piston crown geometries for the direct CNG injector fitted to

the 1.8 litre engine.

Spark

plug

Injector

Combustion chamber

Piston
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LDA) are being used to produce
images of fuel sprays within the
combustion chamber of the engine.
PDA [3] and high-speed imaging were
used to capture images of sprays and
to measure fuel droplet sizes,
directions and speeds under both
atmospheric and in-engine pressure
conditions.  The engine used for this
work has been described previously
[2,4] and our DI-gas work is ongoing.

DI Gas – Effect of Varying AFR
and Emissions Results

Running the engine on gasoline at
2000 rpm, 2 bar BMEP, enabled the
homogeneous lean limit to be
investigated.  The graph in Figure 2
shows the effect of progressively
increasing AFR to 18.7:1 to establish
the effect on emissions and stability
[measured as coefficient of variation
(COV) of indicated mean effective
pressure (IMEP)].  AFR sweeps were
also carried out on DI-CNG at three
test points:  2000 rpm, 2 bar BMEP,
4000 rpm, 5 bar BMEP and 1300
rpm, 2.95 bar BMEP.  Figure 3 shows
emissions and stability data from the
2000 rpm, 2 bar points.  The results
from the other test points showed
similar trends, pointing to an
optimum operating AFR of 16.5-
17:1.  From the two graphs, it can be
seen that above stoichiometric
operating values of 14.7:1 on gasoline
and 16.5:1 on CNG, the engine
demonstrates increased stability when
running lean on CNG when
compared to gasoline fuelling.  It can
also be seen that under stoichiometric
conditions, engine out emissions
using DI-CNG are reduced by 60%
HC, 26% NOx and 21% CO2.

Effect of EGR

EGR was introduced into the engine
up to 3500 rpm over the part-load
operating range. The effect on

Homogeneous lean limit on gasoline
 2000 rpm, 2 bar BMEP
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Figure 2:  Homogeneous lean limit on gasoline.
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Figure 3:  AFR sweeps on natural gas

emissions was investigated and the
amount of allowable EGR without
engine instability was checked.  As was
expected, the addition of EGR greatly
reduced the NOx emissions with
reductions of up to 85% at an
addition of 15% EGR for both
gasoline and CNG.  Combustion
instability for the engine was reached
at EGR additions of greater than 15%.

Engine Powercurves

Figure 4 show a comparison between
the engine performance on both
gasoline and DI-CNG.  Included are
three powercurves for CNG, which
are run at three different AFR values.
At each point, spark was optimised for
mean best torque (MBT).  It can be
seen that varying AFR value has no
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significant effect on performance.  It
can also be seen that there is a 9% loss
in peak torque when running on gas
compared to gasoline.  Although peak
power was not obtained on gas (due
to limitations of injectors), there is also
a predicted loss of 9% on peak power.
This predicted loss is a known
characteristic of natural gas in port-
injection engines due to the fact that
approximately 10-15% of the in-
cylinder oxygen is displaced by gas in
the combustion chamber.

DISCUSSION

Significantly reduced emissions levels
of the Lotus bi-fuel CNG Elise
highlight the importance of CNG as
an alternative fuel to gasoline.
Integration of the multi-point system
and flexible fuel control via the Lotus
ECM provides demonstrable
improvement over conventional single
point CNG systems.  Considering
that in general exhaust gas
temperatures are between 200-550°C
[5] we consider emissions control
from both Lotus PI and DI-CNG
engines to be promising. Methane
(CH4) is well known amongst
hydrocarbons for its increased light-
off temperature, which can often
hinder methane conversion at catalyst
surfaces in exhaust gas streams below
400°C [6].  We acknowledge that
much of our work presented here is
based on Euro 2 legislation and we
consider that when Euro 3 and Euro
4 emissions legislation come into
effect, that the CH4/temperature
limitation will become one of the
factors that dominate ultra-low
emissions attainment from PI and DI-
CNG engines.

To further improve emissions
reduction, it is important to
understand the extent to which CNG
and air mix within the manifold of
port-injected engines, as this is a

crucial step in maximising a
homogeneous charge for delivery to
the cylinder.  Diagnostic techniques
when used to view such gas to gas
regimes will certainly yield a greater
understanding of processes involved
and hence the improvements that are
needed in future design and
positioning of injectors thus aiding
more efficient, cleaner combustion
with lower pollutants.  As an example
of this, greater improvements in
emissions control have been achieved
by modification of engines to run
specifically on CNG as the only fuel.
Honda [7] increased compression
ratio and used VTEC valve systems
to give emissions that meet the sub
ultra low emission vehicle (SULEV)
levels demonstrating one aspect of
what can be achieved.  In normal life
though, the use of such vehicles is
severely limited in many countries by
a lack of refuelling infrastructure to
support dedicated CNG vehicles.  For
the foreseeable future, this will
continue to be a limitation.  The Lotus
bi-fuel PI Elise demonstrates the
potential for adaptability, flexibility
and simplicity that gives the benefits

of low emissions and improved fuel
economy without loss of performance
and importantly, without the need for
extensive internal engine changes.

The move towards direct injection
with CNG is a natural step in the
evolution of the CNG engine.  Our
results show that engine out emissions
can be greatly reduced with the use of
DI-CNG compared to gasoline.  It
was estimated that the decrease in
performance, common with PI-CNG
engines, would be reduced with the
use of DI due to the fact that less
oxygen would be replaced in the
combustion chamber as the fuel is
being injected directly into the
chamber.  However, this was not
found to be the case and it has been
shown [8] that although the calorific
value of CNG is higher than gasoline,
the calorific value of the air/fuel
mixture is lower with CNG than with
gasoline which contributes to the
reduction in performance.  The use
of EGR to decrease NOx emissions
can be applied just as effectively to a
CNG engine as a gasoline engine
showing the adaptability of CNG as
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a fuel that is responsive to emissions
reduction techniques already
implemented with gasoline.  Once
again, an understanding of the gas to
gas interaction formation and fuel/air
mixing in the combustion chamber is
vital to refining the combustion
process (both on gasoline and CNG)
and further aiding emissions and fuel
consumption reduction.

More recently, a specially designed
optical access engine has been built
[4], based on a 0.45 litre single
cylinder, with the same internal
specifications as the DI-CNG engine.
This has an un-paralleled degree of
optical access and is able to run at
speeds up to 5000 rpm and pressures
up to 60 bar.  This engine is being be
used for detailed analysis of CNG
injector events (using Schlieren
imaging) and fuel mixing, enabling
the design and development of CNG
specific direct injectors with the aim
of improving the combustion process
and hence reducing emissions.

FURTHER WORK

Further work will be carried out on
the port injection bi-fuel Elise to
investigate the use of CNG-specific
equipment such as oxygen sensors or
catalysts.  This will show the extent to
which the fuel control and emissions
can be controlled on after market
conversions.  The GDI engine is
presently being installed in a vehicle
to produce a technology
demonstrator.  This will be used for
back to back comparisons of vehicle
emissions and fuel economy between
gasoline and CNG.

Lotus will continue detailed fuel and
gas mixing and combustion analysis.
The use of laser diagnostics techniques
and a single cylinder optical access
engine will improve the
understanding of the fundamental
combustion events taking place with
CNG direct injection. This will lead
to an understanding of the
requirements needed for successful
DI-CNG and the development of a
specialised CNG direct injector,
allowing further improvements in
emissions and fuel economy.

CONCLUSIONS

The development of the bi-fuel Lotus
Elise has highlighted the
improvements to emissions over
gasoline, improved by the integration
of the system in the vehicle and
improved fuel control using the single
Lotus ECM.  The benefits of using
CNG have been further investigated
by the development of a direct
injection CNG engine showing
engine out emissions reductions of
60% HC, 26% NOx and 21% CO2.

Lotus bi-fueled Elise, with a gas range
of 90 miles and petrol (gasoline) range
of 150 miles.  Switching between the
fuels is automatic using the Lotus
engine management system.
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FVVT BASED CAI

COMBUSTION

It is well recognised that for some time
now, innovative work in the field of
fully variable valve trains (FVVTs) has
centred on the Lotus active valve train
(AVT) system [1-3]. AVT is
recognised specifically for (1) an
advanced combustion strategy, (2)
valve operating strategy research and
(3) cam profiling development.  Based
on the versatility and flexibility of this
system many other approaches are
being investigated.  Increasing
development and prototype activity
has been observed with electro-
mechanically (and magnetically)
actuated and electro-hydraulically
actuated valve systems.  Others [4]
have reported preliminary results of
their development work, though
much of this work centres on the valve
actuation processes itself, rather than
focussing on advanced valve timings

and hence combustion
methodologies.  Such methodologies
are contained within complex and
dynamic valve strategies.  The work
presented here represents one such
strategy using advanced combustion
methodologies.  The principle has
been described elsewhere [5, 20].  It
is logical to infer, therefore, that it will
not be too long before modular,
production ready, electrically
controlled and actuated valves become
available and commonplace in
internal combustion (IC) engines.
This in itself will extend the usefulness
and life of internal combustion
engines.  AVT has given us the ability
to probe mechanical cam-less horizons
and to be able to experiment with
innovative combustion
methodologies.  Controlled auto-
ignition (CAI) is a term that has been
used to describe this form of
combustion and there are many
others, such as HCCI, ATAC, PCCI

etc.  It is not the intention of this paper
to open a debate over the correct name
for the precise type of combustion
demonstrated here, rather to
demonstrate that internal EGR can be
achieved using AVTs.  Fully flexible
valve trains (FVVTs) are thus key to
controlling and exploiting the
sequencing, valve timings, gas mixing
and exchange in dynamic combustion
control.  CAI is well recognised in the
2-stroke world [6-17] but reported
attempts in the 4-stroke world [18-
19] are limited and found to be
fundamentally limited by (1) lack of
control of the valve events using fixed
profile cams;  and (2) the clearly
dominant need for intake air:fuel
mixtures to be pre-heated (in some
instances quite drastically).  This need
is alleviated entirely using the AVT
combustion process [20].  Our initial
data shows that the combustion
process reduces NOx and CO
emissions compared to conventional

Controlled Auto-Ignition (CAI)

Using A Fully Variable Valve Train (FVVT)

Dr Don Law, Dan Kemp, Dr Jeff Allen and Dr Simon Wood

Group Lotus Ltd, Hethel, Norwich, Norfolk, NR15 1SG, UK

ABSTRACT

Two methods have been achieved of facilitating controlled auto-ignition (CAI) combustion in a 4-stroke engine.  This
has been accomplished without the need to pre-heat intake air and was made possible through the use of the Active Valve
Train (AVT) system. AVT was used to vary the amount of trapped exhaust gasses (otherwise known as exhaust residuals)
inside the cylinder prior to the compression stroke.  Both methods represent examples of internal exhaust gas recirculation
(EGR). It was observed that the amount of internal EGR determined the combustion initiation point as a function of
crank angle, thus demonstrating that both methods are controllable reproducible processes.  Initial results (taken at
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internal EGR methodologies.
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spark ignition (SI) engines.  Once
FVVTs become production intent,
then we envisage great synergy
between this type of combustion and
conventional spark ignition (SI) in
passenger vehicles.  We also believe
that this type of combustion has
important benefits to engines used in
serial and parallel hybrids where
optimised combustion maps can be
fully exploited.   The following
sections introduce the Lotus work on
4-stroke CAI.  In order to understand
CAI, new control methods were
required that are clearly different to
those previously described [6-19].
Two fundamental methods have been
derived by Lotus, which do not
require pre-heating of the intake
mixture and in the gasoline 4-stroke
cycle are simple and elegant in their
operation.

METHOD 1

Method one [5,20] relies on trapping
a pre-determined quantity (which
may be varied) of exhaust gasses (or
combustion event cylinder residuals)
by closing exhaust valves relatively
early in the exhaust stroke.  The
trapped exhaust gas is then
compressed during the final stages of
that exhaust stroke.  As the piston
descends on the next induction stroke,
inlet valves are opened and fresh
charge drawn into the cylinder, which
is partially filled with exhaust gasses.
At the end of the induction stroke,
inlet valves are closed and fresh charge
and exhaust gas mixture is then
compressed in the next compression
stoke.  CAI occurs as the mixture
ramps up in pressure and temperature
in the final stages of that compression
stroke.  Once CAI has occurred, the
power stroke drives the piston down
and the cycle is thus repeated.  This
is, therefore, a sequential method of
trapping exhaust gas for use in CAI,
since the logical sequence of events
takes place serially.

METHOD 2

In method 2 [5,20], as the piston
reaches BDC from that power stroke,
exhaust valves are opened and all of
the exhaust gas is expelled from the
cylinder.  As the piston commences
the next induction stroke, both inlet
and exhaust valves are opened
simultaneously and both fresh charge
and exhaust gas is drawn
simultaneously into the cylinder.
Once inlet and exhaust valves have
closed, the piston begins to compress
the fresh charge and trapped exhaust
gas mixture.  Again, CAI occurs as the
mixture increases in temperature and
pressure in the final stages of that
compression stroke.  Once CAI has
occurred, the power stroke drives the
piston downwards, and so the process
repeats.  This process is, therefore, a
simultaneous method since the logical
sequence of gas mixing events in-
cylinder takes place in parallel.
method 2 [20].

EXPERIMENTAL WORK

Figure 1, shows a research AVT
system. Modular production intent
systems are currently being developed
and tested at Lotus.  The AVT system
uses hydraulic pressure to open and
close each poppet valve independently.
Electronic control of the system
permits the use of infinitely variable
valve timing and valve lift events.  In
this work, the AVT was used to vary
the amount of internal (or trapped)
EGR needed for CAI operation.
Initial work was carried out in a
conventional engine test cell for CAI
Methods 1 and 2.  The engine was
coupled to a Froude-Consine eddy
current (AG30) dynamometer
(30 kW).  Emissions analysers used
were Horiba MEXA 7500 series. A
DSP combustion analyser served to
collect additional data during the
experimental phase.  The ignition coil
of the engine could be switched on or
off remotely, thus, the engine could

Figure 1:  The Lotus active valve train (AVT) fitted to one cylinder of a converted

1.8 L production engine.
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be operated in SI mode, pure CAI
mode (no spark) or in a hybrid CAI-
SI spark-assisted mode (CAI with a
retarded spark event).  Tests were
conducted to investigate the effect of
internal EGR and air-fuel-ratio (AFR)
on indicated specific fuel
consumption (ISFC) and emissions
for CAI in order to compare how our
CAI results compared to conventional
spark ignition modes.  The effect of
spark itself was investigated to see if
there were additional benefits on fuel
consumption and emissions reduction
to be gained from running in spark-
assisted CAI mode.  The baseline
condition was spark ignition with
mean best torque (MBT) ignition
timing at 2000 rpm, 3.5 bar indicated
mean effective pressure (IMEP) with
conventional valve timing events.
Throughout all the tests, coolant-out
temperature and peak valve lifts were
kept constant and intake air
temperature was fixed at 25°C.

RESULTS

In a previous paper [20], we described
initial observations of our CAI work
and proposed a number of potential
mechanistic paths detailing key
combinations of pressure (P),
temperature (T) and chemical species
(CS).  CS may be either (1) trapped

in the residual exhaust gases or (2)
newly formed in-cylinder as a function
of P and T.  Through our partnership
with Loughborough University (UK),
our work is ongoing into investigating
the importance of such CS in
promoting or moderating CAI
combustion events. This will be
reported elsewhere.   Currently,
experimental work is focussing on
mapping engine speeds (1000 - 4500
rpm) and load ranges (2.0 - 10.0 bar,
IMEP) in order to gain insight into
the full range through which an
engine can be operated in CAI
combustion using methods 1 and 2.
In our opinion, we believe it is not
valid to compare brake specific
parameters when comparing baseline
SI combustion modes with CAI
combustion modes of operation
because of the greater pumping work
associated with running conventional
throttled SI combustion.  In CAI
modes, the engine was run un-
throttled and so the load was
controlled entirely using the AVT
system.  For this important reason, all
of our engine parameter comparisons
will be discussed in terms of in-
cylinder or indicated parameters.  We
have included a breakdown of our
actual calculation methods to assist
clarity and this is detailed at the end
of the paper.

CYLINDER PRESSURE TRACES

Figure 2, shows the resultant pressure
profiles (compression and expansion
strokes only) for methods 1 and 2
compared with a pressure profile
obtained for a conventional SI
combustion event at a constant speed,
load and AFR.  In Figure 2, the
baseline SI condition was throttled
whilst the CAI mode was un-throttled
(i.e. load controlled through valve
timing events and by varying the
amount of internal EGR).  In CAI
combustion method 1, there is some
pumping work associated with the
compression and expansion of the
trapped residual gas when the exhaust
valve is closed early in the exhaust
stroke during CAI modes of
operation, however, this is relatively
small.   In Figure 2, there are two
important observations regarding
combustion derived from CAI using
internal EGR or residual gas
recirculation. Namely, (1) despite
fundamental differences between CAI
methods 1 and 2 (sequential vs.
simultaneous trapping of exhaust gas),
both produce remarkably similar
pressure profiles and (2) the pressure
profiles for CAI methods 1 and 2 show
a rising profile due to compression
followed by a clear and distinct delay
period before CAI combustion is
initiated.    Figure 3, presents more
evidence to support this distinct delay
phenomenon.  It is clear that by
varying the valve timing events in
order to progressively increase the
quantity of trapped exhaust gases
using method 1, that the initiation of
CAI combustion can be progressively
advanced toward cylinder top-dead-
centre (TDC).  Figure 3, thus
demonstrates that CAI using internal
EGR is a controllable combustion
process and is thus completely
different to detonation (or
uncontrolled auto-ignition) in 4-
stroke engines.

Engine Type Single Cylinder with Active Valve Train

Bore x Stroke (mm) 80.5 x 88.2

Swept Volume (cm3) 450

Compression Ratio, Geometric 10.5:1

No. of Valves per Cylinder 4

Valve Control Electro-Hydraulic Active Valve Train (AVT)

Cylinder Pressure Measurement Kistler Type 6125A Pressure Transducer

Intake Air Temperature Controlled to 25°C

Speed/Load Range Investigated 2000 rpm, 2-5 bar IMEP

Fuel Type Used 95 RON

Ignition Control Switchable coil on plug (On or Off)

Table 1:  Information describing the engine



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

29PLATFORM • Volume 2 Number 1 • January – June 2001

COMBUSTION

STABILITY

Figure 4, illustrates the
increased combustion
stability obtained with CAI.
In the upper of the two
frames, conventional SI
engine pressure traces can be
seen which a noticeable
variation in the combustion
event and this can be
compared directly to the
lower of the two frames
depicting CAI Method 1.  It
is clear that the CAI process
is very reproducible and
consistent.

By far the most significant
benefit to be seen from CAI
to date is the improvement
in specific NOx emissions
(Figure 5).  In percentage
terms, the reduction in NOx
emissions from pure CAI is
greater than 90% across the
whole range of air:fuel ratios
investigated.  It is also
evident that spark-assisted
CAI offers no further benefit
to NOx reduction than pure
CAI.  The reduction in NOx
is believed to be primarily
due to dilution from the
high levels of residual
exhaust gas (approx. 41%
internal EGR in this case).
The dilution effect of the
internal EGR reduces the O2

concentration, slowing
down the combustion rate,
and therefore, lowering peak
cylinder pressures and
temperatures.  This
ultimately results in lower
NOx formation.

Figure 2:  Cylinder pressure trace comparisons of conventional spark ignition with CAI

methods 1 and 2 at 2000rpm, 4.2bar IMEP.

Figure 3:  Cylinder Pressure trace data for CAI method 1 for different quantities of internal

EGR.
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DISCUSSION

It is clear, that by using fully flexible
valve trains (FVVTs), and thereby
internal EGR or residual exhaust gas
recirculation [21] CAI can be
facilitated without the need to pre-
heat either the intake air or intake
air:fuel charge fed into the cylinder.
FFVT are key to this process and other
variations of advanced 2-stroke and 4-
stroke combustion methodologies.
Najt and Foster [22] in their
compression ignited homogeneous
charge (CIHC) combustion work
looked specifically at detailed chemical
kinetics.  Their work examined the
mechanisms governing the
combustion process and the effect of
various engine parameters, specifically,
how the ignition event and subsequent
energy release processes are controlled
or affected by such parameters. Najt
and Foster point out that the amount
of EGR added (through external
EGR), will determine whether or not
the initial charge gas temperature is
sufficient for successful combustion.
In addition, Najt and Foster comment
that the elementary reaction kinetics
that control the ignition process are
quite temperature sensitive, with the
effect of advancing the ignition and
that furthermore, despite the

Figure 5:  Effect of air:fuel ratio on specific NOx emissions for conventional S.I.;

CAI and Spark-Assisted CAI at 2000 rpm and 3.5 bar IMEP.

temperature sensitivity, the rate of
energy release is only slightly increased
by increases in the amount of EGR.
These observations differ
fundamentally from the work
reported in this paper, where clear
differences are seen.  Najt and Foster
conclude that it is unlikely that any
chemical species present in the exhaust
alter the CIHC ignition process and
point out that EGR primarily controls
the combustion process by regulating
temperature.  Thring [23] in a paper
on HCCI combustion with an engine
compression ratio of 8:1, 13-33%

EGR and inlet temperatures
approaching 370°C, again states that
timing of the commencement of
combustion is regulated by the
amount of EGR and the temperature
of the charge (achieved via external
EGR).  At 315°C, engine knock is
encountered and then as the
temperature is increased to 370°C,
HCCI combustion took place and the
engine was then mapped according to
EGR input.  Thring calculated that
before HCCI could be made practical
it would be necessary to find ways of
operating engines in HCCI mode
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without the need to supply large
amounts of heat energy to the intake
charge.  Later Stockinger et al [18]
observed that the necessary
compression ratio depends on the
conditions required for gasoline
compression ignition at full load using
external EGR.  Part load compression
ignition can be achieved with
changing compression ratio by pre-
heating the intake air.  The engine was
designed to remove heat from the
exhaust gas and transfer this heat to
the intake charge at part-load
conditions.  At the measured points
of part-load operation in which the
intake air is pre-heated from the
exhaust heat transfer, very good fuel
economy and low pollutant emission
levels were demonstrated.  Lavy et al
[19] in their 4-SPACE programme
comment that poor ignition and
combustion quality appears when
high residual gases are necessary to
reduce NOx emissions.  With the AVT
system, a range of 10-60% residual
exhaust gas has been trapped without
compromising the combustion event.
In fact, as the quantity of exhaust gas
is increased so the CAI combustion
shifts toward TDC.  This in itself
implies some mechanism of CAI
initiation and not an issue of residual
gas related combustion stability.  Lavy
et al used a rapid compression
machine (or 110 cm3 displacement
single shot engine) where the weight
applied to the piston could be varied
so affecting compression ratio.  At
high weight (or compression ratio),
CAI occurred before TDC and
medium to low weights the CAI
combustion was retarded.  It is
important to note that the fuel used
in the single shot engine was 40 RON,
this in itself is an important fact since
the lower the RON of the fuel used
the earlier the auto-ignition process
occurs [19].   Lida [13] used n-butane
for their HCCI studies.  Their work
revealed two heat release peaks, which
they refer to as the low temperature

increases in amplitude. This
observation is also in broad agreement
with the work done by Lavy et al [19].
N-butane exhibits dual heat release
peaks (LTR and HTR) and Lida et al
[13] comment that dual heat release
peaks are commonly observed in
homogeneous low temperature auto-
ignition.  In other data presented by

Figure 6:  Heat release profiles for CAI method 1.  Upper frame shows the shift

in heat release maxima as a function of exhaust gas quantity trapped; the

lower frame shows cumulative heat release.

-100

0

100

200

300

400

500

600

700

-40 -30 -20 -10 0 10 20 30 40

Effect of Internal EGR on Heat Release Rate
2000 rpm, 3.5 bar IMEP,14.6:1 AFR

Crank angle degrees (relative to TDC)

H
ea

t r
el

ea
se

 r
at

e 
(J

/d
eg

)

Baseline SI
36%
41%
45%

Effect of Internal EGR on Heat Release
2000 rpm, 3.5 bar IMEP,14.6:1 AFR

-500

0

500

1000

1500

2000

2500

3000

3500

4000

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Crank angle degrees (relative to TDC)

H
ea

t r
el

ea
se

 (
J)

Baseline SI

36%

41%

45%

reaction (LTR) and the high
temperature reaction (HTR).  LTR
represents the initiation of the
combustion process whereas HTR
represents the main combustion
process.  It is observed that as the
equivalence ratio of n-butane was
increased so the HCCI combustion
peak shifts toward TDC and also
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Lida et al, it is clear that both
stoichiometry and inlet temperature
both increase the HTR peak rate of
heat release and shift the maxima
toward TDC.  In short, in HCCI of
N-butane, temperature increases the
HTR and shifts the peaks toward
TDC whilst increasing the
equivalence ratio increases the HTR
but causes no shift toward TDC.   The
distance between the LTR and HTR
heat release peaks with increasing
equivalence ratio decreases.  We
believe that in view of the previous
studies we have to attempt to be clear
about what type of combustion we are
experimenting with.  Important in
understanding and thus
differentiating internal EGR CAI
from that of HCCI, CIHC and PCCI
are the characteristic heat release
profiles.  Figure 6, shows the heat
release profiles calculated (using the
Rassweiler-Withrow approximation
[24]) from the work presented here.
The figure compares a conventional
stoichiometric combustion event with
that of CAI, method 1.  First, it can
be seen that a single heat release profile
is obtained for internal EGR
quantities of 36, 41 and 45%.  The
CAI method using internal EGR thus
differs from HCCI in that all reported
HCCI work and that of diesel show
characteristic double profiles in their
heat release profiles.  In HCCI (and
diesel), these double profiles have been
attributed to a low temperature
reaction (or combustion initiation)
followed by a high temperature
reaction (or main combustion event).
CAI methods 1 and 2, clearly show a
single peak and therefore we believe
that we have distinguished the work
here from that of HCCI.  Second, it
is interesting to note that as the
quantity of exhaust gas trapped or
internally recirculated is increased, so
the CAI combustion peak is shifted
toward TDC.  The area under the
curves remains largely constant as can
be seen in the lower frame of Figure

6, where the cumulative heat release
traces are plotted.  Aoyama et al  [25]
experimented with pre-mixed charge
compression ignition (PCCI) using an
engine with a compression ratio of
17.4:1 and intake air temperatures of
129-170°C.  This was achieved using
electrical heaters.  It is noticeable that
the heat release profiles obtained by
Aoyama et al are quite similar to those
obtained in our experiments, i.e., there
is a single heat release profile and not
a double profile as found in HCCI
studies.  Aoyama et al observed that
as the inlet temperature was increased
from 29°C to 172°C, the PCCI
combustion peak shifted from
approximately +20° ATDC, to
-5° BTDC.  Also, as the charging
efficiency is increased, so the
compression pressure is increased and
the spontaneous ignition is advanced
(from +20° ATDC to ~TDC). It is
clear then that the work presented
here, shows some similarity to
previous 2-stroke studies in that
trapped or residual exhaust gases lead
to controlled auto-ignition in a
95 RON fuelled 4-stroke engine.
Again there is agreement with this type
of combustion when comparing
cylinder pressure traces.  We believe
that there is a difference when we
compare the results obtained here
using a purely internal EGR
methodology with that of all previous
4-stroke CAI experiments.  It is clear
from previous work that HCCI and
diesel phenomena yield characteristic
double heat release profiles during the
combustion event.  In our
experimentation, we observe only a
single heat release profile, thereby
clearly differentiating the internal
EGR combustion process to that of
HCCI (and diesel).  In our opinion,
the closest similar form of combustion
to the work presented here is that of
Aoyama et al in their PCCI
experiments.  Although, it must be
pointed out that Aoyama et al only
managed to achieve their PCCI

combustion with pre-heated air.  Thus
we share similarities with their work
and fundamental differences too.
Differentiating the combustion
process will form the basis of the next
paper once our single cylinder engine
mapping experiments are complete.
This will be reported shortly.
Recently, Oppenheim et al comment
that, spark (Otto) or compression
(Diesel) ignition engines, both well
over one hundred years old have
changed relatively little and that an
explosive growth of technologies,
micro-electronic controls and MEMS
(Micro-Electro-Mechanical Systems)
has arrived so that a modern approach
to the ICE combustion task is in order
[21].  We believe that fully flexible
valve trains (FVVTs) are a crucial part
in achieving 21st century combustion
processes in 4-stroke engines.  We
believe that such an approach will lead
primarily to benefits in low fuel
consumption and ultra-low pollutant
emissions.

CONCLUSIONS

Two distinct methods of controlled
auto-ignition (CAI) have been
successfully implemented and
demonstrated in a 4-stroke internal
combustion engine without the need
for pre-heating the intake air and by
using for the first time internal EGR.
This was possible through the use of
the active valve train (AVT) system.
The principle findings from our initial
investigations are as follows:  (1) The
two methods which although distinct
in their methodologies produce very
similar cylinder pressure profiles and
heat release profiles, (2) CAI is a
controllable process, the amount of
internal EGR determines the
combustion initiation point, (3)
significant improved combustion
stability is obtained, (4) indicated
specific NOx emissions at 2000 rpm
and 3.5 bar IMEP were much reduced
using CAI (by 90% at 14.6:1 AFR)
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compared to SI and that (5) it is
believed with optimisation of the CAI
combustion process that CAI has
applicability to many 4-stroke
engines.
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INTRODUCTION

Radiation-induced gafting of vinyl
monomers onto hydrophobic
polymers has been frequently used to
produce permselective membranes
with specificially desired properties
[1-4].  Styrene is commonly grafted
onto polymer films to produce
strongly acidic cation exchange
membranes.  This must be followed
by activation of the chemically
inactive (neutral) polystyrene graft
copolymers by subsequent sulfonation
to introduce sulfonic acid groups. For
stability reasons,  fluorinated polymers
are very often used as base polymers
due to their outstanding thermal,
chemical and mechanical resistance.

Grafting conditions are playing a
crucial role in the determination of
not only the degree of grafting but also
the structure built up inside the
grafted polymer.  Among grafting
conditions,  the solvent to be used for
monomer dilution is of special interest
as it is one of the essential elements
towards a successful radiation-induced
grafting process [5-8].  A solvent is
basically used during grafting to bring
about swelling of the base polymer
and hence enhance the monomer
accessibility to the grafting sites.   The
use of a poor-swelling solvent is most
likely to lead to surface grafting due
to the reduction in monomer
diffusibility and, eventually, low
degrees of grafting are obtained.

However, the use of good-swelling
solvent results in bulk and
homogeneous grafting.  Increasing the
swelling enhances the diffusion of
monomer into the internal layers of
the polymer substrate, and therefore
the interactions between the internal
active sites and the monomer
molecules increase,  leading to higher
degrees of grafting [9].

Many workers have reported the
grafting of styrene onto various
fluorinated polymer films using
radiation-induced grafting techniques
[10-18].  The effects of grafting
conditions on the degree of styrene
grafting such as monomer
concentration, irradiation dose,
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temperature and crosslinker as well as
addition of an inhibitor have been
widely studied.  So far, only limited
attention has been paid to the effect
of solvents in these grfating systems.

This work aims to study the effect of
solvents on the grafting of styrene onto
commercially available fluorinated
polymer films such as poly
(tetrafluoroethylene)  (PTFE), poly
( t e t r a f l u o r o e t h y l e n e - c o -
hexafluoropropylene) (FEP) and poly
( t e t r a f l u o r o e t h y l e n e - c o -
perfluorovinyl-ether) (PFA) using a
simultaneous irradiation technique.
The effects of grafting conditions such
as irradiation dose, dose rate,
monomer concentration and acid
addition on the degree of grafting are
investigated with respect to the type
of solvent.  The grafting is checked
and the grafted films are characterized
using FTIR spectral analysis.

EXPERIMENTAL

Materials

Films of PTFE,  FEP and PFA having
thicknesses of 90, 120 and 120 µm,
respectively,  were purchased from
Porghof (USA).  Styrene (Fluka,
Switzerland) having a purity higher
than 99% was used without further
purification.  Reagent grade
dichloromethane,  benzene and
methanol were used as received.
Other chemicals such as mineral
(sulfuric,  hydrochloric and nitric
acids)  and organic acids (formic and
acetic) were also research grade and
used as received.

Sorption measurements

Sorption measurement were carried
out at room temperature by
immersing the polymer film in
styrene/solvent mixture (60:40 v/v) in
a glass ampoule.  The ampoule was

flushed with pure nitrogen for 8
minutes and then sealed.  After a
specific time,  the film was removed,
and the excess liquid adhering to its
surface was wiped with blotting paper,
and the film was then weighed to
determine the change in its weight
during the period of immersion.  A
correlation between the percentage
weight increase of the film and the
time of immersion was established.
The amount of sorbed liquid for each
monomer/solvent mixture was
obtained from the extrapolated weight
at zero time.

Grafting procedure

The polymer film was cut into strips
of known weight, washed with
acetone and then dried in a vacuum
oven  (10 mbar, 60°C and 1 h).  The
dried film was placed in a glass
ampoule containing the desired
monomer/solvent mixture.  The
grafting mixture was flushed with
nitrogen for 8 minutes to remove the
air,  and the ampoule was sealed.  The
ampoule was subjected to γ-radiation
from a 60Co source (Bhabha Atomic
Research Centre, Bombay, India)
located at the Malaysian Institute of
Nuclear Technology Research at dose
rates ranging from 1.32 to 15.00
kGyh-1.  The grafted film was
subsequently washed with toluene and
soaked therein overnight to remove
unreacted monomer and
homopolymer occluded in the film
surface.  The grafted film was then
dried in a vacuum oven at 80 °C until
a constant weight was obtained.  The
degree of grafting (G%) was
gravimetrically determined using the
following equation:

              Wg – Wo
G(%) =  –––––––  x 100 (1)
                   Wo

where,  Wg and Wo are the weights of

the grafted and original films,
respectively.

FTIR measurements

FTIR measurements of original and
grafted films were carried out using
an FTIR spectrometer (Mattson,
6020 – Galaxy Series) in transmittance
mode in the frequency range of 4000 -
500 cm-1.  The spectra of the films
were obtained through an ATR
accessory equipped with a KRS5
crystal at face angle of 45°.

RESULTS AND DISCUSSION

Sorption behaviour

In a previous study [18], the
relationship between the amount of
sorbed liquid in PTFE film and the
styrene concentration in the initial
grafting solution diluted with
dichloromethane showed that the film
swelling increases with the increase in
the monomer concentration until it
reaches a maximum value in a styrene/
dichloromethane mixture having a
composition of 60:40 (v/v).
Therefore, grafting mixtures with
similar composition were used to
study the sorption behaviour in the
present work.

Figure 1 shows the relationship
between the amount of sorbed liquid
in PTFE films expressed as percentage
swelling and the time of immersion
in various solvents.  The various
monomer/solvent mixtures had a
composition of 60:40 (v/v).  It can be
seen that the swelling rate as well as
swelling equilibrium depends upon
the solvent type, despite the small
value of weight increase because PTFE
films scarcely swell in these monomers
and solvents.  Furthermore, the
styrene/dichloromethane mixture was
found to produce the greatest weight
increase in PTFE films, followed by
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the styrene/benzene and styrene/
methanol mixtures.

Table 1 shows a comparison between
the amount of sorbed liquid in FEP
adn PFA films measured under the
same conditions.  Data of sorbed
liquid in the PTFE film is included as
reference.  Monomer/solvent mixtures
of composition 60:40 (v/v) were used.
All films were found to have similar
swelling tendency towards each
individual monomer/solvent mixture.
The styrene/dichloromethan mixture
recorded a higher degree of swelling
than the styrene/benzene or styrene/
methanol mixtures.  It has been
established that the amount of
sorption of a liquid is closely related
to the difference in the solubility
parameter between the polymer and
the liquid [19-21].  The smaller the
difference,  the larger the film swelling.
The solubility parameters of the
individual species involved in the
present grafting system were found in
the literature [22].  However, those of
the monomer/solvent mixtures with
the various solvents used are
unknown.  The solubility parameters
of styrene/dichloromethane,  styrene/
methanol and styrene/benzene
mixture were calculated using the
equation:

δmix = (ϕ1δM
2 +  ϕ2δD

2)1⁄2 (2)

where, δmix, δM and δD are the
solubility parameters of the mixture,
the monomer and the solvent,
respectively, and ϕ1 and ϕ2 represent
the volume fractions of the monomer
and the solvent, respectively.  The
solubility parameters of the monomer/
solvent mixtures and those of the
individual species involved in the
grafting mixtures are listed in Table
2.  It can be seen that styrene/
dichloromethane and styrene/benzene
mixtures have solubility parameters
closer to PTFE than the styrene/
methanol mixture, despite their

difference in values.  Accordingly,
polystyrene is expected to be more
soluble in dichloromethane and
benzene than in methanol, as the
former have similar solubility
parameters.

Grafting behaviour

Understanding the grafting behaviour
is an essential step towards the
achievement of an efficient grafting
yield.  This requires a basic knowledge
of the effect of the applied grafting
conditions on the degree of grafting
(grafting yield).  The grafting
behaviour of styrene onto PTFE, FEP
and PFA films was investigated using
the simultaneous irradiation

Sorbed liquid (wt %)

Polymer Styrene/ Styrene/ Styrene/

film methanol benzene dichloromethane

PTFE 0.15 0.23 0.35

FEP 0.16 0.21 0.37

PFA 0.17 0.22 0.40

a Styrene/solvent composition is 60:40 (v/v).

Table 1:  Comparison between the amount of sorbed liquida in PTFE,  FEP and

PFA films under the same conditions.

Species Solubility

[(calcm-3)
1⁄2]

Dichloromethane 9.7b

Benzene 9.2b

Methanol 14.5c

Styrene/methylene chloride 9.5c

Styrene/benzene 9.3c

Styrene/methanol 11.4c

Polystyrene 9.2b

PTFE 6.2b

a Monomer/solvent composition is 60:40 (v/v)
b Obtained from Reference 23
c Calculated using eqn (2)

Table 2:  Solubility parameters of the

various monomer/solvent mixturesa

and of individual species involved in

the grafting mixtures.

Figure 1:
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technique.  The effect of various
grafting conditions, such as irradiation
dose, dose rate and addition of mineral
as well as organic acid, on the degree
of grafting was studied in various
solvents, namely methanol,  benzene
and dichloromethane.  A general
description of the grafting mechanism
in the three grafting systems can be
proposed:

         γ-rays
P → P• (3)
                 (primary radicals)

Initiation
P• + M → PM• (4)
                              (grafted chain)

Propagation
PM• + M → PM•

n+1 (5)
            (grafted growing chains)

Termination
PM•

n + PM•
m → PMn+m (6)

                   (grafted copolymer)

where P is the polymer matrix and M
is the monomer unit while P• and M•

are the primary  radicals of the
polymer and the monomer unit,
respectively.  PM• is the initiated graft
chain. PM•

n and PM•
m are the grafted

growing chains of the copolymer.

The possibility initiated by the
deactivation of the primary radicals of
the polymer backbone (P•) by mutual
recombination can be represented by
eqn (7).

P• + P → PP (7)
                         (recombination)

Homopolymerization initiated by the
reaction of radicals formed through
radiolysis of the monomer with
monomer molecules remained in the
solution can be presented as:

          γ-rays
M → M• (8)
                 (primary radicals)

M• + nM → M•
n (9)

                                        (homopolymer
                               growing chains)

M•
n + M•

m → Mn+m (10)
                                                  (homopolymer)

where,  Mn and Mm are the growing
chains of the homopolymer.

From consideration of the basic
kinetics of radiation gafting,  one of
the main parameters controlling the
grafting efficiency is the radiation
sensitivity of the polymer film relative
to the monomer.  This sensitivity is
expressed by G or free radical yield
[G(R°)] and measured as the number
of radicals formed per 100 eV.  The
reaction proceeds in the favour of
graft-copolymerization [eqns (4) - (6)]
when G(R°) of the polymer film is
much greater then that of the
monomer.  In contrast, homopoly-
merization [eqns (9) and (10)]is
favoured when the G(R°) of the
monomer is higher than that of the
film.  Therefore,  proper grafting
parameters are usually maintained to
keep the formation of radicals on the
polymer backhoe higher than that on
the monomer,  and as a result more
monomer units contribute to graft
polymerization than homopoly-
merization.

The solvent to be added to dilute the
grafting mixture plays an important
role in the determination of the degree
of grafting.  The grafted growing
chains of the copolymer as well as the
homopolymer terminate by
recombination [eqns (6) and (10)] and
via chain transfer to the radicals
formed from the radioylsis of solvent:

PM•
n + Sx → PM•

nx + S• (11)

M•
n + Sx → M•

nx + S• (12)

where,  Sx is the solvent and x is the
solvent radicals, which can be OH•,
H• or Cl•, respectively.  If the solvent
has a high chain transfer constant, the
grafted growing chains in eqn (11) will
be quickly terminated leading to low

graffting levels.  However, a low chain
transfer constant of the solvent
enhances the propagation step and
leads to higher grafting levels.

The effect of the experimental grafting
parameters examined (irradiation
dose, dose rate, composition of
monomer/solvent mixture and type of
solvent) on the various steps of the
proposed mechanism in the three
grafting systems are presented in the
next sections.

Irradiation dose

Figures 2-4 show the variation of the
degree of grafting of styrene onto
PTFE,  FEP and PFA films with the
irradiation dose in various monomer/
solvent mixtures having a composition
of 60:40 (v/v).  As can be seen, the
behaviour of styrene grafting in three
grafting systems was found to be very
similar in the various monomer/
solvent mixtures.  The degree of
grafting obtainded in styrene/
dichloromethane and styrene/benzene
mixtures increases gradually with
increasing irradiation dose for the dose
range studied  (5 to 30 kGy).
However,  the degree of grafting
obtained in styrene/dichloromethane
mixtures with PTFE, FEP and PFA
film is higher than that in styrene/
benzene or styrene/methanol
mixtures. In contrast,  in styrene/
methanol mixture, the degree of
grafting increases up to a total dose of
20 kGy beyond which it declines.  The
increase in the degree of grafting in
styrene/dichloromethane and styrene/
benzene mixtures can be attributed to
the increase in the number of radicals
formed in the grafting system,
particularly in the polymer matrix as
in eqn (3).  Consequently, more
radicals take part in the grafting
reaction and, as a result, the degree of
grafting increases.  The lower degrees
of grafting at various doses in styrene/
benzene and styrene/methanol
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mixtures are due to the initiation of
homopolymerization as a result of the
reaction of monomer primary radicals
with monomer molecules present in
the grafting solution [eqns (8) - (10)]
and the differences in the solvent
radicals’ reactivity.  However,  in
styrene/methanol mixture,  the degree
of grafting is further lowered with the
increase in the irradiation dose
particularly at doses higher than 20
kGy.  This is most likely due to an
increase of the homopolymerization,
which is significantly enhanced by the
insolubility of polystyrene
homopolymer in methanol and its
accumulation in the grafting medium
as well as on the film surface.

The higher degrees of grafting
obtained upon grafting styrene onto
PFA films, compared with that of
styrene grafting onto PTFE and FEP
films under the same grafting
conditions, suggests that the free
radicals formed on PFA films are more

stable and utilized more efficiently
than in PTFE and FEP films.

Dose Rate

Figures 5-7 show the variation of the
degree of grafting of styrene onto
PTFE,  FEP and PFA films with the
dose rate at a total irradiation dose of
20 kGy in various monomer/solvent
mixtures.  The composition of
monomer/solvent mixtures was
maintained at 60:40 (v/v).  It can
clearly be seen that the degree of
grafting in the three gafting systems
shows similar trends regardless of the
solvent type.  It decreases with the
increase in the dose rate and vice versa.
However,  the degree of grafting in
styrene/dichlorormethane is higher
than that in styrene/benzene and
styrene/methanol mixtures.

The high degree of grafting obtained
at low dose rates can be attributed to

the formation of efficient radicals,
which have enough time to survive
and react with the monomer
molecules.  This is accompanied by
facile monomer diffusion due to low
viscosity of the grafting solution and,
as a result, long chain grafts are
formed.  As the dose rate increases,
the formed radicals tend to decay by
recombination as in eqn (7) leading
to fast termination of the grafted
growing chains [PM•

n+1 in eqn (5)].
This results in a high chance for
homopolymer formation leading to an
increase in the viscosity of the grafting
solution and, as a result, hindrance of
monomer diffusion through the
grafted layers.  Moreover, the
termination by combination of two
grafted growing chains [eqn (6)] is
hindered and hence short side-chain
grafts are formed.  However, the
degree of grafting is controlled by
other factors such as occurrence of
chain transfer, the concentration in

Figure 2.  Variation of the degree of grafting of styrene

onto PTFE films with the irradiation dose in various

monomer/solvent mixtures of composition 60:40 (v/v).  (◆◆ )

methanol, (■■ ) benzene,(●● )  dichloromethane.  Grafting

condition: dose rate, 1.32 kGy h-1;  atmosphere, N2;

temperature,  30°C.
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Figure 3.  Variation of the degree of grafting of styrene

onto FEP films with the irradiation dose in various

monomer/solvent mixtures of composition 60:40 (v/v).  (◆◆ )

methanol, (■■ ) benzene, (●● )  dichloromethane.  Grafting

conditions are similar to those in Fig 2.
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Figure 5.  Variation of the degree of grafting of styrene

onto PTFE films with the dose rate in various monomer/

solvent mixtures of composition 60:40 (v/v) and at a total

dose of 20 kGy.  (◆◆ ) methanol, (■■ ) benzene, (●● )

dichloromethane.  Other grafting conditions similar to

those in Fig 2.
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Figure 6.  Variation of the degree of gafting of styrene

onto FEP films with the dose rate in various styrene/solvent

mixtures of composition 60:40 (v/v) and at a total dose of

20 kGy.  (◆◆ ) methanol, (■■ )  benzene, (●● )

dichloromethane.  Other grafting conditions similar to
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Figure 4.  Variation of the degree of grafting of styrene

onto PFA films with the irradiation dose in various

monomer/solvent mixtures of composition 60:40 (v/v).  (◆◆ )

methanol, (■■ ) benzene, (●● )  dichloromethane.  Grafting

conditions are similar to those in Fig 2.
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monomer and temperature.  Since,
the monomer concentration (60:40
v/v) and the temperature are constant
in these experiments, it is suggested
that chain transfer to solvent radicals
[eqn (11)] has a strong influence on
the degree of grafting in the three
styrene/solvent mixtures under similar
grafting conditions.  More details are
presented and discussed concerning
the influence of the type of solvent
below.  Finally, it can be concluded
that a lower irradiation dose is
favourable for obtaining higher
degrees of grafting in the simultaneous
irradiation of styrene on fluorinated
polymers.

Composition of monomer/

solvent mixture

Figure 8 shows the relationship
between the degree of grafting and the
composition of the monomer/solvent
mixtures upon their grafting onto
PTFE,  FEP and PFA films at a total
dose of 20 kGy.  The degree of grafting
of styrene onto TFE,  FEP and PFA
was found to increase dramatically
with the increase in styrene
concentration in the grafting mixture

until it reached a maximum value at a
styrene/dichloromethane mixture of
composition 60:40 (v/v).  As the
concentration further increased the
degree of grafting fell sharply.
Grafting of styrene onto PTFE, FEP
and PFA films by simultaneous
irradiation was found to be a diffusion
controlled process [16-18].  Therefore,
the grafting behaviour in the present
systems can reasonably be attributed
to the increase in the styrene diffusion
and its  concentration in the grafting
layers.  As the styrene concentration
in the grafting mixtures further
increases, homopolymer formation is
enhanced and diffusion of styrene is
hindered.  As a result, the final degree
of grafting falls sharply.  However,  the
degree of grafting was found to be
controlled by the number and the
survival of the radicals formed.  Thus,
it can be concluded that the degree of
grafting of styrene in the present
systems not only depends on the
number and the survival of the radicals
formed (efficiency) but also on the
diffusion of styrene through matrix,
as well as its concentration in the
grafting layers.  Since the three
fluorinated polymer films used in this

work were found to be hardly swollen
in styrene or solvents, grafting is
suggested to proceed by a front
mechanism.  Grafting starts at the
surface of the film and proceeds
internally toward the middle of the
film by continuous diffusion of
styrene through already grafted layers.

Type of solvent

It is well known that a polymer
swollen in a solvent represents a
medium of high viscosity and that it
is the viscosity of the grafted layers that
determines the diffusion of the
monomer (styrene) to the grafting
sites.  Moreover, the maximum
grafting is the result of optimizing the
high concentration of absorbed
monomer and low viscosity of poorly
swollen polymer matrix.  Table 3
shows the effect of solvent on
radiation grafting of styrene onto
PTFE, FEP and PFA films.  The
composition of the various monomer/
solvent mixtures was kept at 60:40
(v/v).  The degree of grafting in
styrene/dichloromethane mixture was
found to be considerably higher than
that in styrene/benzene or styrene/
methanol with the three films.  This
indicates that dilution of styrene with
dichloromethane drastically enhances
the degree of grafting compared with
the dilution with methanol and
benzene.  Moreover, no significant
homopolymer was noticed in the
grafting residue containing
dichloromethane, unlike those
containing methanol and benzene
which show a remarkable amount of
homopolymer.

This behaviour can be explained by
taking into account the solubility
parameters of the various monomer/
solvent mixtures and the nature of the
three solvents used to dilute the
monomer.  The former strongly affects
the degree of film swelling,  whereas
the latter have an impact on the

Figure 8.
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termination step of the grafted had
growing chains.

It was found that PTFE, FEP and PFA
films recorded maximum values of
sorption of styrene/dichloromethane
mixture (swelling) as shown in Table
1.  Moreover, the solubility parameter
of dichloromethane is very close to
that of the polystyrene homopolymer
that might be formed and therefore
no homopolymer accumulated on the
film surface or in the grafting mixture.
Consequently,  the swelling of grafted
layers and diffusion of styrene as well
as the concentration of styrene was
enhanced.  In addition, the low chain
transfer constant of dichloromethane
(0.15) [23], caused a delay in the
termination of polystyrene growing
chains and so the grafting yield was
considerably enhanced.  However,  the
high chain transfer constant of the
electron donor methanol (0.296) [23]
caused a fast termination in

polystyrene growing chains.  This was
accompanied by insolubility of the
polystyrene homopolymer formed in
methanol, which led to an increase in
the viscosity of the grafting mixture,
and therefore styrene diffusion was
hindered, leading to surface grafting.
The low degree of grafting obtained
upon dilution of styrene with benzene,
despite the fact that benzene is a good
solvent for styrene, is due the presence
of a resonance stabilization effect in
the benzene ring, which acts as an
energy transfer agent.  As a result, the
reactivity of the benzene radicals was
reduced and a low degree of grafting
was obtained.

It should be pointed out that the free
radical yield [G(R°)] in the different
monomer/solvent mixtures also
contributes to the variation in the
degree of grafting in the three systems.
The G(R°) of styrene in
dichloromethane seems to be lower

than that of the fluorinated films, and
as a result, the grafting reaction
proceeds in the favour of styrene
copolymerization.  However, the
lower degree of grafting obtained with
styrene in methanol and styrene in
benzene mixtures is due to the
difference in the G(R°) of the polymer
films and the monomer in these
mixtures.  The monomer primary
radicals [eqn (8)] tend to recombine,
leading to homopolymer formation at
the expense of graft copolymerization.

The behaviour of the three solvents
and their effect on the grafting yield
in the present systems is similar to that
observed upon grafting styrene with
the same solvents onto poly(ethylene
terephthalate) (PET) films [24]
However, the effect of dilution of
styrene with methanol investigated in
the present study contrasts with that
reported for grafting styrene in
methanol onto low density

Degree of grafting (%)
Solvent chain ––––––––––––––––––––––––––––

Grafting mixture transfer constant PTFE FEP PFA Remarks

Styrene/methanol 0.296 7 6 7 Much homopolymer

Styrene/benzene 0.200 19 14 12 Considerable homopolymer

Styrene/dichloromethane 0.150 43 52 60 No homopolymer

a Grafting conditions are:  monomer/solvent composition,  60:40 (v/v);  total dose,  20 kGy;  dose rate,  1.32 kGyh-1;  atmosphere,  N2;  temperature,  30°C.

Degree of grafting (%)
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Styrene/methanol Styrene/benzene Styrene/dichloromethane
–––––––––––––––––––––––– –––––––––––––––––––––––– ––––––––––––––––––––––––

Acid PTFE  FEP  PFA PTFE FEP PFA  PTFE FEP PFA

Sulfuric 7 6 9 18 14 13 42 52 60

Hydrochloric 7 7 9 19 15 15 40 53 61

Nitric  8 6 8 20 16 14 43 51 62

Formic 6 8 7 18 14 14 40 52 60

Acetic  8  6 8 19 13 13 41  53  59

a Grafting conditions are:  acid concentration,  0.1 mol l-1.  Other grafting conditions as in Table 3.

Table 3.  Effect of solvent on radiation grafting of styrenea onto PTFE,  FEP  and PFA films.

Table 4:  Effect of mineral and organic acids on grafting of styrenea in various monomer/solvent mixtures onto PTFE,

FEP and PFA films in presence of various solvents.
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polyethlene (PE).  Dilution of styrene
with methanol was found to enhance
considerably the degree of grafting
when compared with dilution with
benzene and toluene [25].

Machi et al [26] observed that the
degree of grafting styrene onto PE
films varied with the type of solvent
used (methanol and n-octane) and
monomer solvent composition.  In
their system the degree of grafting was
found to be at a maximum when the
content of methanol in the styrene/
methanol mixture was 70%.
However, the degree of grafting was
found to be decrease continuously
with increasing n-octane content in
the styrene/n-octane mixture.  Wilson
[27] reported that the solvents that
swell the polymer matrix, such as
water or methanol, could enhance the
grafting of styrene onto nylon.

On the basis of our results,
dichloromethane is likely to be the
most suitable solvent for dilution of
styrene during its grafting onto
fluorinated films under our gafting
conditions.  It can be concluded the
solvent is a significant factor in
controlling not only the swelling but
also the degree of grafting of inactive
monomers, such as styrene, onto
fluorinated polymer films, such as
PTFE, FEP and PFA.

Addition of various acids

Acids are usually added to grafting
mixtures to enhance the degree of
grafting and consequently improve the
economy of the grafting process
[25,28].  The effect of various acids
on grafting styrene onto fluorinated
polymer films was investigated.  Table
4 shows the results of the effect of
mineral and organic acids on the
grafting of styrene in monomer/
solvent mixture having a composition
60:40 (v/v) onto PTFE,  FEP and PFA

films.  The irradiation dose was
maintained at 20 kGy at a dose rate
of 1.32 kGyh-1.  It can be seen that
the addition of mineral or organic
acids has almost no effect on the
degree of grafting for styrene diluted
with methanol, benzene and
dichloromethane.  This can be
attributed to the high chemical
resistance of the fluorinated films
which causes the shielding of the
carbon chains by the tightly held
electron cloud around the fluorine
atoms and the low swelling tendency
in the solvents, monomers and
monomer/solvent mixtures used.
These results are in contrasts with
those reported for grafting styrene
onto PE films in the presence of
similar mineral and organic acid
additives [25].  It was found that
addition of a small amount of mineral
or organic acids enhanced the degree
of grafting of styrene onto LDPE films
using the simultaneous irradiation
technique.  A similar observation was

first reported by Garnett et al who
found that addition of a small amount
of sulfuric acid accelerated the grafting
of styrene in methanol onto PE films
[29].  This behaviour was explained
on the assumption that the presence
of  acid facilitates, hydrogen
abstraction from adjacent polymer
molecules by monomer-solvent
radicals during the grafting reaction
[30].  Later it was found that acid
modifies the partition coefficient of
styrene between the polymer film and
the external liquid phase, leading to
an increase in the local styrene
concentration around the growing
chains [30,31].

Grafting Confirmation

Grafting of styrene onto PTFE,  FEP
and PFA films was verified through
IR spectra and physical changes taking
place in the grafted films.  Figures 9-
11 show typical FTIR-ATR spectra of
original and grafted PTFE, FEP and
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PFA films having various degrees of
grafting.  The broad bands at 1150-
1250 cm-1 in the spectra of the three
original films (spectrum A in each
figure) are characteristic for the
stretching vibration of CF2 present in
the structure of the three fluorinated
films.  The original FEP film is further
distinguished by the persence of a
sharp band around 980 cm-1 due to
the stretching vibration of CF in the
CF3 group,  as shown inspectrum A
(Fig 10).  The original PFA film is also
differentiated by the sharp peak at
1000 cm-1 representing the stretching
vibration of C–O groups of alkoxy
vinyl ether,  as depicted from spectrum
A in Fig. 11.  The presence of the
benzene ring in all grafted films
(spectra B-E in Figs 9-11) of the

various types is established by the
= C – H stretching vibration at 3050
cm-1 and the skeletal C = C in-plane
stretching vibration at 1500 cm-1 and
1600 cm-1, respectively.  Mono-
substitution of the benzene ring is
confirmed by the aromatic out-of-
plane C – H deformation band at 860
cm-1, C – H out-of-plane bending
overtone and combination band
patterns in the region of 1660-2000
cm-1.  The absorption bands at 2800-
2900 cm-1 and 2900-3000 cm-1 are
assigned to symmetric and asymmetric
stretching of aliphatic CH2 groups,
respectively.

The variation in the intensity of
polystyrene characteristic bands
(spectra B-E in Figs 9-11) reflects
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Figure 10:  Typical FTIR-ATR spectra of (A) original and

grafted FEP films having various degrees of grafting:

(B) 6%;  (C) 21%;  (D) 41%;  (E) 52%.

Figure 11:   Typical FTIR-ATR spectra of (A) original and

grafted PFA films having various degrees of grafting:

(B) 5%;  (C) 16%;  (D) 35%;  (E) 49%.

differences in the degree of grafting.
In addition, the grafted films were
found to be translucent compared to
the original films, which were initially
transparent except for original PTFE
film, which is opaque with a white
colour.  Moreover, the dimensions of
the grafted films were found to be
larger then those of the original films.
From the physical changes and the
features of the spectra of the grafted
films,  it can be concluded that styrene
was succeddfully grafted onto PTFE,
FEP and PFA films.
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ABSTRACT

This paper presents the application of exergy lost, a thermodynamics concept, as an alternative method to aid the decision-
making process in the selection of utility design options. Two literature-based case studies comprising the steam generation
system and the cooling water system were analyzed. The steam generation system considered two design options to
improve an existing system with the deaerator operating at 3.0 barg pressure. The design options were whether to reduce
the deaerator pressure to atmospheric level or to maintain the pressure at 3.0 barg but with an addition of an influent
preheater to recover excess of low potential energy source. For the cooling water system, the design options were whether
to have a cool or hot blowdown. Each design options was simulated on HYSIS process simulation software at steady-state
operations. Stream data consisting of mass, energy and thermodynamics properties were extracted from the simulated
systems. Exergy balance was then conducted to determine the best design options. The criteria of selection were based on
systems which exhibit the lowest quantity of exergy lost. From this study, it was found that the steam generation system
with deaerator operating at 3.0 barg with an additional influent preheater was the most efficient. For the cooling water
system, the option with cool blowdown turned out to be the more efficient system. These results were in agreement with
the published result. Exergy lost has, therefore, been demonstrated as a capable tool to aiding decision-making process in
the selection of utility design options.

Keywords: cooling water system, steam generation system, thermodynamics.

1.  Introduction

Engineers involved in process
synthesis and optimization are often
faced with the acicular task of selecting
best scheme from a number of design
options.  The number of options to
scope and screen is normally large,
leading to costly time and effort spent
in the selection process.  In addition,
the criteria of selection are also wide
range – which include safety,
environmental, reliability and
economics consideration – leading to
complex decision making model. The
complexity can be somewhat
attenuated by reducing the number of
objective functions involved though
at the expense of limiting their
applications in real systems.

Economics has always been the
underlying criteria on the viability of
most investments.  Objective function
in the form of minimization of total
cost or maximization of profit has
been widely applied throughout
process design and optimization
studies [1].  However, cost of materials
and equipment are subjected to supply
and demand fluctuations.  With
currency becoming a target of money
speculators, decision making criteria
can be sensitive to the time domain
in which the calculations were
performed [2].  In some cases of design
options, the structural or parametric
variations are so slight that economic
analysis is incapable of supporting the
decision making process[3].

One alternative to the economics-
based decision criteria is to compare
the thermodynamics performance of
the competing design options.  With
the current inflation in oil prices, best
thermodynamics options also
implicate minimum energy cost.  In
addition, as industrial energy resources
are widely based on the burning of
hydrocarbon fuel, minimization of
fuel is also benevolent to the
environment [4].

This work demonstrates the
application of exergy lost, a
thermodynamic concept, as a decision
making criteria in the selection of
utility design options involving the
steam generation systems and the
cooling water system.

This paper was presented at 2nd International Seminar On Numerical Analysis In Engineering, Batam Island, Indonesia, 14 - 15 March 2001.
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1.1  Exergy Analysis

Exergy analysis is a thermodynamic
approach capable of determining the
efficiency of utility systems.  Exergy
is defined as the maximum work
potential of a system or of a particular
form of energy in relation to the
environment [5].  A reversible heat
engine, at some temperature T, would
produce a change of exergy, ∆Ex, as it
discharges its source of exergy to a
sink, at ambient temperature T0,
equivalent of [6],

∆Ex = (Hf - Hi) -To(Sf-Si) (1)

In equation (1) above, the terms Hi,
Si, Hf and Sf are the enthalpies and
entropies of the streams at the initial
and final states repectively.

Unlike energy, exergy is not conserved.
Exergy which is not harnessed will
degrade and the potential to do work
is lost.  Figure 1 shows a model of
exergy source-sinks relationship.

In the model above, exergy lost reflects
the systems’ irreversibilities or
inefficiencies. The amount of exergy
lost can be accounted as follows,
∆Exlost = ∆Exsource – ∆Exsink (2)
Equation (2) relates the balance of
exergy between the source, ∆Exsource,
and the sink, ∆Exsink.

1.2  Utility Systems

The case studies for the application
of exergy analysis were found in the
literature [7].  Figure 2 shows an
existing steam generation system with
the deaerator operating at 3.0 barg.
The system delivers 93.0 tons/hr of
low pressure (LP) steam to the process
units.  Total steam losses amounted
to 11.0 tons/hr of HP and LP steam.
Another 4.5 tons/hr of LP steam are
also condensed in heating process
fluid.  Because of the high deaerator
pressure, a suggestion was made to
optimize the system.  An immediate
option was to reduce the deaerator
pressure to 1.0 barg as shown in Figure
3.  Option I, although seems simple,
would require considerable
modifications on the pipings, relief
and vent systems. Another option is
to maintain the condenser pressure at
3.0 barg but to recover the excess heat
from the LP steam return line to the
condensate return line entering the
deaerator as shown in Figure 4.

The second case study considered a
cooling water systems which proposed
two competing design options.
Option I was a cooling water system
with a cool blowdown on the cooling
water supply line.  On the other hand,
Option II proposed hot blowdown on
the cooling water return line.

Blowdown is the systematic release of
a small amount of the circulating
cooling water to control the
concentration of dissolved solids in the
system.

The system is design on a basis of 0.45
kg/hr of cooling water supply to the
process fluid.  The air induced to the
cooling tower is at 32°C dry-bulb and
27°C wet-bulb respectively.  The
structural difference between both
options is so slight that an economic
analysis would not be a good criteria
to decide on the superior design [3].
The two options are shown in Figure
5 and Figure 6 respectively.

2.  Methodology

The utility systems were first
simulated on HYSIS process
simulation software to establish the
necessary physical and
thermodynamics properties of the
streams.  Streams data, which include
mass flow rates, temperatures,
pressures, enthalpies and entropies,
were then extracted from the
simulation results.  Exergy balance
were carried out at each unit where
heat transfer occurs according to
equation (2).  For the steam
generation system, exergy lost were
calculated at the boiler, expanders,
heat exchangers, deaerator, the mixing

Figure 2:  Existing Steam Generation SystemFigure 1:  Exergy Source-Sink Model
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points, preheater and the process.
Heat transfer units for the cooling
water system were the cooling tower,
the mixing points and the process.
Exergy balance calculations were
performed on MS Excel spreadsheet
software.  All calculations were
referenced to the environment at 1
atm and 27oC.

3.  Results and Discussion

Table 1 shows the result of exergy
analysis for the two competing options
of steam generation system.  Changing
the condenser pressure from 3.0 to 1.0
barg resulted in an 78% reduction of
exergy lost in the deaerator.  Thus the

option of operating the deaerator at
lower pressure seems inevitably
enticing.  However, one can easily be
misled by making a judgment based
solely on a single component of the
system.  The overall exergy lost
exhibited by Option I is actually 2.8%
higher than the base case.  This is due
to the lower boiler feedwater (BFW)
supply temperature at boiler inlet and
higher lost due to mixing at different
temperature.  The second option to
maintain the deaerator pressure at 3.0
barg and adding an influent preheater
showed an overall reduction of exergy
lost by 3.5%.  Although the additional
preheater contributed to 0.6%
additional exergy lost in the system,

the utilization of LP steam – which
would otherwise be lost in the mixing
points – for regenerative feed heating
had reduced the overall irreversibility
of the steam generation system.

The result for the cooling water system
is further shown in Table 2 above.  The
location of blowdown was found to
affect the overall performance of the
system.  Exergy lost for the cool
blowdown was almost 8% lower than
that of the hot blowdown.  This result
is not surprising since hot blowdown,
as with windage effect, leads to
evaporation lost resulting in the
energy potential being dissipated into
the environment.

Figure 3:  Proposed Steam System Modification with 1.0

barg Deaerator Pressure.

Figure 4:  Proposed Steam System Modification with 3.0

barg Deaerator Pressure and Influent Preheat.

Figure 5:  Cooling Water System with Cool Blowdown Figure 6:  Cooling Water System with Hot Blowdown
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4.  Conclusions

The paper has presented a
thermodynamic concept, exergy lost,
as decision making criteria in the
selection of utility system design.
Thermodynamics criteria ought to be
a preferred choice over the economics
criteria especially when deciding on
competing systems which are sensitive
to economics fluctuation. Exergy lost
is also useful in deciding design
options with slight structural
variations. Two case studies were
carried out involving the steam
generation systems and the cooling
water systems. For the steam
generation systems operating at
relatively high deaerator pressure, it
was found that recovering excess low
potential heat is a better option than
reducing the deaerator pressure. For
the cooling water system, it was found
that cool blowdown is a better design
option compared to system with hot
blowdown. Exergy lost is therefore an
effective tool to aid the decision
making process in the selection of
utility systems designs.

Table 1:  Exergy Lost calculated for the base case and design options of the

Steam Generation Systems

Exergy Lost (MW)

Base Case Option I Option II

Equipment (45 psig) (15 psig)  (45 psig +

preheater)

Boiler 4.58 x103 4.81 x103 4.58 x103

Expanders 0.28 x103 0.28 x103 0.18 x103

Heat Exchangers 3.30 x103 3.58 x103 3.25 x103

Deaerator 0.55 x103 0.12 x103 0.21 x103

Mixing Points 0.15 x103 0.32 x103 0.28 x103

Preheater - - 0.05 x103

Process 0.02 x103 0.02 x103 0.02 x103

Total Exergy

Lost (MW) 8.88 x103 9.13 x103 8.57 x103

Table 2:  Exergy Lost calculated for the design options of the Cooling Water

Systems

Exergy Lost (kW)

Option I Option II

Equipment Cool Blowdown)  (Hot Blowdown)

Cooling Tower 0.19 x10-5 0.19 x10-5

Mixing Points 7.72 x10-5 13.10 x10-5

Process 60.90 x10-5 60.90 x10-5

Total

Exergy Lost (kW) 68.80 x10-5 74.20 x10-5
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ABSTRACT

The catalytic oxidatiom of benzene, a volatile organic compound (VOC), was carried out in a U-shaped glass reactor at
temperatures between 100 °C to 200 °C in the presence of TiO2,  tungsten-doped TiO2 and platinum-supported TiO2

powders.  The existence of platinum and tungsten on the TiO2 were verified by x-ray photoelectron spectroscopy (XPS).
In the presence of bare TiO2, benzene conversion was 52% at 180 °C and increased to 65% when the TiO2 was doped
with 0.4% tungsten.  Platinum loading on TiO2 also improved its catalytic activity towards conversion of benzene.  At
180 °C,  the conversion was 64% over 0.1 wt% Pt/TiO2 and increased slightly to 69% over the 0.3 wt% Pt/TiO2 catalyst.
Based on these findings, a different catalyst formulation was carried out in which platinum was supported on a tungsten-
doped TiO2.  At 180 °C,  benzene conversion reached 85% in the presence of 0.3 wt% Pt/TiO2 (0.4%W6+).  Among the
catalysts tested, the 0.3 wt% Pt/TiO2 (0.4% W6+) showed the highest activity in which the conversion of benzene
increased from 31% at 100 °C to 88% at 200 °C.

Keywords:  benzene, catalysts, oxidation, TiO2, VOC.
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1. INTRODUCTION

Volatile organic compounds (VOC)
are liquids that contain organic carbon
(with the exception of elemental
carbon, carbon monoxide and carbon
dioxide) that vaporize at significant
rates.  The emission of VOC from
vehicles and various industrial sites
such as plants manufacturing organic
chemicals and polymers is of
considerable concern due to their
harmful effects.  Due to their toxicity
and malodorous nature, there is an
immediate need to reduce the
presence of  VOCs.

Several methods have been developed
for their destruction such as
incineration, absorption,  adsorption,
condensation, biodegradation and
photocatalytic oxidation [1].  These
methods are not entirely satisfactory.

Secondary pollutants would be
generated via the adsorption and
absorption methods,  whereas the
efficiency of condensation,
biodegradation and photocatalytic
oxidation are limited.  Catalytic
oxidation of the VOC is the most
promising method for the reduction
of VOC as it can be conducted at a
lower temperature compared to
thermal incineration method, which
requires temperature greater than
1000°C [2].  Destruction of VOCs
from air stream using catalytic
technology has attained a great deal
of attention by a number of research
workers [3 - 6].  Studies on destruction
of  VOCs employed either a supported
noble metal, metal oxides, mixture of
noble metals and metal oxides as well
as zeolites [7].  Noble metals such as
platinum and palladium have been
widely applied and the most common
support used is Al2O3.

This paper deals with the oxidation
of benzene over TiO2 catalysts in the
temperature range of 120°C to 200°C.
The effects of platinum loading and
tungsten doping on the efficiency of
the TiO2 catalysts are also presented.

2. EXPERIMENTAL

Powdered TiO2 (>99%) and WO3

(99.9%) were purchased from Fluka
and were used as received.  The
W6+-doped TiO2 was prepared by
mixing desired amounts of TiO2 and
WO3 in distilled water.  The water was
evaporated under continuous stirring
and then the residue was dried at
100°C for 24 hours.  The dried residue
was calcined at 900°C for 5 hours.
Colloidal platinum was obtained by
reducing chloroplatinic acid with
sodium citrate using the procedure
described by Mills and Porter [8].  The

This paper was presented at SEMINAR PERSEKITARAN 2000, Universiti Sains Malaysia, Serdang, 20 - 21 November 2000.
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platinum/citrate sol was prepared by
refluxing a solution containing 15 mg
of chloroplatinic acid  (BDH), 30 mL
of 1 w/w% sodium citrate (Merck)
and 120 mL of distilled water.  The
amount of chloroplatinic acid was
increased proportionately for the
preparation of catalysts at higher Pt
loading.  The color of the solution was
clear yellow and changed to black
upon refluxing.  After 4 hours of
refluxing, the solution was allowed to
cool to room temperature.  Fifty mL
of the resultant sol was stirred with 5
grams of the powder and 5.8 grams
of sodium chloride.  After stirring for
about 20 minutes, the platinized
powder (0.1 wt % Pt ) suspension was
filtered and then dried at 120°C for
16 hours.  The dried powder was then
calcined at 450°C for 8 hours.

The BET surface area of the catalysts
was determined using nitrogen
adsorption with a Chembet 3000
instrument (Quantachrome).  The
surface composition of selected
samples was analyzed using the x-ray
photoelectron spectrometer (VG
Scientific, ESCALAB 250).  X-ray
photoelectron spectra were obtained
using a monochromatic x-ray beam
with spot size of 500 µm.

Reactions were carried out in a U-
shaped Pyrex reactor (15 mm i.d.)
under atmospheric pressure.  The
reactor was packed with 1 gram of
catalyst and placed in a Techne
fluidized bath (model SBL-1).  The
reactor temperature was measured by
a thermocouple inserted in the sand
of the fluidized bath.  Liquid benzene
was placed in a water bath maintained
at 11°C.  Compressed air (Gas Pantai
Timur,  Malaysia) was passed through
a saturator containing liquid benzene
and the flow rate was set at 77 mL/
min.  The feed and reacted vapors
were analyzed using a gas
chromatograph (HP 5890 Series II)

equipped with a thermal conductivity
detector and a flame ionization
detector.  Sample was collected in a
250 mL gas bulb ( Supelco) and it was
analyzed using a stainless steel Porapak
Q column (6 ft x 1/8 in).

3.  RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy
(XPS) was used to analyze the surface
composition of the catalysts.  Figure
1 shows the XPS spectra of the TiO2

samples for the Ti3p and W4f region
(top) and the Ti3s and Pt4f region
(bottom).  There is an overlap between
the W4f peak and the Ti3p peak.
Comparison and subtraction of the
spectrum with that from pure TiO2

clearly shows the presence of tungsten.
The XPS confirmed the presence of
0.48 atomic % tungsten in the +6
oxidation state.  Detection of Pt is
complicated by the presence of an
energy loss peak from the Ti3s region
which overlaps the Pt4f region.
However, use of high-energy
resolution spectra together with
spectrum subtraction allowed the
presence of platinum to be confirmed.
Using the Pt4f peak,  the existence of
Pt was confirmed to be at 0.048
atomic % for the 0.3 wt% Pt/TiO2.
The spectrum indicates that there are
two different chemical states of Pt,
thus not all of the platinum was
converted to the zero valence state.

Table 1 shows the specific surface areas
and the corresponding activities of the

catalysts towards benzene oxidation.
The surface area of the untreated TiO2

was 7.12 m2/g and this value decreased
to 4.28 when the TiO2 was doped
with 0.4 % W6+.  The surface area did
not affect the performance of the
catalyst significantly.  The surface area
of bare TiO2 and 0.1 % Pt/TiO2 is
very similar,  however the 0.1 % Pt/
TiO2 showed a higher activity towards
benzene oxidation compared to that
of bare TiO2.

The conversion of benzene in the
presence of TiO2 was only 52.1% and
increased to 65.3% over the tungsten-
doped TiO2 whereas dispersion of 0.1
wt% Pt onto TiO2 increased the
conversion to 63.6%.  Experiment was
also conducted using a 0.3 wt%
Pt/TiO2 and the conversion increased
by 5% as compared to that obtained
from the 0.1 wt% Pt/TiO2.  These
results suggested that both platinum
and tungsten increase the catalytic
activity of TiO2.  Following these
observations another catalyst
formulation was prepared in which Pt
was loaded on the tungsten-doped
TiO2.  The conversion increased
significantly to 84.8% as compared to
52.1% over the untreated TiO2.
Papefthimiou and coworkers [6] have
measured the oxygen uptake of
tungsten-doped TiO2 powder and
found that this support adsorbed
oxygen significantly.  The
enhancement of the catalytic activity
of the Pt/TiO2 (0.4% W6+) is

Table 1:  Specific surface areas of the catalysts and catalytic activities

Catalyst Surface area % conversion

(m2/g) at 180 °C

TiO2 7.12 52.1

TiO2 (0.4% W6+) 4.28 65.3

0.1% Pt/TiO2 7.34 63.6

0.3% Pt/TiO2 5.75 78.8

0.3% Pt/TiO2 (0.4% W6+) 3.05 84.8
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attributed to the increased in oxygen
chemisorption on the support.

Figure 2 shows the conversion of
benzene as a function of temperature
over the untreated TiO2, TiO2 (0.4%
W6+),  0.3 wt % Pt/TiO2 and 0.3 wt%
Pt/TiO2 (0.4% W6+).  In general
benzene conversion increases with
increasing temperature.  Both the
untreated TiO2 and tungsten-doped
TiO2 exhibit stronger temperature
dependence compared to those
observed for Pt-loaded TiO2.  It can
be seen that doping TiO2 with W6+

cation enhances its catalytic activity
for benzene oxidation.  The most
active catalyst is 0.3 wt% Pt/TiO2
doped with 0.4% W6+ in which the
conversion of benzene increased from
31% at 100°C to 88% at 200°C.  At
120°C,  benzene conversion increased
by more than 70% in the presence of
platinized TiO2 compared to that of
unplatinized TiO2 but the difference
decreased to 20% at 200°C.  In the
presence of untreated TiO2,  benzene
conversion was still lower than that
obtained from that of the platinized
catalysts even after the temperature
was raised to 200°C.  This clearly
shows the activity enhancement of the
platinum.  Compared to the reaction
temperature, the Pt dispersion on
TiO2 is a stronger factor that affects
the efficiency of the catalytic oxidation
of benzene.

Similar trends of the temperature
dependence were obtained by other
workers [2,6] where benzene
conversion greater than 95% was
attained at temperature higher than
220°C in the presence of  Pt/Al2O3.
The performance of platinized TiO2
presented in this work is better than
those reported by Papaefthimiou and
coworkers [6] at the low temperature
region.  They found that using the
0.3% Pt/TiO2 (0.45% W6+) powder,
benzene conversion was <10% at

120°C and increased to 90% at
160°C,  whereas in this work benzene
conversion was 72% at the lowest
temperature of 120°C and reached
83% at 160°C.

4.  CONCLUSION

The results of the present study show
that benzene can be catalytically
oxidized at temperatures less than
200°C.  The activity of the catalysts
can be ranked as follows:  0.3% Pt/
TiO2 (0.4% W6+) > 0.3% Pt/TiO2
> Ti O 2 ( 0 . 4 % W 6 + ) > Ti O 2 .
Increasing the platinum loading from
0.1 wt% to 0.3 wt% increased the
catalytic activity for the oxidation of
benzene.  Platinum loading and
tungsten doping enhanced the
performance of the TiO2 catalyst.

5.  ACKNOWLEDGEMENT

The authors acknowledge the research grant
provided by Universiti Sains Malaysia,  Penang
that has resulted in this article.  We are grateful
to VG Scientific for performing the XPS
analyses on the samples.

6.  REFERENCES

[1] O D’Hennezel, & D F Ollis.
Trichloroethylene – Promoted
Photocatalytic Oxidation of Air
Contaminants, J.Catal,. 167, 118 - 126,
1997.

[2. P Papaefthimiou, T Ioannides & X E
Verykios. Combustion of Non-
Halogenated Volatile organic
Compounds over Group VIII Metal
Catalysts, Appl. Catal. B., 13, 175 - 184,
1997.

[3] E M Cordi & J L Falconer.  Oxidation
of Volatile Organic Compounds on
Al2O3, Pd/Al2O3 and PdO/Al2O3
Catalysts, J. Catal., 162, 104 - 117,
1996.

[4] M Guisnet, P Dege & P Magnoux.
Catalytic Oxidation of Volatile Organic
Compounds 1.  Oxidation of Xylene over
a 2 wt% Pd/HFAU(17) Catalysts, Appl.
Catal. B, 20, 1 - 13, 1999.

[5] M Zhang, B Zhou & K T Chuang.
Catalytic Deep Oxidation of Volatile
Organic Compounds over fluorinated
Carbon supported Platinm Catalysts at
Low Temperatures, Appl. Catal. B, 13,
123-130, 1997.

[6] P Papaefthimiou, T Ioannides & X
Verykios.  Performance of Doped Pt/
TiO2 (W

6+) Catalysts for Combustion of
Volatile Organic Compounds (VOCs),
Appl. Catal. B, 15, 75-92, 1998.

[7] L Becker & H Forster.  Oxidative
Decomposition of Benzene And Its
Methyl Derivatives Catalyzed By Copper
And Palladium Ion-Exchanged Y-Type
Zeolites.  Appl. Catal. B., 17, 43-49,
1998.

[8] A Mills & G J Porter.  Photosensitized
Dissociation of Water Using Dispersed
Suspensions Of n-Type Semiconductors.
J. Chem. Soc. Faraday Trans. 1, 78, 3659-
3669, 1982.



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

53PLATFORM • Volume 2 Number 1 • January – June 2001

ABSTRACT

Constant legislative, emissions, fuel economy and consumer pressure are driving manufacturers toward producing more
efficient engines with complex control.  Many of these new engines have benefited from optical research engines to
develop advanced fuelling and combustion strategies.  Existing optical research engines have been shown to be limited by
speed, degree of optical access, robustness or ease of use.  Lotus Engineering has designed, developed and validated a new
optical access single cylinder research engine. The optical access is achieved via a combination of (1) fused silica cylinder,
(2) pent roof combustion chamber and (3) optical piston crown (sapphire). The optical techniques to be used with the
new engine are (1) phase Doppler anemometry, (2) high-speed imaging and (3) laser induced fluorescence (LIF).  The
engine is now fully commissioned and is capable of being motored or fired to speeds greater than 5000 rpm and pressures
of 60 bar.

Keywords:  optical access, single cylinder engine.
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INTRODUCTION

Legislation, environmental and
consumer pressures continually push
manufacturers to produce increasingly
efficient engines through
improvements in fuelling and
combustion processes [1].  In recent
years, Lotus has been active in
developing and productionising
several new technologies such as
cylinder de-activation (CDA)
controlled auto ignition (AI) and
variable valve actuation (VVA).  In
addition and external to the Lotus
work, the automotive industry has
seen gasoline direct injection (GDI)
enter the market place. All these new
technologies claim distinct benefits
and all address a fundamental need,
that of accurate control (metering) of

(1) fuelling, (2) in-cylinder motion
and (3) combustion processes,
yielding engines with increased
efficiency and lower emissions.  In
order to understand (1-3) above,
Lotus have designed, developed and
validated a new highly optically
accessible research single cylinder
research engine. Whilst single cylinder
engines have been used for some time,
it is our belief that the Lotus engine
demonstrates a distinct step forward
in terms of optical access and
operational running speed over
preceding optical engines.  Many
currently available optically engines
[2, 3, 4] are known to be restricted in
their use due to (1) speed limitations,
(2) fragile parts, (3) limited optical
access and by being (4) time
consuming to use. If such factors are

further compounded by (5)
unrepresentative engine geometries,
then the data generated from earlier
optical engines often provokes more
questions than provides answers. This
paper presents an overview of the new
Lotus engine and details the features
that we believe support its innovative
design.

LOTUS ENGINE CONCEPT

The specification of the engine led to
a design concept comprising of the
following:  (1) A full-length removable
glass cylinder that forms both the
working cylinder and an optical bore,
(2) An extended (bifurcated design)
piston containing a slot to position a
stationary 45° mirror and a large
removable piston crown window, (3)

This paper was presented at the International Symposium on Automotive, Testing and Automation (ISATA), Dublin-Ireland, September 2001.
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A cylinder head mounted above the optical section allowing
maximum access from all geometries, (4) Camshaft drive
belt routed to minimise obstruction of view to optical
section, (5) Upper crankcase containing a hydraulic
platform, providing rapid load/unload mounting of the
cylinder, (6) Robust lower crankcase containing crankshaft
and both primary and secondary balance shafts, and (7)
Production-representative head porting and valve
geometries.

Table 2:  Lotus single cylinder optical engine working

specifications

Cylinder capacity: 448.9 cm3

Bore × Stroke: 80.5 mm ×
88.2 mm

Valve gear 2 camshafts,
4 valves

Compression ratio: 10:1

Max. rpm: ≈ 5000

Max cyl. pressure: 60 bar

Thus it can be seen that the criteria placed many demands
on the design.  Un-obscured optical access through the
cylinder, piston crown and pent roof cylinder head of the
engine permits a wide range of photographic and laser based
optical techniques to be employed. This was achieved by
having the complete optical cylinder made of fused silica.
Immediate intention was focussed toward using (1) phase
Doppler anemometry, (2) high-speed imaging and (3) laser
induced fluorescence (LIF).  These techniques are powerful
[5, 6, 7, 8, 9, 10] in that they provide valuable data
concerning  (1) in-cylinder airflow, (2) fuel-air mixing, (3)
fundamental ignition events, (4) flame kernel growth and
propagation, (5) flame structure and (6) wall quenching.
The most basic engine design criteria must satisfy optical
access demands of laser diagnostic and imaging and
measurement techniques.  Lotus’ additional requirement
was for unequivocal access to the entire combustion
chamber and facilitated the inclusion of a pent-roof cylinder
head design where the optical liner has been sculptured to
contain two raised contours which integrate with the pent-
roof head (see object B in Figure 2).  Access was also required
through the base of the piston crown and in order to effect
this an optical window (made of sapphire) was designed
into the top of the piston.  Laser (diagnostic) light could
then be directed upward into the combustion chamber via
a static 45o mirror situated between the two limbs of the
bifurcated piston.  Thus, by using the (1) fused silica

Figure 1: Representation of the engine showing

the crank case extension as seen from above

and mapping the extent of the optical access.

Figure 2: (A) Hydraulic cylinder liner support/quick release platform

for the cylinder, (B) fused silica cylinder, (C) sapphire piston crown

and (D) bifurcated piston (to permit laser access from below the

piston crown via a static mirror placed at 45o relative to the piston

crown) with titanium retaining ring to hold (C) in position.

A

B

D

C
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cylinder liner, (2) pent roof cylinder
head and (3) sapphire piston crown,
unparalleled optical access has been
achieved.  With optical requirements
satisfied, additional care was necessary
in the design of peripheral
components (i.e., cam timing belts
and their respective pathways) to
ensure zero or minimal interference
with the optical access so generated.
A 2-D geometric representation of the
extent of the optical access is shown
in Figure 1.  A further requirement of
the engine design was to maximise the
capability of the optical diagnostics.
This meant running the engine’s
cylinder dry (oil free) to prevent two
main problems, that of: (1) burnt oil
becoming carbonised onto the fused
silica internal surface and so occluding
optical access, and (2) wet oil giving
rise to unknown laser reflection and
refractive effects due to the presence
of the oil films.  This problem was
solved by (1) dry sumping and
scavenging oil in the engine to prevent
oil splash from below the piston, and
(2) having a second scavenged oil feed/
return system to the two cams in the
head.  Thus all lubrication issues are
managed without jeopardising the
optical qualities of the piston and
cylinder liner.

The engine has been designed to
contain in-cylinder pressures reaching
a maximum of 60 bar within the
14 mm thick fused silica cylinder.  The
cylinder characteristics were calculated
and optimised using finite element
(FE) analysis to ensure optimal
functionality and pre-determined
safety limits.  One of the outputs of
the detailed FE analysis is shown
below in Figure 3.

The piston ring is made from a carbon
composite matrix and is required to
be gas tight against the fused silica
cylinder in order to maintain
compression pressures, reduce crevice

volumes and importantly to keep the
titanium piston clear of the fused silica
cylinder surface. Compression
pressures obtained with the piston ring
were as expected but at medium
running speeds (~2000 rpm), friction
between the ring and the cylinder
resulted in binding resins within the
ring composite softening slightly and
become partially deposited onto the
fused silica cylinder. It was decided at
this point to modify the ring’s
properties using a Lotus derived

Figure 4: Two views of the Lotus optical engine.  In (A), the bifurcated piston

design can be seen through the opening in the crankcase.  Although not

shown fitted in this photograph, this is where the 45o mirror is mounted for

through piston crown access.  The fused silica cylinder liner can be clearly

seen.  In (B), the pent-roof cylinder head can be seen seated on four posts

providing maximum all-round access to the cylinder.  The oil feed and

scavenge return gantries can also be seen.

A B

Figure 3:

Detailed finite

element

analysis of the

fused silica

cylinder.  The

contoured top

of the cylinder

was necessary

to seal with the

pent shaped

roof of the

cylinder head.

The cylinder

has been

designed for

maximum

pressures of 60

bar.

procedure consisting of a thermal pre-
treatment of special high temperature
binders at temperatures higher than
that expected at the cylinder surface.
The result of the pre-treatment was
successful binding of the ring
composite material and the treated
carbon ring has now been (engine)
motored up to 2000 rpm with no
problems being observed. Predicted
heat generated by frictional forces
between the ring and cylinder were
exhibited as progressive temperature
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increases in the cylinder wall.  Higher
speed operating conditions are now
being developed and validated.

The production representative
cylinder head (based on a 1.8 L, 4-
cylinder production engine) is
machined from cast iron, selected for
both its mechanical rigidity and
thermal stability over aluminium.  The
port and valve seat geometry were
detailed to ensure precisely the same
air motion characteristics as the base
engine. The cylinder head design is
modular and flexible so that
alternative port and valve geometries
can be manufactured, set-up and
evaluated rapidly in order to ensure
that optimum air and fuel motion is
achieved with minimum engine down
time.  The seat face for the specially
developed profile on the top of the
optical (fused silica) cylinder was
produced in the head by using spark
erosion machining processes.
Additionally, the cylinder head is
mounted on four columns at the
periphery of the optical section of the
engine.  These columns are spaced in
such a way that there is no obstruction
to the various optical envelopes
required for imaging and taking
measurements from the whole bore
and stroke.  The spacing also allows
for rapid removal and replacement of
the fused silica cylinder for cleaning
purposes.  This is achieved by lowering
the hydraulic platform, removing the
piston pin and lowering the piston.
This process typically takes
approximately 10 minutes to
accomplish and so the cylinder
internal surfaces can be easily cleaned.
This is a distinct advantage over
preceding optical engines.

Two camshafts in separate housings
actuate the valve gear.  The camshafts
are driven by a toothed belt drive that
has been carefully routed to minimise
obstruction of optical pathways. The

camshaft housings are also modular
and removable and can easily be
replaced by the Lotus Active Valve
Train (AVT or VVA) system to give
the optical engine a fully variable
hydraulically actuated valve system if
so required.  The cylinder block
consists of two sections. The upper
section provides mounting for the
cylinder head, hydraulic platform, 45°
mirror and steel cylinder. This mounts
onto a machined from solid
aluminium lower crankcase
containing a cross-drilled crankshaft
running on 3 pressure fed main
bearings. The elongated piston is
manufactured from lightweight
materials and has a mass of 1235 gms,
which is greater than that of an
equivalent 1.8 L production piston
weighing around 300-400 gms. The
engine was designed for use with
optical devices that are path-sensitive
and so it was decided to include in
the design, both primary and
secondary balance shafts to minimise
vibration. The two contra-rotating
primary and secondary balance shafts
with adjustable balance weights were
built into the crankcase and are driven
directly from the crankshaft.  Thus the
Lotus engine has been designed to
maximise optical and mechanical
access requirements and to minimise
aspects which might reduce the
flexibility of the engine itself.

SUMMARY

Emissions legislation, environmental,
customer pressures and new
combustion systems are driving the
need for greater information on the
processes of fuelling and combustion
behaviour.  Only limited knowledge
or experience currently exists on newly
developed combustion systems (such
as GDI) and it is not possible to rely
on knowledge developed in the past
for port injected homogeneous
combustion. New development
techniques and processes are required
to ensure that optimum results are
obtained in the minimum time to suit
the reduced time scales of today’s
market place. Many of these new
techniques can be taken from the
research processes currently being used
in universities and other research
establishments.  However these
research processes need to be evolved
to suit the rapid development
environment of the production engine
design and development process. In
order to ensure this, a new generation

Table 3: Coefficients of linear thermal

expansion.

Material Coeff. of

linear thermal

expansion

/×××××10-6K-1

Aluminium (Piston) 23.9

Titanium (Piston crown) 8.2

Sapphire (Piston window) 8.4

Fused Silica (Cylinder) 0.5

Carbon (Compression ring) 1.65

Figure 5: The completed Lotus

Engineering optical engine. This

engine is now involved in

experimental work between Lotus

and Loughborough University using

PDA techniques.
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of optical access engines is required
that have the following abilities:

1. Full optical access for the use of
all diagnostic techniques.

2. Operation of the optical engine
at real engine speeds and loads.

3. Accurately replicate internal
geometries of real engines.

4. Can be used extensively with
easy and rapid maintenance.

5. Easy adaptation to new engine
geometries.

Lotus has designed and produced a
new optically accessible single cylinder
engine that has addressed the above
issues and offers the opportunity to
move the combustion diagnostics and
calibration from a research to a rapid
development environment. The
engine has been built and
commissioned (Figure 5) and the next
stage is to motor the engine to
specified speeds and also to fire the
engine under full load conditions.
This work is currently in progress
through Lotus-Loughborough
University collaboration.
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ABSTRACT

The assessment of precipitated calcium carbonate filler dispersion in a synthetic elastomer, styrene butadiene rubber
(SBR 1502), has been studied as the mixing time and rotor speed of the Brabender“ plastograph were varied.  An
experimental technique based on fracture surface analysis was developed in order to assess the degree of filler dispersion
in the rubber matrix.  The technique involved direct microscopic examination using scanning electron microscopy and
the use of image processing and analysis.  Dispersion index as introduced by Suetsugu was employed to quantitatively
assess the degree of dispersion.  The results showed that longer mixing time and/or rotor speed improved the filler
dispersity throughout the rubber matrix as observed from the decreasing average particle size and the increasing dispersion
indices.  For instance, specimens mixed at 15 rpm for 1, 2 and 3 min have average particle size of 22.1, 19.6 and 16.8 mm
and dispersion index of 0.53, 0.73 and 0.83 respectively.  However, one weakness in the indexing method employed was
realised as it ignored the aspect of filler distribution.  This was examplified by specimens mixed at 30 rpm for 0.5 and 1
min with dispersion index of 0.72 and 0.62 respectively, while that mixed for 1.5 and 2 min have dispersion index of 0.58
and 0.66 respectively.  When analysed at 45 rpm for 0.5 and 1 min, the expected increase in the dispersion index was
again observed, 0.63 and 0.65 respectively.

Keywords:  dispersion, elastomer, filler distribution, fracture analysis, mixing.

APPLICATION OF FRACTURE SURFACE ANALYSIS IN

DISPERSION STUDIES OF A PARTICULATE FILLER IN AN

ELASTOMER DURING MIXING
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1. Introduction

Before an elastomer can be used to
make products, it is necessary to
compound it with additives such as
fillers.  The addition of fillers is
intended to improve the physical
properties of rubber products, its
processing properties and to reduce its
production costs.  However, these
depend significantly on the success of
dispersing the solid particles (fillers)
uniformly in the elastomer matrix [1].
The assessment of filler dispersion
primarily involve two areas.  One is
direct microscopic examination of the
state of dispersion.  The other is the

indirect characterisation of the
progress of dispersion, for example, by
rheological measurements [2, 3].

Several methods have been employed
in assessing the degree of dispersion
of filler in rubber.  Stumpe and
Railsback [4] used cut surface
examination whereby a simple
photographic technique for rating the
dispersion of carbon black in rubber
was used.  Very poor to excellent
dispersion was depicted in a set of
standards provided.  However, this
technique did not have any basis to
quantitatively characterise the degree
of dispersion.

In 1977 Boonstra [5] used electrical
resistivity to study the quality of filler
dispersion whereby the resistivity was
seen to increase with improved
dispersity.  This technique has one
advantage because the resistivity not
only depends on degree of dispersion
but also on the chemical nature of the
filler’s surface [6].  Following this fact,
Cotton did a study on dispersity based
on density measurement of rubber
batches. He found that as the degree
of dispersion increases the density also
increases.

Hess et al [7] has used surface
roughness procedure for analysing

This paper was presented at 2nd International Seminar On Numerical Analysis In Engineering, Batam Island, Indonesia, 14 - 15 March 2001.
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carbon black dispersion directed at
measuring the level of agglomerates.
Surface roughness measurements were
found to be directly proportional to
the number and size of agglomerates
present in the rubber compound.
Higher levels of agglomeration would
indicate lower degree of dispersion.
This method requires specific
equipment to measure roughness
which otherwise would be difficult to
quantify.

In the present study, fracture surface
analysis technique was employed to
assess the precipitated calcium
carboante (CaCO3) filler dispersion in
a synthetic elastomer, styrene
butadiene rubber (SBR).  The
technique was developed and used
primarily due to its simplicity yet
capable of quantitatively
characterising the degree of dispersion.
The primary aim of this study was to
assess the degree of filler dispersion
with mixing efficiency.

2.  METHODOLOGY

Batches of 400 g of SBR 1502 were
mixed with 2 pphr of a crosslinking
agent, 98% dicumyl peroxide
(DICUP), on a laboratory two-roll
mill.  The mixtures were masticated
until homogenous.  Small quantities
of the masterbatch prepared on the
two-roll mill were further
compounded with 25 pphr of
precipitated whiting (CaCO3) filler in
a Brabender® Plasti-Corder PL 2000,
equipped with mixing head type
2000-6 W 50 E.

Mixing torque was plotted
continously as the mixing progressed
in the Brabender®. Energy of mixing
was then evaluated by integrating the
area under the torque-time curve. The
mixing was done under various rotor
speeds and various mixing cycles. The
rotor speed used was 15 rpm, 30 rpm
and 45 rpm while the mixing cycle ran

from 0.5 min to 20 minutes.
Producing batches with varying
mixing cycles means varying the
energy input. This allowed a range of
filler dispersions to be obtained for
characterisation. By varying the rotor
speed, the correlation in energy input
was also observed.

After the compound was mixed with
filler, curing was carried out at 153°C
for about 50 minutes using a hot press.
Curing or vulcanisation employed was
a high temperature process whereby
the crosslinking agent incorporated
decomposed into free radicals to
promote crosslinking.

In order to quantitatively assess the
quality of filler dispersion in the
rubber mix, a technique was
developed based on fracture surface
analysis.  Moulded sample was cut
into a 50 x 10 mm rectangular
specimen.  A notch, measuring 2 mm
in depth and 2 mm in width, was
made, approximately at the mid point
of the specimen length.

Prior to fracture, the specimen was
conditioned in liquid nitrogen for
about 10 minutes.  The specimen was
then placed onto a Zwick impact
testing machine.  The fractured
surface was then cut out, placed onto
a SEM mounting stub and sputter
coated with a layer of gold-paladium
alloy, for subsequent microscopic
analysis using scanning electron

microscopy, SEM Stereoscan 250.
Polaroid pictures of the micrographs
were obtained and scanned for image
processing and analyses.  A digital
image processing software, Image
1.35, was then used to measure the
quantity and size of the filler
agglomerates or particles.

3.  RESULTS AND DISCUSSION

3.1 Brabender Plastograph

The following curves in Figure 1 show
the Brabender®  torque-time curve
from which mixing energies were
obtained for different rotor speeds and
mixing times.

The energies of mixing of SBR with
filler at each rotor speed and cycle time
are tabulated in Table 1.  The energy
of mixing was obtained by integration
of the area under the torque-time
curve.  While the initial temperature
for all mixing was 30°C, the final
temperature after each run was
recorded in sub-column four in Table
1.

Referring to Figure 1, the maximum
torque at each rotor speed was
observed as the ram was inserted
immediately after all the rubber and
filler were loaded into the mixing
chamber.  However, no particular
relationship could be established
between the maximum torque and
rotor speed.  Maximum torque for 15

Figure 1:

Brabender®

mixing

curves for

rotor

speeds of

15, 30 and

45 rpm.

0

10

20

30

40

50

60

70

80

90

0 2 4 6 8 10 12

Time (minutes)

To
rq

u
e

 (
N

m
)

15 rpm
30 rpm
45 rpm



PLATFORM • Volume 2 Number 1 • January – June 2001

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

rpm  was 84.9 Nm occurring at 32 s
while for 30 rpm the maximum
torque was 95.9 Nm at 16 s and 92.6
Nm at 12 s for 45 rpm.  One would
expect that the higher the rotor speed,
the higher the maximum torque
would be.  This trend was only
observed for 15 and 30 rpm but not
at 45 rpm.  The unexpected result
could due to the time variability in
loading the compound, besides that
due to the variation in level of
mastication of the rubber during
milling.

As the mixing process progressed, the
torque value decreased continuously
with time at all rotor speeds employed.
In terms of the dispersion process, the
torque level should remain constant
once all the filler had dispersed
uniformly throughout the matrix.  In
other words, equilibrium torque was
expected to be reached indicating the
ultimate or ideal dispersion of filler.
In fact, this behaviour would have
been observed if the temperature in
the chamber could be held constant.
In the study, no cooling system was
used to keep the mix temperature
constant.  The temperature
continuously increased during the
mixing cycle at each rotor speed.  The
temperature increase was due to shear
heating generated within the mix by
the rotors of the Brabender©. This
temperature increase leads to an
inevitable decrease in rubber viscosity
with time, and consequently the
measured torque decreases with time.
However, equilibrium will be reached
eventually when the rate of heat
generation (constant) equals the rate
of heat loss (which will increase with
increasing temperature).

From Figure 1, it can be seen that
higher rotor speeds generally produce
lower torque values. This can be easily
understood as higher rotor speeds
results in more shear heating which

reduces the viscosity and hence lower
torque values.

The single most important
information obtained from the
Brabender® plastograph is that the
longer the mixing time, the higher the
work input received by the rubber
compound.  For instance, at 30 rpm,
14.2 Nm energy was consumed at 1
min of mixing and 27.5 Nm energy
at 2 min.  The similar trend was
observed at 15 and 45 rpm.  Likewise,
for the same mixing duration, higher
energy input was observed for higher
rotor speed used.  For instance, for 1
min of mixing, the energy input were
found to be 5.7, 14.2 and 21.9 Nm
at 15, 30 and 45 rpm respectively.
Hence, it could be expected that better
dispersion would be achieved the
longer the mixing time or the higher
the energy input consumed by the
rubber compound.  This in fact has
been observed throughout the study,
and is discussed later.  However, two
rubber compounds with equivalent
work input need not show the same
degree of filler dispersion.

It is interesting to note that there is a
correlation between the energy of
mixing at 15, 30 and 45 rpm.  Table
2 shows that for the same mixing time,
the energy at 30 rpm is twice the
energy at 15 rpm i.e. 2.0±0.2.
Likewise, the energy at 45 rpm is three
times greater than that at 15 rpm with
standard deviation of 0.1 i.e. 3.0±0.3.
This correlation indicates that a
rubber compound mixed at 15 rpm
for 6 minutes received the same work
input to that mixed at 30 rpm for 3
minutes or that mixed at 45 rpm for
2 minutes, within less than 10% error.

3.2  SEM Studies

Pictures of each specimen were taken
at two different magnification levels.
A magnification of 110x provided a

Total Final

Time Torque Energy Temp.

(min) (Nm) (J) (°C)

1

2

3

4

5

6

7

8

9

10

81.1

76.3

72.4

69.7

67.5

67.0

66.5

66.0

65.4

65.0

5.7

12.3

18.5

24.5

30.3

36.0

41.6

47.2

52.7

58.2

33

36

40

42

43

44

45

46

47

48

  15 rpm

1

2

3

4

5

6

7

8

9

10

  30 rpm

78.5

71.7

67.9

65.2

63.7

63.7

61.9

60.2

59.3

57.9

14.2

27.5

40.1

52.1

63.7

75.2

86.5

97.5

108.3

118.9

38

45

53

55

57

59

63

65

67

69

1

2

3

4

5

6

7

8

9

10

73.5

68.6

64.0

62.5

61.7

58.4

57.0

56.0

55.0

53.7

21.9

42.0

60.7

78.5

96.1

113.1

129.5

145.5

161.2

176.6

43

49

55

58

62

69

74

76

77

78

  45 rpm

Table 1:  Torque, work input and final

temperature recorded during mixing

for 15, 30 and 45 rpm.
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more generalised view of the degree
of dispersion in the specimen.
However, for more detailed and
precise quantitative analysis by Image
1.35, a higher magnification of 200x
was employed.  Photomicrographs
A.1 to A.3 of specimens at 15, 30 and
45 rpm respectively are shown in
Appendix A.  For control and
comparison, a photomicrograph of
SBR gum, without any filler, is shown
in photomicrograph 1.

Looking at photomicrographs A.1 (a-
c) of Appendix A for those mixed at
15 rpm for 1, 2 and 3 minutes
respectively, one can quickly recognise
the poor dispersity level exhibited by
sample mixed for only 1 minute.
Relatively large agglomerates are
present and, more importantly, the
fillers are concentrated at certain
locations only.  It was also interesting
to note that the fracture mostly had
occurred at the filler-rubber interface
instead of across the filler particles.
This was a result of poor wettability
of the filler with the rubber matrix
after only 1 minute of mixing.

Moving to photomicrograph A.1 (b)
for 2 minutes of mixing time, a few
characteristics were observed to
indicate the progress from that mixed
for 1 minute.  The fillers were more
evenly distributed throughout the
matrix even though large agglomerates
were still unbroken.  However, some
of the fillers did show a reduction in
size and they were more prone to
fracture at their cross-section rather
than at the interface.

After 3 minutes, photomicrograph
A.1 (c) certainly showed very good
dispersion of fillers.  Agglomerates
were smaller in size and they were very
evenly distributed throughout the
matrix.  Hence, the dispersion of the
filler had certainly improved with
increasing mixing time.

Table 2:  Energy correlation between rotor speeds of 15, 30 and 45 rpm.

Photomicrograph 1:  SEM photomicrograph of SBR 1502 gum.

0 to 1

1 to 2

2 to 3

3 to 4

4 to 5

5 to 6

6 to 7

7 to 8

8 to 9

9 to 10

Time Energy Energy Energy [2]/[1] [3]/[1]

(min) 15rpm 30rpm 45rpm

[1] [2] [3]

3.3 (J)

6.6

6.2

6.0

5.8

5.7

5.6

5.6

5.5

5.5

11 (J)

13.4

12.5

12.0

11.6

11.6

11.3

11.0

10.8

10.6

18 (J)

20.1

18.7

17.8

17.6

17.0

16.4

16.0

15.7

15.4

3.33

2.13

2.02

2.00

2.00

2.04

2.02

1.96

1.96

1.93

5.45

3.20

3.02

2.97

3.03

2.98

2.93

2.86

2.85

2.80

Total:

Average:

Standard Deviation:

Results:

18.06 26.64

2.01 2.96

0.05 0.11

2.0 ±0.2 3.0 ±0.3
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The same trend was also observed for
specimens mixed at 30 and 45 rpm.
Gradual improvement in degree of
dispersion was achieved from 0.5, 1.0,
1.5, 2.0 to 60 minutes (mixed at
30 rpm) as demonstrated in
photomicrographs A.2 (a-e).  It was
of interest to observe how the
dispersion of filler at very long mixing
times.  Hence, mixing was carried out
for 60 minutes at 30 rpm and
analysed.  One obvious characteristic
was that most of the agglomerates
were broken down to very small
particulates of size 0.1 µm in diameter,
the ultimate particle size for fine,
precipitated calcium carbonate [8].
Obtaining discrete elements of
ultimate particle size is definitely a sign
of ideal dispersion.

Image 1.35 measured the frequency
and the particles/agglomerates sizes of
each specimen.  From this data,
particle size distribution histograms
were constructed at each rotor speed.
From these histograms, particle size
distribution curves were derived as
presented in Figures 2, 3, and 4.

The data obtained from image analysis
was used to calculate the average
particle size variations for different
rotor speeds as tabulated in Table 3.
The average was calculated as sum of
all particle size measured divided by
total number of particles detected.
One would expect a gradual decrease
in average particle size as the mixing
time increased.  In general, this has
been observed during the study.

Suetsugu in 1990 [9] has introduced
an index which correlates the degree
of dispersity of fillers in a polymer
matrix. The index, known as
dispersion index (D.I.), is given by
equation (1).

Dispersion Index = 1 –Φa (1)

 (D.I.)
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Figure 2:

Particle size distribution curves for specimens mixed at 15 rpm.

Figure 3:

Particle size distribution curves for specimens mixed at 30 rpm.

Figure 4:

Particle size distribution curves for specimens mixed at 45 rpm.
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where:

         (2)

Here, A is the area of observation, Φ
is the volume fraction of filler, di is
the diameter of the agglomerates and
ni is the quantity of agglomerates of
diameter di.  The summation was
done for all agglomerates present in
the area A.  The dispersion index varies
from zero to one indicating poor to
good degree of filler dispersion.
Suetsugu indexing technique was used
in this study where the agglomerate
diameter was taken as the largest
dimension of each agglomerate
measured by the Image 1.35.  Table 4
shows the results obtained from the
image processing and analysis which
were then used to calculate the
dispersion index.

Taking a value for the density of SBR
as 0.93 gcm-3 [10] and that of the filler
as 2.7 [8], the volume fraction of filler
for 20 pphr mix is 0.06.

For specimens mixed at 15 rpm for 1
minute, the particles detected ranged
from 0.1 to 81.4 µm in diameter with
an average of 22.1 µm.  Most of the
particles were in the range of 15-30
µm with several numbers in the low
and high range, up to 81.4 µm.  This
specimen had the characteristics of
poor dispersion as strongly supported
by the SEM photomicrograph A.1 (a),
and as indicated by the dispersion
index of 0.53.  Obviously, with mixing
energy of 5.7 J was not sufficient to
break down all the filler agglomerates
into single particles of about 0.1 µm
in diameter.

Improvement in the particle
distribution and size were observed
when the mixing was increased to 2
minutes, consuming a total of 12.3 J.
Although the smallest particle size
detected was a little higher, 5.1 µm,

Time Min. Size Max. Size Ave. Size Std

(minute) (µµµµµm) (µµµµµm) (µµµµµm) Deviation

1.0

2.0

3.0

15 rpm:

0.1

5.1

3.6

81.4

65.4

55.1

22.1

21.1

16.8

9.56

9.34

7.40

30 rpm:

0.5

1.0

1.5

2.0

60.0

12.1

0.1

0.1

0.1

0.1

139.7

39.0

49.4

52.4

44.4

19.5

8.4

13.6

13.9

4.2

12.90

7.20

7.80

7.80

6.10

45 rpm:

0.5

1.0

0.1

4.6

53.0

43.7

23.0

14.1

10.40

5.70

Table 3:  Average particle size, range and standard deviation for specimens

mixed at rotor speeds of 15, 30 and 45 rpm.

Table 4:  Tabulated data for calculating dispersion index of various rotor

speeds.

1.0

2.0

3.0

Time Ave. Observ Disperse

(min) Area (µµµµµm) Index

15 rpm

198667.6

452890.7

494856.8

3570

4727

3288

0.53

0.73

0.83

30 rpm

0.5

1.0

1.5

2.0

60.0

364189.8

198588.0

213003.0

209537.0

232266.5

3940

2929

3406

2760

2096

0.72

0.62

0.58

0.66

0.76

45 rpm

0.5

1.0

354554.2

373255.6

4957

5024

0.63

0.65
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the largest size particle was reduced
by 20% to 65.4 µm.  The average
particle size also decreased slightly to
21.1 µm with approximately 70
particles of size between 15-20 µm.
There was a definite improvement  in
degree of filler dispersion where the
dispersion index has increased to 0.73
and as observed in photomicrograph
A.1 (b).

Further reduction in average particle
size to 16.8 mm was observed after 3
minutes of mixing, a total of 18.5 J.
The minimum size detected was 3.6
µm while the maximum size was also
reduced to 55.1 µm.  However, only
a few agglomerates were found with
diameter larger than 30 µm.
Relatively large agglomerates, even
though only a few, were still observed
at long mixing times for all specimens
because the mixer was only a good
intensive mixer, not distributive.
There might be areas within the mixer
that escape high shear and hence the
agglomerates are not broken down
effectively.  However, with a dispersion
index of 0.83, the specimen showed
better distribution and dispersity of
filler throughout the matrix as seen in
photomicrograph A.1 (c).

From Figure 2, it could clearly be seen
that there was a definite shift in the
peaks of the Gaussion-like curves
skewing towards to the smaller particle
size scale as the mixing time increased.
This is apparently an indication of the
progress of filler dispersion in the
rubber matrix.

Similar trends and results were also
obtained for specimens mixed at 30
rpm. For that mixed only for 0.5
minute, with work input of only 6.5 J,
the filler distribution in the matrix was
considered very poor.  Large
agglomerates were present with the
largest being 139.7 µm in size while
the smallest detected was 12.1 µm.  It
was obvious from photomicrograph

A.2 (a) that the filler was concentrated
in certain spots leaving other regions
free of filler.  Even with average
particle size of 19.5 µm, which was
smaller than that mixed for 1 minute
at 15 rpm, and with dispersion index
of 0.72, the dispersity was bad.  This
discrepancy was due to the fact that
the indexing method used did not take
into account the distribution of fillers
in terms of area covered.  It only
accounted for the size of fillers.  For
instance, in the area of high filler
concentration, small agglomerates
were also observed.  The agglomerates
were broken down but not well
distributed and dispersed.  In this case,
observation of SEM photomicrograph
was most informative and conclusive.
After 1 minute of mixing, totalling in
14.2 J of energy, the specimen showed
a better degree of filler dispersion than
that after 0.5 minute of mixing as
depicted in photomicgraph A.2 (b).
The smallest particle size observed was
0.1 µm while the largest being 39 µm
and an average of  8.4 µm.  However,
with dispersion index of 0.62, the
statistics obtained here from the image
analysis were not considered to be
indicative of the real situation as
observed in photomicrograph A.2 (b).
Lower dispersion index and a higher
average particle size would have been
expected.

For specimens mixed for 1.5, 2 and
60 minutes, the dispersion index
calculated, 0.58, 0.66 and 0.76
respectively, showed the expected
trend in terms of filler dispersity. In
general, the filler was better
distributed throughout the rubber
matrix as illustrated in
photomicrograph A.2 (c-e).  The
specimens received higher amounts of
work input from 20.9, 27.5 to 515.8 J
for mixing time of 1.5, 2 and 60
minutes respectively.  Even though the
average particle size after 1.5 and 2
minutes did not differ significantly,
13.6 µm to 13.9 µm respectively, that

after 60 minutes of mixing dropped
to 4.2 µm.  After 60 minutes of
mixing, it could be seen from
photomicrograph A.2 (e) that some
agglomerates had broken down to the
ultimate size of µm compared to only
a few detected after 1.5 and 2 minutes
of mixing.

As has been done for specimens mixed
at 15 rpm, a combined hystogram for
all data obtained at 30 and 45 rpm
was constructed. These hystograms
were then converted into particle size
distribution curve (Figure 3 and 4
respectively) to give a better
generalised picture of the filler size
distribution. It could be said that there
was a general trend for the peaks to
skew to the smaller particle size scale.
This is in support to the statement
that better dispersion has been
achieved with longer mixing time.

Similar to that observed for 1 minute
mixing at 15 rpm and 0.5 minute
mixing at 30 rpm, the specimen mixed
for 0.5 min at 45 rpm with 9.00 J
mixing energy too exhibited very poor
dispersion (photomicrograph A.3 (a)).
However, after 1 minute of mixing
with 21.9 J of energy, the filler
distribution had improved
significantly giving rise to good
dispersion as depicted in
photomicrograph A.3 (b).  This
involved a shift in dispersion index
from 0.63 to 0.65 and in average
particle size from 23.0 µm to 14.1
µm.

4.  CONCLUSIONS

The fracture surface analysis technique
that was developed during the study
proved  to be a useful tool in assessing
the filler dispersity in styrene
butadiene rubber. SBR 1502 was
mixed with precipitated whiting in the
Brabender® plastograph at various
mixing time and rotor speed.  The
assessment of filler dispersity was
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made possible with direct microscopic
examination of SEM
photomicrographs of fractured surface
of the rubber specimens.  In order to
measure the degree of dispersion
quantitatively, image analysis of the
SEM photomicrographs was carried
out.

During the Brabender® mixing, a
decrease in torque was observed as the
mixing progressed.  More significantly,
a longer mixing time and/or a higher
rotor speed meant a higher work input
into the rubber mixes.  Additionally,
work input was found to be correlated
to the rotor speed used during mixing.
In other words, specimens mixed for
6 minutes at 15 rpm, 3 minutes at 30
rpm and 2 minutes at 45 rpm all
received the same amount of energy
input within less than 10% error.

Obvious gradual improvement in
degree of dispersion was realised from
the SEM photomicrographs obtained
as the mixing time was increased at
each rotor speed of 15, 30 and 45 rpm.
Specimens were analysed at 1, 2 and
3 minutes at 15 rpm, 0.5, 1, 1.5, 2,
and 60 minutes at 30 rpm and 0.5,
and 1 minute at 45 rpm.  At very short
time of mixing, filler dispersion was
found to be very poor.  Large
agglomerates were present and fillers
were segregated and not well
distributed throughout the matrix.
The situation improved as the mixing
time was prolonged i.e. higher work
input into the specimens.  Good filler
dispersion was characterised by the
breakdown of large filler agglomerates
into smaller filler particles of 0.1 to
10 µm size and by the homogenous
distribution of fillers throughout the
specimen.  In order words, fillers need
to be well dispersed and distributed
in order to achieve good degree of
dispersion.

From the image processing and
analysis carried out for each specimen,

histograms were generated and
Gaussion-like particle size distribution
curves were obtained.  The average
particle size of each specimen as
obtained from the distribution curves
at 15, 30 and 45 rpm decreased as the
mixing time increased.  An indexing
method, as introduced by Suetsugu,
was used to characterise the degree of
dispersion quantitatively.  And, as
expected, gradual increase in
dispersion index was observed at each
rotor speed as the mixing time was
increased, except for specimens mixed
for 0.5 minute and 1 minute at 30
rpm.  This is perhaps due to the
weakness in the indexing method
employed.  Hence, longer mixing time
resulted in higher work input and
increased in the dispersion index value
indicating better degree of filler
dispersion as depicted in a decrease in
average particle size.  All these are
summarised in Table 5.

To overcome the disadvantage suffered
by the indexing method used in this
study, one could use the dispersion
rating calculated according to the
revised calculation procedure of
Medalia [11]. This is based on the

formula as in (3).

Dispersion Rating

       (3)

where A is the swelling factor of the
agglomerates, s is the areal swelling
factor of the stock, U is the total
number of squares covered by
agglomerates, L is the percent by
volume of filler and v is the average
volume fraction of filler in the
agglomeration.

In addition, the technique developed
in this study could be used to measure
the degree of dispersion for various
work inputs.  From here, a capillary
rheometer could be used to assess the
rheological behaviour of the uncured
elastomers.  Perhaps the rheometer
could be used to study the effect of
pressure on volume as a function of
temperature and the stress relaxation
behaviour.  Hence, one can determine
whether a capillary rheometer is
capable of the accurate and
reproducible assessment of filler
dispersion in an elastomer mix.

Table 5:  Work input, average particle size and dispersion index as obtained

in the study.

1.0

2.0

3.0

Time Work Average Dispersion

(min) input (J) Size (µµµµµm) Index

15 rpm

5.70

12.30

18.50

22.10

21.10

16.80

0.53

0.73

0.83

30 rpm

0.5

1.0

1.5

2.0

6.50

14.20

20.90

27.50

19.50

8.4

13.60

13.90

0.72

0.62

0.58

0.66

45 rpm

0.5

1.0

9.00

21.90

23.00

14.1

0.63

0.65



PLATFORM • Volume 2 Number 1 • January – June 2001

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

REFERENCES

[1] CABOT Business Information, Impact
of Carbon Black Morphology and
Dispersion on the Weatherability, Cabot
Technical Papers & Notes, 2000.

[2] N Nakajima & E R Harrell.
Contributions of Elastomer Behavior to
Mechanisms of Carbon Black
Dispersion, Rubber Chemistry &
Technology, Vol. 57, pp. 153-167, 1984.

[3] M S Fulmer.  Compounding and
Processing Additives for Woodfiber-
Plastic Composites, presented at the 5th
International Conference on Woodfiber-
Plastic Composites, Madison, 1999.

[4] N A Stumpe Jr & H E Railsback.  Carbon
Black Dispersion – Photographic
Technique and Rating System, Rubber
World, Vol. 151, p. 41, 1964.

[5] B B Boonstra. Rubber Chemistry &
Technology, Vol. 50, p. 194, 1977.

[6] G R Cotten.  Mixing of Carbon Black
with Rubber I. Measurement of
Dispersion Rate by Changes in Mixing
Torque, Rubber Chemistry &
Technology, Vol. 57, pp. 118-133, 1984.

[7] W M Hess et al. Rubber Chemistry &
Technology, Vol. 57, p. 959, 1983.

[8] M Morton.  Rubber Technology, Van
Nostrand Reinhold, New York, 1987.

[9] Y Suetsugu.  State of Dispersion –
Mechanical Properties Correlation in
Small Particle Filled Polymer
Composites, International Polymer
Processing, Vol. 184, pp. 184-190, 1990.

[10] J Brandrup & E H Immergut.  Polymer
Handbook, John Wiley & Sons, New
York, 1989.

[11] A I Medalia. Dispersion of Carbon Black
in Rubber:  Revised Calculation
Procedure, Rubber Chemistry &
Technology, Vol. 34, pp. 1134-1140,
1961.

a)

b)

c)

Photomicrograph A.1:   SEM photomicrograph at 110x

magnification of specimens mixed at 15 rpm for

(a) 1 minute, (b) 2 minutes, and (c) 3 minutes.

APPENDIX
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a) b)

c) d)

e)

Photomicrograph A.2:

SEM photomi

 at 30 rpm for

(a) 0.5 minute,

(b) 1 minute,

(c) 1.5 minutes,

(d) 2 minutes,  and

(e) 60 minutes.
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a) b)

Photomicrograph A.3:

SEM photomicrograph at 110x magnification of specimens mixed at 45 rpm for

(a) 0.5 minute, and

(b) 1 minute.
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